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For my Mother, | can’t see her... But | know that she is always

there.

“So far away from where you are

These miles have torn us worlds apart

And | miss you, yeah | miss you

So far away from where you are

I'm standing underneath the stars

And | wish you were here

I miss the years that were erased

I miss the way the sunshine would light up your face
I miss all the little things

I never thought that they'd mean everything to me
Yeah | miss you

And | wish you were here

| feel the beating of your heart

| see the shadows of your face

Just know that wherever you are

Yeah, | miss you

And | wish you were here”

Jason Wade, Lifehouse
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Abstract
Alzheimer's disease (AD), which is characterized by progressive memory loss and

cognitive function, is considered to be the most common neurodegenerative disease in the
world. This type of dementia mainly reach the elderly population, which has been increasing
significantly. Over 46 million people live with dementia worldwide. This number is estimated
to increase to 131.5 million by 2050.

It is very important to identify signs of risk in order to early detect the disease. There
is currently no cure for this disease, and the existing treatments focus only on relieving
symptoms rather than reversing the disease. AD is characterized by the presence of
neurofibrillary tangles (Tau protein) and amyloid plaques, whose the main component is the
amyloid-B (AB) peptide that may result from mutations in the amyloid precursor protein (APP)
gene.

The blood-brain barrier (BBB) defines the interface between the bloodstream and the
brain, preventing the entry of most molecules and cells, thereby maintain the central nervous
system homeostasis. Due to the presence of this barrier, drug delivery therapy through the
brain becomes a major challenge.

Liposomes were used as membrane model to study the interactions between the cell
membrane and the therapeutic peptides, ABPeplnib and LP:{FFD-PEG (beta-sheet breaker
peptides previously designed by the research team). In addition, to reach a greater
approximation with the complexity of the cell membrane, cholesterol was added to this
system.

The ABPeplnib sample was analyzed by mass spectrometry and transmission electron
microscopy, providing morphological characteristics of the aggregates. Fluorescence
quenching and absorption spectrophotometry techniques were chosen to evaluate the
interaction between the membrane and the related compounds. The membrane fluidity was
studied through the measurement of phase transition temperature.

The interaction studies clear evidence the interaction between the peptides and the
model membrane. It is further seen that they interact favorably by electrostatic interactions
preferring a surface location, since they had no affinity with the deeply located probe. It is also
important mentioning the clear difference between the values of the system with and without
cholesterol, which are lower in the presence of cholesterol that demonstrates its condensation

and organization effect of the cell membrane.

v' Keywords: Alzheimer's disease; Peptides; Biomembrane models; ABPeplnib; LPsFFD-
PEG.
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Resumo
A doenca de Alzheimer, caracterizada por progressivas perdas de memdria e funcao

cognitiva, é considerada a doenca neurodegenerativa mais comum em todo o mundo. Com o
aumento da esperanca média de vida, este tipo de deméncia tem aumentado ao longo dos
anos. Em todo o mundo, mais de 46 milhdes de pessoas padecem desta doenga, e espera-se
que este numero aumente para 131.5 milhdes em 2050.

E muito importante a identificacdo precoce de sinais de risco para que se possa detetar
o estagio inicial da doenca, para que as intervenc¢des terapéuticas se possam tornar mais
eficientes. Atualmente ndo ha cura para esta doenca, e os tratamentos existentes focam-se
apenas no alivio dos sintomas e ndo na sua reversao. A doenca de Alzheimer é caracterizada
pela presenca de emaranhados neurofibrilares (proteina Tau) e placas de amildide, cujo
principal componente é o péptido amildide B (AB) que pode ser resultado de mutagcbes no
gene da proteina precursora de amiléide.

A barreira hematoencefalica define a interface entre a corrente sanguinea e o cérebro
impedindo a entrada da maioria das moléculas e células mantendo assim a homeostasia do
sistema nervoso central. Devido a presenca desta barreira a entrega de fdrmacos no cérebro
torna-se assim um grande desafio.

Neste trabalho lipossomas foram utilizados como modelo para estudar as interacGes
entre a membrana celular e os péptidos terapéuticos, ABPeplnib e LPsFFD-PEG (péptidos
especificos para a quebra de folha B previamente desenhados pelo grupo de investigacdo).
Adicionalmente e para atingir uma maior aproximagdo com a complexidade da membrana
celular adicionou-se a este sistema colesterol.

A amostra de ABPeplinib foi analisada por espetrometria de massa e microscopia
eletrénica de transmissdo, providenciando caracteristicas morfolégicas dos agregados. As
técnicas de fluorescence quenching e espectrofotometria de absorgdo foram escolhidas para
avaliar a intera¢do entre a membrana e os referidos compostos. A fluidez da membrana foi
estudada através da medicdo da temperatura de transi¢ao de fase.

Os estudos realizados evidenciam a interagao entre péptidos e o modelo membranar.
Verificou-se ainda, que interagem preferencialmente por intera¢des eletrostaticas adotando
uma localizagdo superficial. De referir também a nitida diferenca entre os valores do sistema
membranar com e sem colesterol, revelando estes serem mais baixos no caso da presenca de
colesterol o que comprova o seu efeito de condensacdo e organiza¢cdo da membrana celular.

v' Palavras-chave: Doenca de Alzheimer; Péptidos; Modelos biomembranares;

ABPeplnib; LP{FFD-PEG.
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Chapter 1

INTRODUCTION

Motivation

Alzheimer’s Disease (AD) is the most common type of dementia in the world affecting
more than 45 million people in 2015. Expectations leads to a significance increase of this
number (M. Prince 2015). AD is characterized by neuronal death that causes progressive loss
of memory and cognition, changes behavior or personality, and ability to think clearly.
Ultimately is fatal.

The pathological features of this disease include the formation of neuritic plaques
composed of amyloid-B peptide (AB) fibrils and neurofibrillary tangles of hyperphosphorylated
Tau protein. The extracellular deposition of the AP peptide precedes cerebral atrophy and the
great decline at the cognitive level (Nordberg 2004; Villemagne et al. 2013).

Despite all the advances made in researching new therapies for AD, current treatments are
based on reducing patient symptoms rather than healing. Most of the drugs tested for AD fail
due to the existence of the blood-brain barrier (BBB) that restrain the drugs to reach the brain
(Lockman 2002).

The development of molecules based on products of natural source and small molecular
sizes had a significant impact in the improvement of new drugs. In this regard, fluorine which is
characterized by being an atom of small dimensions and with very high electronegativity was
of paramount relevance. The substitution of this atom has been increasingly verified in
chemical medicine for demonstrating improvements in metabolic stability, bioavailability and
protein-ligand interactions (Purser et al. 2008). An intense flow of fluorine compounds in the
pharmaceutical industry has brought immense advances, including steroidal and nonsteroidal
anti-inflammatory drugs, central nervous system drugs, anticancer agents and antiviral agents.
A very important fact is that it has been proved that organofluorinated compounds with highly
negative zeta potential and hydrophobic fluorinated core have the fundamental characteristics
to prevent AP fibrillogenesis, thus revealing a promising interest for the treatment of AD
(Rocha et al. 2008).

Due to all complexity of biological membranes, these become challenging to study in real
situations. The artificial membrane systems that mimic the natural lipid bilayer membranes

(Eeman and Deleu 2010) have been target of intense research to simulate behavior in vivo.
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Several models have been developed for the study of membrane properties, structure and
processes, as well as the study of their interaction with natural or synthetic forms of
compounds such as surfactants, peptides and drugs. The most studied and used systems for
this purpose are lipid monolayers, supported lipid bilayers and liposomes.

Liposomes more easily demonstrate the complexity of the biological membrane structure
once they are arranged in a very similar way to the cell membrane. Liposomes represent a
membrane model widely used in the characterization and investigation of lipid interactions in
nanosystems. Due to their exclusive characteristics, namely, their capacity to incorporate
hydrophilic and hydrophobic drugs, good biocompatibility, and low toxicity, have been the
most used as the cell membrane model (Spuch and Navarro 2011; Caracciolo and Amenitsch

2012).

Main Objective

The aim of this work was to study how the therapeutic peptides for the AD affect the
membrane order and structure. Particular emphasis was given on the interactions of these
compounds with the lipidic models used to simulate the cell membrane.

The morphological structure of AB in presence of the therapeutic peptides was
investigated by Transmission electron microscopy (TEM) analysis, and sequence of ABPeptlinib
was accessed by Time-of-flight mass spectrometry (TOF MS).

The behavior of peptides in biomembrane models was assessed by determination of the
partition coefficients by spectrophotometry using liposomes/water systems. The location of
the therapeutic peptides in the model membranes was studied by fluorescence quenching of
the probe with a well-known location. The influence of peptides in the organization and
fluidity of the membrane was assessed by dynamic light scattering (DLS).

It is also an objective to understand and evaluate the drug-cell membrane interactions.
These interactions may aid the general understanding of the pharmacokinetics of the studied

and potential therapeutic peptides.

Thesis Organization

The present thesis is organized into five chapters. The first chapter is the Introduction, and
it is where the motivation and main objectives of this research work are presented. The second
chapter, State of the Art, follows through an overview of the AD, the amyloid cascade

hypothesis, the BBB, a review of models of membranes and drug delivery systems, and an
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overview about fluorinated compounds and peptides for AD. The Materials and Methods
chapter focuses on the material and techniques used for the accomplishment of the work. The
relevant results and their discussion are presented in the Results and Discussion section. The
last chapter, Conclusions and Future Perspectives will present the conclusions drawn on the

basis of the results obtained. Finally, in Appendix all the further results are included.
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Chapter 2

STATE OF THE ART

Alzheimer disease

Dementia is a generic term that describes conditions or diseases that develop when
nerve cells in the brain (called neurons) die or no longer function normally. AD is the most
common type of dementia. AD causes progressive loss of memory and cognition, changes
behavior or personality, and ability to think clearly. This fatal disease in an advanced stage can
inclusively impair an individual’s ability to carry out basic bodily functions as walking and
swallowing.

This disease mainly reaches the population over 65 years old. 9.9 million new cases of
dementia arise in the world, one for every 3 seconds. Between 2000 and 2010 there was a
decrease in the proportion of deaths resulting from heart disease, stroke and prostate cancer
by about 16%, 23% and 8%, respectively, while the opposite occurred in Alzheimer's disease
which increased in about 68%. In the United States, in 2010, was the sixth leading cause of
death (Alzheimer's 2014). By 2015, the number of people with dementia was around 46.8
million worldwide, but expectations for 2050 are around 131.5 million. In terms of regional
distribution, the new cases of dementia were about 4.9 million (49% of the total) in Asia, 2.5
million (25%) in Europe, 1.7 million (18%) in America, and 0.8 million (8%) in Africa.

As mentioned earlier, the disease's standard symptom is the difficulty of remembering
new information due to the death or malfunction of the neurons in brain regions that involve
the formation of these memories. Further difficulties arise because the same occurs in neurons
in other brain regions (Alzheimer's 2014). In general, functional, structural, and biochemical
abnormalities appear one or two decades before the onset of dementia symptoms develops.
Even before individuals report any symptoms, longitudinal neuropsychological studies indicate
that cognitive impairment has already begun about a decade ago. This suggests that AD, like
many other chronic diseases characteristic of aging, consists of a first asymptomatic phase
followed by a symptomatic phase (Lesné et al. 2013).

The causes of AD are for now unknown, however genetic studies suggest that it is due
to the formation of two well-known aggregate abnormalities. The pathological features of this

disease include the formation of neuritic plagues composed of AP peptide fibrils,




Effects of peptides on the structure of lipid bilayers: Implication for its therapeutic effect in Alzheimer’s disease

neurofibrillary tangles of hyperphosphorylated Tau (NFTs), and neurotransmitter deficits
(Butterfield and Lauderback 2002; Alzheimer's 2014). Neuropathological, genetic and
molecular data suggest that the binding protein of Tau microtubules mediates the disease
process (Jack et al. 2013). The neurodegeneration pattern correlates with Tau neuropathy and
measures amyloid-B-induced neurotoxicity.

Alois Alzheimer, author and recognizer of the neurodegenerative disease that later
acquired his name, described the presence of amyloid plaques (AP) and neurofibrillary tangles
in the brain (Nordberg 2004). Nowadays AD is fundamentally characterized by the
accumulation of the AP peptide and intracellular neurofibrillary tangles, in addition to

neuronal and synaptic losses and neurotransmitter deficits (Hardy and Selkoe 2002).
Amyloid Cascade Hypothesis

John Hardy and his colleagues, in 1992, postulated the hypothesis of the amyloid
cascade (ACH) that in the last 25 years has been shown to be the most influential model with a
fundamental role in the pathology of Alzheimer's disease. In this hypothesis, AP peptide
represent the most important constituent of senile plaques (SP) (Figure 1) (A. Armstrong 2014;
Hardy and Selkoe 2002).

AB peptide is present in the form of small insoluble peptides and when deposited it
forms deposits classified as neuritic plaques, amyloid angiopathy of the capillaries or diffuse
amyloid deposits. These deposits are early and mandatory events of AD.

AB peptide represents a normal product of APP metabolism and could be measured in
culture medium, cerebrospinal fluid and plasma. This way the scientists quickly understood the
biochemical abnormalities caused by APP mutations (Hardy and Selkoe 2002).

The APP is a transmembrane glycoprotein of the N-terminal domain, which is
expressed with broad variety in mammalian and non-mammalian cells. The AB peptide derives
from this precursor, and constitutes, as already mentioned, the main protein component
associated with AD (Dawkins and Small 2014; Zhao et al. 2015). Evidence of genetic mutations
due to abnormality of APP processing has led to the association of ACH with overproduction of
highly aggregable forms of AB1.42, AB1-40, amyloid fibrils and amyloid plaques (Nordberg 2004).
These mutations lead to hereditary cerebral hemorrhage with amyloidosis. Generally,
mutations occur grouped or close to the sites within the APP gene that are normally cleaved by
proteases called a-, B-, and ¥X- secretases (Figure 1). The proteolytic processing of APP together
with the occurrence of mutations promotes the generation of AB peptide that are toxic and

can induce cell death. The toxicity can be mediated by the necrotic rather than the apoptotic
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pathway. After the occurrence of changes in the proteolytic process follow events such as
microglial activation, astrocytosis, dystrophic neurites (DN) and oxidative stress reactions.
Three major groups of APP mutations can thus be identified: (a) the B APP cleaving enzyme 1
(BACE1) site, (b) the X APP cleaving enzyme site, and (c) the mid domain of the A region.

Over the last 10 years, it has been reinforced that the most common form of early-
onset FAD was linked to mutations of presenilin (PSEN) genes PSEN1 and PSEN2. This PSEN
gene is composed of nine trans-membrane domains placed on the endoplasmic reticulum
membrane. Initially, the endoproteolytic cleavage of PSEN and assembly into the ¥X-secretase
complex is performed following the transport thereof to the cell surface thereby influencing
APP processing. As a consequence, an increased deposition of amyloid-forming species may
occur due to the possibility of the mutant PSEN1 enhance 42-specific-X-secretase cleavage of
normal APP. The opposite is verified in the absence of PSEN1 and may inhibit the normal
cleavage of APP. Furthermore, it appears that PSEN1 can alter the ratio of AB species.

As support for the relation between APP and degeneration of the cytoskeleton
emerges studies of FAD cases caused by APP;:7 (valine-isoleucine) mutation showed them to
have considerable numbers of tau-immunoreactive neurofibrillary tangles (Lantos et al. 1992).

The above mentioned peptides may induce the phosphorylation of tau by: (a) straight
interacting with a domain of APP, (b) inducing tau protein kinase | with subsequently
recognized of Alz-50 antibody, (c) synergisms between AB and Tau or (d) directly changing the
phosphorylated state of Tau.

Some constituents that may be involved in maturation of AB deposits are secondary
components of senile plaques and NFT including silicon and aluminum, acute-phase proteins
such as a-antichymotrypsin, a,-macroglobulin and their mediator interleukin-6 (IL-6) among
others. There are several proteins that can still act as chaperones (auxiliary proteins in the
folding and unfolding of other molecular structures) leading to an increase in AB aggregation,

ultimately forming a growing senile plaques.
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Figure 1 - Processing of APP into AR peptides with further development of ACH. (Adapted by (Stahl
and Muntner 2013))

The molecular composition of NFT also varies according to the region where they
found and can be intracellular NFT (I-NFT) or extracellular NFT (E-NFT). E-NFT is
immunoreactive for glial fibrillary acidic protein (GFAP) and AB; as well, it contains significant
amounts of amyloid-P and ubiquitin, proteins that are acquired after degeneration of NFT-
containing neurons (A. Armstrong 2014; Hardy and Selkoe 2002; Nordberg 2004). Over the

years ACH remains the focus for the study and research of AD (Hardy and Selkoe 2002).

Brain Blood Barrier

The blood brain barrier (BBB) is a structure that separates the components that
circulate in the blood from those occurring in the brain, thus protecting the cerebral

parenchyma from harmful circulating factors. Another strong barrier of the central nervous
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system (CNS) is the blood-cerebrospinal fluid barrier (B-CSFB) formed by choroid plexus and
the arachnoid. They are both highly specialized structures completely differentiated from the
neurovascular system. These structures are responsible for maintaining the chemical
composition of the medium to ensure the proper functioning of e.g., neuronal circuits,
synaptic transmission, synaptic remodeling, angiogenesis, and neurogenesis in the adult brain
(Spuch and Navarro 2011; Leinenga et al. 2016).

BBB also represents a dynamic and complex system in addition to endothelial covering
the cerebral capillaries. The neurons are very close to the cerebral capillaries of the CNS
barriers, are rarely bigger than 20 um diameter, and they can exert a greater control on the
immediate microenvironment of the cerebral cells. BBB consists of endothelial cells, the
basement membrane, perocytes, astrocytes and microglia (Figure 2). As the junctions between
the endothelial cells are stretched, they restrict diffusion and the barrier system becomes
involved in endocytic vesicles and consequently a low rate of transcytosis. These
characteristics establish an extremely efficient paracellular and transcellular barrier. The
cerebral endothelium then allows to keep BBB integrity through transendothelial transport,
angiogenic capability, and allows revascularization to occur whenever necessary. Paracellular
transport refers to the mechanism of passage between endothelial cells and it is utilized for
ions and solutes flow. Transcellular transport is the mechanism of passage that occurs through
the endothelial cells. What defines the degree of permeability in a healthy BBB is the balance
between paracellular-transcellular transport (figure 2) (Saraiva et al. 2016).

BBB has the capability to restrict access to pathogens and immune cells to the brain by
regulating their homeostasis. If there were no barrier there would be the possibility of
fluctuations in the blood levels of e.g., water, ions, hormones and nutrients that could
interrupt the activity of the neurons. To ensure that the brain receives the necessary nutrients
there are mechanisms, such as active transport, that allows the passage of such molecules. The
main difficulty regarding drug release at BBB is the passage of large molecules (> 400 Da)
across the barrier (Nag 2003; Leinenga et al. 2016).

As previously mentioned, BBB allows a selective entry of minerals and nutrients, but
confine passage to foreign substances as drugs. Thus the drug delivery system through the
bloodstream will not effectively attain the brain and therefore is not useful in the treatment of
CNS related diseases such as AD, Parkinson's, viral and bacterial meningitis among others.
Therefore, further researches are continuing to develop approaches that act on the brain in an

effective way (Spuch and Navarro 2011; Leinenga et al. 2016).
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However, in recent decades and despite advances in the discovery of new drugs, there
have been few developments in the prognosis of patients with neurodegenerative diseases or

neurological disorders.

Blood Brain Barrier
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Figure 2- Differences between blood capillaries and brain capillaries (BBB):
endothelial cells held together by tight junctions (TJs) that form a highly selective
barrier between the blood supply and the cerebral spinal fluid. Adapted by (Esparza)

Cell Membrane

Most biologists are in agreement with the following description: “Biological
membranes are continuous structures separating two aqueous phases. They are relatively
impermeable to water soluble compounds, show a characteristic trilaminar appearance when
fixed sections are examined by electron microscopy, and contain significant amount of lipids
and proteins” (Rothfield 1971).

The cell membrane reveals a great complexity at systemic and composition level, since
it is composed of a wide variety of different constituents such as lipids, carbohydrates and
proteins, which vary its composition from organism to organism. The structure of membrane
plays an important role in the functioning of the surrounded membrane proteins. The most
relevant factor that distinguishes this membrane is the presence of a large amount of lipids,
particularly phospholipids. The lipid bilayer is an underlying structure that consists in the
organization from the polar headgroups facing to the aqueous environment and the
hydrocarbon tails facing to the interior of the bilayer. This complex system is responsible for
delimiting the cell from the external environment. Recognition and transduction into

intracellular responses occur primarily at this place.
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Any change that affect its structure by a bioactive molecule must be considered. A
careful environmental balance has to be maintained to ensure the non-occurrence of overall
effect that it may interfere on the cell membrane function and integrity.

Cell membranes are composed by three major classes of lipids: glycerolipids (mainly
phospholipids), sphingolipids and sterols. In eukaryotic cell membranes, there are mainly
glycerophospholipids, such as phosphatidylcholine (PC), phospatidylethanolamine (PE),
phosphatidylserine (PS) and phosphatidic acid (PA). The hydrophobic tail, whose chain length
ranges from 14 to 22 carbons is saturated or cis-unsaturated (Heimburg 2007). Mammalian
cells are very rich in sphingomyelin (SM) and glycosphingolipids. Cholesterol (Chol) is the sterol
predominating in mammals, apparently enriched in the non-cytosolic leaflet of plasma
membrane. Chol has a preferential interaction with sphingolipids, forming the so-called rafts
domains (van Meer, Voelker, and Feigenson 2008). Nevertheless, between species or cell
types, the lipid composition of cell membrane can show a high degree of diversity. In a generic

way, table 1 shows the lipid and protein content in wild type mouse brains.

Table 1 - Protein and lipid content in wild type (WT) mouse brains. Data were derived by the analysis of three
different brains and are expressed as means values * S.D. f.t., (fresh tissue). Transcripted by Scandroglio et al.
(Scandroglio et al. 2008)

Proteins Cholesterol Gangliosides Sphingomyelin Glycerophospholipids
(ng/mg f.t.) (nmol/mg f.t.) (nmol/mg f.t.) (nmol/mg f.t.) (nmol/mg f.t.)
WT 86.71+12.21 11.40+£1.70 0.73£0.04 1.03+0.11 39.70 £3.02

In parallel with the lipids diversity in composition and asymmetry, different lipidic
phases may still occur in the membrane depending on the structure and environment. In
general, for the lamellar phases there is the possibility to observe three distinct behaviors: (1)
the liquid-crystalline or liquid disordered phase characterized by the remarkable formation of
glycerophospholipids with unsaturated acyl chains; (Il) the solid gel phase due to SM-rich lipid
mixture; (1) the liquid-ordered phase shaped by the association of sterol and bilayer-forming

lipid.

Models of Membranes

Biomimetic models are an excellent alternative to study the membrane properties and
its interaction with drugs under defined and controlled conditions (Knobloch et al. 2015; Deleu

et al. 2014). This models arise to represent a simplified artificial membrane systems that mimic
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the real cell membranes. The biomimetic models, namely lipid monolayers, lipid vesicles and
supported lipid bilayers are the ones that best mimic the entire lipidic arrangement found in

plasma membranes (Eeman and Deleu 2010).

e Lipid Monolayers

The lipids present in the membranes belong to the class of phospholipids and are typically
amphiphilic molecules: they contain a hydrophobic and a hydrophilic part. A surface where
one of the phases is a gas or a boundary between two immiscible phases is called the
interface. The lipids are present at a polar-apolar interface orienting the hydrophilic group
toward the polar phase and hydrophobic towards the apolar phase, forming a monomolecular
layer.

The lipid monolayers at the air-water interface provide a simple model mimicking half-
bilayer of biological membranes (Figure 3). Some of the advantages of this model in relation to
complex systems, i.e. the bilayer, are that their phase state and their structure can be easily
controlled by changing the molecular area through compression.

The characterization of lipid interactions with molecules of interest becomes
straightforward due to the facility with which the compounds penetrate the membrane. Thus,
the monolayers have been widely used for the study of peptide and protein binding and
penetration, being able to observe changes in pressure or area as a function of time and
concentration. It is possible to vary in a controlled way and without limitations parameters
such as the nature and packaging of the molecules, composition of the sub-phase and

temperature (Deleu et al. 2014; Blume and Kerth 2013).

air or solvent

AT

water

Figure 3 - Model of lipid monolayers at the air-water interface. (Adapted by (Chen and
Bothun 2013)

e Supported Lipid Bilayers (SLBs)

Supported Lipid bilayers (SLBs) represent models to mimic the lipid bilayer of the biological
membrane. SLB consist of a supported smooth lipid bilayer supported on a solid surface such
as mica, glass or silicon oxide wafers (Figure 4). They can be used, for example, to study the

enzymatic lipolysis or to understand the binding mechanisms of antibacterial drugs, allowing
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the investigation of interactions with lipid head groups. Also this model can be used to predict
the phase behavior and the molecular lateral organization of biological membranes.

SLB can be prepared by: (I)Langmuir-Blodgett technology, (Il) fusion of lipid vesicles or (lll)
surfactant reduction from micellar solutions collected of a mixture of surfactants and
phospholipids.

Furthermore, SLBs models has the advantage to be quick and easy prepared. They present
a high stability. It should be noted that its physicochemical properties in terms of lipid
composition, leaflet asymmetry, in-plane structure, mobility, and fluidity have been widely
considered by techniques like atomic force microscopy (AFM), dissipation-enhanced,
ellipsometry, neutron reflection, fluorescence microscopy, and interferometric scattering
microscopy (Lind, Cardenas, and Wacklin 2014) (Deleu et al. 2014).

In addition, another way of obtaining SBLs is through the fusion of small unilamellar
vesicles on a hydrophilic substrate. Although a thin layer of water remains between the
supported bilayer and its support. The proximity to the support can result in a loss of the lipid

degrees of freedom (Bourgaux and Couvreur 2014).

water

i

f
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Figure 4 - SLBs as a model to mimic the lipid bilayer of the biological membrane. (Adapted by
(Chen and Bothun 2013))

e Liposomes

Liposomes are defined as a lipid vesicle in which agueous compartments are in the
core (hydrophilic) or between the lipid bilayers and non-aqueous compartments also exist
simply in the phospholipid bilayer (lipophilic), as can be seen in the figure 5 (Kim 2016;
Spuch and Navarro 2011). Liposomes are an adaptable mimetic biomembrane model
widely used in membrane phase behavioral studies, and processes such as fusion,
molecular recognition, cell adhesion, membrane trafficking and pore formation. They are
synthetic lipid spheres produced from an aqueous dispersion of membrane lipids (pure or
blended) and enfold a small aqueous compartment (Deleu et al. 2014). The liposomes
formation is due to the hydrophobic interaction between the phospholipids.

Lipid vesicles more easily demonstrate the complexity of the biological membrane
structure once they are arranged in a very similar way to the biological membrane.
However, they do not guarantee long-term stability, which is why they are called

metastable structures (Deleu et al. 2014; Kim 2016).
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Liposomes represent a membrane model widely used in the characterization and
investigation of lipid interactions in nanosystems, owing to their exclusive characteristics
specifically their capacity to incorporate hydrophilic and hydrophobic drugs. These
advantages can be explained based on its composition since it is based on natural
substances (Spuch and Navarro 2011; Mufamadi et al. 2016; Caracciolo and Amenitsch
2012). Furthermore, they are widely used to estimate drug efficacy, explicitly to determine
the partition coefficient by measuring the amount of molecules incoming into or through
the biological membrane (Rodrigues et al. 2001). Previously studies also demonstrated the
possibility of understanding the toxicity of some drugs in these models (Baciu et al. 2006;

Baginski, Czub, and Sternal 2006).
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Figure 5 - Liposome as a lipid vesicle with the core hydrophilic cover by the lipid bilayers (lipophilic).
(Adapted by (Chen and Bothun 2013)

Drugs on Alzheimer’s disease treatment

The pharmacological therapies studied until the date has been in the sense of slowing the
progression of AD and alleviate the symptoms. Some drugs already approved for this
pathology include cholinesterase inhibitors donepezil hydrochloride (donepezil), galantamine
hydrochloride (galantamine), rivastigmine tartrate (rivastigmine), tacrine hydrochloride
(tacrine) and memantine, an N-methyl-D-aspartate (NMDA) receptor antagonist. Furthermore,
drugs such as statins, clioquinol, and certain nonsteroidal anti-inflammatory drugs have been
used (Nussbaum, Seward, and Bloom 2013). However, the benefits are modest (Hansen et al.
2008).

Thus, the use of membrane models for the study of interaction with several molecules has

been widely used. Namely, with peptides such as cell penetrating peptides (CPPs),
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antimicrobial peptides (AMPs), viral fusion peptides, lipopeptides or amphiphilic
pharmacological drugs (Seddon et al. 2009; Peetla, Stine, and Labhasetwar 2009). With this
and through biophysical approaches a better understanding of the interaction liposomes-drug

is very important for the pharmacological science (Deleu et al. 2014).

Drugs to cross the BBB

The barriers that protect the CNS are extremely strict in controlling the substances that
enter the brain. Various studies have been developed in order to increase the amount and
concentration of therapeutic compounds in the brain (Gabathuler 2010). The conditions for
penetration that can occur are achieved through correct balance of permeability, a low
potential for active efflux and the suitable physicochemical properties that permit drug
partitioning and distribution into brain tissue (Jeffrey and Summerfield 2010). The capacity of
the passage through BBB also depends on molecular size, which should be less than 500
Daltons, low hydrogen bonding capacity, and high lipophilicity. Therefore, one of the
pharmacological approaches to overcome this fact is the modification of molecules with
previous knowledge that from the outset they penetrate the BBB. Modification can occur
through the reduction of polar groups thereby increasing drug transfer. Once more, due to
unique physicochemical characteristics of liposomes, they are capable to incorporate
hydrophilic and hydrophobic therapeutic agents as is shown in figure 6 (Vieira and Gamarra
2016).

Through a physiological approach the most effective way to cross the BBB will be through
specific transporters or internalization of receptors in the neuronal capillaries. Drugs may
further be altered to take advantage of carriers specific for the nutrients crossing through the
BBB or by conjugation with ligands which recognize the receptors expressed in the BBB

(Gabathuler 2010).
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Figure 6 - Schematic representation of the main liposomal drugs and targeting agents that
improve liposome affinity and selectivity for brain delivery. Adapted by (Vieira and Gamarra
2016)

Fluorinated Compounds

For the development of new drugs, there was a significant impact of products of natural
source and small molecular sizes (Purser et al. 2008). Fluorine is characterized by being an
atom of small dimensions and with a very high electronegativity. Its covalent bond is less than
a methyl or amine group, but greater than hydrogen having a Van der Waals radius of 1.47 A. It
is interesting to ask why 20 to 25% of the drugs contain in their structure a fluorine atom, since
the organofluorinated compounds are practically absent from natural compounds. In 1957 the
first synthetic fluorine drug, the antineoplastic agent 5-fluorouracil, was synthesized for the
first time, demonstrating high anticancer activity by inhibition of a specific enzyme. Since then,
fluorine substitution has been increasingly used in chemical medicine for demonstrating
improvements in metabolic stability, bioavailability and protein-ligand interactions. (Purser et
al. 2008). An intense flow of fluorine compounds in the pharmaceutical industry has brought
immense advances, including steroidal and nonsteroidal anti-inflammatory, central nervous
system drugs, anticancer agents and antiviral agents.

At low concentrations, fluorinated solvents like trifluoroethanol and exafluoroisopropanol
demonstrated capacity to stabilize the structure of AB monomers (Rocha et al. 2008). Other
studies have also shown that these organofluorinated compounds have already been studied
in relation to protein misfolding (Torok et al. 2006).

Thus, recent strategies for the introduction of fluorine atoms focus on the following:
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e To determine the bioavailability of a compound, a key factor is the metabolic stability.

Hepatic enzymes, with their rapid oxidative metabolism, in particular cytochromes, are

often found to limit bioavailability. To overcome this problem, a blockage of the reactive

site is often accomplished by the introduction of a fluorine atom.

e The basicity of a compound can also be altered because of the fluorine atom. Highly

basic groups may reveal a limiting effect on bioavailability. A fluorine atom introduced near

a basic group decrease its basicity, which results in a better membrane permeability of a

compound and consequently improves bioavailability.

e Yet, it is increasingly common for fluorine substituent to be introduced in order to

increase the binding affinity of a compound (Bohm et al. 2004).

So, a very important fact is that it has been proved that organofluorinated compounds
with highly negative zeta potential and hydrophobic fluorinated core have the fundamental

characteristics to prevent A fibrillogenesis (Rocha et al. 2008).

Peptides for Alzheimer Disease

As previously mentioned substances that bind to the AP peptide and influence its
aggregation are of particular interest. In addition to existing small drug molecules, peptides,
linear molecules with (< 100) amino acid residues, have emerged as an interesting therapy as
an alternative to chemical pharmaceuticals. The market for these peptides has been increasing
since they demonstrate characteristics such as the regulation of biological functions; they offer
high biological activity, high specificity and low toxicity. Lately, large libraries of synthetic
peptides have been established, with 67 peptides currently on the market, with 150 still in the
clinical phase and 400 in the pre-clinic. However, despite this progress several obstacles arise
due to their short life, which leads to easy degradation by proteases and problems related with
delivery and administration. On the other hand, these problems can be overcome since the
chemistry of the peptide allows their modification. In this way they provide a class of reagents
that help to understand the mechanism of amyloid aggregation. Thus, a wide range of peptides
binding to AB that block amyloid formation has been widely investigated (Aileen Funke and
Willbold 2012).

Peptides that were revealed to be effective in rodent AD models or in clinical studies

are shown in table 2.
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Table 2 - AD Therapeutic Peptides: The Peptide Category, Name, Sequence, Description and Related

References.
Peptide Category Name Sequence Description References
iAB5 LPFFD Proline based B- (Soto et al.
sheet breaker 1996)
AB-sequence : : : . —
Ac-iAB5-amid Ac-LPFFD-amid iAB5 derivatives (Chacon et al.
derived B-sheet to improve 2004)
LPYFD-amid LPYFD-amid pharmaceutical (Szegedi et al.
breaker ;
properties 2005)
(Frydman-
Dipeptide B- NH.-D-Trp-Aib- Ac-Trp-Aib B-sheet breaker Marom et al.
OH 2011)
sheet breaker
AB-ApoE4 Ac- AB-sequence (SadowskKi et al.
i i - - 2004
interaction AB12-28P VHHQKLPFFA_EDVGSNK derived )
blocker amid
Anti- Ac- Apo A-l mimetic | (Handattu et al.
inflammation and D-4F DWFKAFYDKVAEKFKEAF- S 2009)
oxidative stress NH2
compound
Selected with Mirror image
combinatorial D3 RPRTRLHTHRNR phage display of (Sun, Funke,
combinatorial and Willbold
peptide libraries peptide libraries 2012)

Therefore, in the present study, were tested two different peptides that could inhibit

the early stages of AB aggregation.

The sequence LP:FFD was previously developed by Loureiro et al. (2014), based on the
17 to 21 hydrophobic core of AB that can binds to the full length AB preventing its aggregation.
The amino acid Pro was coupled with a fluorine atom. Moreover, PEG was added since its
toxicity is low, and it is known to reduce proteolytic degradation and increase the solubility of
the compounds (Loureiro et al. 2014). By analyzing the amino acids individually, the Phe being
hydrophobic and aromatic has a higher AB-binding capacity, which may also be due to steric
immobilization by the aromatic ring (Wu et al. 2009). Leu is characterized by their hydrophobic
side chains, whereas Asp is an amino acid charged with a carboxyl group on the side chain,
negatively charged when it is at the C-terminus, which gives it some hydrophilicity (Santoso et
al. 2002). Pro discloses potential chemical inhibition against A fibrillogenesis, since it has been
recognized in previous studies as an amino acid with specific recognition and binding to AB
fibrils, since belongs to the class of charged amino acids. (Torok et al. 2006; Aileen Funke and
Willbold 2012)

The second peptide sequence used in this work has six amino acids, and it is specific to

inhibit the amyloid-B peptide. Therefore, it is a still confidential sequence and for this reason,

18




Effects of peptides on the structure of lipid bilayers: Implication for its therapeutic effect in Alzheimer’s disease

the name will be presented by ABPeplnib. It is known that high hydrophobicity peptides are
expected to have no difficulty in cross the BBB (Aileen Funke and Willbold 2012). Still, it is of
relevant interest to synthesize peptides whose size is small to correspond to a self-recognition

of the native amyloid sequence, thereby facilitating binding (De Bona et al. 2009).
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Chapter 3

MATERIALS AND METHODS

Materials

ABPeplnib was obtained from GenScript® (Piscataway, NJ, USA) with a purity higher than
96.4% and a molecular weight of 855.02 g/mol. Peptide LPtFFD-PEG (Leu-FluoroPro-Phe-Phe-
Asp-PEG) was used as previously described in Loureiro et al. (2014) (Figure 7). 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) and Chol (ovine wool; purity > 98%) were purchased
from Avanti Polar Lipids, Inc. (Alabama, USA). The fluorescent probe 1,6-diphenyl-1,3,5-
hexatriene (DPH; purity > 98%) was obtained from Sigma-Aldrich (Aldrich, Stemheim,
Germany) and was prepared by dissolving in chloroform/methanol (3:1, v/v) (Table 3).
Peptides solutions and lipid suspensions were prepared with phosphate buffered saline (PBS
buffer) pH 7.4 (10 mM PBS, 2.7 mM potassium chloride and 137 mM sodium chloride, Sigma-
Aldrich). The buffer was previously prepared with ultrapure water purified with Mili-Q
equipment with the specific resistance of 18.2 MQ-cm (Milli-Q Academic, Millipore, France)
and filtered before use with a membrane filter (0.22 uM pore size, Restek, Bellefonte, EUA).
The B-amyloid (1-42) human (> 99.8%) was purchased from GenScript® (Piscataway, NJ, USA).
AB(1-a2) was pretreated with HFIP (1,1,1,3,3,3-hexafluoro-2-propanol) (= 99.8%) purchased from
Sigma-Aldrich. DMSO (dimethyl sulfoxide for molecular biology, > 99.9%) was purchased from
Sigma-Aldrich. For the grids preparation for morphological TEM analysis, uranyl acetate was

used (Electron Microscopy Sciences, Hatfield, PA, USA).
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Figure 7 - Chemical Structure of LPFFD-PEG peptide. (Marvin Software)
Methods

1. Mass Spectrometry

The time-of-flight (TOF) mass spectrometer (MS) is the method that allows
nonscanning mass analyzer through pulses of ions from the source, in seconds. The ions
are accelerated so that they have equal kinetic energy before entering the field of the
flight tube. Through equation 1, where m is the mass of the ion and v is the ion velocity,
the lower the ion mass, the greater the velocity and the shorter its flight time. The time
travel from the ion source through the flight tube to the detector is given by m/z value.
Because all ion masses are measured for each transient, TOF mass spectrometers are well-
suited for the analysis of both targeted and nontargeted analytes. TOF-MS system, being a
non-scale instrument, has many advantages such as fast acquisition rates, spectral
continuity, and exceptional dynamic range. Through the total mass spectrum it is possible
to carry out both qualitative and quantitative analyzes over a wide range with complex

matrices (Binkley and Libarondi 2010; Li et al. 1999).
E= %mvz (1)
For this technique was used positive electrospray ionization mode (ES +) since it allows

a greater degree of ion fragmentation (Chan et al. 2007).

2. Transmission Electron Microscopy (TEM)
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A powerful and distinctive technique to the structural characterization of the material
surface commonly used is transmission electron microscopy (TEM). TEM allows visualization of
the distribution of atoms in nanostructures. It includes an illumination system, a specimen
stage, an objective lens system, the magnification system, the data recording system, and the
chemical analysis system (figure 8). This technique allows the visualization of images with
atomic resolution of 1 nm. TEM consists of a finely focused electron probe that allows the

electronic characterization of the nanoparticles individually (Wang 2000).

electron gun
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Figure 8 - Principle of transmission electron microscopy (Adapted by Enciclopaedia Britannica, Inc.)

AB1-42) was incubated at 37 °C, alone and in the presence of the ABPeplnib peptide
(1200 uM). The samples were incubated for 24 hours, with gentle agitation and with an AB
final concentration of 30 uM. Samples in the absence of AB1.42) were also run at the same
experimental conditions. Aliquots of 5 puL of each sample were placed on carbon-formvar
coated 200-400 mesh spacing grids and let to adsorb for five minutes. Grids were washed with
2% filtered uranyl acetate solution once and negatively stained with the same solution for 45
seconds. The visualization of the grids was done by a Jeol JEM 1400 electron microscope at 80

kVv.

3. Liposomes Preparation

Liposomes were prepared by the lipid film hydration method (Lasic 1997; Dua, Rana, and
Bhandari 2012; Popovska 2014).
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First the lipids are dissolved in chloroform (CF), forming a homogeneous lipidic mixture.
Thereafter, the lipid film, with and without Chol, is formed by evaporation of the chloroform
with a stream of nitrogen. The molar ratio was DMPC:Chol [85:15]. This is a critical step, since
the complete removal of the organic solvent is required, in a slow mode and with continuous
rotational movements. The nitrogen atmosphere allows rapid solvent evaporation and inhibits
lipids oxidation. The resulting lipid film was hydrated with PBS buffer 7.4 and the mixture was
vortexed (Vortex Genius 3, |ka®, Germany) at temperature above the phase transition
temperature of lipid for complete dissolution (approximately 10 minutes), to yield MLVs.
(Koynova and Caffrey 1998) The suspension was submitted to ultrasound in a sonicator bath
(Ultrasonic cleaner, VWR®, Malasya) for 10 minutes, followed by extrusion through
polycarbonate membranes (Nuclepore Track-Etch Membrane, Whatman®, Maidstone, UK)
with a specific size 11 times using an extruder (Mini-extruder, Avanti Polar Lipids, Alabama,
USA). The liposomes were then sequentially passed through membranes with pore diameters
of 400, 200 and 100 nm.

The size of the LUVs formed was confirmed by dynamic light scattering analysis in a
ZetaSizer Nano ZS (Malvern Instruments, Worcesterchire, UK).

For the fluorescence measurements, the probe (DPH) was codissolved with the lipids
(DMPC or DMPC:Chol) in the organic solvents mixture to give a probe/lipid molar ratio of

1:100.

Table 3 - Chemical structure of the compounds used to prepare liposomes (by Sigma Aldrich)

Chemical Name Structure

1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC)

Cholesterol (Ovine Wool)
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1,6-Diphenyl-1,3,5-hexatriene (DPH) X O
O XN

4. Liposomes Characterization

The control of physical properties of liposomes is a very important step, and it can be done
through measurements such as mean vesicle size, size distribution, electrical surface potential,
morphology and surface pH lamellarity. To the naked eye, a variation in composition and size
of the liposome suspension can be perceived since the coloration varies from translucent to
milky, from lower concentration and size to greater, respectively (Popovska 2014). Usually, to

control these properties the DLS technique is commonly used.

4.1. Size and PdI
Dynamic Light Scattering (DLS), also known as photon correlation spectroscopy, is a widely
used technique for nanoparticle (NP) size determination. This technique consists of exposing
NP to an electromagnetic wave, the direction and intensity of which are altered due to the
scattering phenomenon. As NPs are in constant Brownian motion due to their kinetic energy,
intensity variation occurs over time and information about this brownian motion can be used
to measure the diffusion coefficient.
For spherical NPs, the hydrodynamic radius of the particle can be calculated from its
diffusion coefficient by the Stokes-Einstein equation:

_ kp.T
= 6nmRy

(2)

where kg is the Boltzmann constant, T is the temperature of the suspension, and n is the
viscosity of the surrounding media. Ry is the hydrodynamic radius, corresponding to the radius
of a sphere that has the same diffusion coefficient within the same viscous environment of the
particles being measured. It is directly related to the diffusive motion of the particles (Lim et al.
2013).

This technique allowed the determination of particle size and dispersion distribution
(polydispersity index, Pdl) using a ZetaSizer Nano ZS (Malvern Instruments, Worcesterchire,
UK). This index indicates the heterogeneity of the suspension. The suspension is monodisperse
when the particles have the same overall size and the Pdl is < 0.1 (Jiang, Oberdérster, and

Biswas 2009). All the determinations were performed in disposable cells (Sarstedt, Germany)
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and the dispersing medium used was PBS. The measurements were made at 25 °C and both

size and Pdl were calculated to the average of 10 runs, in triplicate.

4.2. Zeta Potential

The characterization of the surface charge properties of the nanoparticles can be obtained
by measuring the zeta potential ({-Potential). A very high value of zeta potential implies very
high colloidal stability. It is known that for values of zeta potential above (+/-) 30 mV the
suspension is stable (Popovska 2014). This measurement is based on the principle that when a
particle in the presence of an electric field moves, the ions present at this boundary move with
it. The electric potential at the NP surface is the zeta potential. Thus, in the presence of an
induced electric field, it is possible to ascertain the electrophoretic mobility of the particles
that progress towards the electrode with opposite charge. Viscous forces will oppose the
movement of particles until equilibrium is achieved. The electrophoretic mobility can then be
calculated by analyzing the electrophoresis under different experimental conditions. Through

the use of Henry's law it is possible to determine the zeta potential of the particle:

2ezf (k
_ £z3( a) )
M

Ug

Where z is the Z-potential, Ug the electrophoretic mobility and f(ka) the Henry’s function
(Freire et al. 2011). To measure the {-potential of the particles in suspension a ZetaSizer Nano
ZS (Malvern Instruments, Worcesterchire, UK) was used. Folded capillary cells from Malvern
(Worcesterchire, UK) were used and the dispersant medium was PBS. The zeta potential was

obtained by the average of 3 measurements (each one with 12 runs).
5. Determination of Partition Coefficients by Derivative Spectrophotometry

One of the most important physico-chemical properties in the pharmacokinetic and
pharmacodynamic profile study of the drugs is the hydrophobicity. The partition coefficient
represents the mode of compound distribution in a mixture of two immiscible equilibrium
phases, and can be used as a measure of hydrophobicity. This ratio measures the solubility
difference of the compound in the phases in equilibrium as well as the concentration of
ionized and non-ionized species (Kwon 2001). With the partition coefficient (Kp) determination

(equation 4), it is possible to obtain indications on the distribution of drugs between the

26




Effects of peptides on the structure of lipid bilayers: Implication for its therapeutic effect in Alzheimer’s disease

aqueous and lipidic phases, and can be used in studies of absorption, distribution, metabolism
and elimination of drugs, as well as evaluation of toxicity (Magalhdes et al. 2010). Theoretical
values of partition coefficients for the tested compounds were calculated from Marvin sketch
calculator software from Chemaxon™. This software allows the design and validation of the
molecular compound through an integrated nuclear magnetic resonance predictor. It enables
a fast and accurate prediction of basic physicochemical properties such as logP, logD and pK..

The Ky of peptides between LUVs suspensions of DMPC or DMPC:Chol [85:15] and the
aqueous buffered solution was determined by derivative spectrophotometry. The stock
solutions of peptides ABPeplnib and LP:FFD-PEG were prepared in PBS with a concentration of
1000 uM and 45.79 uM, respectively. For the K, procedures the final concentrations of peptide
used were 600 uM for ABPeplnib and 15.26 uM for LP:FFD-PEG. The LUVs suspension with
increasing concentrations of lipids was 0 - 1000 uM and 0 - 500 uM for ABPeplnib and LP:FFD-
PEG, respectively. The final volume was 300 pL per well. The suspensions were incubated in
the dark for 30 min and 37 °C, with gentle agitation. As background, the same experience was
performed without peptides. The absorption spectra (200-500 nm range) of samples and
reference solutions were recorded in a temperature range from 36 °C to 41 °C, in a
multidetection microplate reader (Synergy 2, Bio-Tek Instruments). For the mathematical
treatment of the results, an already developed calculation procedure was used through K;
calculator (Magalhdes et al. 2010), which (i) subtracts each reference spectrum from the
correspondent sample spectrum to obtain corrected absorption spectra; (ii) determines the
second and third-derivative spectra in order to eliminate the spectral interferences due to light
scattered by the lipid vesicles and to enhance the ability to detect minor spectral features and
improve the resolution of bands; and (iii) calculates the K, values by plotting the second- or
third- derivative spectra values at wavelengths where the scattering is eliminated versus the
lipid concentrations. A nonlinear least-squares regression method is applied by fitting the
following equation to the plot, where K, is the adjustable parameter:

_ (Dy—Dw)Kp[L]Vy
Dy = Dy + =7 Kp[LIVy @

In this equation, D is the second or third-derivative intensity obtained from the absorbance
values of peptides: D7 refers to the total amount of peptide, Dw corresponds to peptide
distributed in the aqueous phase, and Dn corresponds to peptide distributed on the lipid
membrane phase; K, is the partition coefficient of the peptide in a specific liposome system;
[L] is the molar concentration of the lipid; and Vg is the lipid molar volume of DMPC (0.663 L
mol™), DMPC:Chol [85:15] (0.623 L mol™); with the molar volume of Chol 0.394 L mol™.
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6. Phase Transition Temperature Studies

Thermotropic lipid phase transitions are interrelated to discontinuities or abnormalities in
macroscopic physical properties such as stability, fluidity or permeability of membranes, which
is directly related to their phase transition temperature. It is known that near the transition
from the gel to crystalline phase the liposomes become highly permeable. Thus, for the
rational design of liposomal models it is necessary to know their behavior due to changes in
temperature, and consequently in phase transition temperature (Michel et al. 2006; Aileen
Funke and Willbold 2012).

The main phase transition temperature of DMPC and DMPC:Chol [85:15] vesicles in the
presence of peptides were determined by DLS, as already described by Michel, N. et al 2005.

A fixed concentration of DMPC and DMPC:CHOL (10 000 uM), ABPeplnib (600 uM) and
LPsFFD-PEG (15.26 uM) was used and the sample was incubated, with agitation in a closed
guartz cuvette at 37 °C during 30 min. Standard solutions were prepared in the same mode in
the absence of the peptides.

Measurements were made using a ZetaSizer Nano ZS (Malvern Instruments,
Worcesterchire, UK). The position of the detector was at 173° relative to the laser source
(backscatter detection). Software was used in trend mode that allows multiple measurements
and the temperature in the cell was monitored by an external probe. The temperature ranged
from 10 to 55 °C with temperature increments of 0.2 °C (equilibration time of 5 min). At each
temperature, 6 runs of 8 seconds were performed. The measurements were performed
overnight. This stage was repeated two times so as to achieve accurate reproducibility in the
intensity of scattered light.

Results were collected as “mean count rate versus temperature” and the data were

fitted using the following equation (Boltzmann Regression Curves):

A1—-Ap

Y = Tretmxor Az 6

With A4, the initial y value (initial count rate of lipids in phase 1), A, the final y value (lipids
in phase 2), xo, the center of the distribution (y value at xo being half way between the two
limiting values A; and Az: y(xo) = (A1 + A2)/2) and Ax, the width of the slope. For a complete

analysis the software ©2017 GraphPad Software, Inc., was used.

7. Membrane location studies by fluorescence quenching
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Studies of fluorescence quenching were first applied in the late 1960s. Since then, this
technique has proved to be a very useful tool for the study of proteins, membranes or
macromolecules assemblies (Eftink 2002). In this process, when the fluorophore is induced by
a variety of molecular interactions by the quencher the fluorescence quantum yield decreases.
In the case of the formation of a ground state complex, the fluorescence quenching may be
static, but it can also be dynamic when collisions between the quencher and the fluorophore
occur. In both situations it is necessary contact between the fluorophore and the quencher
(Papadopoulou, Green, and Frazier 2005). This method is based on decreasing fluorescence
intensity measurements that occurs when a fluorophore (for example a protein) interacts with
an external quencher molecule (for example a polyphenol) thereby promoting a rapid
destabilization of its excited state. Through this reaction, quencher provides information on
the location of the fluorescence groups in the molecular structure (Joye et al. 2015).

Quenching studies, including fluorescence steady-state measurements, were performed by
incubating increasing concentrations of ABPeplnib (from 0 to 600 uM) and LP:FFD-PEG (from O
to 15.26 uM) with DPH labeled liposomes with a fixed concentration of DMPC (500 uM), in
phosphate buffer (pH 7.4). Before fluorescent measurements, the resulting suspensions were
incubated in the dark for 30 minutes at a physiological temperature of 37 °C. In this way
peptides could reach the partition equilibrium between the lipid membranes and the aqueous
medium. The determinations were made immediately after incubation. Fluorescence
quenching studies were performed in a spectrofluorimeter. All measurements were recorded
at 37 °C with excitation/emission wavelengths of 357/427 nm for DPH. Fluorescence emission
intensity values were corrected for the inner filter effects at the excitation wavelength.

The aptitude of both peptides to quench the fluorescence of DPH probe was evaluated by
determination of the slope of the Stern—Volmer plots obtained by steady-state fluorescence

measurements (lo/1) versus the quencher concentration ([Q]) (Neves et al. 2016).

I
T=1+ Kwl[Q] @

where | and o are the fluorescence steady state intensities with and without the quencher,
respectively, Ksy is the Stern Volmer constant and [Q] is the membrane effective concentration
of peptides, which is calculated from the total drug concentration ([Q]r) and from drug’s

partition coefficient (Ky), as described in following equation:

Kp[Q]T

Ql=—7"—""— o

Kpam+(1-am)
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where an is the volume fraction of membrane phase (0m = Vi/V1; Vi and V7 represents,

respectively, the volumes of the membrane and water phases).
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Chapter 4

RESULTS AND DISCUSSION

Peptide Characterization

Since the ABPeplnib sequence is confidential, the real molecular mass of ABPeplnib
was quantified by TOF-MS in order to compare with the theoretical one.

As can be seen in figure 9, there are several formed peaks resulting from peptide
fragmentation. The last peak observed corresponds to the peptide protonated form [M + H]*,
consistent with the donation of an electron thus having the result of the entire molecular mass
of the compound. The remaining peaks correspond to fragmented, protonated and
deprotonated forms that can be originated through carboxylic groups.
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Figure 9 - TOF MS of the ABPeplnib peptide

The value of 855.8 Da is consistent with the theoretical value of 855.02 Da, thus

confirming the sequence of the peptide under study.
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Structural Analysis of Amyloid beta Peptide

TEM was used to the morphological analysis of fibril formation of the AB-42) peptide
alone and in the presence of the new peptide ABPeplnib. The AB1-42 in absence of ABPeplnib

was observed as a control. The results are shown in figure 10.

Figure 10- Transmission Electron Microscopy images of the effect of ABPeplnib peptide on the AB(-42)
aggregation. The samples were incubated for 24 hours, and the figure present 3 time points: 0 h, 6 h
and 24 h. The scale bar correspond to 100 nm.

TEM analysis showed that AB1-42) incubated at 37 °C for 24 hours resulted in amyloid-
like unbranched fibrils. At 6 hours AP incubated with both peptides only presents amorphous

aggregates and small fibers. On the other way, after 24 hours incubation the formation of
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fibers occurs, however a decrease of its intensity is verified when compared with AB alone.

This analysis demonstrates that the ABPeplnib delays the ABi.4y fibrillogenesis.

Liposomes Characterization

Liposomes were produced by the technique of hydration film and then were
characterized in terms of size and charge. From table 4 it is possible to see for DMPC liposomes
the mean diameter is 129 = 1 nm and for DMPC:Chol 143 + 2 nm. The Pdl of both suspensions
were less than 0.1, which suggests the homogeneity of the dispersion. It is found that the zeta
potential is slightly negative, conferred by the slight negative charge of the DMPC, which
indicates the stability of the prepared suspension for both DMPC alone and DMPC with Chol.
Moreover, the values of {-potential are close to 0 once that DMPC is a neutral lipid (table 3). As
described in Magarkar et al. (2014), the presence of chol will decrease Na* ion binding with the

lipid headgroup, as a result the surface charge becomes more neutral as can be seen in table 4.

Table 4 - Mean diameter, PDI and Zeta Potential of the liposomes with and without cholesterol (n=3;*n=2)

Mean Diameter (nm)  PdI Zeta Potential (mV)*
DMPC 129+1 0.07 £ 0.02 -4+3
DMPC + CHOL 143 + 2 0.041 = 0.009 -29+0.9

Determination of Partition Coefficient by Derivative
Spectrophotometry

The interactions of ABPeplnib and LPsFFD-PEG with the membrane model system were
studied from the determination of the partition coefficients (K;). The system used was
liposomes-water instead of the common octanol-water system, thus providing an environment
that better simulates the cell membrane. Also, it is possible in this way to take into account not
only the hydrophobic interactions, but also electrostatic and hydrogen bond interactions.

Thus, the K, determination, which then provides information on the distribution of
drugs between aqueous and lipidic phases, without the need to quantify the drug separately in

each media, facilitates an understanding of the process of passive diffusion through the
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biological barrier. K, was evaluated by derivative spectrophotometry. The background signals
of liposome light scattering were eliminated, providing a better resolution of overlapped
bands. K, assays are based on the changes in spectral characteristics of peptides when it
permeates from the aqueous to the lipid phase (Lucio et al. 2009; Neves et al. 2016).

Figure 11 illustrates the absorption spectra of APPeplnib with increasing
concentrations of LUVs of DMPC (gray lines) at pH 7.4 and 37 °C. The absorption spectrum
cannot be used directly due to the high background produced by the lipid/drug interactions
that induce false K, values. In figure 11 (right) the respective second-derived spectra is also
presented. It is possible to verify that the effect of background signals is eliminated (gray
lines), and the resolution of the signal is significantly improved by sharpening them (black
lines). For the LPsFFD-PEG peptide the third derivative spectra was used (figure 12, right). As
can be seen the effect of the background elimination and the increase in resolution is quite
significant which provides a better determination of K, and interpretation of the spectra.

Moreover, it is possible to perceive a slight and discrete shift in Amax With increasing
lipid concentration in both peptides, which gives a somewhat clearer indication that the drug
partitions from the aqueous to lipid media.

Ko values were obtained using the nonlinear least square regression method
(Magalhdes et al. 2010), by fitting equation 4 to experimental second-derivative
spectrophotometric data (D: vs. [L]). The wavelengths (where the scattering is eliminated)

used, were 272 nm for ABPeplnib (Figure 11) and 256 nm for LPsFFD-PEG (Figure 12).
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Figure 11 - Absorption spectra (A) and second-derivative spectra (B) of ABPeplnib (600 uM)
incubated in LUVs of DMPC at 37 °C (gray lines) and LUVs of DMPC without drug (black lines) at
increasing lipid concentrations (n=3). The curve C represents the best fit by Eq. (4)
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Figure 12 - Absorption spectra (D) and third-derivative spectra (E) of LPfFFD-PEG (15.26 uM)
incubated in LUVs of DMPC at 37 °C (gray lines) and LUVs of DMPC without drug (black lines) at
increasing lipid concentrations. The curve F represents the best fit by Eq. (4) (n=2)

The liposomes aqueous partition coefficients of both peptides were determined at six
different temperatures (from 36 to 41 °C, with 1°C increments) for the two distinct systems,
DMPC alone and DMPC:Chol [85:15]. The values of K, obtained for ABPeplnib are listed in table
5 and for LPsFFD-PEG in table 6.

Table 5 — Partition coefficients values obtained for ABPeplnib expressed as K, and logD (n=3; *n=2)

System T (°C) Kp/103 LogD
36 9.2+2.9 4.0+0.1

ABPepinib 37 6.8+2.7 3.8+0.2
38 8.6+1.6 3.9+0.1

DMPC 39 9.2+1.8 40+0.1
40 85+2.1 4.0+0.1

41 6.8+3.3 4.0+0.2

36 28+1.0 3.4+0.2

ABPeplnib* 37 2.8+0.3 3.55+0.05
DMPC 38 20+0.8 3.3+0.2
CHOL 39 26+0.8 34+0.1
40 22+05 3.3+0.1

41 2.8+0.2 3.45+0.03
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Table 6 - Partition coefficients values obtained for LPsFFD-PEG expressed as K, and logD (n=2)

System T (°C) Kp/103 LogD

36 09+04 3.0+0.2

LP:FFD-PEG 37 25+17 3.4+0.3
DMPC 38 13+x1.1 3.0£0.3
39 1.6+0.7 3.2+0.2

40 1.3+04 3.1+0.1

41 0.6+0.5 2.7+0.3

36 27+11 3.4+0.2

37 29+24 34+04

LP;FFD-PEG 38 16+0.3 3.2+0.1
DMPC 39 3.8+1.7 3.6+0.2
CHOL 40 26+1.2 3.4+0.2
41 2711 3.4+0.2

The Kp values obtained indicate that the affinity of the ABPeplnib:DMPC system to the
membrane is higher than the affinity of LP{FFD-PEG:DMPC to the hydrophobic region. This was
observed for all temperatures. The same tendency is observed for the DMPC:Chol system.
These results suggest that from drug to drug the partition coefficient between the membrane
phase and the aqueous phase is different. The distribution will depend on several properties,
such as its structure, degree of ionization and even the molecular packing of the lipids.
Moreover, for ABPeplnib and all temperatures, the partition of DMPC system is greater than
DMPC:Chol system, since the lipids are much more organized and packed in the presence of
cholesterol, making more difficult the penetration by diffusion of drugs inside membrane. For
LP:FFD-PEG the difference of values between systems was not noteworthy.

It was not possible to predict the macro species distribution for ABPeplnib using the
Marvin sketch calculator software. The software does not allow the determination of the
majority ionized form represented by macromolecules. However, the pl predicted by the
software, (9.1), is above the physiological pH, which indicates that the peptide will be mostly in
the cationic form. The partition of the positively charged of APPeplnib can lead to a
neutralization of membrane charge by electrostatic attraction with the negatively charged
phosphate of the headgroup region of the bilayer, while nonpolar portion inserts and orientate
into the hydrophobic core. The predicted value of logP for ABPeplnib by Marvin software was
-5.14 which is considerable lower than experimental logD. The different types of interactions

evaluated by each method justify this discrepancy. The software, which use octanol:water
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partition data as reference, manly considers the hydrophobic interactions, not taking into
account the ionic interactions established between charged drugs and phospholipids of the
membranes. Thus, this result (Table 5) indicates that ABPeplnib should preferentially interact
by electrostatic forces.

The pK,, pl values and octanol/water partition coefficient of LP{FD-PEG were also
determined using the Marvin sketch calculator software. In this case, at pH 7.4, anionic species
predominate but a significant contribution of zwitterionic species are also present (= 30%). The
calculated pl (4.28) of this peptide is also lower than the physiological pH confirming once
more the presence of negative charges. The negative charged part of the peptide interacts
with the phospholipid head groups with the positively charged choline due to ammonium
group explaining the experimental value of logD for LPFFD-PEG. The discrepancy between
logD and logP (-2.97) confirms that not only hydrophobic interactions are present, and that
electrostatic interactions should also play a role. These results also underline the high
limitation of conventional models to predict the theoretical logP, based on the octanol/water
system, since it only takes into account the hydrophobic interactions (Pinheiro et al. 2013).
Since both peptides interact with the liposomes by electrostatic forces, it makes sense that the

experimental values of both are so close.

Phase Transition Temperature Studies

In the analysis of the biophysical properties of the membrane, the study of phase
transition (Tm) of lipids, from gel phase to fluid phase, is of paramount importance. This
occurrence of phase transition in lipids reveals a significant impact on membrane fluidity and
depends on various factors such as temperature, hydration and lipid composition. For the
determination of the lipid transition temperature the technique used was DLS. This technique
reflects changes in the optical properties of lipids during temperature variations and is based
on measurements of the average count rate (average number of photons scattered detected
per second) by DLS instrument (Michel et al. 2006).

Figure 13 shows the influence of peptides on the normalized mean count rate as a

function of temperature, in the lipid model system at pH 7.4.
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Figure 13 - Normalized mean count rate of DMPC and DMPC:Peptide (left) and DMPC:Chol and DMPC:Chol:Peptide

(right) at pH 7.4 as function of temperature.

From the sigmoidal inflection point of the experimental data, it was possible to
calculate the Tm of all systems through equation 5. The results obtained for the systems

studied are present in table 7.

Table 7 - Values of main phase transition temperature (Tm) obtained from DMPC, DMPC:Chol at pH 7.4 in the
absence and presence of peptides, obtained by fitting eq 5. (n=3; *n=2)

Tm (°C) R?
DMPC 240+0.3 0.982
DMPC + ABPeplnib 246+0.3 0.975
DMPC + LPsFFD-PEG* 242+0.1 0.958
DMPC:CHOL 20.30.2 0.968
DMPC:CHOL + ABPeplnib* 29.06 £ 0.04 0.965
DMPC:CHOL+LP:FFD-PEG* 22.3+0.3 0.992

The phase transition is based on the disorder of the hydrophobic chains of the lipids.
This disorder is preceded by a slight increase in lateral mobility. The headgroups of lipid
molecules also have an effect on the lipid phase transition temperature due to electrostatic
dipolar interactions (Krause et al. 2014; Alessandrini and Facci 2014). With the analyses of

table 7, it can be firstly observed that the phase transition value for pure DMPC (24.0 °C) is
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consistent with literature data (Taly, Baciou, and Sebban 2002). The Tm of the pure DMPC
raised slightly in the presence of both peptides, about 0.6 for ABPeplnib and 0.2 for LP+FFD-
PEG (table 7) (figure 13 (left)). These alterations demonstrate the disturbing effect of peptides
on membrane order. The quantitative differences in Tm of the lipids are due to the location of
the molecules in different regions of the lipid bilayer, because in the deepest regions of the
bilayer (corresponding to the acyl chains of C9 to C14) the ordered is smaller than in the
superficial regions corresponding to the head of the phospholipids (C1 to C8 acyl chains). Thus,
the region where the foreign substances have a minor effect is in the less ordered region, since
their fluid nature accommodates them better (Pinheiro et al. 2013). This result is not in
agreement with the fact that the electrostatic interactions are predominant, however it can be
justified by several factors that affect the phase transition temperature beyond the ionic
interactions like the hydrostatic and lateral pressure of the phospholipids or the presence of
specific ions (Alessandrini and Facci 2014). It is still possible to observe, once again, the similar
behavior between the peptides and the membrane model.

Due to the presence of Chol, the DMPC:Chol system, the membrane is more complex
and more organized, and mimic better the cell membrane. However, the presence of a single
component in the phospholipid bilayer further promotes lateral heterogeneity. Such
heterogeneity may result in very distinct phenomena such as immiscibility and preferential
interactions between molecules (Engberg et al. 2015). This particular effect led to the creation
of a new phase called liquid-ordered (Lo) phase that increases lateral packing density.
Additionally this effect can also affect the bilayer thickness through the elongation of the acyl
chains. For the study of phase transition it is known that chol introduces a great complexity
(Alessandrini and Facci 2014). By the analysis of the figure 13 and the table 7 it is perceptible
that in both situations the peptides interacted with the membrane system raising the
transition temperature in relation to the pure system (DMPC:Chol). This increase was about 9
°C for ABPeplnib and about 2 °C for the LP;FFD-PEG. Relatively to the DMPC:peptide system a
different effect was observed. For the APPeplnib an increase of the phase transition
temperature to 29.1 °C was observed whereas for the LP:FFD-PEG a reduction of the
temperature to 22.3 °C was verified. This disparity can also be graphically observed. The mean
count rate of NP increases for the pure system and for the LP:FFD-PEG (Figure 13 right) while
the mean count rate of NP for the ABPeplnib system decreases (Figure 13 right). These results
show that both peptides have the ability to interact with the membrane, however with distinct
interactions. This may occur because the phase transition can often be affected by pH (related
to surface charge), ionic strength of the solution, hydrostatic and lateral pressure and the

presence of specific ions (Alessandrini and Facci 2014). This is consistent with the previous
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analysis of the molecular structure in Marvin software, where the interactions will be distinct
since in the case of LPsFFD-PEG the OH groups are predominantly anionic whereas in the case
of ABPeplnib the opposite is verified. It was also previously described in Michel et al. (2006)
that the measurement of the mean count rate is often affected by structural alterations which
may justify the decreasing phase in the case of ABPeplnib. With the study of DMPC/cholesterol
phase diagram, the fact that the co-existence of the two phases, Ld (chol molecules distance
the hydrocarbon core) + Lo (chol packed phospholipid molecules), between molar percentages
of chol from 10 to 30% can influence the way lipids are organized and compacted or expanded
by the predominance of one of the phases (Almeida, Vaz, and Thompson 1992). In the
literature it is not yet well defined whether the phase transition temperature should increase
or decrease in chol presence, but both cases have been described (Surovtsev and Dzuba 2014;

Serro et al. 2014).

Drug Location Studies by Fluorescence Quenching

The peptides membrane location was assessed by steady-state fluorescence quenching
using the DPH probe (Pinheiro et al. 2013). The efficiency of peptides to quench the
fluorophore can be related to its proximity to the probe, providing the location and orientation
of the peptides into the membrane. Figure 14 shows the Stern-Volmer plots of the DPH probe
in LUVs of DMPC (for both peptides) and DMPC:Chol (only for ABPeplnib), with increasing
concentrations of both peptides (quencher) obtained by steady state fluorescent

measurements.
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Figure 14 - Stern-Volmer plots obtained by steady-state fluorescence measurements of DPH in LUVs of DMPC (for both
peptides), and DMPC:Chol (only for ABPeplnib) under physiological conditions (pH 7.4; 37 °C).

In the table below are present the Stern-Volmer constant (Ksv), for both systems,

which were obtained through the corresponding slopes of DPH probe, at pH 7.4 and 37 °C.

Table 8 - Values of Stern-Volmer constant at T = 37 °C obtained for peptides in DMPC labeled with DPH probe.

(n=2)
Ks (M-1) ABPeplnib Ks (M) LPFFD-PEG
DPH DPH
DMPC 0.023 -3.27
DMPC:CHOL 0.51 =

From the analysis of table 8 it is possible to conclude that the K., values of all systems
are very close to zero, which may indicate that both peptides, at physiological conditions, have
a preferential location in a surface region of the bilayer, and near the polar region, without
affinity for the probe studied. The close proximity between the probe and the peptide leads to
a decrease in the fluorescence intensity and consequent increase in the K, value (Pinheiro et
al. 2013) may justify these observations. According to the determined pK, values, the
membrane location of peptides can be correlated with its structure, lipophilicity and ionization
degree. According to the Marvin Software the ABPeplnib is mainly positively charged at pH 7.4,

which makes it possible to establish electrostatic interactions with the phosphate group

42




Effects of peptides on the structure of lipid bilayers: Implication for its therapeutic effect in Alzheimer’s disease

present in choline. On the other hand, the peptide LP:FFD-PEG is present mainly as zwitterionic
species, with predominance of negatively charged groups. These in turn facilitates the binding
to the headgroup of the phospholipids, since the anions will establish interaction with the
ammonium group and the cations with the phosphate group of DMPC. By adding cholesterol
molecules to the ABPeplnib, the observed increase in the value of Ky, may be explained by the
higher organization level and the degree of lipid packing of the membrane. Probably a similar
result would be obtained in relation to the other peptide, since the same decrease is perceived

in other studies (Neves et al. 2016).
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Chapter 5

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

LPsFFD-PEG and ABPeplnib are potential drug candidates for AD. Promising results
related to inhibition of formation of AP aggregates were obtained. Ultimately these drug
candidates may prevent and delay the progression of AD. Since their site of action is located in
the brain, they need to cross the BBB. Thus the interactions of these peptides with
biomembrane models are of paramount importance. In the present work it was concluded that
both peptides interact with the membrane models changing their properties.

By the results analysis it was possible to observe that the peptides have a similar
behavior between them interacting with the membrane models mainly by electrostatic
interactions. It should be noted that the addition of chol to the model introduces a greater
complexity due to the condensation effect on the membrane, which led to a decrease in K,
values and a significant variation of the phase transition temperature. With the fluorescence
quenching analysis it was possible to understand how deep the peptides penetrate the
membrane, and it was found that both had no affinity for the probe used, which may indicate
a preferential location in the surface region of the bilayer.

In the future the study of addition of sphingomyelin to mimetic biomembrane models
to better simulate in vivo conditions should be carried out. Also, different pH conditions and
analysis of fluorescence quenching with another probes with different locations, such as TMA-

DPH, would improve the design of new molecules more efficient in AD treatment.
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