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Alzheimer’s disease (AD) is an age-related neurodegenerative disorder which is characterized by
memory dysfunctions and cognitive decline. Two pathological alterations illustrate the brain of
AD patients; one is the formation of amyloid plaques which are present in the extracellular
space, and another is the neurofibrillary tangles (NFTs) that are present within the neurons.
Amyloid plaques are formed from the deposition of fibrillar amyloid-$ (AB) peptide, while NFTs
are the aggregates of hyperphosphorylated tau protein. The accumulation of AP peptide plays an
important role and is considered as the central event in AD pathology. AP peptide is a small
amphipathic peptide whose length varies from 37-42 amino acid residues. While the most
abundant variant of AP in a healthy brain is AP4g, the amyloid plaques found in the AD brain
constitutes ABs,. AP4; is more hydrophobic and aggregation-prone as compared to A4 because
of the presence of two additional amino acids, isoleucine, and alanine at residue positions 41 and
42, respectively. Aggregation of AP produces a variety of species, such as oligomers,
protofibrils, and fibrils. Among the various kinds of aggregated forms, soluble AP oligomers are

the real culprits in the pathogenesis of AD. Soluble oligomers of AP peptide are considered as
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the potent neurotoxic species that inhibit long-term potentiation and cause synaptic dysfunction
in AD. Soluble AP oligomers trigger a downstream signaling cascade of events via interacting
with a multitude of receptors, which further result in cellular toxicity. An array of soluble A
oligomers are produced both in vitro and in vivo. These various kinds of soluble oligomers
exhibit their neurotoxic effects mainly by three mechanisms: 1) binding to the receptors, 2)
interacting with the lipid membrane, and 3) intracellular accumulation. Mounting evidence
suggests many receptors for binding to AP oligomers such as N-methyl-D-aspartate receptors
(NMDARs), nerve growth factor (NGF) receptors, insulin receptors, frizzled (Fz) receptors and
cellular prion protein (PrP%). Binding of AP oligomers to PrP€ activates the Fyn kinase, which
results in tau phosphorylation and causes synaptic impairments. Interaction of soluble A
oligomers with the lipid membrane leads to the formation of annular pores and also causes
membrane permeabilization. In this thesis, the efforts were directed towards elucidating the
molecular mechanism by which AP oligomers interact with the prion protein and the lipid

membrane and cause toxicity.
Chapter 2. Structural Classification of Amyloid-p oligomers

The accumulation of soluble oligomers of AP peptide exhibit pronounced toxic effects in AD. A
plethora of studies has shown that a wide variety of soluble AP oligomers are present in AD
patients, APP transgenic mice, in vivo, and in vitro. The putative soluble AP oligomers that are
believed to be involved in AD are dimers, trimers, dodecamers (AB*56), globulomers,
prefibrillar aggregates, AP-derived diffusible ligands (ADDLs), annular protofibrils, and
protofibrils. Many different laboratories produce different types of AP oligomers that vary based
on morphology, size, toxicity, methods of preparations, and structure, and so on. This raises the
question of structural relationships among the different oligomers. A rational classification of
oligomers based on the structure has been emerged to identify the fundamental structural
attributes of soluble oligomers. Two conformation-specific antibodies, namely, anti-amyloid
oligomer (All) antibody and anti-amyloid fibril (OC) antibody, have been produced which
recognize mutually exclusive structural epitopes of two structurally distinct oligomers,
prefibrillar and fibrillar oligomers, respectively. As a prelude, we first standardized the

preparation of two structurally different AP oligomers. Using an array of biophysical and
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biochemical tools involving dot-blot assay, atomic force microscopy (AFM), dynamic light
scattering (DLS) and size-exclusion chromatography (SEC), we characterize the two different
oligomeric preparations. Our study revealed that the two oligomeric preparations produce

conformationally distinct AP oligomers of different size distributions.

Chapter 3. Preferential Recruitment of Conformationally Distinct Amyloid-p Oligomers by

the Human Prion Protein

Amyloid-f (AP) oligomers are known to cause synaptic dysfunction in Alzheimer’s disease
(AD) and have been shown to mediate the downstream cellular toxicity by binding to one of the
cell-surface receptors, the prion protein (PrP). Human prion protein (PrP) is a glycophosphatidyl-
inositol (GPI) membrane-anchored protein that undergoes misfolding into a disease-associated
deadly scrapie prion. However, the mechanism of interaction between conformationally distinct
AP oligomers and PrP is poorly understood. In this work, we dissect the mechanism of

intermolecular association between conformationally distinct, prefibrillar (A11-positive) and
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fibrillar (OC-positive) AP oligomers and PrP by using an array of biophysical and biochemical
tools. Our site-specific binding titrations using fluorescence polarization and quenching
measurements demonstrate that the heterotypic association of AP oligomers and PrP primarily
occurs via the N-terminal intrinsically disordered region of PrP. We determine the binding
affinities of OC-positive oligomers having an in-register parallel B-sheet structure and All-
positive oligomers possessing an anti-parallel B-sheet structure, with PrP. Our studies also
demonstrate the toxic effects of AP oligomers on binding PrP in mammalian cells. Taken
together, our results revealed the electrostatic interactions between the intrinsically disordered
region of PrP and AP oligomers drive the preferential recruitment mediating the deleterious
effects of OC-positive oligomers. Our studies also underscore the importance of designing the

therapeutic strategies that target the interaction between OC-positive oligomers and PrP.

Chapter 4. Impact of Conformationally Distinct Alzheimer’s Amyloid-f Oligomers on the
Dynamics of Lipid Membrane Comprising Brain Total Lipid Extract

Soluble oligomers of AP are considered to exhibit toxic effects in Alzheimer’s disease (AD).

Studies have shown that the interaction of AP oligomers with the lipid membrane is one of the

(iv)
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key mechanisms of toxicity produced by AP oligomers. However, the mechanism by which
structurally distinct AP oligomers interact with the lipid membrane remains elusive. In this work,
we elucidate the mechanism of interaction of conformationally distinct, A11-positive prefibrillar
and OC-positive fibrillar oligomers with the lipid membrane derived from brain total lipid
extract. Our steady-state and time-resolved fluorescence study demonstrates that the All-
positive AP oligomers interact with the non-aqueous hydrophobic core of the membrane,
resulting in an increase in the membrane micro-viscosity. In contrast, the interaction between
OC-positive AP oligomers and the lipid membrane is driven electrostatically via the intrinsically
disordered N-terminal region of oligomers. Our study also reveals that the All-positive AP
oligomers undergo a conformational change upon binding to the lipid membrane. Our findings
dissect the general mechanism by which conformationally distinct oligomers of many

amyloidogenic proteins interact with the lipid membrane and cause toxicity.
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Chapter 1: Introduction

1.1 Alzheimer’s disease

Alzheimer’s disease (AD) is an age-related devastating neurodegenerative brain disorder from
which around 50 million people are suffering worldwide (1). The disease could be sporadic or
inherited in origin. Ninety-nine percent of AD cases emerge from the sporadic, late-onset AD
that occurs beyond the age of 65, whereas the inherited, early-onset familial AD (FAD) that can
strike prematurely occurs only in a small fraction (2). By 2050, in the United States, it is
expected that every 33 seconds, one new case of AD will develop, which will increase to nearly
a million new cases per year. This will increase the cost of care for AD patients. Therefore, it is
necessary to devise the therapeutics by identifying the biological culprits of AD.

In 1907, Dr. Alois Alzheimer, a neuropathologist and psychiatrist, examined a woman patient

named Auguste Deter (3, 4). He described her symptoms as (3):

“Her memory is seriously impaired. If objects are shown to her, she names them correctly, but
almost immediately afterwards she has forgotten everything. When reading a text, she skips from
line to line or reads by spelling the words individually, or by making them meaningless through
her pronunciation. In writing she repeats separate syllables many times, omits others and
quickly breaks down completely. In speaking, she uses gap-fills and a few paraphrased
expressions (“milk-pourer” instead of cup), sometimes it is obvious she cannot go on. Plainly,

she does not understand certain questions. She does not remember the use of some objects.”

Early symptoms of AD are impairments in memory and confusion that interfere with the daily
activities, and the following symptoms involve a decline in cognitive functions such as language,
behavioral changes, and motor difficulties, which ultimately lead to death (5). The symptoms of
AD develop due to neuronal atrophy, which occurs because of the neuronal cell death, shrinkage
of neurons, or the loss of axons and dendrites and results in brain shrinkage (Figure 1.1). The
brain atrophy starts with the medial temporal lobe and then occurs in the distinct cortical regions
(2).The microscopic analysis of the AD brain reveals two pathological abnormalities in the brain
(Figure 1.2). These are known as the extracellular amyloid plaques and the intracellular
neurofibrillary tangles (NFTs). The extracellular amyloid plaques are formed of aggregated
amyloid-f (AP) peptide, while NFTs are the aggregates of hyperphosphorylated tau protein (6).
The deposition of NFTs is parallel in progression with the cognitive deficits, while the amyloid

plaques deposition occurs before the beginning of cognitive deficits.

1
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(b) Healthy Severe
Brain AD
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Figure 1.1: The imaging of healthy and AD brain. (a) Positron Emission Tomography (PET)
scans of the healthy brain (left panel) and AD brain (right panel). The active parts of the brain
are in yellow and red, which indicates the reduced activity of the AD brain. Image credit:
Science Photo Library (https://www.telegraph.co.uk/science/2017/07/16/brain-scanning-could-
improve-dementia-diagnosis-two-thirds-patients/) (b) Brain shrinking in AD as compared to the
healthy brain. Image credit: MedlinePlus (https://medlineplus.gov/genetics/condition/alzheimer-

disease/).

Normal Alzheimer's
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Figure 1.2: The two pathological alterations of AD: extracellular amyloid plaques and the
intracellular ~ neurofibrillary  tangles. Image  Credit: BrightFocus  Foundation

(https://www.brightfocus.org/).
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The different stages of AD are classified based on the spatiotemporal occurrence of amyloid
plaques and NFTs (7). Six stages are defined based on the deposition of NFTs in the different
regions (Figure 1.3a). NFTs appears in:

Stage 1: Transentorhinal region,

Stage 2: Cornus Ammonis (CA1) region in the hippocampus

Stage 3: Subiculum of the hippocampal formation

Stage 4: Amygdala, thalamus, and claustrum,

Stage 5: The associative areas of all isocortical areas

Stage 6: Primary sensory, motor, and visual areas.

There are three stages of AD based on the deposition of amyloid plaques in different regions
(Figure 1.3b) (8). These are:

Stage 1: Isocortical region

Stage 2: Allocortical or limbic regions,

Stage 3: Subcortical

(a)

Transentorhinal Limbyic Isocortical
(111} (1) (v-v)

4 31-2

Figure 1.3: (a) Spatiotemporal relationship of NFTs deposition. The shading shows the

distribution of NFTs, and the darker regions indicate the increasing densities. (b) The

3
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spatiotemporal occurrence of amyloid plaques is shown in the Coronal (A), axial (B) and sagittal
(C) views of the brain. Stage 1, stage 2 and stage 3 are indicated in red, orange and yellow,
respectively. Amyg = Amygdala; EC = Entorhinal cortex; CA1 = Cornus ammonis 1; Prec =
Precuneus; 4 = Primary motor cortex; 3-1-2 = Primary sensory cortex; 17 = Primary visual
cortex; 18 = Associative visual cortex; Hipp = Hippocampus; Cg = Cingulate cortex; Put =
Putamen; Gpe = Globus pallidus externus; Gpi = Globus pallidus internus; C1 = Claustrum; Ins
= Insular cortex; Die = Diencephalon; Mid = Midbrain; Med = Medulla oblongata; Cblm =

Cerebellum. Reproduced with permission from (6).

The depositions of both NFTs and amyloid plaques are involved in AD, which disrupts the
various regions of the brain. However, it is not clear what initiates their depositions in these

different regions of the brain.
1.2. Amyloid cascade hypothesis

In 1991, Hardy and Allosp gave the amyloid cascade hypothesis (9) and later on in 1992, Hardy
and Higgins stated the amyloid cascade hypothesis as follows (10):

“Our hypothesis is that deposition of amyloid- protein (APP), the main component of the
plaques, is the causative agent of Alzheimer’s pathology and that the neurofibrillary tangles, cell

loss, vascular damage, and dementia follow as a direct result of this deposition.”

In AD pathology, the central event is the deposition of an aggregation-prone Af} peptide. A body
of evidence shows that the various forms of AP, from insoluble AP fibrils to soluble oligomeric
species, either synthetic or extracted from AD patients, cause synaptic dysfunction and neuronal
death (11). The basis of amyloid cascade hypothesis is due to the occurrence of AD in
individuals (a) having autosomal-dominant mutations in the gene that encodes the y-secretase
complex proteins presenilin 1/2 (PSEN 1/2) or the amyloid precursor protein (APP), and (b)
suffering from Down syndrome, a condition which is attributed with the triplication and
overexpression of the chromosome 21 that encodes APP (9, 10). The next question is how APP

produces A peptide.
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Figure 1.4: The representation of the amyloid cascade hypothesis as geocentric Ptolemy’s

theory, which places earth at the center of the solar system. Reproduced with permission from

(11).
1.3. Generation of Ap from APP

APP is a type I transmembrane glycoprotein, which is a precursor of AP peptide. The differential
splicing of APP mRNA produces three major isoforms that have 695, 751, or 770 amino acid
residues (12, 13). The non-neuronal cells express mainly APP having 770 or 751 amino acids
(14), while the neuronal cells express APP having 695 amino acid residues (15). APP comprises
a large ectodomain that contains heparin- and metal-binding ectodomain E1, an acidic domain,
an ectodomain E2 which has a helical structure, the AP sequence, the C-terminus which is a
cytoplasmic domain and a YENPTY sorting motif (12) (Figure 1.5). In the Golgi bodies, the
polypeptide APP can undergo many types of post-translational modifications such as
phosphorylation, glycosylation, sulphation, and palmitoylation (16, 17). Most of the APP
undergoes an endosomal-lysosomal degradation pathway (18), and a portion of the APP
internalizes to the cell surface where it undergoes cleavage by secretase enzymes (19). APP can

undergo enzymatic cleavage via two routes: amyloidogenic and non-amyloidogenic. APP

5
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Figure 1.5: The structure of APP. APP contains heparin-binding and growth factor-like domain
(HBD1/GFLD), copper- (CuBD), and zinc-binding domains (ZnBD), an acidic region (DE),
second heparin-binding domain (HBD?2), random coiled region (RC), Ap domain and the C-
terminus. The insert shows the sequence of AP (in red) in APP along with the enzymes that

cleave APP. Drawn using the reference (22).

cleavage by the amyloidogenic pathway produces neurotoxic AP, while the non-amyloidogenic
path precludes AP formation (20, 21). In the non-amyloidogenic pathway, APP undergoes
cleavage by an integral metalloendopeptidase, a-secretase enzyme between residues K613 and
L614, which are a part of the AP sequence and thus destroys the formation of AP (21). The
ADAM (a disintegrin and metalloprotease) family with ADAM 9, 10, 17, and 19 are involved in
mediating the activity of a-secretase (23, 24). The activity of non-amyloidogenic a-secretase can
be either inducible or constitutive, depending on its subcellular localization. Most of the
proteolytic processing of APP by the non-amyloidogenic pathway happens at the cell surface,
and a-secretase is constitutively active at the cell surface (25). A small amount of a-secretase is
present in the trans-Golgi network (TGN), where protein kinase C regulates its activity. In TGN,
a-secretase competes with a large amount of f-secretase present (26). Therefore, a minimal
amount of APP is cleaved by a-secretase in TGN. The a-secretase cleavage produces an amino-
terminal fragment known as secreted APP o (sAPPa), and a carboxyterminal fragment (CTF),

CTF83 (20, 21) (Figure 1.6). The fragment sAPPa has a beneficial role, such as promoting
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neurite growth and survival (27, 28). The neuronal membrane-tethered CTF83 undergoes
cleavage by y-secretase that produces p3 and an amino-terminal APP intracellular domain
(AICD). The multi-protein complex mediates the activity of y-secretase. Four proteins, presenilin
(PS) 1 or 2, anterior pharynx defective-1 (Aph-1), presenilin enhancer (Pen2), and nicastrin
(Nct), are required to form the multi-protein complex (29). Presenilin is an aspartyl protease that
cleaves the membrane-anchored APP fragment. y-secretase matures in different steps. First, Nct

and Aph-1 form a complex, which further binds to PS, followed by binding of Pen2 (30). In the

promotes neuronal survival,
binds to DRE&/ neurite outgrowth, neural stermn
synaplic pruning cell proliferation, enhances LTP

Figure 1.6: The proteolytic processing of APP by two pathways. The amyloidogenic path (left
side/red) where - and y-secretases cleave APP which result in the formation of a secreted form
of APP B and C-terminal fragments (CTF99/CTF89, AP and AICDS50). The non-amyloidogenic
pathway (right side/blue) where a- and y-secretases cleave APP that results in the formation of

secreted APP o (sAPPa) and C-terminal fragments (CTF83, p3 and AICD50) along with the
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products that are produced on cleavage. ex: extracellular, PM: Plasma membrane; cyt:

cytoplasm. Reproduced with permission from (21).

amyloidogenic pathway, APP undergoes cleavage by [-secretase enzyme between residues
M597 and D598, which produces an amino-terminal fragment, sSAPPB, and CTF99 (20, 21). The
B-site APP cleaving enzyme 1 (BACE1) mediates the activity of B-secretase. BACEI is majorly
present in TGN and the endosomal compartments (31). Due to vesicle trafficking, BACE1
reaches the plasma membrane, but it quickly recycles inside the cell. So, only a minimal amount
of APP cleavage occurs by BACEI at the plasma membrane surface. The cleavage of APP by
BACEI occurs primarily in the endocytic vesicles due to the optimum acidic pH required for the
BACEI activity, which is present in the endosomes. Unlike sAPPa, sAPPP does not have
neuroprotective roles (28), but it helps in the pruning of synapses during neuronal development
(32). The CTF99 undergoes cleavage by y-secretase that produces AP and free AICD (Figure
1.6). Cleavage by y-secretase can occur at various sites that result in the generation of A and
AICD of different lengths. The length of AP varies from 38-43 amino acid residues, and mainly
AP (1-40) is being produced in a healthy brain. The site for the cleavage by y-secretase has
physiological effects as the generation of AP (1-42), which is more hydrophobic, is mainly
involved in AD (33). The free AICD translocates into the nucleus (34), where it binds to the
adaptor proteins like Fe65 due to the presence of consensus motif YENPTY in AICD (35). The
Fe65-bound AICD complex combines with Tat-interactive protein 60 (Tip60) (36) and causes
transcriptional activation of genes such as p53 (37), glycogen-synthase kinase-33 (GSK3p) (38),
neprilysin (39) and many others. The next question is, what the fate of AP is.

1.4. Amyloid-p (Ap) peptide

AP is a small aggregation-prone peptide that is produced from APP, and the length of the peptide
varies from 39 to 43 depending on the site where y-secretase cleaves APP. The most abundant
species of AP that is produced by cells is AP (1-40) (AB40), which is ~ 80-90 %, followed by AP
(1-42) (AP42), which is ~ 5-10 % (40). Under normal conditions, AP peptide can undergo
degradation, and the two main enzymes that are involved for degradation are insulin-degrading
enzyme (IDE) and neprilysin (NEP). IDE is a metalloprotease that has a higher binding affinity

for insulin than AP, but the rate of insulin hydrolysis is slower. NEP is a cell membrane-bound
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type II metalloprotease, which is extracellularly active in degradation, while IDE is both
intracellularly and extracellularly active. Most of AP degradation occurs by these two enzymes.
Both the two enzymes decrease in aging and in disease condition, which results in the
accumulation of AP. The undegraded AP is transferred to the blood-brain barrier (BBB) and
finally lead into the circulation. On the brain side, the low-density lipoprotein receptor-related
protein (LRP) and the receptor for advanced glycation end products (RAGE) on the blood side
are involved in the transport of soluble AP across BBB. Disruption in the transportation of Af
across BBB will lead to the build-up of AP in the brain.

The amyloid plaques deposited in AD patients majorly consist of the longer form of AP, Ap42.
AP42 plays a central role in the severity of AD pathogenesis. This is supported by the genetic
studies which have identified mutations in presenilin 1 and 2 genes of AD patients that modify
the enzymatic cleavage sites of APP and results in an increase in the ratio of AB42 / AB40 (41).
AP42 is more hydrophobic and fibrillogenic than AB40 because of the presence of two extra
amino acids that are isoleucine and alanine, which results in the different aggregation behavior of
both the peptides. Previous studies have shown that the non-aggregated form of AP, i.e.,
monomeric AP is non-neurotoxic. AP peptide is present in the brain and cerebrospinal fluid
(CSF) of healthy individuals throughout the whole life, which indicates that the peptide is
physiologically active (42, 43). Recent studies have shown that the monomeric AP plays a
neuroprotective role in the brain by protecting the mature neurons against excitotoxic death.
Also, the AB40 peptide regulates the voltage-gated potassium channels (44). The non-aggregated

neuroprotective AP peptide becomes neurotoxic upon aggregation and results in AD pathology.
1.5. Aggregation of Af

AP is an amphipathic peptide that has a hydrophilic N-terminal and a hydrophobic C-terminal.
Monomeric A is considered as an intrinsically disordered peptide that poses difficulty in the
crystallization. The 3D-solution structures of different AP fragments have been resolved using
X-ray crystallography, NMR spectroscopy, and molecular dynamics (MD) techniques. AP (1-40)
and AP (1-39) have been found unstructured in aqueous solution while AB (1-42) rapidly adopts
a B-sheet structure at physiological pH due to its high propensity of aggregation (45, 46).

Aggregation of AP in an aqueous medium produces a variety of species that includes oligomers,

protofibrils, and fibrils. Amyloid fibrils can further assemble and form insoluble amyloid plaques
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that are linked with AD. Oligomers are the soluble forms of Af that spread throughout the brain
(47). Most of the studies suggest that AP undergoes aggregation via a nucleation-dependent
polymerization pathway that involves a lag phase, rate-limiting step, which is followed by a
growth phase. The nucleus is formed in the rate-limiting step, and once it is formed, the
aggregation progresses by the incorporation of more AP molecules. Aggregation of A into
amyloid fibrils requires a minimal concentration of AP, which is higher for Af40 and around
five-fold lower for AB42. At a very high supersaturated AP concentration, A can undergo non-
specific aggregation and prevent the specific A polymerization (48). The aggregation of AP is
very much dependent on the reaction conditions such as pH, ionic strength, initial concentration,
solvent hydrophobicity, temperature, buffer, presence of pre-aggregated forms of AP, and also
the pre-dissolved solvent for AR monomerization. Recent studies have shown the monomer-
dependent secondary nucleation of AB42 peptide in which the surfaces of existing aggregates are
involved in catalyzing the nucleus construction by the addition of monomers (49). In this
pathway, the rate of aggregation depends both on the AP fibrils and AP monomers. FAD-linked
point mutations, including Dutch (E22Q), Arctic (E22G), lowa (D23N), and Italian (E22K), have
been shown to aggregate at a faster rate than wild type AP (48). Under the in vitro condition (cell
culture, test tube), the aggregation process involves the micromolar concentration of AP and
timescales from minutes to days for the amyloid fibril formation. However, in vivo (clinical
trials), the amyloid plaque formation takes 40-60 years in humans, and the concentration of A is
in the nanomolar range (50). Although the two conditions are quite different, the morphologies
and the biochemical properties of A fibrils produced in vitro are quite similar to those found in

vivo (51).
1.6. Structure of amyloid fibril

The term “amyloid” was given by Schleiden, followed by Virchow to characterize the iodine-
stained deposits observed in the liver autopsy, which was believed to be a carbohydrate in nature
(52). Later on, the high content of nitrogen in amyloid established the proteinaceous
characteristics of these deposits, but the inaccurate descriptive name was retained. Amyloids are
known to show specific binding to the dye Congo red and thioflavin T. The X-ray fiber
diffraction indicates that the amyloid fibrils formed from the different proteins share a typical -

sheet structure. The B-strands that are held together by hydrogen bonding run perpendicular to
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the fibril axis and the direction of hydrogen bonding runs parallel to the fibril axis. The

() (b)
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Figure 1.7: (a) Electron micrographs of amyloid fibrils of AB42 that show a diameter of 7-8 nm.
(b) X-ray diffraction pattern of amyloid fibrils showing cross-p spacing. The reflection at 4.8 A
correspond to the spacing between two B-strands, and the reflection at 10-11 A shows the inter-

sheet spacing. Reproduced with permission from (61).

amyloid fibrils can be characterized by an array of biophysical tools involving circular dichroism
(CD), nuclear magnetic resonance (NMR), electron microscopy (EM), atomic force microscopy
(AFM), and X-ray fiber diffraction, and Fourier-transform infrared spectroscopy (FTIR). The
AFM and EM images of amyloids display long, unbranched, and straight fibrils and are made up
of subunits known as “protofilaments” (53, 54) (Figure 1.7a). The X-ray fiber diffraction display
two reflections, one at 4.8 A, which comes from the hydrogen bonding distances between two B-
strands, and the other at 10 A arise from the side-chain packing between the two sheets (55, 56)
(Figure 1.7b). The interactions between the bonded B-sheets arise from the atomic structure of
short-segments that form fibrils. The side chains of one sheet are interlocked with the side chains
of another sheet that give rise to a tight and dry interface. This motif of pair of sheets is known as
a steric zipper, and the tightly mating pair is the protofilaments of amyloid fibril (57). Cryo-
electron microscopy (cryo-EM) can give information about the number of protofilaments, the
degree of twist, and the atomic structure of fibrils. Cryo-EM studies indicate that the synthetic
amyloid fibrils formed from many proteins like insulin, lysozyme, and AB40 are composed of a
number of protofilaments that are twisted around one another (58—60). The number of these
protofilaments vary from 2-6. Solid-state NMR (ssNMR) of amyloid fibrils reveals the

arrangement of B-sheets within the protofilaments. ssNMR can measure interactions over very
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short ranges (~ 6 A) and thereby give the local information within the B-sheets (61). The amyloid
fibrils of the same polypeptide chain can show alteration in the structural properties which give
rise to the polymorphism in amyloids. The basic cross-p core of the polymorphs of amyloid
fibrils remains conserved. The morphology of fibrils can be affected by the physico-chemical
environment, such as pH, agitation, temperature, salt, or other co-solutes (62, 63). The amyloid
polymorphism can mainly occur due to the variation in the methods of arrangement of
protofilaments, the number of protofilaments, or the substructure of protofilaments. The cross-§
structure of amyloid fibrils can exist in different conformations such as out-of-register anti-

parallel B-sheets or in-register parallel B-sheets or B-helix.
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Figure 1.8: Structure of polymorphs of AB40 fibrils. (a) Striated-ribbon, and (b) twisted-pair
AP40 fibrils. The hydrophobic, positively charged, polar, and negatively charged amino acid
residues 9-40 are shown in green, blue, purple, and red, respectively. Reproduced with

permission from (66).

Aggregation of AP leads to the formation of thermodynamically stable insoluble filamentous
protein aggregates, amyloid fibrils. Initial ssNMR studies on the structure of amyloid fibrils of
AP (34-42) and AP (10-35) shows an anti-parallel and a parallel cross-f3 structure, respectively
(64, 65). Primarily, the full-length amyloid-f peptide is 40 or 42 residue in length. Subsequent
studies on the structures of amyloid fibrils of AB40 and AB42 show that these fibrils consist of
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in-register parallel-f sheets (66, 67). Subtle changes in the growth conditions of fibril formation
affect the AP40 fibrils morphology. Fibrils of AB40 grown under agitation forms rod-type
structure and appear as “striated-ribbon,” while fibrils that are formed under quiescent condition
have “twisted” morphology (68). NMR studies indicate
that the two amyloid polymorphs are quite similar in the peptide conformations. The molecular
structure in both the fibrils is U-shaped that consists of two B-strand segments, residues 10-22
and 30-40, which are connected by a bend or loop with residues 25-29. An unfolded segment,
residues 1-9 precede the two [B-strands. The quaternary contacts occur
between the side chains of F19 of one B-sheet and the L34 side chains of another -sheet within a
cross-P unit (69). The two polymorphs are different in the overall symmetry of the arrangement
of cross-f units. Electron microscopy studies show that the protofilaments in striated-ribbon
contain two cross-fp units and have two-fold rotational symmetry, while twisted-pair
protofilament comprises three cross-f units that are associated via three-fold rotational symmetry
(Figure 1.8). The bend segment, residues 23-29, forms a salt bridge between the positively
charged residue, D23, and negatively charged residue, K28, by an electrostatic interaction in the
striated-ribbon fibrils. In contrast, in the twisted-pair protofilaments, the salt bridge is not
present. A recent study on the AP40 fibril seeded with an amyloid-enriched extract of brain
tissue shows structural similarity with the three-fold symmetric structure of twisted-pair AB40
fibrils and D23-K28 salt bridge of striated-ribbon fibrils (70). Interestingly, amyloid fibrils
formed from disease-associated lowa mutant (D23N AP40) display an anti-parallel B-sheet
structure (71).

In AD patients, the fragment AB42 is the principal species involved in amyloid plaques, which
differs from AB40 by two amino acids, isoleucine, and alanine at residue positions 41 and 42,
respectively. Studies on the structure of APB42 fibrils also show an in-register parallel B-sheet
structure like AB40 fibrils (66). First, ssNMR study on the structurally homogenous sample of
AP42 fibrils displays a unique triple B-motif which is formed from three B-sheets with residues
12-18 (B1), 24-33 (Bo) and 36-40 (B3). The structure is stabilized by salt bridge interactions
between the residues K28 and A42, unlike AB40 fibril, which has a salt bridge between residues
D23 and K28 (72) (Figure 1.9a). The structure of another polymorph of AB42 fibrils displays a
significant difference within the core structure of amyloid fibrils. In this polymorph, the 3D

structure consists of two AB42 molecules per subunit. Each AB42 molecule is encompassing five
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Figure 1.9: Solid-state NMR structure of AP42 fibrils that are generated using PyMol (Version
1.8, Schrodinger, LLC, New York, NY). (a) Structural-model with triple B-motif (PDB ID:
2MXU) (72). The structure is stabilized by salt-bridge between residues K28 and A42. Three B-
sheets are shown in cyan (B1, 12-18), yellow (B2, 24-33) and green color (3, 36-40). (b)
Structure of AB42 fibril (PDB ID: 2NAO) (73). The fibril structure consists of two AP42
molecules per subunit and each molecule comprising five B-sheets that are shown in cyan (B1, 2-

6), yellow (B2, 15-18), magenta (3, 26-28), blue (B4, 30-32) and green (B5, 39-42).

in-register parallel [-strands, 2-6 (B1), 15-18 (B2), 26-28 (B3),
30-32 (B4), and 39-42 (BS) (73) that wind around the intramolecular core like a double-
horseshoeshape (Figure 1.9b). The structural heterogeneity in amyloid fibrils distinguishes the
amyloid from the natively folded protein structure. Therefore, the amyloid fibrils can be
described as “polymer state” of the polypeptide chain, which can form different structures with
less sequence specificity (74). The final state of aggregation of AP leads to the formation of
amyloid plaques which, consists of insoluble amyloid fibrils and was assumed to mediate
toxicity in AD. However, patients dying with AD exhibited a weak correlation between the
amyloid plaques and the severity of dementia (75). The next question is what kind of aggregated

species shows a direct relationship with the progression of AD pathogenesis.
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1.7 The amyloid-f oligomer hypothesis

It was believed that the fibrillar AP deposited as amyloid plaques were solely responsible for AD
according to the amyloid cascade hypothesis, stated in 1992. The amyloid-B oligomer
hypothesis, reported in 1998, challenged the amyloid cascade hypothesis. A body of evidence

suggests the involvement of soluble AP oligomers in AD pathogenesis rather than the
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Figure 1.10: The toxic amyloid-f oligomer hypothesis. The natively unfolded aggregation-prone
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AP peptide assembles to form various types of soluble oligomers (magenta) and insoluble fibrils
(green). The insoluble fibrils deposit within the extracellular senile plaques and the soluble

oligomers exhibit neurotoxic effects in AD. Drawn using the concept from reference (82).

insoluble amyloid plaques, which give rise to the AP oligomer hypothesis. The amyloid-
oligomer hypothesis was based on the first discovery of the inhibition of long-term potentiation
(LTP) and the nerve cell death by fibril-free preparation (76, 77). Subsequent studies by Lue and
coworkers and McLean and coworkers in 1999 revealed that the concentration of soluble AP
oligomers increases in AD and correlates strongly with the synaptic change in AD while

insoluble AP did not show correlation with the disease severity (78, 79). Soon afterward, the
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elevated levels of AP were identified in the very early stage of dementia in human AD brains,

which displayed a strong correlation with the cognitive decline (80).

Aggregation of point-mutations in AP causes an increase in the amount of AP oligomers, which
leads to an increase in the cytotoxicity (82). Small quantities of injection of AP oligomers into
the non-transgenic animals cause a loss in memory. Synthetic and brain-derived both Af
oligomers disrupt the long-term depression and long-term potentiation (LTP) in both ex vivo and
in vivo (76). Therefore, an accumulating body of evidence demonstrates that soluble AP
oligomers are the primary neurotoxic species. According to the Klein group in 2018 (76), “4p
oligomers are both necessary and sufficient to trigger AD-associated memory malfunction and
neurodegeneration.” Thus, soluble oligomers of AP are the real culprit in AD, not monomers or

fibrils (Figure 1.10).
1.8 AP oligomers

In 1996, the search for a soluble AP pool was initiated in the human brain. The discordance
between the amyloid plaques and the severity of AD pathology and the discrepancy in the
location of neuronal loss and the plaques stimulated Kuo and coworkers to search for the
possible species that reconcile these differences (83). Their study suggests the role of water-
soluble AB42 oligomers, which is 12 times higher in AD brains as compared to healthy brains. In
this study, the water-soluble AP pool from the AD brain homogenates was extracted by using
ultracentrifugation at 220,000 x g. The water-soluble AP oligomers vary in size from < 10 kDa to
> 100 kDa, among which 40 % of the fraction is in the 30-100 kDa size range. This study gives
the first evidence for the existence of elevated concentration of a varied range of soluble AR
oligomers in vivo. A subsequent study in 1997 by Walsh and coworkers characterizes the
fibrillogenesis intermediates of both AB42 and AP40 in vitro by the combination of electron
microscopy, light scattering, and size-exclusion chromatography techniques (84). The kinetic
and structural analysis of the intermediates revealed the existence of curved linear strings, which
have a molecular weight of > 100 kDa, are ~ 200 nm in length, and 6-8 nm in diameter and these
structures were termed as “protofibrils.” Later on, in 1998, a new class of small diffusible AB
oligomers had been found, which are known as AB-derived diffusible ligands (ADDLSs) (77). The
molecular weights of these ADDLs vary between 17 and 42 kDa. Subsequently, in 1999,
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McLean and coworkers detected SDS-stable dimers and trimers of AP having molecular weights
of ~ 8 kDa and ~ 12 kDa in AD brain tissue (78). These species were present in both insoluble
and soluble fraction and extracted by centrifugation at 175,000 x g. After these original studies,
soluble A oligomers became the spotlight for studying AD pathophysiology.

Soluble oligomers have been characterized using a wide array of biophysical techniques and
imaging tools. The most common method is the SDS-PAGE, which gives the molecular weights
of the species based on migration in the presence of SDS (85). However, it is known that SDS
induces artifacts in the determination of molecular weights. Another well-known technique is the
size-exclusion chromatography (SEC), which is a non-SDS-based method that separates the
proteins on the basis of Stoke’s radius. SEC can also induce artifacts in the determination of
molecular weights due to the interaction of proteins with the column matrix. The dynamic light
scattering (DLS) method, a spectroscopic approach, gives the hydrodynamic radius of oligomeric
species on the basis of the Stokes-Einstein relationship. This technique is intrinsically biased for
the higher-order species. The imaging techniques such as electron microscopy (EM) and atomic
force microscopy (AFM) gives the three-dimensional morphological view of the species present
in the sample and also suggests that the preparation is fibril free (86). EM and AFM cannot
distinguish between the dimers and trimers of small proteins. Recently, the detection of
oligomers by antibodies has been studied in different laboratories. These antibodies are capable
of recognizing the oligomers formed by amyloidogenic proteins, not the monomer and the
fibrillar forms of protein (85). Since a single technique can misrepresent the state of oligomers,
therefore, a multitude of methods is required for the correct characterization of oligomers.

A plethora of studies have indicated the existence of a variety of AP oligomeric species in AD
brains, APP transgenic mice, in vitro, and in vivo. These AP assemblies vary on the basis of
morphology, size, toxicity, methods of preparation, structure, reactivity towards conformation-
dependent antibodies, and biological effects. Soluble AP oligomers have been given a wide
variety of names such as ADDLs, globulomers, annular protofibrils, prefibrillar aggregates,
protofibrils, and AB*56 (dodecamer) (87). The putative AP oligomers that are directly involved
in AD are described in Table 1. In addition to the various oligomers that are discussed in table 1,
there is another approach that allows studying the individual lower molecular weight oligomeric
species based on their size distribution. This approach is known as photoinduced cross-linking of

unmodified proteins (PICUP). In PICUP, monomeric AP is covalently cross-linked by the
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photolysis of the ruthenium (II) complex (88, 89). This process is zero-length (very fast) and
highly efficient, which eliminates the problem of metastability of the oligomeric assemblies. In
order to avoid the heterogeneity of the mixture, the oligomers were extracted from the gel
matrix. By using PICUP, the pure oligomeric species of specific size-order are produced to study
the structure-activity of AP oligomers (88, 89). However, in vivo, the oligomeric pool is likely to
be dynamic and heterogeneous; therefore, it is difficult to separate the oligomers on the basis of
its order of neurotoxicity. Soluble oligomers are common to many amyloidogenic proteins and
represent the neurotoxic species. Many amyloid-forming proteins have been shown to have
structural plasticity, which indicates a possibility of the presence of distinct structures among the
different oligomeric preparations. It has been demonstrated that the conformation-dependent
antibodies recognize generic conformation epitopes present in the distinct aggregation states,

which leads to the emergence of structural classification of oligomers.

Tablel. Various types of Ap oligomers

Name Characteristics Location Biological Effects

SDS-stable, Found in the frontal cortex of Causes loss of
appeared at ~ 8 AD brain (78), and conditioned | dendritic spines
kDa and ~ 12 kDa medium of Chinese hamster and impair LTP

Dimers and as dimers and ovary cells that express APP7s; (87, 92).
Trimers trimers on SDS- | (90). Dimer is also found in the
PAGE (78). soluble extracts of 10-12

months and 10-14 months aged
Tg2576 and J20 AD mice
models, respectively (87, 91).
Trimer is secreted in vitro by

primary neurons.

SDS-stable, non- First purified from middle- Disrupts memory
fibrillar AB aged Tg2576 mice (91), found | of young rats (91),
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dodecamer, and the | in mice overexpressing Arctic considered as
AP*36 molecular weight is mutant (93), and was also neurotoxic species
56 kDa (91). synthesized in vitro (94). (94).
ApB-derived Small diffusible Synthetically prepared in vitro | Inhibit LTP in rat
diffusible oligomers of 5-6 (77), found in Tg2576 mice hippocampal slices
ligands nm (77) and (96) and AD brain extracts (77), and also
(ADDLs) appeared between 97). found to inhibit
10-100 kDa on LTP through
SDS-PAGE (95). cellular prion
protein (98).
Globular, water- Prepared by incubating AB42 Block LTP in rat
Globulomers soluble 60 kDa with SDS or fatty acids (100), | hippocampal slices
oligomer (99), detected in the brain of AD (99), inhibit
migrate at 38-48 | patients and Tg2576 mice (99). spontaneous
kDa on SDS-PAGE synaptic activity in
(100). AD patients (101).
Ring-shaped or Formed by Arctic variant Form B-barrel
pore-like (E22G) of AP40 and wild-type structures in the
Annular appearance, 18-25 | AP40 (102) and also prepared lipid membrane
Protofibrils nm in diameter, from the prefibrillar oligomers | environment (102).
(APES) stable up to of AB42 by exposure to a
months, detected hydrophobic-hydrophilic
by annular anti- interface such as lipid
protofibril antibody membrane (103).
(102, 103).

1.9 Structurally distinct AP oligomers

Many different laboratories have produced a wide range of AP oligomers that vary in the ways of

preparations or purification, size, morphology, toxicity, which raises the question of structural
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relations among the different oligomeric preparations. Prof Glabe and coworkers have proposed
that the classification of AP oligomers based on the structure is the most useful and biologically
relevant (104). In 2003, a conformation-dependent antibody known as anti-amyloid oligomer
antibody (A11) was generated, which recognizes soluble AP oligomers and does not recognize

the monomeric or fibrillar forms of Ap. Interestingly, Prof

Monomer
Fibrillar
oligomer

Monomer
addition
elongates
fibril

Prefibrillar
oligomer

Conformation
change “en bloc’

Figure 1.11: Classification of oligomers on the basis of conformation. Two conformationally
distinct oligomers, prefibrillar and fibrillar oligomers. Prefibrillar oligomers are reactive to All
antibody but do not bind to OC antibody. Fibrillar oligomers are active to OC antibody but do
not react with the A1l antibody. Both the conformations of oligomers form the fibrils that are

reactive to the OC antibody. Drawn using the concept from reference (104).

Glabe’s group showed that the antibody equally binds to oligomers of other amyloidogenic
proteins like islet amyloid polypeptide (IAPP), prion peptide (106-126), polyglutamine, o-
synuclein, lysozyme, and human insulin. Other forms of these proteins do not show reactivity to

the A1l antibody (105). The soluble oligomers of all these proteins display toxicity, and the
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toxicity gets inhibited with the A11 antibody. This signifies that the antibody binds to a unique
structural feature of the proteins, which is common to the oligomers and is independent of the
amino acid sequence. The unique common structure in the oligomers might mediate a common
mechanism of toxicity. Soluble oligomers that are recognized by the A11 antibody are known as
prefibrillar oligomers as they preceded the formation of fibrils. Further, in 2007, Prof Glabe’s
group reported another conformation-specific antibody, which is known as anti-amyloid fibril
antibody (OC) that recognizes soluble AP oligomers and the AP fibrils (106). The OC antibody
does not bind to prefibrillar oligomers that are reactive to the All antibody. Also, the OC
antibody recognizes the amyloid fibrils of IAPP and a-synuclein proteins. Soluble oligomers that
bind to OC antibody are termed as “fibrillar oligomers™ as the conformational epitope of these
oligomers is similar to the fibrils. Therefore, it was proposed that many amyloids show a
fundamental characteristic of the conformational difference between the two fibrillar and
prefibrillar oligomers (Figure 1.11). The two structure-specific antibodies, OC and All,
recognize mutually exclusive and generic epitopes of conformationally distinct fibrillar and
prefibrillar oligomers, respectively. Further, it has been shown that the OC antibody identifies
the in-register parallel B-sheet structure and A11 antibody recognized out-of-register anti-parallel

B-sheet structure (107, 108).
1.10 Mechanism of toxicity mediated by AP oligomers

So far, we understand that the soluble AP oligomers are the species that strongly relate to AD
pathogenesis, and many different types of AP oligomers exist in vitro and in vivo. Now, these
various types of AP oligomers exhibit their neurotoxic effects in AD through a number of
different mechanisms. The mechanism by which AP oligomers mediate their toxicity is not
clearly understood. AP oligomers are found in both extracellular and intracellular space. There
are mainly three pathways by which AP oligomers have been proposed to exert their deleterious
effects in AD (109). These are (1) receptor-mediated toxicity, (2) interaction with the cell

membrane, and (3) intracellular accumulation.
1.10.1 Receptor-mediated toxicity

In 1998, when the first synthetic AP oligomers, ADDLSs, were prepared, it was observed that the
treatment of cells with trypsin abolished the binding of ADDLs to hippocampal neurons and
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subsequently inhibited the toxicity. This indicated the involvement of high-affinity protein
receptors for the binding of AP oligomers to the hippocampal neurons and the toxicity (77, 81).
Successive studies have identified many putative neuronal receptors for AP that bind AP
oligomers at the cell surface, which further trigger the downstream signaling pathways and lead
to the synaptic dysfunctions and neurodegeneration. One of the receptors for AB oligomers is N-
methyl-D-aspartate receptors (NMDARs). NMDARs are the ion channels that play a central role
in synaptic plasticity. The opening of NMDARs channels leads to the influx of Ca>" ions, which
further induces LTP (92). The activation of NMDARSs can induce LTP or LTD, depending on the
nature of the stimulus. Mounting evidence suggested that the AP oligomers inhibited the
NMDAR-mediated LTP and promoted the LTD. Studies also indicated that the AP oligomers-
mediated LTP inhibition involves the activation of the GluN2B subunit of NMDARs (92, 110).
Thus, NMDARs play a central role in mediating the toxic effects of AP oligomers. Growing
evidence indicated that the lipid-raft associated protein, nerve growth factor (NGF) acts as a
receptor for monosialoganglioside-induced AP oligomers and mediates the toxic effects of AP
oligomers. NGF induces cell death by the involvement of p75 neurotrophin receptor (111).
Recent studies suggested that the soluble AP oligomers inhibit the Wnt signaling pathway by
binding to the frizzled (Fz) receptors, which are near to the Wnt-binding site. Wnt signaling is
required for the cell movement, cell polarity, neuronal development, synaptic function, and
synaptic plasticity. Binding of AP oligomers to Fz receptors block the Wnt signaling, which
further results in phosphorylation of tau protein and neurofibrillary tangles formation (112). A
body of evidence has shown that impaired insulin signaling is also involved in AD. A
oligomers bind to the insulin receptors and cause the internalization of insulin receptors from
dendritic spines. Perturbation in the insulin signaling pathway may inhibit the memory formation
process (113). In 2009, a recent study by Prof Stritmater and coworkers identified the cellular
prion protein (PrP%) as a high-affinity binding receptor for AP oligomers (98). Studies have
shown that PrP® binds AP oligomers with nanomolar affinity, and PrP® mediates the AP
oligomers-induced inhibition of LTP in hippocampal neurons. PrP¢ is a C-terminal
glycophosphatidylinositol-anchored protein that is expressed at axons and synapses where it
localized in the lipid rafts. PrP® undergoes misfolding into the scrapie prion PrP*® which is a
disease-related amyloid isoform. PrP* is involved in fatal transmissible neurodegenerative

diseases, which is known as Creutzfeldt-Jakob disease in humans and bovine spongiform

22



Chapter 1: Introduction

AB
1. Receptor Binding Oligomers

RRAe NGF Insulin

z
Receptors Receptors ReceptorsPrP

Extracellular

Space LTP decrease

. Disrupt Synaptic
Apoptosis < i Dysfunction

n
Activation g; ing Inhibit Wnt
Cytosol R e 2. Membrane

Interaction
W7nACHR Alzheimer’s Disease annular A

Pores Oligomers
3. Intracellular Baas= / \ / ‘ \g

Accu mu Iation Proteasome Disrupt Ca%* :.

Impairment, Homeostasis

Mitochndrial
Dysfunction, \
 Apoptosis Membrane
@ Indu\ction Permeabilization
Oligomers - e RAGE %
Receptor

Figure 1.12: Mechanisms of toxicity induced by AP oligomers. (1) AP oligomers can bind to
multiple receptors with the high affinity that triggers a downstream signaling cascade. (2) AB
oligomers can interact with membrane and form annular pores or ion channels, which further
result in disruption of calcium homeostasis. (3) AP oligomers can be secreted into the cell
through multiple receptors, get accumulated inside the cell and leads to proteasomal impairment,
mitochondrial dysfunction, and cell death. NMDARs = N-methyl-D-aspartate receptors; NGF =
Nerve growth factor; Fz = Frizzled; PrP® = Cellular prion protein; a7nAChR = a7 nicotinic
acetylcholine receptor; ApoE = Apolipoprotein E; RAGE = Receptor for advanced glycation end

products.

encephalopathy in animals (114). Binding of PrP® to AP oligomers activate Fyn kinase, which
further phosphorylates the GluN2B subunit of NMDARSs and leads to the loss of cell surface
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NMDARs. Also, AP oligomers-induced activation of Fyn kinase leads to tau phosphorylation.
Thus, the binding of PrP¢ to AB oligomers triggers a downstream signaling cascade, which
results in synaptic impairments (115). However, some studies reported that PrP® does bind to Ap
oligomers, but PrP® does not mediate the toxic effects caused by AP oligomers (116, 117). This
discrepancy could arise due to the use of different AP oligomers that vary in conformation, size,
morphology, and cytotoxicity. In addition to being PrP® as a “bad receptor” for AP oligomers,
PrPC also plays the role of “good receptor” in AD. The postulated protective functions of PrP©
are as follows. PrP® could potentially decrease AP peptide formation by inhibiting the p-
secretase cleavage of APP, exosomal PrP® reduces the toxic effects by accelerating AP
aggregation, and N1, the main physiological cleavage fragment of PrP suppresses AP oligomers

toxicity in mice. Thus, PrP€ plays a dual role in AD (115).
1.10.2 Cell membrane-mediated toxicity

The integrity of the cell membrane is very crucial for the cell viability as the cell membrane
regulates the exchange of materials between the extracellular and intracellular compartments.
Various neurodegenerative amyloid disorders like Parkinson’s disease and AD have long been
associated with the increase in the cell permeability and the intracellular concentrationof calcium
ions (109). One of the mechanisms of neurodegeneration caused by AP is through the amyloid
pores formation. According to the amyloid channel hypothesis, soluble AP oligomers insert
directly into the lipid bilayers, form calcium-permeable channels, and disrupt the calcium
homeostasis (118). In 1993, Prof Pollard’s group demonstrated that the synthetic AP peptide
inserts into the artificial lipid bilayer and form cation-selective channels (119). Disruption of
calcium-ion homeostasis by AP channels on the neuronal membranes may promote tau
phosphorylation and free radical formation that further accelerates neurodegeneration (120, 121).
These AP pore-like structures have also been shown in AD human brain tissue (122). A growing
body of evidence suggests an increase in the conductance of lipid bilayers by AB oligomers, but
these membranes do not exhibit pore-like structures(123, 124). In contrast to the amyloid pore
hypothesis, the authors proposed that the rise in conductance and ion permeability by AB
oligomers occurs by spreading out the lipid headgroups, which further causes thinning of the
lipid membrane and reduces the membrane permeability barrier (109). The membrane

permeability by AP oligomers is because of the defects in lipid bilayers, not due to the amyloid
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pores. The rise in membrane conductance could result in membrane depolarization, which can

affect cell signaling and cause defects in the cytosolic ion homeostasis (125).
1.10.3 Toxicity by intracellular accumulation

Mounting evidence suggested that A accumulates not only in the extracellular space but also in
the intracellular space. AP is produced wherever APP, B-secretases, and y-secretases are present,
and these are localized in various compartments of the cell (109). Other than the generation of
AP intracellular, the extracellular AP can be secreted back into the cell and internalized through
various receptors. Studies have shown that the receptors including o7 nicotinic acetylcholine
receptor (a7nAChR) (126), apolipoprotein E (apoE) receptors which is a member of the low-
density lipoprotein (LDL) receptor family (127), and the receptor for advanced glycation end
products (RAGE) bind to AP (128). This facilitates the cellular uptake and intracellular
accumulation of AB. The intracellular AB has been shown to cause proteasomal inhibition (129),

induce apoptosis (130), mitochondrial dysfunction (131), and lysosomal damage (132).
1.11 Thesis motivation and perspective

Alzheimer’s disease (AD) is an age-related neurodegenerative brain disorder that involves a
decline in cognitive functions such as language, behavioral changes, and motor difficulties, and
ultimately leads to death. AD is characterized by the accumulation of extracellular amyloid
plaques of amyloid-B (AP) peptide and the intracellular neurofibrillary tangles of tau protein.
Soluble oligomers of AP peptide are known to be the potent neurotoxic species that cause
synaptic dysfunction and inhibit long-term potentiation. Therefore, it is of significant interest to
understand how these soluble oligomers of A cause toxicity.

This thesis aims at dissecting the underlying molecular mechanisms of toxicity govern by
conformationally distinct soluble AP oligomers. In order to characterize the structural attributes
of various soluble oligomers, two conformation-specific antibodies, the anti-amyloid fibril
antibody (OC) and anti-amyloid oligomer antibody (A11) that recognize mutually exclusive
structural epitopes of fibrillar and prefibrillar oligomers have been generated. Using a wide range
of biophysical and biochemical techniques including dynamic light scattering (DLS), size-
exclusion chromatography (SEC), atomic force microscopy (AFM), dot-blot assay and SDS-

PAGE, we prepared and characterized the conformationally distinct soluble AP oligomers
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(Chapter 2). Soluble AP oligomers are known to bind to the prion protein (PrP), a cell-surface
receptor and mediate their downstream cellular toxicity. In chapter 3, we demonstrate the
mechanism of heterotypic interaction between the conformationally distinct AP oligomers and
PrP using steady-state fluorescence, SEC, pull-down assay, and the cytotoxicity assay. Soluble
AP oligomers are known to interact with the cell membrane and form amyloid pores in the
membrane. In chapter 4, we shed light on the behavior of the conformationally distinct A
oligomers in the membrane environment. I believe this thesis will improve our current
understanding of the structurally different AP oligomers and provide insights for designing the

therapeutic agents to combat Alzheimer’s disease.
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Chapter 2: Structural Classification of Af Oligomers

2.1 Introduction

Alzheimer’s disease (AD) is an age-related devastating neurodegenerative brain disorder
characterized by memory impairments and cognitive deficits (1). A pathological characteristic of
AD is the accumulation of extracellular fibrillar deposits of amyloid-B (AB) peptide known as
amyloid plaques (2). Cleavage of amyloid precursor protein (APP) by B- and y-secretases
produces AP peptides of 39-43 in length among which AB40 is the most abundant (3). The
familial AD (FAD) mutations correlate well with the increased production of AB42 in senile
plaques (4). Persuasive evidence suggests that AD pathogenesis is characterized by the elevated
concentration of soluble AB42 oligomers rather than the insoluble amyloid plaque load, and
therefore, soluble AP oligomers are considered to be the primary toxic species (5-8). Soluble A
oligomers block hippocampal long-term potentiation and cause synaptic dysfunction by
interfering with the convoluted system of receptors and downstream signaling pathways (8). The
cytotoxicity of AB42 does not depend only on the aggregate morphotype but also depends on the
cell morphotype. The AB42 aggregates in the neurons are more toxic than the glial cells (9). An
array of soluble AP aggregates exists such as prefibrillar oligomers, dodecamers, globulomers,
AB-derived diffusible ligands (ADDLs), amylospheroids, protofibrils, and so forth. The
oligomers vary in size, morphology, toxicity, and methods of preparation that raises the question
of structural determinants among different oligomer preparations. The varied pathogenesis
exhibited by the oligomer distributions of FAD mutants is proposed to arise due to distinct
oligomer structures (10).

In order to characterize the structural attributes of various soluble AP oligomers, conformation-
dependent antibodies have been generated. These conformation-specific antibodies recognize the
generic conformational epitopes present in distinct aggregation states. Two conformation-
specific antibodies, the anti-amyloid fibril antibody (OC), and anti-amyloid oligomer antibody
(A11) that recognize mutually exclusive structural epitopes of fibrillar and prefibrillar oligomers,
respectively, have been reported (11-14). These antibodies identify distinct structural epitopes
on a spectrum of amyloid-forming proteins in addition to AP (15-17). OC antibody has been
shown to identify the in-register parallel B-sheet packing in fibrillar oligomers, whereas, All
antibody detects out-of-register anti-parallel B-sheet structure arrangements in prefibrillar

oligomers (18, 19). These two conformationally distinct AP oligomers have been found in the
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brains of transgenic mice and AD patients and are also generated in vitro (12). In this work, we
have prepared the conformationally distinct, prefibrillar (All-positive) and fibrillar A
oligomers (OC-positive), and characterized the AP oligomers using a wide array of biophysical

and biochemical techniques.
2.2 Experimental section
2.2.1 Materials

Sodium phosphate dibasic, Sodium hydroxide, Sodium chloride, and 1,1,1,3,3,3-Hexafluoro-2-
propanol (HFIP) were procured from Sigma (St. Louis, MO, USA). Bovine serum albumin, and
Potassium chloride were purchased from HiMedia. Al1, anti-amyloid oligomer antibody, OC,
anti-amyloid fibril antibody, HRP-conjugated goat-anti-rabbit antibody, and Nitrocellulose
membrane, 0.45 p, were purchased from Merck. Antibody 6E10 (anti-B-amyloid (1-16)) was
purchased from Biolegend. HRP-conjugated rabbit-anti-mouse antibody and Enhanced
chemiluminescence (ECL) kit from Thermofisher scientific. Beta-Amyloid (42) was procured

from Anaspec (USA).
2.2.2 Preparation of monomeric Ap42 (mAp)

mAQp was prepared as described previously (20). Briefly, lyophilized AB42 powder was weighed
and dissolved in 100 mM NaOH to prepare a stock of 2 mM AP. The sample was sonicated three
times using bath sonicator with an interval of 15 minutes (frequency 37 kHz, power 100 %, 1
minute, pulse mode). Then the sample was diluted in phosphate-buffered saline (PBS), pH 7.4,
0.02 % NaN3 to a concentration of 45 pM followed by further bath sonication for a minute. The
sample was aliquoted, snap-frozen in liquid N2, and stored at -80 0C. At the time of experiments,
samples were removed from the freezer and incubated on ice. Dynamic light scattering
measurements confirmed that this preparation yielded mAP42 (Figure 2c), and the hydrodynamic

radius was ~ 1 nm that is consistent with monomeric Ap.
2.2.3 Preparation of conformationally distinct AP42 oligomers

The All-positive AP42 oligomers were prepared as described previously with slight
modifications (20, 21). The mAf as mentioned in the above section (before keeping at -80 °C)
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was incubated at 25 °C. The A1l-positive oligomers are found to be formed after 3 days and are
stable up to 5 days. The OC-positive AP oligomers were prepared from the peptide film as
described previously (22). The peptide film was prepared by dissolving AP peptide in
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) to a concentration of 1 mg/mL and left to stand for 2 h
followed by solvent evaporation on a SCANVAC (Bionics Asia). The peptide film was dissolved
in 50 mM NaOH to a concentration of 1 mg/mL. The sample was sonicated three times and
diluted in PBS buffer, pH 7.4, 0.02 % NaN3 to a concentration of 45 pM. The solution was
centrifuged at 22,000 X g for 30 minutes to discard any fibrillar material and discarded the
pelleted fraction (5 % of the volume).The supernatant was incubated for 3 days at 25 C. FAM-
labeled OC- and A1ll-positive AP oligomers were prepared by mixing 2 % of N-terminal FAM-
labeled AP42 peptide with unlabeled AP peptide.

2.2.4 Dot-blot assay

The 0" day aliquots and aliquots after 3 days from both oligomeric preparations were spotted (2
pL) on nitrocellulose membrane. The blots were blocked in 3 % BSA in PBST (0.05 % Tween-
20) for 1 h at room temperature. The membranes were probed with primary antibodies overnight
at4°C (A11, 1:500; OC, 1:1000 and 6E10, 1:1000). The blots were washed six times with PBST
and incubated with appropriate HRP-conjugated secondary antibodies for 1 h at room

temperature. Then the blots were washed thrice and visualized using ECL kit.
2.2.5 Dynamic light scattering

The sizes of AP oligomers were measured using a Malvern Zetasizer Nano-ZS90 instrument.
Samples were excited using a He-Ne laser (632 nm). All the buffers were filtered through 0.02 p
filters (Anatop 10 filter; Whatman).

2.2.7 AFM imaging

AFM images of AP oligomers were acquired using Innova atomic force microscopy (Bruker).
Ten pL of the sample was deposited on freshly cleaved, and milli-Q water washed muscovite
mica (Grade V-4 mica from SPI, PA). The sample was incubated on mica for 5 minutes,

followed by five times washing with 100 uL of milli-Q water. The sample was dried under a
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stream of nitrogen gas. Data was acquired using NanoDrive (v8.03) software. The images were

processed and analyzed by using WSxM 8.0.51 (23).
2.2.8 Size-exclusion chromatography (SEC)

The samples of volume 500 pL were injected with a 500 pL loop on Superdex-200 column
(manually packed), having column volume 30 mL. The samples were eluted with a flow rate of
0.3 mL/min using AKTA Prime FPLC system (G.E., Healthcare), and the absorbance was
recorded at 280 nm. The column was calibrated with a volume of 150 pL of protein mix that was
prepared by mixing six standard globular proteins at a concentration of 1 mg/mL each protein.
The void volume was measured using blue dextran at a concentration of 1 mg/mL, volume 150
puL. The partition coefficient (K,,) of each protein was calculated from its measured elution
volume, and the calibration curve was constructed between K,, and the logarithm of molecular
weight (log M).
Kav=(Ve-Vo) / (Vc-Vo) --- (1)

where, Vg, Vo, and V¢ are elution volume, void volume and column volume, respectively.
2.3. Results
2.3.1 Structural characterization of AP oligomers by conformation-dependent antibodies

We prepared both prefibrillar (All-positive) and fibrillar (OC-positive) AP oligomers using
synthetic AB42 peptide and characterized them by the dot-blot assay. The dot-blot assay showed
that the O™ day aliquots of both reactions reacted weakly with anti-amyloid oligomer (A11) and
anti-amyloid fibrillar (OC) antibodies but strongly reacted with the anti-Ap 6E10 antibody. This
observation indicated that the reactions started with monomeric A (mAp) (Figure 2.1). After
three days, the aliquots under A11-positive oligomer forming condition were recognized by All
antibody but not by OC and 6E10 antibodies. Whereas OC-positive oligomer forming condition
yielded strong reactivity with OC and 6E10 antibodies but not against A1l antibody. This

confirmed that both A11- and OC-positive AP oligomers had little or no cross-reactivities.
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Figure 2.1: (a) The amino acid sequence of AB42. The negatively and positively charged amino
acids are shown in red and blue, respectively. (b) Structural characterization of conformationally
distinct AP oligomers by dot-blot assay. Samples from the o day and after 3 days were spotted
on nitrocellulose membrane from the respective oligomer preparations and dot-blotted with the

respective antibodies.
2.3.2 Size estimation of conformationally distinct AP oligomers

We further characterized the structurally distinct AB oligomers on the basis of sizes by utilizing
atomic force microscopy (AFM), dynamic light scattering (DLS), and size-exclusion
chromatography (SEC). AFM imaging of AP oligomers revealed that both species appeared as
spherical particles of similar sizes, in the range of 5-20 nm with no fibrillar aggregates (Figure
2.2a). Our dynamic light scattering measurements showed that the hydrodynamic diameter of
mAP as ~ 2 nm, which is in line with a previous report (24). The OC- and All-positive
oligomers exhibited hydrodynamic diameters of 50 nm and 40 nm, respectively (Figure 2.2b).
The number % area under the peak for both OC- and Al1-positive oligomers is ~ 99 %, which
suggests that most of AP are in the aggregated state. Additionally, we characterized these
oligomeric preparations using the size-exclusion chromatography (SEC). We calibrated the
superdex G-200 column, volume 30 mL, using a mixture of six standard globular proteins
(Figure 2.2¢ & 2.2d). Using the calibration curve, we estimated the different-sized AP oligomeric

species (Figure 2.2e). Since oligomers might not be globular in shape, the actual sizes of the
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oligomers might be different from the estimated sizes of the oligomeric species. These results
corroborated our light scattering data and revealed the presence of a larger fraction of higher-

order species in OC-positive AP oligomers compared to Al1-positive AP oligomers.
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Figure 2.2: Size estimation of structurally distinct AP oligomers. (a) AFM images of OC- and

All-positive AP oligomers with their respective height profiles. (b) Size distribution by dynamic
light scattering measurements of mAp (olive), OC- (black) and A11-positive AP oligomers (red)
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and the inset shows the bar plot of the hydrodynamic diameter of AP oligomers, (n = 3, the data
is presented as mean + S.D.). P*** < (0.0001 compared to the mAP (One-Way ANOVA test). (c)
SEC data of a mixture of six standard globular proteins (red) and blue dextran (black) (d)
Calibration curve constructed from the SEC data of protein mix (adjusted R*=10.87). (¢) SEC

data of OC- (black) and A11-positive AP oligomers (red) and the analysis of chromatograms.
2.4 Summary

In this study, we have prepared and characterized the two conformationally distinct A
oligomers using an array of biophysical and biochemical tools. Our study suggests that the two
types, prefibrillar (All-positive) and fibrillar (OC-positive) AP oligomers are structurally
distinct and consist of the varied size distribution of oligomeric species. We further study the

mechanism of toxicity caused by these A oligomeric preparations in the forthcoming chapters.
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Chapter 3: Recruitment of Af Oligomers by the Prion Protein

3.1 Introduction

Amyloid-p (AP) peptide, a small peptide that is found in the extracellular deposits of
Alzheimer’s disease (AD). AD is an age-related brain disorder that is characterized by memory
impairments and cognitive deficits (1). A growing body of evidence suggests that the soluble A
oligomers inhibit long-term potentiation and are more potent neurotoxins than the insoluble
amyloid plaques (2-5). A wide variety of soluble AP oligomers exists, such as protofibrils,
prefibrillar oligomers, globulomers, amylospheroids, dodecamers, and so on, which vary in
preparation methods, toxicity, size, and morphology. In order to study the structural aspects of
oligomers, two conformation-specific antibodies have been produced which recognize two
classes of oligomers that are present in the brain of AD patients, produced in vitro, and amyloid
precursor protein (APP) transgenic mice (6-9). These two antibodies identify mutually exclusive
structural epitopes independent of the amino acid sequence on a range of amyloid-forming
proteins, including AP (10-12). The anti-amyloid fibril antibody (OC) detects fibrillar oligomers
having an in-register parallel B-sheet structure, and the anti-amyloid oligomer antibody (A11)
identifies prefibrillar oligomers having out-of-register anti-parallel B-sheet packing (13, 14).
However, the mechanism by which these oligomers exert their toxic effects is not clearly
understood.

A body of evidence indicates that the interaction of a variety of cell-surface receptors with A}
oligomers can trigger a downstream signaling cascade that leads to cellular toxicity. These
studies suggested that the prion protein (PrP) is one of the high-affinity binding receptors for AP
oligomers, and this binding event inhibits long-term potentiation (15-19). Human PrP is a
membrane-anchored protein that undergoes misfolding into the scrapie prion, which is a disease-
related amyloid-forming isoform (20). The conversion of PrP to the scrapie prion can be
catalyzed by the RNA molecules that bind to the N-terminal region of PrP (21). The binding of
AP oligomers to PrP results in dendritic spine loss and alters synaptic function by the activation
of Fyn kinase which further phosphorylates the GluN2B subunit of N-methyl-D-aspartate
receptors (NMDARs) and also leads to tau phosphorylation (22, 23). The other studies have
indicated that cognitive deficit induced by AP oligomers is independent of PrP (24-27). Distinct
AP oligomeric species can potentially have different roles in mediating cellular toxicity.
Therefore, it is important to study the interaction of PrP with conformationally distinct AR

oligomers that are of interest to understand the molecular basis of cellular toxicity.
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In this work, we aimed at investigating the heterotypic assembly of conformationally distinct,
prefibrillar (A11-positive) and fibrillar AB42 oligomers (OC-positive) with human PrP. Using
site-specific fluorescence polarization studies, we first show that the intrinsically disordered N-
terminal segment of PrP forms critical electrostatic interactions with AB42 oligomers (Figure
3.1). Our studies revealed that PrP interacts more strongly with OC-positive AB42 oligomers in
comparison to All-positive oligomers, and this interaction leads to the increase in cellular
toxicity. Our results support the notion that the binding of OC-positive AB42 oligomers to PrP is

the potentially druggable target for AD treatment.
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KKRPKPGGV_WN TGGSRYPGQG SPGGNRYPPQ GGGGWGQPHG GGWGQPHGGG
WGQPHGGGWG QPHGGGWGQG GGTHSQENKP SKPKTNMKHM AGAAAAGéVV
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QAYYQRGSS
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Figure 3.1: (a) The overlay of all twenty models that are deduced from the NMR structure of
human PrP (90-231) (PDB ID: 2LSB) generated using PyMol (Version 1.8, Schrodinger, LLC,
New York, NY). The positively and negatively charged amino acids are shown in blue and red,
respectively. (b) PONDR plot determining the disorder/order in PrP (23-231) sequence
(generated from http://www.pondr.com/) and plotted using origin. (¢) The amino acid sequence
of human PrP (23-231). The residues chosen for single-Cys mutations are shown as underscored.

(d) The amino acid sequence of AB42.
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3.2 Experimental section

3.2.1 Materials

Sodium phosphate monobasic, Sodium phosphate dibasic, L-Glutathione reduced, and 2-
Mercaptoethanol were procured from Sigma (St. Louis, MO, USA). Tris base was purchased
from HiMedia. Guanidinium hydrochloride and Urea were procured from Amresco. Isopropyl-f-
thiogalactopyranoside (IPTG) and antibiotics (Ampicillin, Kanamycin,and Chloramphenicol)
were obtained from Gold Biocom (USA). TAEDANS(5-((((2-
Iodoacetyl)amino)ethyl)amino)Napthalene- 1-Sulphonic acid) and Fluorescein-5-Maleimide from
Invitrogen. Beta-Amyloid (42) and FAM-labeled, Beta-Amyloid (1-42) were procured from
Anaspec (USA). Ni-NTA resin was purchased from Qiagen, Glutathione beads were obtained
from Sigma and PD-10 and G-200 obtained from GE Healthcare Life Sciences (USA).

3.2.2 Mutagenesis, expression, purification, and labeling

His-tagged recombinant human prion protein (23-231) cloned in the pRSET-B plasmid was
transformed into E. coli strain BL21(DE3) pLysS. Human prion protein (90-231) cloned in pQE-
30 was expressed in SG13009[pREP4]. Single cysteine mutants of PrP (23-231) (W31C, W99C,
A120C, and S230C) were created by site-directed mutagenesis. The N-terminal truncated
construct PrP (112-231) was created by using the two primers flanking the PrP (112-231) with
Nhel and EcoR1 restriction sites and cloned the PCR fragment into pRSET-B. Single cysteine
mutant, A120C of truncated PrP (112-231) was also created using site-directed mutagenesis. The
glutathione-S-transferase (GST)-tagged PrP (23-231) was constructed by using the two primers
flanking PrP having N-terminal his-tag with EcoR1 and Xhol restriction sites that enabled us to
clone the PCR product into pGEX-4T3.The primers sequences used for mutagenesis are given in
Table 3.1 and verified by sequencing. Wild-type and variants of PrP were overexpressed by
inducing with 1 mM Isopropyl-beta-D-thiogalactopyranoside (IPTG). Cell pellet of wild-type
PrP was lysed by sonication in lysis buffer containing 6 M GdmCl, 10 mM Tris, 100 mM sodium
phosphate and 10 mM reduced glutathione buffer pH 8.0. The lysate was centrifugedand the
supernatant was loaded on Ni-NTA resin. Protein was purified on Ni-NTA resin via stepwise

oxidation followed by elution under the native condition in 10 mM Tris, 100 mM sodium
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phosphate, 500 mM imidazole pH 5.8 as described previously (28, 29) and refolded on PD-10
column in 5 mM phosphate buffer pH 6.5.

Table 3.1: Primers used for site-directed mutagenesis

Constructs Primer Sequence (5’ to 3°)
Forward GAAGCCTGGAGGATGTAACACTGGG
W31C PrP Reverse CCCAGTGTTACATCCTCCAGGCTTC
Forward CCCACAGTCAGTGTAACAAGCCGAG
WO9C PrP Reverse CTCGGCTTGTTACACTGACTGTGGG
Forward GCAGCAGCTGGGTGTGTGGTGGGGGGC
A120C PrP Reverse GCCCCCCACCACACACCCAGCTGCTGC
Forward CCAGAGAGGATGCTCCTGAGAATTCG
$230C PrP Reverse CGAATTCTC AGGAGCATCCTCTCTGG
Forward AAAAGCTAGCATGGCTGGTGCTGCAGCAGC
PrP (112-231
( ) Reverse GCTTCGAATTCTCAGGACGATCCTC
Forward CCCGAATTCAATGCGGGGTTCTCATCATC
GST-PrP (23-231) 0 GGGCTCGAGTCAGGACGATCCTCTCTGG

Single cysteine PrP mutants, PrP (90-231), A120C PrP (112-231), and GST-tagged PrP were
purified under denaturing conditions (using 8 M urea) on Ni-NTA column as described
previously (30). The W99C PrP mutant was prone to form disulfide cross-linked dimer and
therefore was passed through size exclusion chromatography, superdex-200 (column volume 120
mL) under denaturing condition after elution from Ni-NTA column to remove higher order
species. For labeling cysteine mutants with TAEDANS, a 200 mM stock of dye was prepared in
DMSO and added to the protein in 10 equivalents. The labeling reaction was carried out at pH 8
under denaturing conditions for 1 hr. A ten-fold molar excess of dye was further added to the
reaction and was incubated for an hour. PD-10 column was used for removal of the free dye and
refolding of protein in 5 mM sodium phosphate pH 6.5 buffer. The Cys-99 mutant of PrP was
labeled with fluorescein-5-maleimide by preparing a 20 mM stock of dye in DMSO. Protein was
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labeled with fluorescein-5-maleimide at pH 7.0 under denaturing conditions in a similar way as
of IAEDANS. The protein was subjected to PD-10 column for free dye removal and refolding of

protein.
3.2.3 Preparation of amyloid-derived diffusible ligands (ADDLs)

ADDLs are small diffusible oligomers, which have been shown to inhibit long-term potentiation
(LTP) by binding to the PrP (15). The ADDLs were prepared as described previously (6, 31).
Briefly, AP peptide film was prepared using HFIP, and the film was dissolved in anhydrous
DMSO at 5 mM AP concentration. Diluted the sample into cold phenol red-free Ham’s F-12
medium without L-glutamine (Caisson Labs) at 80 uM concentration and the solution was

incubated at 4 °C for 24 h.
3.2.4 Preparation of AP fibrils

The Al1-positive AP oligomers formed after 5 days of reaction were diluted to 10 pM in 5 mM
sodium phosphate pH 6.5 buffer and incubated at 25 °C for further 5 days.

3.2.5 AFM imaging

AFM images of AP oligomers in the presence of PrP were acquired using Innova atomic force
microscopy (Bruker). Twenty pL. of sample was added on freshly cleaved, and filtered-water (0.2
p filter) washed mica (Grade V-4 mica from SPI, PA). Incubated the sample on mica for 10
minutes followed by washing with 100 pL of filtered water. Dried the sample using a gentle
stream of nitrogen gas and acquired the images using NanoDrive (v8.03) software. The images

were processed using WSxM 8.0 (32).
3.2.6 CD experiments

The CD spectra of 5 pM protein were recorded on an Applied Photophysics Chirascan CD
spectrophotometer using a 2 mm path length quartz cell in 5 mM sodium phosphate pH 6.5. The
spectra were blank subtracted and smoothened using Pro data software. The spectra were plotted

using Origin 8.5 software.
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3.2.7 Steady-state fluorescence

Steady-state fluorescence experiments were carried out on a Fluormax-4 (Horiba Jobin Yvon,
NJ). All the experiments were carried out in 5 mM sodium phosphate buffer, pH 6.5. For
AEDANS fluorescence experiments, the PrP concentration was 1uM. The residue-specific
interaction, electrostatic interaction, and FRET experiments were performed in 1:2 ratio of
PrP:AB. AEDANS fluorescence was monitored using 340 nm excitation wavelength,and steady-
state fluorescence anisotropy was measured at 495 nm. The steady-state fluorescence anisotropy

is given by the following relationship:
re = (Iy - 1LG) / (I + 21,G) - (1)

Where, I and I are the parallel and perpendicular fluorescence intensities respectively, with
respect to the excitation polarizer. The perpendicular components were always corrected using a
G-factor. Tryptophan fluorescence anisotropy was measured at 345 nm by using a 295-nm
excitation wavelength. For tryptophan fluorescence, PrP (90-231) concentration was SuM and

varied the concentration of AP oligomers.

For FRET measurements, 2 uM of FAM-labeled AP oligomers (acceptor) were added into 1
ULMAEDANS labeled PrP (donor), and the samples were excited at 340 nm. Spectra were
recorded in the range of 440-600 nm and corrected with respect to the direct excitation of FAM-
labeled AP oligomers with unlabeled PrP at 340 nm. The FRET efficiency was calculated using
the following relationship (33):

E= l—FDA/FD --- (2)

Quenching experiment was performed using 100 nM of fluorescein-5-maleimide labeled at
position 99 of PrP with the varied concentration of AP oligomers,and the fluorescence was
monitored at 520 nm using 485 nm excitation wavelength. The fluorescence quenching was

calculated as:

AF = (Fp-F) - (3)
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Where Fy is the fluorescence intensity in the absence of AP oligomers and F is the measured
fluorescence intensity in the presence of AP oligomers. The extent of quenching is the ratio of
AF/F, that is related to the amount of bound PrP. The ratio of AF/F, was plotted against the A}
concentration to obtain the binding isotherms. Since the experiments were setup with the PrP
concentration in nM, which is the range of the dissociation constant, Ky, the binding isotherms
were fitted by a quadratic equationusing Origin 8.5 software. We assumed a bimolecular
interaction (1:1 model) and estimated the Ky with respect to the monomer equivalents as

described previously (34, 35). The binding relationship is given as follows:
P+ AR —»P-AB ---(4)
Ka = [Plice [ABliee / [P-AB] -= (5)
[Pice = [P] - [P-AB] - (6)
[ABliee = [AB] - [P-AB] --(7)
[P-AB] = (AF/Fo) [P] - (8)
AF/Fo=0.5 [1+ [AB)/[P] + Ka/[P] - (1 + [AB)/[P] + K«/[P])’ - 4[ABV[P])'*] - (9)

where [P]sce 1s the free concentration of PrP, [AB]s.. 1s the free concentration of AP, [P-AB] is
the bound PrP concentration, [AB] is the total concentration of AP oligomers with respect to

monomer, [P] is the total PrP concentration (100 nM), and Kqis the dissociation constant.

For the ThT fluorescence experiment, the samples were mixed with 10 uM of ThT and incubated
at room temperature. The concentrations of AB and PrP were 10 uM and 5 puM, respectively. The

samples were excited at 440 nm, and the spectra were recorded in the range of 460-560 nm.
3.2.8 Stopped-flow fluorescence measurements

The stopped-flow fluorescence kinetic data were acquired on Chirascan spectrometer (Applied
Photophysics, UK) connected to stopped-flow apparatus (SF.3; Applied Photophysics) as
reported previously (36). Fluorescein-5-maleimide labeled at position 99 of PrP was rapidly

mixed with AP oligomers in 1:10 ratio. The final concentration of PrP and AP oligomers were
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100 nM and 200 nM respectively. The dead-time of mixing was ~ 5 ms. Samples were excited at
485 nm and fluorescence was recorded by using 495 nm long-pass filter. Fluorescein-5-
maleimide labeled PrP was mixed with 5 mM sodium phosphate buffer, pH 6.5 to obtain the
baseline signal. The kinetic traces were acquired for 10 s with 1,000 data points and averaged

over multiple datasets. Data were fit biexponentially in Origin.
3.2.9 Size-exclusion chromatography (SEC)

Samples of PrP (8 uM) with AP oligomers in 1:4 ratio with a volume of 500 uL. were incubated
for 4 h before injecting onto the column. Samples were injected with a 500 pL loop on Superdex-
200 column (manually packed, column volume 30 mL) and eluted with a flow rate of 0.3

mL/min.
3.2.10 Pull-down assay

Refolded GST-tagged PrP and the cell lysate of empty vector overexpressing GST were mixed
with AP oligomers in binding buffer (5 mM sodium phosphate pH 8.0, 0.1 % tween-20)and
rotated for 4 h at 4 °C. Ten pL of glutathione agarose beads were added onto the samples and
rotated the samples for another 4 h at 4 °C. The tubes were spun at 1000 X g for 1 min. The
supernatant was discarded. Beads were washed twice with 0.5 mL of binding buffer and
resuspended in 20 puL of 2X loading buffer. AP oligomers were also mixed with 2X loading
buffer. The samples were boiled at 95 0C and loaded the samples on NuPAGE 4-12 % Bis-Tris

gel and analyzed using silver-staining.
3.2.11 Cytotoxicity assays

HeLa cells were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
FBS, penicillin/streptomycin and nonessential amino acids at 37 °C in 5% CO, as described
previously (30). For cytotoxicity assay, cells were plated in a 96-well plate at a seeding density
of 10,000 cells in 100 pL of media per well. After 1 day, cells were treated with 0.5 uM of PrP, 1
uM of A oligomers, with and without PrP and their respective buffers as control. Cells were
incubated for 24 h at 37 °C followed by addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) to a concentration of 0.5 mg/mL in each well. Cells were further

incubated for 4 h at 37 °C and the insoluble formazan was solubilized in 200 pL of dimethyl
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sulfoxide. The solubilized formazan was quantified spectrophotometrically at 490 nm in

Multiskan Go (Thermoscientific). The experiment was repeated three times in triplicate.
3.2.12 Statistical analysis

All the experiments were repeated three times and the data were shown as mean + standard
deviation from three independent measurements. The statistical analysis on the fluorescence
anisotropy data of PrP with AP oligomers was performed by carrying out One-Way ANOVA test
and reported the p-value. The fluorescence quenching data of PrP with AP oligomers were fitted
using non-linear curve fitting and the adjusted R was reported. We have performed the student’s
t-test on the cytotoxicity assay and reported the p-value. All the data analysis and data plotting

were performed using Origin 9.6.
3.3 Results
3.3.1 Site-specific interaction of human PrP with conformationally distinct Ap oligomers

In order to characterize the heterotypic assembly of AB42 oligomers and PrP in a site-specific
manner, we incorporated single cysteines at various residue positions (31, 99, 120, and 230)

encompassing the distinct regions of PrP involving the N-terminal region, the middle region, and
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Figure 3.2: (a) 15 % SDS-PAGE of purified wt (lane 1), 31C (lane 2), 99C (lane 3), 120C (lane

4), 230C PrP (lane 5) and Marker (lane 6). (b) Far-UV CD spectra of wild-type and cysteine

mutants of PrP in their native states.
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the C-terminal end. All the single-cysteine mutants are in the disordered region of PrP which is
indicated by the NMR structure and the PONDR plot (Figure 3.1a & 3.1b) (37, 38). The residue
positions 31, 99, 120, and 230 were chosen based on the previous reports (Figure 3.1¢) (30, 39).
These single-cysteine mutants enabled us to covalently label the protein with an environment-
sensitive thiol-reactive fluorescent dye, such as IAEDANS (5-((((2-
Iodoacetyl)amino)ethyl)amino)Napthalene-1-Sulphonic acid). Our circular dichroism (CD)
results showed that the labeling of single-cysteine mutants with IAEDANS did not perturb the
native structure of PrP (Figure 3.2).

In order to gain region-specific information about the binding of AP oligomers to PrP, we
monitored steady-state fluorescence anisotropy of AEDANS labeled PrP. Steady-state
fluorescence anisotropy reports the rotational mobility around the residue position (33). Binding
of two macromolecules would result in the increase in the anisotropy due to the enhanced

rotational constraint at a given region of the protein containing the fluorophore. To trace the rise
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Figure 3.3: Site-specific binding of PrP to AP oligomers. Steady-state fluorescence anisotropy
of 1 uM AEDANS labeled PrP without (cyan) and with 2 pM of (a) OC- (gray) and (b) Al1-
positive AP oligomers (red). The scatter plots represent the data obtained from each independent
experiment, and the bar plots show the mean + standard deviation (n = 3). P*** < 0.0001

compared to the PrP anisotropy without AP oligomers (One-Way ANOVA test).

in rotational constraints upon binding, we performed AEDANS fluorescence anisotropy

measurements for all of the PrP constructs with and without AB42 oligomers (Figure 3.3a &
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3.3b). The concentration of AP oligomers is according to its monomer equivalent. In the free
form, anisotropy was low for all residue positions (0.03 - 0.05). A sharp rise in the fluorescence
anisotropy in the presence of AP oligomers revealed that both OC- and All-positive AP
oligomers bind to PrP. The conformational mobility map depicted in Figure 3.3a & 3.3b shows
that the region around residue 99 of PrP interacts more closely with both types of AP oligomers
than the other regions of PrP. The low anisotropy values at positions 31, 120, and 230 were
suggestive of a higher degree of flexibility as compared to position 99 with All-positive AP
oligomers. A comparatively higher anisotropy at position 31 as opposed to 120 and 230 suggests

a higher rotational constraint to the position 31 upon binding to OC-positive AP oligomers.
3.3.2 Intrinsically disordered N-terminal of PrP participate in binding

Previous reports have shown that the C-terminal of PrP does not participate in binding to A
oligomers. In order to verify that we deleted the N-terminal region (residues 23 to 111) and
created a single-cysteine mutation at residue position 120 in the truncated PrP (112-231). We
monitored the steady-state fluorescence anisotropy of AEDANS labeled at position 120, and

there was no significant increase in the anisotropy value in the presence of both the AP oligomers
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Figure 3.4: (a) 12 % SDS-PAGE of purified 120C PrP (112-231). (b) Far-UV CD spectra of
120C PrP (112-231). (c) Steady-state fluorescence anisotropy of 1 uM AEDANS labeled 120C
PrP (112-231) without and with 2 uM AP oligomers. The scatter plot represents the data
obtained from each independent experiment and the bar plot shows the mean + standard

deviation (n = 3).
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(Figure 3.4). These results confirmed that the regions comprising residues 31 and 99 in PrP
participate in binding to AP oligomers, which is in line with the previous reports that indicated
two putative binding sites (15, 16, 18). However, the extent of binding of AP oligomers in these
two regions of PrP is not known. Therefore, we next studied the interaction of AP oligomers at

these two putative binding sites of PrP.
3.3.3 Region encompassing residue 99 of PrP is the primary binding site for A oligomers

We asked the question: Do these two regions near residues 31 and 99 in PrP differ in their
binding to AP oligomers? In order to determine the extent of binding, we set out to perform the
titration of A oligomers into AEDANS labeled at residue positions 31and 99 of PrP by varying
the amount of AP at a fixed concentration of PrP. A saturation at a lower AP concentration range
would indicate a stronger binding to the specific site of PrP. We carried out the AEDANS
fluorescence anisotropy measurements and observed a rise in the anisotropy as a function of AP
concentration (Figure 3.5a & 3.5b). Since the oligomeric mixture contains mAf, we verified that
the increase in anisotropy upon addition of AP oligomers is due to the PrP-binding with A
oligomers, and not with mAP. We performed AEDANS fluorescence anisotropy measurements
(position 99 of PrP) as a function of mA concentration. No significant increase in the anisotropy
in the presence of mAP as compared to the oligomers suggested that mAf does not bind to PrP
(Figure 3.5c). These findings are in accordance with the previous studies indicating AP
oligomers are the key binding partners of PrP (15, 16). The site-specific anisotropy map revealed
that the binding of both OC- and Al1-positive AP oligomers to residue position 99 of PrP was
saturated at a lower concentration as compared to position 31 of PrP which suggested that the
region comprising residue 99 serves as the primary binding site. In order to further validate our
results, we employed intermolecular fluorescence resonance energy transfer (FRET)
measurements. For this experiment, we prepared OC- and Al1-positive AB42 oligomers derived
from carboxyfluorescein (FAM)-labeled AP42. We then monitored intermolecular FRET
between AEDANS (donor) labeled at positions 31, 99, 120, and 230 of PrP and N-terminal
FAM-labeled (acceptor) AP oligomers. The FRET efficiency represents the intermolecular
proximity between the donor and the acceptor and would be high if they are proximal in the
heterotypic assembly. The All-positive AP oligomers showed ~ 10 % FRET with residue 31,
120, and 230 of PrP but exhibited ~ 20 % FRET efficiency with residue 99 of PrP indicating that
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Figure 3.5: Titration of 1 uM AEDANS labeled at positions 31 (magenta) and 99 of PrP
(black) with varying concentrations of (a) OC- and (b) Al1-positive AP oligomers. The scatter
plots represent the mean + standard deviation (n = 3). P*** < 0.0001 relative to the PrP
anisotropy without AP oligomers at all the data points (One-Way ANOVA test). (c) Titration of
1uM AEDANS labeled at position 99 of PrP with monomeric A (olive), OC- (black) and A11-
positive AP oligomers (red) by steady-state AEDANS fluorescence anisotropy measurements.
The scatter plot represents the mean from three independent measurements with the standard
deviation (n = 3). (d) Plot of PrP-AB oligomers FRET efficiency of 1 uM AEDANS-labeled
(donor) PrP at different residues with 2 uM of FAM-5-labeled (acceptor) OC- (gray) and All-
positive AP oligomers (red). The scatter plots represent the data obtained from each independent

experiment, and the bar plot shows the mean + standard deviation (n = 3).

the region near residue 99 is closer to All-positive AP oligomerss. On the contrary, the OC-

positive AP oligomers exhibit ~ 5 % FRET with all residue positions 31, 99, 120, and 230
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(Figure 3.5d). This is an interesting observation. We speculate that the N-terminal part of AP in
OC-positive AP oligomers is far from the binding site of PrP. Taken together, our data revealed
that the primary binding region for the interaction of AP oligomers and PrP is the region
encompassing residue 99 in PrP. Next, we investigated the mode of interaction between AP

oligomers and PrP in the heterotypic assembly.
3.3.4 Electrostatic interaction is involved in PrP-Af binding

A closer look at the amino acid sequence revealed that the preeminent binding region of PrP
contains a large number of positively charged residues (Figure 3.1c). Therefore, we postulated
that the interaction between PrP and A oligomers could be primarily driven by electrostatic
interactions. In order to verify this, we monitored AEDANS fluorescence at the primary binding
region of PrP in the presence of OC- and All-positive AP oligomers as a function of ionic

strength by varying the salt concentration. We observed a decrease in the fluorescence anisotropy
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Figure 3.6: Steady-state fluorescence anisotropy of 1 uM AEDANS labeled residue 99 of PrP
with 2 uM of AP oligomers in the presence of different concentrations of salt. The scatter plots
represent the mean =+ standard deviation (n = 3). P** < 0.01, P*** < (0.0001 compared to the

anisotropy without salt (One-Way ANOVA test).
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and a red-shift with increasing concentration of salt for both OC- and A11-positive AP oligomers
(Figure 3.6). The result showed that the interaction is weaker at higher ionic strength, suggesting
that the electrostatic interaction plays a crucial role in the heterotypic assembly of PrP and A

oligomers. Next, we asked the question: which type of AP oligomer preferentially binds to PrP.
3.3.5 Binding of PrP (90-231) to AP oligomers

In order to decipher the role of conformationally distinct oligomers in the PrP-Ap interaction, we
compared the AEDANS fluorescence anisotropy data at residue position 99 of PrP with both
OC- and All-positive AP oligomers. The fluorescence anisotropy was saturated at a lower
concentration of OC-positive AP oligomers in contrast to All-positive AP oligomers with the
primary binding region of PrP (Figure 3.5c). Also, we examined the binding between AP
oligomers and a truncated fragment of human prion, PrP (90-231) that contains the preeminent
binding region of AP oligomers. We took the advantage of a single tryptophan at residue position
99 present in PrP (90-231) and performed the titration of mAp and AP oligomers into PrP (90-
231) (Figure 3.7). We monitored tryptophan fluorescence anisotropy by varying the amount of
AP at a fixed concentration of PrP (90-231). As expected, mA did not show much increase in
anisotropy as opposed to AP oligomers. Results from both the PrP constructs, the truncated and
the full-length PrP, exhibited a lower saturation concentration for OC-positive oligomers

indicating a higher binding affinity in comparison to All-positive AP oligomers.
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Figure 3.7: (a) 15 % SDS-PAGE of purified PrP (90-231). (b) Far-UV CD spectra of PrP (90-
231). (c) Titration of 5 uM PrP (90-231) with the varied concentrations of OC- (grey) and Al1-

positive AP oligomers (red) by steady-state tryptophan fluorescence anisotropy measurements.
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3.3.6 Preferential recruitment of OC-positive AP oligomers by PrP

Next, we intended to quantify the binding interaction of two different types of AP oligomers with
PrP. Previous studies have shown that the binding of AP oligomers and PrP occurred in the
nanomolar range (15, 16, 40). In order to estimate the apparent dissociation constant (Kg), the
concentration of PrP should be below the Ky or in the range of Ky4. The micromolar concentration
of proteins essential for AEDANS fluorescence experiments pose a bottleneck in the estimation
of binding affinities that are in the nanomolar range. This is because all of the added AP is
binding to PrP to the point where PrP is saturated that lead to no free AP and we cannot measure
the binding affinity from the AEDANS fluorescence experiment. To measure the binding
affinities, we labeled residue 99 of PrP with fluorescein-5-maleimide, which is a thiol-reactive
fluorescent probe and yields fluorescence at a much lower (nanomolar) concentration because of
high quantum yield of fluorescein. The fluorescence spectra of 100 nM labeled PrP were
recorded with and without AP oligomers. We observed fluorescence quenching of PrP labeled

with fluorescein upon addition of OC- and All-positive AP oligomers (Figure 3.8a & 3.8b).
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Figure 3.8: Fluorescence spectra of 100 nM fluorescein-5-maleimide labeled residue 99 of PrP

without and with different concentrations of (a) OC- and (b) A1l1-positive AP oligomers.

The observed fluorescence quenching was likely due to the presence of aromatic amino acids
such as tyrosine and phenylalanine present in AP. The extent of fluorescence quenching is

related to the extent of interaction between PrP and A oligomers. In order to determine the
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extent of quenching, we performed a titration experiment and determined the binding parameter,
Kg4. We performed the titration of A oligomers into PrP labeled at position 99 and monitored the
changes in the fluorescence intensity as a function of AP concentration. These titration
experiments yielded apparent dissociation constants (K4q). The OC-positive AP oligomers
exhibited a strong binding with PrP (K4 ~17 nM), whereas, the All-positive AP oligomers
showed a much weaker binding (K4 ~ 500 nM) (Figure 3.9a & 3.9b).
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Figure 3.9: Determination of binding affinity between conformationally distinct Ap oligomers
and PrP. Fluorescence quenching plots of 100 nM fluorescein-5-maleimide labeled PrP at
residue position 99 with varying concentrations of (a) OC- (black) and (b) All-positive A
oligomers (red). The scatter plots represent one of the data set from three independent
experiments, and all the three data sets were fitted using the binding equation 6 (adjusted R* =
0.93 for All-positive oligomers, adjusted R* = 0.95 for OC-positive oligomers). The
dissociation constants, Ky is calculated from each experiment and represented as mean +

standard deviation (n = 3).

In order to further validate our results, we prepared AB-derived diffusible ligands (ADDLSs) that
have previously been shown to be OC-positive. We further confirmed that these ADDLs are OC-
positive and performed the titration of ADDLs into fluorescein-5-maleimide labeled PrP at
position 99 (Figure 3.10a and 3.10b). The binding trend of ADDLs with PrP was similar to OC-
positive oligomers. Taken together, our equilibrium studies indicated that the OC-positive A

oligomers bind more strongly with PrP compared to A11-positive AP oligomers.
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Figure 3.10: (a) Samples from o day and after 1% day were spotted on nitrocellulose membrane
from the ADDLs preparations and dot-blotted with the respective antibodies. (b) Fluorescence
quenching plot of 100 nM fluorescein-5-maleimide labeled PrP at residue position 99 with
varying concentrations of ADDLs (black). The scatter plot represents the mean + standard

deviation (n = 3). P*** <0.0001 compared to PrP without ADDLSs (One-Way ANOVA test).

Next, we aimed at investigating the binding kinetics of PrP and A oligomers using stopped-flow
fluorescence measurements. Our stopped-flow experiment revealed that the fluorescein-5-
maleimide labeled at position 99 of PrP upon rapid mixing with OC-positive AP oligomers
exhibited a fast decrease in the fluorescence intensity, whereas, All-positive AP oligomers
showed no such decrease in the time range of 5s (Figure 3.11). The decrease in fluorescein-5-
maleimide fluorescence upon rapid mixing with OC-positive AP oligomers displayed typical
biexponential decay kinetics, indicating stepwise binding events. Therefore, both our kinetic- and
equilibrium data suggested that OC-positive AP oligomers exhibit much higher binding affinity
compared to All-positive AP oligomers and that the conformation of AP oligomers plays a

critical role in AB-PrP heterotypic assembly.

3.3.7 Role of size-distribution of AP oligomers in PrP-Ap binding

Next, in order to discern the role of conformation and size-distribution of AP oligomers in PrP-
binding, we performed the glutathione S-transferase (GST) pull-down assay between GST-fused
PrP and AP oligomers to detect the sizes of the AP oligomers that bind to PrP (Figure 3.12a).We

used an empty vector overexpressing GST as a negative control. Our results showed the presence
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Figure: 3.11: Stopped-flow fluorescence kinetics of fluorescein-5-maleimide labeled residue 99

of PrP without (olive) and with OC- (grey) and A11-positive AP oligomers (red).

of AP with GST-fused PrP on the SDS-PAGE, confirming the interaction of A oligomers with
PrP. However, we observed the bands corresponding to the monomeric AP, instead of AP
oligomers, on the SDS-PAGE. This could be due to the SDS-induced disaggregation of
oligomers in the presence of the loading dye. Our pull-down assays were unable to distinguish
the sizes of the AP oligomers that bind to PrP. Therefore, we next performed the SEC assays to
detect the PrP-APB oligomer complexes. The chromatogram showed that free PrP eluted at
avolume ~ 26 mL (Figure 3.12b). The A11- and OC-positive AP oligomers, when mixed with
PrP, exhibited two similar peaks, which are at ~ 21.2 mL and ~ 26 mL. The peak at ~ 26 mL
could be due to free PrP or unbound AP oligomers while the peak at ~21.2 mL is unique to all
the control samples of unbound PrP, A11- and OC-positive oligomers (Figure 3.12b). The
molecular weight of the bound species from this peak could not be analyzed as the expected
position of PrP is different from the observed position, which could be due to the interaction of
PrP with the column matrix. The same peak observed for both types of AP oligomers with PrP
indicated that the similar sizes of AP oligomers in both the conformations are likely to interact
with PrP. We would like to note that a peak at the void volume (~ 11 mL) for PrP with OC-

positive oligomers indicated the presence of higher order species. These higher order species
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could be due to unbound OC-positive oligomers or PrP bound higher order oligomeric species.
Taken together, our findings revealed that the similar sizes of the AP oligomeric species are

capable of interacting with PrP.
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Figure 3.12: (a) GST pull-down assays showing the interaction of AP oligomers with PrP: (i)
GST-fused PrP and (ii) empty vector expressing GST with A11- and OC-positive oligomers. (iii)
A11- and OC-positive oligomers without PrP. In the presence of the loading dye, both types of
AB-oligomers appear as monomeric AR on the gradient SDS-PAGE due to SDS-induced
monomerization of oligomers. (b) SEC chromatograms of PrP (olive), PrP with OC-(black), and

All-positive oligomers (red).

3.3.8 Aggregation state of PrP-Ap complex

We next asked the question: What happens to the aggregation state of AP oligomers in the
presence of PrP. In order to study that we monitored thioflavin T (ThT) fluorescence, a well-
known amyloid marker, of mixtures of AP oligomers and PrP and compared with the ThT
fluorescence of AP fibrils. We observed that there is little or no increase in the ThT-fluorescence
of AP oligomers in the presence of PrP, even after10 days (Figure 3.13a). Additionally, AFM
images showed the presence of oligomers and/or amorphous aggregates (Figure 3.13b). These
results indicated that the heterotypic complexes of PrP and AP oligomers are unlikely to convert

into typical amyloid fibrils and are in line with a previous report (18).
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Figure 3.13: (a) ThT fluorescence spectra of 10 uM AP in the monomeric and fibrillar forms and
10 uM AP oligomers in the presence of 5 pM PrP at different incubation times. (b) AFM images
of AP fibrils and AP oligomers in the presence of PrP after 10 days.

3.3.9 Effect of PrP on the cytotoxicity of conformationally distinct Ap oligomers

We next asked the following questions: Do these conformationally distinct AP oligomers differ
in cytotoxicity? And how does their toxicity alter in the presence of PrP? In order to quantify the
cytotoxic effect, we performed the MTT assay that is a well-known colorimetric cell-based assay
used to determine the cell viability and the cytotoxic effect. HeLa cells were exogenously
challenged with native PrP, OC- and All-positive AP oligomers, both with and without PrP.
Both conformationally distinct AP oligomers exhibited cytotoxicity, and as expected, PrP was
innocuous (Figure 3.14). We observed that OC-positive AP oligomers resulted in the death of ~
47% cells while Al1-positive AP oligomers caused ~ 60% cell death, which indicated that A11-
positive oligomers are more cytotoxic than OC-positive oligomers. The OC-positive oligomers in
the presence of PrP resulted in the death of ~ 62% cells. On the contrary, A11-positive oligomers
exhibited nearly the same toxic effects with and without PrP. Our data suggested that OC-
positive AP oligomers exhibit more pronounced toxicity upon binding to PrP, whereas, the

toxicity exerted by All-positive AP oligomers is independent of binding to PrP.

3.4 Discussion

AD is a clinicopathological syndrome where people suffer from cognitive deficits and memory

impairments that are mainly caused by A oligomers. Previous studies have identified PrP as one
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Figure 3.14: Toxic effects of AP oligomers with and without PrP on HeLa cells. MTT assay
showing significant reduction in cell viability upon treatment of cells with AP oligomers in the
presence and absence of PrP. The experiment is repeated three times in triplicate, and the mean
value of each experiment is represented in the scatter plot. The bar plot shows the mean =+
standard deviation (n = 3). NS indicates no significant difference in MTT reduction between
cells treated with All-positive AP oligomers in the presence and absence of PrP. For OC-

positive AP oligomers with and without PrP: *P < 0.025 (Student’s t-test).

of the binding receptors, so-called a “bad receptor” of AP oligomers. It is not clear whether the
role of PrP in AD is protective or lethal (41, 42). The postulated protective roles of PrP are as
follows. PrP could potentially decrease AP peptide formation by inhibiting the [B-secretase
cleavage of APP, exosomal PrP reduces the toxic effects by accelerating AP aggregation, and
N1, the main physiological cleavage fragment of PrP suppresses AP oligomers toxicity in mice
(18, 43, 44). However, a growing body of evidence suggested that PrP mediates AP oligomer-
induced synaptic dysfunction. Some studies reported that ablation of PrP does not ameliorate the
toxicity caused by AP oligomers (15, 19, 25, 27). This discrepancy could arise due to the use of
different AP oligomers that vary in conformation, size, morphology, and cytotoxicity. The notion

that AP oligomers exist in predominantly two distinct conformations, Al1- and OC-positive
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oligomers, emerged from the classification of amyloid oligomers (7). The intriguing role of
toxicity mediated by binding of AP oligomers to PrP has potentially major implications in AD
and provides an amenable therapeutic target. Our studies demonstrated that the preferential
binding of conformationally distinct OC-positive AP oligomers to PrP can mediate PrP-

dependent A cytotoxicity.

Previous studies have indicated PrP has two putative binding sites for Ap oligomers (15, 16).
These sites are located around 23-27 and 95-105. Our results clearly showed that the preeminent
binding determinant for the interaction of PrP and AP oligomers is the region harboring residue
99 that lies in segment 95-105. We speculate that both binding regions are important for
interaction, but the region near residue 99 in PrP plays a crucial role in recruiting AP oligomers.
This intrinsically disordered region of PrP contains a number of positively charged residues that
are involved in electrostatic interaction with the negatively charged residues of AB. We believe
that electrostatic interactions, in conjunction with the conformational rearrangements of the

flexible N-terminal domain of PrP (18), are crucial for the recruitment of A oligomers.

It is believed that the conformation of AP oligomer is paramount in PrP binding and mediating
the neuronal toxicity (17). We were able to discern the binding affinities of different
conformationally distinct oligomers with PrP and identify the oligomeric species having PrP-
dependent cytotoxicity. By using an array of biophysical tools, we analyzed the binding affinities
of AP oligomers to PrP. These data indicated that OC-positive AP oligomers bind more strongly
to PrP compared to All-positive AP oligomers. Additionally, our results show that the kinetics
of interaction of PrP with OC-positive AP oligomers is much faster than that of All-positive
oligomers (Figure 3.11). The stopped-flow kinetics exhibited a biphasic profile that might
potentially indicate the presence of separable steps of binding-induced conformational changes
of PrP. Our SEC chromatograms showed similar profiles of PrP-Ap oligomers, indicating that
similar AP oligomeric species bind to PrP (Figure 3.12b). The analysis of SEC chromatograms
of two types of AP oligomers indicated that the common species among the two preparations is
the (lower order) dimeric AP (Figure 2.2e, Chapter 2). Previous studies also showed that the
lower order oligomers display a strong binding affinity with PrP, and the dimeric AP has the
highest binding affinity (30, 45). Our data together with the previous reports suggested that the

interaction of AP oligomers with PrP might be dominated by the dimeric AP species. A recent
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report has shown that the AP dimer can adopt a variety of structures that includes parallel,
antiparallel, extended, and compact structure (46). So, the difference in binding among two
preparations could be due to the difference in conformation of dimeric AB. Other than
conformation, the two A oligomeric preparations differ in the presence of a larger fraction of
higher order oligomers in OC-positive oligomers as compared to the All-positive oligomers.
Therefore, the preferential binding of OC-positive AP oligomers to PrP might be due to the
different conformations adopted by the dimeric Af among the two preparations or the binding of
higher order oligomers to PrP which leads to more number of bound species in OC-positive

oligomers.

Our cytotoxicity assay suggested that All-positive AP oligomers are more cytotoxic in
comparison to OC-positive AP oligomers, which is in accordance with the earlier report (47).
The OC-positive oligomers became highly toxic in the presence of PrP. Our cytotoxicity results
are in close agreement with a previous study performed in neuronal cell lines (17). However, we
would like to point out that the increase in toxicity could also be due to an alteration in the
distribution of oligomeric species upon binding to PrP. Our intermolecular FRET experiments
also provided important insights into the architecture of the heterotypic assembly of PrP and AP
oligomers. Despite stronger binding, we were unable to detect any significant energy transfer
between OC-positive oligomers and PrP. This could be due to the following reason. OC-positive
oligomers have been shown to possess an in-register parallel B-sheet organization. The
interaction of PrP with such a parallel in-register A assembly is expected to position the
acceptor label at the N-terminal end of AP peptide at a distal location from the donor at 99 of
PrP. On the contrary, the Al1-positive oligomers that are known to contain anti-parallel B-sheet
arrangements will have an alternate proximal and distal separation between the donor and the
acceptor. Therefore, despite having a much weaker association between Al1l-positive oligomer

and PrP, the assembly exhibits intermolecular energy transfer.

We propose a model as depicted in Figure 3.15 that summarizes our findings. The association
between the principle binding region of PrP and AP oligomers is driven by the electrostatic
interaction and that PrP serves as a receptor to mediate the deleterious effects of OC-positive A
oligomers. Previous results have indicated that the OC-positive fibrillar AP oligomers are highly

abundant in vitro and have a spatiotemporal relationship with amyloid plaques in the brain of
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transgenic mice (47, 48). The observation that OC-positive AP oligomers show high binding
affinity to PrP and their occurrence in high concentration around the amyloid plaques is
intriguing. This could potentially result in a substantial amount of PrP-bound OC-positive
oligomers in the AD brain. Additionally, we found that these PrP-bound A oligomers are highly
detrimental that is consistent with in vivo studies (17). A recent study provided evidence that
remodeling of OC-positive AP oligomers by using polyphenolic compounds, such as (-)-
epigallocatechin gallate and resveratrol, obliterate the binding of AP oligomers to PrP and hence,

reduces the downstream toxicity.

———> PrP-dependent
cytotoxicity

- =2 PrP-independent
- cytotoxicity

Figure 3.15: Proposed model for the interaction between conformationally distinct AP oligomers

and PrP.

Previous studies have shown that the low molecular weight heparin (LMWHep) acts as
therapeutic for the misfolding of PrP (49, 50). The binding of LMWHep to PrP occurs via the
octapeptide repeat region of PrP leads to the transient aggregation state that shows a similar fold

like native PrP with a less flexible N-terminal domain. This PrP-LMWHep complex inhibits the
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RNA catalyzed the conversion of PrP to the scrapie form of PrP. Since both the AP oligomers

and RNA have similar binding sites (N-terminal domain) to PrP (21), we hypothesize that the

binding of LMWHep to PrP might also act as therapeutic potential for the interaction between

PrP and AP oligomers and prevent the PrP mediated toxic effects of AP oligomers. Taken

together, our current work along with the previous observations suggest that therapeutic

strategies targeting the interaction between PrP and AP oligomers might reduce the lethal role of

PrP and might play a pivotal role in anti-Alzheimer’s therapeutics.
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Chapter 4: Membrane Dynamics with A Oligomers

4.1 Introduction

Alzheimer’s disease (AD) is a debilitating neurodegenerative disorder identified by the
intracellular neurofibrillary tangles and the extracellular insoluble amyloid plaques. The amyloid
cascade hypothesis, a widely accepted hypothesis for AD, states that the deposition of a small
amphipathic amyloid-f peptide (AB), typically of 40 or 42 amino acid residues play a central role
in AD. The progression of late-onset AD correlates with the elevated AP (1-42) level, indicating
the less prevalent AP (1-42) is the primary neurotoxic form of AP peptide (1-3). Growing
evidence suggests that the soluble oligomers of AP peptide inhibit long-term potentiation and are
strongly associated with cognitive impairment (4-6). A plethora of studies have shown the
existence of a variety of AP oligomers in AD brains, APP transgenic mice, in vivo, and in vitro.
This multitude of soluble oligomers varies on the basis of morphology, size, toxicity, methods of
preparations, which challenge the structural relationship among the different oligomeric
species.7-9 In order to determine the structural relation between the various oligomers, two
conformation-specific antibodies have been produced. These two conformation-specific
antibodies identify the mutually exclusive conformational epitopes present in distinct oligomers.
Two conformation-specific antibodies, anti-amyloid fibril (OC) and anti-amyloid oligomer (A11)
antibodies detect the generic conformational epitopes of fibrillar and prefibrillar oligomers,
respectively, on a range of amyloid-forming proteins (7-11). The OC and All antibodies
recognize an in-register parallel B-sheet and out-of-register anti-parallel B-sheet structures,
respectively (12, 13). However, how these two structurally distinct soluble AP oligomers cause

synaptic dysfunction remains poorly understood.

Several studies have shown distinct pathways by which AP oligomers exhibit their neurotoxic
effects in AD. This involves the interaction of AP oligomers with the cell membrane that results
in the disruption of membrane integrity, and the binding of AP oligomers to various cell-surface
receptors that trigger a downstream signaling cascade leading to cellular toxicity (14-16).
Several mechanisms have been suggested for Ap-induced membrane disruption (17-22).
Primarily, AP oligomers have been found to puncture the cell membrane by the formation of ion-
pore channels (23-26). The other proposed mechanism is the carpeting effect of AP, which
causes an increase in the membrane conductance either by lowering the membrane dielectric

barrier, thinning of the membrane, or spreading the lipid head groups (27-29). The precise
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mechanism of AB-induced cell death is not defined yet, but studies support the notion that A
stimulates the influx of small ions, mainly Ca”" ions, resulting in the membrane disruption (30).
A body of evidence indicates that the membrane permeabilization depends on the conformational
state of soluble AP oligomers (31, 32). Therefore, it is of paramount importance to understand
the underlying mechanism of how two structurally distinct soluble AP oligomers impact
membrane integrity. In this work, using brain total lipid extract (BTLE), we show that the A11-
positive AP42 oligomers interact with the hydrophobic core of the lipid membrane via
conformational change, leading to the membrane rigidification and the OC-positive AB42
oligomers interact with the lipid membrane in an electrostatic manner through the polar N-
terminal of AP42 oligomers. Our studies revealed two different mechanisms by which two

conformationally distinct AB42 oligomers interact with the lipid membrane and cause toxicity.
4.2 Experimental section
4.2.1 Materials

Sodium phosphate dibasic, Sodium chloride, Sodium hydroxide, Sodium azide, 4-(2-
Hydroxyethyl)piperazine-1-ethanesulphonic acid (HEPES), Triton X-100, 1,6-Diphenyl-1,3,5-
hexatriene (DPH), Bis[N,N-bis(carboxymethyl) aminomethyl] fluorescein (calcein), Dimethyl
sulfoxide (DMSO), Chloroform and 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) were procured
from Sigma (St. Louis, MO, USA). Potassium chloride was purchased from HiMedia. Beta-
Amyloid (42) and FAM-labeled, Beta-Amyloid (1-42) were obtained from Anaspec (USA).
Chloroform solutions of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC), and Brain total lipid extract (Porcine) were
procured from Avanti Polar Lipids (Albaster, AL, USA).

4.2.2 Preparation of large unilamellar vesicles (LUVs)

Lipid vesicles were prepared using brain total lipid extract (BTLE), zwitterionic phospholipid,
POPC, and a mixture of pure phospholipids, zwitterionic, POPC and anionic lipid, POPS in 3:1
molar ratio. The required volume of chloroform solutions of lipids was withdrawn using
Hamilton syringe into a round bottom flask and dried the lipids under a gentle stream of
nitrogen. To remove the residual traces of chloroform, the lipid film was further dried under

vacuum for 3-4 h. After drying, hydration of the lipid film was carried out using PBS buffer, pH
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7.4, for 1 h with intermittent vortexing to produce multilamellar vesicles. We subjected these
multilamellar vesicles to 5 alternate freeze-thaw cycles using liquid nitrogen for freezing and
dipped in hot water for thawing. To prepare LUVs, the resulting lipid vesicles were extruded
through a polycarbonate filter of 100 nm pore size using the extrusion technique. The size of the
LUVs was confirmed using dynamic light scattering (DLS) measurements on a Malvern

Zetasizer Nano ZS90 instrument.
4.2.3 Steady-state fluorescence

All the steady-state fluorescence experiments were carried out on Fluormax-4 (Horiba Jobin
Yvon, NJ) in PBS buffer, pH 7.4 using 10 X 1 mm fluorescence cuvette. The concentration of
LUVs of BTLE was 76 pg. The concentrations of pure phospholipids, POPC, and the mixture of
phospholipids (POPC:POPS in 3:1 ratio) were maintained at 100 pM. The samples of LUV with
AP oligomers were incubated for 2 h at room temperature. Steady-state fluorescence anisotropy

(rss) was calculated using the following equation:
s = (Iy = 1.G) /(Iy + 21,G) ...(1)

Here Ij and I, are the fluorescence intensities collected at 0° and 90° with respect to the

excitation polarizer and I, was corrected using G-factor.

For DPH fluorescence experiments, 2 uM of DPH was added into the samples of lipid vesicles of
BTLE containing different concentrations of A oligomers. For the samples containing vesicles
of POPC and mixture of phospholipids (POPC and POPS), DPH was used in 100:1 ratio of
lipid:DPH. DPH fluorescence was monitored using excitation wavelength 355 nm, and the

steady-state fluorescence anisotropy was measured at 425 nm.

For fluorescein fluorescence experiments, 76 pg of BTLE vesicles were added into 38 pg of
FAM-labeled AP oligomers. The fluorescence was monitored by exciting the sample at 485 nm
and the fluorescence spectra were recorded in the range of 500-600 nm. The steady-state

fluorescence anisotropy was measured at 525 nm.
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4.2.4 Time-resolved fluorescence measurements

The picosecond time-resolved fluorescence intensity decay and anisotropy decay measurements
were carried out using time-correlated single-photon counting (TCSPC) setup (Horiba Jobin
Yvon, NJ) as described previously (33, 34). The concentrations of lipid vesicles of BTLE and A
oligomers used for the sample preparation were 76 pg and 38 pg, respectively. For lipid vesicles
of a mixture of pure phospholipids (POPC and POPS in 3:1 ratio), 100 uM of lipid vesicles were
added into AP oligomers at 25:1 molar ratio of lipid:AP. The samples were incubated at room

temperature for 2 h.

For DPH time-resolved fluorescence decays, the samples were excited using a 375-nm
NanoLED picosecond laser diode. The instrument response function (IRF) was collected using a
dilute solution of colloidal silica, and the full-width at half maximum (FWHM) was estimated to
be ~ 260 ps. The emission wavelength was fixed at 425 nm, with a bandpass of 8 nm. The time-
resolved DPH fluorescence intensity decays were measured at the magic angle of 54.7° with
respect to the polarization of the incident light. The intensity decays were deconvoluted and

analyzed with respect to IRF by using the following relationship:
1(t) = ape /™ + a,e=t%2 . (2)

where, a; and o, represent the contributions associated with the two different lifetime
components, t; and 1, respectively. The typical parameters recovered from the analysis were

shown in Table S2.

In order to perform the time-resolved anisotropy decay measurement of FAM-labeled A
oligomers, the samples were excited using a 485-nm NanoLED picosecond laser diode. FWHM
was estimated to be ~ 275 ps. The emission wavelength was fixed at 525 nm with a bandpass of

~ 6 nm.

To carry out the time-resolved fluorescence anisotropy decay measurements for both DPH and
FAM-labeled AP oligomers, the fluorescence intensities were collected at 0° [I(t)] and 90°
[L.(t)] with respect to the geometric orientation of the excitation polarizer. The perpendicular

component, I, (t), was corrected using G-factor. The anisotropy decays were analyzed by global
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fitting of I)(t) and I,(t) using the following equations, as described in our previous reports (33,

34).
L) = I1(t)[1 + 2r()]/3 ...(3)

IL,(@t) = 1)[1-r{)]/3...4)

The time-resolved anisotropy decay, r(t) was characterized using the biexponential decay

equation as follows:

t t

() ot
r(t) =1, ﬁfaste Pfast + Bsiowe  Pstow’ | ...(5)

where, 1y represents the initial anisotropy. The anisotropy decay displayed two rotational
correlation times, ¢gg and dsow and two associated amplitudes, Brs and Psow, respectively. st
and ¢sow represent the local rotational mobility of the fluorophore and the overall global
tumbling. The typical parameters recovered from the analysis of time-resolved fluorescence

anisotropy decay of DPH and fluorescein were shown in Table S1 and Table S3.

In order to do the correct estimation of ¢y that accounts for the slow diffusive dynamics of the
DPH embedded vesicles, we varied ¢sjow While keeping the shorter component, ¢r, fixed in our
anisotropy decay analysis program. In each case, the goodness of fit was determined by reduced
X2 values, the randomness of the residuals, and autocorrelation functions. In this way, we were
able to assign ¢sow component as >175 ns, which allows us to extract the non-zero limiting
anisotropy (r.). We calculated the membrane order parameter (S) by using the following

equation (35):

4.2.5 Calcein release assay

For calcein release assay, we used 50 mM HEPES 5 mM NaCl buffer, pH 7.4 instead of PBS
buffer (used in all the experiments) because of the very low solubility of calcein in PBS buffer.
Calcein loaded vesicles were prepared as described above with slight modifications. The lipid

film was hydrated in 50 mM HEPES 5 mM NaCl buffer containing 40 mM calcein. The resulting
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suspension was subjected to freeze-thaw cycles followed by extruding the vesicles using a 100
nm polycarbonate filter. To separate free calcein from calcein-encapsulated LUVs, vesicles were
loaded on Superdex G-75 (GE Healthcare) column. The eluted liposomal fractions were checked
for the empty/leaky vesicles by monitoring the release of self-quenched calcein from the
disruption of calcein-encapsulated vesicles. The fractions showing a significant increase in the
calcein fluorescence upon addition of 3 % Triton X-100 were pooled together and used for the
experiments. Calcein release was monitored using an excitation wavelength of 490 nm and an

emission wavelength of 520 nm. The efficiency was calculated using the following equation:
Calcein release ef ficiency (%) = [(F — Fy)/(Fi00 — Fp)] X 100 ...(7)

where, F is the observed fluorescence intensity upon addition of AP oligomers, Fy is the initial
fluorescence intensity of calcein-encapsulated vesicles, and Fjoo is the final fluorescence
observed upon addition of 3 % Triton X-100. Calcein release efficiency of AP oligomers was

reported after 4 h of the addition of 4 uM of A oligomers into the vesicles.
4.2.6 Atomic force microscopy (AFM)

Thirty-eight pg of AP oligomers with and without the lipid vesicles of BTLE in a ratio of 2:1 of
lipid:APB were incubated at room temperature for 24 h. After incubation, 20 pL of the samples
were deposited on freshly cleaved and filtered milli-Q water-washed micas. The samples were
incubated on mica for 5 minutes, followed by washing with 100 pL of filtered water twice. The
samples were dried under a gentle stream of nitrogen and imaged on Innova atomic force
microscopy (Bruker) using NanoDrive (v8.03) software. The images were processed using

WSxM 5.0 Develop 8.3 (36).
4.3 Results
4.3.1 Dynamics of lipid membranes with Af oligomers using DPH

In order to investigate the interaction of AP oligomers with the lipid membrane, we initiated our
studies by assessing the dynamical properties of the lipid membrane using the brain total lipid
extract (BTLE), which is considered as the closest mimic of the neuronal membranes (37). We
prepared the large unilamellar vesicles (LUVs) of size ~ 100 nm (Figure 4.1a). The two
conformationally distinct AP oligomers have been prepared from synthetic AB42 peptide and
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characterized using dot-blot assay by probing with A11 and OC antibodies as shown in our
previous study (38). In order to examine the membrane microviscosity of the lipid bilayer, we
utilized a well-known lipophilic fluorescent probe, 1,6-diphenyl-1,3,5-hexatriene (DPH). DPH
anisotropy has been widely utilized to report the dynamics of the hydrophobic core of the lipid

acyl chain regions of the membrane (39-41). We monitored the steady-state fluorescence
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Figure 4.1. (a) Size distribution of lipid vesicles derived from BTLE by dynamic light scattering
measurements (DLS). (b) Normalized spectra of 76 pg LUVs of BTLE with (red) and without
DPH (olive) showing insignificant counts for LUVs without DPH. (c) Steady-state DPH
fluorescence anisotropy of 76 pug of LUVs of BTLE without (grey) and with A11-(red) and OC-
positive AP oligomers (olive) at different mass ratios of lipid: AB. The bar plot shows the mean +

standard deviation (n = 3).

anisotropy of DPH embedded LUVs at different ratios of lipid:AP. Since 60 % structural identity
of lipids in BTLE is unknown (provided by Avanti Polar Lipids), we used a mass ratio of
lipid:AB. In order to avoid the lipid-induced artifacts of scattering, we recorded the spectra of
LUVs with and without DPH, which showed a very minimal scattering contribution from the
lipid vesicles (Figure 4.1b). The DPH anisotropy of LUVs without AP oligomers was 0.24-0.25
(Figure 4.1c). Upon addition of All-positive AP oligomers to DPH embedded LUVs, we
observed a significant rise in the DPH fluorescence anisotropy, indicating a substantial
rigidification of the membrane in the presence of All-positive oligomers, corroborating with the
previous study (42). In contrast, the lipid vesicles with OC-positive AP oligomers exhibited no
considerable change in the DPH anisotropy (Figure 4.1c). This suggests that the different
conformations of AP oligomers behave different in the lipid environment. We further verified

our results using a mixture of pure phospholipids that mimic the mammalian membrane
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composition, comprising 25 mol % of an anionic lipid, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoserine (POPS) and 75 mol % of zwitterionic lipid, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC). We prepared the LUVs (Figure 4.2a) and monitored the steady-state
DPH fluorescence at varying ratios of lipid: AP (Figure 4.2b & 4.2¢). With pure phospholipids
also, we observed a substantial increase in the DPH fluorescence anisotropy in the presence of
All-positive AP oligomers (Figure 4.2c). Results from both the lipid vesicles, BTLE and the
pure phospholipids, exhibited an increase in membrane microviscosity with the A11-positive AP
oligomers as compared to the OC-positive AP oligomers. The steady-state fluorescence
anisotropy, however, does not account for the different modes of rotational dynamics of DPH on

the lipid membrane (33-35).
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Figure 4.2. (a) Size distribution of lipid vesicles prepared from a mixture of phospholipids,
POPC and POPS in 3:1 ratio by DLS. (b) Normalized spectra of 100 uM LUVs of POPC and
POPS in 3:1 ratio with (red) and without DPH (olive) showing insignificant counts from LUVs
without DPH. (c) Steady-state DPH fluorescence anisotropy of 100 uM LUVs of POPC and
POPS in 3:1 ratio without (grey) and with A11-(red) and OC-positive AP oligomers (olive) at the

varying ratio of LUV:AP (molar ratio). The bar plot shows the mean + standard deviation (n =

3).

In order to discern the distinct dynamical motions of DPH in the vesicles, we carried out
picosecond time-resolved fluorescence anisotropy decay measurements and monitored the
fluorescence depolarization of DPH embedded LUVs of BTLE with and without AP oligomers.
The time-resolved DPH fluorescence anisotropy decay profiles of LUVs exhibited typical
biexponential depolarization kinetics revealing two well-defined rotational correlation times, a

fast subnanosecond rotational correlation time (¢rs) and a slow rotational correlation time ({sjow)
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(Figure 4.3, Table 1). The subnanosecond component (¢pns ~ 0.6 ns) corresponds to the
wobbling-in-cone motion of DPH within the lipid vesicles (43, 44). In the presence of All-
positive AP oligomers, we observed a substantial rise in the value of ¢y (~ 7 ns), indicating a
drastic dampening in the local rotational motion of DPH in the lipid membrane. On the contrary,
in the presence of OC-positive AP oligomers, we did not observe much dampening in the
rotational dynamics of DPH (¢pst ~ 1.5 ns). Our data analysis showed that ¢go does not
depolarize completely on the nanosecond timescale because of the slow rotational diffusion of
the lipid vesicles, which allowed us to extract the non-zero limiting anisotropy (r,) with a
rotational correlation time >175 ns (See Experimental section). Next, we calculated the lipid
order parameter (S) from the r,, value using equation 6. We identified that addition of both the
AP oligomers into the results in a slight increase in the membrane order. Lipid vesicles bound to
the All-positive oligomers displayed the highest membrane order (~ 0.87) as compared to the
lipid vesicles without (~ 0.82) and with OC-positive oligomers (~ 0.84). Taken together, our
DPH anisotropy data revealed that the incorporation of All-positive AP oligomers into the
vesicles restricts the local rotational diffusion of DPH and increases the membrane order,
whereas the OC-positive AP oligomers do not show much interaction with the core of lipid

membrane.

= LUVs+A11-positive Ap oligomers
— LUVs+0OC-positive Af oligomers

Time-dependent anisotropy [r(t)]

0 5 10 15 20 25

Time (ns)
Figure 4.3 Time-resolved fluorescence anisotropy decay of DPH embedded LUVs without
(black) and with A11-(red) and OC-positive A oligomers (olive) at 2:1 ratio of lipid:ApB. See the

Experimental section for data analysis.
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Table 1. Typical parameters recovered from the time-resolved DPH fluorescence anisotropy

decay of LUVs of BTLE with and without AP oligomers

S
Sample ¢fast (IIS) d)slow (IIS) ro I
p (B fast) (B slow)
0.558+0.0281 >175
LUVs 0.37 0.25 0.82
(0.242+0.007) (0.758+0.007)
LUVs +Al1l- 7.62+1.98 >175
positive AP 0.37 0.28 0.87
oligomers (0.186+0.023) (0.814+0.023)
.. 1.52+0.176 >175
+ -
LUXE ogigéigwe 0.37 0.26 0.84
& (0.182+0.009) (0.818+0.009)

Since DPH is very sensitive to dielectric constant of the surrounding medium (45); therefore, we
next asked how the microheterogeneous environment of the lipid membrane influences the
location of DPH in the presence of AP oligomers. In order to investigate that, we measured the
fluorescence intensity decays of DPH embedded vesicles and determined the lifetimes. The DPH
lifetime intensity decays exhibited biexponential kinetics having two well-separated lifetimes, t;
and 1, (Figure 4.4a and equation 2 in the Experimental section). The shorter component, t;
reports the lifetime of DPH molecules near the membrane-water interface, and the longer
component, T, represents the lifetime of DPH in the hydrophobic core of the membrane (45). Our
intensity decay analysis yielded t; and 1, as~ 5 ns and ~ 11 ns with their corresponding fractional
contributions, a; and ay, as ~ 10 % and 90 %, respectively, indicating a majority of DPH
molecules in the non-aqueous interior of the membrane that corroborates with the previous report
(45) (Table 2). Upon addition of Al1-positive AP oligomers into the lipid vesicles, we obtained a
drastic decrease in the fractional contribution, o, from ~ 90 to 30 % corresponding to the longer
lifetime component (Figure 4.4b and Table 2), indicating the displacement of DPH molecules in

the lipid membrane from the non-aqueous hydrophobic region to the membrane-water interface

90




Chapter 4: Membrane Dynamics with Af Oligomers

in the presence of All-positive AP oligomers. In contrast, the OC-positive oligomers did not
exhibit any significant reduction in the fluorescence lifetime. We further verified our results
using a mixture of pure phospholipids, POPC:POPS in 3:1 ratio. With pure phospholipids also,
the ay value decreased markedly in the presence of All-positive AP oligomers (Table 2). Our
time-resolved fluorescence intensity data revealed that the addition of All-positive A

oligomers into  the lipid wvesicles leads to a non-random  equilibrium

(a) ~ (b
10000 1 )
- 1.0
2
__1000; 5 0.8
e =
= Fast decay + 0.6
8’ 100' ' Prompt g
- —LUVs 8] 0.44
= LUVs+A11-positive AB oligomers E )
10' = LUVs+OC-positive Ap oligomers g 0 2
:§ .
1 + 0.0

0 10 20 30 40 50 LUVs LUVs+A11LUVs+OC
(c) Time (ns)

Aqueous Interface

Hydrophobic Core
i

No effect on membrane fluidity Membranerigidification
No change in the distribution of DPH Redistribution of DPH

Figure 4.4. Distribution of DPH molecules in lipid vesicles. (a) Fluorescence intensity decay of
DPH embedded LUVs without (black) and with All- (red) and OC-positive AP oligomers
(olive) at 2:1 ratio of lipid:AP. (b) The fractional contribution, a, associated with the longer
fluorescence lifetime component (1) of DPH embedded LUVs with and without AP oligomers.
op was calculated from three independent measurements and shown as mean # standard
deviation. See Experimental section for data analysis and Table 2 for the associated recovered
parameters from the analysis. (¢) Schematic of distribution of the DPH population in the vesicles

upon addition of AP oligomers.
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Table 2. Typical parameters associated with the time-resolved DPH fluorescence intensity decay

of LUVs of BTLE with and without AP oligomers

BTLE LUVs POPC:POPS LUVs in 3:1 ratio
Sample 11 (nS) T, (nS) 71 (nS) T, (ns)
(o) (a2) (1) (az)
4.9840.05 11.06+0.20 4.25+0.07 9.22+0.06
LUVs
(0.10+0.02) (0.90+0.02) (0.16+0.03) (0.84+0.03)
L +Al11-
UVs 2.84+0.04 9.15+0.13 3.1440.05 8.5740.045
positive A
. .69+0. 3120. .53+0. 47x0.
ohgomers (0.69+0.01) (0.31£0.01) (0.53+0.01) (0.47£0.01)
+0OC-
LUVs +0C 3.07+0.18 10.77+£0.11 4.144+0.06 9.06+0.03
positive A
. 15+0. .8520. 23=£0. L1T7E0.
oligomers (0.1520.01) (0.85+0.02) 0.2320.01) | (0.77£0.01)

redistribution of DPH in an aqueous/non-aqueous interface, resulting in a substantial rise in the
DPH population near to the membrane-water interface (Figure 4.4c). We speculate that the
displacement of DPH molecules to the membrane-water interface due to the addition of Al1-
positive AP oligomers could be attributed to the membrane permeabilization. In order to probe
the membrane permeabilization, we performed a well-known calcein release assay. Membrane
permeabilization causes a release in the calcein from the lipid vesicles, which would result in an
enhancement in the fluorescence intensity (46). We observed a very slight increase in the
fluorescence intensity upon addition of both A11- and OC-positive oligomers as compared to
that observed with Triton X-100, indicating a low tendency of membrane permeabilization by A}

oligomers (Figure 4.5a). We next visualized the nanoscopic morphology of the heterotypic
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assembly of lipid vesicles and AP oligomers using atomic force microscopy (AFM). Our AFM
imaging data showed that the two structurally distinct AP oligomers consist of oligomeric
species of various sizes, and these oligomers matured into amyloid fibrils upon interaction with
the lipid membrane (Figure 4.5). Taken together, our studies revealed that both the
conformationally distinct AP oligomers undergo lipid-induced aggregation to form fibrils;
however, the mechanism by which these two structurally distinct AP oligomers interact with the
lipid membrane is different. Therefore, we next embarked upon studies delineating the
mechanism of interaction of two conformationally distinct AP oligomers with the lipid

membrane.
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Figure 4.5 (a) Calcein release efficiency of LUVs derived from BTLE upon the addition of 4 uM
of Al1- and OC-positive AP oligomers. The calcein release efficiency was calculated using

equation 7. AFM images of AP oligomers without and with LUVs of BTLE. (b) A11-positive Ap
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oligomers, (¢) LUVs-bound All-positive AP oligomers, (d) OC-positive AP oligomers and (e)
LUVs-bound OC-positive AP oligomers.

4.3.2 Mechanisms of interaction of AP oligomers with lipid membranes

A closer look at the amino acid sequence of AP peptide revealed that AP is negatively charged.
In addition, the All-positive AP oligomers exhibited an increase in the DPH fluorescence
anisotropy with the negatively charged LUVs, whereas, with the OC-positive AB oligomers, the
DPH anisotropy remains unaltered (Figure 4.1c). Therefore, we conjectured that the All-
positive AP oligomers might interact with the lipid vesicles in a hydrophobic manner, and the
OC-positive AP oligomers might oppose the interaction due to an electrostatic repulsion with the
lipid membrane. To verify the mechanisms of interaction, we eliminated the negative charge
from vesicles by preparing LUVs of a zwitterionic lipid, POPC, and monitored the steady-state
DPH fluorescence anisotropy. The DPH anisotropy of lipid vesicles without the AP oligomers
was ~ 0.09 (Figure 4.6a). We observed an increase in the DPH anisotropy of LUVs in the
presence of both All- and OC-positive oligomers. An increase in the DPH anisotropy of
zwitterionic lipid vesicles with OC-positive oligomers as opposed to the negatively charged
lipids suggests a critical role of electrostatic interaction (Figure 4.1c and 4.6a). On the contrary,
high DPH anisotropy in the presence of All-positive oligomers for both the lipid vesicles,
zwitterionic and anionic, indicate the hydrophobic interaction between All-positive AP
oligomers and the lipid membrane. AP is an amphipathic peptide having a polar N-terminal
segment and a hydrophobic C-terminal tail. Therefore, we believe that the All-positive AP
oligomers interact with the hydrophobic core of lipid vesicles via C-terminal, whereas the OC-
positive AP oligomers interact with the polar headgroups of the lipid membrane through the N-
terminal. We next probed the N-terminal of AP and examined the behavior of AP oligomers in

the vicinity of lipid vesicles.

In order to probe the N-terminal of oligomers, we prepared two conformationally distinct AB
oligomers using N-terminal carboxyfluorescein (FAM)-labeled AB42 peptide and monitored the
steady-state fluorescence. In the free form, the A11- and OC- positive AP oligomers displayed
low values of anisotropy ~ 0.05 and ~ 0.04, respectively suggests an intrinsically disordered

nature of the N-terminal of AP oligomers, which is in line with the previous report (Figure 4.6b)

94



Chapter 4: Membrane Dynamics with Af Oligomers

(7). Surprisingly, we observed a decrease in the fluorescence anisotropy of All-positive AP
oligomers upon binding to the lipid membrane, whereas the OC- positive AP oligomers did not
show any change in the anisotropy with and without the lipid vesicles (Figure 4.6b). This

observation suggests that the N-terminal of A11-positive AP oligomers experience less rotational
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Figure 4.6 (a) Steady-state DPH fluorescence anisotropy of 100 uM of LUVs of POPC without
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and with AP oligomers at 25:1 ratio of lipid:Ap (molar ratio). (b) Steady-state fluorescence
anisotropy of N-terminal FAM-labeled AP oligomers without (cyan) and with LUVs of BTLE
(royal blue) at 2:1 ratio of lipid:AP (mass ratio). The bar plot shows the mean + standard
deviation (n = 3). (c) Time-dependent fluorescence anisotropy decays of FAM-labeled AP
oligomers without and with LUVs of BTLE at 2:1 ratio of lipid:AB. (d) Amplitude (Ptast)
associated with the fast rotational correlation time of FAM-labeled AP oligomers with and
without lipid vesicles. Prs was calculated from atleast three independent measurements and

shown as mean =+ standard deviation. See Experimental section for data analysis.
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Table 3. Typical parameters associated with the time-resolved fluorescence anisotropy decay of

N-terminal FAM-labeled A oligomers and lipid-bound FAM-labeled AP oligomers

Sample (I)fast (IlS) (I)slow (IlS)
(B fast) (B slow)
. . 0.368+0.015 2.38+0.01
All-positive AP oligomers
(0.7120.007) (0.288+0.007)
o . 0.345+0.009 2.28+0.12
OC-positive A oligomers
(0.742£0.005) (0.258+0.003)
LUVs + All-positive AP 0.335+0.019 2.67+0.11
oligomers (0.82320.007) (0.177+0.007)
LUVs + OC-positive AB 0.370+0.020 2 69+0.08
oligomers (0.7100.007) (0.287+0.007)

constraint after binding to the lipid membrane, and the binding might be accompanied with a
conformational change. In order to study the conformational dynamics, we next measured the
picosecond time-resolved fluorescence depolarization kinetics of FAM-labeled AP oligomers.
The anisotropy decay exhibited biexponential depolarization kinetics having two well-resolved
rotational correlation times, ¢sow and ¢gg (Figure 4.6¢). The fast subnanosecond component
reports the local rotational dynamics of the fluorophore and the longer nanosecond component
corresponds to the global rotational diffusion of AP oligomers with and without the lipid
vesicles. We observed that the faster subnanosecond component (¢rs ~ 0.35 ns) results in ~ 72
% (Prst) depolarization of the initial anisotropy in the case of both OC- and All-positive AP
oligomers. This short rotational timescale with large amplitude represents the backbone
segmental fluctuations in the disordered N-terminal of AP oligomers as shown in our previous

work (34). Upon binding to the lipid vesicles, the All-positive AP oligomers exhibited much
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higher amplitude (Brns ~ 82 %) of the local rotational mobility (Figure 4.6d), suggesting an
increase in the extent of torsional mobility of the N-terminal of lipid-bound Al1l-positive AP
oligomers. In contrast, the OC-positive AP oligomers with lipid vesicles showed no significant
changes in the amplitudes (Figure 4.6d, Table 3). Our studies provide compelling evidence for a
conformational change in the N-terminal of Al1-positive AP oligomers upon interaction with the
lipid membrane. On the contrary, no such conformational change was identified for the OC-

positive AP oligomers with lipid vesicles.
4.4 Discussion

Based on all our results, we propose a model for the mechanisms of interaction of two
conformationally distinct AP oligomers with the lipid membrane derived from BTLE (Figure
4.7). The two structurally distinct AP oligomers are recruited into amyloid fibrils upon binding to
the lipid membrane via different mechanisms of interaction. Our results revealed that the N-
terminal of All-positive AP oligomers undergo a conformational change that allows the
interaction of the C-terminal of AP oligomers with the hydrophobic core of the vesicles, resulting
in an increase in the membrane microviscosity. On the contrary, the interaction between OC-
positive AP oligomers and lipid vesicles is governed electrostatically through the polar N-
terminal region of AP oligomers. Our time-resolved DPH fluorescence anisotropy data, along
with the lifetime data, provides an important insight into the microheterogeneous environment of
the lipid membrane. More preferential partitioning of DPH molecules in the hydrophobic core of
the lipid vesicles with and without OC-positive AP oligomers results in a faster wobbling-in-
cone motion of DPH within the lipid vesicles. In comparison, a substantial rise in the population
of DPH near the membrane-water interface or the polar head group of the lipids due to the
addition of All-positive AP oligomers results in slower rotational motion of DPH within the
lipid vesicles. This is due to the following reason. Two different locations of DPH in the lipid
vesicles experience different rotational motions depending on the surrounding environment. The
tumbling of DPH near the membrane-water interface is slower than the hydrophobic core of the
lipid vesicles due to more packing density or more order in the polar head groups of the lipids.
The displacement of DPH molecules to the membrane-water interface in the presence of All-
positive oligomers causes an increase in the rotational correlation time. Therefore, DPH serves as

the reporter of the microheterogeneous environment of the lipid membrane. Mounting evidence,
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along with our previous study, shows that the A11-positive AP oligomers (type 1) are more toxic
than the OC-positive AP oligomers (type 2) (34, 47). A recent study has also indicated that the
All-positive AP oligomers (A+) induce Ca*" dyshomeostasis in
monosialotetrahexosylganglioside (GM1)-enriched cells (48). The impact of All-positive A
oligomers on the dynamical properties of the lipid membrane could be a mechanism by which
these AP oligomers induce an influx of Ca" in the cells and cause toxicity. The OC-positive AP
oligomers might bypass the toxicity by demonstrating no significant effect on the membrane
fluidity. Our findings provide a general mechanism of interaction by which the two
conformationally distinct oligomers of many different amyloidogenic proteins interact with the

lipid membrane.

Conformational Change
Fibrillation

A Rotational
Hydrophobic . Flexiblity
Interaction g

Membrane Rigidification
Redistribution of DPH

Electrostatic
Interaction

No effect on Membrane fluidity

Figure 4.7 Proposed model for the mechanism of interaction of conformationally distinct A
oligomers with the lipid membrane. The structure of AP (1-42) fibril (PDB ID: 2NAO) was
generated using PyMOL (Version 2.0.7, Schrodinger, LLC, New York) (49).
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