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Abstract

Title: Investigations on the Structural and Kinetic Features of Amyloid Aggregation

Index No.: 75/19/Life Sc./26

Amyloid aggregation is associated with a number of severe diseases, including Alzheimer’s disease
(AD), Parkinson’s disease, and type 2 diabetes. Comprehensive understanding of the assembly process that
leads to the generation of pathogenic aggregates is imperative for therapeutic interventions. For decades,
researchers have been in pursuit of identifying novel structural motifs that dictates amyloidogenesis. On
the other hand, self-assembled peptide materials have recently sparked the field of biomedicine and their
implications may exceed far beyond amyloid disorder.

This thesis first provides a brief introduction to peptide self-assembly and its implications in disease
association and functional biomaterials. Chapter I describes the implications of crucial sequence motifs in
the self-assembly of amyloidogenic peptides. Chapter II demonstrates the role of GxxxG repeating motif in
regulating the self-assembly and neurotoxicity in Amyloid-beta (AP) mediated AD pathogenesis. Our
results suggest that the G¥*xxxG?7 is the primary motif responsible for AB neurotoxicity, providing a direct
structure-function correlation. Subsequent experimental observations further provide unique insights into
the regulatory role of G33 and G37 in membrane-mediated oligomerization of Ap40. We illustrate how
nanodiscs facilitate the formation of relatively stable oligomers, which are conformationally distinct from
native AP40 and other minor states of free AB40 oligomers. Similar SxxxG/GxxxS motif is also present in
the C-terminal region of human Islet Polypeptide (hIAPP). By employing different temperatures and sample
agitation conditions, we show the significance of the C-terminal hIAPP fragment in generating structurally
distinct oligomers. These oligomers could significantly accelerate the hIAPP aggregation, while potentially
reducing the overall toxicity. Targeting these motifs, therefore, can be a promising strategy to prevent cell
death associated with AD, type Il diabetes and other related diseases. Next, we emphasize on how Singular
Value Decomposition (SVD) can be employed to reveal hidden patterns and dominant modes of interaction
that dictates the complex process of amyloidogenesis. We applied SVD to elucidate the interactions between
amyloidogenic peptide and membrane mimic, as well as the complex process of peptide self-assembly, co-
assembly, and seeded amyloid growth. Lastly, the unique ability of peptides to self-assemble into diverse
nanostructures were investigated for biomedical applications. Three pentapeptide sequences derived from
C-terminal of SARS CoV E protein with same amino acid residues but different sequence distributions
were investigated. The relationship between peptide sequence arrangement and molecular assembly
structure, and how these influence the mechanical properties of the hydrogel were also covered. Moreover,
these hydrogels or micellar like supramolecular assemblies with tunable morphology and mechanical
properties, are suitable for tissue engineering, injectable delivery, and 3D bio-printing applications.
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Preface

The thesis entitled “Investigations on the Structural and Kinetic Features of
Amyloid Aggregation” is intended to be submitted by the investigator, Dibakar Sarkar,
under the guidance of Prof. Anirban Bhunia, Department of Chemical Sciences, Bose
Institute, 700091, India, for the Ph.D. (Sc.) degree at Jadavpur University. The summary

of the thesis is presented below.

Chapter I
Parts of this chapter have been adapted from the following publications:

(A) Sarkar, D. and Bhunia, A., 2021. Structural Insights Into the Amyloidogenic AB and
Tau Species in Alzheimer's disease Pathophysiology: Defining Functional Motifs for

Therapeutic Interventions. Royal Society of Chemistry Book Chapter.

(B) Sarkar, D. and Bhunia, A., 2023. Delineating the Role of GxxxG Motif in
Amyloidogenesis: A New Perspective in Targeting Amyloid-Beta Mediated AD
Pathogenesis. ACS Bio & Med Chem Au.

Chapter I covers a brief introduction of amyloid aggregation. Amyloid aggregation
resulting from the protein/ peptide self-assembly has been linked with several
neurodegenerative and metabolic disorders. The kinetic and structural features of amyloid
species make it very intimidating to the interdisciplinary scientific community. Several
amyloidogenic motif have been identified and extensively studied to uncover the complex
mechanism of amyloid formation. The GxxxG motif present in the C-terminal region of
amyloid beta (AB) peptide has emerged as one such crucial motif. The implications of this
motif in Alzheimer’s and related diseases have been discussed in this chapter. While
amyloid formation closely associates with several diseases, the self-assembly of short
peptides can lead to the development of nanostructured functional materials. These
functional materials have emerged as highly promising in the field of biomedical
applications. Overall, this chapter explains the background behind the work done in this

thesis.



Chapter II
This chapter has been adapted from the following publication:

Sarkar, D., Chakraborty, I., Condorelli, M., Ghosh, B., Mass, T., Weingarth, M., Mandal,
A.K., La Rosa, C., Subramanian, V. and Bhunia, A., 2020. Self-Assembly and
Neurotoxicity of B-Amyloid (21-40) Peptide Fragment: The Regulatory Role of GxxxG
Motifs. ChemMedChem, 15(3), pp.293-301.

Chapter II describes the role of GxxxG motif in regulating the self-assembly and
neurotoxicity of AB. The three GxxxG repeating motifs from the C-terminal region of AB
peptide play a significant role in regulating the aggregation kinetics of the peptide. We
showed that mutation of these Gly residues to Leu greatly accelerates the fibrillation
process but generates a varied toxicity profile. Using an array of biophysical techniques,
we demonstrated the uniqueness of the composite Gly residues in these structural
repeats. We have employed solvent relaxation NMR technique to display the role played
by the surrounding water molecules in determining the corresponding aggregation
pathway. We found that the conformational changes induced by the Gly33 and Gly37
mutation resulted in a significantly reduced toxicity in a neuronal cell line. Our results
indicate that the G33xxxG37 is the primary motif responsible for A3 neurotoxicity, hence
providing a direct structure-function correlation. Targeting this motif, therefore, can be a
promising strategy to prevent neuronal cell death associated with Alzheimer’s and other

related diseases, such as type II diabetes and Parkinson’s.

Chapter III

In this chapter, we demonstrate the use of membrane scaffold protein (MSP)
encased lipid nanodiscs (~8 nm) as a near-native model membrane mimic to investigate
the role of G33 and G37 in membrane-mediated oligomerization of AB40. By using a
variety of spectroscopic and microscopic techniques we demonstrate that these Gly
residues are highly significant in regulating both self-assembly and membrane-mediated
oligomerization of A40. We report that the interaction with nanodiscs results in temporal
evolution of structurally distinct oligomers. The direct involvement of G33/37 residues in

membrane interaction is also reported.



(Nanodiscs preparation and characterization in this work has done by Ms. Dipanwita

Roy.)

Chapter IV

This chapter has been adapted from the following publication:

Sarkar, D., Maity, N.C., Shome, G., Varnava, K.G., Sarojini, V., Vivekanandan, S.,
Sahoo, N., Kumar, S., Mandal, A.K., Biswas, R. and Bhunia, A., 2022. Mechanistic
insight into functionally different human islet polypeptide (hIAPP) amyloid: the intrinsic
role of the C-terminal structural motifs. Physical Chemistry Chemical

Physics, 24(36), pp.22250-22262.

Targeting amyloidosis requires high-resolution insight into the underlying
mechanisms of amyloid aggregation. The sequence-specific intrinsic properties of
a peptide or protein largely govern the amyloidogenic propensity. Thus, it is
essential to delineate the structural motifs that define the subsequent downstream
amyloidogenic cascade of events. Additionally, it is important to understand the
role played by extrinsic factors, such as temperature or sample agitation, in
modulating the overall energy barrier that prompts divergent nucleation events.
Consequently, these changes can affect the fibrillation kinetics, resulting in
structurally and functionally distinct amyloidogenic conformers associated with
disease pathogenesis. In this chapter, we have focused on human Islet Polypeptide
(hRIAPP) amyloidogenesis for the full-length peptide along with its N- and C-terminal
fragments, under different temperatures and sample agitation conditions. This
helped us to gain a comprehensive understanding of the intrinsic role of specific
functional epitopes in the primary structure of the peptide that regulates
amyloidogenesis and subsequent cytotoxicity. Intriguingly, our study involving an
array of biophysical experiments and ex vivo data suggests a direct influence of
external changes on the C-terminal fibrillating sequence. Furthermore, the

observations indicate a possible collaborative role of this segment in nucleating



hIAPP amyloidogenesis in a physiological scenario, thus making it a potential

target for future therapeutic interventions.

Chapter V

This chapter has been adapted from the following publication:

(A) Sarkar, D., Saha, S., Krishnamoorthy, J. and Bhunia, A., 2023. Application of
singular value decomposition analysis: Insights into the complex mechanisms of

amyloidogenesis. Biophysical Chemistry, p.107157.

(B) Paul, A., Kumar, S., Kalita, S., Kalita, S., Sarkar, D., Bhunia, A., Bandyopadhyay,
A., Mondal, A.C. and Mandal, B., 2021. An explicitly designed paratope of amyloid-3
prevents neuronal apoptosis in vitro and hippocampal damage in rat brain. Chemical

Science, 12(8), pp.2853-2862.

Amyloidogenesis, with its multifaceted nature spanning from peptide self-
assembly to membrane-mediated structural transitions, presents a significant challenge
for the interdisciplinary scientific community. In this chapter, we emphasize on how
Singular Value Decomposition (SVD) can be employed to reveal hidden patterns and
dominant modes of interaction that govern the complex process of amyloidogenesis. We
first utilize SVD analysis on Circular Dichroism (CD) spectral datasets to identify the
intermediate structural species emerging during peptide-membrane interactions and to
determine binding constants more precisely than conventional methods. We investigate
the monomer loss kinetics associated with peptide self-assembly using Nuclear Magnetic
Resonance (NMR) dataset and determine the global kinetic parameters through SVD.
Furthermore, we explore the seeded growth of amyloid fibrils by analyzing a time-
dependent NMR dataset, shedding light on the kinetic intricacies of this process. Our
analysis uncovers two distinct states in the aggregation of AB40 and pinpoints key
residues responsible for this seeded growth. To strengthen our findings and enhance their
robustness, we validate those using simulated data, thereby highlighting the physical
interpretations derived from SVD. Overall, SVD analysis offers a model-free, global kinetic

perspective, enabling the selection of optimal kinetic models. This study not only



contributes valuable insights into the dynamics but also highlights the versatility of SVD

in unravelling complex processes of amyloidogenesis.

Chapter VI

Short peptide-based supramolecular hydrogels hold enormous potential for a wide
range of applications. However, gelation of these systems is very challenging to control.
Minor changes in the peptide sequence can significantly influence the self-assembly
mechanism and thereby the gelation propensity. The involvement of SARS CoV E protein
in the assembly and release of the virus suggests that it may have inherent self-
assembling properties that could contribute to the development of hydrogels. Here, we
explored three pentapeptide sequences derived from C-terminal of SARS CoV E protein
with same amino acid residues but different sequence distributions and discovered a
drastic difference in the gelation propensity. By combining spectroscopic and microscopic
techniques, we demonstrated the relationship between peptide sequence arrangement
and molecular assembly structure, and how these influence the mechanical properties of
the hydrogel. The present study expands the variety of secondary structures for
generating supramolecular hydrogels by introducing the 3;0-helix as the primary building
block for gelation, facilitated by a water-mediated structural transition in to B-sheet
conformation. Moreover, these Fmoc-modified pentapeptide hydrogels/supramolecular
assemblies with tunable morphology and mechanical properties are suitable for tissue

engineering, injectable delivery, and 3D bio-printing applications.

(‘References’ are given at the end of each chapter. Additionally, a list of publications has

been appended at the end of the thesis.)
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Chapter I

Peptide Self-Assembly and its Implications in Amyloid Disorder

and Functional Biomaterials



Chapter I

Parts of this chapter have been adapted from the following publications:

(A) Sarkar, D. and Bhunia, A., 2021. Structural Insights Into the Amyloidogenic AP and Tau
Species in Alzheimer's disease Pathophysiology: Defining Functional Motifs for Therapeutic
Interventions.

(B) Sarkar, D. and Bhunia, A., 2023. Delineating the Role of GxxxG Motif in Amyloidogenesis:
A New Perspective in Targeting Amyloid-Beta Mediated AD Pathogenesis. ACS Bio & Med Chem
Au.

1.1. Amyloid

The journey from the initial identification of amyloids to the near-atomic resolution
structural elucidation has been nearly 400 years long.[' A large number of proteins/peptides have
been found to form amyloid that is associated with disease pathogenesis.!'3! Despite the immense
knowledge acquired on amyloid proteins and peptides, the detailed structural information is still
inadequate. Typically, amyloid deposition involves the self-association of unfolded/partially
folded protein/peptide into B-sheet rich mature fibrils via oligomeric intermediates.* # The
characteristic fibrillar amyloid species share a common X-ray diffraction fingerprint,”®! in which
the B-strands are stacked perpendicularly to the long axis of the fibril, separated by ~4.7-4.8 A.
Thus, amyloid fibrils adopt the canonical cross-p structure.’! However, their molecular
architectures are more complex and elaborate. In spite of the detailed amyloidogenic fibrillar
structure well-described in literature, recent studies have shifted the focus to the pre-fibrillar
species owing to their functional involvement in disease pathophysiology.[”> 8 The structural
transition of amyloidogenic peptide and protein monomers involves a lag phase before forming
oligomers."”! The oligomeric intermediates are short-lived and quickly convert into proto-fibrillar
species in an exponential/growth phase before maturing into the fibrillar structures, reaching the
plateau/saturation phase.!'%! Recent studies have shown the functional association of the dynamic
intermediate oligomers and proto-fibrillar species in the disease etiology.!'!! Oligomers are often
found to be highly toxic compared to the monomer as well as the mature fibrils.['2) Thus, to adopt
efficient therapeutic strategies, it is essential to gain structural insight into these rapidly changing
landscapes of amyloidogenic intermediates, defining target motifs. Hence it is a tedious task to
understand amyloid diseases because of the widespread structural variations of amyloid species,

with different clinical expositions.



Chapter I

1.1.1. Factors influencing amyloid aggregation
Various intrinsic and extrinsic factors play a significant role in modulating the
amyloidogenic propensity.l!*!3! Intrinsic factors like the primary sequence of a protein are

determinants of its aggregation propensity.['*!

Mutation in the protein often leads to an
increased/decreased fibrillation propensity.'é! Likewise, pH, temperature, and salt concentration
are the major extrinsic factors influencing aggregation kinetics and fibril structure.[!* !7]
Depending on the fibril growth conditions, a variety of fibrillar structures have been observed.
Such differences in the structures may create a diverse level of toxicity. For example, amyloid p-
40 (AP40) fibrils with different molecular structures have exhibited different toxicity levels in
primary neuronal cell cultures.!'8 Furthermore, solid-state NMR measurements of AB40 and AB42
fibrils prepared by seeded growth from the Alzheimer’s disease (AD) brain cortex extracts showed
a correlation between structural variation and AD phenotypes.!'” The use of repeated seeding steps
to amplify early nucleating or fast-growing fibrils within a sample, for example, could result in a
kinetically favored structure, which might differ from the most thermodynamically stable
structure.’”) Moreover, the in vivo microenvironment is likely to differ significantly from
environments accessible in vitro and may be affected by conditions promoted by AD.?!l Thus,
understanding the molecular architecture of amyloid fibrils under disease-associated conditions
may be an essential step towards developing therapeutic interventions based on targeting the fibrils
themselves or the processes that generate them. Fortunately, recent developments in structural
biology techniques, including solution- and solid-state NMR spectroscopy and cryo-electron

microscopy, have finally paved the way for structural elucidation of amyloid fibrils.

1.1.2. Mechanistic insight into amyloidogenesis: defining the intermediate steps

Unfolded or partially folded monomeric precursors undergo structural transition, assemble
into the oligomeric intermediates, typically seen for most amyloids.??! The oligomers are transient
in nature and eventually leads to fibril formation.!'® >} The time dependence of fibril formation
has been monitored by measuring the fluorescence intensity of the amyloid-sensitive dye
thioflavin-T (ThT).[*) The molecular steps involved in the fibrillation process and the associated
rate constants can be quantitatively analyzed from the ThT kinetics. The development of various
mathematical models has improved our understanding of the kinetics and the mechanism of fibril
formation.[>>”] One of the most exciting outcomes from such kinetic analysis has been the

discovery of nucleation-dependent fibrillation of AP.*®) Monomeric species assemble into
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Figure 1.1. Schematic representation of a typical amyloid aggregation growth kinetics and the
microscopic steps involved. The initial phase is the lag phase, where monomers self-assemble
into oligomeric intermediates, followed by a rapid growth phase, ending in the saturation phase.

disordered oligomers through primary nucleation events, which then undergoes structural
conversion into forms that can grow by elongation through the addition of more monomers (Figure
1.1).2%! During fibril formation, secondary nucleation may play a significant role, and in some
cases, can dominate the overall aggregation behavior.[*®! Secondary nucleation act as a positive-
feedback loop that leads to an exponential increase in the proliferation of fibrils. It is important to
understand each process and how they combine to determine the rate of fibril assembly, which is

vital for the elucidation of the mechanism of fibril formation.

1.2. Structural correlation of Af pathological aggregates in AD etiology
AD is a severe neurodegenerative disorder, characterized by progressive impairment of
cognitive function and memory loss. To date, there are over 45.0 million AD cases worldwide,

enlisting it as the fifth most prevalent cause of death on a global scale and the number is growing
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at an alarming rate.”?°! By 2050, the number of individuals with dementia is expected to cross over
120 million.*°! On top of that, the emotional and financial burden on patients, their families, and
communities are enormous. As of now, the accumulation of AP peptide into extracellular amyloid
plaques is considered to be the distinct morphological hallmark of AD.*!l However, the in-depth
molecular mechanism of AP pathway driving AD pathogenesis is still unclear. The pursuit for
novel structural motif that can shed the light on the key functional attributes is a primary focus in
the study of protein folding disorders, which includes AD as well. Decades of research on AD have
centered on the AP pathway, highlighting its significance in understanding the disorder. The
diversity in the AP pathway and the possible silent tracks which are yet to discover, makes it
exceedingly intimidating to the inter-disciplinary scientific community. Over the course of AD
research, AP has consistently been at the forefront of scientific inquiry and discussion. The
revolutionary work of Glenner and Wong back in 1984 first publicized the primary structure of A
peptide.??) The generation of various AP isoforms from the sequential processing of amyloid
precursor protein (APP) by B-secretase and y-secretase is well established through the amyloid
hypothesis.[** The sequences of AB40 and AP42 isoforms are identical except for the C-terminal
amino acids 141 and A42, and yet they display dramatically different behaviors both in vivo and in
vitro.?l While the 40-residue peptide AP40 represents the most abundant AB isoform in the brain,
AP42 is more aggregation-prone and toxic in nature.** Naturally, the sequence itself holds the key
to its characteristic behavior. Various biophysical techniques, NMR spectroscopy, molecular
dynamic (MD) techniques, and X-ray crystallography have provided extensive structural and
kinetic information on both full-length AR peptide as well as different fragments of the AP
peptide.l*”- 331 Over the years, new findings on the proteolytic processing of amyloid precursor
protein (APP),1*¢] potential evidence of highly toxic transient Ap oligomers,® *” and presence of
high degree of polymorphism®! in fibril structures have created an intricate scenario. In this
rapidly evolving landscape, the conserved GxxxG motifs present in the C-terminus of AP appears

to be a noteworthy target.

1.3. The “GxxxG” structural motif

The GxxxG motif stands out as the most prevalent sequence motif in naturally occurring
transmembrane (TM) proteins and some soluble proteins that comprise at least one a-helix.l*’!
These TM motifs are essential for engaging in oligomeric interactions. Interestingly, Gly residues

within a GxxxG motif exhibit a higher degree of conservation compared to random Gly residues.
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(A) " Protein Sequence
GPA: Ve, QLAHHFSEPEITLIIFG,, VMAGg, VIGTILLISYGIRRLIKK
BNIP3: R 4,NTSVMKKGGIFSAEFLKVFLPSLLLSHLLAIGLG 4 IYIG,o,RRLTTS,q,
(B) ©
~<; 

Figure 1.2. (A) Amino acid sequence of TM domain of GPA and BNIP3 containing GxxxG
motif. The neighboring B-branched residues are highlighted (red). Helix-Helix association in
(B) GPA (PDB file 1AFO), and (C) BNIP3 (PDB file: 2J5D) homodimer mediated by GxxxG
motif. Gly residues within the GxxxG motif are highlighted with a cyan color.

The three residue spacing allows the Gly residues in a GxxxG motif to lie on one face of the

39,401 The lack of side chain in Gly allows the two helices to come into close proximity,

helix.
thereby increasing van-der-Waals forces between adjacent helices, stabilizing the helix—helix
association and thus forming a helical dimer. The flat surface provided by the Gly residues can
offer a wide range of specific interactions that can manifest around the GxxxG motifs. The
presence of B-branched amino acids such as Val, Ile, and Thr, often found at adjacent positions (as
shown in Figure 1.2A), facilitates Gly to acts as a molecular notch, thereby strengthening the
helix—helix interactionsinteractions.*!! The GxxxG motif therefore can be considered as a

framework for the dimerization of TM a-helices.

Although the GxxxG motifs are abundant in human transmembrane domain (TMD)
sequences, the extent to which these motifs participate in TMD interactions remains inconclusive.
With the limited number of studies, one can only assume certain role in TM helix-helix

dimerization. For example, a conserved GxxxG motif located in the unique membrane-spanning
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segment of the mitochondrial ATP synthase is involved in the dimerization via inter- and
intramolecular TMD interactions.[*?! The glycophorin A (GPA) is one of the best characterized
model protein to explore the conformation and behavior of intramembranous segments of single-
pass TM proteins.[**! The TM domain largely consists of hydrophobic amino acid residues. By
using solution NMR, MacKenzie et al.[**] showed that the interaction surface is composed of two
ridges and their associated groove. The side chains of V80 and V84 form one ridge that packs
against the groove created by G79 and G83 of the opposite monomer (Figure 1.2B). The combined
results of site-directed mutagenesis and solution NMR spectroscopy suggest that these Gly
residues stabilize dimerization by providing a surface for packing, allowing helix proximity and

4. 451 The GxxxG element thus appears to be the most crucial part of the GPA

by entropic effects.!
interaction motif. Similarly, the pro-apoptotic protein BNIP3 (Bcl-2 Nineteen-
kDa interacting protein 3) comprising a GxxxG motif, has also been found to form the right-
handed parallel TM dimer.*®! Solution NMR study showed that the dimer is stabilized by
hydrophobic side chain contacts of A176, 1177, 1181, and 1183 and tight packing due to the
presence of A176, G180, and G184 in the sequence spanning -A!7*XXXG!3'XXXG!34- residues
(Figure 1.2C).[*7) This motif also appears to be essential for the proper alignment of the side chains
in the His-Ser node required for formation of hydrogen bonds. In addition, the aromatic residues
F157, F161, and F165 forms a hydrophobic cluster which is stabilized by intra- and
intermonomeric stacking interactions. Computational analysis has suggested that Gly residues are
required at certain positions not only to act as hydrogen bonding donors but also for reducing the

steric barrier for large side-chain amino acids at neighboring positions; Thus providing a rational

structural understanding of the occurrence of GxxxG motifs in TM homodimers.*®!

A striking similarity between these segment and Alzheimer’s AP peptide is that both can
form helical dimer in presence of membrane mimicking detergent-micelle.!** > The hydrophobic
environment of a lipid bilayer, which facilitates hydrogen bonding is likely to promote
dimerization. It is noteworthy to mention that many TM proteins have been identified to be dimeric
in nature, with TM segments resembling those found in both GPA and APP. Therefore, it is
reasonable to speculate that APP, which also possess analogous GxxxG segments within its TM
domain, exists as a dimer in the lipid bilayer.>! Studies have shown substantial evidence of SDS-
stable dimeric configurations for both AB40 and AB42, suggesting that these AP dimers are linked

with the lipid raft domains within the membrane.[* >? In this context, we can assume that when
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APP is sequentially processed, its TM domains retain their association, forming dimeric AB
peptides just as they existed in the intact APP molecules. However, the impacts of these
intramembranous peptides are likely dependent on their site of generation and duration within the
lipid bilayer, necessitating further investigation to fully comprehend their functional implications

in Alzheimer's disease.

1.3.1. Influence on APP processing and subsequent Af production

From proteolytic generation to accumulation into amyloid, the AP pathway has been the
center of attraction in AD pathophysiology (Figure 1.3). Typically, the proteolytic cleavage of APP
by B- and y-secretases within the lipid bilayer leads to the generation of AP peptides with
predominant lengths of 40 (AB40) and 42 (AB42) amino acids.**! The B-cleavage of APP first
produces a 99 residue, membrane-anchored APP C-terminal fragment (BCTF or C99), which then
further cleaved by the y-secretase to generate AP. However, the escalating number of proteolytic
enzymes with the ability to cleave APP and APP-like molecules suggest that A} peptides might be
generated in ways other than through the coordinated actions of the B- and y-secretases.>*!
Nevertheless, a large number of the studies are focused on the y-secretase complex, which mainly
consist of: presenilins (PS), nicastrin (NCT), anterior pharynx defective 1 (APH-1), and presenilin
enhancer 2 (PEN-2).591 1t is generally accepted that after the cleavage by y-secretases, a large
amount of AP peptides jump from membrane to the extracellular space The charged and polar

amino acids at the N-terminus wield sufficient drag to pull the remaining hydrophobic region

through the lipid bilayer and into the aqueous medium.*®!

In this context, the role played by the GxxxG motifs have been investigated by several
groups.”>] Munter et al. showed that the y-secretase cleavages of APP are intimately linked to
the dimerization strength of the substrate TMS and these motifs are liable for facilitating the
production of highly toxic AP42.57! Mutation of the consecutive G**xxxG*xxxG>” motifs by Leu

or Ile was found to reduce the AP40 and AP42 production drastically.[s"!

Interestingly, the
mammalian multipass membrane protein APH-1 also contains a conserved transmembrane
G'22xxxG'*xxxG" motif that partake in helix-helix interaction and is essential for the stable
association of APH-1 with presenilin, nicastrin, and PEN-2, forming the y-secretase complex.[”!
Thus, the interaction between APP and other proteins within the y-secretase complex is likely to

be influenced by the GxxxG motif.
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Figure 1.3. The A pathway involving APP processing, generation of AP peptides of various
length followed by amyloid deposition via multiple steps. APP cleavage sites of various
proteolytic enzymes are indicated by blue arrows. Gly from the GxxxG motifs are in red.
Numbering is according to the sequence of APP695.

Several familial mutations in APP such as A21G (Flemish), E22Q (Dutch), E22G (Arctic),
E22K (Italian), and D23N (Iowa), have been found to influence the proteolytic processing of APP
and associated with increased A production.®!: ¢ Among them, the A21G mutation appears to be
particularly intriguing as A21G mutation generates a fourth consecutive upstream GxxxG motif.
The A21G mutation was found to have a strong influence on intramembranous processing by the
y-secretase complex and increases the AP production by approximately 2-fold.l°?! A recent study

by Tzu-Chun Tang et al. revealed that A21G mutation induce conformational changes in the
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structure of C55, the first 55 residues of the B-CTF which subsequently leads to an increased AP
production.!’! They showed that the A21 residue resides at a breakpoint between a well-defined
B-strand and the TM helix of B-CTF. The introduction of an additional GxxxG motif by A21G
mutation destabilizes the B-sheet structure and increases the a-helical structure of the G*xxxG*
sequence, thereby stabilizing the TM dimers through GxxxG motifs.[®* ¢4 Conversely, alanine
substitutions in the GxxxG motif of B-CTF causes decrease in the level of long AP species such as
AP42 and AP43 and a concomitant increase in short AP (i.e., AP34, AB35, AB37, and AP38)

production.7: 63

1.3.2. Regulation of AP aggregation and subsequent neurotoxicity

The GxxxG repeated motif from the C-terminus represent a unique feature of APP as well
as of AP peptides. Structurally, this motif plays an important role in stabilizing both helix-helix
association and sheet-to-sheet packing. Typically, the two Gly residues in a GxxxG motif are
placed on the same side of a transmembrane helix or on the same face of a B-sheet. The non-chiral
nature and small side-chain of Gly offer flexibility, contributing to peptide dynamism and
facilitating membrane insertion through pore formation. Recent studies have shown that several
amyloid fibrils, including those linked with AD take parallel in-register B-sheet, where Gly can
create molecular notches or grooves on the surface of the B-sheet, extending along the length of
the amyloid fibril.!°! The secondary conformation of the GxxxG motifs are thought to be highly
dependent on the surrounding residues (i.e. hydrophobic or polar). Solid state NMR analysis of
AP40 and AP42 peptides has revealed that the G*xxxG?*’ motif, containing polar amino acids in
its sequence to be part of a B-hairpin structure.[*”! Whereas the second and third GxxxG motifs in
the AP peptides surrounded by hydrophobic B-branched residues adopt B-strand or P-sheet
secondary structure.[®®] Ahmed ef al. showed that the solvent accessible turns at H13-Q15, G25-
G29 and G37-G38 facilitate the compact folding of the peptide, by placing F19 in contact with
L34.1% NMR derived structural models have shown that in both AP40 and AB42, the surface
grooves created by Gly33 and Gly37 can stabilize sheet-to-sheet packing by providing space for
large amino acid side chains.”’l Moreover, computational studies have revealed that Gly to Leu
substitutions at positions 33 and 37 within APB42 leads to a notable increase in the conformational

instability."!
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Interestingly, the three consecutive GxxxG motifs present in the transmembrane sequence
of prion protein (PrP) have significant role in organization of transmembrane helixes and
packaging of amyloidal fibers.**- 2] Both toxic AP peptides and PrP peptides have been found to
form ion channels that ultimately leads to neuronal cell death, suggests a possible common

[73.74] Notably the incidence of such structural motif in a number

pathological role for these motifs.
of bacterial channel proteins that induce ion channel formation further support the ion channel
hypothesis.l”> 7% By G—L substitution in AP (particularly the G37L substitution), Kim et al.l’”!
demonstrated the significance of the Gly residues of the consecutive GxxxG motif, particularly the
G37 in pore formation in synthetic membranes and inducing toxicity in cultured Neuro 2a
neuroblastoma cells. Later Hung et al.’®! reported that the GxxxG repeat motif significantly
modulate the formation of toxic AP oligomers. G—L mutants of Ap42, generally termed as GSL
peptides (G25L, G29L, G33L or G37L) showed increased rate in amyloid formation and a decrease
in the formation of toxic oligomeric species. When treated against primary mouse cortical neurons,
all mutants were found to be less toxic than wild type AP with the G33L and G37L substitutions
having the greatest reduction in toxicity, suggesting a direct correlation with oligomer formation.
Harmeier et al. reported that substitutions at G33 of AB42 by Ala or Ile dramatically reduced
toxicity in neuroblastoma cells and while generating higher molecular weight oligomers in
vitro.I””! They showed that unlike wild type AB, G33-substituted AB could not inhibit hippocampal
LTP or disrupt eye formation in a Drosophila transgenic AP expression model. In addition to
various models such as cell dysfunction, cell death, synaptic alteration, or tau phosphorylation the
G37L substitution was further tested in a transgenic C. elegans model.®® The Ap G37L was
actually found anti-toxic, thereby supporting the GxxxG-mediated AP oligomer formation

hypothesis.

The highly amyloidogenic core (residues 60-85) of a-synuclein, the protein associated with
Parkinson’s disease also contain several glycine residues including a AxxxG sequence which
would result in a similar molecular surface. In a recent study, Sakagashira et al. reported that S—G
missense mutation at position 20 of the hIAPP has been associated 4.1% of Japanese patients with
type 2 diabetes and 10% of those with early-onset type 2 diabetes.!®!) Later the S20G substitution
in hIAPP was found to be more amyloidogenic and cytotoxic.®?! This is interesting because such

mutation will lead to the occurrence of a GxxxG motif.
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1.3.3. GxxxG motif stabilizes Ion channel like pores through Ca—H0 interaction

Several TM protein and microbial peptides have been found to actively form membrane
channels, with GxxxG motifs recurring in their sequences, emphasizing their significant role in
ion channel formation. For instance, the VacA protein from Helicobacter pylori contains three
tandem GxxxG motifs within its N-terminal hydrophobic region, which are crucial for
oligomerization and subsequent channel formation.l”>) Mutations in the Gly residues within these
motifs, particularly G14 and G18, have been shown to disrupt oligomerization and reduce the
protein's ability to form channels, leading to decreased cytotoxicity. Interestingly, ion channel-
like pore formation is also a critical step in amyloid-mediated toxicity. Amyloid-forming peptides
like AP, a-synuclein, and hIAPP have demonstrated the ability to form ion channel-like pores in

s.l73 831 Studies have suggested that the AB-membrane interaction can

various membrane mimic
significantly impact the aggregation pathway, although the precise molecular mechanism of this
association remains unclear. The AP-membrane interaction has been found to induce
conformational changes in the peptide secondary structure, thereby regulating the fibrillation
process.® In addition to membrane-assisted structural transition, cell membrane disruption is also
a significant factor contributing to AP neurotoxicity.® In fact, it has been proposed that during
fibrillation, Ap monomers forms ion selective pores by aggregating on to the membrane, followed
by nonspecific fragmentation of the lipid membrane in a detergent-like mode.®®! Moreover, Ap-
membrane binding is greatly influenced by several factors like membrane composition, charge,
fluidity, and curvature.®”] For example, the negatively charged phospholipid DMPG has been
identified to accelerate the fibrillation of AB.[*¥ Studies by Matsuzaki and co-workers revealed
that AB40 specifically interacts with GM1 and undergo conformational transition into an anti-
parallel B-sheet structure with higher toxicity than that of fibrils formed under aqueous solution.®”]
Our group has recently demonstrated the impact of different membrane compositions on Ap40
aggregation at an atomic resolution.”® Through a comparison between a simplified blood-brain
barrier (BBB) mimic, POPC/POPG/cholesterol/GM1 (PPCG), and the native BBB composed of
total brain lipid extract, we have described the molecular events underlying membrane-induced
amyloid aggregation. Specifically, we have highlighted the crucial role of hydrophobic interactions
between the acyl chains of lipid and amino acid residues spanning K16-K28 and 131-V36 in

forming transient conformations during peptide aggregation, thereby modulating the overall
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Figure 1.4. (A) An ion-channel-like pore is formed by a 24-mer of AB (1-40) embedded
within a POPC bilayer, allowing water to cross the bilayer. (B) A top-down of the tetramer
ion-channel-like pore. (C) The tetramer organizes into a structured pore. (D) Two intersecting
a-helices within the tetramer create an angle of 39 + 5 degrees, with gray spheres symbolizing
the two Ca-hydrogens of Gly and the red sphere representing the C=0 carbonyl oxygen. (E)
The QM-simulated IR spectrum of a tetramer ion-channel pore, displaying the vibrational
behavior of two neighboring AB40 helices. (F) Deconvoluted ATR-IR spectrum of
pentapeptides indicating Co—H---O hydrogen bond. (G) Temperature-dependent NMR
spectra of pentapeptide in CD30D. (H) Bar diagram plot of the temperature coefficients for
amino acid residues of individual pentapeptides. Reproduced from ref. 92 under Creative
Commons Attribution (CC BY) license.

aggregation dynamics. Now, the question that arises is: how does the involvement of the GxxxG
motif contribute to it?
According to liquid-chaperone model, amyloidogenic proteins are transported into the

hydrophobic membrane core if a stable complex is formed between the polypeptide and free lipids
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in the aqueous phase.[®! This complex, due to its higher hydrophobicity compared to the individual
polypeptide, can then insert into the membrane. Interestingly, the GxxxG motif plays a crucial role
throughout the process. Studies have shown that the presence of the GxxxG sequence on GPA and
Intrinsically disorder proteins (IDPs) play a significant role in stabilizing ion-channel-like pores
through weak hydrogen bonds between Ca—H of an a-helix and C=O of the neighboring helix.
However, conflicting viewpoints exist in the literature regarding the stabilizing function of the
GxxxG motif. Multi-scale molecular dynamics simulations of AP40 inserted into a POPC
membrane revealed that the peptide self-assemble into a truncated cone-shape aggregate, causing
a change in membrane curvature.[®” These aggregate exhibited ion-channel-like pores, facilitating
the passage of water and ions across the bilayer (Figure 1.4A). This phenomenon is explicable
through the frustrated-helix model, which attributes the change in bending radius to electrostatic
repulsions among exposed hydrophilic amino acids.”®! Furthermore, the AP40 peptides
predominantly adopted a-helix conformation, forming twisted dimers and trimers at an average
angle of 39 + 5 degrees. The aggregate within the membrane consisted of small transmembrane
subunits composed of four Af molecules, resembling ion channels (Figure 1.4B). Quantum
mechanics (QM) calculations revealed an inter-chain interaction between residues G29 and D23,
where the Ho—O=C distance was 3.32 A. (Figure 1.4E). Intra-chain interactions between Gly and
other residues were also observed. Moreover, the formation of a lock between two neighboring a-

helices facilitated by a GxxxG motif was suggested by molecular dynamics and QM calculations.

Several pentapeptides encompassing the GxxxG motif was investigated in order to evaluate
the effect of hydrophobic environment. As depicted in Figure 1.4F, the ATR-IR spectra exhibited
a band approximately at 2910 cm ™! across all investigated pentapeptides, indicating intermolecular
interaction between the Gly of a pentapeptide with its neighboring C=0O group. Temperature-
dependent solution NMR study further confirmed the formation of weak hydrogen bonding in
hydrophobic environment as opposed to water. The temperature coefficients for the backbone
amide protons ranged from -4 to -6 ppb/K in CD30D, which can be attributed to some degree of
conformation inclination resulting from the close proximity of the Gly amide proton to Ca—H---O
hydrogen bonding (Figure 1.4G). Hence, the GxxxG motif can induce hydrogen bonding under
hydrophobic environments, regardless of the intermediary residues between these Gly. This
phenomenon could be an intrinsic trait of the motif, arising from the lack of steric hindrance in the

Gly residue.
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1.3.4. GxxxG motif targeted inhibitors

The aggregation of AP peptides into amyloid fibrils and prefibrillar intermediates is widely
recognized as a key factor in AD pathogenesis. However, inhibiting A aggregation have been
extremely challenging. The intricate nature of AP aggregation, characterized by diverse
intermediate forms and pathways, complicates therapeutic intervention. The persistence of
polymorphism in A structures, from oligomers to fibrils, correlating different phenotypes, hinders
efficient drug design strategies.'”) Even a single amino acid substitution can alter fibrillation
kinetics and toxicity significantly. The synergy between diverse oligomers and fibrils, alongside
interactions with metal ions and cellular partners, further complicates matters.”*! Targeting
oligomer formation may hold promise, but a lack of high-resolution structures and the dynamic
nature of these species pose significant challenges. Furthermore, the formidable blood-brain
barrier impedes effective drug delivery. Efforts to develop small molecules for AB inhibition have
been stymied, as protein-protein interaction interfaces, crucial for inhibiting AP aggregation, are
notably intricate.”! Protein-protein interaction regions encompass substantial surface areas, while
traditional small molecule interaction regions fall short.”®! Additionally, these interaction surfaces
lack well-defined features for small molecules to dock favorably, and the plasticity of protein
surfaces can thwart inhibition.””) These formidable obstacles limit the development of AP

aggregation inhibitors, rendering the task exceedingly challenging.

Nonetheless, a great number of inhibitors have been identified, designed and applied in
order to prevent Ap-amyloidogenesis.”® *) However, due to the lack of high-resolution oligomeric
structures, developing specific inhibitors targeting oligomer or fibril formation have been very
challenging. Some of the potent peptide-based designed inhibitors of AP fibrillation are listed in
Table 1.1. So far, most of the design strategies include short peptide sequence analogous to part of
the native sequence of the protein or peptide responsible for fibril formation.!'°" 19! This approach
is based on the fact that the short peptide fragments would self-recognize and thereby should bind
to the homologous sequence in the native protein. The most popular approach for the inhibition of
AP amyloidogenesis have been the design of peptides derived from the central hydrophobic cluster
(L17-A21) of AB.1192: 193] Since, amyloid fibrils usually adopt a cross B-structure, structure-based
agents such as B-sheet breakers have also been formulated to inhibit fibril formation.!'* 1% These
inhibitory peptides are targeted to disrupt B-sheets by blocking the hydrogen bond formation

between B-strands. In addition to peptide mimics, alterations in short peptides such as N-
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methylation and peptide cyclization have shown enhanced conformational stability with

significantly increased inhibitory effect on amyloid aggregation.!'%!

The C-terminal segment of AP, which contains GxxxG motifs, has recently been
discovered to have a significant impact on amyloidosis and demonstrate toxicity. Targeting this
region has emerged as a promising strategy to prevent fibril formation. Peptide-based inhibitors
that specifically target the GxxxG motif have been recently developed and tested in in vitro and in
vivo. Interestingly, while GPA transmembrane sequence adopts an a-helical conformation, the
truncated GPA (70-86) peptide was found to form B-sheet fibrils resembling those of AB42.11971 Liu
et al. identified the Gly residues G79 and G83 as key components that stabilize the sheet-to-sheet
packing in the fibril structure. To disrupt this packing, they developed an 8-residue peptide,
RGTFEGKF-NH2, which specifically interact with the Gly grooves on the fibril surface. The
inhibitor was strategically designed to bind to the G-M-G face of GPA (70-86), with the bulky Phe
side chains of the inhibitor interacting with the Gly backbone of the peptide. On the opposite face
of the inhibitor, it carries charged and polar residues (R-T-E-K), intended to improve the solubility
of the peptide. Later, Steven O. Smith and coworkers designed a series of peptides having
alternating small and bulky residues on one face of a B-strand complementary to the GxMxG
sequence in the C-terminus of AB peptides.l’”! Solid-state NMR spectroscopy confirmed that these
designed inhibitors effectively disrupted the packing between the M35 residue and various Gly
residues within the GxxxG motifs. Some of these inhibitor peptides demonstrated significant
reduction in the AB42 induced toxicity on cultured rat cortical neurons, highlighting their potential

therapeutic value.

Studies involving curcumin (diferulomethane) as an amyloid inhibitor have revealed its
efficacy in combating both A oligomers and fibrils.!'%) Of note, the curcumin molecule possesses
two aromatic groups that are separated by a ~13 A linker, a distance that closely aligns with the
spacing between G33 and G37 of the AP peptides. This also holds true for several other natural

products, providing possible explanations as how they act as amyloid fibril inhibitors.!!%]

Similarly, fullerene derivatives have shown remarkable potential as anti-amyloidogenic agents.['!%
MD simulation studies have provided insights into the inhibitory mechanism, highlighting their
interaction with crucial regions including the central hydrophobic cluster (CHC) represented by

the LVFFA sequence, as well as the two GxxxG motifs (G¥xxxG>* and G¥xxxG*").'!! Since the
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amyloidogenic regions of prion proteins and a-synuclein contains GxxxG or AxxxG sequences
that hydrogen bond in a parallel and in-register orientation, it strongly suggests that these inhibitors
are likely to have broad effectiveness. Furthermore, their ability to interfere and disrupt B-sheet
packing should complement the previously designed inhibitors that block B-sheet hydrogen
bonding.

Recent studies have eclucidated the dock-lock mechanism of fibril formation, where
unstructured AP monomers transiently associate with the fibril surface before undergoing a slower
conformational rearrangement and incorporating into the primary fibril lattice.!''?! This process,
involving the central K16-A21 and C-terminal M35-V40 regions, plays a critical role in fibrillation
and presents a potential avenue for inhibiting amyloidosis. Remarkably, our recent investigation
employing a synthetic paratope, SP1, has demonstrated selective binding to the LVFFA epitope, a
crucial amyloidogenic region of AB peptide.['%) Furthermore, SP1 effectively disaggregated
preformed fibrils of AB40, leading to the formation of non-toxic species. Solution NMR analysis
revealed that SP1 disrupts the essential dock-lock interactions of monomeric AP, suggesting
molecular interference in the critical domain. Earlier studies have identified a mimotope (B6-C15)
with limited resemblance to the C-terminus of AP42, which includes GxxxG dimerization
motifs.[''*) This mimotope was combined with biotinylated TAT at the N-terminus (TAT-B6-C15),
resulting in significant inhibition of AP42 fibrillation. TAT-B6-C15 also exhibited selective
binding to prefibrillar AB42 oligomers, displaying no affinity for monomers, trimers, tetramers,
fibrils, or ultra-sonicated fragments. Moreover, it effectively countered AB42-induced cytotoxicity
in human SH-SYS5Y neuroblastoma cells. Strategically engineered multifunctional peptide
inhibitors have been developed by combining a metal-chelating unit with an anti-aggregating

1141 These inhibitory agents not only impede AP aggregation but also

peptidomimetic analog.!
possess the capability to chelate metal ions, offering functional prospect against A-metal complex
formation and consequently inhibiting diverse forms of AP aggregation pathway. Overall, these
findings underscore the potential of smartly designed inhibitors as a promising therapeutic
candidate against AD and other amyloidosis by selectively targeting key segments involved in

amyloidogenesis.
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Table 1.1. Designed Peptide Inhibitors Based on Crucial Sequence Motifs in Ap.

S. No. Peptide inhibitors Target motif/structure Ref
1. Ac-QKLVFF-NH; Designed based on CHC and acts as B- | 10
sheet breaker
2. KLVFFKKKK, KLVFFEEEE Designed based on CHC and acts as B- | 1%
sheet breaker
3. RYYAAFFARR Target an extended region (A (11-23)) | 12!
mainly  through hydrophobic and
electrostatic interactions and hydrogen
bonding interactions.
4, iAB5 (LPFFD), iAB11 (RDLPFFPVRID) | Act as - sheet breaker and disassembles | 1105 1171
preformed fibrils
5. Ac-LPFFN-NH, Acts as a stabilizer of the native and non- | 128l
aggregative a-helical conformation of
AB40
6. NAP (NAPVSIPQ) Disassembles preformed fibrils (119]
7. RG-KLVFF-GR-NH,, rG-kIvff-Gr-Ac Prevent oligomerization [120]
8. NF11 (NAVRWSLMRPF) Targets both N-terminus and CHC, | 8
disaggregates the preformed oligomers
and mature AP fibrils
9, MLRTKDLIWTLFFLGTAVSKKRPKP- | Designed  cell-penetrating  peptide | (21
NH., derived from polycationic sequence of
MLRTKDLIWTLFFLGTAVSKKLVFF- | the PrP protein that inhibits A
NH; fibrillation and toxicity
10. cyclo(17,21)-[Lys17,Asp21]AB(1-28) Cyclic peptide based on CHC that disrupt | 2%
AP fibrils into nontoxic short fibrils and
amorphous aggregates
11. H2N-A(N-Me)FF(N-Me)VLG-Succinyl- | Designed hairpin-like synthetic paratope | (102
(PEG)s-Adipoyl-G(N- that prevents A fibrillation by
Me)LV(NMe)FFA-NH; interfering  with  the  dock-lock
mechanism
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12. IIGLMVGGVVIA, VVIA Based on the C-terminal AP sequence | 1%
and promotes formation of nontoxic
amorphous oligomer

13. GVVIA-NHz, RVVIA-NH; Based on the C-terminal AP sequence | (1?4

and hinders fibril formation by complex

formation
14. RGTFEGKF-NH;, RGTWEGKW-NH, | Targets the GxxxG motif 70, 107]
15. IGLMVG-NH, Designed based on the C-terminal AP | (1%

sequence, completely attenuates
fibrillation and toxicity

16. Pr-1IGL-NHz, RIIGL-NH, Designed based on the C-terminal AB | (%]
sequence, inhibits AP42 fibrillation and
toxicity

17. WWW, WWP, WPW, PWW Tripeptides containing Trp and Pro that | 7]

tightly binds to AP fibrils and

depolymerize preformed fibrils

1.3.5. Implications of the GxxxG motif in AD pathogenesis and therapeutic strategies

If we consider that AP peptides or fragments of them are the main culprit in AD
pathogenesis, a comprehensive road map of AP pathway is very much prerequisite before going
for clinical trials. While recent updates on APP processing and subsequent amyloid aggregation of
AP leading to synaptic dysfunction is alarming, the physiological function of either APP or AP is
still under investigation. It is highly plausible that AP peptides compete with the formation of APP
dimer and interfere with normal APP function. Several signal transduction mechanisms appears to
be regulated by a range of enzymatic reactions, which involve a sequence of proteolytic cleavages
within the lipid bilayer.®®! Apparently, GxxxG motif plays a significant part in the cascade of
reactions, ranging from APP dimerization to stable association of y-secretase complex and
generation of AP peptides.>”) Based on the experimental and computational analysis, this motif is
required for certain structural and functional attributes that eventually leads to progress in
amyloidosis. If this theory is correct, designing agents that can inhibit specific interactions within
the lipid bilayer becomes a priority. Although it looks very intimidating, a number of attempts have

been made to inhibit the receptor functions by designing synthetic peptides that mimic portions of
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Figure 1.5. Schematic representation of amyloid inhibition targeting two most crucial
sequence motif in AP. Design strategies include either combination of short peptide targeting
individual motifs or a conjugate peptide that can interact with both motifs. This interaction
may lead to prevention of oligomerization via strong association with monomers. An
alternative mechanism could involve facilitating the formation of off-pathway fibrils or
amorphous aggregates that do not harm neuronal cells.

the target receptor.!!?®! Moreover, the investigation of high throughput screening for drugs targeting
APP dimerization, with the aim of reducing AP production, has also been undertaken.!'*’! Apart
from that, research targeting the A amyloidogenic pathway has been consistent. Based on the
experimental evidences, it can be conjectured that polymorphic fibrils or transient oligomers are
the main toxic entities. Interestingly, both in vitro and in vivo data demonstrate that the GxxxG
motif, particularly the G**xxxG>’ is crucial for prolonging certain oligomeric conformers.
Evidently, these conformers need to be thoroughly characterized in order to develop inhibitory

agents. We expect that upcoming research efforts will strongly focus on the inhibition and
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degradation of such deleterious oligomers. Current knowledge of short peptide design with
increased specificity and effectiveness will surely come handy on this journey of unwinding AP
entanglement. Furthermore, since G33 or G37 mutants of AR give rise to fibrils that are
surprisingly non-toxic to the neuronal cells, we propose that developing short peptide derivatives
(Figure 1.5) which may facilitate such fibril formation would presumably open up novel avenues

for AD treatment.

1.4. Peptide self-assembly into hydrogel formation

Figure 1.6. Schematic representation of peptide self-assembly intro various nano-architectures
and their potential applications.
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While understanding the link between peptide self-assembly and amyloid disorder provides
significant insights into the disease pathogesis, the exploration of functional amyloids adds another
intruiging dimention. This transtion from disease-associated aggregates to nanostructured
functional materials emphasizes the dual nature of peptide self-assembly. As we navigate through
this intersection, the implications of peptide self-assembly exceeds far beyond amyloid disorder,
opening novel avenues for technological advancements in the field of biomedicine and bio-
nanotechnology.

The recent roar of bio-nanotechnology provided a spark for the development of smart
biomaterials, which is leading to a paradigm shift in the field of biomedicine.!'*°! For many decades
delivery of drugs to a patient has been accomplished using pharmaceutical dosage forms, including
tablets, pills, capsules, liquids, aerosols, and injections. Even now, the drug delivery systems we
use are mostly the conventional one, which promptly releases the drug, causing a significant
fluctuation in drug levels during the time course of drug action. On the other hand, an efficient
drug delivery system not only introduce therapeutic substances in the body, but also improves the
efficiency and safety by controlling the rate, time and place of drug release in the body, and helps
to overcome certain barriers such as the low solubility due to drug’s hydrophobicity, and its
premature degradation before reaching the targeted tissues.!!*!! Hydrogels have emerged as a
promising option in this regard and gone through an immense upgradation over the years.
Hydrogels are semi-solid materials formed by small-molecule hydrogelators self-assembling into
a three-dimensional (3D) network of nanostructures that can absorb and retain a large amount of
water or biological fluids; thus, providing liquid-like properties of these solid-like rheological
systems. Peptides are particularly interesting building block of hydrogel among all other self-
assembling molecules due to their eminent role as a structural and functional element in biological
systems. Numerous self-assembling peptide hydrogels have already been developed for advanced
drug delivery, tissue engineering and to generate scaffolds for three-dimensional (3D) cell
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culture.!'¥?! While most traditional smart gels were nonconductive in nature, conductive gels hold

great promise for a wide range of applications in biosensors, fuel cells and super capacitors.!'3!

1.4.1. Self-assembly is the key for developing peptide hydrogels
Peptide self-assembly is a multi-step process, which leads to the formation of diverse
nanostructures (Figure 1.6). Peptide sequence certainly plays a decisive role in monitoring

molecular folding. For example, substitution of alanine by more hydrophobic residues such as Val,
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Leu, Ile, Phe or Trp results in greater tendency to self-assemble and form higher order nano-
structures; while decreased hydrophobicity requires a higher temperature for molecular folding
and intermolecular assembly. The designing of the primary structure is usually based on rational
designing or segments of native proteins, that aggregate in suitable solvents into long, semi-
flexible B-sheet. Side chain interactions happen to play a major role in B-sheet stability. Several
reports have shown that peptides containing alternating hydrophilic and hydrophobic residue tend
to favor B-sheet structures, whereas the addition of aromatic residue enhances aromatic pairing
interaction. By altering the sequence of these peptides, it is possible to take control over the
assembly kinetics, and biomolecular interactions.

In general, the key to peptide-based hydrogel formation is the self-assembly of the low
molecular weight hydrogelators, driven by non-covalent interactions such as hydrogen bonding,
n-7 interactions, metal-ligand coordination, van der Waals forces, and hydrophobic effects. These
interactions drive the formation of higher order structures, most frequently nano-fibers but also
nano-ribbons, nano-sheets and nano-spheres. The hydrophilic moieties of these nanostructures are
faced towards whereas the hydrophobic moieties are packed internally enabling encapsulation of
large biomolecules. The balance between hydrophobic attraction with hydrophilic or ionic
repulsion, the system entropy, as well as some directional interactions such as hydrogen bonding
or n-m stacking, not only governs the final morphology, but also trigger responds to different
environmental stimuli. Interestingly, the formation of these hydrogels does not involve any
chemical cross-linking and can also be achieved at physiological pH and temperature. How fast a
gel can form is also related to its physical property; faster gel formation (e.g. with a higher amount
of salt/higher temperature) results in more hydrophobic packing defects/more resultant branch
points providing a stiffer, final gel, which is generally more fitting as scaffold for cell encapsulation
and delivery. Addition of co-geletors or non-gelating molecules have also been reported in gel
systems to create an additional level of control and therefore allow tailoring of the physical
properties of hydrogel through modification. Moreover, the self-assembly of peptides into

nanostructures is much more energy efficient than directed assembly.

1.4.2. Fmoc-protected short peptide-based hydrogel
Over the years, the introduction of Fmoc group in the N-terminus of short peptides have
gain considerable interest. Apart from the inherent n-m stacking interactions between the fluorenyl

moieties, hydrophobic interactions, hydrogel bonding of the carbonyl group, as well as reduced
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(134, 135] Moreover,

steric hindrance provide substantial driving forces in the peptide self-assembly.
the presence of aromatic residues (Phe, Tyr, and Trp) in the peptide sequence adds a synergistic
effect to the assembly process by promoting - stacking interactions between the Fmoc group and
the side-chain phenyl rings. Considering the inherent fluorescence and UV-active nature of the
fluorenyl ring within the Fmoc group, there is unquestionable potential for Fmoc-modified self-
assemblies to exhibit unique optical properties, offering potential bionanotechnological
applications. While the primary application relies on the intense excitation of Fmoc at 270 nm with

corresponding emission at 320 nm, the shift in the fluorescence peak position can be used to

characterize the self-assembling mechanism of Fmoc-modified short peptide.

So far, Fmoc-FF, derived from the core amyloidogenic recognition motif of the A peptide,
has been the most extensively studied Fmoc-modified peptide for the development of hydrogels.
The gelation of Fmoc-FF has been independently developed by both solvent switch and pH switch
method.!'3¢! It has been observed that the Fmoc-FF molecules self-assemble into cylindrical
nanofibrils by interlocking four twisted antiparallel B-sheet through m-m interactions.[!*’]
Additionally, changes in the pH, ratio of cosolvents, buffer, and agitation conditions have shown

(1371 Another extensively studied

varying structural and mechanical properties of hydrogel formed.
Fmoc-modified peptide for hydrogel formation is Fmoc-YL. It has been observed to form both
dense fibrous network and spherical aggregates with varying mechanical strength.!!*®) In addition
to modifications in Fmoc-FF or YL, various other dipeptides, including Fmoc-GG, GF, LL, LG,
and GL, have also been investigated and found to form hydrogels with diverse self-assembled

morphologies.[!*”]

Although relatively limited research has been done on the self-assembly of Fmoc-modified
oligopeptides, there is growing interest in recent years. Pentapeptides, in particular, are gaining
considerable attention for their ability to serve as functional epitopes in biological contexts.
Furthermore, they offer greater flexibility and potential for modifications. For instance, Fmoc-
modified TIGYG, a potassium ion-binding pentapeptide epitope derived from a natural ion-
channel protein, demonstrated the ability to self-assemble into nanofibers of varying widths and
crosslinking patterns at different potassium concentrations.!'*’] Additionally, hydrogelation was
exclusively observed at a specific potassium-to-peptide ratio and was also sequence-specific.

Similarly, VTEEI (the repeat sequence in the Plasmodium falciparum blood stage antigen),
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GVGVP, and VPGVG (peptide-based epitopes in elastin), as well as VYGGG (an inhibitor in the
binding monoclonal antibody 10D11), are pentapeptide-based epitopes that can also self-assemble
to form nanofibrillar hydrogels when modified with Fmoc group in the N-terminus./'*!!
Hydrogelation was facilitated by a balance of intermolecular aromatic-aromatic interactions and
hydrogen bonds. These findings clearly point towards the crucial role of Fmoc moieties in driving

self-assembly; nevertheless, the comprehensive mechanisms underlying the formation of

hydrogels are significantly complex, necessitating extensive investigation.

Overall, hydrogels developed from the self-assembly and physical cross-linking of short
peptides are particularly intriguing for various biomedical and technological advancements.
Modification in the N-terminus with aromatic moieties such as Fmoc group facilitates self-
assembly and stable gel formation. Over the years, a large number of such building blocks have
been identified and extensively studied; yet, the rational design of building blocks for precise
control over gelation remains a challenge. Nevertheless, it is evident that the introduction of
aromatic groups, whether within the sequence or at the terminus, provide greater gelation
propensity and offers relevant applications in drug delivery, cell culture, tissue engineering, bio-

sensing, opto-electronics and other biomedical and bionanotechnological fields.

1.5. Aim of the thesis

Comprehensive understanding of the structural and morphological characteristics of
amyloid species is crucial for defining their pathogenicity and applicability. In the current context,
while amyloid formation plays a significant role in various protein folding disorders, there is also
a growing interest in the nanostructured functional materials resulting from peptide self-assembly.

Keeping these considerations in mind, the aims of the thesis:

a) To investigate the role of sequence specificity within the amyloidogenic peptide and their
fragments, in regulating aggregation kinetics and associated pathogenicity of amyloid
disorders.

b) Investigation of self-assembly and membrane-mediated oligomerization of AP peptide in a
near-native environment as well as the mechanistic insights into the role of GxxxG motif.

c) Finally, the design, development and characterization, as well as the underlying mechanism
of hydrogel formation by Fmoc-pentapeptides derived from the C-terminal SARS CoV E

protein.
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This chapter has been adapted from the following publication:

Sarkar, D., Chakraborty, 1., Condorelli, M., Ghosh, B., Mass, T., Weingarth, M., Mandal, A.K.,
La Rosa, C., Subramanian, V. and Bhunia, A., 2020. Self-Assembly and Neurotoxicity of [-
Amyloid  (21-40)  Peptide  Fragment: = The  Regulatory @ Role of GxxxG
Motifs. ChemMedChem, 15(3), pp.293-301.

2.1. Introduction

The amyloidogenesis of Amyloid-beta (AB) peptides has been known to be the central
event in Alzheimer's Disease (AD) pathogenesis.[: 2! Despite several decades of research on the
relationship between AP and AD, researchers are still skeptical about the structure-toxicity
correlation. Although the recent evidences on AP neurotoxicity have shifted the focus towards the
toxic oligomers,?! fibrils which have long been considered as the cause of disease pathogenesis
and cannot be ruled out as evidences pertaining to them are still coming along.'* 3! A deeper
understanding of the molecular mechanisms and pathways underlying A self-aggregation remains
a great challenge to current science. Over the years, several independent studies have identified
the central (K16-G25) and the C-terminal region (K28-G37) play a vital role in AB self-assembly.
61 Most of these studies have often highlighted a significance of the GxxxG repeating motif from
the C-terminus.!”> 8 The GxxxG motif is a frequently occurring sequence in trans-membrane
proteins and some soluble proteins that contain at least one a-helix.!! The four residue separation
aligns the Gly residues in a GxxxG motif to lie on one face of the helix, and has been reported to
stabilize the helix-helix association and the folded state of proteins.” ') The lack of side chain in
Gly allows the two helices to come into close proximity, and the dimer is thought to be stabilized
by van der Waals interactions.[!!! The B-branched amino acids such as Ile, Val, and Thr that
frequently occurs at the neighbouring positions, facilitates Gly to acts as a molecular notch that
further strengthens the helix-helix interactions.!'!) It has also been reported that AxxxG has a
similar effect to the GxxxG motif.) Studies have shown that Gly—Leu mutation in these motifs
affect amyloid precursor protein dimerization, processing, and subsequent AP production.®! These
motifs were suggested to have significant impact on B-sheet formation and the associated
neurotoxicity.l’) Before converting into -sheet, AB adopts an antiparallel f-hairpin structure at the
G*LMVG®7 region.["?! Thus, mutation in this segment could favor oligomerization, and

subsequent fibrillation. A comprehensive understanding of the system is necessary for a possible
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structure-function correlation of AP pathogenesis. However, the mechanistic insight into this

segment-specific aggregation resulting in the structured/unstructured aggregates remains elusive.

Surrounding water molecules have long been acknowledged to be a key player in
determinig the aggregation propensity of a protein in solution.['* The hydrogen bond networking
with water has a significant influence on the structural stability and dynamics of a protein.
Molecular dynamics (MD) simulation studies have indicated that water-mediated interactions can
affect the energy landscape of monomers to drive oligomerization.['*) The major driving force
behind protofibrilation is being the hydrophobic interaction that facilitates the dehydration of
backbone hydrogen bonds i.e. removal of water molecules by the nearby non-polar group which
is an entropically driven-process.['> 1 It has also been reported that some of the conformational
changes (such as -sheet) require hydration of the particular segment of peptide chains rather than
removal of water.!'> Therefore, in order to gain a deeper understanding of water-peptide interplay

in the aggregation propensity of peptides, a detailed investigation of water dynamics is required.

In this chapter, we have focused mainly on the C-terminal segment of AP peptide to
establish a dynamic relationship between toxicity and peptide aggregates. Here, we have designed
a 20-residue peptide (namely, AV20), which harbours all the three GxxxG motiffs flanked by 3-4
residues on either side (Figure 2.1A). It should be noted that the flanking residues only provide
conformational freedom and ease of study. Additonally, a peptide library was also designed by
sequentially and sytematically mutating each of these Gly residues to Leu (Figure 2.1A) in order
to understand the role of individual Gly residues in the C-terminal segment of Af. Our experiments
show that the hydrophobic C-terminal AP containing the three repeat GxxxG motifs is evenly
neurotoxic. In particular, the G¥xxxG*’ is the primary motif accountable for peptide‘s
neurotoxicity. Moreover, using the solvent relaxation technique we have uncovered the guiding
role of water molecules in determining the aggregation propensity of a peptide. It enabled us in

discriminating the sequence-dependent mechanism of self-assembly between two peptides.

2.2. Materials and methods

2.2.1. Sample preparation

Chemicals and solvents were obtained from Sigma Aldrich, USA. Synthetic unlabelled peptides
were purchased from GenScript (Piscataway, USA) and GL Biochem (Shanghai, China). The
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purity of the peptides was checked by HPLC and mass spectra (data hot shown). The peptides were
dissolved in 5% NH4OH, vortex well and kept at 4 °C for 1 h followed by a lyophilization. A stock
solution of desired concentration was prepared by dissolving the lyophilized peptide in 20 mM
phosphate buffer, 50 mM NaCl (pH 7.4, 0.01% sodium azide).

2.2.2. Aggregation kinetics experiment by Thioflavin T (ThT) fluorescence assay

We performed ThT fluorescence assay to study the kinetics of amyloid aggregation. Stock
solutions of ~80 uM peptide concentration for wild type (WT) and mutant peptides were prepared
in the buffer mentioned above, followed by a three minute of ultra-sonication and then incubated
at 37 °C temperature under a shaking condition. All fluorescence measurements were carried out
in Hitachi F-7000 FL spectrometer at various time points of aggregation with an excitation
wavelength of 440 nm, emission range of 460-520 nm, using 5 nm slit width for both excitation
and emission. Three independent experiments were performed throughout with maximum delay
time of 5 min for sample preparation. Time-dependent ThT fluorescence data were normalized and

fitted to a sigmoidal growth model™*” where the half-life ty 7 is the time required to reach half of

the fluorescence intensity, b is the apparent first-order constant and Yy, and Y; are, respectively,

the maximum and initial fluorescence values:
Y =Yy + (Vmax — Yo) /(1 + exp ((t — ty/2/b)) (2.1)

The lag time (t,4,4) of amyloid kinetics was determined as (t;,, — b). To obtain the nucleation and

elongation rates, we performed individual fits to the normalized ThT data for each peptide using

the online fitting platform AmyloFit.[*8]

2.2.3. Confocal microscopy

At different time intervals, aliquots of each peptide incubations were diluted to 10 uM final
concentration. After the addition of 20 uM ThT in each aliquot, 10 uL. sample mixer was placed
on a glass slide. After air-drying, samples were mounted with Dibutyl phthalate Polystyrene
Xylene (DPX), and the images were taken using a 63x objective in oil immersion in a confocal
microscope (Leica TCSSP8 and the LAS AF Version 2.1.0 built-in 4316 software, Leica
Microsystems GmbH, Germany).

2.2.4. Scanning Electron Microscopy (SEM)
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Aliquots of each peptide solution were taken at the time of saturation phase and deposited on a
glass slide followed by overnight air-drying. The slides were then coated with gold for 120 s at 10
kV voltage and 10 mA current. The sample images were recorded using a FEI Quanta 200
(Quanta™, USA) scanning electron microscope equipped with a tungsten filament gun operating
at 10 kV.

2.2.5. Circular Dichroism (CD) Spectroscopy

CD measurements were taken on a JASCO J-1500 CD spectrometer using a 0.1 cm path length
cell with a slit width of 2 nm. WT and mutant peptides of ~80 pM concentration were prepared in
20 mM phosphate buffer, 50 mM NaF (pH 7.4) and incubated at 37 °C under shaking condition.
At different time intervals, Far-UV CD spectra were recorded at 25 °C, from 260 nm to 190 nm
with a scan speed of 100 nm/min. Temperature-dependent CD spectra were recorded for AV20
(10-80 °C) and G37L (10-90 °C). For each spectrum, five readings were taken (i.e., five
accumulations), and the average was considered. Smoothing and buffer subtraction was done for

processing of raw data, as per the manufacturer's recommendation.

2.2.6. Surface Enhanced Raman Spectroscopy (SERS)

The (powder form) peptides were dissolved in 5% ammonium hydroxide, vortex well and kept at
4 °C for 1 h followed by lyophilisation. A stock solution of 80 uM peptide concentration was
prepared by dissolving the lyophilized peptide in 20 mM phosphate buffer, 50 mM NaCl (pH 7.4,
0.01% sodium azide) and incubated at 37 °C under shaking condition (250 rpm). Fibrillation time
for AV20 was 24 h, and for G25L, G29L, G33L, and G37L was 180 min. After the incubation,
aliquots of stock solution were diluted in phosphate buffer to obtain 8 uM solutions. The solutions
thus prepared were analysed by Raman spectroscopy using a 532 nm Laser with 10 accumulations
and an exposition time of 10 seconds in back-scattering mode. A Witec Alpha 300 RS instrument

was used for analyses.

2.2.7. Atomic Force Microscopy (AFM)

For AFM experiment, the sample aggregates were prepared as described above in SERS. AFM
analysis was done by operating in contact mode with an etched-silicon probe with a pyramidal-
shape tip having a nominal curvature of 10 nm and a nominal internal angle of 35°; the height
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images were obtained by scanning 512 x 512 points. A Witec Alpha 300 RS instrument was used

for analyses.

2.2.8. MTT assay

Human neuroblastoma SH-SY5Y cells were grown in DMEM culture media supplemented with
10% FBS. Cells were then harvested using trypsin and counted using a hemocytometer. 5x103
cells/well were seeded in 96 well cell culture plates. At 70% confluence, the cells were treated
with AB40, AV20, G25L, G29L, G33L, and G37L at concentrations of 10 uM and 40 uM as a
function of time for 24 hours. The media was then discarded, and cells were treated with 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT reagent) and incubated at 37 °C for
4 h. After incubation, the MTT reagent was replaced by MTT solvent DMSO and kept at room

temperature for 15 min. Absorbance was measured at OD-590 nm.

2.2.9. Dynamic Light Scattering (DLS)

DLS measurements were carried out to determine the hydrodynamic diameter of various species
throughout the aggregation process, using Malvern Zetasizer Nano S (Malvern Instruments, UK)
equipped with a 4 mW He—Ne gas laser (beam wavelength = 632.8 nm) and 173° back scattering
measurement facility. All peptides were taken for fibrillation by the same process as mentioned in
the ThT fluorescence assay. Measurements were taken for 10 uM peptide concentration at different
time-point if aggregation using low volume disposable sizing cuvette. The Z-average diameter was

calculated from the correlation function using Malvern technology software.

2.2.10. Nuclear Magnetic Resonance (NMR) Spectroscopy

All experiments were performed using Bruker Avance 111 500 MHz NMR spectrometer equipped
with a 5 mm SMART probe or on a Bruker Avance Il 700 MHz NMR spectrometer, equipped
with a RT probe. To the sample solution of 600 pL final volume, 10% D>0 was added along with
TSP (Trimethylsilylpropionic acid) as a reference for all the NMR experiments performed. Two-
dimensional *H-H total correlation spectroscopy (2D TOCSY) and two-dimensional H-'H
Rotating frame Overhauser SpectroscopY (2D ROESY) were recorded for the free AV20 at 15 °C,
with a mixing time of 80 ms and 250 ms, respectively. Total number of scans for TOCSY and

ROESY were 48 and 64, respectively. Data processing and analysis were carried out using
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Topspin™ v3.2 software (Bruker Biospin, Switzerland) and Sparky

(https://www.cgl.ucsf.edu/home/sparky) software, respectively.

Temperature-dependent 1D *H NMR experiments were performed for AV20 and G37L at different
temperatures (10 °C, 15 °C, 20 °C, 25 °C, 30 °C, and 37 °C). For the solvent relaxation
experiments, AV20 and G37L sample solutions were prepared at a concentration of 160 M where
the solvent composition was 10% D20 and 90% HO (v/v). To study the solvent isotope effect, we

used the same sample concentration dissolved in the solvent with 40% D»O and 60% H.0O (v/v).

Solid-state NMR *C cross-polarization spectra of AV20, AV20L, G33L, and G37L peptide
aggregates were acquired at 500 MHz (*H frequency), 10 kHz magic angle spinning, and natural
isotope abundance. The contact time was 0.5 ms and the interscan delay 1.8 s. The amplitude of
the 90° pulse on the proton channel was 80 kHz. For each sample, we manually packed 3 mg of
lyophilized powder peptide directly packed in 3.2 mm rotors and the spectra were acquired with
35840 scans.

2.2.11. Solvent relaxation NMR

Transverse relaxation rates of solvent water were measured using CPMG with 8 & pulse block,
where the block-time (T) for all the experiments was set at 10 ms. In the case of AV20 peptide,
the temperature was fixed at 37 °C. This temperature was chosen in such a way that the timescale
of the aggregation for this peptide would be quite compatible with the NMR timescale. In case of
G37L, the entire set of solvent relaxation experiments were performed at three different
temperatures. At 37 °C, it undergoes fibrillation very rapidly compared to NMR timescale. The
other two temperatures were kept fixed at 18 °C and 10 °C, where it is expected to aggregate
slowly within NMR time-regime. The recycle delay for every experiment was 35 s. As the signal
to noise ratio is very high in case of water peak, only a single scan was used for every relaxation
experiment to minimize the experimental time to record a single T». All raw data were processed
by a script written using Julia version 0.6.2. The peak intensities were fit with Lorentzian and
Gaussian functions where the fitting correlation in each case was nearly 0.999. T,s were extracted
from the monoexponential fit of deconvoluted echo-intensities of water peak versus time. The

extracted Tos were plotted against time.

2.2.12. Singular Value Decomposition (SVD) Analysis
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Temperature-dependent CD data for AV20 and G37L were subjected to SVD analysis. The

equation for singular value decomposition of A is as follows!**:
A=USVT (2.2)

Where U is an M x N matrix whose columns are the left singular vectors, u; (wavelength coefficient
vectors); S is an N x N diagonal matrix, whose elements are called singular values, si; and V'
(transpose of V matrix) is also an N x N matrix, whose rows are the right singular vectors, vi

(temperature coefficient vectors).

Here, U represents the basis spectra (the spectral shapes) that make up the data set, and V' contains
the amplitudes of each component as a function of temperature. SVD analysis and subsequent plots

have been done using the statistical R package (R Development Core Team, 2005, https://www.r-
project.org/).

2.3. Results and discussion

2.3.1. GxxxG motifs modulate Af aggregation kinetics

The effect of mutation on the aggregation kinetics was evaluated using Thioflavin T (ThT),
a p-sheet specific intrinsic dye.[?°l The ThT kinetic curves (Figure 2.1B) were consistent with the
secondary nucleation-dominated self-assembling model.?!! The normalized ThT data for each
peptide were individually fitted with the secondary nucleation-dominated self-assembling model
using the online fitting platform, AmyloFit*l and the nucleation and elongation rates were
obtained thereafter (Appendix Il, Table S2.1). The primary nuleation rate of AV20 was much
lower than that of the mutants, whereas we found a varied secondary nucleation and elongation
rate profile for the peptide variants. Additionally, the time-dependent ThT kinetic curves were
fitted to a sigmoidal growth model*”! to determine the corresponding half-time (t12) and lag time
(tiag) OF the aggregation kinetics (Figure 2.1C-D). AV20 exhibited slower kinetics with a tiag Of
622.8+21 min, reaching saturation at ~1200 min of incubation. In contrast, the Gly—Leu
mutations dramatically increased the fibrillation rate, resulting in a saturation within 240 min of
incubation (Figure 2.1B). While G25L displayed a tiag 0f 36.36+3.80 min, G33L showed a higher
tiag Of 69.65+6.63 min with a comparatively low fluorescence intensity at saturation, suggesting a

low B-sheet content. G29L and G37L displayed almost comparable kinetics, reaching saturation
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Figure 2.1. Effect of mutation on aggregation kinetics of AV20. (A) The amino acid
sequence of the wild type and the designed mutant peptides. (B) Aggregation kinetics of
~80 uM peptide investigated by ThT based fluorescence assay at 37°C. All kinetic curves
were normalized with respect to AV20. (C-D) The corresponding half-time (t12) and lag
time (tlag) of the aggregation kinetics obtained from Boltzmann fit. All experiments were
repeated three times, and the data were averaged (=SD).

as early as ~120 min. Thus the fine differences observed in the aggregation kinetics among the
mutant variants indicated that the positions of these Gly residues also plays a significant role in
the aggregation behavior. Due to the insolubility of AV20L (all Gly mutated), we could not
perform any solution state experiments. Nevertheless, the ThT assay indicated a subtle difference
in the aggregation behavior between the peptides, which might be a direct consequence of their
structural transitions during fibrillation. Confocal microscopy confirmed the time-dependent
fibrillation of the wild-type (WT) and mutant peptides (Appendix Il, Figure S2.1). Further,
scanning electron microscopy images of the peptide aggregates at their saturation phase confirmed
the occurence of amyloid aggregation (Appendix Il, Figure S2.2). The fibrils exhibited dendritic
morphology, consisting of long branched rod-like fibers.1??l While the branching of AB40, AV20,
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G25L, and G29L aggregates were random, G33L and G37L aggregates were more uniform and

linear in nature.

2.3.2. Aggregation kinetics is dependant on the conformational transitions

Time-dependent Circular Dichroism (CD) spectroscopy was performed to compare the
characteristic changes in the secondary conformation during fibrillation (Figure 2.2). Initially, all
the peptide variants were in random coil conformation (negative band near 195-198 nm). AV20
underwent a structural transition from random coil to 3-sheet conformation, via a comparatively
stable a-helical intermediate. CD spectra of these intermediates (360 min and 720 min) showed
negative bands at 208 nm and 222 nm, characteristic spectral signatures for a-helix and even at
saturation (1440 min), the negative band at 208 nm was visible (Figure 2.2A). However, the
predominant band was the negative band at 218 nm, characteristics of B-sheet conformation. Thus,
it is most likely that the GxxxG motif maintains a helical conformation so that there exists a
dynamic equilibrium between a-helix and B-sheet conformations. Interestingly, such helical

intermediates were not clearly visible in case of mutant peptides (Figure 2.2B-E). Both G25L and
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Figure 2.2. Effect of mutation on the secondary structure of the peptide variants investigated
using CD spectroscopy. Far-UV spectra as a function of time for (A) AV20, (B) G25L, (C)
G29L, (D) G33L, and (E) G37L showing the time-dependent structural transition from
monomer to fibril. The sample contains 80 uM peptide in 20 mM sodium phosphate and 50
mM NaF, pH 7.4.
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G29L underwent comparatively faster structural transition into complete B-sheet conformation
(negative bands near 218 nm and positive bands near 198 nm). While, G33L displayed a small
population of B-sheet, G37L underwent a swift transition from random coil to 3-sheet, correlating
well with the ThT data. Although fibrils formed by WT and mutant peptides were different at a
macroscopic level, solid-state Nuclear Magnetic Resonance (NMR) spectroscopy revealed the
presence of B-sheet conformation in the variants.[?® 241 The carbonyl peak ~175 ppm was clearly
visible in the corresponding spectra for the tested variants including AV20L (Appendix I, Figure
S2.3).

Signal Enhanced Raman Spectroscopy (SERS) enabled us to obtain detailed information
on the aggregated conformations (Figure 2.3).”°l As already reported in other works, SERS
spectroscopy can provide an accurate information on secondary structure within 1-2 nm from the
nanoparticle (NP) surface.? The Raman signal is enhanced lead to the phenomenon of SERS,
which decays depending on 1/r'2, where r is the distance between NPs and the molecule.? The
substrate was obtained by functionalization of Si wafer with silver NPs prepared with a chemical-
free synthesis, thus shown the highest enhancement because of their shape and chemical-free
surface. AV20 aggregate showed a band centred at 1287 cm™ and 1304 cm™ (amide IlI)

characteristic of a polypeptide backbone in alpha-helix and B-turn conformation, respectively.
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Figure 2.3. The SERS spectra of (A) AV20, (B) G25L, (C) G29L, (D) G33L, and (E) G37L
peptides at saturation, showing the presence of different secondary structural conformation.
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Both G25L and G29L aggregates showed the presence of a-helix (band at 1631 and 1266 cm),
B-sheet (1670 and 1248 cm™) and B-turn (1324 cm™) secondary structures. Interestingly, SERS
spectrum of G33L showed the presence of random coil structures (amide | band centred at 1672
cm?), also found in CD spectrum. Both CD and SERS experiments showed strong B-sheet
conformation for G37L aggregates (band centred at 1520 cm™). Thus, while G33 mutation exerts

a negative effect, G37 has a stimulatory effect on B-sheet formation.

2.3.3. Atomic force microscopy characterizes the morphological differences of the peptide
aggregates

High-resolution Atomic Force Microscopy (AFM) showed small cylindrical but well-
dispersed aggregates for the AV20, where the average longitudinal and vertical lengths were
0.5+0.2 and 0.5+0.1 um, respectively (Figure 2.4A). They were spread over a range goes from 0.1-
1 um with an average height of 1543 nm (Appendix II, Figure S2.4). Shifting the mutation to G25
and G29 resulted in more compact and larger aggregates. G25L aggregates showed an average
height increase up to 20010 nm (transversal) and 110+20 nm (longitudinal). G29L mutant formed
oblate aggregates of more ordered structures along a row having an average longitudinal height of
340£100 nm. Surprisingly, while G33L exhibited unorganized aggregates having an average
height of 60 nm, G37L manifested in highly organized structures with an average height of 220

nm (Figure 2.4D-E). In fact, G37L showed single and continuous fibrillar structures.

2.3.4. G3xxxG®" motif plays the pivotal role in A neurotoxicity

To inspect whether the observed differences in aggregation behaviours are attributed to
differences in toxicity, we performed MTT assay with human neuroblastoma SH-SY5Y cells at
different timepoints of ThT aggregation kinetics (Appendix Il, Figure S2.5). Interestingly, the cell
viability assay depicted a specific structure-toxicity correlation for WT and mutant peptides. AV20
showed a similar toxicity profile when compared with AB40 (control), suggesting that the
hydrophobic sequence present in the C-terminal fragment of AB40 is sufficient for oligomerization
and A neurotoxicity. The C-terminus strain of AB40 was previously shown to aggregate within
lipid bilayers to assume a cone-shaped cross-section, inducing membrane curvature and non-
specific ion channel 8! At saturation, G25L and G29L aggregates also showed a high percentage
of cytotoxicity (50-60%), indicating a negligible effect of these mutations on neurotoxicity.

Surprisingly, both G33L and G37L showed negligible toxicity, signifying that G3xxxG*" motif
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plays a crucial role in AP neurotoxicity (Figure 2.4F). In contrast to the soluble monomeric state
with a single conformation, aggregates have an intricate structural landscape allied with multiple

aggregate-specific activities.[*!

2.3.5. Aggregate size and morphology is linked with neurotoxicity

Dynamic light scattering experiment showed a gradual increase in the hydrodynamic
diameter of each peptide variants as a function of time (Appendix Il, Figure S2.6). Interestingly,
as the mutation shifted towards the C-terminal, the heterogeneity in the aggregate size decreases
(Figure 2.4G), also found in AFM images. Particularly, the G33L and G37L aggregates were more
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Figure 2.4. Correlation between aggregation size, morphology, and cytotoxicity. AFM images
of (A) AV20, (B) G25L, (C) G29L, (D) G33L, and (E) G37L peptide aggregates. (F)
Cytotoxicity of the tested peptide aggregates (10 pM) against SH-SYS5Y cells as obtained from
the MTT reduction assay. All experiments were repeated three times, and the data were
averaged (=SEM). (G) The hydrodynamic diameters of the peptide variants studied using DLS.
The values are average of ten accumulations (=SD).
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uniform in size distribution when compared to the other variants. Thus, in correlation with the
toxicity profile of respective peptides, structural dynamicity can be addressed as an important
factor behind neutotoxicity.

Additionally, the unorganized and amorphous nature of G33L could explain its non-
toxicity. In contrast, the equally non-toxic G37L has a definite B-sheet rich fibril. Moreover, this
finding suggested that toxicity and p-sheet fibril are two independent phenomena as also recently
suggested.?” Thus to gain a clearer understanding of the structure-function correlation, we further
investigated into the mechanistic pathway that differentiates AV20 and G37L aggregation.

2.3.6. Thermal stability plays a crucial role in determining the aggregation propensity

The thermal stability of peptide’s secondary structures was investigated by a temperature-
induced folding-unfolding study.!*® For this, CD experiments were performed for AV20 and G37L
at different temperatures (Figure 2.5A,B). AV20 showed a minimal effect on the secondary
conformation. The absorbance (0) at 218 nm versus temperature plot showed an unstable partial
B-sheet conformation (Figure 2.5A, inset). However, G37L developed a complete B-sheet structure
which remained stable up to 90 °C (Figure 2.5B, inset), suggesting that Leu mutation stabilizes
inter-chain hydrophobic contacts>”! and that the C-terminal region plays a pivotal role in fibril
formation according to AFM data. Moreover, the temperature-dependent CD data indicates that
G37L is more aggregation prone than AV20. These datasets were analyzed using singular value
decomposition (SVD)BY to determine the minimum number of spectrscopically distinct species
during temperature-dependent structural transition. The number of principle components (PC),
which represents the number of distinct structural species in the dataset, can be estimated by taking
into account of (i) the significance of singular values (Figures 2.5C-D), and (ii) smooth shape of
the v; vectors (Figures 2.5E-F). Both AV20 and G37L showed that the primary two components
have smooth shape that corresponds to the singular values with the highest magnitude. Thus the
results of SVD analysis suggested that the temperature-dependent structural transition is a two-
step process in either case. While, Figures 2.5G,H represents the left singular vectors
corresponding to the 1% two components of AV20 and G37L, respectively (the spectral shapes),
the right singular vectors contains the amplitudes of each component (1* five components) as a
function of temperature (Figures 2.5E-F). Thus, in correlation with the left singular value plots,

the right singular vector plots indicate a partial B-sheet conformation of AV20 with increasing the
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Figure 2.5. The temperature-dependent CD spectroscopy for (A) AV20, and (B) G37L. Inset
images of (A) show the absorbance (0) versus temperature plot at 218 nm. The plots were fitted
using the Boltzmann equation. Inset image of (B) shows the same plot at 198 nm for G37L. In
(C) and (D), blue-bars show the singular values in descending order, for AV20 and G37L,
respectively. (E), and (F) represent the shape of the v; vectors for the first five components
plotted against the number of temperatures taken for AV20 and G37L respectively. The primary
two components have a smooth shape that corresponds to the singular values with the highest
magnitude. (G), and (H) are the first two u; vectors corresponding to the principal components
for AV20 and G37L, respectively.

temperature. It is worth mentioning that the amount of random coil remained almost same (Figure
2.5E).

To gain an atomic-resolution insight into this temperature-dependent structural change, 1D
"H NMR spectra were recorded for AV20 and G37L (Appendix II, Figure S2.7). The chemical shift
changes in the amide proton as a function of temperature have been used to examine the strength
of hydrogen bond or the formation of intramolecular hydrogen bond.*!! The results of temperature-

dependent 1D 'H NMR spectra of the peptide tested here showed that all amide peaks exhibited a
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temperature-dependent displacement of their chemical shifts in up-field direction. Distinct 1D
peaks of AV20 were identified from 2D 'H-'H total correlation spectroscopy (TOCSY) and
Rotating frame Overhauser SpectroscopY (ROESY) experiments (Appendix II, Figure S2.8). The
temperature coefficient for these distinct peaks were calculated by plotting the amide proton
chemical shift as a function of temperature, over the temperature range of 283 to 310 K. The co-
efficients for AV20 suggested probable intramolecular hydrogen-bonding, resulting in a partial
conformational uptake.*?! In contrast, G37L manifested in a very high negative temperature
coefficient, corroborating well with its B-sheet pre-disposition. Apart from the observed amide
proton chemical shift changes, a temperature-dependent line-broadening was also apparent. The
line broadening rate was higher for G37L, suggesting a higher amide proton exchange with solvent
molecule (Appendix II, Figure S2.7). The line broadening could also arise from the fact that the
G37L peptide is more aggregation prone than AV20 at higher temperatures (Figure 2.5). Moreover,

this further confirms the possible role of the adjacent solvent molecules in aggregation.

2.3.7. Differentiating the aggregation pathway using solvent dynamics NMR spectroscopy

The proteins or peptides that readily undergo amyloid fibrillation have a significant number
of backbone H-bonds which are exposed to solvent water.!**] These exposed H-bonds are tightly
bound to the water molecules via intermolecular interaction. The hydrophobic interaction
facilitates the dehydration of backbone H-bonds by the nearby non-polar group. The stabilization
of a secondary structure requires a higher-order organization of the chain, which facilitates further
removal of water. In contrast, some the conformational changes (such as B-sheet) require more
hydration of the peptide chains rather than removal of water. Therefore, those changes are
facilitated by the inclusion of the water molecules on the peptide surface.

In a recently published paper by Chakraborty et al., it has been shown that during the coil-
globule transition of PNIPAM polymer, the mixing of bound and free water molecules results in
the lowering of the observed transverse relaxation time of a water molecule.** Depending on the
rotational time scales of the water, molecules are classified into two categories. The slow, restricted
molecules are termed as “cold” molecules, and the fast-rotating molecules belong to the bulk part
are termed as “hot” molecules. Based on rotational kinetic energy exchange between “cold”” and
“hot” molecules, a phenomenological model has been constructed which nicely fit the solvent
relaxation data as a function of temperature. The numerical values of the fitting parameters

describe the phase transition of thermo-responsive polymers with more physical insight.
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The underlying mathematical equation used to analyze all the relaxation data is given in the
following:

The original equation, which gives the final form of observed T> of water molecules as a
function of time, can be written in the following form from the basic idea reported by Chakraborty

et al.’4

— Npuik(T2 (0ot
(Tz)mean - NI(-)I_NH(t)+Nbulk (2'3)

Where, Ny,ix is the number of “hot” water molecules Ny (t) is the number of bound water present
at a particular time t in the sample solution, Nj denotes the number of “cold” water molecules
present at t=0, i.e. just after, the sample preparation. It has been assumed that the (T2)mean 18
recorded after the system reaches the stead-state. So, every T is recorded after some time gap so
that the system can exhibit steady state condition. 7> of free water molecules (or, experimentally
measured T> of water molecule after the completion of aggregation) does not change with time (or
fluctuate stochastically about a mean), so this is a constant denoted in equation (2.3) as K.

So, by rearranging the equation we can write,
K

(T2 mean = N%_NH(t)< NS, )+1 (24)
Npo  \Npuik

or,
K

(T2)mean = —— (2.5)

So, the m represents the fraction of the “cold” water molecules excluded in the solution at
a particular time, is the ratio of the number of initial bound water to free water molecules present
in the sample solution. Here, we have assumed that the number of “bulk water” is so large
compared to the “cold” water molecules that bulk waters is more or less constant as a function of
time throughout the fibrillation. Thus, in the course of fibrillation, n can be considered as a
constant.

Thus, from the equation (2.5) whenever the number of “cold” water molecules, Ny(t)
decreases i.e.,m increases during fibrillation, the (T2)mean decreases. Conversely, whenever Ny (t)
starts to increase i.e. m decreases we see an increase in the (T2)mean. When Ny °= Ny (t),

T> should saturate to a constant value.
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Figure 2.6. Solvent relaxation. (A) The transverse relaxation time of water measured at
37°C of AV20 solution plotted as a function of time. (B) The transverse relaxation time
of water in G37L solution plotted as a function of time measured at 18°C, and 37°C
(inset). The marker-size in each plot denotes the error in the measurement of T2, which
is in order of 107 (Appendix II, Figure S2.10C). (C) Schematic illustration of possible
water mediated aggregation pathway followed by AV20 and G37L, respectively.

For the system where only increasing trend of T is observed, the “hot” water population
can be expressed as, [Ny — Ny ()]

Thus, the final form of T> will be,
K

(Tz)mean = 1-pn (26)
_NH(t) : : [T :
where, p= TR As with time “p” increases, T2 increases.
H

Based on this hypothesis, the peptide-solvent interactions during aggregation were
monitored using an efficient adaptation of solvent relaxation NMR technique.*>! This technique
measured the T of water using a Carr-Purcell-Meiboom-Gill (CPMG)P®! sequence (Appendix 11,

Figure S9) at different time points in the aggregation pathway. So we performed the solvent
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relaxation experiments of both the peptides AV20, and G37L and the solvent relaxation behavior
for the two peptides showed distinct water dynamics during fibrillation (Figure 2.6A,B). This dual
nature of Tas versus time plots can be satisfactorily explained by the previously proposed model.[**!
At 37 °C the Tss for solvent molecules associated with AV20 initially decreased as a result of an
entropy-driven water exclusion that catalyzes hydrophobic interactions. This, probably drives the
system to change its conformation from random coil to a-helix!"*!, as was previously seen using
CD spectroscopy. During nucleus formation, o-helix compacts the chain via intra-segment
hydrogen bonding and an intense van der Waals contact, in the expense of gaining translational
entropy through expelling water.*”! This was followed by a gradual increase in T after ~240 min
of incubation (Figure 2.6A), as a significant population of the peptide begins to convert into -
sheet. This phenomenon is expected to be dominantly mediated by increased hydration of the
polypeptide chains with subsequent ordering of water molecules on the surface.['® 3% 381 The
transition from o-helix to B-sheet is manifested by a sequential rearrangement of the hydrophilic
side-chains to orient outwardly, facilitating intermolecular interactions with solvent molecules.!'*
391 The slower exchange rate with solvent water as a result of B-sheet formation may also contribute
to the escalation of T.1*¥ Interestingly, G37L displayed no systematic change in T, values at 37°C,
possibly due to the fast saturation upon rapid B-sheet formation (Figure 2.6B, inset). Even at a
lower temperature (as low as 18 °C and 10 °C) where the kinetics is expected to be slower and
comparable with the NMR time scale, G37L revealed a constant increase in the T2 values reaching
saturation as early as ~180 min (Figure 2.6B, Appendix II, Figure S2.10A). Thus, the Gly—Leu
mutation either destabilizes the formation of helical intermediates resulting in a direct conversion
into B-sheet structure or in a very fast transition into -sheet that could not be detected in the NMR
timescale. Additionally, from Appendix II, Figure S2.10B, it has been predicted that the addition
of more D>O (40%) enhances the water exclusion rate and also the water inclusion rate, so it
reaches saturation earlier (within 480 min) compared to the former condition. This can be
attributed due to the different energy profiles of the intermolecular interactions of peptides with

D,0 and H>0, which is conventionally referred to as solvent isotope effect.>!

2.4. Conclusions

This study demonstrates the uniqueness of the GxxxG repeating motifs in the WT (AV20)
peptide in maintaining structural dynamicity and subsequent neurotoxicity. Previous NMR studies
on AB40 have shown that the solvent accessible turns at Gly?>-Gly?® and Gly®’-Gly*® facilitate the
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compact foldings of the peptide.[*!l In association with the adjacent B-branched residues (Ile and
Val), Gly acts as a molecular notch facilitating the wild-type helix-helix interactions.[**! Mutation
in these crucial structural motifs modulates the hydrogen bond networking that affects the helix-
helix association, mediating in differential pathways of fibrillation. The solvent relaxation studies,
further, proved as an effective strategy to differentiate between the aggregation pathways, giving
an in-depth mechanistic insight. Our results indicate that the toxicity of the mutants decreases until
it vanishes as the substitution with Leu moves closer to the C-terminal. The GxxxG motif
contributes to the flexibility and subsequent conformational heterogeneity of the WT peptide, as
suggested by the fast transition from random coil to B-sheet intermediates and the lack of
intermediate a-helical conformations for Gly mutants. Thus, the enhanced structural heterogeneity
observed for the GxxxG motif ranks in accordance with the observed cytotoxicity.

Theoretical models have suggested that the hydrogen bonding between the C=0 and H-C,
of two contiguous chains facilitate the formation of a lock that stabilizes the membrane-
compromising conformation of AB40.12% 41 Moreover, the conformational selection is in part
driven by hydrogen bonding networks. Gly—Leu mutation destabilizes this conformer by
preventing the hydrogen bond formation, reducing the neurotoxicity. Conversely, Gly being non-
chiral and with a very small side-chain has many degrees of freedom rendering an advantage to
the WT peptide enabling successful insertion across the membrane through pore formation. Our
data strongly agree with recent studies where just one stereoisomer of silybin inhibit AB40 toxicity
by binding the C-terminal hydrophobic segment 35-40.1?1 This would enable the designing of
novel inhibitors against AB40/42 to aid in targetted therapy of neurotoxic Alzheimer’s and other
related diseases, such as type Il diabetes and Parkinson since amylin and a-synuclein show the

similar SxxxG or GxxxG/GxxxxG repeat motif, respectively.

2.5. Appendix I1

Table S2.1. Primary nucleation rate, secondary nucleation rate, and elongation rate of AV20 AV20,
G25L, G29L, G33L, and G37L obtained from ThT fluorescence kinetics.

Peptide Primary Nucleation Rate Secondary Nucleation Rate Elongation Rate

Name (mol* mint) (mol? min) (molt mint)

AV20 4.167E-5 (+5.833E-6,-1.05E-5) 5.72E+6 (+1.38E+6, -2.17E+6) 2.48E+7 (+1.17E+6, -6.17E+6)
G25L 1.5 (+0.40, -0.65) 3.68E+6 (+1.1E+6, -2.2E+6) 4.2E+5 (1.4E+5, -1.6E+5)
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G29L 4.11 (+0.7, -0.94) 4.34E+5 (+5.3E+5, -1.7E+4) 1.71E+6 (+2.0E+5, -6.0E+5)
G33L 1.35 (+0.44, -0.15) 1.56E+7 (2.7E+6, -1.9E+6) 5.68E+4 (+2.8E+3, -1.3E+4)
G37L 1.64 (+0.54, -0.58) 2.43E+5 (+1.4E+4, -2.8E+5) 1.17E+7 (+1.9E+6, -2.2E+6)
(A) AV20 (B) G25L (C) G29L (D) G33L (E) G37L

Oh Om

Figure S2.1. Confocal microscopy images of fibril formation in the presence of ThT. Fluorescence
confocal images of (A) AV20, (B) G25L, (C) G29L, (D) G33L and (E) G37L peptides taken at
different time points of aggregation. All samples contain 20 mM sodium phosphate bufter, 50 mM
NaCl (pH 7.4, 0.01% sodium azide). The scale bar shows 50 pm.
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Figure S2.2. SEM images of the peptide aggregates from (A) AB40, (B) AV20, (C) G25L, (D)
G29L, (E) G33L and (F) G37L taken from the saturation phase of ThT kinetics confirmed the
formation of amyloid aggregates. The scale bar shows 20 um.
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Figure S2.3. Solid-state NMR !*C cross-polarisation spectra of AV20, AV20L, G33L, and G37L
peptide aggregates acquired at 500 MHz ('H frequency), 10 kHz magic angle spinning, and natural
isotope abundance. All spectra show the presence of B-sheet conformation as visible by the highly
characteristic chemical shift range of the centre of the (carbonyl peak at ~175 ppm). Spectra were
referenced to Adamantane, as described previously.

G37WW

CO region zoom

180 160 140 120 100 130,ppm 185 180 175
G33L
T T T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 13c/ppm 185 180 175
AV20L
T T T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 13cjppm 185 180 175
AV20
T T T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 13cjppm 185 180 175
Overlay
T T T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 13cjppm 185 180 175

[24]
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Figure S2.4. AFM images of (A) AV20, (B) G25L, (C) G29L, (D) G33L, and (E) G37L peptide
aggregates along with their transverse and longitudinal-section length profiles. AV20 peptide
aggregates showed a cylindrical morphology where the average longitudinal and vertical lengths
were 0.5+£0.2 and 0.5+0.1 pm, respectively. They were spread over a range goes from 0.1-1 pm
with an average height of 15+3 nm. G25L showed a more ordered rows with an average height
increase up to 200+10 nm (transversal) and 110+20 nm (longitudinal). G29L mutant displayed
oblate aggregates of more ordered structures along a row having an average longitudinal height of
340+100 nm. G33L peptide formed unorganized structures having an average height of 60 nm,
where G37L mutant has a highly organized structures with an average height of 220 nm.
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Figure S2.5. Cytotoxicity assay showing the percentage of viable cells upon peptide treatments.
Effect of different concentrations (10 uM, 40 uM) of (A) AB40, (B) AV20, (C) G25L, (D) G29L,
(E) G33L, and (F) G37L on SHSYSY neuroblastoma cells at different time points of their
aggregation process, studied by MTT reduction assay (NT stands for non-treated control cells, and
buffer was used as negative control). AB40, AV20, G25L, and G29L showed high percentage of
toxicity. On the other hand G33L and G37L showed a negligible amount of neurotoxicity.
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Figure S2.6. Hydrodynamic diameter measurements of Af 40, AV20, G25L, G29L, G33L and
G37L by DLS taken as a function of time. Each of these peptides showed a gradual increase in the
hydrodynamic diameter as a function of time. The order of size is as followed: AB40 > AV20 >
G25L > G29L > G33L = G37L. A more uniformly suspended fibrillar aggregates were found for

G33L and G37L compared to other peptides.
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Figure S2.7. Temperature-dependent NMR spectroscopy. (A) 1D 'H NMR of AV20, (B) 1D 'H
NMR of G37L a at different temperature showing amide proton chemical shift. (C) Temperature
co-efficients for few distinct peaks from 1D "H NMR were calculated and plotted as bar diagram.
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Figure S2.8. Assignment of AV20 TOCSY spectrum at 15 °C showing amide to H* peak of amino
acid residues. The assignment was done using 2D TOCSY and 2D ROESY spectra of AV20 at
15 °C. 2D TOCSY are employed for the identification of amino acid spin systems and 2D ROESY
experiment is used to sequentially connect the spin systems. The H* peak of N27 has merged with
the peaks of water region. The side chain peaks of N27 are shown at ~7.7 ppm and ~7.0 ppm.

Acquisition

Figure S2.9. The schematic diagram of the CPMG 8=n-block pulse sequence used for measuring
the transverse relaxation times (T2) of water molecules.



IITN Chapter 1T

(A) (B)
1.70 * . 3.00 ¢
e ® o e ® o
o @
o °* P 2.96 .
1.66 °
¢ G37L at 10°C 204 AV20 at 37°C
1640 in 10% D20 ° . in 40% D20
50 100 150 200 250 120 240 360 480 600
Time (min) Time (min)
(©)
¢ Data
3 9.0
<
> 8.5
e
ki 8.0
£ T=236.85°C
7.5{T,=2.862+0.0055s

0o 1 2 3 4 5 6
Time (min)

Figure S2.10. The NMR solvent relaxation data. (A) Transverse relaxation time versus time plot
of G37L in 90% H20-10% D>0 (v/v) at 10 °C (B) Transverse relaxation time versus time plot of
AV20 in 60% H>0-40% D-0O (v/v) at 37 °C. The marker size denotes the error in the measurement
of the T>. (C) Plot of decaying deconvoluted echo intensities versus time in logarithm scale,
showing the measurement of T> (magnitude and error) of water in G37L solution in 20 mM sodium
phosphate buffer and 50 mM NaCl at at 37 °C.
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Nanodiscs-Mediated Oligomerization of Amyloid Beta in a Near-
Native Membrane Environment: Mechanistic Insight into the

Regulatory Role of GxxxG Motif
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3.1. Introduction

Alzheimer's disease (AD), a severe neurodegenerative disorder and a leading cause of
dementia worldwide, is primarily characterized by the accumulation of amyloid beta (AP) peptides
in the brain.['! AB peptides are produced through the sequential cleavage of the transmembrane
amyloid precursor protein (APP),”?! which then undergoes self-association along a nucleated
growth pathway, with oligomeric intermediates being the primary culprits behind AD-
pathogenesis.’] Despite several decades of research, the collective discoveries have not yet
converged on a single universal mechanism of amyloidogenesis. One of the major challenges in
understanding the comprehensive mechanisms of amyloidogenesis is due to the inherent
conformational plasticity of these intrinsically disordered proteins, which leads to high degree of
polymorphism in both fibrillar and pre-fibrillar structures.[*! Additionally, cell membrane plays a

crucial role in modulating AP aggregation and directing aggregates to toxic intermediate states.[!

Several studies have suggested that cell membrane disruption contributes to AP
neurotoxicity, either through the formation of ion-selective pores by AP monomers or by
fragmenting the lipid membrane during fibrillation.[! The interaction between AP and cellular
membranes has been reported to triggers conformational changes in the peptide's secondary
structure, thereby influencing the fibrillation process.”! Moreover, AB-membrane binding is
greatly influenced by several factors like membrane composition, charge, fluidity, and curvature.®!
In fact, lipid bilayer can exert diverse effects on aggregation; depending on the lipid compositions,
either it can accelerate or decelerate the fibrillation rate, leading to structural polymorphisms. In a
recent study, our group has demonstrated the impact of different membrane compositions on AB40
aggregation dynamics at an atomic resolution.l’! By comparing a simplified blood-brain barrier
mimic composed of POPC/POPG/cholesterol/GM1, and the native BBB composed of total brain
lipid extract, we elucidated the crucial role of hydrophobic interactions between the lipid acyl
chains and residues spanning K16-K28 and [31-V36 in forming transient conformations during
peptide aggregation. We observed a temporal transition in the secondary structure of Ap40 towards

helical intermediates, highlighting membrane-induced transient folding.

Recent studies have shown emerging trends on the use of lipid nanodiscs (NDs) as
membrane mimics to probe the influence of lipid membrane on amyloid aggregation.!!® !l

Although these phospholipid bilayer nanodiscs do not precisely replicate the physiological
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scenario, they offer significant advantages over the use of traditional membrane mimics such as
micelles or vesicles.!'! 2 Typically, NDs are very homogeneous and firmly soluble in a wide range
of buffer systems.!'3] They enable preparation of well-defined lipid mixtures, and allow precise
control over bilayer size, and charge distribution.['*! On the other hand, small unilamellar vesicles
(SUVs) are known to undergo rapid changes in the lipid environment (from homogeneous to
heterogeneous) upon interaction with amyloid proteins.!'>! Moreover, the increased stability of
NDs offers the possibility of determining the interaction with a stable planar bilayer while reducing
the effect of membrane curvature. Notably, NDs have been previously utilized for studying lipid
specificity, as well as for the entrapment of AB oligomers.['®! Overall, the precise lipid composition
embedded within nanodiscs of desired size, coupled with their high stability and homogeneity

allows for comprehensive quantitative understanding of AB-membrane association.

Over the years, various studies have revealed the crucial role played by the central (K16-
G25) and the C-terminal (K28-G37) region in AP self-assembly and membrane interaction.!”: 18]
Interestingly, the conserved GxxxG motif present at the C-terminus (G25-G38) of AP harbors
unique features throughout the AR pathway, making it a noteworthy target.['’) While this motif has
been linked to APP processing and subsequent AP production,'?”! its significant role in regulating

(211 In this context, the

AP oligomer formation and neurotoxicity is evident from previous studies.
precise role of the GxxxG repeating motifs in the C-terminal of AP peptide fragment in maintaining
structural dynamicity and neurotoxicity has been demonstrated in the previous chapter.’l We
showed that hydrogen bonding networks play a crucial role in conformation selection, and
substitution with Leu residue at position 33 and 37 destabilizes intermediate conformers, leading

to reduced neurotoxicity.[?% 2]

In this chapter, we investigate the significance of the GxxxG motif in AP self-assembly,
especially its role in membrane-mediated oligomerization in a near-native membrane environment.
In order to understand the role of the GxxxG motif, particularly the significance of G33 and G37
residues in membrane-mediated oligomerization of AB40, a peptide library was designed (Figure
3.1A). This library includes full-length AB40, peptides with Gly to Leu mutations at positions 33
(AP40G33L) and 37 (AP40G37L), as well as the C-terminal 20 residue fragment, AV20 (A21-
V40). By elucidating the mechanistic insights into the involvement of the GxxxG motif in AP



DR Chapter 11T

aggregation, this research aims to advance our understanding of Alzheimer's disease pathogenesis

and potentially contribute to targeted therapeutic strategies.

3.2. Materials and methods

3.2.1. Sample preparation

Lyophilized synthetic peptides AB40, AB40G33L, AB40G37L, and AV20 were purchased from
Genscript Inc. USA. Peptides were weighed as 1 mg and dissolved in 500 pL 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP; Sigma-Aldrich, USA) using gentle vertexing and 10 second
sonication. It was then kept for 40 mins at 4 °C and separated into 10 aliquots. The aliquots were

lyophilized for 48 h and stored at -20 °C for further use.

3.2.2. Nanodiscs preparation

A mixture of DMPC, DMPG lipid at certain ratios were mixed with MSP protein, followed by
incubating for 1 h using magnetic stirrer at 25 °C. Then the mixture was incubated with bio-bead
overnight to remove the detergent. The formation of nanodiscs were confirmed by using SEC and

DLS experiments.

3.2.3. Thioflavin T (ThT) fluorescence assay

Stock solutions of ~80 uM AB40, AB40G33L, and AB40G37L peptides were prepared in a buffer
containing 20 mM phosphate buffer (pH 7.4, 0.01% sodium azide) and 50 mM NaCl. Sample
solutions were vortexed well, followed by a three-minute ultra-sonication and incubated at 37 °C
temperature under shaking conditions (250 rpm). At several time intervals, aliquots from the
peptide solutions were taken and diluted to 10 uM final concentration. 20 uM ThT was added in
each sample before measurements. Fluorescence measurements were carried out using Hitachi F-
7000 FL spectrometer (Japan) with excitation wavelength at 440 nm and an emission range of 460-

520 nm. The scan speed was 240 nm/min with 5 nm slit width for both the excitation and emission.

Further, peptide aggregation was studied using BMG LABTECH POLARstar Omega spectrometer
(Germany) in a 96 well plate under shaking conditions at 25 °C temperature. ThT was added into
the sample solutions at equimolar ratio and fluorescence was monitored under controlled
temperatures. All buffer solutions were filtered by using a 0.2 um filter. Three independent

experiments were performed throughout.
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3.2.4. Size exclusion chromatography (SEC)

SEC experiments were performed for samples containing free NDs, free AB40 oligomers, and
APB40 oligomers in presence of NDs (L/P=20) using a superdex 200 10/300 increase GL column
(GE Healthcare,Freiburg, Germany) equilibrated with specific buffer solution and purified through
Akta (GE Healthcare) FPLC. Flow rate was set at 0.4 ml/min for each run and absorbance was
monitored at 280 and 215 nm wavelength. Data processing and peak detection was done using

Origin software.

3.2.5. Dynamic light scattering (DLS)

DLS measurements were carried out using Malvern Zetasizer Nano S (Malvern Instruments, UK)
equipped with a 4 mW He—Ne gas laser (beam wavelength = 632.8 nm) and 173° back scattering
measurement facility. Measurements were taken using low volume disposable sizing cuvette. The
Z-average diameter was calculated from the correlation function using Malvern technology

software.

3.2.6. Transmission Electron Microscopy (TEM)

TEM samples were prepared by diluting the stock solution into 10 uM for each variant in milli-Q
water. Then 10 pL of each sample was spotted on a carbon-coated copper grid (Electron
Microscopy Sciences, USA), an incubation of 2 min followed by blotting to remove excess buffer.
It was subsequently followed by washing with milli-Q water and staining with freshly prepared
filtered 1% (w/v) uranyl acetate solution (Electron Microscopy Sciences, USA) for 5 min. Finally,
samples were air-dried for overnight in a dust free space. Imaging was done using a transmission
electron microscope FEI Tecnai TF20 at 200 kV with a point resolution of 0.24 nm and line
resolution of 0.102 nm. Recording of images was done digitally, and analysis was done in EDS

mode.

3.2.7. Scanning electron microscopy (SEM)

10 uL of aliquots were taken and deposited on a glass slide, followed by overnight air-drying. The
slides were then coated with gold for 120 s at 10 kV voltage and 10 mA current. The sample images
were recorded using a a FEI Quanta 200 (QuantaTM, USA) scanning electron microscope

equipped with a tungsten filament gun operating at 10 kV.

3.2.8. Confocal microscopy
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Confocal imaging was taken with a 63X objective in oil immersion using Leica TCSSPS8 confocal
microscope and the LAS AF Version 2.1.0 built-in 4316 software, Leica Microsystems GmbH,

Germany.

3.2.9. FTIR spectroscopy

FTIR spectra were collected using a PerkinElmer 100 spectrometer at room temperature. The FTIR
spectra of lyophilized AB40 oligomer in presence of NDs were measured using the conventional
KBr method. A total 32 number of scans were taken in the spectral range of 1800-1400 cm™ with
a spectral resolution of 4 cm™'. Processing and deconvolution of the spectra were acquired using

Origin software.

3.2.10. Circular dichroism (CD) spectroscopy

CD measurements were taken on a JASCO J-1500 CD spectrometer (Japan) using a 0.1 cm path
length cell with a slit width of 2 nm. Peptides of ~80 uM concentration were prepared in 20 mM
phosphate buffer, 50 mM NaF (pH 7.3), and titrated with increasing concentration of SDS micelles.
Far-UV CD spectra were recorded at 25 °C, from 260 nm to 190 nm, with a scan speed of 100
nm/min. For each spectrum, three readings were taken (i.e., three accumulations), and the average
was considered. Smoothing and buffer subtraction were done to process raw data, as per the

manufacturer's recommendation.

3.2.11. NMR experiments

NMR experiments were performed on a Bruker Avance 700 MHz spectrometer equipped with a 5
mm cryogenic probe or on a Bruker Avance III 500 MHz NMR spectrometer equipped with a 5
mm SMART probe. NMR experiments were performed at 10 °C or 25 °C. Prior to adding a fibril
seed to the NMR tube containing monomeric AB40, a 2D spectrum was acquired to compare
differences immediately before and after titration with NDs. Resonance assignments of the
monomer 2D 'H-'"N heteronuclear quantum coherence (HSQC) spectra were taken from the
literature. To monitor AB40 aggregation in presence of NDs (L/P=20) with atomic resolution, real-
time 2D NMR experiments were performed by consecutively acquiring 'H-'N HSQC spectra.
Each spectrum was obtained from 64 t; experiments, 16 scans, 8 dummy scans, and a 0.1 s recycle
delay. The spectral widths were 16 and 40 ppm, and the offsets were 4.7 and 117 ppm for the

proton and nitrogen dimensions, respectively.
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For AV20, 2D total correlation spectroscopy (TOCSY) NMR experiments were performed at 25
°C on the Bruker Avance 700 MHz spectrometer. Real-time 2D HSQC NMR experiments were
performed for °N-labeled Gly residues of AV20 on the Bruker Avance III 500 MHz NMR
spectrometer at 10 °C. For AV20 structure calculation in presence of SDS, AV20 were prepared
with a peptide concentration of 1 mM. The peptide was dissolved in 100 mM sodium dodecyl-d»s
sulfate (SDS) with 20 mM sodium phosphate buffer and pH 5.2. NMR experiments were
performed in the presence of 10% D20 and at 298 K using Bruker Avance 500 MHz spectrometer.
Topspin 3.5 (Bruker Biospin Germany) and SPARKY 3.113 (https:/www.cgl.ucsf.edu/home/

sparky) software were used for processing and analyzing the NMR data, respectively. 2D TOCSY
and nuclear overhauser effect spectroscopy (NOESY) spectra were acquired using states-TPPI
mode with 1024 and 512 complex data points along t> and t; dimensions, respectively. The sweep
width and offset due to water were fixed at 14 and at 4.703 ppm with a 2 s relaxation delay. TOCSY
spectra were performed using the standard Bruker pulse program (with the MLEV-17 spin lock
block) and excitation sculpting being the mode of water suppression. A spin-lock mixing time of
80 ms was used for the TOCSY experiment, whereas 150 ms mixing times were set for NOESY

experiments.

The three-dimensional NMR structures for AV20 in SDS micelles were calculated by
CYANA 2.1 software suite. Upper bound distance constraints were calculated from NOE build-up
curves and qualitatively categorized as strong (2.5 A), medium (2.6-3.5 A) and weak (3.6-5.0 A).
A lower bound cutoff of 2.0 A was used for all distance restraints mentioned above. Finally, an
ensemble of 100 structures, which satisfied all of the experimental distance and dihedral angle
constraints, were selected. Among these 100 structures, the top 20 structures with the lowest target
function values and RMSD were chosen for further structural analysis. The structures were further

checked from Ramachandran plot analysis.

3.3. Results
3.3.1. GxxxG motif regulates Af40 self-assembly kinetics

We first examined the effect of Gly—Leu mutations at positions 33 and 37 within the
GxxxG motifs on the aggregation kinetics of AB40 by using Thioflavin T (ThT) fluorescence assay
(Figure 3.1B). The results obtained from the ThT fibrillation assay for AB40 are in alignment with
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(A)
Peptides Sequence
G, xxxG, xxxG, xxxG,,

AB40 : DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVYV
AB40G33L : DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIILLMVGGVV
AB40G37L : DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVLGVV

AV20 : AEDVGSNKGAIIGLMVGGVV
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Figure 3.1. Effect of mutation on aggregation kinetics of Ap40. (A) Amino acid sequences
of peptides under investigation. (B) Aggregation kinetics of AB40, AB40G33L, and AB40G37L
investigated by ThT-based fluorescence assay at 37°C. All experiments were repeated three
times, and the data were averaged (=SD). Far-UV CD spectra of (C) AB40, (D) AB40G33L, and
(E) AB40G37L at different time-point showing the time-dependent structural transition from
monomer to fibril. The samples contain ~80 uM peptide in 20 mM sodium phosphate and 50
mM NaF, pH 7.4.

the sigmoidal growth model, consistent with previous findings reported by various research groups
including our own.”> 21 AB40 displayed a relatively slower aggregation kinetics, reaching

saturation at approximately 360 min of incubation, with an observable lag time (tig) of 141 + 3
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min and half-life (thair) of 165 = 2.5 min. In contrast, the introduction of Gly—Leu substitutions at
positions 33 (AB40G33L) and 37 (AB40G37L) resulted in a remarkable increase in the fibrillation
rate. The mutants exhibited rapid aggregation, achieving saturation within only 120 min of
incubation without any observable aggregation ti,g, indicating their propensity for rapid nucleation
and aggregation. The observed differences in aggregation behavior between the wild-type (WT)
AP40 and the mutants suggest that these Gly residues play a crucial role in influencing the
structural transitions, leading to faster fibrillation.

To gain deeper insights into these structural transitions, we performed time-dependent
Circular Dichroism (CD) spectroscopy and monitored the characteristic changes in secondary
conformation during the fibrillation (Figure 3.1C-E). Initially, AB40 displayed a random coil
conformation (negative minima around 200 nm), which gradually transitioned into a B-sheet
conformation as the aggregation reached saturation (at 720 min of incubation). In contrast, the
mutant peptides displayed a remarkably swift structural transition, with an apparent absence of a
well-defined random coil structure in their early-stage CD spectra, indicative of their accelerated

transition to the B-sheet conformation. In fact, within just 180 min of incubation, the mutants

100 40 -
~ 80; 2 30
5 ~
(“' 60' - 1
= O 20
g 40; e
< g 10
20' Z :
0 0.
0 5 10 15 20 25 0.1 1 10 100 1000 10000
Elution volume (mL) Size (d.nm)

Figure 3.2. Characterization of NDs. (A) SEC profile of free NDs showing a peak at elution
volume of 13.6 mL. (B) DLS data of free NDs showing a hydrodynamic diameter of ~8 nm.
(C) SEM image of free NDs. (D) HR-TEM image of free NDs.
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exhibited complete [(-sheet conformation (negative minima around 218 nm), strongly
corroborating the ThT data. Hence, both ThT kinetic assay and CD spectroscopy consistently
demonstrate that the presence of Gly residues at positions 33 and 37 significantly impacts AB40

aggregation kinetics and its structural interconversion.

3.3.2. GxxxG-mediated membrane interaction modulates Af aggregation kinetics

The formation of NDs were achieved using a lipid composition of 3:1 DMPC/DMPG and
MSP protein and characterized by using various biophysical and microscopy techniques and found
a hydrodynamic diameter of ~8 nm (Figure 3.2). To gain insights into the effects of lipid-nanodiscs
on AB40 aggregation kinetics and to elucidate the distinct roles played by G33/G37 residues, we
employed the ThT fluorescence assay at different lipid-peptide ratios (L/P). This enabled us to
investigate both the influence of the NDs and the significance of G**xxxG>*’ motif in modulating
AP40 fibrillation in lipid bilayer. Our findings revealed that both the lipid concentration and the
Gly residues play crucial roles in regulating AB40 fibrillation. As depicted in Figure 3.3A, the
effects of NDs on AP aggregation kinetics were found to be complex, yet several discernible trends
emerged. At L/P=1, nanodiscs promoted aggregation with a significant decrease in the ti,z (Figure
3.3B). As the concentration of lipids increased (L/P=10), nanodiscs further enhanced the AB40
aggregation. Intriguingly, with a further increase in lipid concentration (L/P=20), a substantial
delay in AP40 aggregation was observed (Figure 3.3A). Subsequent increments in lipid
concentration (L/P=50 and 100) resulted in a drastic increase in the lag time (Figure 3.3A,
Appendix III, Figure S3.1). No increase in the ThT intensity was observed for NDs alone. We
further executed the global fitting of the kinetic curves using the online platform Amylofit!*> and
obtained the rate constants associated with individual microscopic steps (Figure 3.3C). We
observed that the multi-step secondary nucleation dominated model best fitted the kinetic curves,
whereas models excluding secondary nucleation did not properly fit the experimental data. From
the model fitting we obtained the rate constants k+ (elongation rate constant), k, (primary rate
constant), ko (secondary nucleation rate constant) as well as the Michaelis constant Ky (Figure
3.3C). Interestingly, at lower lipid concentration, both the combined rate constant for primary
nucleation (k+ks) and secondary nucleation (k+k2) significantly increased whereas at higher lipid
concentration both significantly decreased, which reflected in the aggregation tiaz and thair (Figure

3.3B-C). We also found that k+k> was much larger than k:ky, such that ka/k, > 10'2 and consistently
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Figure 3.3. GxxxG motif modulates membrane-associated amyloid aggregation.
Aggregation kinetics of (A) Ap40 (20 uM) in absence and presence of different lipid ratios
investigated by ThT based fluorescence assay at 37 °C under shaking (300 rpm) conditions. (B)
Aggregation half-life (thar) and lag time (tiag) calculated from the curve fit. (C) Global fitting of
the aggregation kinetics data of AB40 in absence and presence of different lipid ratios using
multi-step secondary nucleation model. From the global fitting of the data, parameters like the
combined rate constants (k+k, and k+k;) and monomer concentration of half-saturation of
secondary nucleation (VKu) were obtained and plotted in a bar diagram. All experiments were
repeated three times, and the data were averaged (=SD). (D) SEC profile of AB40 oligomers in
absence and presence of ND (L/P=20), indicating difference in the oligomer size. (E)
Deconvolution of FTIR amide I band of AB40 oligomers obtained by co-incubating AB40 with
ND (L/P=20) for 48 hours at 25 °C under non-shaking condition showing predominantly
random coil conformation. (F) Aggregation kinetics of AB40G33L (20 uM), and AB40G37L
(20 uM) in absence and presence of different lipid ratios investigated by ThT assay at 37 °C
under shaking (300 rpm) conditions, showing no specific effect of ND on the aggregation
kinetics. All experiments were repeated three times, and the data were averaged (=SD). (G)
TEM images of AB40, AB40G33L, and AB40G37L in absence and in presence of ND (L/P=20),
displaying the significance of G33 and G37 residues in membrane interaction and subsequent
amyloid aggregation.

increased with increase in the lipid concentration, suggesting that most of the new aggregates are
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formed through surface-catalyzed secondary nucleation rather than through primary nucleation.?®’

Size exclusion chromatography (SEC) revealed a distinct difference in the oligomer size
between free AP40 and AB40 in presence of NDs (Figure 3.3D). These nanodiscs-mediated AB40
oligomers were further characterized by dynamic light scattering (DLS), which indicated a
hydrodynamic diameter of 30 + 7 nm (Appendix III, Figure S3.2A). This suggests presence of low
molecular weight oligomeric species, which was then visualized using confocal microscopy
(Figure S3.2B). As depicted in Figure 3.3E, when these oligomers were subjected to FTIR analysis,
we observed predominantly random coil conformation. However, certain degree of 31o-helix, -

sheet, and turn conformations were also observed from the deconvolution of the amide I band.

The mutant peptides, on the other hand, did not exhibit the same responses; no distinct
impact of nanodiscs on the aggregation kinetics of mutant peptides was observed (Figure 3.3F).
Even at higher lipid concentrations (L/P=100), no increase in lag time was noted. These findings
highlight the crucial role of specific Gly residues (G33 and G37) within the GxxxG motifs in
modulating AB40 fibrillation in the presence of lipid-nanodiscs, and reveal an intricate interplay

between GxxxG-mediated membrane interactions and AB40 aggregation kinetics.

In order to visualize the differences in the aggregate morphology, we performed TEM
imaging on AB40 and mutants in absence and presence of NDs (Figure 3.3G, Appendix III, Figure
S3.3-8). In absence of NDs, AB40 exhibited a dense network of amyloid fibrils, whereas both
AB40G33L and AB40G37L showed long isolated fibrils. Interestingly, in presence of NDs, AB40
did not undergo complete fibril formation, instead it remained as mostly in disordered oligomer
and prefibrillar state. However, both the mutants (AB40G33L and AB40G37L) did not show any
significant changes in the fibril morphology in the presence of NDs. Taken together, TEM imaging
further confirms the significant role played by G33 and G37 residues in membrane interaction and

regulating subsequent fibril formation.

3.3.3. Residue specific interaction between Af40 and nanodiscs by solution NMR

To obtain an atomic-level insights into the binding mechanism of AB40 with NDs as well
as on the formation of these disordered oligomers, we used a combination of 1D, 2D, and 3D NMR
experiments in solution-state. 1D "H NMR experiments revealed that upon titration with the NDs,
the amide proton intensity decreased around 10% at L/P=20 concentration (Appendix III, Figure

S3.9). This was followed by a 35% decrease in the signal intensity in a time dependent manner (44
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Figure 3.4. Representative real-time 'H-'"N HSQC spectra of AB40 (80 uM) aggregation in
presence of nanodiscs (L/P=20) at room temperature. HSQC spectra were acquired sequentially
at 700 MHz over a period of 100 h at 25 °C in 50 mM NacCl, 20 mM phosphate buffer, pH 7.4.

h). Remarkably, significant chemical shift perturbation (CSP) was observed after this time point,

while the overall signal intensity remained almost unchanged.

2D 'H-'>N Heteronuclear Single Quantum Coherence (HSQC) NMR further provided

crucial information on the binding mechanism of AB40 with NDs and its temporal conformational

states. HSQC spectra of AB40 at 25 °C were assigned based on a previous study.*”? HSQC spectra

reveled that upon interaction with NDs (L/P=20), AB40 initially showed a slight decrease in the

peak intensity without any notable CSPs (Figure 3.4, Appendix III, Figure S3.10). With time,

however, significant decay (25%-35%) in the NMR peak intensity was observed for mainly
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Figure 3.5. Interaction between AB40 and nanodiscs by solution NMR. (A) Overlay of 2D
'H-1>N HSQC spectra of a freshly prepared AB40 (80 uM) sample and with nanodiscs (L/P=20)
after formation of oligomers at 25 °C. (B) Time-dependent changes in the peak intensities along
the peptide backbone measured from 2D 'H-'"N HSQC spectra of a freshly prepared AB40 (80
uM) sample with nanodiscs (L/P=20) at 25 °C. Points represent the signal intensity of the peak
maxima (/(2)) relative to the signal intensity in the absence of nanodiscs (/y). Black dashed line
represents the running average. (C) Chemical shift perturbations of AB40 over time following
the addition of nanodiscs (L/P=20). The chemical shift perturbation was taken as the difference
between the time point before and after nanodiscs addition. Dashed horizontal lines are the
average chemical shift perturbations. The symbols (*) denote residues whose resonances did
not display discernible resonances. (D) Quantification of solvent accessibility of nanodiscs-
bound AB40. 2D 'H-!>N HSQC spectra of AP40 in the presence of nanodiscs (blue), and upon
titration with the paramagnetic quencher, MnCl; (red). (E) Relative signal intensities of AB40
residues were measured for titration with MnCl, (0.5 mM). The dashed line in the plots
represents the running-average.

residues encompassing the central hydrophobic (Q15-F20) and C-terminal regions (Figure 3.5A-
B). Following 44 h of incubation, the overall signal intensity remained constant; however,
significant CSPs were observed from this point suggesting occurrence of oligomers with
alternative conformations (Figure 3.4, Figure 3.5A, C). These oligomeric conformers surprisingly

remained stable for a long period of time (120 h) before complete broadening of the peak intensity.
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In contrast to AB40 alone, new peaks were detected in the vicinity of V40 chemical shift in 2D 'H-
SN HSQC spectrum, suggesting generation of new oligomeric species at the surface of NDs. This
experiment was repeated for more than three times and with different batch of peptides. Although
not identical, significantly close resemblance was observed, suggesting that these oligomers are
structurally similar in nature (Appendix III, Figure S3.11). However, no such new peaks were

observed in absence of NDs.

Next, paramagnetic relaxation enhancement (PRE) NMR was conducted on these
oligomers to identify the residues involved in membrane interaction. Mn** ions can selectively
quench the NMR signals of solvent-exposed residues by enhancing their respective T» relaxation
rates, while residues embedded within the membrane bilayers are shielded from Mn?" quenching.
PRE experiment in presence of 0.5 mM MnCl; revealed that the N-terminal as well as the C-
terminal residues are partially embedded in the lipid bilayer (Figure 3.5D). The quenched central
hydrophobic residues, however, indicate their involvement in dynamic interactions with the free
peptides. Additionally, the newly appeared peaks were found to partially protected from solvent

accessibility, suggesting that theses alternative conformers are in well associated with lipid bilayer.

We also performed NMR spectroscopy at high lipid concentration (L/P=50). The
appearance of new peaks in the NMR spectra were well corroborated with ThT kinetics, revealing
further delay in the aggregation process due to the presence of NDs at higher ratio (Appendix III,
Figure S3.12-13). Moreover, similar new peaks were detected in the HSQC spectra at the vicinity
of V40, at a later time point. Collectively, this further suggests that the new peaks could be ND

catalysed oligomer formation.

3.3.4. AV20-membrane interaction resembles that of Af40

In order to gain a closer look into the role of the GxxxG repeated motif present at the C-
terminus of APB40, we further investigated the interaction between AV20 (the C-terminal 20 residue
peptide fragment of AB40) and NDs. AV20 was previously found to be significantly toxic, in which
the role of the GxxxG motifs were extensively studied. Here, we observed the role of membrane
interaction with AV20 in order to further explore the significance of the GxxxG motif in oligomer
formation. Interestingly, the peptide was also found to be interacting with NDs in a similar way.
ThT fibrillation assay indicated that the peptide in presence of NDs, rapidly underwent oligomer

formation, which were comparatively stable as well (Figure 3.6A).



Chapter I1I

(A) (B)

(F)
5% 10° AV20+ND 48t (G)
e [ TV S __/_/‘\j\.\,J w g 108 G @
PDB id 4] i 7y =10
2LFM ;3 ¥ _53-110 25 L J G38 E 0
. . 34 gl AVZ20 48! Z 112 :
» 3 J A s G33 Eo0s
, g N ) AT A s & @00 3 o
‘ [ : s Fa—— AV20 Oh |
K aV ' = n g- 108 G20 0.0
Sy o 110 G = 1.0
AEDVGSNKGAIIGLMVGGW 0 200 400 600 800 1000 | > 112 628 - E .
AV20 Time (min) as 84 82 80 78 76 ? e E 05 .
7 ppm 114 g ay 1 s .
=z
(D) 06 g- 108 G20 0.0 G29
— Free AV20 ] GaaxxxG,, 2110 G3g
0.51— Avzo+nD 0.5 > G5y + 1.0 -
- £ 04/ g 12 G33 =
15 " - ‘e g, 114 (" wta7_a” Day2 E 05
- —~ b
e T & 02 E 108 629 2 G33
.= = - @\ a 0.0
25 . © 911 a 110 i G38
’ L 1 [] .. ﬂ = 625y .10/ .
0.0lm o m P I @A Z 112 G33 "
- Voo OAN D OO~ DY O oA D20 - . -
354, Hexn GV FLL L FPEFLHFEFIY 114 |"wgyr— #~ Day4 Eos .
.u (E) Residue £ 108 ° 5 °
3 G29
45] "a v Fm 3¢ 0.1 €410 N G =z 00 G37
86 84 82 80 78 76 b = G25 "wy
(©) 8 QZ 112 .ﬁf ca3 < 1,07\“\‘——__‘
1" Free AV20 E_ 0.0 oo 114 {@2-G37 %" Days =
04~ AVZO+ND " -+ a . £ 05
g bt X a ] £ 108 G W S
£, - £ -0 g 110 ® Gu| Z,,] G38
=3 a A . : < 4 - G257 0.0
E3 T, Z 112 L P 01234567
- i it L 8 2 N .
ol Wl ‘ Cals 02 114 -A_gy’;- Day 7 Time (day)
' Yo %o DA D DO D o DA DDO
" E76543210 VST FPL L FTELFFIY 8.50 ?Haf 8 .%0 8.05
"H /ppm Residue PP

Figure 3.6. (A) Aggregation kinetics of the C-terminal 20 residue AB40 fragment, AV20 (50
uM) in absence and presence of nanodiscs (L/P=20) by ThT fluorescence assay. All experiments
were repeated three times at 37 °C under shaking (300 rpm) conditions, and the data were
averaged (£SD). (B) 1D 'H NMR spectra of free AV20 at 0 hour, at 48 hours and AV20 in
presence of NDs at 48 hours of incubation at 25 °C. While AV20 alone underwent line
broadening, AV20 in presence of NDs showed both line broadening and significant CSPs (C)
2D TOCSY NMR of AV20 in absence (blue) and in presence of NDs (red), highlighting residue
specific interactions. (D) Chemical shift perturbations for Ha resonances of each residue of
AV20 in presence and absence of NDs. (E) The chemical shift deviation for Ha resonances of
each residue of AV20 in presence of NDs from the standard random coil values. (F) Time-
dependent 'H-'>N HSQC spectra of a freshly prepared AV20 (Gly labelled with '’N) sample
with nanodiscs (L/P=20) at 10 °C, highlighting changes in the chemical shift and appearance
of new peaks. (G) Temporal evolution of the monomers (red) and apparent exchange peaks
(blue) of G25, G29, G33, G37, and G37.

Solution NMR studies were performed in order to understand the interaction between AV20
and NDs at an atomic resolution. While titrating with NDs, the peptide underwent line broadening
upon interaction (Appendix III, Figure S3.14). However, no immediate chemical shift perturbation
(CSP) was visible. Interestingly, unlike free AV20, which only underwent line broadening with
time, upon binding with NDs, AV20 showed significant CSPs over time and remained stable for a

comparatively longer duration (Figure 3.6B). This can be attributed to the conformation transition
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and formation of stable oligomers. To get a closer look into the residue specific interaction between
AV20 and nanodiscs, 2D TOCSY NMR experiments were performed on AV20 either in the
presence and/or in the absence of NDs (Figure 3.6C). The spectra were then assigned and analysed,
from which we calculated the CSPs of individual amino acid residues (Figure 3.6D). Interestingly,
the residues spanning G¥LMVG®’ was found to be highly perturbed, suggesting significant
involvement of this segment in membrane interactions. The chemical shift index was further
calculated by correcting the Ha from random coil, to get an idea about the conformation (Figure
3.6E). Apparently, the CSI plot indicated mostly random coil conformation, except for residues
L34 and M35, which showed inclination towards helical conformation. Next, to get an exclusive
insight into the Gly residues, we performed 2D HSQC for the °N labeled Gly residues of AV20 in
the presence of NDs, at low temperature (10 °C) as a function of time. Figure 3.6F displays the
time dependent movement of individual Gly residues. While G25 showed up-field shift, G33 and
G37 move towards down-field shift, suggesting exchanged conformer. Interestingly, the intensity
buildups curves for three new peaks associated with residues G25, G33, and G37 closely match
the intensity decrease observed for the peaks corresponding to their unbound form, suggesting that
these peaks are in slow exchange (Figure 3.6G). G29 and G38, on the other hand, exhibited only

intensity drop.

3.3.5. GxxxG motif facilitates AV20 to adopt helical conformation

Previous studies have well established that AB40 adopts helical structure in presence of
membrane mimicking SDS micelles.!?®! Our experimental observation involving CD spectroscopy
revealed that AV20 also underwent a transition from random coil to helical conformation upon
titration with SDS micelles (Figure 3.7A). However, the mutants AB40G3L and AB40G37L did
not adopt complete a-helical conformation upon interaction with SDS (Figure 3.7A), suggesting

that these Gly residues are essential for the peptide to interact and to adopt helical conformation.

Solution-state NMR further provided an atomic resolution insight into the conformational
alteration of AV20 in the presence of SDS. Significant CSPs were apparent in the presence of SDS
as observed in the 1D NMR spectra (Appendix III, Figure S3.15). AV20 in aqueous solution was
less dispersed and showed sharp signals in the amide proton region, whereas, in the presence of
SDS micelles, the spectra were more scattered and, broadened, owing to the well-defined

conformational change induced by the micellar environment. Thus, to gain atomic resolution
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Figure 3.7. GxxxG motif facilitates to adopt helical conformation in AV20. (A) CD spectra
of AV20, AB40G33L, and AP40G37L in presence of SDS micelles, highlighting the
significance of G33 and G37 in adopting helical conformation. (B) Ha-HN region of the 150ms
NOESY spectrum of AV20 in presence of SDS (pH 5.2, 298 K) measured in a 700 MHz NMR.
The sequential assignments of all the residues are indicated in the NOESY walk. (C) The
chemical shift deviation for Ha resonances of each residue of AV20 in SDS micelles from the
standard random coil values. (D) The best 20 structures of AV20 in presence of SDS micelles,
calculated from the NOE-derived distance constraints. (E) Three-dimensional solution structure
of AV20 in SDS micelles. The side chain orientation of a representative NMR structure of AV20
bound to SDS is shown. The overall RMSD value is ~0.5 A. The Gly residues are highlighted
in sea green color, where G33 and G37 is present in the same face of the helix. The image was
prepared using the Chimera software. (F) Structural comparison between AV20 (light brown)
and APB40 (cyan) in presence of SDS micelles. The helical segment in the C-terminal shows
structural similarity. Gly residues in both peptides are highlighted in green, indicating close
resemblance, particularly the G33 residue. Residue numbering in AV20 is based on the
sequence of AB40. The structure of AB40 is taken from “PDB id- 1BA4” for comparison.

understanding of the peptide's conformation, 2D 'H-'H NOESY spectra were acquired in the

presence of SDS micellar environments, which were further assigned and used for the structural
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elucidation of AV20. In contrast to aqueous solution, the NOESY spectra in SDS micelle contained
a sufficient number of sequential and medium-range NOE cross peaks indicating the existence of
a distinct structural fold. The fingerprint region in SDS micellar environments contained several
characteristic, sequential and medium-range CaH/NH NOE contacts as illustrated in Figure 3.7B.
In addition to the intense sequential CaH/ NH (i to 1 + 1) NOEs, medium range CaH/NH (i to 1 +
2) NOEs were observed throughout the sequence of AV20 namely between S26/K28, 132/1.34,
L34/V36, M35/G37, V36/G38 in SDS. Moreover, CaH/NH (i to i + 3) medium range NOEs for
N27/A30, A30/G33, 131/L34, L34/G37, M35/G38, V36/V39 and G37/V40 were observed in SDS
micelles (Appendix III, Figure S3.16). Also, M35/V39 and V36/V40 showed CaH/NH (i to i + 4)
in SDS micelle.

The chemical shift deviation of the CaH resonances from the standard random coil value
also provides the signature of the secondary structure of the peptide. A helical segment is
characterized by negative chemical shift deviation of Ha for four consecutive residues while the
reverse trend is a signature of the beta sheet structure. Deviations of more than -0.1 ppm from
random coil are usually associated with helical structures. Figure 3.7C shows negative AHa values
for a group of residues, K28 to V36, indicating that they may be in a helical conformation. Overall,
this pattern of chemical shift deviation serves as a signature of the predominance of alpha helical

conformation in SDS micelle.

Next, the three-dimensional solution conformations of AV20 in presence of SDS micelles
was calculated based on the NOE-derived distance constraints using CYANA software package
(Figure 3.7D-E). In SDS micelles, the ensemble of AV20 conformations were well-organized and
converged with an average backbone atom and heavy atom root mean square deviation (RMSD)
values of 0.52 £ 0.16 A and 0.92 + 0.16 A, respectively. Next, we compared this structure with the
previously!?® determined structure of AB40 in SDS and found a striking resemblance (Figure
3.7F). The same structural motif was observed in the residues encompassing G25-M35, with a

kink involving residues G25-K28.

3.4. Discussion
Overall, our study provides unique insights into the role of the GxxxG motif in membrane-
mediated oligomerization of AB40. While previous research has explored the interaction between

nanodiscs and AP, the temporal evolution of distinct oligomeric species and the significance of
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Figure 3.8. Schematic representation of membrane-mediated oligomerization of Ap40. In
aqueous solution monomeric AB40 self-assemble into oligomeric intermediates primarily via
the central hydrophobic core (CHC in blue color). These oligomers are transient in nature and
quickly convert into protofibrils and mature fibrils. In presence of NDs however, they form
comparatively stable oligomers with distinct conformation. While a portion of AB40 self-
assemble via the CHC, the presence of NDs leads the C-terminal consisting of the GxxxG motif
to interact with the lipid bilayer. This facilitates a conformational transition, where the N-
terminal then insert into the membrane, resulting in a membrane-bound distinct oligomer.
Mutation in the G33 and G37, on the other hand, hampers this interaction and leads to a faster
aggregation into long isolated fibrils.

G33/G37 have remained largely elusive. Our experimental findings offer a more detailed
understanding of the molecular events surrounding this oligomerization process (Figure 3.8). In
summary, our findings indicate that while at lower lipid concentrations, NDs accelerates the

aggregation, with sufficient excess of lipids, NDs can significantly inhibit primary nucleation.
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Collectively, however, NDs significantly promote secondary nucleation in a surface catalyzed
manner. Interestingly, recent studies have suggested a dock-lock mechanism of fibril formation.!'®
2] The unstructured AB monomers transiently interact with the fibril surface primarily through the
central hydrophobic core, followed by a slower conformational rearrangement. However, in case
of ND-mediated oligomerization, the C-terminal region consisting of the GxxxG motif plays
dominant role and are in slow exchange with the ND-bound conformers. Even the fragment

peptide, AV20, displayed similar interaction dynamics with NDs.

Solution NMR revealed a complex interplay between AB40 and NDs. The C-terminal
residues, particularly K28, G29, 131, G33, M35, and G37, displayed significant alterations in their
temporal HSQC profile. Additionally, the C-terminus remained mostly solvent inaccessible,
suggesting their profound involvement in membrane interaction and partial incorporation. The
central hydrophobic region exhibited the highest intensity drop as well as chemical shift
perturbations (CSPs) during oligomerization; however, PRE experiments showed that they are
comparatively more solvent exposed. On the other hand, while the N-terminal residues spanning
E3-S8 initially did not show significant intensity drop or CSPs, during oligomer formation, they
were found to be surprisingly protected from solvent exposure, as found in the PRE experiments.
Moreover, in presence of higher lipid concentration, similar interactive motif for AB40 (CHC) was
found to show initial intensity drop, followed by appearance of similar new peaks at the vicinity
of V40. This confirms the formation of distinct oligomer conformation that are specific to

nanodiscs interaction.

Previously, it was observed that AB40 adopts a partially folded structure in aqueous
solution,?”) while in the presence of SDS micelles,?¥! it takes on a helical conformation. Our
observation involving AV20 in the presence of SDS micelles also revealed striking similarities,
suggesting the inherent ability of the C-terminal domain to adopt a helical conformation. Structural
comparison of AB40 and AV20 in SDS micelles reveals two interesting features. Firstly, the
formation of a helix between residues G25-V40 with a kink at G25-K28. Secondly, a similar
pattern of Gly residues spaced four residues apart, occupying one face of the helix. This pattern
has been previously predicted in ion-channel models."*” It has also been reported that the GxxxG
motif stabilizes ion-channel-like pores through Ca—H:--O interaction.[® 3!l Mutations in

G33/G37, which prevent the peptides from adopting a helical conformation in SDS micelles,
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further confirm their direct involvement in this process. Meanwhile, the interaction between AV20
and NDs also revealed significant involvement of the G*LMVG?” motif in oligomerization. A
detailed examination of the Gly residues during the temporal evolution AV20 into distinct
oligomers revealed that G25, G33, and G37 are in slow exchange with their alternative conformers.
Thus, the ability of the GxxxG motif to adopt diverse secondary conformations appears to be truly

fascinating.

Since the oligomers formed directly in solution or in vivo may differ structurally and
functionally from those mediated by NDs, this may not inherently translate to pathological
relevance. Nonetheless, strategies like development of sequence or conformation specific
antibodies or small molecules, which can stabilize distinct oligomeric intermediates, has been
extremely valuable for therapeutic interventions. Moreover, this study will provide further insights
into the underlying mechanism of membrane-mediated AB-oligomerization and pave the way for

targeted therapy for AD and related disorders.

3.5. Conclusions

In conclusion, we have successfully demonstrated for the first time the role of G33/G37 in
surface catalyzed oligomerization of AB40 in a near native membrane environment using MSP-
based nanodiscs. The interactions between nanodiscs with both full-length AB40 and its C-terminal
fragment peptide (AV20) highlights the crucial role played by the C-terminal residues particularly
the GxxxG motifs. We illustrate how nanodiscs facilitates formation of comparatively stable
oligomers which are conformationally distinct from native AB40 and other minor states of free

APB40 oligomers.
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Figure S3.1. Aggregation kinetics of AB40 (20 uM) in the presence of NDs at 1:50 peptide-lipid
ratios (L/P=50). A drastic increase in the lag time compared to free AB40 was observed at this lipid
concentration. No increase in the ThT intensity was observed for nanodiscs (200 uM) alone. 20
uM ThT concentration was used for all experiments. Fluorescence measurements were taken in a

96 well plate under shaking (300 rpm) before each cycle (30s) at 37 °C. All experiments were
repeated three times, and the data were averaged (+SD).
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Figure S3.2. (A) Size distribution of nanodiscs-mediated AB40 oligomers from DLS
measurements in 20 mM phosphate buffer, 50 mM NaCl, pH 7.4. (B) Confocal microscopy image
of ThT-bound AB40 oligomer in presence of nanodiscs.
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Figure S3.3. HR-TEM images of APB40 fibers at different magnifications showing dense network
of amyloid fibers of different width.
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Figure S3.4. HR-TEM images of AB40 in presence of nanodiscs (L/P=20) different magnifications
showing disordered aggregates. No dense network of amyloid fibers was detected.
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Figure S3.5. HR-TEM images of AB40G33L fibers at different magnifications showing long
isolated fibers.
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Figure S3.6. HR-TEM images of AB40G33L in presence of nanodiscs (L/P=20) at different
magnifications showing long isolated fibers.
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Figure S3.7. HR-TEM images of AB40G37L fibers at different magnifications showing long
isolated fibers of different width. Both thin fibers with an average width of 12 + 4 nm, and thick
fibers with an average width of 43 £ 11 nm were detected.
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Figure S3.8. HR-TEM images of AP40G37L in presence of nanodiscs (L/P=20) at different
magnifications showing long isolated fibers.
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Figure S3.9. (a) 1D '"H NMR spectra of AP40 in absence and presence of nanodiscs (L/P=20) at
room temperature showing ~10% decrease in signal intensity in the amide proton. Following
which, a time-dependent 1D NMR spectra showing an initial signal decay of 35% at 44 h, then
significant chemical shift perturbations. (b) Decay of amide proton signal intensity of AB40 in

presence of nanodiscs (L/P=20) as a function of time.
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Figure S3.10. (a) 2D 'H-'N HSQC overlay spectra of AB40 in absence and presence of nanodiscs
(L/P=20) at room temperature, suggesting slight intensity drop without any notable chemical shift
perturbations. (b) Changes in the peak intensities along the peptide backbone measured from 2D
'H-">N HSQC spectra upon titration of a freshly prepared AP40 (80 uM) sample with nanodiscs
(L/P=20) at 25 °C. Points represent the signal intensity of the peak maxima (/) relative to the signal
intensity in the absence of nanodiscs (/).
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Figure S3.11. 2D 'H-'N HSQC spectra of AB40 (80 pM) aggregates in presence of nanodiscs
(L/P=20) at room temperature, performed for multiple batches, showing generation of similar new
peaks in the vicinity of V40.
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Figure S3.12. 1D '"H NMR spectra of AB40 in absence and presence of nanodiscs at different time

intervals. Samples were incubated at 25 °C under non-shaking conditions and spectra were taken
at 10 °C. Initially both AB40 and AB40 in presence of high lipid concentration showed almost 20
% signal decay at day 5. After this time point, AB40 underwent drastic decrease in the signal
intensity indicating fibrillation, whereas AB40 in presence of nanodiscs showed a slow decrease in
the signal intensity. Even at 20 days of incubation, sufficient NMR signal was observed suggesting

prolongation of oligomeric states.
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Figure S3.13. (a) Overlay of 2D "H-'N HSQC spectra of a freshly prepared AB40 (80 uM) sample
and with nanodiscs (L/P=50) at day 5 indicates only intensity drop and no significance CSPs. (b)
Changes in the peak intensities along the peptide backbone measured from 2D 'H-"’N HSQC
spectra of a freshly prepared AB40 (80 uM) sample with nanodiscs (L/P=50) at day 5 indicates
involvement of the central hydrophobic region in the interaction. Points represent the signal
intensity of the peak maxima (/(?)) relative to the signal intensity in the absence of nanodiscs (/p).
(c) Overlay of 2D 'H-">N HSQC spectra of a freshly prepared AP40 (80 uM) sample and with
nanodiscs (L/P=50) at day 20 indicates significant intensity drop and CSPs as well as similar new
peaks at the vicinity of V40, thereby suggesting formation of similar oligomeric conformers.
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Figure S3.14. (a) 1D NMR spectra of AV20, titrating with NDs, showing line broadening of the

amide protons. (b) Time-dependent overall relative intensity plot of AV20 in presence of NDs.
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Figure S3.15. 1D NMR spectra of AV20 in the absence and in the presence of 100 mM SDS-d>s

micelles.
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Figure S3.16. Short, Mid, and Long-range NOE connectivities obtained from the NOESY spectral
assignment of AV20 in presence of SDS micelles.
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This chapter has been adapted from the following publication:

Sarkar, D., Maity, N.C., Shome, G., Varnava, K.G., Sarojini, V., Vivekanandan, S., Sahoo, N.,
Kumar, S., Mandal, A.K., Biswas, R. and Bhunia, A., 2022. Mechanistic insight into functionally
different human islet polypeptide (hIAPP) amyloid: the intrinsic role of the C-terminal structural
motifs. Physical Chemistry Chemical Physics, 24(36), pp.22250-22262.

4.1. Introduction

Protein misfolding and subsequent amyloid formation is allied with the pathology
of a wide range of human diseases, including Alzheimer's, Parkinson's, type-2 diabetes,
Huntington diseases, etc.!! Human islet amyloid polypeptide (hIAPP) is a 37-residue
peptide implicated in type-2 diabetes resulting from aggregation under certain conditions.?!
With regards to the growing prevalence of diabetes worldwide, it is increasingly important
to gain mechanistic insight into hIAPP amyloidosis.[! For a comprehensive understanding
of the mechanism of hIAPP aggregation, it is imperative to consider the aggregation-prone
domains within the hIAPP sequence. Over the years, emphasis has been given on
discovering the residues crucial for hlAPP fibrillation. For example, the N-terminal
h1APPs.16 fragment has been found to form fibrils with similar properties to hIAPP where
F15 is required for stabilizing an on-pathway o-helical dimer.[* 5 Recent studies have
revealed a crucial region-spanning the residue stretch, L2ANFLVH?!® associated with
hIAPP aggregation.[* 81 Despite the fact that this segment does not directly partake in
amyloidogenesis, it was found to interact with hIAPP and strongly enhance the B-sheet
transition and fibril formation.[”l Several other small fragments of hIAPP have also been
reported to form amyloid.[®! The hIAPP2o 29 fragment has been exclusively reported to form
amyloid fibril in vitro as well as play a significant role in the amyloid formation.l® 10
However, the toxicity of this fragment was found to be considerably lower than that of the
full-length peptide regardless of the strong tendency to form amyloid fibrils. The C-
terminal segment harboring the N?2FGAIL?’ sequence has been extensively reported and
studied for understanding the mechanisms of amyloidogenesis.[*% 11 GxxxS/SxxxG motif
present in this terminus is similar to the GxxxG repeating sequence in Amyloid 3, which
has been suggested to act as a modulator of fibrillation.[*?] This segment has been shown to
have a greater fibrillation propensity by several groups over the years. Recently, the C-
termini of hlAPP oligomers were found to penetrate deeper into the lipid bilayer of the
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disordered domain.[*®! The fact that the hlAPP17.37 peptide was previously identified as one
of the minor component in the human pancreas, has made it further intriguing in delineating
the direct role of this peptide fragment in modulating the overall aggregation propensity of
h1APP.[*4 Undoubtedly, peptide fragments have been useful in streamlining the analysis of
the complex aggregation process. Knowledge of the primary sequence of the peptide is
essential in determining its intrinsic propensity to undergo subsequent structurally and
functionally distinct conformers in the amyloidogenesis cascade.

Apart from the intrinsic susceptibility of specific peptide segments, several external
factors have been found to highly influence the aggregation process.[**1 A change in such
conditions may alter the aggregation mechanism and result in either amyloid or disordered
amorphous aggregates.!*®! Over the years, the effect of peptide concentration, solvent pH,
temperature, agitation, and ionic strength has been extensively studied.”) Among them,
temperature-dependent aggregation Kinetics and agitation in the form of a magnetic stirrer
or shaker table have been routinely used in studies of peptide and protein aggregation.*>
18] Temperature variation may alter the frequency of molecular collisions and affect
intermolecular hydrophobic interactions, a major force in controlling aggregation.™*® Thus,
the investigation of the temperature dependence of the aggregation process of a
protein/peptide can be a suitable method to clarify the mechanisms leading to different
kinds of aggregates.[?°l Agitation on the other hand, has been employed so as to accelerate
otherwise slow aggregation kinetics. While some found deviations in aggregation rate and
structure, others showed that not agitation but the liquid-air or liquid-solid interface serve
as the main culprit.?!] Despite the frequent use, little is understood about the impact of
agitation on the aggregation nucleation process.

In this chapter, we undertook a systematic approach to gain high-resolution insight into the
intrinsic and extrinsic factors involved in hIAPP amyloidosis. For this purpose, we compared the
aggregation kinetics of hIAPP along with its N-terminal 18 residue peptide fragment KH18 (K1-
H18) comprising the L'’ ANFLVH!® sequence and the C-terminal 21 residue peptide VY21 (V17-
Y37) harbouring the core N*?FGAIL?’ fibrillating sequence as well as GxxxS/SxxxG motif (Figure
4.1A) in different temperature and agitation conditions. This enabled us to gain a comprehensive

understanding of hIAPP amyloidogenesis and subsequent toxicity in progressive pathogenesis.
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Further, our biophysical studies suggested a possible cooperative interaction of the specific

fragments in seeding the overall pathogenesis.

4.2. Materials and methods

4.2.1. Sample preparation

Lyophilized synthetic peptides hIAPP and KH18 were purchased from Genscript Inc. USA
and VY21 was synthesized using Fmoc protocols as previously published.??! Briefly, the
peptide was assembled on 2-chlorotrityl chloride resin (0.2 mmol scale) as C-terminal acid.
Excess of each amino acid (4x), 3.9 equivalents of coupling reagent (HCTU) and
OxymaPure® (3.9 equiv.) as suppressor of racemization were used. N,N-
Diisopropylethylamine (DIPEA) was used as the base for couplings. Fmoc deprotection
was performed using 20% piperidine in DMF. Cleavage from the resin was done using 10
mL of the trifluoroacetic acid (TFA) cocktail mixture (TFA-TIS—H20- 95:2.5:2.5 v/v) per
gram of the resin. TFA was evaporated and the crude peptide was precipitated using diethyl
ether. The crude peptide was subsequently lyophilized and purified using reversed-phase
high performance liquid chromatography (RP-HPLC) on a GE Pharmacia AKTA purifier
10 system or Thermo Scientific Dionex VWD 3x00 system using a Phenomenex Luna 5
um Cis 100 A (250 mmx10 mm) column. Solvent A was 0.1% TFA in water and solvent
B was 0.1% TFA and 0.09% water in 99% acetonitrile and the flow rate was 10 mL per
min. The peptide was purified to >95% purity as shown by the analytical RP-HPLC trace
on a Phenomenex Luna 5 um C1100 A (250 mmx4.6 mm) column using the same solvent
system as above at a flow rate of 1 mL per min. Matrix assisted laser desorption/ionisation
— time of flight mass spectrometry (MALDI-TOF MS) recorded on a Bruker
Ultraftlextreme MALDI/TOF was used to characterize the peptide. 1 mg peptides were
weighed and dissolved in 500 pl.1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Sigma-Aldrich,
USA) and kept for 40 mins at 4 °C and then separated into 10 aliquots. The aliquots were
lyophilized for 48 h and stored at —20 °C for further use.

4.2.2. Thioflavin T (ThT) fluorescence assay
Stock solutions of ~80 uM hlIAPP, KH18, and VY21 peptides were prepared in a buffer
containing 20 mM phosphate buffer (pH 7.3, 0.01% sodium azide) and 50 mM NacCl. Then

the sample solutions were vortexed well, followed by a three-minute ultra-sonication and
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incubated at 25 °C or 37 °C temperature under shaking conditions. At various time-points,
aliquots of peptides from incubations were taken and diluted to 10 uM final concentration,
followed by the addition of 20 uM ThT for fluorescence intensity measurement.
Fluorescence measurements were carried out using Hitachi F-7000 FL spectrometer with
240 nm/min scan speed. The excitation wavelength was kept at 440 nm and the emission
range used was 460-520 nm, with 5 nm slit width for both the excitation and emission.
Further, peptide aggregation was studied under non-shaking conditions at different
temperatures. 20 uM ThT was added into the sample solutions and ThT fluorescence was
monitored under controlled temperatures using BMG LABTECH POLARstar Omega
spectrometer in a 96 well plate.

Time-dependent ThT fluorescence data were fitted to a sigmoidal growth model:

Y =Yy + Vmax — Yo) /(1 + exp ((t — t1/2/b))

Where the half-life ti2 is the time required to reach half of the fluorescence intensity, b is
the apparent first-order constant and Ymax, and Yo are, respectively, the maximum and initial
fluorescence values.

The lag-time (tiag) of amyloid kinetics was determined as (t,,, — 2b).

Three independent experiments were performed throughout. All buffer solutions were

filtered by using a 0.2 pm filter.

4.2.3. MTT assay

Cell culture and cell viability assay:

RIN-5f cells derived from rat pancreatic -cells were obtained from National Centre for
Cell Science (NCCS, India) and maintained in complete RPMI-1640 media (Gibco)
supplemented with 10% FBS, 1 unit/ml penicillin-streptomycin, 50 pg/mL gentamycin, and
2.5 pg/ml amphotericin B at 37 °C in a humidified 5% CO2 incubator. Experiments were
carried out at 70-80% confluency.

Cell viability was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), which reflects the mitochondrial activity of living cells. Viable cells were
able to reduce MTT into purple formazan by mitochondrial enzyme; and the amount of
formazan formation indicates cell viability. Briefly, 1x10* cells/well were seeded in 96-
well plate for 24 h. Cells were then treated with 10uM of each hIAPP, KH18 and VY21
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peptides taken out at various time-points (0, 10, 60 and 240 min) in shaking conditions. In
addition, RIN-5f cells were also treated with 10 uM of hIAPP, KHI18, VY21 and
hIAPP+VY21 (1:1 molar ratio) peptides which were taken at various time-points (0, 2, 5,
and 24 h) in non-shaking conditions. After 24 h of treatment, MTT was added to the wells
at a final concentration of 0.5 mg/ml and incubated at 37 °C and 5% CO2 humidified
incubator for another 3.5 h. 100 uL of dimethyl-sulfoxide (DMSQO) was added to each well
to dissolve the formazan precipitate. The absorbance was taken at 570 nm using a
microplate reader. Results were expressed as a percentage of control.

4.2.4. Circular dichroism (CD) spectroscopy

CD measurements were taken on a JASCO J-1500 CD spectrometer using a 0.1 cm path
length cell with a slit width of 2 nm. Peptides of ~80 pM concentration were prepared in
20 mM phosphate buffer, 50 mM NaF (pH 7.3), and incubated at 37 °C under shaking
conditions as well as at 25 °C under non-shaking conditions. At different time intervals,
Far-UV CD spectra were recorded at 20 °C, from 260 nm to 190 nm, with a scan speed of
100 nm/min. For each spectrum, three readings were taken (i.e., three accumulations), and
the average was considered. Smoothing and buffer subtraction were done to process raw

data, as per the manufacturer's recommendation.

4.2.5. Time-resolved fluorescence assay

Time-resolved fluorescence (TRF) experiments were performed via time-correlated single-
photon counting (TCSPC, LifeSpec-ps, Edinburgh Instrument, U.K.) technique.?l All TRF
samples were excited with 409 nm wavelength LED laser. The scattering solution was
excited at 409 nm, and the emission was also collected at 409 nm with the magic angle
orientation of the emission polarizer with respect to excitation, and the instrument response
function (IRF) was collected. The full-width half maxima (FWHM) of IRF was 85 ps. The

TRF emission of ThT in these experiments was collected at 485 nm. The average excited-

state lifetime <T"fe> of ThT was calculated from the magic angle TRF decay collected at the
. . . <Tl'rfe>zz-airi

emission peak wavelength of ThT in these samples considering the formula i

, Where Ziai :1. The TRF samples were prepared by mixing the required amount of



Chapter IV

hIAPP, VY21, and their 1.1 mixture (80 uM) in the buffer mentioned above containing 20
UM ThT. All TRF measurements were performed for up to 6 h at 25 °C. The isothermal
condition was made by using the Julabo temperature controller (accuracy 1 K).

4.2.6. Nuclear magnetic resonance spectroscopy

The lyophilized samples were re-suspended in 20 mM sodium phosphate, 50 mM NaCl (pH
7.3). All NMR samples were prepared in sodium phosphate buffer containing 10%
deuterated water (v/v). 'H NMR spectra were obtained using 128 scans with a recycle delay
of 1.5 s. All NMR experiments were carried out on a 500 MHz Bruker spectrometer
equipped with RT probe at 25 °C. All NMR spectra were processed using Topspin™ 4.0.6

(Bruker software suite).

4.2.7. Transmission electron microscopy (TEM)

TEM sample preparation was done by diluting the stock solution into 10 pM for each
variant in milli-Q water. Then 10 pL of each sample was spotted on a carbon-coated copper
grid (Electron Microscopy Sciences, USA), followed by an incubation of 30 minutes. It
was subsequently followed by washing with Milli Q water and staining with freshly
prepared filtered 1% (w/v) uranyl acetate solution (Electron Microscopy Sciences, USA)
for 5 minutes. Finally, samples were air-dried for 30 minutes. Imaging was done using a
transmission electron microscope FEI Tecnai TF20 at 200 kV with a point resolution of
0.24 nm and line resolution of 0.102 nm. Recording of images was done digitally, and
analysis was done in EDS mode.

4.2.8. Scanning electron microscopy (SEM)

Aliquots of each peptide solution were taken at the saturation phase and deposited on a glass slide,
followed by overnight air-drying. The slides were then coated with gold for 120 s at 10 kV voltage
and 10 mA current. The sample images were recorded using a ZEISS EVO-MA 10 scanning

electron microscope equipped with a tungsten filament gun operating at 10 kV.

4.3. Results
4.3.1. Fibrillation kinetics of hIAPP, KH18, and VY21

We first compared the aggregation kinetics of hIAPP, KH18 (K!-H®), and VY21
(VY-Y?®") (Figure 4.1A) using Thioflavin T (ThT) dyel®¥ at physiological pH, but, at
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Figure 4.1. (A) Amino acid sequence of peptides under investigation with highlighted crucial
motifs. (B) Aggregation kinetics of peptides investigated by ThT based fluorescence assay at
37 °C under shaking conditions (250 rpm). (C) RIN-5F cells were treated with hIAPP (10uM),
KHI18 (10uM) and VY21 (10uM) for 24h and cell viability was measured by MTT assay under
shaking condition. Values are represented as mean £ SEM, n=9. Significance was analysed
using one-way ANOVA, * p <0.05, ** p<0.01, *** p<0.001. (D) ThT fluorescence kinetics of
hIAPP (red) and VY21 (blue), at 25 °C under shaking conditions (250 rpm). All kinetic curves
were normalized with respect to hIAPP. Insets show the corresponding half-time (t1,2) and lag-
time (tig) of the aggregation kinetics obtained from Boltzmann fit. All experiments were
repeated three times, and the data were averaged (+SD).

different temperatures. Under shaking conditions (250 rpm) at 37 °C, hlAPP displayed a
rapid aggregation profile. VY21, the C-terminal fragment, on the other hand, showed
slower aggregation kinetics, while the N-terminal, KH18, did not induce any increase in
the ThT fluorescence intensity over the experimental time-frame. The respective time-
dependent Kkinetic curves were fitted with a sigmoidal growth model to determine the
corresponding half-time (ti2) and lag-time (tig) of the aggregation kinetics (Figure
4.1B).[?5] At the given temperature and shaking conditions, hIAPP exhibited no tiag,
reaching ti» within just 8.45 £ 1.07 min of incubation. While KH18 did not show any
aggregation, VY21 displayed a sigmoidal growth kinetics with a ti,g of 18.40 = 1.60 min
and a t120f 50.85 = 1.77 min (Appendix IV, Table S4.1). Having this distinct difference in
the overall aggregation propensities between the peptides, we measured their corresponding
fibrillar cytotoxicity to correlate their pathogenic propensity (Figure 4.1C).

4.3.2. Cytotoxicity of amyloid fibrils formed at 37 °C, under shaking conditions
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To compare the cytotoxic effects of fibrillar/oligomeric hIAPP with the fragment
peptides generated at 37 °C, under shaking conditions (250 rpm), we performed MTT
reduction assay with RIN-5F cells using 3-(4,5-dimethylthiazol-2-yl)2,5-
diphenyltetrazolium bromide (MTT) dye reduction as an indicator of good metabolic
health.[?81 RIN-5F insulinoma cells, which closely resemble pancreatic B-cells, were chosen
as an ex vivo model system to measure the cytotoxicity of the respective peptides whose
effects are more pronounced in the pancreas and closely represent type Il diabetes
pathology. Figure 4.1C shows that hIAPP preparations containing amyloid
fibrils/oligomers are significantly more toxic than either KH18 or VY21 as compared to
untreated control. Incubating the cells with h1APP at different time-points of 0 min, 10 min,
60 min, and 240 min reduces the viability to 32%, 44%, 13%, and 20%, respectively as
compared to the controls. Correlating with the ThT fluorescence, we observed a correlation
between the aggregated states and cytotoxicity. Samples at 0 min and 10 min, which largely
contain oligomers, are highly toxic. On the other hand, the cell viability increased with the
predominance of growing protofibrils and mature fibrillar species (samples at 60 min and
240 min, respectively). The non-aggregating KH18 peptide fragment was found to be non-
toxic at the aforesaid time points. Similarly, VY21 did not show any toxicity at 0-, 10- or
60-min time points. However, only slight reduction in cell viability was observed at 240
mins. Thus, despite the ThT-positive aggregates, VY21 amyloid aggregates were less toxic
to the RIN-5F cells. This suggested that the intrinsic amyloidogenic propensity of the full-
length or C-terminal fragment cannot directly correlate to the functional attributes of the
eventual conformers. Probably, some other factors might be dictating much of the
functional pathogenesis. This prompted us to extend our studies into understanding the
direct role played by the extrinsic factors.

4.3.3. Effect of temperature on aggregation kinetics

The very fast aggregation kinetics of hlAPP and VY21 at 37 °C, under shaking
conditions, made it difficult to distinctively correlate the cytotoxicity with the aggregated
species. Small temperature variations can significantly impact the protein folding and may
cause non-native aggregation.l® Thus, modulating the experimental temperature might
help regulate the overall aggregation rate for a better structural insight into the functional

toxicity. Here, we investigated the aggregation kinetics of the peptide variants at a lower
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temperature (25 °C) while keeping the shaking conditions (250 rpm) the same (Figure
4.1D). Consequently, an increased tiag Of 8.41 + 2.10 min and 61.78 £ 18.54 min was
detected at 25 ° temperature for hIAPP and VY21, respectively. Similarly, the t12 value for
hIAPP and VY21 was found to be 31.73 = 2.14 min and 109.72 + 18.94 min, respectively
(Appendix 1V, Table S4.2). Thus, lowering the temperature reduced the aggregation rates
for both hIAPP and VY21.

4.3.4. Aggregation Kinetics under quiescent conditions

Studies have shown that agitation may induce protein/peptide aggregation.[?’]
Therefore, in order to examine the influence of agitation on the aggregation kinetics, we
performed a ThT fluorescence assay under quiescent conditions at different temperatures.
At 25 °C, hlAPP displayed a typical sigmoidal growth curve of amyloid formation. The
fluorescence intensity started to increase gradually after a lag-time of 160.70 + 2.00 min,
reached ti> at 210.00 = 1.00 min, and saturated at ~360 min of incubation (Figure 4.2A).
To gain mechanistic insights into the formation hlAPP fibrillation, we performed the global
fitting of the ThT curves using the online platform AmyloFit?®! and obtained the rate
constants for the individual microscopic steps. Different kinetic models were checked for
fitting of the experimental data. Interestingly, we found that the models that do not include
secondary nucleation failed to properly fit the experimental kinetic curve. The multi-step
secondary nucleation model best fitted the experimental data (Appendix 1V, Figure S4.1).
In this model, peptide monomers first bind to the surface of the fibrils, which is monomer
concentration-dependent. This is followed by monomer concentration-independent steps
that could involve conformational rearrangement, the formation of a nucleus, and
detachment from the surface of the fibrils. From the model fitting we obtained the rate
constants k+ (elongation rate constant), k, (primary rate constant), k> (secondary nucleation
rate constant) as well as the Michaelis constant Ku all of which were comparable to the
previously reported data on hIAPP aggregation?l. We also found that the combined rate
constant for secondary nucleation, k+ko, is larger than the combined rate constant k+kn
containing primary nucleation, such that ka/kn> 108, suggesting that most of the new
aggregates are formed through surface-catalyzed secondary nucleation rather than through
primary nucleation. Interestingly, VY21 displayed completely different aggregation
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Figure 4.2. Aggregation kinetics of hIAPP (red), KH18 (black), and VY21 (blue) at under non-
shaking condition (A) 25 °C, (B) 32 °C, and (C) 37 °C, monitored by ThT fluorescence. All
experiments were repeated three times, and the data were averaged (£SD). (D) Cell viability
was measured by incubating equimolar (10 pM) concentrations of indicated peptides generated
at 25°, under non-shaking condition. Values are represented as mean + SEM, n=6. Significance
was calculated using one-way ANOVA, ** p <0.01, *** p<0.001.

Kinetics. Despite the composite core fibrillating sequence, VY21 displayed considerable
differences under quiescent conditions with very little increase in the ThT intensity
compared to hlAPP. Due to the complex nature of oligomerization, we could not fit the
data using the online platform Amylofit. KH18, on the other hand, did not show any
aggregation whatsoever (Figure 4.2A).

Interestingly, at a higher temperature (32 °C) under non-shaking conditions, hlAPP
displayed a considerably faster aggregation with t1 of 188.00 = 3.40 min and tia,g of 100.00
+ 5.70 min (Figure 4.2B). VY21 exhibited similar kinetics to that of 25 °C, which suggests
that in order to undergo fibrillation, VY21 requires shaking. KH18, on the other hand, did
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not show any aggregation. Similarly, a further increase in the incubation temperature
resulted in lowering of lag-time for hIAPP but did not affect the aggregation kinetics KH18
or VY21 substantially (Figure 4.2C). At 37 °C, h1APP displayed a tiag of 82.00 £ 2.80 min,
reaching ti» at 138.00 = 1.50 min of incubation. The fibrillation tiag of hIAPP was plotted
as a function of temperature, which suggested a drastic difference in the initial elongation
rates (Appendix IV, Figure S4.2A). The Arrhenius plot of initial elongation rates on a
logarithmic scale vs. inverse temperature indicated data points well fitted (R=0.99) with a
straight line (Appendix 1V, Figure S4.2B). From the slope of the straight line, we calculated
the activation energy, Ea to be 43.8 £ 5.6 kJ/mol, suggesting a significant conformation
change associated with the addition of hIAPP monomer to the fibrils.%

Since the hlIAPP sample in non-shaking conditions and at 25 °C resulted a distinct
observation of lag phase, we performed MTT assay to assess the cytotoxicity of the
aggregated species. Figure 4.2D clearly depicts the distinct effect of the different
aggregated states of hIAPP on the survival rates of RIN-5F cells. Interestingly, when
compared to the aggregation kinetics, we observed a strong connection between the time
frame of lag phase (0 — 3 h) and the pronounced cytotoxicity detected for the hIAPP species.
hIAPP sample at 2 h of incubation showed the most cytotoxic effect because of the
predominant existence of the oligomers. As the nucleation and growth phase proceeds, a
significant decrease in the toxicity was apparent. While the cells treated with the oligomers
(sample obtained at 2 h) showed ~70% of survival, the growing protofibrils (collected at 5
h) resulted in ~90% cell viability. Interestingly, KH18 retained its non-toxic nature up to 5
h of incubation (no significant reduction of cell viability), with only 8% decrease in the cell
viability observed for the sample collected at 24 h. Nonetheless, a possible explanation
would be the generation of few low molecular weight oligomers, which may attribute to
the observed toxicity. When cells were incubated with an equimolar concentration of VY21
at different time-points of incubation, we found a slight reduction in the cell viability
compared to the control. This is intriguing, as under the given conditions, the ThT assay
indicated that VY21 remains mostly as oligomers. Thus, it is possible that the structural
difference and the non-transient nature of these oligomeric species decide the difference in
toxicity profile with hlIAPP oligomers. Therefore, our experimental observations indicated

only a direct correlation between cytotoxicity and aggregated state for hlAPP alone,
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Figure 4.3. Monitoring secondary structural changes during aggregation by CD spectroscopy.
Time-dependent CD spectra of (A) hIAPP, (C) KH18, and (E) VY21 at 37 °C under shaking
conditions. Time-dependent CD spectra of (B) hIAPP, (D) KH18, and (F) VY21 at 25 °C under
non-shaking conditions. All kinetic profiles are color coded.

supporting the “oligomer hypothesis” of amyloidosis. Neither VY21 nor KH18 displayed
a profile that clearly correlates the toxicity and the aggregation state. Overall, these findings

suggest that under non-shaking conditions, VY21 forms stable oligomers; however, it could

not trigger substantial cellular death.

4.3.5. Secondary structure determination by CD spectroscopy

To compare the characteristic changes in the secondary conformation during
aggregation, we performed Circular Dichroism (CD) spectroscopy at different time-points
of incubation (Figure 4.3). Initially, hIAPP displayed o-helical conformation, with
representative double minima near 206 nm and 222 nm (Figures 4.3A-B). At 37 °C, under

shaking conditions (250 rpm), the conformational transition to [-sheet occurred very
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rapidly (within 180 min). Within the same time interval, hlAPP showed negligible changes
in the secondary structure when incubated at 25 °C under non-shaking conditions,
suggesting a slower aggregation rate. Thus, the aggregation rates are highly dependent on
the external factors, correlating well with the ThT assay. However, the overall population
of the intermediate toxic oligomers retained their helical conformation-preventing further
characterization from the CD spectra. Similarly, the toxic hlAPP fibrils generated under
different aggregation conditions manifested in B-sheet secondary conformations. Figure
4.3C, D indicates that KH18 did not show noticeable changes in the CD spectra within the
experimental time under both experimental conditions. Overall, the non-toxic KH18
exhibited double minima near 206 nm and 222 nm, representing a-helical conformation,
and remained unchanged throughout the experiment. Surprisingly, the VY21 fibrils formed
under shaking conditions (250 rpm) at 37 °C, which are non-toxic in nature, have B-sheet
secondary conformation (Figure 4.3E). Under the given conditions, we observed a swift
change from the random coil (minima at 196 nm) to B-sheet fibrils. Under non-shaking
conditions, the percentage of random coil decreased with time; however, no visible -sheet
conformation was observed in the CD spectra, corroborating well with the ThT data (Figure
4.3F). Thus, the less-toxic VY21 aggregates have predominantly disordered secondary

conformation.

4.3.6. Time-resolved fluorescence (TRF) of ThT provides a better understanding of fibril
formation

In order to have a better understanding of the origin of the above-described
fluorescence intensity variances between hlAPP and VY21, the fluorescence lifetime of
ThT molecules during the aggregation process was measured by Time-resolved
fluorescence (TRF) emission decay, collected at the emission polarizer's magic angle
orientation at 25 °C temperature under non-shaking conditions (Figure 4.4). The lifetime

emission decay was fitted to a sum of three exponential functions of time, and the average

lifetime <T"fe> was obtained via time integration of the fit parameters. Earlier femtosecond
up-conversion experiments reported tri-exponential ThT fluorescence intensity decay in
bulk water.**] On the other hand, bi-exponential or multi-exponential fluorescence lifetime

decays of ThT in normal high viscous solvents, binary mixtures and in amyloid fibril



Chapter IV

(A) (B)
. A hIAPP J A hIAPP
D 1000 £
c

o

o

© 100

(&)

c

2

2 10

[e]

>

T 1

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
Time (ns) Time (ns)

800 4 hiAPP

600

400+

N

o

o
1

Fluorescence
lifetime (ps)

AAAAAAAAAAAAA

o

! I
0 100 200 300
Time (min)

Figure 4.4. (A) Time-resolved fluorescence decay of ThT in presence of hIAPP (red) and
VY21 (blue) at 0 min and (B) after 360 min of incubation at 25 °C under non-shaking
conditions. (C) Time-resolved fluorescence lifetime kinetics of ThT in presence of hIAPP (red),

and VY21 (blue).

systems have been reported by detection systems with temporal resolutions of a few tens
of picosecond.-% The multi-exponential ThT intensity decay kinetics, measured by us in
this work, is, therefore, a reflection of the inherent multi-exponential character of ThT
fluorescence lifetime decay. We have found that the fluorescence lifetime of ThT
corroborated well with the ThT fluorescence kinetic assay (Figure 4.2A). Note that the
average lifetime of ThT did not increase considerably during the lag time of hlAPP
aggregation. After ~180 min of incubation, the lifetime of ThT gradually increased due to
oligomerization and subsequent amyloid formation. In contrast, the ThT lifetime kinetics
in the presence of VY21 showed no lag-time; however, it did not increase much compared
to hlAPP. The lifetime of ThT largely depends on the torsional restriction between
benzothiazole moiety and the amino benzene ring. Thus, ThT lifetime can increase if the
torsional restriction imposed by molecular friction is enhanced through either solvent

viscosity®2 34 medium confinement!®! or incorporation of ThT inside B-sheets.B] CD
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spectra of VY21 under non-shaking condition (Figure 4.3F) indicates that aggregation of

VY21 in aqueous solution dose not lead to formation of B-sheet during incubation period.
It is noteworthy to mention that the steady state fluorescence intensity (Isfs) depends non-

linearly on radiative (K,) and non-radiative (K,,) rates via the relation,3// =
@rlo(1—1074), where ¢ = K, /(K; + Kp,). @ denotes quantum yield, I, and A are
intensity of incident light and absorbance respectively. Average fluorescence lifetime, on
the other hand depends on K, and K,, as follows: (z;r.) = 1/(K, + Kp,). As the
aggregation proceeds, ThT experiences increasing restriction on its torsional mode during

twisted intramolecular charge transfer (TICT) under photo-excitation. This in turn
decreases K, and lengthens average lifetime(z;¢.). Although Ifs and (z;;r.) depends on

K, and K,,,, of ThT, the connecting relations are not the same. The small increase of Isfs in
the beginning of the incubation period and the relatively weaker increase of the (z;;¢.)
during the same time therefor suggest that ThT experienced somewhat restricted
environment due to VY21 aggregation. The absence of B-sheets in VY21, on the other hand,
resulted in a reduced lifetime (7;r.) of ThT because of the relatively less frictional
resistance on ThT torsional mode. The time-dependent changes in the intensity decay
amplitudes (ai1, a2, and az) of the respective samples suggest that progressive formation of
B-sheets followed by amyloid formation increases the local friction, which, in turn,
increases the population with longer lifetimes (Appendix IV, Figure S4.3). With time, the
decrease of ‘free’ ThT molecules and the simultaneous increase of the ‘bound’ ThT
molecules leads to lengthening of the average fluorescence lifetime. ThT molecules located
in disorder oligomeric environments or inside [B-sheet channels in fibril, naturally
experiences enhanced frictional resistance and contributes to the lengthening of the average

fluorescence lifetime of ThT in peptide aggregations shown in the present measurements.

4.3.7. Insights from NMR spectroscopy

We next performed solution state *H NMR spectroscopy to monitor the kinetics of
monomer loss, and detect soluble intermediate species. Time-dependent one-dimensional
(1D) NMR spectroscopy has often been used to detect the intensity drop of the peptides
during aggregation for its advantage of not requiring any external fluorophore like ThT
(Figure 4.5A-C).B71 The signal intensity of the amide peaks for each peptide was measured
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Figure 4.5. Time-dependent 1D NMR spectra of (A) hIAPP, (B) KH18, (C) VY21 at 25 °C
under non-shaking conditions. (D) 'H NMR intensity decay kinetics of hIAPP (red), KH18
(black), and VY21 (blue). All kinetic profiles are color coded.

at 25 °C under non-shaking conditions and plotted as a function of time intensity (Figure
4.5D). hlAPP exhibited a gradual decrease in the monomer concentration and showed
~80% decay in the signal intensity at the time of saturation. Apart from the line broadening
no new peaks appeared in the 1D spectra during the experimental time-frame. The Kinetics
of hIAPP measured by NMR tend to be slower than that observed by ThT fluorescence. It
can be attributed to interface effects with the container well and air-water interface that are
different between NMR tubes and 96-well plates.[®81 Also, the absence of ThT molecules
can slightly affect the kinetics of aggregation.[®1 KH18 displayed negligible decrease in the
NMR signal intensity throughout the experimental time. In case of VY21, the most striking
changes occurred within just 60 min of incubation. There is a 30% drop in the overall amide
peak intensity within that time and then the system gradually stabilized with a final decay
of ~40% signal intensity. Thus, while a significant decrease in the VY21 amide peak

intensity occurs immediately after dissolution that plateaus at around 60 min, a slower
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Figure 4.6. (A) ThT fluorescence kinetics of hIAPP (red), VY21 (blue), hIAPP co-incubated
with VY21 at a 1:1 molar ratio aggregate (pink), and hIAPP after addition of VY21 oligomers
(cyan). (B) Time-resolved fluorescence lifetime kinetics of ThT in presence of hIAPP (red),
and hIAPP co-incubated with VY21 at a 1:1 molar ratio aggregate (pink). Inset highlights the
initial time points. (C) '"H NMR intensity decay kinetics of hIAPP with VY21 at a 1:1 molar
ratio. (D) Cell viability was measured by incubating (10uM) aggregated peptide generated
from hIAPP co-incubated with VY21 at a 1:1 molar ratio. Values are represented as mean =+
SEM, n=6. TEM images of (E) hIAPP, (F) VY21, and (G) hIAPP co-incubated with VY21 at
a 1:1 molar ratio aggregate. All experiments were done at 25 °C, under non-shaking conditions.

sigmoidal type transition for hIAPP was apparent. The time-dependent NMR Kinetics
suggests that the rate of oligomerization in VY21 is much higher than that of hIAPP.
However, the VY21 oligomeric intermediates remains stable unlike hlIAPP, which

gradually converts into amyloid fibrils within the same experimental time frame.



Chapter IV

4.3.8. The C-terminus of hlIAPP acts as an enhancer of aggregation

We further examined the effect of VY21 on hlAPP under the same non-shaking
conditions. Studying such interaction has also been proven to be effective in developing
inhibitory agents for both AR and hIAPP.[% We co-incubated hIAPP and VY21 at a 1:1
molar ratio and measured the time-dependent ThT fluorescence intensity. Interestingly, we
observed an initial increase in the ThT intensity with no lag time, suggesting a rapid
oligomerization (Figure 4.6A). Possibly, VY21 interacted with the full-length hlIAPP and
interfered with the hlIAPP amyloid formation. Even when added in sub-stoichiometric
concentration, VY21 accelerates the hlAPP assembly significantly. Upon increasing the
concentration of VY21, a clear decrease in the lag-phase of hlAPP was observed, which
signifies the dose-dependency on hlAPP aggregation (Appendix IV, Figure S4.4). Further,
VY21 was incubated for 3 h in the presence of ThT, and the hIAPP monomer was then
added to check the effect of oligomeric VY21 on the aggregation of hlAPP. As soon as the
monomeric hIAPP was added, we observed an exponential increase in the ThT intensity,
suggesting that VY21 aggregates act as a seed and drastically accelerate the aggregation
process of hIAPP (Figure 4.6A).

Co-incubation of hlIAPP with VY21 at a 1:1 molar ratio is also reflected in the

disappearance of lag-time of ThT lifetime kinetics as observed in TRF Kinetics (Figure

4.6B). We have already discussed the different dependencies of (z;;¢.) and Isfs on K, and
K,,,-. Because the dependencies of Ifs and (t;;¢.)) On K, and K, are not the same, slightly

different time profiles for (z;;¢.) and Isfsare seen in Figures 4.6A, B. The rate of increase in
the ThT lifetime was higher than hlAPP alone, suggesting a higher oligomerization rate of
hIAPP in the presence of VY21. The saturation time of ThT lifetime in the co-incubated
sample also reached earlier than hlAPP alone. However, the saturating lifetime value was
slightly less than that of hlAPP, suggesting a difference in the aggregate structure or size.
VY21 thus primarily promotes oligomerization but leads to alteration of mature fibril
formation. The average lifetime (z;;¢.) of ThT in hIAPP or the equimolar mixture (hIAPP:
VY21=1:1) indicates that the formation of -sheet during aggregation of hlIAPP alone

(T tife)Thr~776 ps) is more pronounced than that in the equimolar mixture

(T tife)Thr ~597 ps).
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The effect of VY21 on the aggregation of hlAPP was also monitored by NMR
spectroscopy. The monomer depletion plot showed that VY21 induced a sigmoidal decay
curve with a higher rate and ~70% decay of signal intensity at the time of saturation (Figure
4.6C). Unlike ThT assay, NMR data showed that monomer intensity decrease is
comparatively slow in the initial phase for both hIAPP and co-incubated sample. This may
appear to be a lag. However, this ‘lag’ period is not real because the NMR intensity does
decrease with time but at a rate slower than that found in fluorescence measurements. This
can be ascribed to interface effects with the container well and air, as well as the influence
of ThT as described previously. Qualitatively, however, the NMR data showed similar
kinetic profiles to that of ThT fluorescence kinetics. Both data suggested that co-incubation
with VY21 greatly influenced the aggregation kinetics of hlAPP.

MTT assay was also performed for the assessment of cytotoxicity of the co-
incubated sample at different time points of aggregation. Interestingly, the toxicity profile
of the mixed sample at different time points showed significantly reduced cell death as
compared to h1APP alone (Figure 4.6D). The effect of VY21 on the hlAPP pathogenesis
was profound only in the 2 h sample, where the cell viability reduced to 18%. This may be
attributed to free hIAPP oligomers- still present in the sample solution. Interestingly, at
later stages, collected at 5 h and 24 h (similar to hlAPP alone for comparison, Figure 4.2D)
of aggregation, where growing protofibrils and fibrils are predominant, we observed almost
no cytotoxicity (94-99% cell viability). Thus, VY21 alters the overall fibrillation pathway
reducing the concentration of toxic soluble prefibrillar species. Taken together, these
findings suggest that under non-shaking conditions at 25 °C, VY21 amplified the rate of
fibrillation drastically, playing a rather protective role.

4.3.9. Morphology of aggregated species

Next, we attempted to visualize the morphology of the aggregates generated at 25
°C under non-shaking conditions by employing high-resolution electron microscopy. An
array of microscopic imaging was executed to determine the morphological characteristics
of the aggregates under examination. Scanning electron microscope (SEM) image
confirmed that hIAPP forms amyloid both in the absence and presence of VY21, while
VY21 alone did not (Appendix IV, Figure S4.5). High-resolution transmission electron
microscope (TEM) images revealed the presence of hIAPP aggregates with an average
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width of ~110 = 43 nm (Figure 4.6E). In contrast, VY21 aggregates were amorphous with
few spherical structures with a 203 = 20 nm diameter (Figure 4.6F). Interestingly, when co-
incubated with VY21, the overall fibril density of hlAPP aggregates was less than the
hI1APP alone, with an average width of 84 £ 14 nm (Figure 4.6G).

4.4, Discussion

Studying peptide fragments have been promising in understanding the differential
behaviour of the full-length peptide, as different regions of an aggregating peptide may be
involved in different structural and functional attributes.[**] Previously, Brender et al.
showed that the N-terminal hlIAPP1.19 fragment could disrupt synthetic lipid vesicles to a
similar extent as the full-length IAPP peptide without forming amyloid fibers.*2lOur results
also indicate that the N-terminal KH18 fragment could not undergo fibrillation; this could
possibly be due to the disulphide bond between the two cysteine residues at positions 2 and
7. This conformationally restricts the peptide to adopt B-sheet and may influence the overall
propensity to form amyloid fibrils.[*31 In contrast, both hIAPP and VY21 showed a time-
dependent increase in ThT intensity. Differences in ThT intensity could possibly be either
due to the number of ThT accommodations or the different affinity of the ThT binding sites
or the difference in quantum vyields.** The observed difference in ThT fluorescence
lifetime between hIAPP and VY21 aggregates suggests that the ThT molecules bound to
different aggregates do have different quantum yields.

Misfolding of proteins/peptides may lead to two primary forms of aberrant
aggregates: ordered amyloid fibrils and disordered amorphous aggregates.[*6: 451 While
studying the aggregation kinetics of individual peptides, we observed that for the same
peptide, the fibrils formed under agitation differ greatly from those formed under quiescent
conditions. Our observation showed that at physiological pH, VY21 could evolve through
two distinct pathways, leading to the formation of either disordered or ordered amyloid
aggregates. It preferentially forms disordered oligomers at low temperatures under non-
shaking conditions, whereas agitation results in the ThT-positive amyloid fibrils. With
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Figure 4.7. Schematic representation illustrating effect of temperature and agitation on the self-
assembly of hIAPP, VY21, and KH18. (A) hIAPP undergoes fibrillation under different
temperature and agitation conditions, generating toxic fibrils. (B) VY21 can evolve into either
disordered oligomer under non-shaking conditions or ordered fibrils under shaking conditions
at different temperatures, both cases generating less-toxic species. (C) KH18 remains in helical
conformation even at elevated temperature and shaking conditions and are non-toxic in nature.
(D) VY21 reduces the presence of toxic hIAPP oligomers by altering the hIAPP fibrillation
kinetics which drastically increases the formation of non-toxic fibrils.

respect to the disordered aggregates, the fibril formation requires higher conformational
changes, and agitation serves that purpose. Although, amyloid oligomers have been
extensively reported in the literature to impart much of the cytotoxicity when compared to
the corresponding fibrillar species,[*®! to our surprise, VY21 oligomers were not
significantly toxic when compared to hIAPP. The disordered conformation of these
oligomers (confirmed by CD spectroscopy) may result in reduced toxicity. Moreover, these
can form potential seeds that can prompt a cascade of aggregation kinetics, where upon the
peptide can either undergo conformational changes or induce changes in dynamic exchange
with the monomeric species resulting in differential amyloidosis. Nevertheless, VY21 acts
as a scavenger by drastically reducing the availability of toxic soluble hlIAPP oligomers.

Further, the less toxic oligomers of VY21 proved to be an antagonist of hlAPP oligomers
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since no lag phase was observed in the presence of such oligomers. This, in turn, suggests
the shortening of lifetime for the toxic hlIAPP oligomers. A recent study by Sheena E.
Radford and co-workers also reported small molecule accelerator of hIAPP aggregation.[?]
However, there are very few studies of such kind. A comprehensive understanding of such
accelerated aggregation by small molecules/peptides would pave the way for designing
therapeutic interventions in the field of amyloidosis.

Overall, our results indicate that the aggregation of VY21 is more complicated than
simply a transition from random coil to 3-sheet. It clearly has a diverse and intriguing free-
energy landscape with multiple barriers, resulting in different kinds of aggregate and
cytotoxicity. However, for full-length hlIAPP peptides, the amyloid formation occurred
irrespective of temperature or agitation (Figure 4.7). The results suggest that a high free
energy barrier of nucleation is decided by the ordered structures of amyloid fibrils and that
disordered aggregation occurs promiscuously without a high free energy barrier. The
introduction of agitation may influence the conformational transitions of VY21, leading to
the exposure of usually buried regions, such as hydrophobic groups. Thus, new
intermolecular interaction may come forward, regulating the aggregation process.

The formation of amyloid fibril and disordered aggregates from full-length hlIAPP
and its C-terminal segment encoded by the VY21 peptide fragment suggests a possible
exciting collaboration between the two in the subsequent pathological aggregation
propensity of hIAPP. Thus, the N?2FGAIL?’ sequence motif present in the C-terminal
segment of hlIAPP (VY21) may not be sufficient to undertake amyloid formation under
guiescent conditions. The interaction between the C-terminal and the N-terminal segment
may influence the aggregation pathway of full-length hIAPP under quiescent conditions.[*"]
This is interesting, given this alternatively suggests that prevention of this interaction might
directly enable efficient therapeutic solution development. Moreover, the ability of VY21
oligomers to act as an enhancer of hIAPP aggregation while reducing overall cytotoxicity

makes it a potential target for inhibitor designing.

4.5. Conclusion

We accentuated the significance of the VY21 peptide in generating structurally

different oligomers. The introduction of agitation modifies the phase diagram dramatically,
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releasing the kinetic trap and establishing the equilibrium determined by the intrinsic
solubility of VY21. Even though the disordered oligomers were structurally different, they
act as templates for hlAPP, drastically accelerating the aggregation process while reducing
the overall fibrillar toxicity. Our findings thus may assist in finding the therapeutics based

on the kinetic differences in the aggregation behaviour.

4.6. Appendix IV

Table S4.1. Fitting parameters of ThT fluorescence kinetics at 37 °C, under shaking conditions
(250 rpm).

Peptide h1APP VY21
Thalf 8.45 = 1.07 min 50.85 £ 1.77 min
Tiag Not determined 18.4 £ 1.6 min

Table S4.2. Fitting parameters of ThT fluorescence kinetics at 25 °C, under shaking conditions
(250rpm).

Peptide hl1APP VY21
Thalf 31.73 + 2.14 min 109.72 + 18.94 min
tiag 8.41 + 2.10 min 61.78 + 18.54 min

Table S4.3. Fitting parameters of time-resolve fluorescence lifetime magic angle (54.7°) decay of
20 uM ThT with 80 uM hIAPP at 25 °C, under non-shaking condition.

Time/min | a T1/pSs a T2/ps as T3/ps <Tiie>/PS
0 0.99 5 0.005 498 0.005 1851 17
10 0.99 5 0.005 512 0.005 1907 17
20 0.99 5 0.005 551 0.005 1973 18
30 0.99 5 0.005 540 0.005 1970 18
40 0.99 5 0.005 537 0.005 1968 18
50 0.99 5 0.005 510 0.005 1973 17
60 0.99 5 0.005 592 0.005 2058 18
70 0.99 5 0.005 559 0.005 2044 18
80 0.99 5 0.005 585 0.005 2055 18
90 0.99 5 0.005 529 0.005 2034 18
100 0.98 5 0.01 572 0.01 2050 31
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110 0.98 6 0.01 577 0.01 2072 32
120 0.98 6 0.01 557 0.01 2042 32
130 0.98 6 0.01 579 0.01 2068 32
140 0.98 6 0.01 595 0.01 2080 33
150 0.98 6 0.01 566 0.01 2077 32
160 0.98 6 0.01 594 0.01 2077 33
170 0.98 6 0.01 574 0.01 2063 32
180 0.98 6 0.01 571 0.01 2042 32
190 0.98 7 0.01 557 0.01 2017 33
200 0.90 14 0.06 511 0.04 1951 121
210 0.88 14 0.07 503 0.05 1921 144
220 0.86 15 0.08 528 0.06 1929 171
230 0.85 14 0.09 515 0.06 1896 172
240 0.81 16 0.12 522 0.07 1889 208
250 0.70 24 0.19 527 0.11 1872 323
260 0.55 53 0.30 614 0.15 1925 502
270 0.50 60 0.34 612 0.16 1908 543
280 0.45 97 0.38 685 0.17 1961 637
290 0.42 108 0.40 697 0.18 1951 675
300 0.40 100 0.40 648 0.20 1887 677
310 0.40 109 0.41 673 0.19 1912 683
320 0.40 148 0.41 737 0.19 1972 736
330 0.41 188 0.42 810 0.17 2028 762
340 0.41 183 0.42 790 0.17 2007 742
350 0.44 224 0.42 907 0.14 2185 785
360 0.46 241 0.42 951 0.12 2217 776

Table S4.4. Fitting parameters of time-resolve fluorescence lifetime magic angle (54.7°) decay of
20 uM ThT with 80 pM VY21 at 25 °C, under non-shaking condition.

Time/min | a; T1/ps az T2/ps as T3/ps <Tiie>/PS
0 0.61 42 0.31 398 0.08 1278 251
10 0.57 49 0.35 408 0.08 1210 268
20 0.54 57 0.37 410 0.09 1175 288
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30 0.52 59 0.39 402 0.09 1163 292
40 0.52 53 0.39 389 0.09 1156 283
50 0.51 53 0.39 381 0.10 1131 289
60 0.49 55 0.41 387 0.10 1147 300
70 0.49 58 0.41 376 0.10 1105 293
80 0.51 75 0.39 420 0.10 1118 313
90 0.54 78 0.36 417 0.10 1127 305
100 0.47 79 0.43 432 0.10 1221 345
110 0.46 75 0.43 410 0.11 1182 341
120 0.46 82 0.43 414 0.11 1187 346
140 0.46 81 0.43 404 0.11 1160 339
160 0.46 77 0.43 412 0.11 1164 341
180 0.45 77 0.44 397 0.11 1155 337
210 0.46 78 0.43 411 0.11 1167 341
240 0.45 72 0.44 389 0.11 1132 328
270 0.45 86 0.44 407 0.11 1147 344
300 0.45 84 0.44 397 0.11 1140 338
330 0.45 85 0.44 405 0.11 1153 343
360 0.45 83 0.44 402 0.11 1138 339

Table S4.5. Fitting parameters of time-resolve fluorescence lifetime magic angle (54.7°) decay of
20 uM ThT with 80 uM of both hIAPP and VY21 (1:1 molar ratio) at 25 °C, under non-shaking

condition.

Time/min | a; T1/ps a T2/ps as t3/ps <Tiite>/PS
0 0.94 10 0.04 565 0.02 2038 73
10 0.91 13 0.05 581 0.04 1995 121
20 0.90 15 0.05 582 0.05 1975 141
30 0.89 16 0.06 625 0.05 2005 152
40 0.85 17 0.09 574 0.06 1958 184
50 0.85 18 0.09 608 0.06 1989 189
60 0.83 20 0.10 591 0.07 1956 213
70 0.81 21 0.11 612 0.08 1982 243
80 0.80 23 0.12 615 0.08 1968 250
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90 0.77 26 0.14 616 0.09 1974 284
100 0.75 27 0.15 624 0.10 1979 312
110 0.74 28 0.16 606 0.10 1954 313
120 0.72 30 0.18 620 0.10 1963 329
130 0.68 35 0.20 694 0.12 1969 399
140 0.66 36 0.21 634 0.13 1917 406
150 0.64 37 0.23 613 0.13 1894 411
160 0.63 38 0.24 607 0.13 1890 415
170 0.60 46 0.26 643 0.14 1905 461
180 0.59 45 0.26 628 0.15 1890 473
190 0.58 48 0.27 639 0.15 1909 487
200 0.55 50 0.30 644 0.15 1911 507
210 0.54 58 0.31 659 0.15 1909 522
220 0.53 60 0.31 670 0.16 1924 547
230 0.52 63 0.32 673 0.16 1925 556
240 0.51 60 0.32 649 0.17 1895 560
250 0.52 65 0.32 691 0.16 1935 564
260 0.50 68 0.33 669 0.17 1900 577
270 0.50 68 0.33 669 0.17 1898 577
280 0.49 70 0.34 695 0.17 1926 598
290 0.49 68 0.34 674 0.17 1898 585
300 0.49 67 0.34 673 0.17 1903 585
330 0.48 70 0.35 672 0.17 1887 590
360 0.48 72 0.36 706 0.16 1924 597
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Figure S4.1. Fitting of ThT fluorescence curve of hIAPP at 25 °C under non-shaking conditions
using the online platform Amylofit. Inset table shows the combined rate constant for secondary
nucleation, k+ks, the combined rate constant for primary nucleation, k+k,, and the Michaelis
constant, Kwm, calculated from the fitting.
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Figure S4.2. (A) Aggregation lag time (tiag) of hIAPP under non-shaking conditions plotted as a
function of aggregation reaction temperature. (B) Arrhenius plot of initial elongation rate vs.
inverse temperature for 80 pM hIAPP samples. The activation energy calculated from the well
fitted (R = 0.99) data was 43.8 + 5.6 kJ/mol.
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Figure S4.3. Stoichiometry of respective time scale in time-resolved fluorescence average lifetime
of ThT with hIAPP, VY21, 1:1 mixture of hIAPP and VY21 (80 uM) in phosphate buffer (20 uM)
solution up to 360 min at 25 °C, under non-shaking conditions. All representations are color-coded.
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Figure S4.4. ThT fluorescence assay of hIAPP co-incubated with different ratios of VY21. Inset
shows the aggregation kinetics of individual samples at the initial phase. With decreasing
concentration of VY21, an increase in the lag-time was apparent.

Figure S4.5. SEM images of (A) hIAPP, (B) hIAPP co-incubated with VY21 at a 1:1 molar ratio,
and (C) VY21 aggregates at 25 °C, under non-shaking conditions.
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5.1. Introduction

Protein misfolding and subsequent amyloid accumulation is associated with a variety of
human disorders, including Alzheimer's, Parkinson's, and type 2 diabetes, among others.!!!
Understanding the mechanisms that underlie amyloidogenesis is of utmost significance,” given
the increasing prevalence of these disorders and their profound impact on human health."!
Typically, the process of amyloidogenesis involves an array of steps that results in the self-
association of unfolded or partially folded protein/peptides, which eventually leads to the
development of B-sheet rich mature fibrils.*) Initially, during lag phase, the monomers undergo
conformational transitions that give rise to oligomeric intermediates. These short-lived structures
rapidly evolve into proto-fibrillar species during an exponential growth phase, eventually giving
rise to well-defined fibrillar structures. Another key aspect to this multifaceted disorders is the
process of seeded growth, where pre-existing aggregates catalyze the assembly of new fibrils."]
This process not only underscores how aggregates act as templates but also highlights their ability
in propagating pathological protein assembly.!®! The interplay between different amyloid proteins
or their fragments are equally significant, which shapes the diverse landscapes of amyloid
disorders, from structural diversity to complex aggregation pathways.[’l Additionally,
amyloidogenic peptide’s ability to interact with cellular membranes has also created significant
attention as a pivotal step in the progression of amyloidosis.!®) While recent experimental findings
have shifted the focus towards the crucial role played the oligomeric intermediates in cellular
toxicity, the effect of lipid bilayer in this regard is quite diverse. Depending on the lipid
compositions, cell membrane can accelerate or modulates aggregation rate and results in structural
polymorphism. However, the intrinsic ability of toxic oligomers in disrupting lipid bilayer or in
forming ion-channel-like pores that eventually leads to cellular dysfunction appears to be most

striking.[’! Nonetheless, the intricate interplay between processes like self-assembly, cross-
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assembly, seeded growth, and membrane-mediated structural transition, collectively drives the

progression of amyloid disorders.['"]

In recent years, the application of advanced analytical techniques has provided novel
insights into the molecular events that drive amyloidogenesis. Singular Value Decomposition
(SVD) analysis, a powerful mathematical tool for extracting patterns from complex datasets, has
emerged as an invaluable approach to unravel intricate relationships within experimental data. By
decomposing data matrices, SVD reveals primary modes of variation, and illuminate hidden
mechanisms. In addition, SVD has proven its utility in a wide range of scientific domains. It has
been employed to analyze spectral data of protein folding and ligand binding to macromolecules.
Equilibrium unfolding data collected from far-UV CD, intrinsic fluorescence, and Small-Angle X-
ray Scattering have been subjected to SVD analysis to determine the number of states associated
with the equilibrium unfolding of many proteins.['' SVD has also identified the mechanisms and
refined the time-independent structural intermediates from time-resolved experimental
crystallographic data.['?! In the field of large-scale gene expression data analysis, SVD has shown
promising results as well.['3] Furthermore, SVD-based low-rank denoising has enhanced signal-
to-noise ratios and quantified undetectable peaks in metabolomics studies.!'*! In the context of
biomolecular interactions, SVD has been instrumental in revealing insights. It has been applied to
two-dimensional NMR datasets to map allosteric interaction networks within protein-ligand
complexes.'”! The binding of intrinsically disordered p53 transactivation subdomains with the
TAZ2 domain of CBP has been characterized through SVD analysis.['®) However, the application

of SVD in amyloid disorder largely remains unexplored.

In this chapter, we focus on application of SVD in elucidating the interactions between
amyloidogenic peptide and cellular membranes mimic, as well as the complex process of peptide
self-assembly, co-assembly, and seeded amyloid growth. By combining circular dichroism (CD)
spectroscopy to probe peptide-membrane interactions and nuclear magnetic resonance (NMR)
spectroscopy to study the peptide aggregation kinetics, we aim to dissect the intricate dynamics
involved in amyloid disorders. Moreover, by providing a comprehensive roadmap of SVD

analysis, this study contributes to a deeper understanding of amyloidogenesis mechanisms.

5.2. Materials and methods
5.2.1. Preparation of TLBE LUV’s
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TLBE lipid films were first prepared by drying the stock solution in chloroform under continuous
N> flow. The dried films were then rehydrated in 20 mM phosphate buffer (pH 7.4) containing 50
mM NaCl. This was followed by several cycles of freeze-thaw and vigorous vertexing (at least 5
times). The resulted suspension was then extruded through a 100 nm polycarbonate nucleopore
membrane filter (Whatman) for a minimum of 23 times using a mini-extruder set up (Avanti polar

lipids) to prepare a homogeneous lipid vesicle solution.

5.2.2. Circular Dichroism (CD) Spectroscopy

CD measurements were conducted using a Jasco J-815 spectrophotometer, employing a quartz
cuvette with a path length of 0.1 cm. AV20 at a concentration of 80 uM were titrated with Total
Lipid Brain Extract (TLBE) Large Unilamellar Vesicles (LUVs) in a 20 mM phosphate buffer (pH
7.4) containing 50 mM NaF. This titration process covered a lipid/peptide ratio ranged from 0 to
9. Readings were promptly taken following each titration step, employing a wavelength range of
195-260 nm and a scan rate of 100 nm/min. Each spectrum depicted in the plot is an average of

three scans.

5.2.3. Nuclear Magnetic Resonance (NMR) Spectroscopy experiments

NMR experiments were performed on a Bruker Avance II1 500 MHz NMR spectrometer equipped
with a 5 mm SMART probe. Prior to adding a fibril seed to the NMR tube containing monomeric
APB40, a 2D band-Selective Optimized-Flip-Angle Short Transient (SOFAST) heteronuclear
multiple quantum coherence (HMQC) spectrum was acquired to compare differences immediately
before and after titration with fibrillar AB. Resonance assignments of the monomer 2D 'H/'°N
HMQC spectra were taken from the literature. To monitor AB40 aggregation with atomic
resolution, real-time 2D NMR experiments were performed by consecutively acquiring 'H-'"N
SOFAST-HMQC spectra. Each 'H-'>'N SOFASTHMQC spectrum was obtained from 64 t
experiments, 48 scans, 8 dummy scans, and a 0.1 s recycle delay. The spectral widths were 12 and
26 ppm, and the offsets were 4.7 and 118 ppm for the proton and nitrogen dimensions, respectively.
Spectral intensities for selected amino acids were plotted against time for both before and after

SVD operation and fitted using exponential decay equation:

y =Ar*exp (-x/t1) + yo
To determine the half-life of aggregation from the V component of SVD analysis, Boltzmann

equation was used which is as follows
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Y =Yy + (Ymax — Yo) /(1 + exp ((t = t1/2/b))

Where the half-life t2 is the time required to reach half of the aggregation saturation, b is the

apparent first-order constant.

The lag-time (tiag) of amyloid kinetics was determined as (t;,, — 2b).

The aggregation rate can be obtained as 1/tiag.

Similarly, the structural insight into the atomic level interaction between AB40 and SP1 was
obtained from 2D SOFAST-HMQC NMR experiment with 48 scans and eight dummy scans at 283
K for each titration of SP1 to uniformly 15N labeled AB40. The spectral width was fixed to 12 and
28 ppm, with the offset at 4.7 ppm and 118 ppm, respectively for proton and nitrogen dimensions.
Topspin 3.1 (Bruker Biospin software suite) and SPARKY 3.113 software (UCSF) were used for
processing and analysis, respectively, of 2D spectra using previously available assignments for

AP40 as a guide.

5.2.4. R-code for generating simulated dataset

#Script for generating simulated data matrix with specified row, column, and using specified

equation — by Dibakar Sarkar

# Set the working directory

setwd("path")

# Set the matrix dimensions

num_rows <- 16

num_cols <- 39

# Set the time points (column headers)

time <- 0:(num_rows - 1)

# Set the residues (row headers)

residues <- 1:num_cols

# Function to generate well-fitted values

generate_values <- function(x, A1, x0, t1) {
return(Al * exp(-(x - x0) / t1))

}

# Function to generate noisy values

generate noisy values <- function(x, A1, x0, t1, noise sd) {
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true value <- generate values(x, Al, x0, t1)
noisy value <- true_value + rnorm(1, mean = 0, sd = noise_sd)
return(noisy_value)
}
# Initialize lists to store parameters for each column
A1l list <- vector("numeric", length = num_cols)
x0_list <- vector("numeric", length = num_cols)
tl_list <- vector("numeric", length = num_cols)
# Generate parameters for each column
for (j in 1:num_cols) {
if j <=10) {
Al _list[j] <- runif(1, min = 50, max = 100)
tl_list[j] <- runif(1, min = 1, max = 5)
}else if (j <=20) {
Al _list[j] <- runif(1, min = 20, max = 50)
t1_list[j] <- runif(1, min = 5, max = 10)
} else {
Al _list[j] <- runif(1, min = 5, max = 20)
tl_list[j] <- runif(1, min = 10, max = 20)
}
x0_list[j] <- runif(1, min = 0, max = num_rows - 1)
}
# Set the standard deviation of the noise
noise_sd <- 0.1 # You can adjust this value to control the amount of noise
# Generate the matrix with noisy values
noisy matrix_data <- matrix(NA, nrow = num_cols, ncol = num_rows)
for (i in 1:num_cols) {
for (j in 1:num_rows) {
Al <- Al list[i]
x0 <- x0_list[i]
tl <-tl1_list[i]
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noisy value at time 0 <- generate noisy values(0, Al, x0, t1, noise sd)
noisy value <- generate noisy values(time[j], Al, x0, t1, noise sd)
noisy normalized value <- noisy value / noisy value at time 0
noisy matrix_datali, j] <- noisy normalized value
h
}

# Add headers to the matrix
rownames(noisy matrix data) <- residues
colnames(noisy matrix data) <- time

# Save the noisy matrix_data as a CSV file
noisy_csv_filename <- "noisy_simulated matrix.csv"
write.csv(noisy matrix data, file = noisy csv_filename)

cat("Noisy matrix data saved as 'noisy_simulated matrix.csv' in the working directory.\n")

5.2.5. Data Collection and Preprocessing

Data collected either from CD spectroscopy or NMR spectroscopy were first arranged in a matrix
format. The first column must be the x values (e.g., wavelength for CD spectra and chemical shift
or residues for NMR spectra). Several columns can follow for individual experiments that
correspond to the elements of first row, where the first row contains the concentration ratios for

CD or time for NMR.

5.2.6. Singular Value Decomposition (SVD)
We have taken the above-mentioned datasets as A matrix, where A is an M X N matrix of real-
valued data with rank r. As depicted in Figure 1, the equation for singular value decomposition of

A is as follows:

— A _ U S vl
b bz vy A Uni Uim : Vi Vin
N N 511 0
Ay Ay .
0
= X X
ij

Unii Unim ¢ S Vi e Vi

A Az eee Ay Ay M x M N x N N x N
M x N

Figure 5.1. Graphical representation of SVD of matrix A.
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A=USVT

Where U is an M x N matrix whose columns are the left singular vectors, Ui; S is an N x N diagonal
matrix, whose elements are called singular values, Si; and VT (transpose of V matrix) is also an N
x N matrix, whose rows are the right singular vectors, Vi. By convention, the ordering of the
singular vectors is determined by high-to-low sorting of singular values, with the highest singular

value in the upper left index of the S matrix.

After performing the SVD analysis of matrix data, the singular value plot and right singular value
plot are generated from where the ‘K-value’ can be acquired. The ‘K-value’ represents the number
of non-noise components in the dataset and estimated by taking into account (1) the significance
of singular values, (2) smooth shape of the Vi vectors and their high auto-correlation, and (3) a
small root-mean-square-deviation (RMSD) between the reconstructed matrix and the raw dataset.
After estimation of the number of noise-free components, data matrix was reconstructed using only
the noise-free components and discarding the noise components. Ui represents the i principal
component of A, and Vi determines the contribution of an individual dataset (i = 1-"N) to each

principal component.

5.3. Results & Discussion
5.3.1. Model systems

To underscore the potential of the Singular Value Decomposition (SVD) analysis in
elucidating the multifaceted mechanisms of amyloidogenesis, we adopted three intricate model
system. These systems were chosen to demonstrate both the complexity of amyloid-related

processes and the ability of SVD analysis to uncover crucial information.

Our first model system explores the membrane-mediated structural transitions within

amyloidogenic peptides. In this context, we centered our investigation on AV20 (AV20:

Peptide Sequence

Ap40 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
AV20 AEDVGSNKGAIIGLMVGGVV
h1APP KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY
VY21 VHSSNNFGAILSSTNVGSNTY

Table 5.1. Amino acid sequence of the peptides under investigation.
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AY'EDVGSNKGAIIGLMVGGVV#), a C-terminal 20 residues fragment from Amyloid-p 40
(AP40) peptide (Table 5.1). AV20 is an intrinsically disordered peptide that has recently been
reported to exhibit a toxicity profile similar to that of AB40.['"! Notably, the presence of GxxxG
motifs within this fragment has sparked interest due to their potential role in modulating
amyloidogenic propensity and neurotoxicity.!!” ¥l While it is well-established that AB-membrane
interactions can profoundly impact the aggregation pathway, the underlying molecular
mechanisms remain elusive. The interaction between AP and cellular membranes triggers
conformational changes in the peptide's secondary structure, influencing the fibrillation process.[!"!
Moreover, cell membrane disruption plays a crucial role in A neurotoxicity.?°! In this context,
CD spectroscopy has proven valuable in monitoring membrane-assisted secondary structural
changes in amyloidogenic peptides.*!! Yet, the intricate nature of these peptide-membrane
interactions often obscures the identification of key intermediates or steps involved in the process.
Thus, the application of SVD analysis to this system emerges as a valid choice, and offer a
comprehensive understanding of the complex interplay between AV20 and a neuronal membrane
mimic: total lipid brain extract (TBLE). The composition of TBLE includes Phosphatidylcholine
(PC), Phosphatidylethanolamine (PE), phosphatidylinositol (PI), Phosphatidylserine (PS).
However, more than 55% of the lipids in TBLE are unknown, which includes glycolipids,
gangliosides, brain ceramides, cerebrosides, sterols, sphingolipids, lipoproteins, and isoprenoids.
Each of these lipid components are crucial for AB-membrane interaction, making TBLE a

physiologically relevant neuronal membrane interface.

To further validate the versatility of SVD analysis, we explored several other distinct
systems: the self-assembly of hIAPP, the co-assembly of hIAPP in presence of hIAPP17.37 (VY21:
V2'HSSNNFGAILSSTNVGSNTY?’), and the seeded growth of AP40 fibrils. Self-assembly of
amyloidogenic peptides have been a key contributor underlying amyloid formation. Here, we
utilized the power of 1D-'H NMR to monitor the monitor loss kinetics as a potential dataset for
SVD analysis. Furthermore, the interactions between monomers and the surfaces of amyloid fibers
can redirect the aggregation pathway, influencing kinetics and generating potentially toxic species.
Despite their significance, many questions persist about the molecular determinants governing
fiber-monomer interactions. In this context, we utilized the broadening of NMR peaks due to
exchanges between unbound APB40 and fiber-associated monomers within a sample seeded with

amyloid fibers. Leveraging the capabilities of the SOFAST-HMQC experiment, which enables
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Figure 5.2. (A) CD spectra of AV20 in the absence and presence of neuronal membrane mimic
TLBE LUVs at different molar ratios. The concentration of AV20 was ~80 uM. (B)
Deconvolution of these CD spectra using the online server BeStSel, revealing the calculated
percentage of secondary conformation during structural transition. All spectra are color-coded
for clarity.

atomic-resolution monitoring of AP aggregation without the temporal constraints of traditional 2D
NMR experiments, we obtained residue-specific insights into the kinetic processes of fibril
assembly. We aim to employ SVD analysis to identify distinct spectral modes closely tied to the
dynamics of seeded fibril growth.

Overall, the integration of SVD analysis with these diverse model systems allows us to
unravel the hidden intricacies of amyloidosis mechanisms and offers a comprehensive view of the

processes governing amyloid aggregation.

5.3.2. Membrane-mediated structural transition of the C-terminal Ap40 fragment (AV20) into

helical conformations

In a recent study, our investigation revealed that while the initial interaction between AB40
and total lipid brain extract (TLBE) did not induce immediate changes in peptide conformation, a
subsequent time-dependent transition towards helical intermediates highlighted a membrane-
induced transient folding of the peptide backbone.??) Here, using CD spectroscopy, we observed
the interaction between TLBE and the C-terminal AB40 fragment (AV20), which contains the well-
known “GxxxG” motifs. Figure 5.2A shows the CD spectra of AV20 in the absence and presence
of varying concentrations of TLBE large unilamellar vesicles (LUVs). Initially, CD spectra of free

AV20 exhibited a negative minimum around 195 nm, representative of random coil conformation.
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Figure 5.3. The SVD analysis for observed CD spectral transition of AV20 upon interaction
with increasing TLBE:AV20 (L/P) molar ratios (A) Bars show the singular values sorted in
descending order. (B) The coefficients corresponding to four basic functions, which were given
as the principal component vectors (V;) to the molar ratios of TLBE. (C) First four left singular
vectors associated with wavelength profile. (D) Comparison between standard procedure and
SVD binding. The normalized absorbance (0) versus L/P ratio plotted in black for wavelength
197 nm, indicating a sigmoidal growth of helical conformation. Similar growth curve was
observed from SVD analysis, when the 2™ Vi vector (also represent helical species) was
normalized and plotted against L/P molar ratio.

Upon titrating with TLBE LUVs, we observed a transition from disordered to ordered
conformation. With increasing lipid concentration, a gradual shift in the negative minima from 195
nm to 208 nm with a concomitant increase in the positive maxima at 197 nm was observed. At a
higher lipid/peptide (L/P) ratio of 8, the peptide noticeably adopted alpha helical structure
(negative minima at 208 nm and 222 nm, and a positive maximum at 197 nm). This transition to
helical conformations is of utmost significance due to their crucial role in stabilizing the oligomeric

amyloid intermediates.[*>) Although the scattering of free LUV resulted in the dampening of CD



Chapter V

absorbance, it did not significantly hamper the shape of the spectra (Figure S5.1). We further
performed deconvolution of these CD spectra using online platform BeStSel, and calculated the
percentage of secondary conformation upon titration (Figure 5.2B).[**! Interestingly, an increase in
the alpha helical conformation with concomitant decrease in the B-sheet conformation was evident
from the deconvolution. Therefore, rather than a transition from disordered to ordered structure, a
restructuring of the conformation is apparent from the deconvolution. Nonetheless, the occurrence

of several distinct spectrum during titration indicated the presence of multiple intermediate states.

5.3.3. AV20-membrane interaction dynamics revealed through SVD analysis

To gain deeper insights into the spectral transitions observed during the interaction between
AV20 and TLBE LUVs, we employed the SVD approach. Of note, SVD analysis is a robust
mathematical technique that allows for the extraction of hidden patterns and significant variations
from complex datasets. In this context, it provides a means to uncover underlying structural
changes and relationships within the CD spectral data. Through SVD analysis, we transformed the
raw CD spectra into orthogonal components, revealing dominant modes of variation. We found
three major structural species that describe the trend of CD spectra over the whole concentration
range. These three species with largest singular values contributes to 94 % of the total singular
values, while rest of the components consist of mainly noise (Figure 5.3A). Figure 5.3B shows the
concentration dependent profiles associated with the first four principal components, whereas their
corresponding spectral profiles are illustrated in Figure 5.3C. Component 1 represents the
spectrum associated with a structural species that remains almost same throughout the
concentration range. Interestingly, component 2 indicates a major structural species that follows a
sigmoidal growth curve, saturating at higher lipid concentration. The third structural species,
which is associated with Component 3, on the other hand, displays a dip in the curve at L/P of 5,
thus suggesting a significant molecular event occurring at this concentration. Component 4 and
the rest follows an oscillating profile that mainly contains noise. Another noteworthy outcome is
the ability of this analysis to complement the results of conventional methods. As depicted in
Figure 5.3D, the data generated by both classical and SVD methods exhibit notable similarity.
Furthermore, SVD analysis yielded a dissociation constant of ~345 uM, a slight deviation from
the standard method (~325 puM), but with significantly improved fitting (Appendix V, Figure
S5.2). This discrepancy can be attributed to the fact that while the standard method relies on a



Chapter V

1 0@

Amplitude

Component 2
802.9 £ 51.2 min

Component 1
796.8 + 52.4 min

LN

(©)

400 600 800

Time / min

1000

1.0 o

0.8 1

0.6 4

0.4 -

Amplitude

0.2 4

0.04 @

Component 1
283.8 + 3.2 min

Component 2
272.9 £ 6.3 min

400 600 800

Time / min

200

=

Normalized intensity

E

Normalized intensity

o
©
1

o
@
1

Component 1

\::

Component 2

------------------------------------

0.8 4

’ Cjii/n:"\,.o""’\./\a\/ VA J Y \.\

------------------------------

Figure 5.4. SVD analysis of time-dependent 1D NMR dataset of (A, B) hIAPP self-assembly
and (C, D) hIAPP assembly in presence of VY21. (A, C) the temporal profile of two major
components obtained from SVD analysis of 1D NMR datasets associated with hIAPP and
hIAPP co-incubated with VY21, respectively. (B, D) corresponds to the normalized chemical
shift profile of two major components obtained from SVD analysis of 1D NMR datasets
associated with hIAPP and hIAPP co-incubated with VY21, respectively. Positive and negative
intensity represent higher and lower global variations, respectively.

single spectral point, SVD binding analysis utilizes the complete spectral dataset, offering greater

precision and reduced susceptibility to noise.

The application of SVD thus led to the identification of three distinct spectral modes
associated with AV20's conformational changes. The SVD-derived spectral modes further

complemented the traditional analysis methods, providing a multidimensional perspective that

enhanced our understanding of the spectral evolution during peptide-membrane interaction.

5.3.4. Mechanism of peptide self-assembly and co-assembly by SVD analysis

Understanding the complex mechanisms behind peptide self-assembly holds significant

importance in grasping amyloid disorders. To unravel these complexities, we employ the power of
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SVD analysis, offering a simplified yet profound method to decipher the pathways guiding peptide
aggregation. Utilizing one dimensional (1D) "H NMR spectroscopy, we investigate the kinetics of
monomer loss during aggregation./*> By organizing temporal 'H peak intensities into a matrix and
applying SVD, we reveal two principal components with significant singular values (Appendix V,
Figure S5.3). Notably, the first component (V1) displays a sigmoidal growth curve, while the
second exhibits sigmoidal decay kinetics. These observations yield dual insights: the kinetics of
monomer loss, outlining the transition from monomeric units to aggregates, and sigmoidal growth
kinetics, akin to the established nucleation-dependent ThT profile linked to amyloid aggregation.
Fitting of these curves with Boltzmann equation resulted in almost identical half-life for these two
components, signifying their inter connections. Moreover, the Ul and U2 components unveil a

striking finding, where peaks associated with hIAPP demonstrate consistent kinetic behavior.

Our recent investigation on the effect of VY21 on the aggregation kinetics revealed a
comparatively faster aggregation.!”s! Here, we performed SVD analysis on the NMR derived
dataset consisting of temporal changes in the hIAPP aggregation in presence of VY2I.
Interestingly, the analysis revealed a similar two-step mechanism of aggregation, as indicated by
two major singular values (depicted in Appendix V, Figure S5.4). However, the rate of aggregation
was found to be much faster. In contrast to hIAPP, the presence of VY21 resulted in a substantially
reduced half-life of 272.9 + 6.3 minutes, as determined through global fitting (Figure 5.4A, C). We
further calculated the fibrillation rates for both cases from the kinetic fitting. While hIAPP alone
exhibited a fibrillation rate of 1.895 x 107 + 0.24 x 10 min’!, hIAPP co-incubated with VY21
showed much higher rate of 6.62 x 102 £ 0.2 x 10 min™!, which was almost three-fold.
Additionally, greater variations in the spectral profile were also apparent (Figure 5.4B, D). Thus,
by dissecting monomer loss kinetics, sigmoidal growth kinetics, and shared proton peak behavior,

we have demonstrated the intricate self-assembly process.

5.3.5. The mechanism of Ap40 seeded growth by SVD analysis

Next, to test the significance of SVD analysis on seeded growth of amyloid fibril, we have
used a time-dependent NMR dataset of ’N-labeled ABP40 incubated with unlabeled AB40 fibril,
where the spectral intensity of amino acid residues gets broaden with time as a result of
aggregation.”’! The intensities of each residue were calculated as a function of time and arranged

in a matrix as mentioned above. The analysis showed two smooth curves of Vi vectors that
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Figure 5.5. SVD analysis of seeded amyloid growth showing (A) Scatter plot of singular
values. (B) Normalized V-components of temporal profile. (C) First two normalized spectral
components from SVD analysis. SVD analysis of simulated dataset showing (D) Scatter plot
of singular values. (E) Normalized V-components of temporal profile. (F) First two normalized
spectral components from SVD analysis. Components 1 and 2 at each interface are shown in
black and red, respectively, in all figures.

correspond to the two highest singular values, (Figure 5.5A, Appendix V, Figure S5.5) indicating
AP40 aggregation to be a two-state process. While the temporal profile of component 1 fits well
with a bi-exponential growth curve, component 2 follows a tri-exponential decay curve (Figure
5.5B). The residue profile associated with component 1 and 2 indicates that the C-terminal (G33,
V36, G37, and V40) and the central hydrophobic region (V18, F19, F20, E22, D23, V24, and G25)
of AB40 are mainly responsible for the aggregation process (Figure 5.5C). Note that, the residues
with negative values associated with these components indicate negligible changes in the NMR
intensity during time- dependent aggregation. Therefore, these residues do not significantly
participate the assembly process. However, the residues with more positive values are associated
with significant intensity drop during aggregation. Additionally, the noise-filtered dataset was
reconstructed using the two principal components by providing the ‘K-value’ as 2. The time-

dependent intensity curves were fitted exponentially, from which the decay rates were extracted.
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The decay rates obtained for both before and after SVD operation confirms a more reliable fitting

as a result of SVD analysis (Appendix V, Figure S5.6, Table S5.1).

Thus, SVD analysis provided a model-free global kinetic information. Based on the
information obtained from the analysis, an optimum kinetic model among all possible candidate

models was considered.

5.3.6. Validation of physical interpretation using simulated datasets

To validate the physical interpretation derived from our SVD analysis results, we employed
a simulated dataset. This dataset was generated using the R-programming language, and the
corresponding code is provided in the supplementary information. Briefly, this dataset comprises
normalized intensity values that align well with an exponential decay curve (Appendix V, Figure
S5.7). The choice of decay rates was deliberate, with high decay rates assigned to N-terminal
residues, moderate decay rates to central residues, and low decay rates to C-terminal residues.
Additionally, a minor amount of noise was introduced into the dataset to mimic experimental
conditions. This dataset was then subjected to SVD analysis. The SVD analysis revealed two
principal components with higher singular values similar to that obtained from seeded amyloid
growth (Figure 5.5D, Appendix V, Figure S5.8). Figure SE illustrates the normalized temporal
profiles associated with these components. Component 1 exhibited exponential growth kinetics,
while component 2 displayed an exponential decay curve. Both of these curves were well-fitted
with mono-exponential functions, generating corresponding kinetic rates. Intriguingly, both
components exhibited similar variations in their residue space, implying their association with the
same underlying process (Figure 5.5F). Moreover, the variations in the residue profile revealed
that the N-terminus exhibited a higher decay rate than the central residues, followed by the C-
terminus, consistent with the characteristics embedded in the simulated dataset. Therefore, by
comparing the results obtained from the peptide self-assembly and seeded growth, it can be
conjectured that the component 1 is associated with the fibril growth, whereas the component 2

cab be linked with concomitant monomer loss as a result of fibrillation.

5.3.7. SVD analysis on the inhibition of amyloid aggregation

The application of SVD was further tested for the analysis of amyloid inhibition. As
depicted in Figure 5.6A, the interaction between AB40 and SP1 was studied. SP1, a synthetic
paratope, can significantly inhibit aggregation of AP40. Therefore, high-resolution 2D
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Heteronuclear Multiple Quantum Coherence (HMQC) NMR experiments were performed with 80
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Figure 5.6. (A) Schematic representation of possible molecular interaction between Ap40 and
SP1. (B) 2D 'H-'N SOFAST HMQC spectra of >N labeled Ap40 (80 pM), before (blue) and
after (red) addition of SP1 at 1:10 molar ratio. (C) Bar plot of CSP in AB40 due to binding of
SP1. The black threshold line represents mean of all CSP values. Red bars indicate most
interacting residues. Overlapping residues with similar chemical shift are marked with an
asterisk (*). (D) Blue bars indicating singular values in descending order. The root mean square
deviation (RMSD) between raw dataset and reconstructed dataset are indicated by solid red
circles. (E) The first four components of Vi vectors are plotted against the number of titrations.
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uM AB40 upon increasing concentrations of SP1 (titrated up to a molar ratio of 1:10). The Ap40
backbone amide resonances resulted in concentration-dependent residue-specific chemical shift
perturbations (CSP) in the presence of SP1 (Figure 5.6B). At a molar ratio of 1:10, the molecular
interaction resulted in notable CSPs, specifically for the central hydrophobic- K!SLVFFA?! region
(Figure 5.6C). Similar observations were also made for the C-terminal region, particularly the
IP'IGL3* stretch and the hydrophobic V36, V39, and V40 residues (Figure 5.6C). These
observations clearly indicated the specific involvement of these hydrophobic-rich segments in the
molecular association with SP1. Thus, the SP1 mediated perturbation of this crucial domain
suggests upon molecular interference in the dock-lock interactions of monomeric AP, explaining
the altered fibrillation. Our recent studies have, in fact, shown the crucial role played by the C-
terminal residues in mediating cytotoxicity. Our mutation-based studies have suggested the role
played by the GxxxG motifs from the C-terminal to partake in the helix-helix association
consequent to the AP fibrillation pathway. Thus, a direct molecular association of SP1 with these
segments indicates the inaccessibility of these segments necessary for wild-type AP
amyloidogenesis. Singular value decomposition (SVD) was used to obtain a residue-specific
binding affinity of SP1 to AB40 (Figure 5.6D-E, Appendix V, Figure S5.9). The CSPs for Ap40
with SP1 were adjusted for both ASN and ASH to extract the dissociation constant (Kp) for certain
residues (Appendix V, Table 5.2). Comparatively lower Kp values of ~200 uM were obtained for
the residues RS, L17, V24, K28 and G29 of AP40, indicated their functional unavailability in
fibrillation. Once again, this data supports the inhibition of dock-lock mechanism of AB40 by SP1.

5.4. Conclusions

Here, we demonstrate the potential of SVD in analyzing a wide spectrum of amyloidogenic
processes. This analytical tool proves highly efficient as it allows for the fitting of pertinent SVD
parameters in a straightforward manner, resulting in notably precise outcomes compared to
standard methods. It not only provides a noise free determination of the binding constant in a
peptide-membrane interaction but also reveals the number of relevant intermediate conformers
during subsequent membrane-mediated structural transitions. Moreover, it offers a global kinetic
information of the assembly processes associated with amyloidogenesis. SVD act as an
intermediate filter of the data matrix, which not only provides a rigorous and model-independent

determination of principle modes but also enormously simplifies the fitting problem.



Chapter V

5.5. Appendix V
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Figure S5.1. CD spectra of free TLBE LUVs, showing little effect of scattering on the CD

absorption.
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Figure S5.2. Comparison between standard method and SVD analysis. (A) Scatter plot displaying
CD absorbance at 197 nm, taken as a function of lipid concentration followed by normalization.
(B) Scatter plot displaying component 2 (V2) from SVD analysis, taken as a function of lipid
concentration followed by normalization. Dissociation constant was calculated from the fitted

curves using Hill equation.
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Figure S5.3. Direct results of SVD analysis for hIAPP self-assembly monitored by 1H-NMR
spectroscopy (A) Bar plot showing singular values. (B) First four V-components showing temporal
profile. (C) First two spectral components from SVD analysis. Components 1 and 2 at each

interface are shown in black and red, respectively, in all figures.
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Figure S5.4. Direct results of SVD analysis for hIAPP self-assembly co-incubated with VY21
monitored by 1H-NMR spectroscopy (A) Bar plot showing singular values. (B) First four V-
components showing temporal profile. (C) First two spectral components from SVD analysis.
Components 1 and 2 at each interface are shown in black and red, respectively, in all figures.
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Figure S5.5. Direct results of SVD analysis for seeded growth of '’N-labeled AB40 incubated with
unlabeled AB40 fibril monitored by 1H-NMR spectroscopy (A) Bar plot showing singular values.
(B) First four V-components showing temporal profile. (C) First two spectral components from
SVD analysis. Components 1 and 2 at each interface are shown in black and red, respectively, in
all figures.
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Figure S5.6. Time course intensity changes of selected residues fitted using single exponential
decay equation. (A) Fitted raw data before SVD, (B) Fitted reconstructed data after SVD operation
with two non-noise components. As a result, we get more reliable fitting.
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Figure S5.8. Direct results of simulated dataset (A) Bar plot showing singular values. (B) First
four V-components showing temporal profile. (C) First two spectral components from SVD
analysis. Components 1 and 2 at each interface are shown in black and red, respectively, in all
figures.

2 6 10 14 18 22 26 30 34 38
Residue number

i |

I Il .l

2 6 10 14 18 22 26 30 34 38
Residue number

Figure S5.9. Bar plot of (a) first left singular vector, U; (b) second singular vector, U plotted
against residue number. Overlapping residues or residues with negative values are not shown in
the figure.
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Table S5.1. Decay rates and their corresponding R-square value of selected residues obtained from
curve fitting for both before and after SVD. Comparisons between R-square values clearly shows
better fitting after SVD operation.

Residue Decay rate (1) R-Square Decay rate (t1) R-Square
[Before SVD] [Before SVD] [After SVD] [After SVD]
A2 16.65548 + 10.12171 0.93497 10.93798 + 3.37512 0.96219
R5 0.96117 £ 0.33976 0.7812 0.67209 £ 0.17332 0.90327
Y10 0.60673 £ 0.27101 0.78225 0.59512 + 0.19823 0.86942
V18 10.3688 + 6.32022 0.85559 7.79604 + 2,23847 0.94239
F19 13.8013 + 7.00978 0.93513 17.56253 + 5.96806 0.98073
F20 12.12734 £ 6.16478 0.91882 17.52219 £ 5.95111 0.98067
E22 42.19961 + 84.90147 0.89028 15.68857 + 5.19884 0.97735
D23 5.11382 £ 0.94359 0.95508 14.51022 + 4.73188 0.97463
V24 29.49151 + 43.40747 0.88177 13.10322 + 4.18815 0.97062
G25 37.12553 + 53.20261 0.92539 14.32424 + 4.6592 0.97416
S26 8.58702 + 2.46382 0.95061 12.46743 + 3.94669 0.96847
N27 13.40087 + 7.9072 0.90998 15.28594 + 5.03798 0.97648
G29 0.70493 + 0.53419 0.50498 0.77567 + 0.16502 0.92116
131 6.47956 * 1.65496 0.9392 11.67739 + 3.64991 0.96543
G33 9.483 + 4.67242 0.88564 19.48319 + 11.66423 | 0.95246
V36 88.29064 + 451.08075 | 0.84564 11.8037 + 3.69714 0.96595
G37 12.91841 + 8.91517 0.87345 12.42568 + 3.93092 0.96832
G38 4.23361 + 3.40856 0.47223 1.30598 + 0.26972 0.90126
V40 17.72836 + 18.49232 0.84618 8.12872 + 2.35622 0.94505

Table S5.2. Equilibrium dissociation constant calculated both before and after SVD.

Residue | Kqbefore SVD | Kgq after SVD
RS 99.84 183.1
L17 336.5 132.4
F20 301.3 398
E22 961.2 419.9
V24 247.6 282.5
K28 196.6 180
G29 446.8 236.7
131 396.2 398.2
G33 376.2 583
L34 435 385.6
G38 336 472.2
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Multiscale Materials Engineering via Self-Assembly of
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6.1. Introductions

Hydrogels are semi-solid materials formed by self-assembled hydrogelator molecules into
a three-dimensional (3D) network of nanostructures. This network possesses a unique ability to
absorb and retain significant amounts of water or biological fluids, rendering it a promising
candidate for a wide range of applications. Peptide self-assembly that leads to hydrogel formation
are being widely investigated for a variety of biomedical applications such as targeted drug
delivery, scaffolds for cell culture and tissue regeneration, and biosensing applications etc.!"> In
this context, short peptides have emerged as a promising building block for gelation. They are
highly biocompatible, easy to modify and offers controlled self-assembly and supramolecule
formation.®] Although a large number of research have been done on the fabrication and
characterization of peptide hydrogels, a comprehensive structural understanding behind hydrogel
formation is still inadequate. A number of ultrashort peptides (2-3 amino acids) have been
identified to self-assemble into hydrogels and nanomaterials in an aqueous solution, resulting in
micelle-like nanospheres, nanotubes, fibrils, ribbon-like assemblies and heterogenous
nanostructures./* 31 While many peptide gelators contain hydrophobic alkyl chains in their
sequence, only a few include aromatic moieties and rely on aromatic-aromatic interactions to
induce hydrogelation.!) Among them the Fmoc-FF has been the most extensively studied hydrogel
system.!”-8 However, oligopeptide sequences that are slightly extended in length (4-8 amino acids)
are gaining considerable attention.” 1% In this context, the design of a pentapeptide may offer more
flexibility and versatility in controlling self-assembly and nanostructure formation. Since,
pentapeptide sequences are typically the most common motifs of a protein that dictates biological
functions, it may also provide a broad spectrum of bio-applicability. Moreover, introduction of an
aromatic group to the peptide sequence may facilitate self-assembly by allowing n-n stacking and

reducing steric hindrance, which will eventually lead to a mechanically stable hydrogel formation.

In this chapter, we report the evaluation of three pentapeptide derivatives to elucidate the
role of sequence distribution and the driving forces behind a molecule containing aromatic motif
to act as a gelator. The peptide sequence originates from the SARS CoV E protein.[': 2 E protein
is well-known for its crucial role in the assembly of virions. It has been reported to possess ion
channel activity, ability to interact with host proteins, and display potential variations in membrane
curvature.!'3! Therefore, pentapeptides derived from the SARS CoV E protein could be significant

due to their ability to retain antiviral activity or immunogenicity, and may holds potential for
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medicinal applications. In fact, previous studies have shown that the “T°>VYVY>?” sequence from
the C-terminal SARS CoV E protein could form nano-rod like structures in water.'¥ Mutation
within the V>*YVY>’ region has been reported to induce a shift in the secondary structure, resulting
in a more distinct B-sheet conformations.['?! Here, we have introduced a Fmoc group in the N-
terminus of the “T>VYVY>"” sequence followed by rearrangement in the amino acid sequence,
and aimed to uncover the propensity of hydrogel formation (Figure 6.1). Notably, very few
research have shown the effect of sequence rearrangement as minimal structural modification
compared to mutation or addition/ subtraction of amino acids to develop multiscale nanostructures
such as nano tape, fiber or sphere. By combining various spectroscopic techniques including
fluorescence, CD, FTIR, and NMR, we found that all three peptides form 3io-helix in the
monomeric state (in DMSO) and undergoes conformational transition into self-assembled
antiparallel [B-sheet in water. High-resolution microscopy further reveled a variety of
nanoarchitectures, which attributes to the differential aggregate morphology and subsequent

gelation propensity.

6.2. Materials and Methods

6.2.1. Material preparation

Fmoc-modified pentapeptides were purchased from Genscript Inc. USA (Appendix VI, Figure
S6.1). Lyophilysed Fmoc-pentapeptides powders were first dissolved in DMSO at 100 mg/ml
concentration, followed by dilution in either water or 20 mM phosphate buffer (pH 7.4). It was
then subjected to repeated vertexing and sonication to trigger gelation or supramolecular

assemblies.

6.2.2. Rheology

Rheological experiments were done using the cone and plate geometry (diameter 25 mm) with
cone angle 1° on the rheometer plate using an Anton Paar MCR 302 instrument. The hydrogels
were freshly prepared following the previously described method and were scooped on the
rheometer plate so that there was no air gap with the cone. Amplitude sweep experiments were
performed as a function of strain (g = 0.01-100%) at a fixed angular frequency, w = 1 rad/s to
determine the linear viscoelastic region. The storage modulus (G') and loss modulus (G"”) were
plotted against strain (g) and crossover point was obtained from the plot. Frequency sweep

experiments were done as a function of angular frequency (1-200 rad/s) at a fixed strain of 0.1%
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and higher strain of 1% at 25 °C, and the storage modulus (G') and loss modulus (G") were plotted
against angular frequency (w). The thixotropic behavior of the P2 hydrogel was determined using
a continuous time sweep oscillatory experiment where the gel network was destructed by
application of a continuous strain of 0.1-50%. After the complete destruction of the gel denoted
by G” > G’, gel recovery was observed at a constant strain of 0.1%. The whole process was repeated

to confirm the reversibility of the restoration process.

6.2.3. Microscopy

SEM imaging was performed using a FEI Quanta 200 (Quanta™, USA) electron microscope
equipped with a tungsten gun operating at 5 kV. All three samples (P1, P2 and P3) were analyzed
through negative staining under Transmission Electron Microscope (TEM) to visualize the
morphology, distribution and homogeneity of hydrogels. Briefly, carbon coated Cu grids (EM grid,
300 mesh, Electron Microscopy Sciences) were glow discharged using PELCO easiGlow glow
discharge cleaning system at 20 mA current, for 30 seconds. Initially, 4 uL. of sample (10 mg/ml)
was applied onto the freshly glow discharged grid and incubated on the grid for 30 sec. Excess
buffer was blotted and negative staining was performed using 1% uranyl acetate (Uranyl Acetate
98%, ACS Reagent, Polysciences, Inc.). The grids were stained and blotted gently from the side
to remove excess staining solution. The grids were checked at room temperature using a 120 kV
Talos L120C electron microscope equipped with a CETA CMOS camera. Data was collected at
120 kV using CETA CMOS camera at magnifications of 2,500-57,000x. AFM imaging was
performed using the tapping mode through the MFP-3D of Asylum Research, Oxford Instruments.
Confocal imaging was taken with a 63x objective in oil immersion using Leica TCSSP8 confocal
microscope and the LAS AF Version 2.1.0 built-in 4316 software, Leica Microsystems GmbH,

Germany.

6.2.4. Fluorescence spectroscopy

Intrinsic fluorescence spectra at different peptide concentrations were measured using Hitachi F-
7000 FL spectrometer, with excitation at 280 nm and emission range between 300 and 550 nm.
Fluorescence excitation spectra were collected from 200 nm to 400 nm with emission at 460 nm.
Scan speed was kept at 240 nm/s for each measurement. Thioflavin T (ThT) fluorescence kinetics
were performed using BMG LABTECH POLARstar Omega spectrometer in a 96 well plate at

room temperature.
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6.2.5. Circular Dichroism

Near-UV CD measurements were taken on a JASCO J-1500 CD spectrometer using a 0.1 cm path
length cell with a slit width of 2 nm. For each spectrum, three readings were taken with a scan
speed of 100 nm min’!, and the average was considered. Smoothing and buffer subtraction were

done to process raw data, as per the manufacturer’s recommendation.

6.2.6. FTIR spectroscopy

FTIR spectra were collected using a PerkinElmer 100 spectrometer at room temperature. The FTIR
spectra of lyophilized hydrogels or supramolecular aggregates were measured using the
conventional KBr method. A total 64 number of scans were taken in the spectral range of
1800—1400 cm! with a spectral resolution of 4 cm™'. Processing and deconvolution of the spectra

were acquired using Origin software.

6.2.7. XRD
Data was collected using an X-ray diffractometer RIGAKU smart lab-II with Cu k, radiation with
a wavelength of 0.154 nm and operating power of 9 kW. Sample at 10 mg/ml was spread on a glass

slide as a film and allowed to air dry prior to data collection.

6.2.8. NMR

All NMR experiments were carried out on a 500 MHz Bruker spectrometer equipped with RT
probe at 25 °C. Two-dimensional 'H-'H total correlation spectroscopy (2D TOCSY) and two-
dimensional 'H-'H Nuclear Overhauser SpectroscopY (2D NOESY) were recorded for the
peptides in 100 % DMSO-ds, and 90% DMSO-ds at 298 K, with a mixing time of 80 ms and 500

ms, respectively. All NMR spectra were processed using Topspin™ 4.0.6 (Bruker software suite).

DOSY spectra were obtained for all peptides at 0.5 mg/ml concentration dissolved in different
DMSO-ds / D20 ratios at 298 K. The diffusion time (A) was 150 ms. The pulse field gradient
length (8) was adjusted to 1.5 ms in order to obtain 5% residual signal with the maximum gradient
strength. The gradient strength was incremented in 16 steps from 2% to 95% of its maximum value
in a linear ramp. All DOSY spectra were processed using Bruker topspin 4.0.6 and Bruker
dynamics center 2.8 software. Solid state NMR experiments were performed at Bruker
spectrometers at Bo field of 800 and 500 MHz, respectively, employing 1.3 mm H/C/N triple

resonance probes.
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6.2.9. Cryo-EM Sample preparation

Freshly prepared samples (10 mg/ml) were checked by Negative staining under TEM prior to cryo-
EM sample preparation. For cryo-EM sample preparation, Quantifoil R1.2/1.3 300 mesh copper
grids (Electron Microscopy Sciences) were glow discharged for 90 seconds at 20mA using PELCO
easiGlow glow discharge unit with similar parameters as mentioned previously and 3ul of hydrogel
samples (10 mg/ml) were added to the freshly glow discharged grids, and incubated for 10 seconds.
Finally blotting was carried out for 8.5 seconds at 100% humidity with a positive blot force of 25
and then quickly plunged into liquid ethane using FEI Vitrobot Mark IV plunger.

6.2.10. Cryo-EM data processing

Cryo-EM data acquisition was performed using Thermo Scientific'™ Talos Arctica Transmission
Electron Microscope at 200kV equipped with K2 Summit Direct Electron Detector. Images were
collected automatically using Latitude-S automatic data collection software (Gatan Inc) at nominal
magnification 42,000x corresponding to pixel size 1.17 A at specimen level.['> Total electron dose
of 57 e-/A? at the defocus range of -1.25 pm and -2.75 um. Data was recorded for 8 sec for a total
of 20 frames. Around 571, and 693 movies were collected for P1, and P2 hydrogel samples,
respectively. The P3 sample lacked the filament-like morphology (nanotape/ twisted thin long
ribbons) and only 10-12 cryo-EM images were collected.

Data processing was carried out using RELION 3.1.2.11% Initially, beam-induced motion correction
of the individual movie files was performed using RELION MotionCor2. All the motion-corrected

[1"] and the micrographs with

micrographs were manually screened using cisTEM software package
a detected fit resolution less than 8 A were considered for further processing. Contrast transfer
function (CTF) was estimated using CTFFIND 4.1.13.["® Initially, start and end coordinates of the
filaments were manually picked using RELION 3.1 for both the hydrogel samples. Around 10,000
segments were extracted at a box size of 240 pixels and using an overlap of 90% between
neighboring segments. Reference-free two-dimensional (2D) classification was performed on the
extracted particles for both the datasets, using 25 classes (K=25), a regularization parameter of
T=4, an in-plane angular sampling rate of 60, a tube diameter of 160 A and a restriction of the
translational offsets along the helical axis to one helical rise (initial assumption of 4.75 A). Best

2D class averages were then selected as template for auto-picking and this approach resulted in

150,068 particles for P1 hydrogel dataset and 243,514 particles for P2 hydrogel dataset
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respectively. Automatically picked particles were extracted with a larger box size of 480 pixels
corresponding to a calibrated pixel size of 1.17 A. Several rounds of 2D classification were
performed as mentioned previously using 50 classes (K=50), and with an increased regularization
parameter T=100 to clean both the datasets. Particles from good classes were re-extracted further
into increased box size of 720 pixels. Subsequently, 2D classification was performed on 720 pixels
box particles to identify filament morphology. Power spectrum of high-resolution 2D class
averages were computed in RELION and EMAN!?! to approximate the helical rise values from

the selected 2D class averages.

6.2.11. Phase Holographic Imaging

The human intestinal cell line SW-620 (ATCC#CCL-227) was used as an in vitro model system to
evaluate the effects of peptides on gastrointestinal epithelial cell health and viability.”?°l The SW
620 cells were grown in Dulbeccos Modified Eagles Medium (DMEM, Gibco) supplemented with
10% bovine serum (FBS, Gibco) at a temperature of 37 °C and 5% CO,. When the cells reached a
confluency level of 70-80%, peptides; P1, P2 and P3 at a dosage of 1 uM were administered;
control group did not receive any peptide treatment. Cells were monitored for a duration of 72
hours using an innovative live cell imaging system called Holomonitor M4 microscope from Phase
Holographic Imaging PHI AB, SE. This label-free microscope allowed us to continuously visualize
and measure living cells within a humidified cell culture incubator set at 37 °C and 5% CO,.*!
The cells remained in their culture plates throughout the experiment. The Holomonitor M4
microscope was programmed to capture phase contrast images every 18 minutes at specific
positions using a 20x objective lens, ensuring that around 50-100 cells per field were captured over
the course of those three days. To analyze these images effectively we utilized the HoloMonitor
App Suite (PHI AB), which allowed us to quantify parameters such, as cell count, average cell
volume, and percentage of surface area covered by cells (confluence) over time. The data were
normalized to zero and are presented as time-lapse graphs that show changes over time at specific
intervals (0.17, 7, 15, 24, 36 and 60 h) after the peptide treatment. Statistical analysis was
performed using a T-test to compare the groups treated with the peptide to the control groups. This
analysis helped determine if there were any differences in cell count, volume and confluence

between the two groups.



Chapter VI

6.3. Results and Discussion
6.3.1. Peptide designing and hydrogel formation

Nanorod forming self-assembling “T>*VYVY>*” sequence from the C-terminal SARS CoV
E protein motivated us to explore the possibility of hydrogel formation. Inspired by the strong
propensity of Fmoc-protected short peptides to self-assemble as a result of n-m stacking
interactions between the fluorenyl moieties, we modified the pentapeptide to develop Fmoc-
TVYVY. By further rearranging the amino acid residues, we aimed to discover the gelation
propensity, understand the molecular mechanism underlying hydrogel formation and to that the
role of sequence distribution (Figures 6.1). Here, we adopted the solvent switch method for
hydrogel formation. We first dissolved the pentapeptide derivatives at a high concentration (100
mg/ml) in DMSO and then diluted in either 20 mM phosphate buffer (pH 7.4) or in water to trigger
hydrogelation. Notably, Fmoc-TVYVY (P1) peptide exhibited thermo-responsive gelation. The
formation of self-supporting hydrogel was observed within 5 min of incubation at high

temperatures (60-80 °C). In contrast, Fmoc-TVVYY (P2) demonstrated instantaneous self-

Fmoc - TVYVY (P1)
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Figure 6.1. Structural Design of Fmoc-Pentapeptides from the SARS-CoV E Protein. A
schematic representation illustrating the design of Fmoc-pentapeptides derived from the C-
terminal SARS-CoV E protein is presented. The Fmoc group is attached to the N-terminal of
the TVYVY sequence, followed by sequence rearrangements leading to the formation of three
sequence isomers. The Fmoc-modified peptides exhibit distinct nanoarchitectures upon solvent
switch, culminating in the development of hydrogels with unique properties.
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supporting hydrogel formation at room temperature, and showed exceptional stability even at high
temperatures (checked up to 80 °C). Remarkably, the hydrogel formed by P2 exhibited
extraordinary thixotropic properties for a long period of time after development. Surprisingly, the
Fmoc-TYYVV (P3) peptide, despite having the same amino acid residues, showed completely
different behavior (Figures 6.1). Unlike P1 and P2, which formed self-supporting gels with high
water content (~99% (w/v)), P3 did not form hydrogel under the tested conditions. Thus, a
rearrangement in the molecular architecture of the gel forming building blocks may have profound
impact on the resulting self-assembled materials. Since P1 forms thermo-responsive hydrogel that
requires high temperatures to establish self-supporting networks, while P2 assembles quickly at
ambient temperature, it suggests that neighboring Tyr residues in P2 promote stronger aromatic
connections, thereby accelerate fiber production and hydrogel assembly. However, alternating Tyr
and Val as in P1 requires thermal energy to align and stack due to weaker and more transitory
interactions. Rearrangement of the same amino acids eliminates gelation in P3, demonstrating

sequence selectivity for assembly, particularly the key role of the terminal Tyr residues.

6.3.2. Rheological characterization

The mechanical properties of the hydrogels were examined by carrying out the oscillatory
rheological experiments. In rheology, the storage modulus (G) and loss modulus (G") are two
important parameters associated with viscoelasticity; storage modulus depicts the ability of a
deformed material to restore its native state whereas loss modulus indicates the flow behavior of
the material under applied stress.!””) Here, hydrogels were prepared at 1 wt%, and the linear
viscoelastic region was determined through amplitude/strain sweep experiments within a strain
range of 0.01-100%. As depicted in Figure 6.2, hydrogel formation was confirmed for both P1 and
P2, as the storage modulus exceeded loss modulus (G’ > G").[2¥] Moreover, dynamic strain sweep
showed a wide linear viscoelastic region for both P1, and P2 hydrogels, indicating stable gel
formation (Figure 6.2A, C). The crossover point (g¢), at which G’ becomes equal to G”, was further
determined through the amplitude sweep experiment. For P1, G' and G" values were ~12259 Pa
and ~2280 Pa, respectively, at 0.01% strain (Figure 6.2A). With an increase in the angular strain,
the G’ value started to decrease after 0.2% strain and became lower than G" after gc = 7.8% (Figure
6.2A). This is the crossover point of P1 hydrogel, which indicates that the transformation from gel
into solution after this point and the value of the G’ as well as G" at the point was ~1098 Pa.

Interestingly, the amplitude sweep analysis for P2 hydrogel revealed a much higher g. of ~22.6%
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Figure 6.2. Rheological characterization of pentapeptide hydrogels. Rheological strain
sweep analyses of (A) P1, and (C) P2 at 1 wt% concentration showing the storage modulus (G')
and loss modulus (G"). Rheological frequency sweep experiments for hydrogel (B) P1, and (D)
P2 at 1 wt% concentration showing the storage modulus (G') and loss modulus (G").

strain and the value of G" as well as G at gc was ~4620 Pa (Figure 6.2C). Therefore, gel-to-sol
crossover took place at higher strength for P2 hydrogel and thus a much higher strain is required

to break the gel network for P2 hydrogel.

Frequency sweep analysis for P1 and P2 hydrogels was performed at the linear viscoelastic
region (at 0.1% strain) from the amplitude sweep, using a frequency range of 1-200 rad/s. For the
hydrogel P1, the value of G’ varied from ~10300 Pa at 1 rad/s to ~17300 Pa at 200 rad/s and the
value of G” varied from ~2250 Pa at 1 rad/s to ~3450 Pa at 200 rad/s (Figure 6.2B). Similarly, for
hydrogel P2, the value of G' varied from ~52500 Pa at 1 rad/s to ~77600 Pa at 200 rad/s and the
value of G” varied from ~8300 Pa at 1 rad/s to ~5890 Pa at 200 rad/s (Figure 6.2D). Therefore,
within the linear viscoelastic region, both hydrogels exhibited a G’ in the order of 10* Pa, with G’

always greater than G”, indicating significant mechanical strength. Moreover, rheological
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measurements clearly depict a higher mechanical strength for P2, as obtained from comparing the

G’ values and the strain at g..

Loss or damping factor (tan 9), a ratio between the moduli (G"/G’), is another crucial
parameter for assessing the strength of colloidal forces within the self-assembled networks of soft
materials.**! Usually, a liquid is considered ideally viscous if tan § > 100, while a solid material is
called ideally elastic when tan 6 < 0.01, with lower tan & value indicating the presence of strong
interactions. Our experimental observation revealed that the tan 6 value for P1 varied from 0.17-
0.23 and for P2, it varied from 0.07-0.15. Therefore, a lower tan 6 (< 1) observed for both the
hydrogels indicates the presence of strong colloidal forces within the self-assembled network and

depicts the viscoelastic property of the materials.

Again, frequency sweep experiments were performed for both the hydrogels at higher
strain value of 1% to check the properties of the gels at higher strain. It was observed that at higher
strain, the value of G’ varied from ~7560 Pa at 1 rad/s to ~5620 Pa at 200 rad/s and the value of
G" varied from ~1750 Pa at 1 rad/s to ~4670 Pa at 200 rad/s, for the hydrogel P1 (Appendix VI,
Figure S6.2A). Similarly, for hydrogel P2, the value of G’ varied from ~47800 Pa at 1 rad/s to
~26300 Pa at 200 rad/s and the value of G" varied from ~6720 Pa at 1 rad/s to ~10300 Pa at 200
rad/s (Appendix VI, Figure S6.2B). The value of damping factor (tan d) varied from 0.3-0.8 for
hydrogel P1 and 0.26-0.45 for hydrogel P2. Therefore, with increasing strain, mechanical strength
of both the hydrogel decreased. As crossover point for hydrogel P2 was greater than hydrogel P1,
therefore mechanical strength of hydrogel P2 was significantly higher than hydrogel P1 at higher
strain of 1%. Time-sweep oscillatory measurements were performed for P2 hydrogel, which
confirmed its thixotropic property (Appendix VI, Figure S6.3). The applied angular frequency was
kept constant at 1 rad/s throughout the experiment and 0.1 and 50% strain values were repeatedly
applied at definite intervals. During the first 250 s interval of 0.1% strain, G" values (~90000 Pa)
were greater than G” values (~10000 Pa) which indicates the distinct gel characteristics (Figure
S3). At the next interval, strain was rapidly enhanced to 50% and maintained for 250 s. The G’
value sharply decreased, and it became ~120 Pa which is lower than G"” values (~180 Pa)
indicating the dissipation of the gel network and gel-to-sol transition. Again, at the next interval,
the applied strain was rapidly decreased to 0.1%, and this constant strain was maintained for 500

s. At this interval, the G’ value further increased (~5100 Pa to 7100 Pa) and it became greater than
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Figure 6.3. Microscopy images of Fmoc-TVYVY, Fmoc-TVVYY, and Fmoc-TYYVV
showing different nanostructures. (A) SEM images of (i) P1, (ii) P2, and (iii) P3 peptide
taken at 1wt% concentration after air drying. Negatively stained TEM images of (iv) P1, (v)
P2, and (vi) P3 peptide nanostructures taken at 1 wt% concentration. (B) Schematic illustration
of self-assembled nanostructures formed by P1, P2, and P3 suggested from microscopy. (C)
Intrinsic fluorescence spectra of P1, P2, and P3 taken at 1wt% concentration with excitation
wavelength of 280 nm. Inset shows normalized spectra where arrows at 330 nm represents
antiparallel and at 460 nm represents parallel arrangements of fluorenyl moieties. (D) Near-UV
CD spectra of P1, P2, and P3 taken at 1wt% concentration showing induced chirality upon
supramolecule formation. (E) FTIR spectra of P1, P2, and P3 taken at 1wt% concentration
indicating predominantly B-sheet conformation. All spectra are color coded.

the values of G” (~700 to 1000 Pa) indicating the restoration of the gel character. The whole
process was repeated twice to confirm the reversibility of the restoration process. Although the
mechanical rigidity was not completely restored after decreasing the strain, P2 hydrogel was able

to repeatedly retain its mechanical strength even after multiple high strain cycles.

6.3.3. Nanofiber morphology

Upon confirming the formation of hydrogels, we examined the morphology and topology
of the Fmoc-pentapeptides hydrogels/supramolecular assemblies using scanning electron
microscopy (SEM), and negative stain transmission electron microscopy (TEM) (Figure 6.3A(i-

vi)). SEM imaging revealed that the P1 peptide forms ribbon-like structures, which overlap onto
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one another and thereby forming a micro-porous network to entrap the water molecules. P2, on
the other hand formed a highly dense hydrogel with smooth surface (Appendix VI, Figure S6.4).
Interestingly, P3, despite not forming a self-supporting hydrogel, displayed self-assembled
micelle-like aggregates. High-resolution negative stain TEM imaging further provided a detailed
information on the nanostructure morphology (Figure 6.3A(iv-vi)). TEM imaging revealed that P1
peptide forms straight ribbon-like structures with an average width of 45 + 16 nm. P2 peptide self-
assembled into thin twisted ribbons that leads to formation of dense networks. The average width
for these thin twisted fibers were found to be 11 + 3 nm. P3, on the other hand, self-assembled into
nanospheres with an average diameter of 20 + 5 nm, which eventually leads to precipitation. These
differences in the morphologies highlight how subtle changes in molecular composition impact
self-assembled structures (Figure 6.3B). The wider, straight nanoribbon formed by the P1 hydrogel
network likely enables them to slide past one another when shear forces are applied during
rheological testing; such sliding motions provide less resistance, corresponding to the 10-fold
lower hydrogel storage modulus (Figure 6.2). In contrast, the thin twisted ribbons of P2 hydrogel
networks are more narrowly spaced with higher density packing. The tighter integration resists
sliding motions upon shearing. Instead, the ribbons likely undergo tensegrity-type deformations,
similar to tensegrity structures encountering forces at the joints. This tensegrity mechanism confers

greater mechanical rigidity correlating with the higher storage modulus.

6.3.4. Spectroscopic characterization of molecular arrangement

In order to compare the molecular arrangement between these peptide variants, we
performed fluorescence emission spectroscopy at 1 wt% peptide concentration (Figure 6.3C). We
observed that the P1 peptide, which forms thermo-responsive hydrogel, showed emission
maximum at 324 nm and a flat tail at visible region. In contrast, the emission spectrum of P2
indicated a fluorescence maximum at 332 nm and broad tail centered at around 450 nm.
Interestingly, the peptide P3 did not show sufficient fluorescence emission and underwent
sedimentation; giving a comparatively broad emission around 460 nm. It has been observed that
the different arrangements of aromatic rings can induce distinct shifts in the emission peaks.!% 23]
It is noteworthy to mention that the emission maximum at around 330 nm is representative of anti-
parallel arrangements, whereas the emission maxima at around 460 nm is indicative of parallel

arrangements of aromatic fluorenyl moieties (J-aggregates).l> 2% Thus, our experimental

observation suggests that both the peptides P1 and P2 has predominantly anti-parallel arrangement
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accompanied by weak parallel arrangements. However, P2 has a slightly more parallel
arrangement compared to P1. Surprising, pentapeptide P3 prefers mostly parallel arrangements,
which allows nanosphere to form and coalesce and finally sediment. Moreover, variations in the
positions of Tyr residues among the respective peptides may lead to differential fluorenyl-Tyr

interactions, which are also likely to contribute to a certain degree.

The supramolecule formation of the pentapeptides within the hydrogels/supramolecular
assemblies were also investigated using circular dichroism (CD) spectroscopy (Figure 6.3D). The
CD analysis of peptide-based supramolecular materials is prone to artifacts, necessitating careful
consideration to avoid light scattering effects.”> 2”! Here, a concentration of 10 mg/mL was
considered for measuring near-UV CD spectra. The Fmoc group is inherently achiral in nature and
remains CD silent when in free solution. However, it exhibits a robust Cotton effect when
organized within a supramolecular chiral environment.?® 2! Due to the n-r staking of aromatic
groups, induced supramolecular chirality can be observed in the wavelength range 240-320 nm.
Particularly, the negative peak around 300 nm is associated with the m-n* transition of fluorenyl
absorption. Absorptions in 250-295 nm range are due to the transfer of chirality to the fluorenyl
group as a result of self-assembly. As depicted in Figure 6.3D, all three peptide systems show
negative band in the wavelength range of 260-310 nm, associated with fluorenyl absorption.
However, in terms of magnitude, P2 exhibits highest molar ellipticity than other two. Furthermore,
the chirality of supramolecular assembly for P2 was found to be more pronounced and left-handed

in nature (as detected by the negative CD absorbance at 302 nm).[?*!

We then performed Fourier-transform infrared spectroscopy (FTIR) to further expand our
understanding of the secondary structure within the hydrogels (Figure 6.3E). The amide I region
of the FTIR absorbance spectra of hydrogels/supramolecular assemblies showed a distinct peak at
~1634 cm™! and a hump peak at ~1690 cm™!, suggesting a B-sheet conformation, possibly in an
anti-parallel arrangement as well as a stacked carbamide groups.*®) Amide I bands were further
deconvoluted and peaks were assigned to B-sheet, a-helix, 310-helix/turn, and random coil regions
as depicted in Appendix VI, Figure S6.5. The deconvolution of the amide I band from FTIR spectra
revealed differential secondary conformation within the peptide variants. Interestingly, the f-sheet
conformation was found to be predominant for all three peptides, while different percentage of

alpha helix, 310-helix/turn were observed. Of note, P3, which doesn’t form hydrogel also adopts
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B-sheet conformation. We then performed thin-film X-ray diffraction (XRD) for P1, P2, and P3,
which further validated the presence of a B-sheet secondary structure (Appendix VI, Figure S6.6).

6.3.5. Self-assembly mechanism

To check wheather these self-assembled morphologies are also present at low
concentration, we performed atomic force microscopy (AFM) imaging for all three peptides at
diluted concentration (Figure 6.4A). AFM images indicated an identical structure to that of the gel
state, where P1 showed straight ribbons overlapped onto one another; P2 exhibited a dense
network of thin fibril structures. P3, on the other hand, displayed nano-sphere like structures that

well resembles the TEM imaging.

A comprehensive understanding of the self-assembly hold significant importance, as it
offers key insights into the mechanism of fibril formation. Amyloid-like character of the peptides

B where all three peptides

was first examined using thioflavin-T (ThT) fluorescence assay,
displayed rapid self-assembly (Figures 6.4B and Appendix VI, Figure S6.7). Within few minutes
of incubation at room temperature, all three-peptide reached saturation without having any
observable lag time. Binding of ThT molecule to the peptide aggregates also reflected in the
quenching of their intrinsic fluorescence (Appendix VI, Figure S6.8), and visualized in
fluorescence confocal microscopy (Appendix VI, Figure S6.9). We next investigated the molecular
arrangement of the fluorenyl moieties during self-assembly for these peptides using concentration
dependent intrinsic fluorescence spectroscopy (Figure 6.4C). With increase in the peptide
concentration, P1 showed a red shift from 315 nm to 323 nm with profound increase in the
fluorescence intensity, suggesting possible excimer formation with an anti-parallel arrangement of
the fluorenyl moieties. In contrast, we observed a slight increase in the fluorescence intensity for
the maxima centered at 485 nm, representative of parallel arrangements. P2 exhibited a greater red
shift of the fluorescence maxima at 315 nm to 332 nm, with a significant increase in fluorescence
intensity at 485 nm. P3, on the other hand, demonstrated a distinct behavior in the intrinsic
fluorescence with major fluorescence maxima at 485 nm, indicating predominantly parallel
arrangements of fluorenyl moieties. Interestingly, the normalized excitation fluorescence spectra
of all three peptides for the peak centered at 485 nm indicated variations in the absorption of

fluorenyl and tyrosine moieties (Appendix VI, Figure S6.10).
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Figure 6.4. Mechanisms of self-assembly. (A) AFM images of P1, P2, and P3 at taken at 0.1
wt%, which was diluted from a 1 wt% sample, showing morphological similarities with the
TEM image from Figure 1 for respective peptides. (B) ThT fluorescence assay of the peptides
suggesting amyloid-like character. (C) Concentration-dependent intrinsic fluorescence spectra
of P1, P2, and P3 indicating differential molecular arrangements during self-assembly. (D)
FTIR spectra of P1, P2, and P3 at different DMSO-ds percentages showing structural transition
from 31¢-helix to B-sheet. (E) 1D-'"H NMR spectra of P1, P2, and P3 at different DMSO-ds
percentages showing both line broadening and chemical shift changes upon water exposure.
The asterisk (*) marks highlight the immediate broadening of proton peak associated with Fmoc
group for all three peptides. (F) 2D TOCSY NMR spectra of P1, P2, and P3 at 100 % DMSO-
ds (blue), and 90 % DMSO-ds (red) highlighting chemical shift perturbation associated with
respective amino acid residues. Inset shows the bar plot of chemical shift perturbation (CSP)
for each peptide. (G) The pseudo 2D DOSY spectra of 0.5 mg/mL P1, P2, and P3 at different
DMSO-ds percentages (100 %= blue, 90 %=red, and 70 %= purple). All experiments were
performed at 298 K.

We next compared the fluorescence emission spectra between gel and solution state. The
emission spectrum of the peptides in sol phase (in 100% DMSO) revealed a fluorescence
maximum at ~318 nm, suggesting monomeric state. Changes in the emission spectra for peptides
at gel/aggregate state (10 mg/ml) resulted from an increase in intermolecular interactions and self-
assembly (Appendix VI, Figure S6.11A). The red shift in the fluorescence maxima clearly

indicated the possible existence of a fluorenyl excimer species.
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To understand the molecular mechanism of self-assembly leading to gelation, we used
various biophysical techniques at different DMSO: water ratio. We first performed FTIR
spectroscopy both a high and low concentration and in presence of different DMSO percentages.
At 100% DMSO the peptides remain at monomeric condition (both at high and low concentration)
under which the peptide adopts predominantly 3io-helix conformation (FTIR absorbance
maximum at 1663 cm™); whereas at 30% DMSO, B-sheet structures were most abundant (FTIR
absorbance maximum at 1634 cm™) (Appendix VI, Figure S6.11B). This transition from 310-helix
to B-sheet conformation was distinctly observed at a low peptide concentration (Figure 6.4D). This
gradual transition in the peptide secondary conformation clearly indicates the influence of water

molecules in the self-assembly.

In order to get an atomic resolution insight of the self-assembly process we utilized 1D 'H
NMR under similar conditions. Each amino acid residues in the 1D NMR spectra for individual
peptides were assigned from 2D 'H-'H total correlation spectroscopy (TOCSY) in combination
with nuclear Overhauser effect spectroscopy (NOESY) experiments (Appendix VI, Figures S6.12-
14). With increase in the water content, we observed both decrease in the NMR signal intensity
and chemical shift perturbations (CSPs) in the amide proton peaks for all three peptides, thereby
suggesting conformational changes and self-assembly (Figure 6.4E). Interestingly, for all three
peptides, the proton peak associated with the Fmoc group (near 9.1 ppm) were found to be
completely broadened upon addition of 10 % water, suggesting the immediate involvements of the
Fmoc group in the self-assembly process. 2D TOCSY NMR spectra at 100 %, and 90 % DMSO-
ds further highlighted the involvement of individual amino acid residues in the self-assembly and
to that the role of water molecules (Figure 6.4F). Interestingly, we found that Tyr residues showed
predominantly intensity decrease as a result of n-stacking, whereas Val residues showed significant
CSPs suggesting their involvement in conformational transitions. Temperature co-efficient
calculated from the temperature-dependent 1D NMR further revealed that the 310-helix structures
in the monomeric state are possibly stabilized by hydrogen bonding, particularly by the Tyr
residues (Appendix VI, Figure S6.15).

Furthermore, we conducted diffusion ordered spectroscopy (DOSY) on the selected
peptides at various DMSO-d¢ percentages. By comparing the pseudo 2D DOSY NMR spectra at
different DMSO-ds percentages, it becomes evident that all three peptides exhibit changes in their
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diffusion rate due to aggregation (Figure 6.4G).[* In the absence of the water, P1 showed a
diffusion coefficient of —11.46 log (m?s™!). Upon addition of 10 % DO, the diffusion coefficient
decreased to —13.23 log (m?s™!), which further decreased to —13.38 log (m%s™!) at 70 % DMSO-ds.
Similarly, at 100 % DMSO-ds, peptide P2 showed a diffusion coefficient of —11.50 log (m?s™!).
With increase in the water content the diffusion coefficient was found to gradually decrease; At
90% DMSO-ds the diffusion coefficient was —11.62 log (m?s’!), and at 70 % DMSO-ds it was
—11.76 log (m?s™). Similarly, P3 exhibited a diffusion coefficient of —11.96 log (m?s™) at 100 %
DMSO-ds, which gradually decreased to —12.14 log (m?s™") at 90 % DMSO and —12.30 log (m?s’
1y at 70 % DMSO. Thus, the diffusion coefficient of P1 indicated 1.91 points while P2 and P3
showed a 0.26, and 0.34 points change, respectively in diffusion by the addition of water. These
effects prompted us to conclude that all three peptides were involved in self-assembly. However,
P1 aggregates, having lowest diffusion constant among all, were much larger in size when

compared with the other two peptide variants (P2 and P3), corroborating with the microscopy data.

6.3.6. Cryo-EM-based ultrastructural analysis

While most of these studies were performed at room temperature, we wanted to explore
more to understand the ultra-structure of P1, P2, and P3 at near-native physiological conditions.
Thus, single-particle cryo-EM was employed to elucidate the ultra-structure of these three
peptides. We observed thick, flat, straight ribbon-like structure for P1 with an average diameter
ranging from 8 nm to 40 nm at cryogenic conditions, which is closely related to our negative
staining TEM and AFM data (Figures 6.5A and Appendix VI, Figure S6.16). However, negative
staining images showed that the diameter of P1 hydrogel is slightly higher (almost by 5 nm); one
possibility is that the hydrogel's dehydration and flattening effect during negative staining made it
appear as a thicker filament than cryo-EM images. We also performed cryo-EM reference-free 2D
classifications of thin (smaller diameter) filaments to understand the arrangement of the P1
peptide. Reference free 2D class averages showed that most of the thin filaments were within about
7-13 nm diameter, and peptides were parallelly assembled to adopt the ribbon-like structure
(Figure 6.5A, Appendix VI, Figure S6.16). However, the thick filaments were overlapped with
each other, and thus, thick filaments were avoided for 2D classification calculation. Moreover, we
did not visualize any spiral or twist morphology in ribbon-like filamentous structures. Additionally,

we calculated the distance between two individual peptides using the EMAN and RELION layer



Chapter VI

(A) P1 (B) P2 (C) P3

Enlarge view

Enlarge view

Enlarge view

2D class averages of smaller diameter P1 peptide 2D class averages of smaller diameter P2 peptide

|
(V

Figure 6.5. Cryo-EM visualization and 2D classification of P1, P2, and P3. (A) Cryo-EM
images of P1 of two different areas show thick flat straight ribbon-like structure with an average
diameter varied from 8 nm to 40 nm. 2D class averages show a parallel arrangement of peptides,
which maintain a similar distance between individual peptides. No spiral or twist is observed
between the peptide assembly. (B) P2 peptide forms a comparatively thin spiral and twisted
ribbons-like structure, which forms a dense network-like structure. The diameter of ribbons is
more homogeneous than P1. 2D class averages show the parallel arrangement of peptides,
which maintain similar distances between individual peptides. No spiral or twist is observed
between the peptide assembly. However, 2D class averages indicate peptides are more closely
packed than P1. (C) Cryo-EM image of P3 showing self-assembled micelle-like aggregates.

Smail aggregates

line profile, demonstrating that the distance between individual peptides was ~ 4.58 - 4.82A
(Appendix VI, Figure S6.17A-B). However, due to the low resolution of 2D class averages and
noisy layer lines, we were unable to pinpoint the exact distance between the peptides. From 2D
class averages of cryo-EM images, 2D averages of thin and thick filaments and raw particles
clearly showed extremely heterogeneous filamentous assembly of P1 peptides (Figures 6.5A,
Appendix VI, S6.16A-D and S6.17A-B). Furthermore, P2 and P3 were characterized using cryo-
EM (Figure 6.5B-C). The cryo-EM images and 2D class averages indicate that the P2 peptide was
assembled as thin twisted filaments, which formed a mesh-like structure (Figure 6.5B). Most of

the filament's diameter was within the range of ~6-20 nm (probable diameter) with a bending and
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twist within the P2 filament. This bending and twisting were also visible in 2D class averages
(Figures 6.5B, Appendix VI, Figure S6.19 and S6.18A-B). Furthermore, like the P1 peptide, we
calculated the distance between the two individual peptides using the EMAN and RELION layer
line profile, and surprisingly, it indicated a very similar distance between the individual peptides,
which assembled parallelly with an average inter-peptide distance of ~4.84 A (Appendix VI,
Figure S6.18A-B). We then calculated the inter-peptide distances of several other class averages,
which indicates that inter-peptide distance is in between ~4.84 A; this strongly suggests that the
P2 peptide is more homogeneous than P1. This homogeneous assembly of P2 was also observed
in our cryo-EM data, individual particles, and 2D class averages. P3, on the other hand, appeared
as self-assembled micelle-like aggregates at cryogenic conditions (Figure 6.5C). We were unable

to calculate any 2D class averages of these micelle-like aggregates.

Our cryo-EM results, together with negative stain TEM and AFM experiments suggest that
drying has no significant role in altering the structure of these P1, P2, and P3
hydrogels/assemblies. Furthermore, based on our above observations, we proposed that the
pentapeptides P1 and P2 form filamentous nanofiber structures, where P2 is more twisted and

homogeneous in diameter.

Next, to understand structural information of P2, two-dimensional 'H-'>C cross
polarization (CP) experiment was performed at a magnetic field corresponding to 500 MHz 'H
Larmor frequency with 15 kHz MAS frequency (Appendix VI, Figure S6.20). Broad signals were
observed in the aliphatic region after 50 k scans (green trace), suggesting the heterogeneity in the
sample.*?) Dipolar coupling-based coherence transfer suggests that the sample is rigid in nature
(H-13C order parameters are close to 1).[) This was confirmed by scalar coupling based INEPT
experiments employing at 55 kHz MAS (Bo field corresponding to 800 MHz 'H Larmor
frequency). Apart from a sharp feature originating from DMSO, there are no other '*C peaks
originating from the hydrogel. '3C 1D spectrum under the same condition recorded with direct
excitation also shows DMSO resonance only. We were able to record CP based 'H-'*C correlation
at 55 kHz MAS (under low power proton decoupling). The spectrum only features the methyl
resonances, where the intensity is proportional to the proton density. However, heterogeneity is
also visible from the number of methyl cross peaks. Collectively, no structural information was

obtained either from CryoEM or solid-state NMR due to the heterogeneity of the sample.
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6.3.7. Phase Holographic Imaging
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Figure 6.5. Impact of peptides P1, P2, and P3 on the health and growth characteristics of
intestinal epithelial SW620 cells over time. (A) Schematic representation of the
characterization of peptide impact on gastrointestinal cell SW-620: The figure illustrates the
setup for studying the effects of peptides (P1, P2 and P3), on SW-620 cells. The cells were
cultured in DMEM medium supplemented with serum. Peptides were administered when the
cell confluence reached 70-80% alongside a control group. The responses of the cells were
observed using a Holomonitor M4 holography microscope, which captured phase contrast
images. Analysis of cell count, volume and confluence was performed over a duration of 72 h.
(B) Time-lapse depiction of the effect of peptides on SW620 cell count. The average normalized
cell counts over the specified intervals are shown as bars in graph. (C) Time-lapse visualization
of the effect of peptides on SW620 cell confluence are shown as bars in graph. (D) Time-lapse
illustration of peptides' effect on SW620 cell volume over the specified intervals. Statistical
significance was determined using a T-test, comparing the effects of each peptide at 0.17, 7, 15,
24, 36, and 60-hour time points to their respective controls. A value of p<0.05 was considered
statistically significant, ***p < 0.0001.
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Encouraged by previous studies which showed peptide hydrogels can promote cell growth
and viability,?*) we have investigated if P1, P2, and P3 hydrogels/supramolecular assemblies
could exhibit similar bifunctionality to support mammalian cell health. Using a label-free

holographic microscope (HoloMonitor M4) inside an incubator,*!

we visualized cell growth
dynamics of human intestinal cells SW620 treated with P1, P2, and P3 or untreated (Figure 6.6A,
Appendix VI, Figure S6.21). Analyzing impacts on cell counts gave insight into peptide effects on
cell viability and growth.3! Early on at 0.17 h, P3 significantly boosted counts to 0.093+0.02
versus 0.009+£0.01 in controls (p=0.004). By 7 h, P1 had suppressed counts to 0.062+0.01
compared to 0.15+0.01 in controls (p=0.0004). At 24 h, P2 and P3 increased counts to 0.56+0.04
(p=0.002) and 0.69+0.11 (p=0.01) respectively, versus 0.38+0.03 in controls. P2 and P3 continued
stimulating growth at 36 h with counts of 0.71+0.05 (p<0.00001) and 0.54+0.10 (p=0.0003) versus
0.10+0.04 for controls. Finally at 60 h, P2 markedly boosted counts to 0.60+0.07 compared to -
0.18+0.09 in controls (p<0.00001) (Figure 6.6B). These observations suggest that P2 is

consistently elevating, P3 early elevating, and P1 suppressing cell counts over time.

Cell confluence is an important parameter which displays the cell growth and migration
capabilities.[*®) Peptides did not affect confluence prior to 15 h. At 24 h, P1 decreased confluence
to 0.72+0.02 (p=0.005), whereas P2 increased it to 1.08+0.03 (p=0.010), compared to 0.95+0.07
in controls. P1 decreased considerably to 0.99+0.04 (p<<0.00001) from 2.10£0.19 in controls after
36 h. At 60 h, P2 dramatically increased confluence to 3.06+0.33 vs to 1.234+0.34 in controls
(p=0.001) (Figure 6.6C). These results suggest that P2 persistently increased, P1 decreased, and

P3 altered confluence over time, indicating that intricate peptide affects cell growth and migration.

Cell volume reveals the metabolism and health status of cells.”! Peptides did not affect
volume until 15 h, except for P3, lowering it at 7 h (p<0.000001) compared to controls. After 15
h, P1 and P2 increased volume to 0.43+0.02 (p<0.000001) and 0.37+0.04 (p=0.0010), but P3
decreased volume to 0.06+£0.03 (p=0.0005) compared to 0.21+0.02 in controls. P1 later increased
while P2 and P3 decreased volume compared to controls. At 60 h, P1 increased volume to
3.90+0.17 (p<0.00001) whereas P2 dropped it to 0.62+0.09 (p<0.000001) compared to 2.5+0.16
in controls (Figure 6.6D). These results suggest that P1 elevated, and P2 and P3 decreased cell

volume with time, indicating varying peptide effects on cell health and metabolism.
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Our research indicates that peptides P1, P2, and P3 have an impact on cell health. Our
findings demonstrate that the number of cells and their density increased over time when exposed
to P2 suggesting its ability to promote cell growth. On the other hand, while P1 reduced cell
quantity and increased volume both P2 and P3 caused volume reductions at specific intervals
indicating potential metabolic changes. Overall, our label free holography microscopy imaging
technique effectively showed the effects of P2 on cell health throughout a span of 70 h. These
findings show that this novel holography microscopy-based method is a better way to get time-

lapse data than static imaging methods that need to be fixed or endpoint assays like MTT.

6.4. Conclusion

In summary, we have demonstrated the designing strategy and the development of Fmoc-
modified pentapeptide derivatives from the C-terminal SARS CoV E protein. We explored the
relationship between peptide sequence and the gelation propensity by utilizing various
spectroscopic techniques, which verified the n-n staking into B-sheet structure. Depending on the
peptide sequence distribution, different degrees of anti-parallel or parallel arrangements of
fluorenyl moieties were evident in the fluorescence spectra, which corresponded to the different
morphologies of the self-assembled structures within the hydrogels. SEM, TEM, and AFM
indicated that the P1 hydrogels were formed from high aspect-ratio straight nanoribbons. In
contrast, P2 hydrogels had more entangled and interconnected thin twisted ribbon-like structures,
resulting in more stable hydrogels. P3, on the other hand, has parallel arrangement into nanosphere
structures, resulting in sedimentation. Moreover, these nanostructured materials exhibit varied
impact on the human intestinal cell health and metabolism, necessitating further investigations.
Therefore, just by changing the sequence distribution, we have unlocked the development of a
wide variety of functional nanomaterials. Due to their viral origin, peptides derived from SARS
CoV E protein may hold inherent ability to interact specifically with human cells, making them
suitable in targeted drug delivery systems or therapeutic applications, especially for coronavirus-

related diseases or other associated disorders.
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Figure S6.1. Mass spectrum of peptide P1, P2, and P3.
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Figure S6.2. Frequency sweep experiments for hydrogel (A) P1 and hydrogel (B) P2 at higher
strain of 1%.
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Figure S6.3. Thixotropic behavior of P2 hydrogel.
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Enlarge view

Enlarge view

Figure S6.4. SEM images of air dried (A) P1, (B) P2 hydrogels, and (C) P3 aggregates at different
magnifications, showing distinct self-assembled morphology.
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Figure S6.5. Deconvolution of the amide I region in FTIR spectra for (A) P1, (B) P2, and (C) P3
peptides. (D) Computed percentage of secondary structure for P1, P2, and P3 based on the
deconvolution analysis.
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Figure S6.6. Thin film XRD profile of P1, P2, and P3 indicating presence of 3-sheet secondary

structure.
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Figure S6.7. Concentration-dependent ThT fluorescence assay of (A) P1, (B) P2, and (C) P3
displaying differential increase in the ThT intensity as a function of concentration.
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Figure S6.8. Differential quenching of intrinsic fluorescence by ThT. P1, and P2 indicated
significant decrease in the intrinsic fluorescence intensity at 323 and 330 nm, respectively, and
slight increase at 485 nm. P3, on the other hand, showed decrease in both peaks at 330 nm and 485
nm.
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Figure S6.9. Confocal microscopy images of (A) P1, (B) P2, and (C) P3 displaying ThT-bound
amyloid-like aggregates.
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Figure S6.10. Normalized excitation spectra of the 485 nm peak of P1 (black), P2 (red), and P3
(blue) indicates corresponding differential fluorenyl and tyrosine absorption.
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Figure S6.11. (A) Intrinsic fluorescence spectra of P1, P2, and P3 at solution and gel/aggregate
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Figure S6.13. 1D "H NMR spectra of P2 highlighting the amide region. Amino acid residues were
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Figure S6.15. Temperature-dependent NMR spectroscopy showing changes in the amide proton
chemical shift of (A) Fmoc-TVYVY, (C) Fmoc-TVVYY, and (E) Fmoc-TYYVV at different
temperature in 100 % DMSO-ds. Temperature coefficients of the amino acid residues of (B) Fmoc-
TVYVY, (D) Fmoc-TVVYY, and (F) Fmoc-TYYVYV calculated from temperature-dependent 1D
'H NMR.
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Raw particles of Fmoc-TVYVY
A Thick filament

5 im e
B. Thick filament

D. 2D class averages of Fmoc-TVYVY

‘

Figure S6.16. Raw particles and reference-free 2D class averages of P1: A-C. Representative raw
particles showed at different diameters. All the filaments were assembled as thick, flat, straight
ribbon-like structures. Thin filaments (C) were considered for 2D class averages calculation. D.
Reference-free 2D class averages of P1 peptide.
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The helical layer line profile of P1 flament using EMAN
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Figure S6.17. Helical layer line profile of P1 filament using EMAN. A. Best 2D class average
selected to calculate the layer line and from layer line profile showed the distance between inter-
peptide, which is close to ~4.58 A. B. Another best 2D class average selected to calculate the layer
line and the layer line profile showed the distance between inter-peptides, which is close to ~4.82

A.
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Helical layer line profile of P2 filament using EMAN
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Figure S6.18. Helical layer line profile of P2 filament using EMAN. A-B. Two best 2D class

averages selected to calculate the layer line and the layer line profile showed the distance between
inter-peptides, which is close to ~4.84 A.
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2D class averages of Fmoc-TVVYY
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Figure S6.19. Reference-free 2D class averages of P2 peptide and over all diameters of the P1
peptides are within the range of 7-9 nm. Only straight isolated comparatively thin filaments were
considered for 2D class averages calculation and thus, diameter of P2 peptide is smaller than raw
images and negative stain images.
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CP@15 kHz, 100 kHz
1H decoupling, 50k scans

INEPT@55 kHz MAS,
DMSO signal

Direct 13C,
low power 1H
dec@55 kHz
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HSQC@55 kHz
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2.5 2.0 1.5 1H ppm
Figure S6.20. From the CP 1D (green) and signals in the methyl group region of 2D, there are
inhomogeneities in the spectra. There is no mobile region, suggested by the direct excitation and

INEPT spectra. The sharp peak in 13C is due to DMSO. The hump (upper panel, blue), is due to
probe background.
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Figure S6.21. Impact of peptides P1, P2, and P3 on the health and growth characteristics of
intestinal epithelial SW620 cells over time. The state-of-the-art label-free live cell holography
imaging was utilized to quantify cell count, confluence, and volume every 15 minutes over 72
hours following peptide treatment. (A) Time-lapse depiction of the effect of peptides on SW620
cell count illustrates the average normalized cell count over the specified intervals. (B) Time-lapse
visualization of the effect of peptides on SW620 cell confluence. (C) Time-lapse illustration of
peptides' effect on SW620 cell volume over the specified intervals.
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Summary and future outlook

The primary focus of my thesis has been the investigation of the kinetic and structural
features of peptide self-assembly, particularly in relation to amyloid aggregation and functional
materials. Therefore, comprehensive understanding of self-assembling peptide sequences, which
has emerged as a fascinating area of research for the interdisciplinary scientific community, is
essential. Our studies involving various biophysical, spectroscopy and microscopy techniques,
enabled us to gain insights into the sequence dependence of peptide self-assembly linked to both

pathogenesis, and design and development of functional materials.

The first part of the thesis aims to provide a comprehensive understanding of peptide self-
assembly and explores the roles of various extrinsic and intrinsic factors in the amyloidogenesis
of amyloid beta (AB) and human islet amyloid polypeptide (hIAPP). First, it explores the role of a
conserved GxxxG motif in the amyloidogenesis of AP associated with Alzheimer’s disease (AD).
Results from this research offer novel insights into the regulatory role of this motif, particularly
the G33 and G37 residues, in fibrillation and membrane-mediated oligomerization of Ap.
Furthermore, using nanodiscs as a near-native membrane environment, we observe the formation
of comparatively stable oligomers with distinct conformations, both from the native Ap40 and
other minor states of free AB40 oligomers. Similarly, hIAPP, another amyloidogenic peptide
associated with type 2 diabetes, is examined. We observed that the C-terminal hIAPP fragment,
which also contains similar SxxxG/GxxxS motif, leads to structurally distinct oligomers under the
influence of extrinsic factors. Moreover, these oligomers can significantly accelerate the
aggregation of hIAPP; however, they potentially reduce the presence of toxic aggregate species.
Thus, they act as a scavenger of toxic oligomers, potentially opening a new avenue for therapeutic

interventions.

This thesis further explores the potential of SVD analysis in revealing hidden patterns and
dominant modes of interactions associated with the complex process of amyloidogenesis. It also
verifies the applicability of SVD analysis across a diverse range of amyloidogenesis processes,
and offers model-free global kinetic information with greater precision. Lastly, we shift our focus
towards the other side of peptide self-assembly, i.e., the development of functional biomaterials.

We have designed short pentapeptides based on a self-assembling sequence from the C-terminal
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SARS CoV E protein. The relationship between peptide sequence arrangement and molecular
assembly structure, and how these have influenced the mechanical properties of the hydrogel, has
also been demonstrated. Moreover, these supramolecular assemblies with tunable morphology and
mechanical properties, are suitable for tissue engineering, injectable delivery, and 3D bio-printing

applications.

Our studies on the significance of the GxxxG and related motifs serves as a step forward
in developing targeted therapy. Although it offers an intriguing possibility for AD treatments,
targeting the GxxxG motif within AP presents significant challenges. The ubiquity of the GxxxG
motif across transmembrane proteins signifies that disrupting GxxxG-mediated interactions could
inadvertently perturb normal protein-protein interactions, potentially yielding unintended oft-
target effects. Furthermore, the structural polymorphism inherent to this motif complicates the
design of effective inhibitors. These intricacies are compounded by the presence of other pivotal
motifs within AB and the dynamic, adaptable nature of its oligomerization process. With the
continuous advancement of technology and development of nanodiscs like molecules, it could be
possible to achieve both amyloid inhibition and intricate structure determination. Furthermore, as
we gain better understanding of how specific sequences drive peptide self-assembly, we are likely

to narrow the gap between disease mechanisms and functional amyloids.
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Abstract: The three GxxxG repeating motifs from the C-tefminal
region of amyloid-beta (AB) peptide play a significantgrole in

aggregation pathway. Notably, the conformational changes induci
by the Gly** and Gly* mutation result in a significantly redyced

direct structure-function correlation. T
can be a promising strategy to prevent
associated with Alzheimer's and ,other related di
type Il diabetes and Parkinson’s.

Introduction

The self-association of Amyl
known to be f{

eta (AB) peptides has been
Alzheimer's Disease (AD)
ades of research on the
chers are still skeptical
hcity correlation. Although the recent
jcity have shifted the focus towards
ich have long been considered as
sis and cannot be ruled out as
evidences pertaining to them are still coming along.” * A deeper
understanding of the molecular mechanisms and pathways

self-aggregation remains a great challenge to
current sci®nce. Over the years, independent studies have
identified the central (K16-G25) and the C-terminal region (K28-
G37) play a vital role in AB self-assembly.? > ® Several of these
have often highlighted a significance of the GxxxG
ting motif from the C-terminus.” ® The GxxxG motif is a
ently occurring sequence in trans-membrane proteins and
me soluble proteins that contain at least one a-helix.”! The
our residue separation aligns the Gly residues in a GxxxG motif
to lie on one face of the helix, and has been reported to stabilize
the helix-helix association and the folded state of proteins.® '
The lack of side chain in Gly allows the two helices to come into
close proximity, and the dimer is thought to be stabilized by van
der Waals interactions."""! The B-branched amino acids such as
lle, Val, and Thr that frequently occurs at the neighbouring
positions, facilitates Gly to acts as a molecular notch that further
strengthens the helix-helix interactions.""! It has also been
reported that AxxxG has a similar effect to the GxxxG motif.”!
Studies have shown that Gly—Leu mutation in these motifs
affect amyloid precursor protein dimerization, processing, and
subsequent AR production.”” These motifs were suggested to
have significant impact on B-sheet formation and the associated
neurotoxicity.”? Before converting into B-sheet, AR adopts an
antiparallel B-hairpin structure at the G*LMVG®’ region."'? Thus,
mutation in this segment could favor oligomerization, and
subsequent fibrillation. A comprehensive understanding of the
system is necessary for a possible structure-function correlation
of AB pathogenesis. However, the mechanistic insight into this
segment-specific aggregation resulting in the
structured/unstructured aggregates remains elusive.
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ABSTRACT: Alzheimer’s disease (AD) is a severe neurodegenerative disorder \ Mombrane |
caused by abnormal accumulation of toxic amyloid plaques of the amyloid-beta Eﬁ?/\ o O ;’% o

{ pS -

(Ap) or the tau proteins in the brain. The plaque deposition leading to the
collapse of the cellular integrity is responsible for a myriad of surface phenomena  monaien
acting at the neuronal lipid interface. Recent years have witnessed dysfunction of
the blood—brain barriers (BBB) associated with AD. Several studies support the
idea that BBB acts as a platform for the formation of misfolded Af peptide,
promoting oligomerization and fibrillation, compromising the overall integrity of
the central nervous system. While the amyloid plaque deposition has been known ‘
to be responsible for the collapse of the BBB membrane integrity, the causal effect M
relationship between BBB and A8 amyloidogenesis remains unclear. In this study, (eligomers)
we have used physiologically relevant synthetic model membrane systems to gain

atomic insight into the functional aspects of the lipid interface. Here, we have used

a minimalist BBB mimic, POPC/POPG/cholesterol/GM1, to compare with the native BBB (total lipid brain extract (TLBE)), to
understand the molecular events occurring in the membrane-induced Af,, amyloid aggregation. Our study showed that the two
membrane models accelerated the Af,, aggregation kinetics with differential secondary structural transitions of the peptide. The
observed structural transitions are defined by the lipid compositions, which in turn undermines the differences in lipid surface
phenomena, leading to peptide induced cellular toxicity in the neuronal membrane.

ol

e A

Ay
(protofibrils)

KEYWORDS: Amyloid beta, blood—brain barrier, total brain lipid extract, NMR, relaxation, fluorescence, protein aggregation

B INTRODUCTION pathway.® This indicates the functional involvement of the
peptide—lipid interface in the progressive neurodegeneration

Alzheimer’s disease (AD) is considered to be one of the top
associated with AD. This functional interface is very crucial for

ten leading causes of death worldwide.' According to a recent

survey on AD, more than 46.8 million people from all over the targeted therapeutic intervention and to carry out fundamental
world have become the victim of this deadly disease.” AD, like research to identify the peptide—lipid interacting domains at
the other progressive neurodegenerative disorders, such as atomic resolution. Numerous research studies have been
Parkinson’s, and Huntington’s Disease, is caused by accumu- performed to gain a greater understanding of the mechanism
lation of misfolded proteins in the brain tissue, which of membrane-mediated amyloidogenesis and the resultant
ultimately drives the pathogenesis. As per the “Amyloid neurotoxicity.6_8 However, the diversity of the membrane
cascade hypothesis”, under nonidyllic environment, patho- components and the different proportions of individual lipids
logical amyloid precursor protein (APP; a large trans- in the natural membranes associated with the brain have been a

membrane receptor protein) processing by a group of enzymes
(f- and y-secretase) yields the aggregation-prone 40/42
residues long amyloid-beta peptides (Ap,0/Ap,,), which are
unable to fold correctly (Figure 1A).” The cell’s quality control
machinery professionally eliminates most of the peptides;*’
nevertheless, these amyloids somehow evade the system and
undergo rapid deposition in the form of insoluble, neurotoxic
amyloid plaques (nanoscale aggregates of A} along with hyper-
phosphorylated tau proteins), in several regions of the cerebral
neutrophils and vasculature.

Several studies have provided evidence for the membrane
surfaces to serve as an important scaffold for the aggregation

big hurdle in the progress of most lipid—peptide interaction
studies. Native membrane’s complexity has restricted the
construction of even a simplified in-vitro model to study the
complex phenomenon associated with Af amyloidogenesis
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ABSTRACT: Solvent dynamics strongly induce the fibrillation of an
amyloidogenic system. Probing the solvation mechanism is crucial as it
enables us to predict different proteins’ functionalities, such as the aggregation
propensity, structural flexibility, and toxicity. This work shows that a
straightforward NMR method in conjunction with phenomenological models
gives a global and qualitative picture of water dynamics at different
concentrations and temperatures. Here, we study amyloid system A$40 and
its fragment AV20 (A21-V40) and G37L (mutation at Gly37 — Leu of
AV20), having different aggregation and toxic properties. The independent
validation of this method is elucidated using all-atom classical MD simulation.
These two state-of-the-art techniques are pivotal in linking the effect of solvent
environment in the near hydration-shell to their aggregation nature. The time-
dependent modulation in solvent dynamics probed with the NMR solvent

Intermediate
i & A o

relaxation method can be further adopted to gain insight into amyloidogenesis and link with their toxicity profiles.

KEYWORDS: Amyloidogenesis, solvent relaxation, amyloid beta, classical simulation, toxicity, hydration-dynamics

1. INTRODUCTION

Solvent dynamics play a crucial role in governing the structural
and functional architecture of biomolecules." The impact of
solvent in physical behavior is mediated through system
energetics; however, the exact role remains an unsolved puzzle.
Water, being a major solvent component, controls the
dynamics, conformation, and stability (referred to as a
structure—function relationship).”* Proteins are evolutionarily
edited biological polymers known to undergo intramolecular
and intermolecular phase transitions.® Their structural
evolutions are critical to the functionality of many intrinsically
disordered proteins (IDPs).” In particular, the conformational
transitions induced by the interplay between protein and water
drive the macro-systemic changes. In the early phase, proteins
are in monomeric conformation and impart strong interaction
with solvent water through the hydrophilic segments.4’6’7 The
synergistic effect between protein intermolecular interactions
and solvation leads to structural perturbation, which in turn
exposes the hydrophobic region and decreases the solvent
accessible surface area.® Successively, the propensity toward

aggregation leads to fibrillation through different intermediate- Received: April 22, 2021 N e 4‘
stages.” This includes the formation of protein-rich droplets, Accepted: July 7, 2021 27
protofibril, and fibril induced by time-dependent changes in Published: July 22, 2021 \\:#/(
solvent—solute interaction.”'” The solvent’s motional behavior /‘>§::/’
depends on the aggregation pathway, chemical nature, and T

architecture of the macromolecular systems to be observed (at

© 2021 American Chemical Society
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different intermediate stages) and thus varies from system to
system.

High-resolution NMR spectroscopy offers several compel-
ling experimental tools to probe protein—water interactions.
Most of these experiments are involved in probing the interface
from the protein side, such as phase modulated CLEAN
chemical EXchange spectroscopy (CLEANEx), hydrogen/
deuterium (H/D) exchange, and intermolecular 'H—'H
nuclear Overhauser effects (NOEs),"'™'° whereas the rest
only monitor the water. The most common tool that belongs
to this class is the magnetic relaxation dispersion (MRD)
experiment on the quadrupolar nuclei, i.e,, *H and 7O of the
water pool.'*'®'” Further, it is also possible to monitor water
exchange by measuring the line width of '”O water resonance
of external water.'® Nevertheless, these NMR techniques have
drawbacks that restrict us from the real-time monitoring
dynamics of water. First, these experiments are technically
complicated and have a longer experimental time (of the order
of ~h). Thus, the parameters extracted by these methods are
time-averaged properties of the solvent—solute system. Second,

https://doi.org/10.1021/acschemneuro.1c00262
ACS Chem. Neurosci. 2021, 12, 2903-2916
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Synthetic antibodies hold great promise in combating diseases, diagnosis, and a wide range of biomedical
applications. However, designing a therapeutically amenable, synthetic antibody that can arrest the aggregation
of amyloid-B (AB) remains challenging. Here, we report a flexible, hairpin-like synthetic paratope (SP1, ~2 kDa),
which prevents the aggregation of AB monomers and reverses the preformed amyloid fibril to a non-toxic
species. Structural and biophysical studies further allowed dissecting the mode and affinity of molecular
recognition events between SP1 and AB. Subsequently, SP1 reduces AB-induced neurotoxicity, neuronal

Received 8th August 2020 . ) _— . .
Accepted 22nd December 2020 apoptosis, and ROS-mediated oxidative damage in human neuroblastoma cells (SH-SY5Y). The non-toxic
nature of SP1 and its ability to ameliorate hippocampal neurodegeneration in a rat model of AD demonstrate its
DOI: 10.1039/d0sc04379f ' . . . . - . . ’
therapeutic potential. This paratope engineering module could readily implement discoveries of cost-effective

rsc.li/chemical-science molecular probes to nurture the basic principles of protein misfolding, thus combating related diseases.

Introduction

The deposition of amyloid fibrils has consequences with
numerous protein-misfolding diseases, including Alzheimer's,
Parkinson's, and Huntington's disease, Prion diseases, and
type-2 diabetes."” The detailed molecular mechanism of Alz-
heimer's disease (AD) is not intelligible yet. However, growing
shreds of evidence suggest that the aggregation of amyloid-
B peptide (AB) from native non-toxic monomers to highly toxic
amyloid fibrils in the extracellular space and formation of
neurofibrillary tangles (NFTs) in neurons are the principal
hallmarks for the pathogenesis of AD.>* In the past two decades,
numerous strategies have been exercised to find a cure for AD.’
These strategies involve metal chelators, nanoparticles, the
amyloidogenic core region (KLVFF)*® or other fragments of the
AB  peptide,>® chemical chaperones,'*** peptide-based
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inhibitors,***¢ small molecules,>'” and conformation-selective
antibodies.”®' Antibody-based drug design is the most
intriguing as antibodies engulf and eliminate the toxic AP
species. Besides, antibodies have demonstrated the scope and
potential of immunotherapy. Nevertheless, they are associated
with severe adverse effects such as Fc-mediated pro-
inflammatory immune responses. Recently, affibodies**>*
have shown prevention of the self-aggregation of Ap by encap-
sulating the AB peptide and reducing pro-inflammatory
immune responses, which led to a novel therapeutic approach
against AD."**” Among the mentioned strategies, a rationally
designed, short peptide from a self-aggregation site of AP
showed promising results even in clinical trials with superior
bioavailability and less toxicity.>**

Here, we aimed to construct an explicitly designed synthetic
paratope inspired by a peptide fragment of AB that could poten-
tially be a clinical candidate for targeting AB. A paratope is a part of
an antibody known to recognize the epitope region of an antigen
selectively.”®** The knowledge from prior investigations by our
group and numerous reports has empowered us to construct
a flexible, parallel B-hairpin-like synthetic paratope (SP1, Fig. 1a
and b). The size of the designed SP1 is smaller than that of any
existing antibody and affibody. We explored its efficiency in
binding to AP using various spectroscopic techniques. The atomic-
scale mechanistic study by NMR dissected the recognition mech-
anism. We show that SP1 remarkably disaggregates the preformed
AR aggregates and potentially dissolves AP plaques through
different in vitro studies. Besides, SP1 reduces AB,, induced cyto-

toxicity, oxidative stress-mediated apoptotic events, and

Chem. Sci., 2021, 12, 2853-2862 | 2853
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Targeting amyloidosis requires high-resolution insight into the underlying mechanisms of amyloid
aggregation. The sequence-specific intrinsic properties of a peptide or protein largely govern the
amyloidogenic propensity. Thus, it is essential to delineate the structural motifs that define the
subsequent downstream amyloidogenic cascade of events. Additionally, it is important to understand the
role played by extrinsic factors, such as temperature or sample agitation, in modulating the overall
energy barrier that prompts divergent nucleation events. Consequently, these changes can affect the
fibrillation kinetics, resulting in structurally and functionally distinct amyloidogenic conformers
associated with disease pathogenesis. Here, we have focused on human Islet Polypeptide (hIAPP)
amyloidogenesis for the full-length peptide along with its N- and C-terminal fragments, under different
temperatures and sample agitation conditions. This helped us to gain a comprehensive understanding of
the intrinsic role of specific functional epitopes in the primary structure of the peptide that regulates

Received 9th April 2022,
Accepted 2nd September 2022

amyloidogenesis and subsequent cytotoxicity. Intriguingly, our study involving an array of biophysical
experiments and ex vivo data suggests a direct influence of external changes on the C-terminal
fibrillating sequence. Furthermore, the observations indicate a possible collaborative role of this segment
in nucleating hIAPP amyloidogenesis in a physiological scenario, thus making it a potential target for

DOI: 10.1039/d2cp01650h

rsc.li/pcecp future therapeutic interventions.

1. Introduction

Protein misfolding and subsequent amyloid formation is allied
with the pathology of a wide range of human diseases, including
Alzheimer’s, Parkinson’s, type-2 diabetes, Huntington’s disease,
etc.'™ Human islet amyloid polypeptide (hIAPP) is a 37-residue
peptide implicated in type-2 diabetes resulting from aggregation
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under certain conditions.”” With regards to the growing pre-
valence of diabetes worldwide, it is increasingly important to
gain mechanistic insight into hIAPP amyloidosis.*** For a
comprehensive understanding of the mechanism of hIAPP
aggregation, it is imperative to consider the aggregation-
prone domains within the hIAPP sequence. Over the years,
emphasis has been given to discovering the residues crucial for
hIAPP fibrillation. For example, the N-terminal hIAPP;_,, frag-
ment has been found to form fibrils with similar properties to
hIAPP where Phel5 is required for stabilizing an on-pathway
o-helical dimer.'*'®> Recent studies have revealed a crucial
region spanning the residue stretch, L;,ANFLVH;g associated
with hIAPP aggregation.'*'® Despite the fact that this segment

This journal is © the Owner Societies 2022
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The misfolding and subsequent amyloidogenic aggregation of the Amyloid B (AB) peptide and Tau protein
has been recognized as the major hallmark in Alzheimer's disease pathophysiology. Therefore,
understanding the molecular architecture of amyloid fibrils under various conditions is essential for
developing therapeutic interventions. Over the decades, several parallel studies around the globe have
been focusing on defining novel therapeutic target motifs. However, the highly dynamic attributes of the
functional intermediates have stymied much of the progress in gaining crucial structural information.
Mevertheless, high-resolution solid- and solution-state NMR spectroscopy have served as an indispensable
means to gain essential insight into the structure-function correlation prompting innumerable studies to
define newer therapeutic strategies. In this chapter, we have mainly focused on the structural
characteristics of AB and Tau aggregates as obtained mostly from the NMR perspective. Further, careful
experimental planning could guide us to uncover the complex stages of amyloid aggregation, focusing on
transient intermediates. This would, in turn, reveal efficient target motifs for effective therapeutic
interventions.
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Abstract: Ap (1-40) can transfer from the aqueous phase to the bilayer and thus form stable ion-
channel-like pores where the protein has alpha-helical conformation. The stability of the pores is
due to the presence of the GXXXG motif. It has been reported that these ion-channel-like pores
are stabilized by a Ca—H---O hydrogen bond that is established between a glycine of the GXXXG
sequence of an alpha-helix and another amino acid of a vicinal alpha-helix. However, conflicting
data are reported in the literature. Some authors have suggested that hydrogen bonding does
not have a stabilizing function. Here we synthesized pentapeptides having a GXXXG motif to
explore its role in pore stability. We used molecular dynamics simulations, quantum mechanics, and
experimental biophysical techniques to determine whether hydrogen bonding was formed and had a
stabilizing function in ion-channel-like structures. Starting from our previous molecular dynamics
data, molecular quantum mechanics simulations, and ATR data showed that a stable ion-channel-like

1

pore formed and a band centered at 2910 cm ™" was attributed to the interaction between Gly 7 of an

alpha-helix and Asp 23 of a vicinal alpha-helix.

Keywords: Af3; ion-channel-like; pore; membrane; toxicity; FTIR-ATR; quantum mechanics; AFM;
hydrogen bond

1. Introduction

Protein misfolding and assembly are complex, intertwined processes resulting in the
development of a heterogeneous population of aggregates closely related to many chronic
pathological conditions, including type 2 diabetes mellitus (T2DM) [1], Parkinson’s disease
(PD) [2], and Alzheimer’s disease (AD) [3]. Proteins associated with these diseases are
called intrinsically disordered proteins (IDPs) because they do not have a well-defined
tertiary structure but explore a large conformational space ensemble [4]. IDPs can also cause
membrane damage, which is crucial in the pathogenesis of protein-misfolding diseases. To
develop effective drug candidates against these diseases, a comprehensive understanding
of the molecular mechanism by which IDPs disrupt the membrane is imperative. Based
on biophysical data, three models of the so-called amyloid cascade hypothesis that are
compatible with membrane damage have been developed [5]. From a kinetic point-of-view,
in the first stage, the generation of a stable transmembrane ion-channel-like pores was
detected (poration mechanism), and sequentially, membrane destabilization via a “carpet
model” or phospholipid removal from the bilayer by a detergent-like mechanism [6]. In ad-
dition, a molecular mechanism that describes the transfer of IDPs from the aqueous phase

Int. . Mol. Sci. 2023, 24, 2192. https:/ /doi.org/10.3390/ijms24032192
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The pursuit of a novel structural motif that can shed
light on the key functional attributes is a primary focus in the study
of protein folding disorders. Decades of research on Alzheimer’s
disease (AD) have centered on the Amyloid § (Af) pathway,
highlighting its significance in understanding the disorder. The
diversity in the Af pathway and the possible silent tracks which are
yet to discover, makes it exceedingly intimidating to the
interdisciplinary scientific community. Over the course of AD
research, Af has consistently been at the forefront of scientific
inquiry and discussion. In this review, we epitomize the role of a
potential structural motif (GxoxG motif) that may provide a new
horizon to the Af conflict. We emphasize on how comprehensive
understanding of this motif from a structure—function perspective
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may pave the way for designing novel therapeutics intervention in AD and related diseases.
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toxicity

Alzheimer’s disease (AD) is a severe neurodegenerative
disorder, characterized by progressive impairment of cognitive
function and memory loss. To date, there are over 45.0 million
AD cases worldwide, enlisting it as the fifth most prevalent
cause of death on a global scale and the number is growing at
an alarming rate.' By 2050, the number of individuals with
dementia is expected to cross over 120 million.” On top of
that, the emotional and financial burden on patients, their
families, and communities are enormous. Although over 25
amyloid-forming proteins have been identified and linked to
various severe diseases, AD stands out as the most important of
them.” This distinction arises from its extensive prevalence
within the aging population, highlighting its prominence as a
significant global health concern. The landscape of AD and
dementia-related mortality is intricate, with numerous
confounding factors contributing to the overall picture,
including age, gender, advanced disease severity, and comorbid
conditions such as diabetes, hypertension, coronary artery
disease, and cerebrovascular disease. Comprehending the
intricate interplay between disease severity and mortality is
indispensable for predicting long-term outcomes and evaluat-
ing the effectiveness of novel therapeutic interventions. Given
the extended timeframes involved, assessing these long-term
effects often presents challenges within the framework of
randomized controlled trials. As of now, the accumulation of

© XXXX The Authors. Published by
American Chemical Society
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amyloid-beta (Af3) peptide into extracellular amyloid plaques is
considered to be the distinct morphological hallmark of
AD."™® However, the in-depth molecular mechanism of Af
pathway driving AD pathogenesis is still unclear. Over the
years, significant findings on the proteolytic processing of
amyloid precursor protein (APP),”~'* potential evidence of
highly toxic transient A3 oligomers,">~"” and presence of high
degree of polymorphism ™" in fibril structures have created
an intricate scenario.

In this rapidly evolving landscape, the conserved GxxxG
motifs present in the C-terminus of Af appears to be a
noteworthy target. Here, we present a systematic and cross-
disciplinary state-of-the art update of the translational research
based on biophysical, structural, and cellular data that
substantiate the crucial role of well-designed GxxxG motifs in
the biological spectrum of Af40/42. We provide a
comprehensive and evidence-based overview of recent
developments in the understanding of the regulatory role
played by the GxxxG motif at different temporal scales. Lastly,
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ARTICLE INFO ABSTRACT

Keywords: Amyloidogenesis, with its multifaceted nature spanning from peptide self-assembly to membrane-mediated

SVD structural transitions, presents a significant challenge for the interdisciplinary scientific community. Here, we

i pr‘;gﬁlm ) emphasize on how Singular Value Decomposition (SVD) can be employed to reveal hidden patterns and domi-
AEZ)OI ogenesis nant modes of interaction that govern the complex process of amyloidogenesis. We first utilize SVD analysis on
hIAPP Circular Dichroism (CD) spectral datasets to identify the intermediate structural species emerging during

peptide-membrane interactions and to determine binding constants more precisely than conventional methods.
We investigate the monomer loss kinetics associated with peptide self-assembly using Nuclear Magnetic Reso-
nance (NMR) dataset and determine the global kinetic parameters through SVD. Furthermore, we explore the
seeded growth of amyloid fibrils by analyzing a time-dependent NMR dataset, shedding light on the kinetic
intricacies of this process. Our analysis uncovers two distinct states in the aggregation of Ap40 and pinpoints key
residues responsible for this seeded growth. To strengthen our findings and enhance their robustness, we validate
those using simulated data, thereby highlighting the physical interpretations derived from SVD. Overall, SVD
analysis offers a model-free, global kinetic perspective, enabling the selection of optimal kinetic models. This
study not only contributes valuable insights into the dynamics but also highlights the versatility of SVD in

unravelling complex processes of amyloidogenesis.

1. Introduction

Protein misfolding and subsequent amyloid accumulation is associ-
ated with a variety of human disorders, including Alzheimer’s, Parkin-
son’s, and type 2 diabetes, among others. [1-6] Understanding the
mechanisms that underlie amyloidogenesis is of utmost significance, [7]
given the increasing prevalence of these disorders and their profound
impact on human health. [8] Typically, the process of amyloidogenesis
involves an array of steps that results in the self-association of unfolded
or partially folded protein/peptides, which eventually leads to the
development of p-sheet rich mature fibrils. [9,10] Initially, during lag
phase, the monomers undergo conformational transitions that give rise
to oligomeric intermediates. These short-lived structures rapidly evolve
into proto-fibrillar species during an exponential growth phase, even-
tually giving rise to well-defined fibrillar structures. Another key aspect
to this multifaceted disorders is the process of seeded growth, where pre-
existing aggregates catalyze the assembly of new fibrils. [11,12] This
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process not only underscores how aggregates act as templates but also
highlights their ability in propagating pathological protein assembly.
[13] The interplay between different amyloid proteins or their frag-
ments are equally significant, which shapes the diverse landscapes of
amyloid disorders, from structural diversity to complex aggregation
pathways. [14-16] Additionally, amyloidogenic peptide’s ability to
interact with cellular membranes has also created significant attention
as a pivotal step in the progression of amyloidosis. [17-19] While recent
experimental findings have shifted the focus towards the crucial role
played the oligomeric intermediates in cellular toxicity, the effect of
lipid bilayer in this regard is quite diverse. Depending on the lipid
compositions, cell membrane can accelerate or modulates aggregation
rate and results in structural polymorphism. However, the intrinsic
ability of toxic oligomers in disrupting lipid bilayer or in forming ion-
channel-like pores that eventually leads to cellular dysfunction ap-
pears to be most striking. [20] Nonetheless, the intricate interplay be-
tween processes like self-assembly, cross-assembly, seeded growth, and
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