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Synopsis

The main motivation of all the works containing in the thesis is design and synthesis of novel
organic molecules for early-stage detection of amyloid fibrils and their mechanistic role in protein
misfolding disease, such as Alzheimer’s, Parkinson’s disease and prion’s disease. The early-stage
species generated in the pathway of aggregation of AB-42 and a-synuclein known as main culprits
for several neurological disorder, therefore systematic efforts at devising new fluorescent
molecular probes and drug molecules are indispensable to estimate and modulate the mechanism
of its formation.

Chapter 1. Introduction

In this chapter, we will give a brief introduction about the field which contains the information
about some remarkable work that has been done in this field starting from the first observation
of amyloid deposits nearly four centuries ago which is further culminated into the first atomic
structures of the amyloid fibrils. And the predicament of the field in order to introspect what are
the things are necessary to overcome the drawbacks. Ever since, abnormal aggregation of
amyloidogenic proteins (like, AP42, amylin, a-synuclein, insulin) and deposition of these
aggregates are believed to be associated with the several diseases known as amyloidosis. The
pathway of aggregation involves three distinct phases, such as, oligomeric, elongation followed by
plateau phase. Among them, the oligomeric phase of AP 42 and a-synuclein is involved in the
generation of transient oligomeric species suspected for several neurological disorders including
Alzheimer's, Parkinson's diseases. The aggregation process of proteins is associated with highly
complicated interactive transient species. Over the past decade has seen great progress in the
development techniques such as positron emission tomography (PET), single photon emission
computed tomography (SPECT) and magnetic resonance imaging (MRI) for non-invasive
detection of amyloid. But most of these techniques are expensive. Moreover, some of the
techniques involve complicated data analysis and exposure to radioactivity. Recently,
fluorescence-based techniques emerged as an efficient technique to understand the mechanism of
its formation, and gained radical information about the possible therapeutics’ routes of
amyloidosis. Therefore, in the past few years, scientists have devoted much more efforts at
devising new fluorescent molecular probes to estimate the mechanism of its formation, and gained
radical information about the possible therapeutics’ routes of amyloidosis. But such fluorescence
probes face serious limitations because of self-quenching at high concentration of the probe;
therefore, inappropriate for quantitative analysis and bio-imaging experiments. Hence, the smart
biocompatible fluorescent probes are indispensable, which can overcome the drawbacks of
conventional fluorescence probes. Additionally, establishing a potent scheme against aggregation
of protein involved in several neurological disorders has been evaluated as a promising route to
identify compounds that promote the aggregation process of protein. In the last two decades, this



perspective has guided a dramatic increase in the efforts, focused on developing potent drugs either
for retardation or promotion of the self-assembly process of proteins.

Chapter 2. Sensing and Modulation of Amyloid fibrils by Photo-switchable
Organic Dots

In this chapter, we have focused on developing promising photo switchable aggregation-induced
emission (AIE) dots (DPAPMI, CPMI) and aggregation caused quenching (ACQ) dots
(DMAPMI) based probes which can detect amyloid fibrils in terms of switching and enhancing its
fluorescence emission. Overall, these organic dots enhance the aggregation rate of insulin by
speeding up the microscopic processes, specifically, the secondary nucleation (with rate
constant k;) and the elongation process (with rate constant k,). Moreover, the comparison of
kinetic studies with ThT suggests that our organic dots can sense pre-fibrillar aggregates of
insulin during aggregation process, which may be beneficial for early-stage detection of amyloid
fibril. In summary, our study defines that these organic dots have quality for smart detection of
amyloid fibrils which can overcome the drawbacks arising from conventional probes followed by
detection of early pathways of aggregation and modulation of amyloid fibrils.
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Chapter 3. Early-stage detection of a-synuclein aggregation using curcumin-
based probe

Deposition of a-synuclein aggregates with characteristic of cross-f§ amyloid structure in
dopaminergic neurons of substantia nigra of the midbrain known as a main culprit for Parkinson’s
disease. Recent past, diverse study suggesting that small soluble oligomeric intermediates, appear
during the pathway of aggregation claimed to be toxic for neuronal cell death. From last two
decades people have developed different kind fluorescent probes in order to detect a-synuclein
aggregates but unfortunately most of the probes are insensitive towards soluble oligomeric
intermediates. Therefore, improved fluorescent probe is urgently required for early-stage detection



of a-synuclein. In continuation of this efforts, we have synthesized curcumin-based derivative
which have the potential to detect the oligomeric phase of alpha-synuclein.

Chapter 4. Development of a Systematic Strategy towards Promotion of o-
Synuclein Aggregation Using 2-Hydroxyisophthalamide-Based Systems

In this chapter we focused on establishing a potent scheme against a-synuclein aggregation
involved in Parkinson’s disease has been evaluated as a promising route to identify compounds
that either inhibit or promotes the aggregation process of a-synuclein. In the last two decades,
this perspective has guided a dramatic increase in the efforts, focused on developing potent drugs
either for retardation or promotion of the self-assembly process of a-synuclein. To address this
issue, by using a chemical kinetics platform, we developed a strategy that enabled a
progressively detailed analysis of the molecular events leading to protein aggregation at a
microscopic level in the presence of recently synthesized 2-hydroxyisophthalamide class of
small organic molecules based on their binding affinity. Furthermore, qualitatively we have
developed a strategy of disintegration of a-synuclein fibrils in the presence of these organic

molecules. Finally, we have shown that these organic molecules effectively suppress the toxicity
of a-synuclein oligomers in neuron cells.
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Chapter 1

History of Amyloid




History of Amyloid

1.1 Introduction
Deposition into amyloid plaques leading from misfolding of amyloidogenic protein is the
hallmark of amyloid disease'”. This abnormal deposition of the amyloid fibrils, known as the
leading cause of amyloidosis which is linked with many chronic disease that can be related with
aging, such as Alzheimer’s disease, Parkinson’s disease, Type II diabetes etc'. Therefore, from
the first discovery of amyloid deposits happened nearly four centuries ago that motivated
scientists to devote their attention to understanding the problems6. However, in the last two
years fibril’s structure have been set on in near atomic details because of some remarkable
methods to creates fibrils in-vitro as well as breakthroughs in (Cryo-EM) and solid-state N.M.R
spectroscopy (ss N.M.R). There are almost around 50 different proteins or peptides prone to
self-assembly into amyloid fibrils associated with human disease’. These precursors with a
distinct primary sequences are known to self-assemble into amyloid fibrils that accumulate into
extracellular plaques and intracellular inclusions associated with disease®”. Emerging evidence
has been shown that intracellular incorporation of amyloid with cellular physiology, such as
disrupting transport of proteins and RNA'" and by sequestering chaperones and proteasomes“.
Plaques from different phenotypic forms of the same disease can also accumulate different

o2 : 13-14
proteins and non-protemn components 3

to varying extents, potentially providing clues to the
different phenotypes observed within an amyloid disease. Sharing a common underlying
architecture is the trademark of amyloid fibrils, where the -strands within each protofilament
align perpendicularly to the long axis of the fibril, termed as a cross-f§ amyloid fold decided by
characteristic around 4.7-4.8 A repeat running down the fibril axis'>, which possesses an
extraordinary strength'®. Here we will discuss the history containing the information about
understanding of the amyloid fold and the discussion of the amyloid fibril structure, motivated
by recent literature reports of the fibrils of proteins which are associated with human
disease. We will also discuss the type of disease associated with this fibril and their effect on

modern civilization and the predicament of the field to introspect the things which are important

to do.
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1.2 History of Amyloid

It was 17 century where amyloid was first described as lardaceous liver and white stone-
containing spleen’, the term amyloid derived from amylum and amylon (Latin and Greeks
words for starch), respectively, and coined ~200 years later by Virchow on the basis of his
discovery that these deposits stained positively with iodine® . After 5 years Kekule discovered
that this plaque is predominantly protein based with carbohydrates, being ubiquitously
associated with these deposits'®. In the discovery of light microscopy, integrated with the
finding that amyloid deposits exhibit the unique tinctorial property of red-green birefringence in
the presence of Congo red 35 which revealed that amyloid is formed from highly organized
protein subunits'. Concurrently, the development of X-ray fibre diffraction studies showed that
amyloid fibrils could be the outcome of normally globular, soluble proteins by denaturing them
in vitro® leading to synthetic materials that could replace wool*” In 1968 Sandy Geddes, Bill
Aiken and their colleagues revealed the egg stalk of the lacewing fly by using X-ray fibre has a
distinct ~ 4.7 A repeating features down the fibril’s axis, which they named cross—B21. This
innovative work established a structural fingerprint for amyloid which exhibits that amyloid is
not simply associated with disease but can also perform physiological functions in an

: 22-25
organism .
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Figure 1.1. Progression of amyloid structures research over close to 400 years that has

culminated in the first atomic structures of amyloid fibrils*.

After 50 years since Geddes et al. named the termed cross-BZI, crucial information about the
structure of amyloid fibrils has been watering the scientific world, with dazzling information
coming from studies of fibrils formed form shorts peptides using X-Ray fibre diffraction®®, X-
Ray crystallography®’2® and ss-NMR*™*, cry-ET'* *** and cryo-EM>*°. The excellent ability
of self-assembly of synthetic peptides and naturally occurring amyloidogenic peptides, has
sparked useful development of different techniques. The collective efforts of these techniques
demystify the amyloid fold and assist us to visualize the beautiful structure formed by

amyloidogenic proteins or peptides. These structures enlighten us about the motif of cross
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—P structure, and combining these the data analysis from super resolution microscopy, cryo-
electron tomography and ss-NMR creating an idealogue for integrative structural biology that
allow us to see the structure of amyloid fibrils on multiple scales, from individual subunits and
their arrangement of fibrils deposition driven by cellular consequence and deposit into plaque

and tangles.

1.3 Disease Associated with Amyloid Fibrils Deposition

It was 1901 when Alois Alzheimer first reported the case of AD in his patient named Auguste
Deter***!. Since this work which included the post-mortem visualization of congo-red positive
plaques in the brain, scientists have devoted their attention to find the possible route to cure the
disease. Recently more than 50 diseases associated with amyloidogenic proteins have been
identified, which leads to a greater number of diseases related to the sequence of the precursor
and the site of amyloid deposition™ 2 These diseases included neurodegenerative disorders,
involving the aggregation of AB43 and Tau™. Apart this there many diseases involving in
aggregation of protein such prion disease (PrP)®, Huntington disease (huntingtin46), PD (a-
synuclein47) and amyotrophic lateral sclerosis (ALS; superoxide dismutase (SOD), TAR DNA
binding protein*® (TDP 43), type II diabetes involves the aggregation of amylin (known as islet
amyloid polypeptide (IAPP)*). Amyloid polypeptide in the islets of Langerhans; in AL
amyloidosis, antibody light chains are deposited in the kidney and hearts™ and in dialysis-
related amyloidosis, B2 macroglobulin (b2m) associated with the amyloid plaques in the
osteoarticular tissue’’. There are also debates between amyloid diseases, such as patients with
type 1I diabetes have higher risk of AD**, The non-amyloid component (NAC) of a-synuclein

has been found in the patient with AD”>.

1.4 Types of Techniques

From the past decade scientist have come out with the progressive development about imaging
probes for non-invasive detection of AP based on the role of AP accumulation in AD
diagnosis, mainly relying on techniques such as positron emission tomography (PET)*, single
photon emission computed tomography (SPECT)> and magnetic resonance imaging (MRI)™.
Particularly, various probes involved in PET have shown good efficacy for imaging A} in AD

157

brains including florbetapir (18F) and flutemetamol”'. But unfortunately, these probes are
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highly costly’®, narrow isotope availability and short-lived isotopes of PET probes and the
radioactivity of SPECT have confined it for clinical useability”. Recently most of the available
PET imaging requires expensive instruments, highly skilled personnel, time-consuming data
analysis and unavoidable radiation exposuresg. Therefore, alternative technologies which are
relatively cheaper and easy to handle have attracted burgeoning interest. Apart from these the
optical imaging especially near-infrared fluorescence (NIRF) imaging is highly efficient
compared to PET, SPECT and MRI because it is real-time, inexpensive, not radioactive and
high resolution both in-vivo and ex-vivo™. Moreover, NIRF imaging instruments are relatively
inexpensive compared to PET. Specifically NIRF probes are favorable for the detection of
AP in-vivo because emission wavelengths in the NIR range (650-900 nm) are distinct from the
autofluorescence of biological matter which is useful for in-vivo applications. Therefore, from
the last two decades scientists have devoted their attention to developing A fluorescent probes
and use to detect APin vitro and in vivo®. The current research about the technical
developments indicates that the A fluorescence imaging is an efficient technique which in

future could be feasible and widely used for clinical purposes.

1.5 Positron Emission Tomography (PET)

Positron emission tomography (PET) is a technique specifically used to measure the metabolic
activity of the cells of the body and tissues which is the combination of nuclear medicine and
biochemical analysis.62 Most of the time PET helps to visualize the biochemical process taking
place in the body such as the metabolism (the process by which cells change food into
energy). PET is a kind of nuclear medicine procedure that means that a very little amount of a
radioactive substance, called a radiopharmaceutical, is used during the procedure to assist in the
examination of the tissue under study.63 PET is mostly used in conjunction with other
diagnostic tests, such as computed tomography (CT) or magnetic resonance imaging (MRI) to
provide more definitive information regarding cancerous tumors and other lesions®.

The main principle of how PET functions is a scanning device (a machine with a large hole at
its center) to detect photons emitted by radionuclide in the organ on tissue being examined®.
Mostly the radionuclides used in PET scans are made by attaching a radioactive atom to

chemical substances which are particular organs or tissue during its metabolic process®.
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Generally, PET scans are used for the detection of cancer and diagnose dementia conditions that

) ) ) . 67
involve deterioration of mental function®’.

1.6 Single Photon Emission Computed Tomography (SPECT)

Single photon emission computed tomography (SPECT) scan is an imaging technique that track
the flows of a blood on tissue and organs.68 It can be useful to diagnose seizures, stroke and
infections and tumors in the spine®. The work principle of SPECT imaging is nuclear imaging
scan that coupled with integrates computed tomography (CT) and a radioactive tracer. Initially
the tracer is injected into the bloodstream which is radiolabeled meaning it emits gamma rays
which can be detected by the CT scanner. The computer that collects the information by the
gamma ray and displays it on the CT cross-sections which added bac together to form 3D image
of your brain. Typically, the radioisotopes used in SPECT to labeled tracers are iodine-123,
technetium-99 m, xenon -133, thallium-201 and fluorine-18. The principle of SPECT is slightly
differed from a PET scan in that tracers stays in your blood stream rather than being absorbed
by surrounding tissues. Moreover, SPECT is relatively cheaper and more readily available than

higher resolution PET scan.

1.7 Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI) is basically known as a non-invasive imaging technique
which constructs three dimensional detailed anatomical images, frequently used for diagnosis,
detection and treatment monitoring.70 This technique is one of the sophisticated technologies of
modern age which excites and detects the change in the direction of the rotational axis of
protons found in the water that makes up living tissues. The working principle of MRIs employs
powerful magnets which produce a strong magnetic field that forces protons in the body to align
with the field. In the presence of radiofrequency pulsed the current is then pulsed through the
patient and the protons are stimulated and spin out of equilibrium straining against the pull of
magnetic field. But when the radio frequency pulse turnoff MRI sensor starts detecting the
energy released by protons realigned with the magnetic field. The time-lapse between
realignment with the magnetic field as well as the amount of energy released depend on the

environment and the chemical nature of the molecules. MRI scanner is mostly used for imaging
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the non-bony parts or soft tissue of the body whose working principle is slightly differ from

computed tomography (CT), in that they are free from damaging ionizing radiation of x-rays.

1.8 Types of Fluorescent Probes

In continuation of these efforts people have developed different kinds of probes like charge
transfer (CT)71, molecular rotor’* and aggregation induced emission (AIE) based probes73 . The
quality of charge transfer probes lies on the fact that quality it switches it fluorescence emission
upon binding with amyloid fibrils, where molecular rotor-based probes enhanced it fluorescence
emission upon binding with amyloid fibrils because of the restriction of intramolecular rotation
inside the fibrillar grooves. But AIE based probes have a quality of detecting amyloid fibrils in

terms of disaggregation induced fluorescence switching.

1.9 Molecular Rotor Based Probes

Molecular rotors are a smart class of fluorophores, specially categorized by their ability to
undergo twisted intramolecular charge transfer (TICT).”*”® The typical features of this class of
probes basically consists of three parts: an electron-donating unit, an electron-accepting unit and
a pi-conjugated linking moiety, which allows electron transfer to occur in the planar
conformation. The strong electrostatic forces upon irradiation cause twisted conformation
around the o-bond in the linker region. This nonplanar arrangement leads to a lower excited
energy which is associated with either a red-shifted fluorescence emission or can undergo a
non-radiative torsional relaxation pathway depending on the molecular structure of the rotor.”®
This TICT property is highly sensitive to their environment. Because of this excellent quality of
these probes (Figure 1.2) serving as a potential marker for amyloid detection since the last two

decades.”"
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Figure 1. 2. Types of molecular rotor-based probes.78

1.10 AIE (Aggregation Induce Emission) Based Probes

AIE is a class of luminogens that are emissive as a molecular species but highly luminescent as
aggregates. The name of this class of probes was first coined by Tang et al.in 2001.% The
principal mechanism of AlE-active luminogen has been rationalized such a fashion that its
exhibits no emission when it is molecularly dispersed, and become emissive when it forms
aggregates because of restricted intramolecular motions including rotations, vibration through

which it dissipates excited state energy by boosting the nonradiative decay.81

Upon
aggregation, the RIM (Restricted intra-molecular) process is getting activated by stopping the
radiation less consumption of the excitation energy which populates the radiative decay
channels. Because of this unique quality of this class of probes (Figure 1.3) made it an

excellent marker for amyloid detections.
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1.11 ICT (Intramolecular Charge Transfer) Based Probes

Intramolecular charge transfer (ICT) is a class of fluorescent probes used for several
technological applications, including organic light emitting diodes (OLEDs), dye-sensitized
solar cells and nonlinear optical (NLO) materials.* In a D-A a donor to the accept or moiety
through a pi-electron bridge, C-T takes place by a mechanism called through space charge
transfer. In the case of m conjugated organic molecules made of electron donor (D) and acceptor
(A) subunits, the process has attracted a burgeoning interest due to massive technological
implications. Because of this extraordinary quality these kinds of probes emerged as a potential

marker of amyloid.” ¥ %
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1.12 Mechanism of Protein Aggregation

The general process of amyloid fibrils formation is the aggregation of monomeric protein via
common nucleation growth mechanism where monomeric precursor protein initially unfolded
or partially folded.®™ Occasionally the native protein itself initiates the aggregation process. At
first the assembly of fibrils lead to the formation of oligomers which are dynamic, transient
heterogeneous and of unknown and possibly diverse structure. After that oligomers further
associate to produce higher-order aggregates. These critical nucleus formed prior to the
initiation of polymerization known as kinetically most unstable species and the probability of
nucleate formation mostly determines the length of the lag time of amyloid assembly and the
possible age of the disease.” During the course of self-assembly, the individual precursor

undergoes a structural transformation to form B-sheet rich secondary structure.*® Once the fibrils
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form cross-f structure they can fragment to produce new fibril ends which recruit monomers,
shortening the length of lag time and causing an exponential fibrils growth. Other processes like
secondary nucleation in which the small oligomers catalyzed the pre-existing fibril and enhance
the rate of fibril formation. Therefore, understanding the combined nature and estimate the rate
of fibril assembly is vital for elucidation of fibril formation mechanisms both in vitro and in
vivo environments. But because of the complexity associated with aggregation networks the
analysis of aggregation kinetic data is a hectic job. Therefore, describing a framework using
quantitative kinetic assays and global fitting to evaluate and support a molecular mechanism for
aggregation reaction which is compatible with experimental kinetic data. Furthermore,
misfolding of amyloidogenic peptides and proteins and its deposition into amyloid fibrils has a
route in many phenomena, ranging from the functional machinery in biology to the production
of novel nanomaterials. The main interest in this process has come from the perception-this
protein-aggregation is directly connected to a range of human conditions from Alzheimer’s
disease to type 2 diabetes. Recently, inhibition and promotion of protein aggregation into
amyloid fibrils thus represents a vital scheme for the development of efficient drugs against

protein misfolding disease.

Generally, the inhibition strategies mainly concentrate either on blocking the production of
aggregation or on disintegration of amyloid fibrils. However recent trials have instead focused
on altering or delaying the aggregation process itself that solely achieved using compounds
which bind noncovalently to different types of protein species during the course of aggregation
for example small drug like molecules, molecular chaperons, antibodies and nanoparticles.
Similarly, it was also found that the aggregation reaction is a complex nonlinear process where
aggregating proteins can simultaneously act as the reactants, products and intermediates and
catalyst of the reaction®. In Spite of this urgency, the fundamental physical principles
controlling the regulation of protein aggregation into amyloid fibrils remain unclear.
Specifically, it remains challenging to develop a quantitative relation between drug binding to

different aggregating species and the resulting impact.
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Figure 4. Microscopic mechanisms of protein aggregation and possible inhibition pathways. in
the presence of drug molecules®. A) Schematic representation of the microscopic steps of
protein aggregation into fibrils (B, Left) Potential target species during protein aggregation and
associated binding rate. (B, Right) Schematic diagrams showing the microscopic steps that are

targeted by the inhibitor.

1.13 Motivation of The Thesis
In the previous sections, we have extensively discussed the history of amyloid and the disease

associated with it and the possible techniques scientists have developed to understand the process.



History of Amyloid

Where we observed the great progression in the development of the techniques to understand and
combat the process such as positron emission tomography (PET), single photon emission
computed tomography (SPECT) and magnetic resonance imaging (MRI) for non-invasive
detection of amyloid. But most of these techniques are expensive. Moreover, some of the
techniques involve complicated data analysis and exposure to radioactivity. Recently,
fluorescence-based techniques emerged as an efficient technique to understand the mechanism of
its formation, and gained radical information about the possible therapeutics’ routes of
amyloidosis. Therefore, in the past few years, scientists have devoted much more efforts at
devising new fluorescent molecular probe stop estimate the mechanism of its formation, and
gained radical information about the possible therapeutics’ routes of amyloidosis. But such
fluorescence probes face serious limitations because of self-quenching at high concentration of
the probe; therefore, inappropriate for quantitative analysis and bio-imaging experiments. Hence,
the smart biocompatible fluorescent probes are indispensable, which can overcome the drawbacks
of conventional fluorescence probes. Additionally, establishing a potent scheme
against aggregation of protein involved in several neurological disorders has been evaluated as a
promising route to identify compounds that promote the aggregation process of protein. In the last
two decades, this perspective has guided a dramatic increase in the efforts, focused on developing
potent drugs either for retardation or promotion of the self-assembly process of proteins. In this
thesis, we are going to focus on developing the systematic scheme on designing and synthesis of
novel organic probes which can detect the aggregating species of proteins such as insulin and a-
synuclein, and help us to gained radical information to develop the possible therapeutics routes of
amyloidosis. Then, we are going to show a potent strategy against o.-synuclein aggregation using
newly design 2-hydroxyphthalimide-based systems that enabled a progressively detailed analysis
of the molecular events leading to protein aggregation at a microscopic level followed by

effective suppression of the toxicity of a-synuclein oligomers in neuron cells.
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2.1 Introduction

Misfolding of amyloidogenic protein and the deposition of this protein agglomerates in different
part of the human body, has the involvement in the pathology of amyloidosis, such as Alzheimer’s
disease, Parkinson’s disease, Prion diseases, type II diabetes etc.l® Certainly, i) the continuous
rapid detection of amyloid fibrils formation, differentiation of transient species with distinct
structural features and the attenuation of the single molecular resolution of oligomeric species and
gaining the radical information on the structure and dynamics of amyloid fibrils formation are of
significant diagnostics importance. In order to evaluate the amyloidogenesis of proteins, so far
many efforts have been made for non-invasive detection of these aggregates mainly relying on
techniques, such as magnetic resonance imaging (MRI),” positron emission tomography (PET),®
single-photon emission computed tomography (SPECT)?® etc., and most of these techniques used
expensive instruments. Moreover, some of the techniques involve complicated data analysis and
exposure to radioactive radiation.'® Several biophysical techniques, such as circular dichroism
(CD), light scattering, X-ray scattering, Fourier transform infrared (FTIR), and atomic force
microscopy (AFM) have been used extensively to study amyloid fibrils in-vitro.!! In addition to
the above-mentioned techniques, fluorescence-based techniques are attracted burgeoning interest
for both in-vivo and in-vitro detection of amyloid fibril because of its simplicity, cost-
effectiveness, and high sensitivity. Several small organic molecules have been designed for the
imaging of amyloid fibrils.*2” Sensors like curcumin, BODIPYs, p-FTAA, AS140-MFC have
been developed for the detection of amyloid fibrils.'®?! Most of the cases the detection is based on
the enhancement of fluorescence intensity of the probes.'? 2227 Such enhancement of fluorescence
is mainly due to the incorporation of fluorophore in complex fibrillar matrix, which leads to an
increase in the frictional forces around the probe resulting in severe retardation in the torsional
motion around rotating single bond. However, such intensity-based assessments are susceptible to
self-quenching at higher concentrations of probe, making the fluorophore unsuitable for
quantitative analysis.?® Recently discovered aggregation-induced emission (AIE) based probes are
able to circumvent the issue of conventional fluorescent probes, which arises at high
concentration.?® This is because AIE-based molecules generally “switch on” their fluorescence in
the aggregated state.®3? Recently the development of such AIE-active molecules is of great

interest in biological science®*®°, because of their efficient usefulness in bio-imaging
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applications®* and protein fibril detection®® 3738, Typically, most of the cases AIE-based probes
are non-emissive in buffer, but light up their fluorescence at a single wavelength upon binding
with different species of aggregates during the fibrillation process of amyloidogenic protein.3% 37"
39 However, few cases such single intensity-based probes exhibit undesirable false positive AIE
signal due to initial aggregation before binding to the amyloid fibril.>**! In order to circumvent
this problem, one needs an AIE based polarity sensitive probe, which exhibits AIE at_single
wavelength and switches its fluorescence emission to another wavelength upon binding to the
amyloid fibrils. In continuation of this effort, here we are going to present a series of donor
acceptor-based charge transfer probe molecules, which forms AIE dots (DPAPMI, CPMI) and
ACQ dots (DMAPMI) in buffer®?and able to sense insulin amyloid fibrils in terms of
disaggregation induced fluorescence switching and fluorescence enhancement. This is the first
report where we have shown the AIE based probes, DPAPMI and CPMI can exhibit large shift its
emission maxima ~130 nm and ~80 nm, respectively, upon binding to the amyloid fibrils. The
huge shift in emission maxima of these probe molecules makes them beneficial for imaging of
amyloid fibrils. In addition, our comparative kinetic studies with thioflavin T (ThT) unveil that
these organic dots are sensitive towards pre-fibrillar aggregates during aggregation process of
insulin.

Very recently, several reports have demonstrated that oligomers of amyloidogenic proteins
(like, AB 42 and alpha-synuclein, amylin) play a key role for several neurological disorder
including Alzheimer’s and Parkinson diseases.***® Moreover, the oligomers of insulin interrupt
the outgrowth and complexity of neuron-like PC12 cells.*® Therefore, manipulating either the
pathway of oligomerization or the pathway of oligomer to mature fibrils have advanced
considerably in recent years. In continuation of this effort, significant approaches have been made
to modulate the fibrillation process of amyloidogenic protein through intrinsic modification of
monomeric structure, tuning the environment condition either by changing pH and ionic
strength*” or, peptides, nanoparticle and biopolymer etc.*6->* However, the bigger size of the
biopolymers and peptide experiences difficulty in crossing the blood-brain barriers; similarly, the
inorganic nano-particles are toxic for cell.*® ® In order to resolve these problems, effective
biocompatible molecules/species are necessary to resist the amyloidosis by reshaping the rate of

fibrillation of the protein. In this context, we further examine how AIE and ACQ dots of our probe
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molecules modulate the fibrillation rate of insulin, precisely the rate of formation of oligomer to
mature fibrils. Our results showed that these organic dots accelerate the aggregation rate of insulin,
especially, the oligomer to mature fibrils by speeding up the microscopic processes such as the
secondary nucleation (with rate constant k2) and the elongation process (with rate constant k-). In
summary, our study demonstrates these organic dots are suitable for the imaging, early-stage
detection of amyloid fibril formation and the modulation of amyloid formation pathway.
2.2 Results and discussion
2.2.1 Characterization of the organic dots

The probe molecules DPAPMI, CPMI and DMAPMI were synthesized and characterized
by our group.*? The AIE dots of DPAPMI, CPMI was prepared in 90:10 water/THF mixture, and
the resultant probe concentration of the solutions was 1 mg/ml. Then, the solutions were sonicated
vigorously for 1h. The formation of AIE dots of these probe molecules confirmed by using
scanning electron microscopy (Figure 2.1a, b, ¢) and DLS measurements (Figure 2.1d, e, f). On
the contrary to DPAPMI and CPMI, DMAPMI forms ACQ dots at the same condition. The

scanning electron microscopic study indicates that these probe molecules form spherical dots.
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Figure 2.1 SEM images of the organic dots derived in 9:1 water/THF mixture. a) DPAPMI, b)
CPMI, c) DMAPMI. Particle size distribution via dynamic light scattering (DLS) in water/THF
mixture of d) DPAPMI, e) CPMI, f) DMAPMI.
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2.2.2 In-vitro detection of insulin amyloid fibrils by the organic dots

The emission spectra of DPAPMI, DMAPMI and CPMI in aqueous solution (in Tris-HCI
buffer of pH 7.4) and the presence of insulin fibril have been recorded, and the results are shown
in Figure 2.2. Here it is necessary to mention that DPAPMI and CPMI in buffer form AIE dots
and exhibit aggregation-induced emission (AIE) around 560 and 510 nm, respectively. The
emission is attributed to the restriction of intramolecular rotation of charge-transfer (CT) state of
the molecules in the aggregated state in the presence of poor solvent, such as water.*? Interestingly,
the emission spectrum of DPAPMI shows huge hypsochromic shift (130 nm) from 560 to 430 nm
upon addition of insulin fibril along with significant enhancement of fluorescence intensity,
thereby leading to change in color from orange to blue (Figure 2.2a). Similarly, CPMI exhibits
fluorescence color switch from green (~510 nm) to blue color (~420 nm) upon the addition of
insulin amyloid fibrils (Figure 2.2b). Both the cases, the switching in emission color indicates that
the molecules at low energy CT state reaches to high energy locally excites (LE) state upon
addition of amyloid fibrils, in which biphenyl/carbazole rings are not properly oriented for
effective charge transfer process to take place. Moreover, the hypsochromic shift in emission
spectra manifests that the molecules prefer to go hydrophobic surface of insulin fibrils resulting in
the disaggregation of AIE dots because of change in polarity around it. Time-resolved fluorescence
measurement have been carried out to understand the effect of the excited-state dynamic of both
the probes. The average decay time of the probe at the CT state (Aex = 375 nm, Aem = 550 nm) of
DPAPMI decrease upon addition of amyloid fibrils (Appendix 2.3, Appendix table 2.2 in
Appendix), which may be an indication of disaggregation of the aggregated states of the
molecules. On the other hand, an increase in the average lifetime at LE state (Aex = 375 nm, Aem =
435 nm) of DPAPMI infers the stabilization of the molecules at the LE state in presence of fibrillar
assembly (Figure 2.2d, Appendix Table 1,2 in Appendix). Surprisingly, in the case of CPMI, we
have observed increment in the lifetime at both LE (Aex = 375 nm, Aem = 420 nm) and CT (Aex =
375 nm, Aem = 510 nm) state (Figure 2.1e, Table 2.1a, b, and Appendix 2.4 in Appendix) indicating
that both the states of CPMI are getting stabilized in the presence of insulin amyloid fibrils. In a
nutshell, both DPAPMI and CPMI can be considered as ‘fluorescence switching’ probes for the

detection of amyloid fibril. In particular, the huge shift in the emission spectra is helpful for
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fluorescence imaging experiments due to the relatively reduced background noise, which may

improve the detection limit significantly.
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Figure 2.2 a), b), c) Emission spectra (Aex = 350 nm) of DPAPMI, DMAPMI and CPMI,
respectively in the presence of 0 (black) and 50 uM (green) insulin fibrils. d), ), f) Emission
transient decay of DPAPMI, DMAPMI (Aex = 375, Acol = 435 nm), and CPMI (Aex = 375, Acol =

420 nm), respectively in the absence (black) and presence (green) of insulin fibrils.

Contrary to DPAPMI and CPMI, DMAPMI exhibits fluorescence “turn on” property
(Figure 2.2¢) in the presence of amyloid fibril. Here it is pertinent to mention that DMAPMI
exhibits negligible fluorescence in water due to aggregation caused quenching (ACQ) effect
attributing to the smaller size of the dimethyl-amino (DMA) groups, which are not sufficient
enough to disturb the m—m stacking interactions between the core PMI moieties in the aggregated
state. The negligible fluorescence in water may be attributed to the highly efficient CT process in
DMAPMI (compared to DPAPMI and CPMI) due to maximum overlap of donor-acceptor orbital,
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as it is also evident from the minimum angle between the DMA and PMI cores observed in the
crystal of DMAPMI.#? As the CT state is highly stabilized in water, non-radiative decay pathway
dominates, thereby leading to the negligible fluorescence in water. Now, upon interaction of
aggregated fluorescent probe with hydrophobic amyloid fibril, the probes are disaggregated
followed by their distribution over the hydrophobic binding sites of amyloid plaque surfaces,
which results in the increase of fluorescence intensity of the probes. A significant increment in the
average excited-state lifetime of the probe (Figure 2.2f) molecules also supports that the non-
radiative decay path of the probe is getting prevented in the presence of amyloid fibril due to the
interaction between molecule and amyloid fibril. Overall, DMAPMI acts as a fluorescence ‘turn
on’ probe for the detection of amyloid fibril. In particular, ‘turn on’ fluorescence property of the
probe is desirable due to low background noise and high sensitivity when binds to amyloid fibrillar
assembly in the biological system.

2.2.3 d-STORM imaging of insulin amyloid fibrils stained with the organic dots.

In the pursue of visualization of amyloid fibrils surface in the presence of our organic dots, super-
resolution microscopy was performed by using d-STORM (stochastic optical reconstructions
microscopy) setup. The d-STORM technique has been proven to overcome the challenges of
diffraction limit which generally faced by common light microscopy. Here, we observed the probe
molecules (AIE/ACQ in buffer) forming spherical dots that exhibit bright fluorescence (Appendix
2.7). However, when incubated in the presence of insulin fibrils, several elongated features were
noticed along with the spherical dots. The images were then digitally processed (recipe, Appendix
2.4.10) and compared with the corresponding raw images in Figure 2.3. Overall, d-STORM
microscopy study suggests that our molecules can be useful for high resolution imaging of amyloid
fibrils.
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Figure 2.3 Original d-STORM super-resolution microscopic images of insulin fibrils stained with
our probe molecules in comparison with post processed images. Processing steps were shown at
the top of each vertical panel and sample 1D was shown at the left side of corresponding original

images.
2.2.4 Monitoring the disaggregation of the organic dots by FLIM

In order to confirm the disaggregation of AIE/ACQ dots at charge transfer state and the
distribution of probe molecules on the surface of amyloid fibrils, we map the AIE/ACQ dots of
our probe molecules in the presence and absence of amyloid fibrils using fluorescence lifetime
imaging microscopy (FLIM). The FLIM images also show that the AIE/ACQ molecules form
spherical dots in buffer solution at the specified molar concentration (Appendix 2.8). But addition
of amyloid fibril renders the change of surface morphology of the resultant hybrid. This was shown
in Figure 2.4, where a stepwise image analysis (recipe, SIT) were performed in order to identify

the underlying insulin fiber matrix using Frangi filter, ?* which is a very
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powerful tool in identifying_fibrous structure hidden in an image which otherwise difficult to see.
The fluorescence lifetime histograms were achieved by graphing the lifetime distribution extracted
from the images and was shown in Figure 2.5. A monomodal distribution of lifetime centered
typically at ~6 ns was observed for the DPAPMI and CPMI samples (Figure 2.5a), 5c),
respectively). Interestingly, the lifetime distribution shifted to a higher time-scale, typically ~7.5
ns, for both the samples in the presence of insulin fibrils (Figure 2.5b) and 5d), respectively). The
shift in average lifetime towards the higher time-scale can be a result of change in the micro-
heterogeneous environment around the probe molecule or stabilization of the LE state at the
aggregated condition. In either case, the shift supports the binding of our probe molecules on the
surface of fibrous matrix. In addition, the distribution width become narrower (with a small tail
towards the lower lifetime window) upon cohabitation with the fibrils. As DMAPMI is very
weakly fluorescent in buffer, we could not able to get proper FLIM image of DMAPMI. However,
upon installation of insulin amyloid fibrils, we could able to get proper FLIM image, and FLIM
image depicts that average lifetime distribution of DMAPMI is centered at ~10 ns (Appendix 2.9).
In summary, the FLIM data infers that the AIE/ACQ dots of the probe molecules are getting

disassemble and coated on the hydrophobic surface of the fibrillar matrix.
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Figure 2.4 Original FLIM-Z stack (400x400 pixel) images (Aex = 405 nm, Aco =430-700 nm) of
insulin fibrils stained with our probe molecules in comparison with post processed images.
Processing steps were shown at the top of each vertical panel and sample ID was shown at the left

side of corresponding original images
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Figure 2.5 Lifetime distributions of fluorescents probes in the absence and presence of amyloid
fibrils fibrils; a) DPAPMI in buffer, b) DPAPMI in fibrils, ¢) CPMI in buffer and d) CPMI in
fibrils.
2.2.5 Effects of organic dots on the aggregation kinetics of the insulin

To investigate the effects of the organic dots on the insulin fibrillogenesis, we monitor the
change in CD signal at 220 nm with respect to time in the absence and presence of probe molecules
at pH 2 (Figure 2.6a, b). The native insulin at low pH shows alpha-helix in structure with two
negatives cotton effects at 208 and 222 nm, and this secondary structure of insulin changes from
alpha-helix to cross B-sheet upon incubation at 65° C over time, which is required for fibril
formation.®® The collected aggregation profiles of different concentrations of insulin are fitted
globally using single rate law, where the microscopic rate constants are fixed, and only the
independently measured initial concentrations are entered as initial conditions for the individual
experiments. Then, we performed quantitative analysis of the aggregation profiles based on rate
law derived from the master equation (equation 1) that associates the macroscopic time evolution

of the quantity of fibrils (M(t)), which is the function of the rate constants (k+, ko, kn in equation
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1) related to the different microscopic events.® This approach using the chemical kinetic for the
quantitative detection of the effects of organic dots on the aggregation process do not require prior
knowledge of the elusive structure of toxic species of the aggregation-prone proteins.>?
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Figure 2.6 a) Kinetic aggregation study of insulin (at pH 2 and 65° C) monitored by far-Uv CD
at 220 nm @ 50 uM Insulin 100 uM Insulin. b) Kinetic aggregation study of insulin (at pH 2
and 65° C) monitored by far-UV CD at 220 nm® 0 puM probes® 8 uM CPMI, ® 8 uM DPAPMI
and © 8 uM DMAPMI.

The analyses from the aggregation profile of 50 uM insulin in the presence of our organic dots
suggest an appreciable modulation of the fibrillation process. A relative increment in the
microscopic rate constant kn (primary nucleation) and k. (elongation) in the case of DPAPMI, and
prominent enhancement of k> (secondary nucleation) along with k+ (elongation) in the case of
CPMI and DMAPMI (Appendix 2.1, Figure 2.6b), has been observed. These results are coaxial
with the classical nucleation-elongation model for fibrillation kinetics, but differ in the mode of
action depending on the choice of our organic dots. While, the organic dots of DPAPMI catalyze
the aggregation process through homogeneous nucleation, the other organic dots (CPMI and
DMAPMI) do it through a heterogeneous nucleation pathway. It is worth to mention here that,
though most of the mature fibrils are originated from the soluble oligomer through a primary
nucleation (homogeneous) pathway commonly characterized by a sigmoidal growth dynamics®,
however, once the critical concentration of mature aggregates is reached, a competitive secondary
nucleation (heterogeneous) can starts and soon overhauling the primary nucleation process,

occasionally characterized an exponential growth of the fibrils.>*>® Notably, many studies
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speculate that the secondary nucleation process identified as the origin of toxic oligomer in the
brain of patients suffering from Alzheimer’s disease.’® Therefore, it would be very interesting if
one can understand and modulate the secondary nucleation process in addition to the primary
nucleation process, which indeed is an additional rationale of our present study. Altogether, from
this analysis we concluded that the nucleation and elongation process are getting speed up in
presence of our organic dots upon binding to the oligomeric species, which provide a catalytic
surface for incoming monomer leading to the promotion of the mature fibrils. The fibrillation was

schematically shown in Figure 2.7.

Table 1 Microscopic rate constants in the presence and absence of our probe molecules.

Process Primary nucleation | Secondary nucleation E]ongation (ky) Mist
Rate constant (ky) mist (k,) M2s?
cee ©®
50 uM Insulin 0.646 £ 0.041 (4.17 £ 0.48) x10* (2.54 £0.19) x10°
50 uM Insulin+ DPAPMI 247+0 203+0 (1.07 £ 0.36)x10°
50 uM Insulin+ CPMI 0.668 +0.12 (2.77 £ 0.83) x10° (7.16 £ 1.2) x10°
50 uM Insulin+ DMAPMI 103 +042 (8.80 £ 3.4)><105 (2.08 £1.7) x10¢
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Figure 2.7 Schematic representation of the effect of probe molecules on aggregation mechanisms

underlying the formation of amyloids from human insulin at pH 2.
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2.2.6 Study of the morphological change of amyloid fibrils by the organic dots

To understand the effect of our organic dots on the morphology of insulin fibrils, we have
carried out the AFM study of the insulin fibrils in the presence and absence of these organic dots
at two different pH. The raw images are then subjected to several image processing steps (recipe,
Appendix) in order to extract the useful information from the analysis. The comparison of the
original image with that of final processed results are shown in the Figure 2.8 and 9 for pH 2 and
7.4, respectively. From the initial analysis of original AFM images of insulin fibrils formed at pH
2 suggests that, a higher-order aggregates are formed in the presence of our organic dots compared
to the fibrils without any dots (left vertical panel, Figure 2.8). However, after processing the
original images (right vertical panel, Figure 2. 8) we observed an increase in mean aspect ratio and
eccentricity of the fibrils in the presence of our organic dots while the area fraction and roundness
factor decrease concomitantly than the pure insulin. The results are tabulated in the table 2. To
rationalize these evidential changes in the architecture of fibrils, we hypothesize that most of the
organic dots partially disintegrate into individual molecule at lower pH and moves to the
hydrophobic pockets of the fibrils (or a partially-folded intermediate due to unfolding of fibrils),
rendering higher accessible surface area for the elongation process. The individual molecule
diffuses throughout the surface and the grooves of the fibrillar channel stabilized via n—m and other
non-covalent interaction such as, C=0---H-C, C-H:--O=S, CH:-:, C=0:--etc. Therefore, the
lowering of area fraction and roundness factor along with the increase in aspect ratio and
eccentricity, clearly suggests the promotion of fibril elongation at the same initial fibril

concentration.
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Figure 2.8 Original AFM images of insulin fibrils stained without and with our probe molecules
at pH 2 in comparison with corresponding post processed images. Processing steps were shown at
the top of each vertical panel and sample ID was shown at the left side of corresponding original

images.
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Table 2 Feature measurement list at pH 2. 2P< 9 Definition are given in SI.

Feature measurement parameters

Sample 1D Fibril Mean Mean Mean Mean
area fraction aspect ratio® eccentricity® roundness®  roughness?
Insulin 23.9 2.04 (£1.4)  0.49 (£0.45) 0.89 (+0.35) 1.32 (+0.68)
Insulin + 9.26 3.3(x1.9) 0.90 (x0.09) 0.52 (+0.12) 1.58 (+0.41)
CPMI
Insulin + 10.06 3.05(x1.42) 0.9(x0.08) 0.51(+0.14) 1.84(x0.9)
DMAPMI
Insulin + 10.76 3.99 (x2.5) 0.91(#0.12) 0.48(+0.14) 1.66 (x0.7)
DPAPMI
Table 3 Feature measurement list at pH 7.4. #*¢¢ Definition are given in SI.
Feature measurement parameters
Sample ID Fibril Mean Mean Mean Mean
area fraction aspect ratio® eccentricity® roundness®  roughness®
Insulin 3.89 4.20 (x2.7)  0.93 (+0.06) 0.50 (+0.14) 1.50 (+0.41)
Insulin + CPMI 8.51 4.03 (£1.97) 0.93(+0.06) 0.43(£0.09) 1.77 (+0.59)
Insulin + 26.32 3.60 (£2.08)  0.93 (£0.05) 0.44 (£0.09) 1.99 (+0.77)
DMAPMI
Insulin + 31.43 3.06 (£1.66)  0.90 (£0.09) 0.45(x0.10) 2.10(%0.74)
DPAPMI

It has been reported that the insulin fibrils get destabilize upon alteration of pH 2 to 10.%° The
alteration of pH 2 to 7.4 indeed support this fact (Appendix 2.2). Now in order to confirm the
impact of organic dots on the stability of insulin fibrils, we first adjust the pH of the solution
containing fibrils and organic dots at pH 7.4 and successively incubate the samples at room
temperature for one day. After that we monitor the fibrils using CD and AFM. The AFM images
were analyzed stepwise (recipe,) in a similar way as we did before for the pH 2 samples. Our
results suggest that the organic dots maintain the fibril structure in-spite of changing pH 2 to 7.4.
Not only that, the mean eccentricity and roundness factor of the fibrils remain almost unaltered
with respect to pure insulin, while the aspect ratio and area fraction increases considerably. These
results are tabulated in the table 3. Therefore, we visualize the process as an initial destabilization
of the fibril structure at the early stage to a partially-folded intermediate due to the change in pH,
leading to higher concentration of the fibril precursors. As a result, adsorption of the organic dots

(or partially disintegrated molecules) on the precursors’ surface through hydrophobic interactions
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which promote both a faster bulk nucleation and enhanced effect of secondary nucleation pathway,
leading to thickening and branching of fibrillar structure. The CD data further confirm that our
organic dots stabilize the [3-sheet structure of the fibrils (Appendix 2.4) which can act as a catalytic
site for the secondary nucleation. Overall, the above studies demonstrate that our organic dots have
a huge impact on the stability as well as the morphology of insulin amyloid fibrils.

Il Background Fibril
—> Frangi filter + Threshold — Final processed image

Original AFM image

Insulin

Insuli + CPMI

Insulin + DPAPMI

Insulin + DMAPMI

Figure 2.9 Original AFM images of insulin fibrils stained without and with our probe molecules
at pH 7.4 in comparison with corresponding post processed images. Processing steps were shown
at the top of each vertical panel and sample ID was shown at the left side of corresponding original

images
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2.2.7 Comparative aggregation kinetic study

In order to investigate whether the probe molecules can detect the monomer aggregation at
the early stage, we have incubated the insulin solution in hydrophobic microplates at 37 °C for
similar period of time, independently with DPAPMI, CPMI and DMAPMI, and monitored the
aggregation kinetics (Figure 2.10). For the comparison purpose, the insulin solution was also
incubated with thioflavin T (ThT) under same experimental condition. The changes in the
fluorescence of our probe molecules and ThT fluorescence were monitored over time at the same
condition for generating aggregation kinetic curve of insulin (Figure 2.10). The curves were fitted
individually by sigmoid function (equation 2) which gives t: value (transition midpoint) of the
curve. The series of ty, values are sequentially given as: 46.5 £0.08 h for ThT, 40.7+£0.1306 h for
DMAPMI, 31.46£0.19 h for DPAPMI and 14+3.37 for CPMI. Interestingly, we observe that the
t:, values of aggregation kinetic of insulin monitored with these organic dots are significantly lower
than ThT, which indicates that our organic dots can detect the early-stage aggregates of insulin
aggregations.

Fluorescence Intensity (a.u)

Time (h)

Figure 2.10 Time-course aggregation profiles of insulin amyloid fibril-forming at 37" C as

monitored by ThT (black circle) and DPAPMI (blue circle), CPMI (magenta circle), and DMAPMI

(red circle) fluorescence. Solid lines indicate the fitting data.
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2.2.8 Evaluation of cytotoxic activity of the organic dots

In order to investigate the cytotoxic activity of our organic dots, we have performed cell viability
assay of HEK293 cells in the presence of CPMI and DMAPMI. These experiments demonstrate
that no significant decrease in cell viability in samples incubated with CPMI up to 50 uM (Figure
2. 11Db). In the case of DMAPMI, a significant decrease in cell viability was observed from 32 uM
onwards, which is 4-fold higher than the concentration required for the aggregation assay (Figure
2.11a). Overall, cell viability assay indicates that our probes have no toxicity up to concentration

of 35 uM (Figure 2.11).
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Figure 2.11 Viability HEK293 cells exposed to different concentrations of, a) DMAPMI and b)
CPMI for 48 h.

2.3 Conclusive remarks

In this study, we have introduced a series of fluorescent probes, which form aggregation-induced
emission (AIE) (DPAPMI, CPMI) and aggregation caused guenching (ACQ) dots (DMAPMI) at
charge-transfer (CT) state in buffer medium, and they are able to efficiently sense insulin amyloid
fibrils in terms of disaggregation induced fluorescent switching (DPAPMI, CPMI) and
enhancement (DMAPMI). Moreover, the comparison of kinetic studies with ThT suggests that our

organic dots can sense pre-fibrillar aggregates of insulin during aggregation process, which may



Sensing and Modulation of Amyloid Fibrils by Photo switchable
Organic Dots

be beneficial for early detection of amyloid fibril. Furthermore, we have probed how these AIE
and ACQ dots of our probe molecules modulate the fibrillation pathway. Our results indicate that
these organic dots accelerate the aggregation rate of insulin, especially, the oligomer to mature
fibrils by speeding up the microscopic processes such as the secondary nucleation (with rate
constant ko) and the elongation process (with rate constant k). Notably, our AIE dots have
excellent biocompatibility and cell permeability; so, these organic dots may be effective probes
for in-vivo detection of amyloid fibrils. Thus, we believe that our probe molecules may be assigned
as a drug, which can reduce the toxicity of soluble oligomers (suspected to be the main culprits for

Alzheimer’s and Parkinson’s disease) by promoting them into mature fibrils.

2.4 Appendix Section
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Appendix 2.4.1 Confirmation of fibril formation by Thioflavin-T (ThT).
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Appendix 2.4.2 AFM topography images of the a) fibrils at pH 2 and b) fibrils at 7.4.
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Appendix 2.4.3 Emission transient decay for DPAPMI (a, Acol =550 nm) and CPMI (b, Acot =510
nm) in the presence of 0 and 50 uM of insulin fibrils (Aex = 375).
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Appendix 2.4.4 CD spectra of 50 uM insulin fibrils (blue), 50 uM insulin fibrils with CPMI
(black), 50 uM insulin fibrils with DPAPMI (green), and 50 uM insulin fibrils with DMAPMI
(green) at pH 7.4.
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Appendix Table.1 The Life time data plot of DPAPMI, CPMI and DMAPMI with and without
fibrils.

Probes [Fibril] Aex At A1 7 A, T, A, T3 <Ty>t
(uM) (ns) (ns) (ns)  (ns)

DPAPMI 50 375 435 053 0.054 028 0547 0.19 315 0.770
CPMI 50 375 420 040 0.181 035 1834 0.26 6.54 2.38
DMAPMI 50 375 435 055 0.053 0.27 0.703 0.19 375 0.913

Appendix Table.2 The Life time data plot of DPAPMI, CPMI and DMAPMI with and without
fibrils.

Probes [Fibril] A&  Aco A 7 A, T Az 73 <Tgy>#
(uM) (ns) (ns) (ns) (ns)
DPAPMI 0 375 550 044 0220 033 210 024 6.73 2350
50 375 550 0.66 0.043 020 0.706 0.14 510 0.863
CPMI 0 375 510 040 0181 035 1834 026 654 238

50 375 510 0.27 0403 034 250 039 1.03 499

#Tay = Q177+ Q2 T2+A373, We have considered the average lifetime values for explanation.

To investigate the generality over other biocompatible peptide/protein of this fluorescence probes,
we have tested our designed probes with BSA fibrils. Which show that these probes are good

sensors for the detection of BSA amyloid fibrils (Appendix. 2.4.5 a), b), c).
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Appendix 2.4.5 a), b), ¢c) Emission spectra (Aex=350 nm) of DPAPMI, CPMI and DMAPMI,
respectively in the presence of 0 (black) and 50 uM BSA fibrils (green).

A) Q)

Appendix 2.4.6 Confocal images of fibrils stain with probes (Aex = 405 nm) A) fibrils stain with
DPAPMI, B) fibrils stain with CPMI, C) fibrils stain with DMAPMI.
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Appendix 2.4.7 d-STORM super-resolution microscopic images of insulin fibrils stained with
our probe molecules. a) 4 uM DPAPMI in buffer, b) 4 uM CPMI in buffer and c) 4 uM
DMAPMI in buffer.
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Appendix 2.4.8 FLIM-Z stack (400x400 pixel) images (Aex = 405 nm, Acot =430-700 nm) of

fluorescents probes with and without fibrils; a) DPAPMI in buffer b) CPMI in buffer c) DMAPMI
in buffer.
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Appendix 2.4.9 Lifetime distributions of DMAPMI in the presence of insulin fibrils.

Appendix 2.4.10 Mipar calculation information: Recipe for image processing

MIPAR calculation is an image processing tool, which is performed in a right order and with the
right setting, in order to identify the hiding features inside an image. Below is elaboration of some

typical post processing steps that we have used in this study to create our required images.

1. Scale calibration: Allows us to calculate the pixel size in units of length rather than pixels.
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Highlight Lines: Uses the Frangi filter to highlight linear-type features in the image.
Combine with a threshold afterwards to select certain linear-type features.

Fiber selection: Balance fiber vs. background selection by selecting pixels based on
whether they are above or below a certain pixel value. Optimization of selection was
performed at this step by selection matching algorithm. It is perhaps the most critical yet
less explored area of image processing to quantify the accuracy of the image-processing
algorithm in question. MIPAR™ has provide with such facility where we can optimize
parameter(s) to produce best similarity of the segmentation between the processed and the
selected image.

Uniform erosion: Shrinks selection, if needed, by a specified number of pixels in all
directions.

Reject Features: Which can remove or keep features based on a variety of shape and size
metrics.

Background: Invert fiber selection.

Feature measurements: It allows one to measure a number of feature properties based on the

features selected in the image. This includes, size parameters (area, area fraction, caliper diameter,

etc.) m and shape parameters (roughness, aspect ratio, eccentricity, roundness, etc.)

Few important definitions:

Eccentricity: First an ellipse with same second moments as the feature was fitted. Then eccentricity

- - 7
- l th . .
is calculated as, \/ (1 - (mmor soadehedly ) ) . It describes how elongated or circular each feature

major axis length

is. 0 is a perfect circle, 1 is a straight line.

Major axis length: Calculated as, 2v2(,/U. + Uy, + common)

Minor axis length: Calculated as, 2v2(,/Uyy + Uy, — common)

Common = /((Uyy — Uy,)? + 4U2,)

The second moments are calculated as: U, =

sum(y?)
N

Ssum(x?)
N

+1/12; Uy, = +1/12;
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U,y = Sum(xy)/N, where, xand y are the coordinate of each pixel in the feature, N is the number

of pixels in each feature.

Roundness: Ratio of equivalent diameter to caliper diameter.
Aspect ratio: Ratio of major and minor axis length.

Roughness: Ratio of area of convex hull and area of each feature.

Area fraction: Count all the selected pixels in the reconstructed image and divides by the total

number of pixels in the entire image.

Caliper diameter: largest line length that fits across each feature.

2.5 Experimental sections

2.5.1 Materials

Bovine insulin and bovine serum albumin purchased from Sigma Aldrich. The probe molecules
DPAPMI, CPMI and DMAPMI were synthesized and characterized by our group.*? HEK?293 cells
were cultured in DMEM medium supplemented with 10% FBS containing 100 units/mL penicillin,

and 100 pg/mL streptomycin in a humidified CO2 incubator maintained at 5% CO2 and 37°C.

2.5.2 Preparation of fibrils

Insulin fibrils were prepared following the method reported by Sneideris et al Briefly, 2 mg/ml of
insulin was dissolved in pH 1.6 aqueous solution (Using HCI), containing 100 mM NaCl and
heated at 65° C for ~4 hrs without mechanical agitation.*® The formation of fibril was confirmed
by standard ThT fluorescence assay (Appendix 2.4.1).

2.5.3 Steady-state and time-resolved study

The steady-state absorption and emission spectra were recorded using a UV-Vis
spectrophotometer (Shimadzu, UV-2600) and Fluoromax-4 Spectrofluorimeter (Horiba Jobin
Yvon) respectively. Emission intensity decays were collected by time-correlated single photon
counting (TCSPC) set-up from Horiba Jobin Yvon. Fluorescence signals were collected at the
magic angle using MCP-PMT (Hamamatsu, Japan) detector. In time-resolved experiments,

samples were excited with 375 nm diode laser and the instrument response function (IRF) of the
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TCSPC set-up was ~50 ps. All spectroscopic measurements were performed at 25° C. Each study

was performed multiple times with high reproducibility.

2.5.4 Far-UV circular dichroism (CD) study

CD spectra were recorded on a JASCO-810 circular dichroism spectrometer under a constant flow
of nitrogen at 25 °C. Wavelength scans were recorded from 190 to 300 nm at 1 nm intervals in a
1 cm path length quartz cuvette. The final spectra were the average of three scans. Background
spectra were subtracted from the collected data. Kinetic study was performed at 65° ¢ in the
presence and absence of probe molecules. The concentration of insulin and probe molecules were

50 uM and 8 uM, respectively. The percentage of THF contains in each solution is 0.8 %.

2.5.5 Fluorescence lifetime imaging study

FLIM measurements were Performed using a time-resolved confocal fluorescence microscope
setup (Micro Time 200, Pico-Quant) equipped with an inverted microscope (Olympus IX 71)
containing a water immersion objective (Olympus UplansApo NA 1.2 60X). A 405 nm pulsed
diode laser (with FWHM 176 ps and repetition rate 20 MHz) was used as the excitation source.
Fluorescence from the samples was collected by the same objective and passed through the
dichroic mirror, filtered by a 430 nm long-pass filter. A 50-micrometer pinhole was placed after
the filter. Single-photon avalanche photodiodes (SPADs) was used as a detector. Raster scanning
was performed by the piezo controlled sample stage to obtain the images. The data acquisition and
analysis were performed using the SymPhoTime software package provided by Pico-Quanta. The
concentrations of the probes and fibrils were 4 uM and 50 uM, respectively. For FLIM
measurement, 7 uL sample was added on the surface of microscopic cover glass and dried for 15
min. The concentrations of the probes and fibrils were 4 uM and 50 uM, respectively. The
percentage of THF contains in each solution is 0.4%. Multiple images have been taken from
different region of each sample at different magnifications.

2.5.6 d-STORM study

Super-resolution imaging was performed by ONI-super resolution microscopy. A 405 nm laser
with 150 m power was used for photo-switching and to adjust the density of visible fluorophore.
Samples (10 uL) of insulin fibrils with probe molecules and probe molecules without fibrils were

placed on cover glass slips (18 mm 618 mm, 1745 mm thickness) for measurements. The
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percentage of THF contains in each solution is 0.4%. Multiple images have been taken from
different region of each sample at different magnifications.

2.5.7 AFM study

The Atomic Force Microscopy (AFM) imaging was performed on the Key Sight 5500 AFM
instrument (Agilent Technologies) under tapping mode with silicon nitride tip. The concentration
of fibrils was 50 pM and the concentration of the probe was 8 pM. 7 pl sample was added on a
silicon wafer and dried overnight. The dried sample was washed with water to remove the salt
from the surface of the silicon wafer before AFM measurements. The percentage of THF contains
in each solution is 0.8 %. Multiple images have been taken of each sample at different
magnifications.

2.5.8 Cell viability assay

HEK?293 cells (10000 cells/well in 200 pL DMEM media) were seeded in a 96 well plate and
incubated overnight under cell culture conditions for cell attachment.® Subsequently, cells were
incubated with varying concentrations of CPMI and DMAPMI (0.5, 1, 2, 4, 8, 16, 32, and 50 uM)
containing 0.2% DMSO for 24 h under cell culture conditions. Cells incubated with DMEM media
containing 0.2% DMSO were taken as controls. After the incubation, the cell culture media was
replaced with 180 uL of DMEM media with 20 uL of MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5
biphenyl tetrazolium bromide) solution (3 mg/mL in PBS, filtered through 0.22-micron syringe
filter), and the cells were further incubated for 3 h under cell culture conditions. Later, the DMEM
media containing MTT was removed completely, and formazan crystals formed by the reduction
of MTT were solubilized by adding 200 uL of DMSO. The intensity of the purple color generated
was measured at 570 nm by using a plate reader (Varioskan Flash, Thermo Scientific). The cell
viability graph was plotted from the relative optical density of treated samples to the corresponding
control data (which is taken as 100%). Each value on the graph corresponds to the average of 5

technical replicates.

2.5.9 Kinetic data analysis from far-UV CD experiment
Time evolution of total fibrils mass concentration M(t) in the presence and absence of our probe

molecules have been described by using integrated rate law.5*



Sensing and Modulation of Amyloid Fibrils by Photo switchable
Organic Dots

Ko

M(t) (By +C.) \[(B_+C,e*\) ®kw "
Moy 17 ¢ {<B+ +Cpekt )( B_+C, )} et M

Where,

By = (kotk'n/(2x) ko= 2k%/[n,(n, + 1)] + 242 /n,

Cy = +A%/2x2 ki, = /kmz —4C,.C_x

k= \[Zk k, m(0)2+1

A= |2k k, m(0)"e

Where the kinetic parametersB,, C4, A, x and k', are function of the two-combination rate

constants k. k,and k., k.

k,= rate constant for primary nucleation
ne = reaction order for primary nucleation
k»= rate constant for secondary nucleation.
nz= reaction order for secondary rate nucleation.
k= rate constant for elongation.
m (0) = monomer concentration at time zero.
M (t) = Mass of the fibrils at time t.
M (c0) = Mass of the fibrils at time oo.

The fits were done using the AmyloFit platform®!, which uses a basin-hopping algorithm to find
the best fit to the data.



Sensing and Modulation of Amyloid Fibrils by Photo switchable
Organic Dots

2.5.10 Image analysis using MIPAR™

The raw images obtained from the AFM/FLIM/d-storm studies were first scaled into similar
dimensions (x and y axis) with a proper calibration factor. The images were then processed step-
by-step with the help of MIPAR™ image processing toolR? which utilizes well trusted-and-tested
in-built algorithms (detailed description can be found in the Appendixf) those are very specific to
handle a fiber-like object within a 2D image. Briefly, we utilize Frangi filter? (with setting
thickness = 1 and strength = 2) combined with a threshold afterwards to highlight the linear-type
feature in the image. A typical fibril detection tool was then applied to segment certain fibrous
structures, based on whether they are below or above a certain pixel value. An automatic
optimization process was run for the threshold pixel value to avoid any manual error. Finally,
undesired features were rejected semi-automatically on the basis of their area and roundness factor

being below a specified threshold value.

2.5.11 Kinetics study by fluorescence

Assays were conducted in Nunc 96 well polypropylene microplates, sealed with transparency film
and incubated at 37 °C. Fluorescence kinetic was monitored using the Enspire Multimode Plate
reader. The excitation and emission wavelength were fixed at 350 nm and 450 nm for the organic
dots, 440 nm and 480 for the ThT nm. The concentrations of the organic dots and the fibrils were
50 uM and 350 uM. The concentration of ThT and fibrils were 25 and 350 uM. All the solutions
were prepared at 50 mM phosphate buffer of pH 2 with 150 mM NaCl.

2.5.12 Analysis of fibril formation kinetics from fluorescence study
All aggregation curved were fitted to a sigmoidal function (equation 2) using origin 6.0 software
package;

_ A4y
"~ [1+etos/7]

t4; )

where t is the time, A1 and A; are the initial and final values of the signal, respectively. The values
of the parameters of the sigmoidal curve tos (half-time: time required to reach the half of the
maximum of the signal A2) and t ( magnitude of the signal) were determined by fitting the

experiment data.
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3.1 Introduction

Understanding the mechanisms of protein misfolding and aggregation is vital to combat the several
neurological disorders such as Parkinson’s, Alzheimer’s and Prion disease etc!™. The conversion of
soluble proteins into amyloid deposits known as the main culprits for several neurological disorder
which are mainly characterized by a common cross-f core structural motif.> Recent past scientist
has come across to the conclusion that the transient soluble oligomeric intermediates, which arise
during the pathway of fibril’s formation process are strongly connected in cytotoxicity and
ultimately death of a neuron cell.® Due to the heterogeneous size and structure of this oligomers and
the rare abundance relative to monomeric protein makes it extremely difficult to characterized it
using conventional biophysical tools.’

However, intrinsic fluorescence study has been used so far to examine the early-stages of B-amyloid
aggregation by combining fluorescence decay measurements of the -amyloid intrinsic tyrosine and
molecular dynamic simulations.® Unfortunately, this approach has some serious drawbacks namely
need for high aromatic amino acid content in the biomolecules of interest. Therefore, an alternative
technique such as fluorescents probes allows us to direct visualization of single aggregates. So far
thioflavin-T (ThT) is claimed to be main tools for studying fibrils formation, a benzothiazole salt
and molecular rotor dye, extensively used as the gold-standard in the aggregation process from a
long time.®*® The fluorescence intensity of ThT enhanced by several orders upon binding with the
B-sheet structures making it a sensitive and efficient reporter of amyloid.'® However, because of low
molar extinction coefficient and low quantum yield and poor binding affinity of ThT mean it is

poorly suitable for the detection of smaller oligomeric species particularly in biological sample.

Therefore, a smart biocompatible probe is urgently needed with improved photophysical and binding
properties to detect and characterize the formation of these oligomeric species and their role in the
pathogenesis and neurodegenerative disorders. To address this limitation, we have designed a novel
derivative of curcumin, that in its binding and optical characteristics switching its fluorescence

intensity upon binding to B-sheet contain species.
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3.2 Results and Discussion

The main focused of this work to investigate the potential of CR-3 for the detection of the
oligomeric phase of a-Synuclein (a-Syn). Given the lack of information about the fluorescence
properties of CR-3, we first carried out a photophysical behaviours of CR-3 in different solvent.
Then we have checked the photophysical properties of CR-3 in physiologically relevant aqueous
conditions. Depending on the characterization of CR-3 in this environment we are going to report
a detailed study on its fluorescence response as protein probe by using the fibrils like aggregates

of a-synuclein and Ap.
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Figure 3.1 Schematic synthesis and optical properties of CR-3. A), B) Absorption, Excitation
spectra (Aem =550 nm). C), D) Solvatochromism study of CR-3 excited at different wavelength
(Aex=330 nm, 405 nm). (TLN: Toluene, DIOX: Dioxane, THF: Tetrahydro furan, DCM:
Dichloromethane, ACN: Acetonitrile, MeOH: Methanol).
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Figure 3.2 A) Emission spectra of 8 uM CR-3 (Aex= 330 nm) with different a-Syn fibrillar
aggregates concentration. B) Transient emission decay (Aex = 375 nm, Aem = 550 nm) of CR-3 in

the presence of different concentration of a-synuclein fibrils.

3.2.1 Photophysical behaviours of CR-3 in physiologically relevant solvent

At first, we have thoroughly studied the photophysical properties of CR-3. The UV-visible
absorption peaks of CR-3 recorded in the presence of increasing solvent polarity. The absorption
of peak maxima of CR-3 does not alter with the changing polarity of the solvent. Furthermore, we
have recorded the emission spectra of this molecule with increasing solvent polarity. The steady
state emission spectra of CR-3 exhibit low intensity at ~ 450 nm in nonpolar solvent like hexane
and exhibits gradual red-shift and enhancement of fluorescence emission with the increment of
solvent polarity. This extreme red shift in emission maxima arises because of stabilization of
charge transfer state (CT). Surprisingly in the acetonitrile solvent medium we have observed a
peak ~440 nm (Aex = 350 nm), but in the case of MeOH we have not observed any peak around
there. Therefore, we have speculated that some excited state phenomenon like intramolecular
proton transfer is happening in the presence of acetonitrile solvent medium. In order to confirm
that, we have performed time-resolved study (Appendix 3.2). The analysis of the lifetime decay
profile in the presence of different solvent like ACN, MeOH and water which gives two lifetime
components but there was no growth component, suggesting that there was no excited state

dynamic.
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3.2.2 Steady-state emission and Time resolved study

The emission spectrum of CR-3 has been measured with increasing concentration of a.-Syn fibrils
at two different wavelengths presented in Figure.3.2A It is observed that the emission spectra of
CR-3 in absence of fibrils exhibit two peaks one at ~450 nm and another at ~550 nm when excited
at 330 nm, however it shows only one peak at ~550 nm when excited at 420 nm (Appendix 3.2).
This suggests that the peak appeared at 550 nm is attributed to CT state and the high energy peak
at ~450 nm corresponds to LE state. Interestingly, with increasing concentration of alpha synuclein
fibrils, the intensity of LE peak is increasing at the cost of CT peak, and at higher concentration of
alpha synuclein fibrils, the emission spectra become broad LE peak become sole visible peak.
Most importantly, this LE peak position almost remains constant suggests that this state is not
sensitive to surrounding environmental polarity. This steady state results indicates that our probe
CR-3 is preferentially locating in hydrophobic environment of the fibril, as a result the LE state of
the molecule is getting stabilized over CT state. Overall, the steady state results suggest that CR-
3 can act as an efficient fluorescence sensor for the amyloid fibrils. Specifically, the large shift in
the emission maxima is advantageous for the fluorescent imaging application due to the relatively
low background signal.

The time-resolved fluorescence measurement was performed to understand the fate of the charge
transfer state in presence of fibrillary environment (Figure 3.2B). The average lifetime of the CT
state of CR-3 slightly increases upon the addition of increasing concentration of a—syn fibrils
switching in fluorescence emission. This increment of the lifetime component suggesting that the
fraction of molecule remain in charge transfer state getting stabilized with varying concentration

of the a-syn fibrils because of restriction of single molecular rotation around the fibrillar matrix.

We next used CR-3 to monitor aggregation kinetic of a-Syn. As it is well known that purified a-
Synuclein aggregates via a three-step process: formation of soluble oligomers, growth of amyloid
fibers, and maturation of fibers. Although ThT can only detects growth and maturation of fibers
but its fail to detect soluble oligomers that are increasingly speculated to be the toxic species. By
contrast, fluorescence of CR-3 started to increase at 1 h (Figure 3.4A). At this time point, formation
of oligomers is reported. Moreover, a second phase of fluorescence increase was observed ~20 h

and leveled off at these signal changes coincide with the time points of the fiber’s growth as
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observed by ThT. So, these data suggesting that CR-3 can detect the multiple stages of protein
aggregation. This interesting features of this kind of probes coming from its unique environmental
sensitivity. The changes of environment polarity around the CR-3 during the course of aggregation

is conveniently expressed as the early rise of fluorescence signal.

These signal changes match with the timepoints of fiber growth and plateau phase observed by
ThT. Therefore, these data strongly indicate that CR-3 can detect multiple stages of protein
aggregation. In addition to a—synuclein we also demonstrated CR-3 could detect aggregates

formed by AB—42 known to be main culprit for Alzheimer’s disease.

After that we monitor the aggregation kinetic of a-synuclein using time resolved fluorescence
manually to map the evolution of the heterogeneity of the system. Therefore, the average
fluorescence lifetime of CR-3 with a—synuclein recorded with different time intervals, (lex = 375
nm, Acol = 450 nm, 550 nm).
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Figure 3.3 Lifetime decay traces of CR-3 monitor at different timepoint collected at two different

wavelengths (Aex= 450 nm, 550 nm).

At the onset of incubation, the sample displayed fluorescence emission from CR-3 with native
a-synuclein (lex = 375 nm, Acol = 450 nm) and the recorded decay trace fits to a tri-exponential

decay function having an ~75% fast component (<50 ps) with ~3% of the slower ~8.9 ns
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component and 22 % moderate component ~0.78 ns. After 2h of incubation, the contribution of
medium component increased slightly ~5% along with slight decreased of fast component ~ 4%.
Beyond 4h we observed the significant heterogeneity on the lifetime distribution. Gradually, the
contributions of the faster components decreased slowly with time, whereas the contributions from
the faster components decreased, overall, the average lifetime of CR-3 decreased from 500 ps to
405 ps.

On the other hand, the fluorescence emission from CR-3 with native a-synuclein (lex = 375 nm,
Acol =550 nm) and the fitted decay trace to a tri-exponential function having ~86 % fast component
(~133 ps) with 2% (~397 ps). But after 2h of incubation, the contribution of fast component
decreased abruptly (~44 %) along with significant increments of the contribution of medium
component (~32%). Beyond 4h we observed significant heterogeneity on the lifetime distribution.
Gradually, the contribution of the faster components decreased slowly with time and overall, the

average lifetime of CR-3 increased significantly.

It is indicated that transformation of the random coil to p-sheet rich protofibril/fibrillar structure
do pass through various structural rearrangement by which it gradually gets richer in pB-sheet
content and increases the internal order in protein structure. Thus, the subtle changes seen lifetime
patterns at a much earlier certainly would indicate presence of precursors, even to the protofibrils,

having a rigid micro-environment for binding CR-3.
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Figure 3.4 A) Kinetics of a-Syn amyloid fibril formation monitored by CR-3 (Aex=350) nm and
ThT (Aex=440 nm). B) Kinetics of a-Syn amyloid fibril formation monitored by CR-3
(Aex=440 nm) and ThT (Lex=440 nm). C) a-Syn Oligomers detection on the surface of neuro-
blastoma (SH-SY5Y) cell lines in the presence of ThT. D) a-Syn oligomers detection on the

surface of neuro-blastoma (SH-SY5Y) cell lines in the presence of CR-3.

Similarly, the emission intensity recorded at 550 nm with respect to time displayed a sigmoidal
increase with a long lapse of time. In other words, from the present perspective of an early stage
of fibrils detection, the low response of CR-3 emission in the initial region is much disappointing.

On the other hand, as the rigidity of the micro-environment around the dye radically changes on
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the course of fibrils formation, we expected the dynamic changes of photo physics of CR-3, which

will get reflected in its fluorescence lifetime.

3.2.3 In-vivo detection of oligomers in neuro-blastoma cell lines

We then investigated whether our synthesized probe can detect the a-synuclein oligomers on the
surface of human SH-SY5Y neuroblastoma cells. In order to that we mixed oligomers with our
probe molecule and ThT and incubate with human SH-SY5Y neuroblastoma cell lines separately.
After that we record the image using confocal microscopy. The images were scanned at apical
planes to detect oligomers (Red channel) interacting with cellular surface (Green channel).
Overall, we observed that the oligomers are more prominently visible in the presence of our probe
compare to Thioflavin-t. In short, we can conclude that our probe molecules can be useful for in-
vivo detection of oligomers in cell.

3.2.4 Docking Study

The knowledge of binding sites of the probes is very important to understand their sensory activity
and for future sensor development. Therefore, we performed the blind molecular docking studies
to find out the location of CR-3 in a-synuclein fibrils. The docking study suggesting that only
hydrogen bonding interaction operating between CR-3 and the amino acids of a-synuclein amyloid
fibrils. It was found that the binding of CR-3 in the amyloid fibrils was mainly dominated by
hydrogen bond interaction between the carbonyl group of CR-3 and the nearby threonine group

and hydroxyl group of CR-3 and nearby carboxylic group of glutamic acid.
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Figure 3.5 Binding of CR-3 with a-synuclein fibrils.

3.3 Conclusion

We have synthesized and evaluated CR-3, a novel probe with unique photophysical and binding
properties that may prove superior to ThT in future applications. CR-3 can detect early-stage
species in the aggregation of a-synuclein proteins at bulk and aggregates levels and the binding
properties. Apart from this the evaluation of multiple lifetime component of CR-3 in course
aggregation of a-synuclein can map the heterogeneity of the system. Additionally, CR-3 exhibits
good compatibility towards oligomers detection in cells. Overall, the diverse quality of CR-3

pointing towards better quality probe compare to ThT in future application.
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Appendix 3.1. N.M.R Spectra of CR-3.
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Appendix 3.2 Emission spectra of 8 uM CR-3 ((Aex=420 nm) with different concentration of a-

synuclein.

Appendix Table 1. Lifetime decay parameter of CR-3 (Aex =375 nm, (Acol =550 nm) in the

presence 80 uM of a-Synuclein at different time point of aggregation.

Sample ar 71 (pS) az A(D) as  w(ps) Tavg

Buffer 0.04 487 0.01 9440 0.95 41
80 uM a-Syn_0h 0.22 782 0.03 8900 0.75 82 513
80 uM a-Syn_2h 0.27 715 0.03 7150 0.71 121 512
80 uM a-Syn_4h 0.30 718 0.03 6530 0.67 125 517
80 uM a-Syn_6h 0.30 578 0.04 4460 0.61 94 421
80 uM a-Syn_8h 0.33 635 0.04 4100 0.63 123 441
80 uM a-Syn_22h 0.30 579 0.03 3870 0.67 134 368

80 uM a-Syn_27h 0.29 644 0.03 4720 0.68 134 405
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Appendix Table 2. Lifetime decay parameter of CR-3 (Aex =375 nm, (Aco =450 nm) in the

presence 80 uM of a-Synuclein at different time point of aggregation.

Sample ai 7 (ps) ez 72 (p9) a7 (PS)  Tavg

Buffer 0.25 311 0.01 935 0.75 57 34
80 uM a-Syn_0Oh 0.12 364 0.02 1580 0.86 84 133
80 uM a-Syn_2h 0.46 397 0.10 1630 0.44 109 459
80 uM a-Syn_4h 0.40 487 0.13 1730 0.47 169 502
80 uM a-Syn_6h 0.44 520 015 1850 041 158 572
80 uM a-Syn_8h 0.48 470 015 1730 037 144 544
80 uM a-Syn_22h 0.41 553 0.17 1830 0.42 146 600
80 mM a-Syn_27h 0.32 659 0.20 1840 0.48 235 692

Appendix Table 3. Lifetime decay parameter of CR-3 (Aex =375 nm, (Acol =450 nm) in the

presence of different concentration a-synuclein.

Sample al 71 (ps) az ) a;z 73 (ps) Tav ¥
0 uM 1.03

50 uM 0.89 68 ps 0.09 685 ps 0.01 4.48ns 194 1.37

20 uM 0.90 57 ps 0.09 658 ps 0.01 3.71ns 154 1.44

10 uM 0.94 49 ps 0.04 676 ps 0.02 3.27ns 1.46
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3.5 Experimental Section

3.5.1 Protein Expression and Purification

The protein was expressed and purified as reported earlier with few modifications.!’. Escherichia
coli BL21(DE3) codon plus (Stratagene) cells transformed with pRK 172 were grown overnight at
37 °C in Luria Bertani broth (LB) medium containing 100 pg/mL ampicillin and then sub cultured
into 1000 mL of LB containing 100 pg/mL ampicilline. At an OD600 of 0.8-1.0, the cells were
induced by adding 10 pg/mL isopropyl-B-galactosidase (IPTG) at 25 °C and pelleted down after 5
h. The cells were resuspended in osmotic shock buffer (30 mM tris-HCI, 40 % w/v sucrose, 2 mM
EDTA, pH 7.2), incubated at 25 °C for 15 min, and centrifuged to remove supernatant. The pellet
was resuspended in Milli-Q water containing 1mM MgCl,, and the supernatant was separated by
centrifugation at 4000 RPM. This supernatant was dialyzed twice against 20 mM tris HCI buffer,
pH 8.0 at 4 °C. The protein was denatured by adding 8M urea solution loaded onto DEAE FF ion-
exchange column (15 mL, Hitrap, GE Healthcare). The loaded protein was washed and then eluted
out using gradient of 100-300 mM NaCl. The eluted protein was concentrated by ultrafiltration
(Millipore), flash-frozen in liquid N2, and stored at -80 °C.

3.5.2 ThT (Thioflavin-t) Fluorescence Assay

Assays were initiated by placing the 96-well plate at 37 °C under quiescent conditions in a plate
reader (Fluoroskan Ascent, Thermo Scientific). The ThT fluorescence was measured through the
bottom of the plate using a 440 nm excitation filter and a 480 nm emission filter. The ThT
fluorescence was followed for two repeats of each sample. Similarly, CR-3 fluorescence was
measured through the bottom of the plate using two excitation filter 350 nm and 450 nm emission
filter.

3.5.3 Steady-state and time-resolved study

The steady-state absorption and emission spectra were recorded using a UV-Vis
spectrophotometer (Shimadzu, UV-2600) and Fluoromax-4 Spectrofluorometer (Horiba Jobin
Yvon), respectively. Emission intensity decays were collected by a time-correlated single photon
counting (TCSPC) set-up from Horiba Jobin Yvon. Fluorescence signals were collected at the
magic angle using MCP-PMT (Hamamatsu, Japan) detector. In the time-resolved experiments,

samples were excited with a 375 nm diode laser and the instrument response function (IRF) of the
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TCSPC set-up was ~50 ps. All spectroscopic measurements were performed at 25 °C. Each study
was performed multiple times with high reproducibility.

3.5.5 Atomic Force Microscopy (AFM) study

Atomic Force Microscopy (AFM) imaging was performed on the Key Sight 5500 AFM instrument
(Agilent Technologies) under tapping mode with silicon nitride tip. The concentration of fibrils
was 50 UM and the concentration of the probe was 8 pM. 7 pl sample was added on a silicon wafer
and dried overnight. The dried sample was washed with water to remove the salt from the surface
of the silicon wafer before AFM measurements. The percentage of THF contained in each solution

is 0.8%. Multiple images were taken of each sample at different magnifications.

3.5.6 Synthesis and Characterization of CR-3

Acetyl acetone (2 ml, 20 mmol) was dissolved in ethyle acetate (4ml). Boric anhydride was added
and the mixture was stirred at 70° C for 40 min. 2-bromo- 4-dimethyle amino benzaldehyde (0.99
gm, 6.7 mmol) and the tributyl borate was added to this solution. The resulting mixture was stirred
at 70° C for 30 min. Butyl amine was added dropwise over a period of 20 min and the solution was
stirred at 50° C for 30 min. The solution was extracted with EtoAc and the resulting crude product
was purified by chromatography (1E,42)-1-(2-bromo-4-(dimethylamino) phenyl)-5-hudroxyhexa-
1,4-dien-3-one (60 % yield). *H NMR (400 MHz, CDCls) & 15.28 (bs, 1H), 7.90 (d, J = 15.8 Hz,
1H), 7.39 (d, J = 8.9 Hz, 1H), 6.85 (d, J = 3.1 Hz, 1H), 6.61 (dd, J = 8.9, 3.1 Hz, 1H), 6.38 (d, J =
15.8 Hz, 1H), 5.71 (s, 1H), 2.96 (s, 6H), 2.17 (s, 3H) (Appendix 3.1).

3.5.6 The details of the Docking Study

The docking was performed blindly. The whole protein was taken to dock the compounds as we
did not know where exactly the compounds would bind.

The box size and the docking parameters are: enter_x = 2.14446559039

center_y =-17.4340713818

center_z = 9.14415896485

size_x = 89.0750840071

size_y = 66.6537616541

size_z = 49.6060257183

exhaustiveness = 8
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4.1 Introduction

Parkinson’s disease (PD) is known as the second most familiar neuro-degenerative disorder after
Alzheimer’s disease'™. Movement disorder resulting from degeneration of dopaminergic neurons
in substantia nigra is the major symptom of PD””. The source of the disease is enigmatic, but
significant verification has pointed towards multifactorial etiology involving genetic susceptibility
and environmental factors®'’. Over the last two decades, PD has been illuminated as a serious
global burden due to the increased ratio of the aged population'' 2. As an estimate, more than 6.1 %
of individuals have PD globally'’. Therefore, scientists have devoted much more effort for devising
different methods to coherently inspect the causality of the haze of this disease'*'°.

Involvement of the aggregation of a-synuclein, a small (~14.4 kDa), abundant, and highly conserved

presynaptic protein, is found to play a vital role in the pp*!s 172!

. The aggregation process of a-
synuclein is associated with highly complicated interactive transient speciess’ 239 que to which
developing a suitable approach to suppress the formation of oa-synuclein aggregates and their
associated toxicity becomes very difficult. The literature shows evidences of many efforts to
understand the mechanism of aggregation of a-synuclein to prevent it. It has been reported that
trodusquemine can displace a-synuclein and its oligomers from the membrane, inhibiting both the
lipid-induced initiation of the aggregation process and the ability of the oligomers to disrupt the
integrity of membranes® > Similarly, squalamine inhibits the initiation of a-synuclein aggregation
and suppresses the a-synuclein oligomers mediated toxicity in human neuroblastoma cells*. Very
recently, a high-throughput screening methodology has been exploited to identify a small molecule
(SynuClean-D) able to inhibit a-synuclein aggregation”. However, direct control over effective
strategy for the oligomerization and fibrillization processes of a-synuclein for PD and related
neurodegenerative diseases is lacking.

The chemical kinetics approach is believed to be suitable for the detailed interpretation of the
molecular events leading to protein aggregation at a microscopic level®’. These kinetic
measurements guide to resolve the complicated reaction network accountable for generating different
aggregated forms of a-synuclein and to assist the quantitative measurement of the reactive fluxes
associated with the various microscopic events during the overall aggregation process® . Therefore,
an extensive work has been done in the field of protein aggregation using the chemical kinetic

platform26'27’ 333 Additionally, this approach has also shown its potency in the field of drug
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30- 3641 - \which helps in the quantitative measurement of reactive fluxes associated with

discovery
various microscopic events in the absence and presence of the drug molecules (Figure 4.1a).
However, the association between different aggregation step makes it extremely challenging to
evaluate the overall effects of interfering focused at influencing the population balance of specific
species. Therefore, a potent strategy of inhibition or promotion is essential which associate with
detailed mechanistic understanding based on the influence of drug on the aggregation reaction
network. Despite this importance, the challenging part is to established a quantitative relation
between drug binding to aggregating species and the resulting inhibiting or promoting effect.
However, people have successfully developed a quantitative relationship between drug binding to
aggregating species and resulting inhibiting effect, but for the promotion is so far lacking. Therefore,
In this study, we focused to established a potent method for the promotion of a-synuclein aggregation.
In order to address this limitation, we are going introduce a general theory of promotion of amyloid
formation. Therefore, we devise the problem in respects of master equation for aggregation kinetics in
the presence of promoters that bind one or more species of the aggregating species. We obtain precise
integrated rate laws to such effective equations for compounds that preserve the structure of the
aggregation-reaction network. In an effort to check we have used completely new molecules in this
field, namely, N',  N°-dihexyl-2-hydroxyisophthalamide —(MAX-1), 2-hydroxy-N', N°-
dioctylisophthalamide (MAX-2) and 2-hydroxy-N', N°-di-p-tolylisophthalamide (MAX-3) (Figure
4.1b), whose core structures consist with isophthalamide, but side chains have different structural
features. These molecules were recently reported along with other structural analogues as synthetic
jon transport systems for anticancer therapy***’. We anticipate the different modifications in the
chemical structure of the compounds may systematically modulate the reactive flux towards oligomer
and fibril formation. In this study, we developed a quantitative relationship between the molecule
binding event with aggregating species and the resulting modulation of the overall aggregation
process. In addition, we also explored the effects of these molecules on inhibiting the cytotoxicity of
preformed oligomers of a-synuclein towards neural cell line (SH-SYS5Y) and tried to map an in-vitro
mechanism by which these molecules significantly regulate the aggregation process of a-synuclein

in-cellulo.
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Figure 4.1 a) Schematic representation of the microscopic mechanism of protein aggregation in the
absence and presence of MAX molecules. b) Chemical structures of MAX-1, MAX-2, and MAX-
3.

4.2 RESULTS AND DISCUSSION

4.2.1 Microscopic Mechanisms from Macroscopic Kinetic Profiles

The aggregation process of a-synuclein involves complex nonlinear kinetics in which aggregating
species concomitantly act as the reactants, products, intermediates, and catalysts of the reaction’>
4 (Figure 4.1a). The combined nature of the aggregation steps makes it extremely challenging to
estimate the effects of interfering events that point at influencing the population balance of specific
species’'. To dissect this complex network, the master equation has been developed (equation 1),
which can map the series of microscopic events, including primary nucleation, fibril elongation,
and secondary nucleation process, in a quantitative manner”®. This process is associated with
reaction rate constants k,,, k, and k,, respectively. The time evolution of the total fibrils mass

concentration M(t) derived from self-consistent solutions of the master equation®”*’.
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Where,

By = (ko tk's/(2K) k' = \2K2/[ny(n, + 1)] + 242 /n,

Cy = + 2228 Kby - /kmz —4C,.C_x

k= 2k k, m(0)n2+1

A= \[2kik, m(0)e

where the kinetic parameters By, C4, 4, k and k', are functions of the two-combination rate

constants k, k,, and k_ k.

k,,= rate constant for primary nucleation

n. = reaction order for primary nucleation

k, = rate constant for secondary nucleation.

n,- reaction order for secondary rate nucleation.
k, = rate constant for elongation.

m(0) = monomer concentration at time zero.

M (t) = mass of the fibrils at time t.



Development of a Systematic Strategy Towards Promotion of
Alpha-Synuclein using 2-hydroxy isophthalamide Based System

a
)g 1.44 MAX-1 b) o 14 MAX-2 C) £ 144 MAX-3
= 2 £
£ 129 £ 124 g 124
= £
g 104 § 1.04 £ 10
2 ) 5
‘_5 0.8 Y 0.84 z 0.8
g g g
& 0.6- - 2 064 % 0.64
g 9 80 uM E 80 uM 5 80 uM
F04 B 60 uM 2 044 60 uM < 047 s
202{ & 20 M ¢ 20 pM £ 4l 20 M
i Y 0puM 2 0 pM R 0 uM
2 0.0 2 004 il & 0.04
- A P a2 Te— T T T T T T T T T
o 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Time (h) Time (h) Time (h)
d)M_ MAX-3 e) 1.4 MAX-3 f) 1.44 MAX-3
MAX-2 MAX-2 MAX-2
1.24 MAX-1 1.2+ MAX-1 1.24 MAX-1
o 10 a g 1.0 ) .
- @ = o 084" o
@ 0.8 K & el
= ® ® ® = L[ ° ° °
= % ' = 0.6 )
g 061 o E ]
—- b
S 0.4- b - > s 04 °
zZ @ =Y z i
0.2 2 ")
0.0 9
0.0 r : . : : 0.0 T r : . . . : r T r y
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Concentration (uM) Concentration (uM) Concentration (uM)

Figure 4.2 a), b), ¢c) Comparison ThT fluorescence monitored aggregation kinetics of 80 uM a-
synuclein sample in the presence of different concentrations of MAX-1, MAX-2, and MAX-3. d)
Evolution of normalized t;o¢ value in the presence of MAX-1, MAX-2, MAX-3. e) Evolution of
normalized t;, value in the presence of MAX-1, MAX-2, MAX-3. f) Evolution of normalized tg(,
value in the presence of MAX-1, MAX-2, MAX-3.

In this study, we monitored aggregation kinetics of a-synuclein in the absence and presence of

MAX-1, MAX-2 and MAX-3. Interestingly, in the presence of MAX molecules, the aggregation

kinetics of a-synuclein is promoted as a result of the interactions between the molecule and one or

more protein species present in the system, which eventually leads to fundamental changes in the

microscopic rates involved in the aggregation process (Figure 4.2a, b, c). The order of the

accelerating ability of these molecules is MAX-1 > MAX-2 > MAX-3, which is also clearly

evident from the t;;, plot in a dose-dependent manner (Figure 4.2f). The decreasing rate of t;;

follows the order of MAX-1 > MAX-2 > MAX-3, respectively. To unveil this trend, at first, it is

necessary to understand the binding affinity of these molecules to the monomeric a-synuclein. The

analysis of bio-layer interferometric (BLI) measurements (Figure 4.3) provides an idea about the

binding rate of the molecules with a-synuclein (ko, in Table 1), which is in the order of MAX-1 >
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MAX-2 > MAX-3, respectively. Thus, the results imply that macroscopic aggregation kinetics of
a-synuclein is following the order of binding affinity of the molecules with monomeric o-
synuclein, which suggests that the higher molecular binding affinity can increase the rate of the

aggregation process.
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Figure 4.3 a), b), c) Biolayer interferometric study (BLI) of a-synuclein in the presence of

MAX-1, MAX-2, and MAX-3, respectively.

Table 1. Analysis of binding rate (k,,), dissociation rate (k;z-) and binding constant (Kp) with

monomeric a-synuclein acquired from bio-layer interferometric study.

[Molecules] Kp (M) kon (1/M. s) kais (1/s)

MAX-1 3% 107 4.98 x 10° 1.28 x 10"
MAX-2 2.29 x 107 5.83 x 10° 1.13x 107
MAX-3 1.35x 107 9.60 x 10 6.55 x 107

We have further performed a quantitative analysis of a-synuclein aggregation in the presence of
MAX molecules to determine the rate constants governing each microscopic step. The
investigation of tj,e (time required to reach ThT fluorescence intensity to 10% of its final value) of
a-synuclein aggregation shows that these molecules have concentration dependent effects on tj,e
(Figure 4.2d). This observation suggests that the primary nucleation pathway is perturbed by these
molecules, and the order of the modulating ability on the primary pathway of aggregation is MAX-
1 > MAX-2 > MAX-3. Similarly, the analysis of tgown (time required to reach ThT fluorescence
intensity to 90% of its final value) exhibits that MAX-1, and MAX-2 have concentration
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dependent effects. However, no significant effect has been observed in the case of MAX-3 (Figure
4.2f). This observation suggests that MAX-3 has a suppressing effect on the secondary pathway of
nucleation. The order of suppressing ability of the molecules is on the basis of the order MAX-3 >

MAX-2 > MAX-1.

0 20 40 60 80 0 20 40 60 80
Concentration (uM) Concentration (uM)

Figure 4.4 a) The dependence of the apparent reaction rate constants of primary pathways (k.k;)
shown with increasing concentrations of different small molecules (MAX-1, MAX-2, MAX-3). b)
Dependence of the apparent reaction rate constants of secondary pathways (k.k;) shown with

increasing concentrations of different small molecules (MAX-1, MAX-2, MAX-3).

To inspect the mechanism, we performed the semi-empirical quantitative analysis for the effects of
all three compounds (MAX-1, MAX-2, MAX-3) promoting a-synuclein aggregation by fitting the

26-27, 34
. From the

aggregation profiles to a single rate law using web-based AmyloFit platform
fitting, we estimated the combined microscopic rate constants k, k., which define the overall rate
constants of primary pathways of aggregation, and k,, k,, which represents the overall rate constants
of secondary pathways. These aggregation profiles in the presence of all the compounds were
compared with corresponding values estimated in the absence of the compounds, to elucidate the
systematic disturbance of the microscopic rate constants in the rate law. The results revealed that

the rate of k,k, (primary pathways), increased as a function of the concentration of the above

molecules (Figure 4 4a), indicating that these molecules are involved in enhancing the primary
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pathway of aggregation. To estimate how much these molecules catalyzed the primary pathway of
aggregation, an equation has been developed (S1.53), which provides us &, (binding rate with
monomer), k,”* (binding rate at the end of the fibrils), v,, (catalytic rate for primary nucleation), v,
(catalytic rate for elongation). Consequently, the data points were fitted using the above equation
(Figure 4.4a). After fitting the data points, we extracted the catalytic rate of primary nucleation and
elongation process for each molecule (Table 2). The results indicate that these molecules are mainly
involved in catalyzing the primary nucleation process. Moreover, we observed that the catalytic
ability of the primary pathway of these molecules follows the order of MAX-1 > MAX-2 > MAX-
3. The reason behind the promotion of the primary pathway of aggregation because of strong
binding affinity of these molecules with monomeric a-synuclein leading to catalyzing the primary

pathway of aggregation.

Table 2. Analysis of binding rate k,”" with monomeric o-synuclein and fibrils end k,”" and

elongation process V,.

[Molecules] k" (M s Y (s k" Mgt Ve (s
MAX-1 4.98 x10° 2.17 x 10°* 6.64 29.06
MAX-2 5.83 x 10 2.42x 10° 82.43 188.90
MAX-3 9.6 x 10' 7.53 x 107 100.80 15.33

Now, to explore the influence of these molecules on the secondary pathway of aggregation, the
rate of k,k, (secondary pathway) was determined at different concentrations of the compound.
Interestingly the rate of the secondary pathway was found to decrease as a function of the
concentration of the above molecules (Figure 4.4b). After that, the data were fitted by using an
equation (S1.54) developed by Dobson and co-workers in the limit of the fast binding of the drug

' The binding constant of each compound on the surface of the

molecules to the fibril surface’
aggregates was determined by fitting the data points using this equation. The result indicates that
MAX-3 has the highest binding affinity compared to MAX-1, and MAX-2 (Appendix Table2),
therefore, it has a higher inhibiting ability towards the secondary pathway of aggregation. This

result is consistent with our previous observation, explained in Figure 4.2f. To further confirmed
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this study, we performed aggregation kinetic of a-synuclein with 10% preform seeds in the
presence of different concentrations of MAX-1, MAX-2 and, MAX-3 (Appendix 4.12). The data
were fitted using single rate law using AmyloFit platform in order to get the individual rate
constants (kp ky, ky )*% 4 The fitted data provide us the rate of secondary nucleation (k) which
decreases on the basis of the order of MAX-1 > MAX-2 > MAX-3 (Table 3). The decrease of the
secondary nucleation process is because of the binding of these molecules along the surface of the
fibrils, which suppresses the surface catalyzed secondary nucleation through blocking the
incoming monomers on the surface of the fibrils. Overall, we have examined the secondary
pathway of aggregation is getting inhibited by these molecules, probably because of the binding of

these molecules on the surface of the fibrils suppressing the secondary nucleation.

Table 3. Microscopic rate constants from fitting.

[Molecules] k, M's" k, (M's™h k, (M%)

% — 22200

0 uM Molecule 6.14 x 10 2.06 x 10° 1.18 x 10"
80 uM MAX-1 64.3 3.43 x 10° 7.57 x 107
80 uM MAX-2 15.5 425 % 10° 1.08 x 10’
80 uM MAX-3 0.175 2.93 x 10° 1.28 x 10°

Next, we also calculated the reactive flux (using equation 2) towards the formation of oligomers in
the absence and presence of increasing concentrations of these compounds (Figure 4.5a)).
Generally, we have found that the time taken to form the maximum number of oligomers is
reduced by these molecules in the order MAX-1 > MAX-2 > MAX-3 (Figure 4.5a). After that, we
calculated the production of oligomers in the absence and presence of these molecules. The result
indicates that in the presence of these molecules, the production of oligomers reduced in the order

of MAX-3 > MAX-2 > MAX-1 (Figure 4.5b).
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Figure 4.5 a) Time evolution of nucleation rate calculated from kinetic analysis in presence and
absence of MAX-1, MAX-2, and MAX-3 b) Normalized time evolution of nucleation rate
calculated from kinetic analysis in the presence and absence of MAX-1, MAX-2, and MAX-3.

4.2.2 Transmission Electron Microscopy (TEM) Image analysis

To understand how these compounds affect the morphology of fibrils formed by a-synuclein, TEM
was performed in the absence and presence of these compounds at the saturation of aggregation
reaction (Figure 4.6). The main images are then treated with several image processing steps using
MIPAR™ software to get useful information from the analysis. The comparison of the original
image with that of the final processed results are shown in (Figure 4.6). The initial analysis of
original TEM images of a—synuclein fibrils demonstrates that the fibrils formed by a-synuclein in
the presence of these molecules (MAX-1, MAX-2, MAX-3) were shorter than the fibrils formed in
their absence. After processing the images, we observed that the mean eccentricity and aspect
ratio of the fibrils, which dictate the shape and lengths of the fibrils, in the presence of the MAX-1,
MAX-2, and MAX-3 decreases concomitantly than the fibrils formed by a-synuclein in the
absence of these (Appendix 4.9). The shortening of the fibrils occurred possibly due to high-

frequency primary nucleation events caused by a lesser number of availabilities of monomeric

protein for the elongation of fibrils.
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Figure 4.6 Original TEM images of a-synuclein fibrils formed in the absence and presence of
MAX-1, MAX-2, and MAX-3, in comparison with post-processed images. Processing steps are
shown at the top of each vertical panel and the sample ID is shown on the left side of the

corresponding original images.

4.2.3 Characterization of the Oligomers and Cell Viability Assay
To investigate the toxicity of a-synuclein oligomers, we prepared (see Materials and method
section in experimental section) a-synuclein oligomers and further characterized them using atomic

force microscopy (AFM). The raw AFM images were then analyzed stepwise (recipe) to get an idea
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about the mean eccentricity and aspect ratio of the oligomer (Appendix 4.11). The mean value of
eccentricity (0.70 £ 0.14) and aspect ratio (1.56 £+ 0.52) define the shape of the oligomers, which is

elliptical in nature (Figure 4.7a, b, c).

Figure 4.7 a), b), ¢) Processed (Using MIPAR ") AFM image of a-synuclein oligomer. To check
the cytotoxicity, different concentrations of a—synuclein oligomers were added to the cell culture
medium with neuroblastoma SH-SYS5Y cell line. The WST-1 assay kit (Roche) was used to

measure the viability of the cells.
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Figure 4.8. Effects of MAX-1, MAX-2, and MAX-3 on alpha-synuclein oligomer toxicity in the
neuroblastoma cell line (SH-SYS5Y).
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The viability of neuroblastoma SH-SY5Y was found to reduce in concentration-dependent manner
as measured by their ability to reduce WST-1 fluorescence (Figure 4.8). In order to check the
viability of cells by these molecules, the a-synuclein oligomers 5 uM (monomer equivalents) were
incubated for 1 h at 37 °C under shaking conditions in the absence and presence of different
concentrations of MAX-1, MAX-2, and MAX-3, and added to cell culture medium with cells
seeded in 96 well plates for 24 h, and then 10 uL of WST-1 reagent was added into each well. The
cell viability study depicted that the presence of MAX-1, MAX-2, and MAX-3 decreased the
toxicity of oligomers when used in a 1:1 ratio of a-synuclein to these molecules. The cell viability
was increased by 60.5 £ 1.3 (MAX-3), 69.11 £ 2.54 (MAX-2) and 75.52 + 0.22 (MAX-1) relative
to the untreated cells, a value approximately equal to that of cell treated with 5 uM oligomers

(Figure 4.8).

4.2.4 Displacing a-synuclein from Lipid Membranes
Many reports have suggested that a-synuclein oligomers perturb the biological membranes and

4t Therefore, to understand the

disrupt the cellular function of human neuro-blastoma cells
binding mechanism of these molecules with a-synuclein on the membrane surface of the cells, we
tried to mimic the membrane by using EYPC (Egg yolk phosphatidylcholine) lipids. We prepared
the vesicles using EYPC lipids and incubated them with native monomeric a-synuclein. Next, we
titrated a-synuclein bound to EYPC lipid vesicles with MAX-1, MAX-2, and MAX-3 and the
titration was probed by circular dichroism (CD) study (Figure 4.9a, b, c). The Changes in CD peak
suggest that these molecules change the conformation of EYPC bound a-synuclein from o-helices
to strong B-turn, indicating that these molecules have a strong binding affinity towards lipid-bound
a-synuclein. To further confirm, whether these molecules can influence the conformation transition
of a-synuclein in the absence of lipid or not, we have again performed CD study in the absence of
lipid (Figure 4. 9d, e, f). Interestingly, CD study suggests that these molecules can successfully
influence the conformation transition of a-synuclein (random coil to f—turn) in the absence of lipid.
Thus, the above results confirmed that these molecules strongly interact with a-synuclein on the
surface of the lipid. Overall, this study provides an insight into the in-vitro mechanism by which
these molecules significantly modulate the aggregation of a-synuclein in a real biological

membrane environment.
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Figure 4.9 a), b), c) Changes in the secondary structure of native a-synuclein monitored using
circular dichroism in the presence of 0.80 mM vesicles in the absence (black) and presence (colors)
of increasing concentrations of MAX-1, MAX-2, and MAX-3. MAX-1: 5 uM (green) 10 uM (sky
blue), 20 uM (maroon), 40 uM (Cyan). MAX-2: 5 uM (green) 10 uM (sky blue), 20 uM (pink), 40
uM (maroon). MAX-3: 5 uM (blue), 10 uM (maroon), 20 uM (pink), 40 uM (green). D), E), F)
Changes in the conformation of native o-synuclein monitored in the presence of different

concentrations of MAX-1, MAX-2, and MAX-3 and in the absence of lipid.

4.2.5 Amyloid Disintegration Kinetics

To check whether these molecules are able to disintegrate a-synuclein fibrils or not, we monitored
changes in the signal of ThT incubated with fibrils in the absence and presence of MAX-1, MAX-2,
and MAX-3 (Figure 4.10). Interestingly, we have observed that the falling of ThT signal is
proportional to the function of the concentration of these molecules (Figure 4.10). The rapid signal
falling was obtained within 2h, and the decrease of falling follows the order MAX-3 > MAX-1 >
MAX-2. The falling signal of ThT fluorescence in the presence of our molecules probably suggests

the disintegration of a-synuclein fibrils in the presence of these molecules
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To further confirm, we have performed AFM study just after the completion of the above kinetic
experiment. The AFM study indicates that these molecules can efficiently disintegrate o-synuclein
fibrils into smaller aggregates (Figure 4.11). The raw AFM images were processed using MIPAR "

image processing software in order to extract useful information from the images (Appendix 4.9).
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Figure 4.10 a), b), c) Amyloid disintegration kinetics in the presence of MAX-1, MAX-2, and
MAX-3.

After processing the original images, we observed a decrease in the mean aspect ratio and
eccentricity of the fibrils, indicating that the length of the fibrils is getting shorter in the presence of
MAX-1, MAX-2, and MAX-3. Overall, the AFM study confirms that the fibrils got disintegrated in

the presence of these molecules.

To inspect the cause behind the disintegration of the fibrils, we performed a circular dichroism
study in the absence and presence of MAX-1, MAX-2, and MAX-3 (Figure 4.12a, b, ¢). The CD
signal changes 224 nm to 234 nm, 237 nm, and 235 nm, in the presence of MAX-1, MAX-2, and
MAX-3, indicating that these molecules can disturb the conformation of the building block of a-

synuclein fibrils, which might be the leading cause of the disintegration of the matured fibrils
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Figure 4.11 Original AFM images of a-synuclein fibrils after 1 day of incubation in the absence

and presence of MAX-1, MAX-2, and MAX-3. The lower panel indicates the post-processed

images.
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Figure 4.12 a), b), c) Changes in the secondary structure of a-synuclein fibrils monitored
using circular dichroism in the absence and presence of MAX-1, MAX-2, and MAX-3,

respectively.
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Figure 4.13 a), b), c) Binding mode of MAX-1, MAX-2, and MAX-3 with a-synuclein fibrils
d), e), Snapshot images of time-course simulation dynamics of the interaction between MAX-3
side axis view, f) Snapshot images of time-course simulation dynamics of the interaction

between MAX-3 view from fibrils axis.
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Figure 4.14 Root mean square deviation (RMSD) value of a-syn-MAX-3 complex at 298 K up to

1000 ns of simulation.
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4.2.6 Docking and Molecular Dynamic Simulation

To inspect the binding affinity and position of the ligand on the surface of fibrils, molecular
docking studies were done using AutoDock vina software®® with PDB: 6CU7. Blind docking was
conducted with box dimensions are as follows: center_x = -1.7108; center_y = 19.0869; center =
12.7178 and size_x = 64.683843441 size_y = 50.7829297304 and size_z = 28.8360336375 (Figure
4. 12a, b, c). Exhaustiveness was set to 8. The binding scores for the ligands MAX-1, MAX-2, and
MAX-3, were -5.2 kcal/mol and -5.2 kcal/mol, -7.8 kcal/mol, respectively. Then we performed time-
based molecular dynamics (MD) simulation at 1.00 us using GROMACS’ on the selected lowest
energy MAX-3-complex based on the docking results, to test the durability and overall stability of
the docked complexes (Figure 4.12d). Observation from MD simulation results suggest the stable
nature of MAX-3-protein complex throughout MD trajectories. The H-bonds resulted in the
simulation of molecular dynamics showed that, in most frames, few hydrogen bonds were found
between ligand and protein structure. However, the ligand, was found to stabilize in a pose different
from the docked pose. The ligand eventually was found to be making stable hydrogen bonds with
Glu61, Thr72, and Val63 (Figure 4.12¢e). Further, we have shown the root mean square deviation
(RMSD), which is an important analytical tool for evaluating the stability of a-syn-MAX-3 dock
complex during the course of MD simulation. RMSD was calculated by using the trajectory file after
equating the least-square fit of backbone atoms of a protein considering the initial structure as a
frame of reference by using ‘‘gmx rms’’ tool. The increasing RMSD value of a-syn-MAX-3
complex shown in Figure 4.13 suggests that the structure of o-syn-MAX-3 is getting slightly
disturbed. Overall, the docking study indicates that MAX-3 has the highest binding affinity
compared to MAX-1 and MAX-2 on the fibrillar surface, which is consistent with our experimental
observation, and MD simulation study suggests the stability of the structure of a—syn-MAX-3

complex during the course of the simulation.

4.3 Conclusions
In summary, we have shown a systematic modulation of aggregation kinetics of a-synuclein in the

absence and presence of MAX-1, MAX-2, MAX-3 and build up a correlation based on their
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promoting ability, which is further confirmed by CD and TEM study. Furthermore, we have
estimated a catalytic rate of the primary pathway of aggregation in the presence of MAX-1, MAX-
2, and MAX-3 based on their binding affinity with monomeric a-synuclein. Then we have shown
that these molecules suppressed the secondary pathway of aggregation upon binding along the
fibrils surface of a-synuclein, which eventually stops the surface catalyzed secondary nucleation
pathway. Moreover, we have demonstrated that these molecules disturbed the conformation of a-
synuclein bound on the surface of the lipid membranes, depicted as an in-vitro mechanism by which
these molecules, significantly reduced the aggregation mediated toxicity of a-synuclein in-cell.
Overall, our study depicts the perturbation of a series of molecular events at a microscopic scale
involved in a-synuclein aggregation in the presence of MAX-1, MAX-2, and MAX-3. We believe
that our results provide detailed insight into the microscopic rates responsible for a-synuclein
aggregation, and therefore it will be useful for diagnostics and treatment of PD and similar

neurodegenerative disorders.

4.4 Appendix Section

Appendix 4.4.1 Kinetic theory of protein aggregation into amyloid fibrils and its promoter
Based on the distinct chemical characteristics of the drug molecule under contemplation, all or only
a subgroup of the various active modes of inhibition briefly described by Michael et al. In the most
general scenario, protein aggregation kinetics in the presence of a drug molecule is captured by the
following set of coupled differential equations (S1.16 to S1.17). Similarly, in this paper, we are
going to illustrate various modes of promotion when a drug-like small molecule is encompassed in

the dynamics of aggregation (S1.1 to S1.6).

IO = kymP(O) + kymP (OM(0) — kg"C(OPr(0) + kS Py () S1.1
SO = 2k, mp(OPF () — kECOM(0) + K My (D) $1.2
O = —2km (P (8) — kg C(O)my(6) + kel iy (1) S1.3
o = kgn ()P (8) — kT Py (£) — kaPy (D) S1.4
WO = kenCi ()P (1) — kT My () — ky My () 515
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IO = kgncy(my (1) — ke my () —kzmy () S1.6
d(;iit) _ dP;t(t) _ dzv;bt(t) _ dn;bt(t) S17
Where,

P¢(t), P,(t) = Free/bound aggregates number concentration S1.8
Mg (t), M, (t) = Free/bound aggregate Mass concentration S1.9
mg(t), my(t) = Free/bound aggregate monomer concentration S1.10
C;(t) = (Free) inhibitor concentration. S1.11
Meotar = My () +my (£) + Mg (2) + My (8) S1.12

Appendix 4.4.2 Total monomer and aggregate concentration-effective kinetic equations

It is necessary to introduce total aggregates number, aggregates mass and monomer concentrations

as
M(t) = Mg(t) + M, (¢) S1.14
m(t) = me(t) + my(t) S1.15

Which satisfy the following equations

dP(t
2= amP(©) + kemf(6) My (0) S1.16
am(t) _ _am(t)
TR —2k+mf(t)Pf(t)—— dt S1.17
Kk
kOff
m
200 = kgrmp()Cp(8) — kgl (£) — ey (6) $1.19

Using steady state approximation:
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m® = g $1.20
dt

kSrmy (£)Cp () = kgl my, () + kymy, () S1.21
We know

m(t) = me(t) + my(t) S1.22
me(t) = m(t) —my(t) S1.23
kg [m() — my, (D]1Cp () = kT my (8) + kymy () S1.24
k2 m(£)Cp(t) = k2my, (£) + k& my, (£) + kymy () S1.25
m,(t) = k%filg(iz}gkz $1.26
my(t) = k%ncffgi’;%m S1.27

Appendix 4.4.3 Fast promoter binding
Important simplifications unfold in the limit of fast binding of the promoter to monomer and

aggregates. In this case, the time variation of bound species can be approximately set equal to zero.

dPp(t) _ dMp(t) _ dmp(t)

= =0 S1.28
dat dt dt
ace® _ S1.29
dt :

In the case of first binding process

kgrme (6)Cp () = kgt my, (£) + kymy, (£) S1.30
my(t) = (Tk) £ () S1.31
kg KO Cp(t)
kT 4k, () mot
i (£) = L H2)6r O m® I ky > koss $133

(kS () +k2T T +ky)
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kz Cp (t) m(t)

mf(t) = (k?nncp(t)+kfr{f+k2) 5134
kom k,
Pe(t) + Cp(t) S Py(t) - P S1.35
koff

200 = kgPH(DCh(6) — kTP (©) — Py (6) $1.36
Using steady state approximation

® < $1.37

dt
kS Pr(£)Cp(t) = kT Py (t) + kep Py (t) S1.38
P(t) = P(t) + Pp(2) S1.39
Pr(t) = P(t) — Py(t) S1.40
k[P () — Py (D]Cp (1) = k" Py () + ko Py (£) S1.41
kP (£)Cp(t) = kT Py (£) + ky Py () +k 2Py (£) Cp (£) S1.42
_ kGMCp(0)P(b)

Pb(t) - kg"Cp(t)+k$nff+k2 S1.43
In the case for fast binding

W g LBy S1.44

dt dt
k3P (t) = k2T Py () + ko Py (L) S1.45
Py(t) = ( ) P (© S1.46
k9™ kg™ Cp ()P (L)
( oI 1k, ) f( )= k""c‘p(1:)+kgff+k2 S1.47
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off
(ke’” +k2)Cp(t)P(8)
P, = If 1.4
7 (&) K" Cp (D) +k T ke, k2 > Kors 51.48
_ kaCpOP()
Similarly
K Cp (OM(D)
M = 1.
7 (t) K2y () +kST ke, S1.50
W 2k+( e )( 07 ) S1.51
dt (ki Cp (W) +ky ' +k3)) \kG™Cp(D)+k," " +k;
ar(t) krc,®Ome  \™ I kPc,®Om@e  \™ kSCp(OM(D) S1.52
dae 1 on off 2 on off on off :
(km'Cp()+kyy ” +k2) (kp'Cp()+kyy ” +k3) ke Cp(t)+ky * +ky

Eq. (S1.51) and Eq. (S1.52) are equivalent to kinetic equations in the absence of promoter, Eq.
(S1.16) and (S1.17), but the kinetic parameters are replaced by “‘effective” rate constant that depend

on the promoter concentration.

Where effective combined rate of primary pathway is given by:

(knk+)eff_< KP'Cy (1) )””1( KEC,(E) ) S153
ks \(kETCp (O +kp! T +k2) kg™ Cp )k 4k '

Appendix 4.4.4 Fast binding limit of drug molecule on the surface of the aggregates

In the limit of fast binding of the drug molecule to fibril surfaces, Dobson and co-workers obtained
an approximate expression for the roots of the characteristic polynomial using the dominant balance

method as follows.

Where the effective combined rate of the secondary pathway is given by:

(k2k)efr :( 1 ) S1.54

k2k+ 1+K5Cl
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Appendix 4.9 a), b), ¢) Histogram plot of aspect ratio, caliper diameter and eccentricity of

synuclein fibrils. d to 1 Histogram plots of aspect ratio, caliper diameter and eccentricity of o-

synuclein fibrils in the presence of MAX-1, MAX-2 and MAX-3.
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Appendix 4.10 a), b), ¢) Histogram plot of aspect ratio, caliper diameter and eccentricity of a-

synuclein fibrils after 1 day of incubation at 37° c. d to 1 Histogram plots of aspect ratio, caliper

diameter and eccentricity of a-synuclein fibrils in the presence of MAX-1, MAX-2 and MAX-3

after 1 day of incubation at 37° c.
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Appendix 4.11 a), b), ¢) Histogram plot of aspect ratio, caliper diameter and eccentricity of

synuclein oligomers.
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Appendix 4.12 a), b), c¢) Kinetic profiles of the aggregation of 80 uM a-synuclein with 10% seeds.
in the absence or presence, a) 0 and 80 uM MAX-1 b) 0 and 80 uM MAX-2 c) 0 and 80 uM MAX-
3.

Appendix Table 1. Analysis of binding constant of MAX-1, MAX-2 and MAX-3 with o-

synuclein fibrils surface.

NAME K, (M)
MAX-1 0.2513 + 0.073
MAX-2 0.596 = -0.12

MAX-3 1.561 £ 1.08
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Appendix 4.4.5 AFM data of EYPC Vesicle.
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Appendix 4.14 a) Viability of SH-SY5Y cells exposed to different concentrations of a-synuclein
oligomer. b), ¢), d) Viability of SH-SYSY cells in the presence of MAX-1, MAX-2 and MAX-3.
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Appendix Table 2. Hydrogen Bonding Interaction with Donor Residue

Donor Acceptor Occupancy
TYR39-Side MAX-3-Side 1.01%
MAX-3-Side GLU61-Side 67.92%
THRS59-Side MAX-3-Side 0.34%
MAX3-Side THRS59-Side 0.01%
MAX3-Side THR75-Side 0.28%
THR75-Side MAX3-Side 1.63%
MAX3-Side THR75-Main 0.61%
MAX3-Side VAL74-Main 0.86%
THRS54-Side MAX3-Side 1.22%
VAL74-Main MAX3-Side 0.02%
MAX3-Side HID50-Main 0.13%
MAX3-Side VALS52-Main 0.08%
MAX3-Side GLY51-Main 0.01%
MAX3-Side THRS54-Side 0.04%
GLN62-Side MAX3-Side 0.01%
MAX3-Side LYS60-Main 0.23%
GLN62-Main MAX3-Side 5.50%
THR72-Side MAX3-Side 0.23%
MAX3-Side THR72-Side 9.45%
GLY73-Main MAX3-Side 1.65%
LYS58-Side MAX3-Side 0.40%
LYS60-Side MAX3-Side 0.01%
MAX3-Side GLN62-Main 0.05%
MAX3-Side GLUS57-Side 0.02%

Appendix 4.15 MIPAR calculation information: Recipe for image processing
MIPAR calculation is an image processing tool, which is performed in a right order and with the
right setting, in order to identify the hiding features inside an image. Below is the elaboration of

some typical post-processing steps that we have used in this study to create our required images.
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1. Scale calibration: Allows us to calculate the pixel size in units of length rather than pixels.

2. Highlight Lines: Uses the Frangi filter to highlight linear-type features in the image. Combine with a

threshold afterwards to select certain linear-type features.

3. Fiber selection: Balance fiber vs. background selection by selecting pixels based on whether they are
above or below a certain pixel value. Optimization of selection was performed at this step by
selection matching algorithm. It is perhaps the most critical yet less explored area of image
processing to quantify the accuracy of the image-processing algorithm in question. MIPAR" has
provided such facility where we can optimize parameter(s) to produce best similarity of the

segmentation between the processed and the selected image.

4.Uniform erosion: Shrinks selection, if needed, by a specified number of pixels in all

directions.

5. Reject Features: Which can remove or keep features based on a variety of shape and size

metrics.
6. Background: Invert fiber selection.

Feature measurements: It allows one to measure a number of feature properties based on the
features selected in the image. This includes, size parameters (area, area fraction, caliper diameter,

etc.) and shape parameters (roughness, aspect ratio, eccentricity, roundness, etc.)

Few important definitions:

Eccentricity: First an ellipse with same second moments as the feature was fitted. Then eccentricity

minor axis length

2
is calculated as, \/ <1 — ( ) > . It describes how elongated or circular each feature is.

major axis length

0 1s a perfect circle, 1 is a straight line.

Major axis length: Calculated as, 2+/2 (\/ Uy + Uy, + common)

Minor axis length: Calculated as, 2v/2 (\/ Upx + Uy — common)

Common = \/((Uyyx — Uyy)? + 4U2))



Development of a Systematic Strategy Towards Promotion of
Alpha-Synuclein using 2-hydroxy isophthalamide Based System

2
+1/12; Uy, = 224 1/12;

Sum(x?)
N

The second moments are calculated as: U, =

4.5 Experimental Section

4.5.1 Protein Expression and Purification

The protein was expressed and purified as reported earlier with few modifications.® Escherichia
coli BL21(DE3) codon plus (Stratagene) cells transformed with pRK 172 were grown overnight at
37 °C in Luria Bertani broth (LB) medium containing 100 pg/mL ampicillin and then sub cultured
into 1000 mL of LB containing 100 pg/mL ampicillin. At an OD600 of 0.8-1.0, the cells were
induced by adding 10 pg/mL isopropylthio-p-galactosidase (IPTG) at 25 °C and pelleted down after
5 h. The cells were resuspended in osmotic shock buffer (30 mM tris-HCl, 40 % w/v sucrose, 2 mM
EDTA, pH 7.2), incubated at 25 °C for 15 min, and centrifuged to remove supernatant. The pellet
was resuspended in Milli-Q water containing 1mM MgCl,, and the supernatant was separated by
centrifugation at 4000 RPM. This supernatant was dialyzed twice against 20 mM tris HCI buffer,
pH 8.0 at 4 °C. The protein was denatured by adding 8M urea solution loaded onto DEAE FF ion-
exchange column (15 mL, Hitrap, GE Healthcare). The loaded protein was washed and then eluted
out using gradient of 100-300 mM NaCl. The eluted protein was concentrated by ultrafiltration
(Millipore), flash-frozen in liquid Ny, and stored at -80 °C.

4.5.2 ThT (Thioflavin-t) Fluorescence Assay

Assays were initiated by placing the 96-well plate at 37 °C under quiescent conditions in a plate
reader (Fluoroskan Ascent, Thermo Scientific). The ThT fluorescence was measured through the
bottom of the plate using a 440 nm excitation filter and a 480 nm emission filter. The ThT

fluorescence was followed for two repeats of each sample.

4.5.3 Calculation of Oligomeric Flux

We have seen that the molecules can affects the aggregation process of a-synuclein to different
extent. Using the rate constants (k,, k,, or k. ) in the presence of the molecules, we can estimate the
reactive flux towards the oligomers (r(t)) as™>™".

r(t) = k,m(t)? + k,m(t)*M(t) (2)

From the plot, we can estimate the generation of oligomer reaches a peak, as well as the total

number of oligomers of generated over time. In the presence of the molecules, peak time taken for
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oligomer formation speeded up, which consequently promotes the rate of oligomerization. The total
number of oligomers formation increases up to a certain concentration of the molecules and then

reduce.

4.5.4 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) imaging was performed on the Keysight 5500 AFM instrument
(Agilent Technologies) under tapping mode with a silicon nitride tip. The a-synuclein fibrils in the
presence and absence of drug molecules were taken from well after the completion of the
aggregation process. The samples were drop casted on the surface of a silicon wafer and dried
overnight. The dried samples were washed with water to remove the salt and dried for another 4 h
before AFM measurements.

4.5.5 Transmission Electron Microscopy (TEM)

Samples of 8 uM a-synuclein just after finishing aggregation kinetics were adsorb onto glow-
discharged 200 mesh carbon film coated copper grids and stained with uranyl acetate (2%). Excess
liquid was removed and grids were allowed to dry. The grids prepared in this way were analyzed in
JEM2200FS, JEOL (200 keV) transmission electron microscope.

4.5.6 Far-UV Circular Dichroism (CD) Study

CD spectra were recorded on a JASCO-810 circular dichroism spectrometer under a constant flow
of nitrogen at 25 °C. Wavelength scans were recorded from 190 nm to 300 nm at 1 nm intervals in a
1 cm path length quartz cuvette. The final spectra were the average of three scans. Background

spectra were subtracted from the collected data.

4.5.7 Biolayer Interferometry (BLI)

BLI assays were performed on an Octet Red instrument (forte BIO). The assay was conducted in
wells of black polypropylene 96-well microplates. o-Synuclein was immobilized on amine-reactive
biosensors (AR2G biosensors) in 10 mM acetate, pH 5.5 buffer, using I-ethyl-3-(3-
dimethylaminopropyl)- carbodiimide (EDC) and N-hydroxy succinimide (NHS).56—58 Binding
analysis of MAX-1, MAX-2 and MAX-3 was carried out at 25 °C, 1000 rpm in 10 mM phosphate
buffer (pH 7.4) containing 150 mM NaCl, with a 300 s of association followed by a 300 s of
dissociation. Sensors were regenerated in NaOH solution. Data were analyzed using Data Analysis
(forte BIO), with Savitzky —Golay filtering. Binding was globally fitted to a 1:1 model to obtain

the binding kinetic constant (Kp).
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