E‘ International Journal of
.‘ Molecular Sciences

Amyloid-f3
Structure, Function, and

Pathophysiological Significance
iIn Neurodegenerative Diseases

Edited by

Masashi Tanaka, Kenjiro Ono and Satoshi Saito

Printed Edition of the Special Issue Published in
International Journal of Molecular Sciences

7z
www.mdpi.com/journal/ijms rM\D\Py



Amyloid-f3: Structure, Function, and
Pathophysiological Significance in
Neurodegenerative Diseases






Amyloid-f3: Structure, Function, and
Pathophysiological Significance in
Neurodegenerative Diseases

Editors

Masashi Tanaka
Kenjiro Ono
Satoshi Saito

MDPI e Basel o Beijing ® Wuhan e Barcelona e Belgrade ¢ Manchester e Tokyo e Cluj e Tianjin

ml\DPI

F



Editors
Masashi Tanaka
Health Science University

Kenjiro Ono

Kanazawa University

Satoshi Saito

National Cerebral and

Yamanashi Graduate School of Medical Cardiovascular Center
Japan Sciences Osaka
Kanazawa Japan
Japan
Editorial Office
MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
International Journal of Molecular Sciences (ISSN 1422-0067) (available at: https://www.mdpi.com/
journal/ijms/special_issues/Ab).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,
Page Range.

ISBN 978-3-0365-6712-9 (Hbk)
ISBN 978-3-0365-6713-6 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

Satoshi Saito, Kenjiro Ono and Masashi Tanaka

Amyloid-fB: Structure, Function, and Pathophysiological Significance in Neurodegenerative
Diseases

Reprinted from: Int. . Mol. Sci. 2022, 23, 10275, doi:10.3390/coatings231810275 . . . ... .. ..

Alvaro Ruiz-Arias, Jose M. Paredes, Chiara Di Biase, Juan M. Cuerva, Maria D. Giron,
Rafael Salto, et al.

Seeding and Growth of fB-Amyloid Aggregates upon Interaction with Neuronal
Cell Membranes

Reprinted from: Int. ]. Mol. Sci. 2020, 21, 5035, d0i:10.3390/ coatings21145035 . . . . . . .. .. ..

Kai-Cyuan He, Yi-Ru Chen, Chu-Ting Liang, Shi-Jie Huang, Chung-Ying Tzeng, Chi-Fon
Chang, et al.

Conformational Characterization of Native and L17A/F19A-Substituted Dutch-Type
-Amyloid Peptides

Reprinted from: Int. ]. Mol. Sci. 2020, 21, 2571, d0i:10.3390/ coatings21072571 . . . . . . .. .. ..

Yusuke Yakushiji, Kazuhiro Kawamoto, Kazuyoshi Uchihashi, Masafumi Ihara, Shigehisa
Aoki, Yukiko Nagaishi, et al.

Low-Dose Phosphodiesterase III Inhibitor Reduces the Vascular Amyloid Burden in Amyloid-f
Protein Precursor Transgenic Mice

Reprinted from: Int. ]. Mol. Sci. 2020, 21, 2295, d0i:10.3390/ coatings21072295 . . . . . . .. .. ..

Kazuma Murakami, Mayuko Yoshimura, Shota Nakagawa, Toshiaki Kume, Takayuki
Kondo, Haruhisa Inoue and Kazuhiro Irie

Evaluation of Toxic Amyloid 342 Oligomers in Rat Primary Cerebral Cortex Cells and Human
iPS-derived Neurons Treated with 10-Me-Aplog-1, a New PKC Activator

Reprinted from: Int. |. Mol. Sci. 2020, 21, 1179, doi:10.3390/ coatings21041179 . . . . . . .. .. ..

Siddhartha Banerjee, Mohtadin Hashemi, Karen Zagorski and Yuri L. Lyubchenko
Interaction of Ap42 with Membranes Triggers the Self-Assembly into Oligomers
Reprinted from: Int. ]. Mol. Sci. 2020, 21, 1129, doi:10.3390/ coatings21031129 . . . . . . .. .. ..

Douglas G. Walker, Tiffany M. Tang, Anarmaa Mendsaikhan, Ikuo Tooyama, Geidy E.
Serrano, Lucia I. Sue, et al.

Patterns of Expression of Purinergic Receptor P2RY12, a Putative Marker for Non-Activated
Microglia, in Aged and Alzheimer’s Disease Brains

Reprinted from: Int. ]. Mol. Sci. 2020, 21, 678, d0i:10.3390/ coatings21020678 . . . .. ... .. ..

Umar H. Igbal, Emma Zeng and Giulio M. Pasinetti
The Use of Antimicrobial and Antiviral Drugs in Alzheimer’s Disease
Reprinted from: Int. |. Mol. Sci. 2020, 21, 4920, doi:10.3390/coatings21144920 . . . . . . .. .. ..

Tomoharu Kuboyama, Ximeng Yang and Chihiro Tohda

Natural Medicines and Their Underlying Mechanisms of Prevention and Recovery from
Amyloid B-Induced Axonal Degeneration in Alzheimer’s Disease

Reprinted from: Int. |. Mol. Sci. 2020, 21, 4665, d0i:10.3390/coatings21134665 . . . . . . .. .. ..

Takahiro Watanabe-Nakayama, Bikash R. Sahoo, Ayyalusamy Ramamoorthy and Kenjiro
Ono

High-Speed Atomic Force Microscopy Reveals the Structural Dynamics of the Amyloid-f and
Amylin Aggregation Pathways

Reprinted from: Int. |. Mol. Sci. 2020, 21, 4287, d0i:10.3390/coatings21124287 . . . . . . .. .. ..



Hatasu Kobayashi, Mariko Murata, Shosuke Kawanishi and Shinji Oikawa

Polyphenols with Anti-Amyloid 3 Aggregation Show Potential Risk of Toxicity Via
Pro-Oxidant Propertie

Reprinted from: Int. ]. Mol. Sci. 2020, 21, 3561, doi:10.3390/ coatings21103561 . . . . . .. ... ..

Koh Tadokoro, Yasuyuki Ohta, Haruhiko Inufusa, Alan Foo Nyuk Loon and Koji Abe
Prevention of Cognitive Decline in Alzheimer’s Disease by Novel Antioxidative Supplements
Reprinted from: Int. ]. Mol. Sci. 2020, 21, 1974, doi:10.3390/ coatings21061974 . . . . . . .. .. ..

Takami Tomiyama and Hiroyuki Shimada

APP Osaka Mutation in Familial Alzheimer’s Disease—lIts Discovery, Phenotypes, and
Mechanism of Recessive Inheritance

Reprinted from: Int. . Mol. Sci. 2020, 21, 1413, d0i:10.3390/ coatings21041413 . . . . . . .. .. ..

Kenjiro Ono and Mayumi Tsuji

Protofibrils of Amyloid-f are Important Targets of a Disease-Modifying Approach for
Alzheimer’s Disease

Reprinted from: Int. ]. Mol. Sci. 2020, 21, 952, d0i:10.3390/ coatings21030952 . . . . . ... .. ..

Hiroyuki Shimada, Shinobu Minatani, Jun Takeuchi, Akitoshi Takeda, Joji Kawabe,
Yasuhiro Wada, et al.

Heavy Tau Burden with Subtle Amyloid f Accumulation in the Cerebral Cortex and
Cerebellum in a Case of Familial Alzheimer’s Disease with APP Osaka Mutation

Reprinted from: Int. . Mol. Sci. 2020, 21, 4443, d0i:10.3390/coatings21124443 . . . . . . .. .. ..

Robert P. Friedland, Joseph D. McMillan and Zimple Kurlawala

What Are the Molecular Mechanisms by Which Functional Bacterial Amyloids Influence
Amyloid Beta Deposition and Neuroinflammation in Neurodegenerative Disorders?

Reprinted from: Int. ]. Mol. Sci. 2020, 21, 1652, d0i:10.3390/ coatings21051652 . . . . . . .. .. ..

vi



International Journal of

/ﬁ' Molecular Sciences

N

Editorial

Amyloid-f3: Structure, Function, and Pathophysiological
Significance in Neurodegenerative Diseases

Satoshi Saito !, Kenjiro Ono 2 and Masashi Tanaka 3*

Citation: Saito, S.; Ono, K.; Tanaka,
M. Amyloid-f3: Structure, Function,
and Pathophysiological Significance
in Neurodegenerative Diseases. Int. J.
Mol. Sci. 2022, 23,10275. https://
doi.org/10.3390/1jms231810275

Received: 2 September 2022
Accepted: 5 September 2022
Published: 7 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Neurology, National Cerebral and Cardiovascular Center, 6-1 Kishibe-Shimmachi,

Osaka 564-8565, Japan

Department of Neurology, Kanazawa University Graduate School of Medical Sciences, 13-1 Takara-machi,
Kanazawa 920-8640, Japan

Department of Physical Therapy, Health Science University, 7187 Kodachi, Fujikawaguchiko-machi,
Minamitsuru-gun, Yamanashi 401-0380, Japan

*  Correspondence: masashi.7.tanaka@gmail.com; Tel.: +81-555-83-5200

The rate of dementia continues to increase worldwide; however, there currently exist
no therapeutic strategies for this condition. Although several effective predictive markers
(e.g., plasma amyloid-p [ABlsz/ A4 ratios) for Alzheimer’s disease (AD) have been
identified, further studies are needed to identify more sophisticated and less expensive
predictive markers for dementia.

Recent extensive studies revealed the pathological implications of Af in the devel-
opment and progression of dementia. A3 monomers are prone to aggregation, which
forms toxic A oligomers that cause neuronal and vascular injuries. Af3 is also involved in
other cytotoxic mediators, such as reactive oxygen species (ROS) and neuroinflammation,
thereby suggesting complex pathogenesis and leading to the development and progression
of neurodegenerative diseases, including AD and cerebral amyloid angiopathy. Accord-
ingly, there exists an urgent need to elucidate the molecular mechanisms underlying Ap
aggregation processes, ROS generation, and neuroinflammation to identify effective thera-
peutic targets and identify and develop drugs/bioactive molecules with preventive and/or
therapeutic potentials for Ap-related neurodegenerative diseases.

As such, this Special Issue includes 15 original manuscripts, a case report, a com-
mentary, and review articles that contribute to the aforementioned aim and provide novel
insights into the mechanisms underlying the pathogenesis of Af-related neurodegenera-
tive diseases.

We have included several interesting papers that address the mechanisms of action
of AP aggregation and oligomerization. Banerjee et al. demonstrated that the interaction
between AR and cellular membrane triggered the on-membrane self-assembly of A,
thereby promoting the oligomer formation of A [1]. Furthermore, A3 aggregates bound to
the cellular membrane acted as seeds for further aggregation, resulting in cell permeability
and damage and subsequently inducing cell lysis, as shown by Ruiz-Arias et al. using a
mouse neuroblastoma cell line [2]. These findings highlight the significance of A3 dynamics
on the cellular membrane in forming oligomers and exhibiting cytotoxicity in physiological
conditions. Regarding familial AD, He et al. investigated the effects of several types of Af3
mutations on the secondary structure and subsequent aggregation and showed novel roles
of these mutations in AD pathogenesis [3]. In a case report, Shimada et al. characterized
a recently identified Osaka mutation in the gene amyloid precursor protein (APP) [4].
They found that patients with dementia carrying this mutation had a high tau burden
and subtle A accumulation in the cerebral cortex and cerebellum, thereby suggesting tau
accumulation and neurodegeneration through toxic Af3 oligomers without senile plaque
formation [4].

Neuroinflammation has been closely implicated in the pathogenesis of neurodegen-
erative diseases, which involves a shift in microglial phenotypes from homeostasis to a
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proinflammatory state. By analyzing the brains of patients with AD, Walker et al. showed
that the expression levels of purinergic adenosine diphosphate/triphosphate receptor
P2RY12 on microglia defines the boundary between the proinflammatory area, consisting
of microglia interacting with and/or adjacent to AP plaques, and the nonaffected area away
from the AP plaques [5]. These findings suggest that P2RY12 carries a novel pathological
significance in the proinflammatory axis of microglia around A plaques in AD brains [5].

A commentary paper by Friedland et al. provided a unique point of view on the
pathogenesis of neurodegenerative diseases. Notably, they summarized the potential roles
of gut microbiota-derived amyloid proteins in the aggregation of neuronal proteins, such
as AP, and in neuroinflammation [6].

This Special Issue also includes papers that addressed the preventive and/or ther-
apeutic potentials of chemical compounds or drugs for Ap-related neurodegenerative
diseases. Murakami et al., who focused on 10-Me-Aplog-1, a new protein kinase C activator,
demonstrated its inhibitory effects on the intracellular formation of toxic A oligomers
in rat primary cerebral cortex cells [7]. In a mouse model of cerebral amyloid angiopathy,
Yakushiji et al. showed that the administration of low-dose phosphodiesterase III inhibitor
cilostazol improved vascular deposition of A3, potentially by facilitating perivascular
drainage of A [8]. These findings would promote research aimed at developing novel
drugs and identifying repositioning drugs for Af-related neurodegenerative diseases.

We have also included excellent review articles in this Special Issue, which provide
updates on unique topics concerning neurodegenerative diseases.

Tomiyama and Shimada, who summarized the characteristics of Osaka mutation in
the APP gene, argued that the loss-of-function in APP and gain-of-function in Af3 were
caused by this mutation and were implicated in the pathogenesis of AD [9]. Regarding
A aggregation, Watanabe-Nakayama et al. comprehensively reviewed the usefulness of
high-speed atomic force microscopy to visualize the structural dynamics in the aggregation
process of AP, which would lead to novel insights into the mechanisms underlying A3
aggregation [10].

Regarding preventive and/or therapeutic potentials for Af-related neurodegenerative
diseases, Ono and Tsuji reported the significance of A protofibrils as a therapeutic target
in AD while describing the pathological implications of A} protofibrils in AD [11]. Further-
more, Tadokoro et al. focused on the roles of ROS in the AP cascade and pathogenesis of
AD. Notably, they summarized the recent findings regarding the pathological relationship
between ROS and AD and described the beneficial effects of antioxidative supplements
on AD pathogenesis [12]. Apart from antioxidants, several natural medicines that could
beneficially affect memory decline in AD through pleiotropic mechanisms of action are
emerging, as reviewed by Kuboyama et al. [13]. Conversely, there are natural compounds
that would need careful consideration during administration. In line with this, Kobayashi
et al. showed that some naturally occurring polyphenols suppressed A3 aggregation and
were expected to have protective effects against AD; however, some of them pose the po-
tential risk of oxidative damage due to pro-oxidant properties [14]. As another therapeutic
approach for AD, Iqbal et al. described the therapeutic potential of anti-infectious drugs
based on the possibility that A plaque formation is the innate immune response against
microorganisms in AD brains [15].

We earnestly believe that the excellent papers included in this Special Issue improve
our understanding of the pathogenesis of A{3-related neurodegenerative diseases and help
develop effective preventive and therapeutic strategies for such diseases.
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Abstract: In recent years, the prevalence of amyloid neurodegenerative diseases such as Alzheimer’s
disease (AD) has significantly increased in developed countries due to increased life expectancy.
This amyloid disease is characterized by the presence of accumulations and deposits of 3-amyloid
peptide (AP) in neuronal tissue, leading to the formation of oligomers, fibers, and plaques. First,
oligomeric intermediates that arise during the aggregation process are currently thought to be
primarily responsible for cytotoxicity in cells. This work aims to provide further insights into
the mechanisms of cytotoxicity by studying the interaction of A aggregates with Neuro-2a (N2a)
neuronal cells and the effects caused by this interaction. For this purpose, we have exploited
the advantages of advanced, multidimensional fluorescence microscopy techniques to determine
whether different types of A} are involved in higher rates of cellular toxicity, and we measured the
cellular stress caused by such aggregates by using a fluorogenic intracellular biothiol sensor. Stress
provoked by the peptide is evident by N2a cells generating high levels of biothiols as a defense
mechanism. In our study, we demonstrate that A3 aggregates act as seeds for aggregate growth upon
interacting with the cellular membrane, which results in cell permeability and damage and induces
lysis. In parallel, these damaged cells undergo a significant increase in intracellular biothiol levels.

Keywords: neurodegenerative disease; amyloid; misfolding; Alzheimer’s disease; fluorescence
microscopy; FRET

1. Introduction

In recent years, neurodegenerative diseases have become a major threat to public health in
industrialized countries, since the prevalence of these disorders increases as the percentage of elderly
people in the population rises. Symptoms of neurodegenerative diseases begin many years after the
onset of illness, making it extremely difficult to provide an effective and early diagnosis. The common
feature of amyloid diseases is the aberrant aggregation of a certain protein, initially in small oligomers,
which subsequently grow to form various fibrillar structures and plaques. These illnesses promote the
progressive displacement of neurons along with secondary alterations due to effects on the central

Int. ]. Mol. Sci. 2020, 21, 5035; doi:10.3390/coatings21145035 www.mdpi.com/journal/ijms
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nervous system [1]. Approximately forty neurodegenerative diseases, including Alzheimer’s disease
(AD), are characterized by the presence of insoluble amyloid deposits in the affected tissues [2].
A hallmark of AD is the existence of plaques formed by 3-amyloid (Af) fibers in the neocortex and
hippocampus of the brain [3,4]. When the transmembrane amyloid precursor protein is proteolyzed by
- and y-secretase, it is cleaved into small peptide fragments, namely, (Ap) peptides [5-7]. The initial
oligomeric structures that emerged during the A aggregation process are thought to be the main
sources of cytotoxicity related to AD, and they are currently one of most interesting pharmacological
targets, as these oligomeric structures seem to be essential in the neurotoxicity of amyloid structures [8].
Among all AB isoforms, the A (1-42) peptide (Ap42) seems to be the most neurotoxic species
compared to the other common 40-residue fragment. The different behaviors of these two peptides
are striking, especially due to the fact that only two extra C-terminal residues are present in the A42
form [9,10].

The interaction at a cellular level of such amyloid oligomers is an important step towards disease
progression. During amyloidogenic misfolding, specific proteins undergo aberrant three-dimensional
self-interactions. These structures expose solvent hydrophobic regions that are usually hidden in the
native state. This fact facilitates protein aggregation and the subsequent nucleation into 3-sheet-rich
structures [11]. Thus, this process entails not only the loss of the physiological function but also the
generation of abnormal protein aggregates. These filamentary oligomers rich in 3-sheet structures
exhibit unstable behavior and can alter the chemical composition of the extracellular matrix [12]. Recent
studies have suggested that oligomeric intermediates formed throughout amyloidogenic aggregation
are more toxic than mature fibrils. For instance, a slow conversion of early, easy-degradable aggregates
into compact, highly structured oligomers was detected in a-synuclein fibrillization [13], which is
related to the progress of Parkinson’s disease. These later oligomers induce much higher levels of
reactive oxygen species (ROS) in cells than do earlier oligomers [14]. While focusing on A aggregation,
these oligomers interact with lipid membrane surfaces through weak electrostatic interactions that
promote conformational transition from «-helix structures to (3-sheet conformations [15]. Moreover,
it has been observed that Af alters membrane phospholipid fluidity through its own insertion into
lipid bilayers [16]. That insertion, in form of pores, induces calcium-signaling, activating NADPH
oxidase, stimulating nitric oxide production, and finally leading to increased oxidative stress and to
neurodegeneration [14,17-19].

The urgent need for reliable tools that provide further information on the cellular effect of amyloid
aggregates make this a very active field of research. For instance, the use of fluorescent probes to study
relevant intracellular processes such as the interaction of the peptide with neuronal cells is highly
advantageous due to its low invasiveness [20,21]. One of the most important steps to understand
the aberrant protein aggregation process is the identification and characterization of different species
formed during the misfolding process. A widely used technique to characterize amyloid fibers has
been the use of thioflavin T (ThT) as a fluorophore, as its interaction with amyloid fibers enhances
fluorescence. However, its binding to early aggregates is weak, so this dye cannot be used for the
characterization of early oligomers [22]. Thus, new probes, such as specific labeling antibodies [23]
and especially fluorescent reporters, are continually being developed for the specific and sensitive
detection of the early species of aggregation, as well as advanced techniques that allow the visualization
and characterization of such aggregates [22,24,25]. For instance, we have recently described a new
family of highly solvatochromic and fluorogenic dyes based on the quinolimide scaffold [26], named
9-amino-quinolimides, and these dyes have shown great potential for probing (3-amyloid aggregation
in a zebrafish model, identifying the formation of different types of early oligomers [27]. Due to its
noninvasive nature and high sensitivity, this technique allows intracellular processes to be studied.
Among confocal fluorescence microscopy techniques, fluorescence lifetime imaging microscopy (FLIM)
has been indicated to be an invaluable tool to characterize amyloid aggregates [28-30], provided its
multidimensional capabilities, in terms of emission intensity, fluorescence lifetime, T, and intraoligomer
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fluorescence resonance energy transfer (FRET) efficiency, in particular through a powerful microscopy
variant called dual-color pulsed interleaved excitation FLIM (PIE-FLIM).

Once specific tools to decipher different types of amyloidogenic aggregates are in place, it is also
important to be capable of studying the direct mechanisms involved in cellular toxicity. For instance,
in a previous work, an ultracentrifugation gradient method has been described to separate between
different types of AP aggregates according to their size and density [31]. Using this methodology,
in another work, the toxicity of the corresponding aggregates of Af342 was monitored by using two
methods capable of measuring the cytotoxic effect of aggregates: a quantitative assay to determine the
ability of peptide aggregates to disorganize the structure of lipid bilayers and an assay that measures
the production of cytokines from microglial cells as an estimation of the inflammation capacity of the
different aggregates. With these methods, it was demonstrated that the larger the size of the aggregates
is, the lower their capacity to disorganize lipid bilayers. However, a relatively increased ability to cause
inflammation was observed as the size increases. These facts are correlated with structural changes in
the different aggregates with different sizes and structures [8]. The effect of the aggregates of A340 and
ApB42 peptides on neuronal cells as a function of their dose has also been studied [32], showing an
increase in ROS generated by neurons as the concentration of added peptide rises.

Herein, we provide additional tools to characterize and understand the cellular effect of AB42
amyloid aggregates. We have used the AB42 peptide in our assays since it is believed to be one of
the most important alloforms due to the significant differences in toxicity, aggregation mechanism,
and physiological function that the Ap42 peptide has with respect to other isoforms [33,34]. AB42 has
a greater tendency to present more prefibrillary oligomeric states than A(340 [35]. We have studied the
interaction process of the AB42 peptide with Neuro-2a (N2a) neuronal cells (a fast-growing mouse
neuroblastoma cell line) by PIE-FLIM to distinguish different subpopulations of aggregates interacting
with cells and causing lysis. Furthermore, we have also explored the cellular toxicity in real-time and
at the single-cell level by monitoring the entire interaction process of the peptide with neurons over
time and by evaluating cellular stress through the generation rate of biothiols using a fluorogenic
biothiol probe.

2. Results

2.1. Interaction between AB42 Aggregates and N2a Cells

In previous works, we used PIE-FLIM imaging to directly detect and characterize amyloidogenic
aggregates at a molecular level. Using this technique, it has been possible to unravel structural
changes over time in amyloid aggregates, thereby characterizing different species of oligomers [28-30].
For instance, we unequivocally detected three different kinds of aggregates in the early stages of
fibrillization of an SH3 domain [30], a validated model employed to study amyloid aggregation.

Herein, we use this technique for the first time to visualize such aggregates interacting with
single cells, thus obtaining a more complete view of the process. In particular, we have focused our
attention on the interaction between Ap42 and N2a cells to analyze the effect that early aggregates
and amyloid structures induce on cells and what possible interactions may exist. PIE-FLIM provides
information on intraoligomer FRET efficiency as a measure of aggregate compactness. For imaging
AB42 aggregates using PIE-FLIM, the peptide monomers must be fluorescently labeled with either
a suitable energy donor or acceptor fluorophore. We employed commercial Ap42 peptides labeled
with the HiLyte Fluor 488 or HiLyte Fluor 647 (A-488 and Ap-647, respectively) fluorophore and
incubated equimolar mixtures of AB-488 and Ap-647 for 15 h at a concentration of 0.5 uM in SSPE
buffer (sodium chloride 150 mM, sodium phosphate 10 mM, and ethylenediaminetetraacetic acid,
EDTA, 1 mM), pH 7.4, and with agitation at 260 rpm. Different aliquots of the incubating mixture were
taken and added to the buffer containing the N2a cells, for a final peptide concentration of 50 nM.
Cells were imaged using PIE-FLIM every 10 min to follow the evolution of the interaction of A342
aggregates with cells.
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The combination of the PIE excitation scheme, by which one of the lasers directly excites the donor
fluorophore and the second laser, temporarily delayed, excites the acceptor fluorophore, with the
collection of fluorescence emission in two detection channels (one for the donor and one for the
acceptor) allows for specific time gates to be set to discriminate photons and reconstruct three different
FLIM images, i.e., donor, FRET, and directly excited acceptor (see Figure 1 and the Section 4 for a
complete description of the instrumentation). Pixels that colocalize simultaneously in the three images
are those unequivocally selected as aggregates (Figure 1). The FRET efficiency and therefore the degree
of compactness of the aggregates are related to the decrease in the fluorescence lifetime of the donor
fluorophore, 7p.
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Figure 1. Dual-color pulsed interleaved excitation—fluorescence lifetime imaging microscopy (PIE-FLIM)
scheme and aggregate selection criteria. The three different time gates distributed in the two detection
channels define the reconstructed Ip, Irger, and 14 images. The three images are then analyzed to
identify fluorescent events. Only coincident pixels in all three images are selected as aggregates
(indicated with dark circles in the cartoon).

Figure 2 shows representative examples of the strong interaction of the incubated A42 peptides
with undifferentiated neuronal cells. As a common feature, we found that aggregates of A342
surrounded cell membranes, interacting with them after 20-30 min of incubation. After 30 min of
interaction, the number of A342 aggregates surrounding the cell membrane increased, even inducing
cell permeability, and entering the cell cytoplasm. Usually, after 60 min of interaction, N2a cells that
had aggregates on the membrane were completely lysed. This behavior is particularly noticeable in
Figure 2a, in which all cells appeared to be lysed after 60 min of interaction.

Interestingly, Figure 2b shows a cell in which the aforementioned effect is clearly detected. This is
the accumulation of A342 aggregates on the membrane, causing total lysis at the end of the studied
process. However, in this experiment, it is evident that A342 aggregates concentrate on one cell and
leave a second cell intact. Aggregates surround the membrane and increase the size of the initial
deposits within the cell over time. Surprisingly, the second cell remains intact and free from interacting
aggregates, even after 60 min. The fact that aggregates grow in size and cooperatively seem to attract
more aggregates within the cellular membrane holds important implications respect to cellular toxicity,
and the effect of aggregated nuclei seems to act as seeds directly on the cell membrane. Figure 2c also
shows interesting results, as aggregates appeared and interacted with the cell membrane of one cell
and then progressively increase the size of the deposits formed to form considerable accumulations,
however, these aggregates did not attack a second, nearby cell. In this case, even the cell with aggregates
stuck on the membrane maintained structural integrity. This is a very important result that was
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consistently found across all of our repetitions. In fact, given the low amounts of peptide used (50 nM),
we frequently found cells that did not show interacting aggregates. These cells remained unharmed
within the time frame of the experiments.
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Figure 2. Fluorescence intensity images in the three detection windows (Ip, IrrgT, and I4) and FLIM
images of the donor fluorophore, tp, of equimolar mixtures of labeled AB-488 and A[3-647 peptides
(incubated for 15 h) interacting with Neuro-2a (N2a) cells for 30 and 60 min. Histograms in the rightmost
column represent 7 distributions for only pixels selected as aggregates. The distributions were fitted to
one or two (if needed) Gaussian functions (lines). Panels (a—c) are representative images from different,
repeated experiments. The arrows indicate different detected cells for identification purposes.

Importantly, the explanation for this differential behavior can be rationalized using the p FLIM
images and the corresponding frequency histograms. As one can see in Figure 2a,b, for the lysed
cells, an earlier (first) population of aggregates surrounds cell membranes, but at the end of the
process, a later (second) population of aggregates, which are characterized by a lower tp and hence are
structurally more compact, is detected. The increasing emission intensity in the Irggr images and the
decreased 7 values obtained over time indicate a larger FRET efficiency and an increased compactness
of the aggregates, as previously shown in single-molecule FRET studies [13,30]. Strikingly, this second
population was not detected in the cell that remained intact, as shown in Figure 2c. This suggests that
such compact aggregates may play a crucial role in inducing cellular lysis, contributing to different
toxicity mechanisms, specifically in the induction of membrane permeability and inflammation. This is
in agreement with previous studies that show the high capability of small soluble aggregates to
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permeabilize the membrane, which is due to their high tendency to interact and cross the membrane,
unlike what happens with larger aggregates [8]. Additional images showing more time points
(each 10 min) for the experiments in Figure 2 can be found in Figures S1-S3 and an additional example
of a repeated experiment is depicted in Figure S4 in the Supplementary Materials (SM).

2.2. Study of Cellular Stress Using a Biothiol Probe

In the previous experiments we confirmed how A 42 peptide aggregates are able to interact with
neuronal cells and induce their lysis. It is thus reasonable to relate this interaction to an increase in
cellular stress. Increased levels of biothiols in the cell matrix is a common physiological response
as a defense mechanism associated with cellular stress [36]. Therefore, measuring the amount of
intracellular biothiols generated upon interacting with pre-amyloid aggregates results in a striking way
to correlate the physiological effect of cytotoxic oligomers. Generated ROS in an ensemble population
of cultured cells upon addition of amyloid aggregates has commonly been reported as a measure of
cellular stress and cytotoxicity [13,37,38]. However, herein, we are more interested in measuring this
effect at the single-cell level.

Recently, our research group developed a fluorogenic probe to measure oxidative stress by
monitoring changes in biothiol levels [38]. This probe chemically combines a highly electron-deficient
2,4-dinitrophenylsulfonyl (DNBS) group, acting as an electron sink in a photoinduced electronic
transfer (PET), with a fluorescent xanthene derivative, 9-[1-(4-tert-butyl-2-methoxyphenyl)]-6-
hydroxy-3H-xanthen-3-one (Granada Green, GG). The GG-DNBS probe is nonfluorescent due to
PET-induced deactivation. Desulfonation of the DNBS group in the presence of thiols releases the
fluorophore, resulting in an increased fluorescence emission. The GG-DNBS probe has already been
successfully validated in 661W photoreceptor-derived cells [38].

In order to quantify the cellular stress caused by AP42 aggregates interacting with N2a cells at the
single-cell level, we carried out imaging experiments using the fluorogenic biothiol sensor GG-DNBS,
and determined the speed at which biothiols are generated by neuronal cells when A (342 aggregates are
added. For these experiments, we collected aliquots of the incubating samples of A(-647 at different
time points of incubation (0, 0.5, 1, 3, 24, and 48 h) to investigate the effect of a wide range of peptide
aggregation stages. The selected incubation times are important, as evidenced by transmission electron
microscopy (TEM) and dynamic light scattering (DLS) measurements (Figure 3). As the incubation
proceeded, curly protofibrillar structures were detected early, between 0.5 and 3 h of incubation,
in TEM images, whereas longer, straight fibrils were found after 24 and 48 h of incubation (Figure 3a).
The nonincubated peptides (0 h of incubation) exhibited certain degree of amorphous aggregation
(Figure 3b), usually attributed to hydrophobically-driven contacts and micellar structures [39,40].
However, as shown in Figure 3¢, the size of the aggregates increases considerably after 0.3 h of the
aggregation process.

Once the aliquots were collected, we added simultaneously the AB-647 aggregates and the
GG-DNBS biothiol probe to living N2a cells. Herein, we also employed a dual-channel PIE microscopy
setting; however, because the fluorescence emission of the GG-DNBS sensor is in the green spectral
region, we used only the incubated red-labeled Ap-647 peptide for the pre-amyloid aggregates.
Accordingly, we used the two fluorescence intensity channels to simultaneously image the biothiol
sensor response in the green channel and the A3-647 aggregates in the red channel (Figure 4). With this
setting, we followed the kinetics of the biothiol-mediated fluorogenic reaction of GG-DNBS for 1 h by
extracting the average fluorescence intensity in pixels of interest (corresponding with cell cytoplasm)
as a function of time. Repetitions under same experimental conditions were carried out for each
aggregation time of AB-647 and compared these results with those from cells in the basal state (control
cells without A3-647 aggregates).
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Figure 3. (a) Transmission electron microscopy (TEM) images of fluorescently labeled A aggregates
and fibers (equimolar 0.5 uM mixture of A3-488 and A 3-647) at different incubation times. (b,c) dynamic
light scattering (DLS) images of labeled AP peptides (A3-488: green line and AB-647: red line) formed
at 0 h (b) and 0.3 h (c) of the incubation process, sonicated in a quartz cuvette in an NHj3 solution

(pH 12) to avoid their aggregation (b) and in a phosphate buffered saline solution pH 7.4 after 20 min
of aggregation (c).
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Figure 4. Scheme of the configuration of the dual-channel PIE-FLIM to simultaneously obtain
Granada Green-2,4-dinitrophenylsulfonyl (GG-DNBS) biothiol probe and A3-647 aggregates images.
For determining the rate of the fluorogenic biothiol reaction, the average pixel intensity in the regions

of interest (black points) were fitted to a sigmoidal function (line red) and the slope at the inflection
point (line green) was calculated.
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An important novelty of the present work, compared to previous studies using fluorogenic
biothiol sensors, is the method for data analysis and the parameter of interest. In previous works
with biothiol sensors, we measured the total reached intensity and/or the area under the curve of the
fluorogenic reaction as the parameter related to biothiol levels [38,41]. Herein, we go a step further
and focus on the actual kinetics of the fluorogenic reaction by extracting the rate of the fluorescence
increase. In order to compare the effect caused by different types of aggregates and the control cells,
we selected the maximum rate of the fluorogenic reaction as the parameter of interest, as this is the
rate in the inflection point of the intensity (I) vs. time plot (see Figure 4). To do this, we obtained the
plots of average I from GG-DNBS in the selected pixels as a function of time (t), and fit these plots to a
sigmoidal, dose-response function:

Imax —Io
1 + 10Ptip-1)
where Iimax and I represent the final and initial intensity values, respectively; tip is the time of the
inflection point; and p is related to the geometry of the sigmoidal shape.

By deriving Equation (1), we obtained the speed of the fluorogenic reaction (v) at each time point:
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which can be evaluated at ¢ = t;, to yield the rate at the inflection point (v;):
dI 1n(10)-(Imax — Io)-
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The rate of the fluorogenic reaction at the inflection point (v;,, see Figure 4) is a robust parameter
that can be directly compared between different experiments and can be related to the levels of
cellular biothiols. Representative examples of these experiments are shown in Figure 5. In particular,
the fluorogenic biothiol reaction in a control cell in the absence of aggregates (Figure 5a) and in
a cell with the addition of APB-647 aggregates that was incubated for 24 and 48 h (Figure 5b,c,
respectively). These figures show how the probe diffuses across membranes into the cytosol and
generates fluorescence when reacting with biothiols, undergoing a clear increase in the fluorescence
emission as time passes. In the experiments with added A[3-647 aggregates, we can clearly visualize
how the aggregates surround the cell membrane in just a few minutes. As time proceeds, the size of
these interacting aggregates considerably increased, which is consistent with the results described
in the previous section. More repetitions for aggregates incubated during different times have been
carried out, and representative examples are included in the Supplementary Materials (Figure S5).

As mentioned above, between three and seven repetitions for all the measurements were performed
using different cell cultures and different aggregate preparations to ensure the reproducibility of the
results. Figure 6 shows the average values of the vj, rate as a measure of the biothiol levels upon
the interaction of N2a cells with Ap-647 aggregates and the corresponding controls. Consistently,
a greater rate than the corresponding controls was found when the aggregates incubated for 0.5, 1, 3,
and 48 h were added. Interestingly, nonincubated aggregates (0 h) did not cause an increase in the rate
of the fluorogenic biothiol reaction, even though the interaction with the cell membrane was detected
(Figure S5). These results support higher levels of biothiols in cells interacting with A(3-647 aggregates
formed after 30 min of incubation, which may be correlated with enhanced cellular stress and, hence,
the notion that most cytotoxic species are formed during the early stages of aggregation.
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Figure 5. Representative images of cellular stress assays with the biothiol probe (green channel) at
different times without control, (a) or with the addition of A3-647 aggregates (red channel) previously
incubated for 24 h (b) and 48 h (c). The plots in the rightmost column represent the corresponding
average intensity per pixel value of the biothiol probe as a function of time along with the fitted
sigmoidal function (red curve) and the slope at the inflection point (green, dashed line).
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Figure 6. Biothiols sensing in cells interacting with A(3-647 aggregates formed at different incubation
times. The bar chart represents the average rate of the fluorogenic biothiol sensing reaction at the
inflection point (v;) for the controls (labeled as c) and for the cells interacting A3-647 aggregates formed
at different incubation times (0, 0.5, 1, 3, 24, and 48 h of incubation). Error bars represent standard error
of the mean (s.e.m.).

To further understand the effect that the amyloid peptide can exert on neuronal cells, we also
performed another assay following a different scheme, in which N2a cells were interacting with
AB-647 aggregates for 20 min and then generated biothiols were detected by the fluorogenic probe.
This experiment shows that during the time that the peptide aggregates were interacting with cells,
a considerable accumulation of the peptide were formed at certain points of the membrane in accordance
with the other results seen in this study. These results can be seen in the Supplementary Materials
(Figure S6).

To correlate the aforementioned results with actual cytotoxicity caused by Ap-647 aggregates
to N2a cells, we carried out cell viability assays using the commercial Cell Titer-Blue reagent (see
Section 4 for details). We added aliquots of Ap3-647 aggregates incubated for different times (0, 0.5, 1, 3,
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24, and 48 h) to cultured N2a cells, and let them interact for 76 h. Then, the Cell Titer-Blue reagent
was added, and the fluorescence emission was compared between the experimental and control cells
(with and without A3-647 aggregates added, respectively). In all cases, the addition of AB-647 caused
a decrease in cell viability, between 11.6 and 41.3% (Figure 7). Importantly, we performed a statistical
study for significant differences in toxicity using the Holm—Bonferroni test and found that the viability
of the cells interacting with aggregates incubated for 1 h was significantly lower than that of the cells
interacting with aggregates incubated for 0.5, 3, and 24 h, with a 95% confidence. These results suggest
that AB-647 aggregates are moderately toxic to N2a cells. These values are in good agreement with
previous toxicity studies of the A peptide interacting with N2a cells, which reported viability values of
almost 50% at a much higher peptide concentration (10 uM) than that used in our assay [42]. Regarding
toxicity with other cell lines, it has also been shown AB42 aggregates at 10 M that were previously
incubated for 24 h at 37 °C, provoked a reduction in the cell viability of SH-SY5Y neuroblastoma cells
by almost 20% [40], but the effect was even larger in primary neurons from E16 rat embryos in which
AB42 aggregates at 20 uM caused a 65% reduction in cell viability [43].
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Figure 7. Box and whisker plot representing N2a cell viability upon the addition of Ap-647 aggregates
incubated for different times, expressed as the percentage of cell viability when compared with that
in the control cells in the absence of aggregates. Boxes represent the standard error of the mean,
and whiskers represent 90% of the results. Orange asterisks indicate populations that are significantly
different from each other, with a 95% confidence interval.

In order to obtain additional information regarding the induction effect of different formed A{3-647
aggregates on N2a neuronal cells, we took advantage of the fact that GG-DNBS is a dual sensor that is
capable of not only simultaneously measuring levels of biothiols generated inside the cell but also
detecting changes in the global levels of phosphate anions through the analysis of the fluorescence
lifetime of the released fluorophore from the fluorogenic reaction, Tprobe [41,44]. The released fluorescent
fragment undergoes changes in its fluorescence lifetime, influenced by the presence of phosphate
anions, which promote a proton transfer reaction in the excited state of the fluorophore. Hence,
we carried out an analysis of the FLIM images obtained in the previous experiments to determine
appreciable changes in the intracellular phosphate levels upon interaction with A(-647 aggregates.
Figure 8 shows FLIM images of the probe over time within the control cells (Figure 8a) and the cells
treated with AB3-647 peptide aggregates and incubated for 24 h (Figure 8b,c) and 48 h (Figure 8d), thus
providing a global view of the phosphate levels present inside the cell. In the latter case, we can see
that changes in the lifetime of the probe occur towards the end of the study period, decreasing its
value. This finding suggests an increase in the global concentrations of phosphate ions caused by the
incorporation of phosphate-enriched extracellular medium through permeabilized membranes.
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Figure 8. FLIM images of the released fluorophore after the fluorogenic reaction of GG-DNBS with

biothiols in N2a cells without (a) and with the addition of A342 aggregates, formed after incubating for
24 h (b) and 48 h (c,d). The pseudocolor scale represents the fluorescence lifetime of the probe, Tprober
between 0 and 4 ns.

3. Discussion

In this work, we report powerful microscopy tools to understand the interaction of A 342 aggregates
with N2a neuronal cells at the single-cell level. The direct interaction of A342 oligomers with the cell
membrane, fostering cellular stress, lysis and death, was probed with a variety of methods, with a
particular focus on dual-color PIE-FLIM due to its capability to provide multidimensional, rich images.

We first focused on the intra-oligomer FRET as a mean to identify different types of aggregates [30]
and directly imaged their interaction with N2a cells using PIE-FLIM. For these experiments,
we employed an equimolar mixture of labeled peptides, AB-488 and AB-647, incubated for 15 h.
After this incubation period, it is expected that a large number of heterogeneous oligomers with different
aggregation capacities and toxicities and nontoxic monomers coexist in equilibrium. Our PIE-FLIM
results provide evidence of several key factors in the interaction of AB342 amyloid aggregates with N2a
cells: (i) AB42 aggregates interact with the cellular membrane in just a few minutes. (ii) The interaction
sites can act as effective seeds for the continuous recruitment of more aggregates. Hence, in-membrane
aggregate growth is more likely to occur than a new interaction with a different cell. (iii) The former
behavior results in some cells interacting with A342 aggregates and others remaining intact. (iv) This
interaction results in cell lysis after some period of interaction as well as aggregate seeding and growth,
which involves certain conformational changes, as demonstrated by the appearance of the high-FRET
aggregate population. These results provide a clear and unprecedented depiction of the cellular effect
of amyloid aggregates, especially demonstrating that seeding takes place within the cell membrane.
This is an important conclusion, which was consistently supported by repeated experiments, and that
explains how Ap42 aggregates can be toxic to cells, even at low nanomolar concentrations, since the
local concentration within the cell membrane is cooperatively increased.
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These results can be rationalized by previous studies that show a similar behavior for A{342
aggregates on the neuronal tissue of transgenic models of Drosophila melanogaster. Cellular
accumulations of AP42 peptide in the form of diffuse nonamyloid plaques are correlated to
neurodegeneration and premature death of the animal [45,46]. Likewise, in another work, in which a
transgenic mouse model that overexpresses the human mutated amyloid precursor protein was used,
clear neurodegeneration caused by the peptide was observed. Interestingly, neurodegenerative activity
was found to be related to intraneuronal deposits of the peptide but not to the extracellular accumulation
of AB42 [47]. The fact that a heterogeneous interaction of AB42 aggregates with the membranes of
some neuronal cells was observed in our results suggests that this interaction occurs selectively—only
in places with a high affinity for the peptide, such as certain membrane lipids [48]. This affinity can
alter the properties of the membrane and interfere with its fluidity, promoting fibrillogenesis [49]. It is
also known that the formation of amyloid structures occurs in lipid rafts containing a ganglioside
cluster [50]. On the other hand, the evident ability of Ap42 to induce the permeability of some cell
membranes in this work can be related to the propensity of the peptide to form Ca?*-permeable
channels [50]. It has been reported that some protofibers formed by A behave as pore-forming
structures that can alter cell activity and cause cell death [51]. Our results also agree with previous
reports that describe the cellular uptake of AB42 aggregates, which occurs with the prerequisite of
the rapid binding of 3-sheet-rich aggregates to the cell membrane [52]. Therefore, our results are
consistent with the idea that the entry of aggregates into the cell interior could be a crucial step in its
cytotoxicity. Thus, our work provides significant information regarding the process of interaction,
permeabilization and cell lysis that A342 aggregates exert on cells. As membrane permeability induced
by AB42 aggregates is observable only in certain cases here, we suggest that there are different types of
aggregates that generate different levels of cellular toxicity, in line with other studies that show how
certain aggregates of AB42 induce greater cellular permeability [8]. Among these different aggregates,
those that are more stable and that compact than the initial aggregates could be the most harmful to
cells [13].

Importantly, a common limitation of previous biophysical studies in terms of their physiological
significance is that the formation of AR peptide amyloid fibrils was performed at high in vitro
concentrations, whereas physiologically relevant Af3 concentrations lie in the low nanomolar range.
Very recently, Lyubchenko and colleagues studied the interaction of AB42 peptides with membrane
bilayers using AFM and computational experiments, concluding that aggregation at low concentrations
of the peptide is triggered by interaction with the membrane [53]. Our results clearly support this
model; we added nanomolar concentrations of incubated aggregates to the cell buffer, and we clearly
detected the interaction with the membrane and subsequent seeding and growth.

In the second set of experiments, we focused on the cellular stress caused by AB42 aggregates
using a fluorogenic sensor for biothiols and a powerful dual-channel microscopy to narrow our study
to the single-cell level. The production of biothiols is associated with a complex metabolic response
elicited by cellular stress that depends biologically on each individual cell and on how these individual
cells respond to an adverse factor. Importantly, the dual-channel microscopy method allows us to
directly visualize how A[3-647 aggregates interact with N2a cells while simultaneously measuring
biothiol levels. This is important because it allows for the direct elucidation of whether aggregates
are interacting with the studied cell, thereby providing a deeper understanding on the actual effect
of this interaction. We also detailed our investigation into the search for differences in the effect
caused by aggregates formed in different stages of the aggregation process. Our results show that
the interaction of aggregates with the cellular membrane plays a role in the enhanced cellular stress
leading to toxicity. We found that aggregates formed in the initial 0.5-1 h of incubation cause the
most cellular stress (Figure 6), which correlates well with our cell viability and toxicity experiments
(Figure 7) as well as with previous toxicity studies [40,42,43] suggesting that aggregates formed at
early stages of the aggregation process are the most powerful for inducing membrane permeability [8].
However, importantly, during the very early stages, the large majority of aggregates are nonfibrillar,
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but a dynamic population usually returns to monomers [54]. This oligomer kinetics reinforce the idea
of a dynamic and critical seeding process within the cell membrane to foster cellular stress and cell
lysis. The key link between A {342 toxicity and cellular stress is still obscure. However, Butterfield and
colleagues suggested a close relationship with lipid peroxidation that takes place in the cell membranes
of neurons promoted by the peptide [55], which may support the catalytic role of aggregates upon
binding to the cell membrane.

Taken together, our results offer a broad picture of the relationship between Af aggregates
interacting with neuronal cells, cellular stress, and neuronal toxicity (Figure 9). Amyloid aggregates
formed in the early stages are the most harmful to N2a cells, which occur via interaction between the
membrane and aggregates of a suitable size and structure, followed by subsequent aggregate seeding
and growth, resulting in induced permeability until cellular lysis occurs in some cases. In summary,
the tools that we presented herein are fully validated and have general applicability to further explore
the cellular mechanisms underlying neurodegenerative diseases.
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Figure 9. Main findings in this work. A42 aggregates are bound to the cell membrane, acting as seeds
for further growth. This membrane interaction is accompanied by increased cellular oxidative stress,
finally leading to lysis and cell death.

4. Materials and Methods

4.1. Materials

Lyophilized Ap42 peptides labeled with HiLyte 488 dye (A{3-488) and HiLyte 647 dye (A-647),
were obtained from Anaspec Peptide (Seraing, Belgium). A total of 0.1 mg of each peptide was
dissolved in NHj (1%) at a total concentration of 66 1M, sonicated in ice in an ultrasound bath for 30
min, distributed in aliquots and frozen immediately in liquid nitrogen to avoid aggregation. SSPE
buffer (150 mM NaCl, 10 mM phosphate, and 1 mM EDTA) was acquired from Sigma-Aldrich (Madrid,
Spain). For neuronal cells experiments, and Krebs buffer (130 mM NacCl, 2.5 mM KCl, 25 mM NaHCO3,
1.2 mM NaH,POy, 1.2 mM MgCly, and 2.5 mM CaCl,, pH 7.2) was freshly prepared. To adjust the pH
of the buffers, NaOH and HCI (both from Sigma-Aldrich) were used. All chemical compounds were
used without any further purification. Cell viability assays were carried out using a CellTiter-Blue™
viability assay (Promega Biotech, Madrid, Spain).

The N2a (ATCC® CCL-131™) cell line used in these experiments is a cell line that comes
from Mus musculus brain neuroblasts and presents neuronal stem cell and ameboid morphology.
N2a cells were grown at 37 °C in Dulbecco’s modified Eagle’s medium (DMEM) from Sigma-Aldrich
supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine and 100 U/mL penicillin and
0.1 mg/mL streptomycin.

For the preparation of the biothiol probe, appropriate amounts of the powdered GG-DNBS
(2,4-dinitrobenzenesulfinate derivative of 9-[1-(4-tert-butyl-2-methoxyphenyl)]-6-hydroxy-3H-
xanthen-3-one) were dissolved in dimethyl sulfoxide (Sigma-Aldrich) to prepare a 0.36 mM stock
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solution. For imaging experiments, the fluorogenic probe was diluted in the buffer containing the cells,
down to a final concentration of 0.25 uM.

4.2. Instruments

Dual-color PIE-FLIM experiments were performed on a MicroTime 200 system (PicoQuant GmbH,
Berlin, Germany), as previously described [30]. As excitation sources, we used two pulsed laser
diode heads (PicoQuant) at Aex = 470 and 635 nm, with a repetition rate of 20 MHz, and alternating
in the nanosecond time regime for achieving PIE excitation. The excitation light was focused into
the sample throughout a 100, 1.4 numerical aperture (NA) oil immersion objective, which collected
the fluorescence emission and focused it to the 75-pm confocal aperture. Fluorescence was then
separated into two detection channels through a 600DCXR dichroic mirror, focusing the light on two
single photon avalanche detectors (Perkin Elmer, Hopkinton, MA, USA). A 520/35 or 685/70 bandpass
filter was employed to define the blue or red channel, respectively. A TimeHarp 200 time-correlated
single-photon counting (TCSPC) module (PicoQuant, Berlin, Germany) was used for photon counting,
data acquisition and imaging reconstruction.

We obtained raw images at a resolution of 0.26 um/pixel and a temporal resolution of 232 ps/channel
at the micro-time scale. Analysis of the images (separation and reconstruction of the different images
and FLIM imaging) was performed in the SymPhoTime 32 software (PicoQuant). For FLIM imaging of
the donor fluorophore, we fit the data to a single exponential decay function in the fluorescence decay
traces obtained in each pixel after a 5 X 5 spatial binning using the maximum likelihood estimator
(MLE) for parameter optimization.

We used in-house coded scripts in FiJi (distribution of Image]) [56] for the selection of colocalized
pixels in the three images (Ip, Irrer, and I4 images) in the intra-oligomeric FRET experiments to
selectively pick pixels corresponding to aggregates and scripts to quantify the average intensity per
pixel in the regions of interest of the fluorogenic biothiol probe.

For the cell viability assays, an FP-8500 spectrofluorometer (Jasco), equipped with a microplate
reader, was used to record the fluorescence emission spectra (Aex = 550 nm) of the CellTiter-Blue reagent
in each well.

TEM images were obtained using a Libra 120 Plus TEM microscope (Carl Zeiss SMT, Oberkochen,
Germany). It was operated at 120 kV and equipped with a LaB6 filament and an SSCCD 2 k x 2 k
direct coupling camera. TEM images of samples incubated at different times were collected by adding
aliquots on Formvar 300-mesh copper grids, washed twice with Milli-Q water and stained with uranyl
acetate 1% (w/v).

DLS measurements were carried out on a Malvern Zetasizer uV, equipped with an 850 nm laser to
avoid fluorescence interference with the 647-labeled peptides. DLS traces of the aggregates of A3-647
and A(3-488 formed in NH3, pH 12, and in SSPE buffer, pH 7.4, after 20 min of incubation were collected
using a 2 uLL quartz cuvette.

4.3. A Amyloid Aggregation

A[42 aggregates containing equimolar amounts of A3-488 and A(3-647 used in the FRET assay
were prepared at a total concentration of 0.5 uM for each peptide in SSPE buffer, and incubated for 15 h
at a physiological temperature (37 °C) with continuous agitation (360 rpm). A[3-647 aggregates, used in
the experiments with the fluorogenic biothiol probe, were described as above at a total concentration
of 1 uM. Aliquots were collected at different incubation times (0, 0.5, 1, 3, 24, and 48 h) and immediate
frozen in liquid nitrogen until use.

4.4. Cell Viability Assays

CellTiter-Blue® (Promega) viability assay, based on the resazurin — resorufin fluorogenic reaction,
was performed to study the cytotoxicity of AB42 aggregates. Cell viability of the samples treated with
AP42 aggregates was evaluated by the comparison with untreated controls, for which a cell viability of
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100% is assumed. Cells were grown, up to a population density of 10° cells/well, in black 96-well plates
with 100 pL of DMEM plus 10% FBS per well. The medium was removed after 24 h of cell culture
at 37 °C. Then, 100 uL aliquots of AB-647 incubated for different times were added to cells for 76 h.
Finally, 20 pL (20% v/v) of CellTiter-Blue reagent was added to each well and incubated for 20 min at 37
°C before fluorescence emission was measured.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/14/5035/s1.
Figures S1-54. Supplementary figures of the interaction of equimolar mixtures of labeled AB-488 and A(3-647
peptides (incubated for 15 h) with N2a cells. Figure S5. Additional examples of cell stress assays with the biothiol
probe (green channel), upon the addition of previously incubated AB-647 aggregates (red channel). Figure Sé6.
Second strategy for the assay of cellular stress induced by Ap-647 aggregates.
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FLIM Fluorescence lifetime imaging microscopy
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PIE Pulsed interleaved excitation
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Abstract: Some mutations which occur in the «/B-discordant region (resides 15 to 23) of -amyloid
peptide (AB) lead to familial Alzheimer’s disease (FAD). In vitro studies have shown that these genetic
mutations could accelerate AP aggregation. We recently showed that mutations in this region could
alter the structural propensity, resulting in a different aggregative propensity of A. Whether these
genetic mutations display similar effects remains largely unknown. Here, we characterized the structural
propensity and aggregation kinetics of Dutch-type A4 (AP40(E22Q)) and its L17A/F19A-substituted
mutant (AB49(L17A/F19A/E22Q))) using circular dichroism spectroscopy, nuclear magnetic spectroscopy,
and thioflavin T fluorescence assay. In comparison with wild-type A4y, we found that Dutch-type
mutation, unlike Artic-type mutation (E22G), does not reduce the «-helical propensity of the ot/ 3-discordant
region in sodium dodecyl sulfate micellar solution. Moreover, we found that Ap4(L17A/F19A/E22Q)
displays a higher o-helical propensity of the «/3-discordant region and a slower aggregation rate than
AB40(E22Q), suggesting that the inhibition of aggregation might be via increasing the «-helical propensity
of the a/p-discordant region, similar to that observed in wild-type and Artic-type Af49. Taken together,
Dutch-type and Artic-type mutations adopt different mechanisms to promote A aggregation, however,
the L17A/F19A mutation could increase the -helical propensities of both Dutch-type and Artic-type
Apy9 and inhibit their aggregation.

Keywords: NMR; CD; Aj3; 3-amyloid peptide; o/B-discordant; Dutch-type mutation; E22Q); familial
Alzheimer’s disease; FAD
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1. Introduction

On the basis of the amyloid cascade hypothesis [1,2], aggregation of 3-amyloid peptide (AfB) is
a crucial factor for the neuronal damage that leads to Alzheimer’s disease (AD). The clinical hallmarks
of AD are neurofibrillary tangles and senile plaques within AD patients’” brains. The major components
of these two hallmarks are tau protein and A, respectively. Af, about 38—42 residues in length,
is a derivative from sequentially enzymatic processing of transmembrane protein, called 3-amyloid
precursor protein (3APP). It has been reported that increased Ap production resulting from mutations
in the processing enzymes of B APP (such as (3- and y-secretase) [3] or B APP mutations close to the
cutting site of the processing enzymes [4,5] would cause family Alzheimer’s disease (FAD). Point
mutations within the A region of B APP have also been shown to cause family Alzheimer’s disease
(FAD), such as mutations occurring at A21 [6], E22 [7,8], and D23 [9,10] of Af3. Several studies have
shown that E22G (Arctic-type mutation), E22Q (Dutch-type mutation), and D23N (Iowa-type mutation)
mutations would alter the aggregation behavior [11] and structure property [12-17] of Af.

Structures of wild-type Ap in different environments have been reported. They adopted a mainly
random coil conformation [18] or a short «-helical structure in aqueous solution [19]. In SDS micellar
solution, two short a-helices were contained [20—22]. In the presence of large unilamellar vesicles
(zwitterionic lipid bilayers), a partially folded structure was shown [23]. In vitro experiments have
shown that A would aggregate into fibrils whose secondary structure was mainly 3-sheets [24-26].
Similar 3-sheet conformations were also observed for the A3 fibrils purified from AD brain tissue [27,28].
These findings suggested that A would undergo conformational transitions from random coil or
a-helix conformation into 3-sheet structure during the process of aggregation. However, the detailed
mechanism of the aggregation process of A remains unclear. The aggregative propensity of Ap is
linked to its structural conversion tendency which depends on its intrinsic structural propensity and
the local environments where it exists.

Previously, we reported that mutations located in the o/f-discordant region (resides 15 to 23)
of AB (E22G and L17A/F19A mutations) could either reduce or augment x-helical propensity of Af3,
leading to either an increase or a decrease of the rates of structural transition and fibril formation
of AP [21,29-31]. The results of these studies support the view that the «-helical and aggregative
propensities of A tend to be inversely correlated. It remains uncertain whether other FAD-related
mutations located in the A sequence would promote A aggregation by reducing the «-helical
propensity of A or not. We have been focusing on investigating the effects of FAD-related mutations in
the a/B-discordant region of A on the structural propensity of Af3. The effect of Arctic-type mutation
(E22G) on the structural propensity of A has been reported [16,30], however, the effects of other
FAD-related mutations on the structural propensity of A remain largely unknown. In the present
study, we applied nuclear magnetic resonance (NMR) and circular dichroism (CD) spectroscopies to
characterize the structural conformation of Dutch-type AR4g (AB4o(E22Q) in SDS micellar solution.
Moreover, the effects of Ala replacements at L17 and F19, which have been shown to increase the
a-helical propensity and decrease the rate of aggregation of wild-type Af4 and Arctic-type APy
(AB4(E22G)), on the structure and aggregation kinetics of Dutch-type A4, were also characterized.
Our data suggested that the structural conformation of A49(E22Q) in SDS micellar solution is very
similar to that of wild-type Af4y. There is only a slight difference between these two structures.
However, there is a more significant difference in x-helical propensity between Af4,(E22Q) and
AP4(L17A/F19A/E22Q)). These results are discussed in terms of the relation between the structural and
aggregative propensities of A mutants.

2. Results

2.1. Comparison of the Secondary Structures of Wild-Type AP and AB4(E22Q)

In our recent study, we reported the effect of Arctic-type mutation (E22G) on the structure of Ap
in SDS micellar solution. To gain more insight into the effect of FAD-related mutation at position 22 on
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the structure of A3, we characterized the structure of Af4(E22Q) in the present study. Ap4(E22Q)
had been found in FAD patients with severe cerebral amyloid angiopathy (CAA). To examine the effect
of E22Q mutation on the structure of Af3, we first analyzed the secondary structures of wild-type
Ap4p and AB4p(E22Q) in SDS micellar solution using circular dichroism (CD) spectroscopy. It can be
seen from Figure 1 that the CD spectrum of wild-type A4 shows a band with positive ellipticity at
around 192 nm and two bands with negative ellipticity at 207 nm and 221 nm which are CD spectral
characteristics of x-helix, suggesting that the secondary structure content of wild-type A4 in micellar
solution is mainly a-helix. The result is consistent with that obtained in the previous studies [30,31].
The CD spectrum of A4 (E22Q) displays a similar spectral pattern to that of wild-type AB4y with
a more positive ellipticity at around 192 nm and a slightly more negative ellipticity at 207 nm and at
221 nm, suggesting that Ap4(E22Q) adopts mainly a-helical conformation as well, and the a-helix
content of Af49(E22Q) might be slightly higher than that of wild-type Af4.
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Figure 1. Overlay of CD spectra of wild-type A4 (black), AB49(E22Q) (red) and AB4o(L17A/F19A/E22Q)
(blue) in 100 mM SDS micellar solution.

We further applied NMR spectroscopy to characterize the secondary structure of AfB4(E22Q) in
SDS micellar solution. In order to derive the secondary structure from the backbone atom chemical
shifts, we first accomplished the sequential backbone assignment of A49(E22Q). Figure 2A shows
the two-dimensional 'H-1N-HSQC spectrum of 15N-labeled Ap4(E22Q) in SDS micellar solution.
The result of residue assignment is shown in the figure. By comparison of the two-dimensional
1H-15N-HSQC spectrum of Af4(E22Q) with that of wild-type Af4, we obtained the effect of E22Q
mutation on the two-dimensional 'H-"’N-HSQC spectrum of wild-type ABy. Figure 2B showed the
superimposed two-dimensional "H-">N-HSQC spectra of wild-type and Dutch-type ABo. It is evident
that these two spectra look almost the same except for some amide proton and nitrogen cross-peaks
which displayed chemical shift changes as a result of E22Q mutation. According to the previously
assigned two-dimensional 'H-">N-HSQC spectrum of wild-type AB4g [30], some cross-peaks which
displayed relatively significant chemical shift changes on account of E22Q mutation were readily
assigned to L17, V18, F20, A21, and D23 (excluding E22). In general, there are three major factors which
contribute to the observed chemical shift perturbations of nitrogen (**N) and amide proton (*HN),
including the sequence effect caused by E22Q mutation, the conformational change induced by E22Q
mutation, and the interaction with SDS micelle altered by E22Q mutation. Further analysis revealed
that the chemical shift perturbations are very small (less than 0.05) as shown in Figure 2C, suggesting
that the effects of E22Q mutation on these three factors which cause chemical shift perturbations are
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very small. It can also be seen from Figure 2C that residues which displayed relatively significant
chemical shift perturbations resulting from E22Q mutation were located in the «/p-discordant region
(resides 15 to 23). This observation suggested that E22Q mutation might slightly affect the structural
conformation of the a/B-discordant region of A and/or the interaction of the «/B-discordant region of
AR with SDS micelle.

In order to confirm the inference that the effect of E22Q mutation on the structural conformation is
small, we used secondary chemical shifts of 3C* and '*CP which are mainly affected by the backbone
conformation of the amino acid itself instead of any direct through-space interaction, slightly affected
by the sequence [32], to estimate the secondary structure of AB4y(E22Q) [33-35]. Figure 3A shows
the comparison of B secondary chemical shifts of wild-type ARy and AB40(E22Q). It is apparent
that the 13C* secondary chemical shifts of wild-type Af4p and AB49(E22Q) look almost the same
except for a few residues in the o/B-discordant region which displayed slightly more positive 1>C*
secondary chemical shifts resulting from E22Q mutation. This result suggested that both wild-type
A4 and AP4(E22Q) adopted two short a-helices from residues 15 to 26 and residues 28 to 34 [35] and
a few residues in the «/B-discordant region might have adopted slightly higher o-helical propensities
(x-helicity) [33] as a result of E22Q mutation. By taking the 1Bk secondary chemical shift into account,
we further analyzed the effect of the E22Q mutation on the secondary structure of wild-type Ap 4.
The results are shown in Figure 3B. As expected, the differences between *C* and 13CP secondary
chemical shifts of wild-type A4 and AR40(E22Q) look almost the same. It can be seen from Figure 3B
that a few residues in the o/B-discordant region also displayed slightly more positive values of A§13C*
~AS13CP for AB4(E22Q) than for wild-type AB4g. This observation suggested that the E22Q mutation
might result in a slight increase in the «-helical propensities of a few residues in the o/B-discordant
region as well [34]. These findings were consistent with those observed from CD spectroscopy. Since
the slight differences in 1>*C* secondary chemical shifts (or A§'3C*-A813CP) between wild-type A4
and AB4(E22Q) are within the error limits of chemical shift measurements using three-dimensional
NMR spectra, one may argue that these relatively small differences might be overinterpreted. These
differences might merely come from sequence effect. At any rate, we may speculate that the effects
of E22Q) mutation on the secondary structure of Ap and the interaction of A with SDS micelle are
insignificant. Even though it exists, it is very small according to our NMR and CD data.
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