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Preface 

The entitled thesis “Structural and mechanistic insights of amyloid protein and designed inhibitor 

interaction in presence or absence of membrane interface” intended to be submitted by the investigator, 

Ranit Pariary, under the supervision of Prof. Anirban Bhunia, in the Department of Chemical Sciences, 

Bose Institute, Unified Campus, Kolkata-700091, India, for the Ph.D. (Sc.) degree in the Jadavpur 

University, is summarized below. 

CHAPTER 1 

Chapter 1 is a review of the literature and covers a brief introduction of the amyloid proteins and therapeutic 

agents to combat amyloid disease in presence and absence of membrane interface. 

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

Pariary, R., Bhattacharyya, D. and Bhunia, A., 2019. Mitochondrial-membrane association of α-synuclein: 

Pros and cons in consequence of Parkinson's disease pathophysiology. Gene Reports, 16, p.100423. 

CHAPTER 2 

Chapter 2 describes the small molecules serve as an inhibitor as well as fibril disaggregator to prevent 

insulin amyloidogenesis. Firstly, our studies show Coomassie Brilliant Blue G-250 as a promising chemical 

chaperone that stabilizes the α-helical native insulin conformers, disrupting their aggregation. Furthermore, 

it also increases the insulin secretion. This multipolar effect coupled with its non-toxic nature could be 

useful for developing highly bioactive, targeted and biostable therapeutic insulin. 

Here, we also report another novel amphiphilic molecule called PAD-S, which acts as a chemical chaperone 

and completely inhibits fibrillation of insulin and its biosimilars. PAD-S is non-toxic and protects cells 

from insulin amyloid induced cytotoxicity. Notably, PAD-S successfully disintegrated preformed insulin 

fibrils to non-toxic smaller fragments. Since the structural and mechanistic features of amyloids are 

common to several human pathologies, the understanding of the amyloid disaggregation activity of CBBG 

and PAD-S will inform the development of small molecule disaggregators for other amyloids. 

This chapter has been adapted from the following publications: 

(A) Pariary, R., Dolui, S., Shome, G., Mohid, S.A., Saha, A., Ratha, B.N., Harikishore, A., Jana, K., 

Mandal, A.K., Bhunia, A. and Maiti, N.C., 2023. Coomassie brilliant blue G-250 acts as a potential 

chemical chaperone to stabilize therapeutic insulin. Chemical Communications, 59(52), pp.8095-8098. 

(B) Das, A., Gangarde, Y.M., Pariary, R., Bhunia, A. and Saraogi, I., 2022. An amphiphilic small molecule 

drives insulin aggregation inhibition and amyloid disintegration. International Journal of Biological 

Macromolecules, 218, pp.981-991. 



 

CHAPTER 3 

Chapter 3 describes that small peptides can effectively target amyloidogenesis serving as an efficient 

therapeutic alternative in the amyloidogenic disorder. The structural uniqueness of the PWWP motif in the 

de novo designed heptapeptide, KR7 (KPWWPRR-NH2) was demonstrated to target insulin fiber 

elongation specifically. By working on Insulin, an important model system in amyloidogenic studies, we 

gained several mechanistic insights into the inhibitory actions at the protein- peptide interface. Here, we 

report a second-generation non-toxic and serum stable cyclic peptide, based primarily on the PWWP motif 

that resulted in complete inhibition of insulin fibrillation both in the presence and absence of the model 

membranes. Using both low- and high-resolution spectroscopic techniques, we could delineate the specific 

mechanism of inhibition, at atomistic resolution. Our studies put forward an effective therapeutic 

intervention that redirects the default aggregation kinetics towards off-pathway fibrillation. Based on the 

promising results, this novel cyclic peptide can be considered an excellent lead to design pharmaceutical 

molecules against amyloidogenesis. 

This chapter has been adapted from the following publications: 

Pariary, R., Ghosh, B., Bednarikova, Z., Varnava, K.G., Ratha, B.N., Raha, S., Bhattacharyya, D., Gazova, 

Z., Sarojini, V., Mandal, A.K. and Bhunia, A., 2020. Targeted inhibition of amyloidogenesis using a non-

toxic, serum stable strategically designed cyclic peptide with therapeutic implications. Biochimica et 

Biophysica Acta (BBA)-Proteins and Proteomics, 1868(5), p.140378. 

CHAPTER 4 

Amyloidosis of amyloid-β (Aβ) triggers a cascade of events leading to oxidative damage and neuronal 

death. Therefore, inhibiting Aβ amyloidosis or disrupting the matured fibrils is the primary target to combat 

progressive Alzheimer's disease (AD) pathogenesis. Here, we undertake optimization strategies to improve 

the anti-amyloid efficiency of our previously reported NF11 (NAVRWSLMRPF) peptide. Among the 

series of peptides tested, non-toxic and serum-stable peptide 1 or P1 containing an anthranilic acid residue 

shows immense potential in not only inhibiting the Aβ42 amyloid formation but also disrupts the mature 

Aβ42 fibrils into non-toxic small molecular weight soluble species. Our studies provide high-resolution 

characterization for the peptide’s mechanism of action. With a binding affinity within micromolar range 

for both monomer and aggregated Aβ42, this α/β hybrid peptide can efficiently modulate Aβ amyloidosis, 

while facilitating the clearance of toxic aggregates, and impart protection from apoptosis. Thus, our studies 

highlight that the incorporation of a β-amino acid not only imparts protection from proteolytic degradation 

and improved stability, but also function effectively as a β breaker, redirecting the aggregation kinetics 

towards off-pathway fibrillation. 

 



 

This chapter has been adapted from the following publications: 

Pariary, R., Shome, G., Kalita, S., Kalita, S., Roy, A., Harikishoree, A., Jana, K., Senapati, D., Mandal, 

B., Mandal, A.K. and Bhunia, A., 2024. Peptide-Based Strategies: Combating Alzheimer's Amyloid Beta 

Aggregation through Ergonomic Design and Fibril Disruption. Biochemistry, (manuscript submitted). 

CHAPTER 5 

Amyloid proteins and peptides play a pivotal role in the etiology of various neurodegenerative diseases, 

including Alzheimer’s disease (AD). Synthetically designed small molecules /peptides / peptidomimetics 

show promise toward inhibition of various kinds of amyloidosis. However, exploration of compounds 

isolated from natural extracts having such potential is lacking. In chapter 5, we have investigated the 

repurposing of a traditional Indian medicine Lasunadya Ghrita (LG) in AD. LG is traditionally used to treat 

gut dysregulation and mental illnesses. Various extracts of LG were obtained, characterized, and analyzed 

for inhibition of Aβ aggregation. Biophysical studies show that the water extract of LG (LGWE) is more 

potent in inhibiting Aβ peptide aggregation and defibrillation of Aβ40/Aβ42 aggregates. NMR studies 

showed that LGWE binds to the central hydrophobic area and C-terminal residues of Aβ40/Aβ42, thereby 

modulating the aggregation, and reducing cell membrane damage. Additionally, LGWE rescues Aβ toxicity 

in neuronal SH-SY5Y cells evident from decreases in ROS generation, membrane leakage, cellular 

apoptosis, and calcium dyshomeostasis. Notably, LGWE is non-toxic to neuronal cells and mouse models. 

Our study thus delves into the mechanistic insights of a repurposed drug LGWE with the potential to 

ameliorate Aβ induced neuroinflammation. 

This chapter has been adapted from the following publications: 

Pariary, R., Shome, G., Dutta, T., Roy, A., Misra, A.K., Jana, K., Rastogi, S., Senapati, D., Mandal, A.K. 

and Bhunia, A., 2024. Enhancing Amyloid Beta Inhibition and Disintegration by Natural Compounds: A 

Study utilizing Spectroscopy, Microscopy and Cell Biology. Biophysical Chemistry, (manuscript under 

review). 
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1 

Chapter 1 

1. A brief introduction of Amyloid Diseases and therapeutic 

development 

This chapter has been adapted partially from the following publication: 

Pariary, R., Bhattacharyya, D. and Bhunia, A., 2019. Mitochondrial-membrane association of α-

synuclein: Pros and cons in consequence of Parkinson's disease pathophysiology. Gene Reports, 

16, p.100423. 

1.1 Protein misfolding and amyloid fibril formation 

Proteins, which serve diverse functions in all organisms, require precise folding to maintain their 

specific three-dimensional structure for optimal functioning. The primary structure of protein is 

defined as the unique arrangement of amino acids joined by peptide bonds into a polypeptide chain. 

The secondary structural components, α-helix and β-sheet are constructed by hydrogen bonds 

formed between the carbonyl oxygen and the amino hydrogen of the polypeptide backbone. These 

components are further organized to produce overall three-dimensional protein shape, from which 

the tertiary and quaternary structures emerge. The native states adopted by proteins define the most 

thermodynamically stable structure under physiological conditions. The inability of any specific 

peptide or protein to  retain its native functional and conformational state may lead to manifestation 

of a wide range of diseases in humans 1. One such case is amyloidosis, an abnormal accumulation 

of misfolded proteins in tissues that further impairs tissue and organ function. Amyloid fibrils are 

mostly found in the extracellular area, while intracellular inclusion is not uncommon 2. This 

phenomenon has been linked to a variety of age-related pathological conditions, including 

neurodegenerative and metabolic disorders. Amyloid is associated to the transformation of some 

peptides or proteins from their soluble functional forms into insoluble states of higher order 

fibrillar aggregates 3. These non-branching fibrils are held together by intermolecular contacts 

between β-strands that align orthogonally to the fibril axis to produce cross-β conformations 4. 

However, EM and AFM studies have also shown the fibrils are composed of several parallel thin 

protofilaments, range in width from 2.4 to 6 nm 5. 
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 The kinetics involved during amyloid fibrillation is a complex process in which the aggregation 

of misfolded proteins leads to insoluble toxic fibrils. A protein with a specific core sequence is 

frequently used to create a unique amyloid fibril. The structure is very repetitive, and the same 

interprotein interactions stabilize the strands over the fibril's length. Thioflavin T, a unique dye 

 

that excites at 440 nm and emits at 480 nm, may bind to the amyloid β-sheet region and create 

intense fluorescence 6. The first-order kinetics of fibril formation follows a nucleation-dependent 

self-assembly mechanism with sigmoidal growth kinetics (Figure 1.1) 7. To induce fibril 

formation, the native folded protein/peptide must be unfolded or misfolded that are prone to 

aggregation. The conventional fibril formation process begins with forming a nucleus during the 

lag phase in which newly formed monomers react with one another to produce oligomers (Figure 

1.1). Following that, oligomers form photofibrils, and rapid fibril growth is observed during the 

elongation phase (Figure 1.1). Finally, in a saturation phase, most soluble proteins/peptides are 

Figure 1.1. A characteristic sigmodal curve for amyloid fibril formation. The curve is generally 

segmented into three phases: the initial lag phase, the elongation or growth phase, and the final 

saturation plateau. A monomer transforms into an oligomer, then into a protofibril, and finally 

produces a fibril. 
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transformed into fibrils and the process reaches equilibrium (Figure 1.1). The main factors 

affecting amyloid aggregation kinetics are the initial concentration, temperature, pH, ionic 

strength, salt, mutation, preformed fibrils or seeded elements, and foreign molecules. 

Homogeneous nucleation occurs spontaneously, but heterogeneous nucleation is facilitated by 

preformed or fragmented fibrils seed and surfaces. The presence of seeds can bypass the primary 

nucleation process by allowing fibril growth to be fast, resulting in a reduced or abolished the lag 

phase in amyloid formation 8. This may trigger a rapid accumulation of amyloid aggregates, which 

are thought to be the fundamental cause of many neurodegenerative disorders.   

1.2. Metabolic disorder: Insulin-derived amyloidosis 

1.2.1. Overview    

Insulin is a 51-residue long protein hormone secreted by the pancreatic β-cells that plays an 

important role in glucose metabolism, assisting in the maintenance of normal blood glucose levels. 

However, in diabetic patients, the body either produces inadequate insulin or is unable to use the 

insulin that is produced efficiently, resulting in impaired blood glucose levels. The last resort in 

the treatment of Diabetes included insulin infusion into patients. However, repeated Insulin 

injections can result in insulin-derived amyloidosis, a condition in which amyloid protein 

accumulates under the skin and develops the subcutaneous mass at the site of injection 9. These 

deposits commonly known as the "insulin ball’’ 10, pose challenges in diagnosing systemic 

amyloidosis in individuals with diabetes. Insulin fibrilization results in poor penetration of 

functional insulin, decreasing insulin potency, and triggering a negative immune response in 

diabetic patients 11. Further, insulin amyloid aggregates can cause local tissue inflammation and 

complications at injection sites. Insulin forms amyloid intermediates throughout the 

manufacturing, purification, long-term storage and transportation processes. In some 

circumstances, such as while undergoing insulin treatment for diabetes, the injected insulin may 

experience structural changes and form amyloid fibrils. 

In a kinetic model of insulin fibrillation, four types of species are usually generated; (a) hexamer 

which is comprised of six monomers or three dimers and stabilized by Zn2+, (b) monomer, (c) 

cluster, (d) fibril 12. The rate-determining step in the aggregation process is the association of 

insulin monomers to form a nucleus. During the kinetics of insulin fibrillation, there is a lag phase 

that is characterised by the transition of the insulin hexamer into partly unfolded monomers, which 
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then associate to form a nuclear structure. The reported kinetic mechanism comprises of three 

distinct stages: hexamer disintegration, nucleation process, and fibrillation stage 13.  

1.2.2. The structure of Insulin 

The monomer consists of a 21-residue A chain and a 30-residue B chain connected by one intra-

chain and two inter-chain disulphide bonds. The A-chain consists of an N-terminal α-helix 

(residues A1–A8), followed by a noncanonical turn, a second helix (A12–A18), and a C-terminal 

segment (A19–A21) (Figures 1.2 A-B) 14. On the other hand, the B-chain exhibits an N-terminal 

segment (residues B1–B6), a type II β-turn (B7–B10), a central α-helix (B11–B19), a type I β-turn 

(B20–B23), and a C-terminal β-strand (B24–B28), which is extended by less well-ordered terminal 

residues B29 and B30 (Figures 1.2A-B) 14.  The extended region (residues B1-B8) at the N-

terminal of the B-chain in the T-state (tense) achieves α-helical structure in the R-state (relaxed) 

15. Nuclear magnetic resonance (NMR) derived structures of insulin and monomeric insulin 

analogues show that these structural components are preserved in solution 16. Insulin exists at 

 

Figure 1.2. Structure and amino acid sequence of insulin. (A) The secondary structure of 

insulin (PDB :1GUJ; illustrated in PyMOL). The A-chain (red) consists of two α-helices. The 

B-chain (blue) shows an α-helix flanked by random coil regions. (B) Surface view of A chain 

(red) and B chain (blue) of insulin. (C) The primary amino acid sequence of bovine insulin, 

human insulin and glargine insulin.  
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extremely low amounts as a monomeric unit, or the biologically active form. However, at higher 

concentrations, it rapidly converts into dimers and assembles into hexamers in the presence of zinc 

ions in solution at neutral pH.  The electrostatic repulsion between protonated histidine and Zn2+ 

ions at low pH facilitates the conversion of insulin hexamers into insulin dimers in the presence of 

Zn2+. At pH 2.0 and room temperature, insulin forms dimers, as confirmed by solution-state NMR  

14, 16a, 17 and X-ray crystallography 18. The native structures of three insulin variants bovine insulin 

(BI), human insulin (HI), and modified glargine insulin (GI) are addressed here (Figure 1.2C). It's 

noteworthy that specific residues, including ValB12, LeuB15, PheB24, and TyrB26, play a crucial 

role in the interaction of insulin with its receptor 19. However, PheB1, ValB2, GluB13, GlnB4, 

AlaB14, LeuB17, ValB18, CysB19, and GlyB20 from the insulin B-chain, and LeuA13, TyrA14, 

and GluA17 from the insulin A-chain, impart its activity in initiating insulin nucleus assembly. As 

reported by Ivanova et al., the core structure of insulin fibrils predominantly consists of the B-

chain residues LVEALYLV 20. 

 

1.2.3. Prevention of Insulin Aggregation 

 Inhibition of the aggregation process may be mediated by improving the stability of monomers, 

dimers, and hexameric states. The earliest approach of preventing insulin aggregation was to 

facilitate insulin self-association by adding metal ions such as Zn2+ or Ca2+ that stabilized the 

hexameric state of insulin 21. Currently, phenol, m-cresol, or both are included in significant 

concentrations, ranging from 29 to 32 mM or 2.7 to 3.2 mg/ml, as preservatives in commercial 

insulin formulations. Alternatively, there is a growing interest in targeting the inhibition of 

nucleating intermediates as an appealing therapeutic strategy in insulin and other amyloidogenic 

pathologies. In addition, stabilizing off-pathway intermediates may reduce the production of toxic 

oligomers.  Several small molecules, peptides, and macrocyclic are used as targeted interventions 

(Table 1.1). However, the primary limitation of these inhibitors is that none have advanced to 

clinical trials. Another, challenges abound in making insulin orally bioavailable, though a 

fundamentally different approach is being pursued with some progress. These studies underscore 

the necessity of substituting current excipients with new inhibitors that offer improved 

biocompatibility. 
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Table 1.1. Several reported inhibitors and their mode of action to inhibit insulin amyloidogenesis. 

INHIBITOR  CLASS OF 

COMPOUND 

MODE OF ACTION REF. 

CURCUMIN Polyaromatic Interaction with B-chain to inhibit 

insulin aggregation 

Rabiee et al., 

201322  

EGCG Polyaromatic Slowing down the denaturation and 

dissociation of insulin 

Wang et al., 

201223 

BSPOTPE tetraphenylene core 

and two sulfonate 

Binding with partially folded 

conformation 

Hong et al., 

201224 

ALIZARIN, 

PURPURIN 

 

 

anthraquinone  

 

   

Disintegrate mature insulin fibrils 

 

 

Wang et al., 

202125 

MORIN HYDRATE Flavonoid maintaining the native α-helical 

structure of insulin 

Patel et al., 

201826 

ROSMARINIC ACID Polyphenol Binding to a pocket on the  

surface of insulin dimer and prevent 

to thermal unfolding 

Zheng et al., 

201817b 

GELATIN Hydrogel Stabilized the native structure of 

insulin 

Jayamani et 

al., 201627 

M1 oligopyridylamide Disrupted fibril elongation Das et al., 

202028 

ASCORBIC ACID Monosaccharide       Disaggregates insulin fibrils Hsu et al., 

201829 

METHYLENE BLUE  Dye Inhibition of nucleus formation Mukherjee et 

al., 201830 

ORANGE G Dye Inhibition of amyloid fibril formation 

by binding to insulin monomer 

Patel et al., 

202231 

NK9 (NIVNVSLVK) Peptide Inhibiting insulin nucleation, 

reducing fibril formation 

Banerjee et 

al., 201332 

NL6 ((NFGAIL), 

NL6X (X C7H7NO2) 

Peptide Stabilized insulin in its native form 

by interacting with aggregation prone 

region of insulin B-chain. 

Ratha et al., 

201933 
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1.3. Neurodegenerative diseases 

1.3.1. Overview 

As global life expectancy rises, the emergence of age-related neurodegenerative disorders becomes 

a greater public health concern. A group of disorders characterized by the progressive degeneration 

of neurons is described by the broad term "neurodegenerative disease’’. It progressively impacts 

the structure and function of neurons in the brain. Alzheimer's disease (AD) and Parkinson's 

disease (PD) are two well-known neurodegenerative diseases that exhibit the same underlying 

pathogenesis. AD is a progressive neurodegenerative disorder, characterized by a gradual and 

irreversible loss of memory, cognitive function, and social skills. AD is a multifactorial disease 

linked to age, genetics, vascular diseases, infections, head injuries, and environmental factors (e.g., 

heavy metals) 39. As per literature survey, the condition affects 3% of those aged 65 to 74, 17% of 

people aged 75 to 84, and almost 50% of those aged 85 and higher 40. The neuropathology of 

Alzheimer's disease is characterized by several key features such as the accumulation of amyloid 

beta (Aβ) plaques, the development of neurofibrillary tangles (NFT), progressive neuronal loss, 

chronic inflammation and disruption of synaptic function. Amyloid precursor proteins (APP) are 

transmembrane glycoproteins with 695 to 770 amino acid residues that undergo proteolytic 

processing to form Aβ peptides. The peptides Aβ40 and Aβ42 are commonly associated with AD 

pathology, and they display predominance in the context of the disease. Over the past decade, 

KR7 (KPWWPRR) Peptide Targeted the fiber elongation step by 

binding with LVEALYL residues of 

insulin 

Ratha et al., 

201634 

IS1 (VYYR) Peptide Inhibit heat and storage-induced 

fibrillation of insulin 

Mukherjee et 

al., 202135 

CB[7] Cucurbituril Disrupted intermolecular contact 

after partial unfolding of insulin 

Lee et al., 

201436 

SCX4/6 Sulfonatocalixarene Encapsulation of the native insulin 

within the supramolecular cavity. 

Shinde et al., 

201637 

(SBE7B-CD) Sulfobutylether-β-

cyclodextrin 

Encapsulation of the insulin side 

chain within the supramolecular 

cavity and disintegrate mature fibrils. 

Shinde et al., 

201738 
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nucleation of amyloid β peptide (Aβ) aggregates on the surfaces of Aβ fibrils has emerged as a 

significant pathway. Initiated by a slow nucleation phase, Aβ monomers aggregate to form 

oligomeric nuclei. Subsequently, a rapid growth phase ensues, characterized by the addition of 

monomers, fibril formation, and their further growth. The aggregation of amyloidogenic proteins 

into soluble intermediate aggregates such as oligomers or proto fibrils and mature fibrils is 

associated with toxic effects on neuronal cells 41. The proposition of an inverse correlation between 

the size of soluble aggregates and their toxicity potency implies that larger soluble aggregates may 

possess comparatively lower levels of toxic effects than their smaller counterparts 41b. Aβ 

oligomers disrupt membranes, increase oxidative stress and induce dysfunction in cellular 

organelles, leading to toxicity. Aβ-induced neurotoxicity activates apoptosis signal-regulating 

kinase 1 (ASK1) through its generation of reactive oxygen species (ROS) 42. Further, PD is the 

most well-spread movement disorder and the second most common neurodegenerative disorder 

after AD 43. The disease is identified by motor disturbances such as resting tremor, rigidity, 

bradykinesia, and postural instability, prompted by the slow and progressive death of 

dopaminergic (DA) neurons from the substantia nigra 44. The SNCA locus from the fourth 

chromosome, encoding the α-synuclein protein is among the first loci recognized and identified to 

be associated with the autosomal dominant inherited form of PD. The disease 

 

Figure 1.3. The primary amino acid sequence and cartoon model of Aβ40 (PDB: 2LFM) and 

Aβ42 (PDB: 1IYT).  
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pathophysiology is almost always marked by the presence of dense cellular inclusions mainly 

composed of the amyloidogenic protein aggregates in the form of Lewy bodies in the DA neurons 

(commonly referred to as Lewy neurites). The hallmarks of PD-affected neurons involve similar 

evidence of excessive oxidative stress, protein damage, deposition in MAMs, and most 

importantly, mitochondrial dysfunction 45. The overexpression of α-synuclein complies with 

mitochondrial dysfunction promoting an impairment of complex-I activity, an increase in ROS 

production, and mitochondrial fragmentation. 

1.3.2. The structure of Aβ and α-synuclein 

In 1984, researchers first identified the primary amino acid sequence of Aβ from extracellular 

deposits and amyloid plaques 46 (Figure 1.3).  Aβ is generally considered to be intrinsically 

unstructured and, as a result, is challenging to crystallize using conventional methods. NMR 

spectroscopy, molecular dynamics (MD) techniques, and X-ray crystallography have been 

employed to determine the 3D solution structure of various fragments of the Aβ peptide. NMR 

simulations revealed distinct structural states between Aβ peptides Aβ40 and Aβ42 47. The Aβ40 

peptide has an α-helix shape from residues 15 to 36, with a kink or hinge at residues 25-27, while 

remaining unstructured between residues 1 and 14 48 (Figure 1.3). In contrast, The C-terminus of 

Aβ42 is highly structured, with residues 31-34 and 38-41 forming a β-hairpin that reduces the 

region's flexibility (Figure 1.3). The structural difference between Aβ42 and Aβ40 may be a key 

factor influencing the increased tendency of Aβ42 to form amyloid aggregates (Figure 1.3). 

      

Figure 1.4. Schematic representation of the primary protein structure of α-synuclein. The 

diagram shows the three segments of the protein and their uniqueness that dictates, in part, the 

protein's biological functioning. The N-terminal region (red) composed of the repeating 

amphipathic motifs is rich in cationic residues that underlie the membrane-affinity of the 

molecule. Interestingly, all of the known familial mutant forms of the protein lie in this region, 

thus, alternatively suggesting upon the critical role played by this segment in the protein's 

physiological functions. Figure is adapted with copyright permission from© 2019 Elsevier Inc.  
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The 140 amino acid long α-synuclein protein, encoded by the SNCA gene is divided into three 

distinct domains: (i) a positively charged N-terminal region (amino acids 1–60); (ii) the central 

fibrillating core (amino acid 61–95) that has a high propensity to aggregate 49; and (iii) a highly 

acidic C-terminal domain (amino acid 96–140) rich in proline and negatively charged the protein's 

propensity in binding to phospholipid vesicles 51. Interestingly, all these point mutations are 

reported in the N-terminal region of α-synuclein, suggesting the significance of this domain in the 

pathological dysfunction of α-synuclein 52 (Figure 1.4). The fibrillating core region of the molecule 

is marked by the central stretch of hydrophobic residues that have previously been shown to be the 

Non-Amyloid-β Component (NAC) in patients with AD 53. The NAC region has a high propensity 

for adopting β-sheet secondary structure conformation and is essential for aggregation 49, 54. The 

C-terminal is inherently unstructured with five prolines, making it more flexible 55. Formerly 

known to be responsible for maintaining the protein's solubility, the C-terminal remains free when 

associated with the membrane surfaces 56. This allowed subsequent studies that showed a 

phosphorylation-prone sequence that further affects the protein's natural physiological functions 

in association with biologically significant membranes 57.  

1.3.3. Inhibition of amyloid aggregation in neurodegenerative disease  

In AD and PD, targeting the aggregation of the Aβ peptide and α-synuclein protein has emerged 

as a valid therapeutic strategy 58. Several potent inhibitors were developed to inhibit amyloid 

formation, with a primary focus on enhancing the activity of self-recognition segments 

(L17VFFA21) within the Aβ 59. Alternatively, mutating the consecutive G29xxxG33xxxG37 motifs 

in the C-terminal domain with Leu or Ile significantly reduced Aβ40 and Aβ42 production 60. 

Similarly, α-synuclein repeat motifs (KTKEGV) was crucial for the amyloid aggregation process, 

and their disruption resulted in neurotoxicity resembling PD 61. Recent years have seen extensive 

efforts directed towards developing small molecules designed to inhibit Aβ and α-synuclein 

aggregation. Crossing the blood-brain barrier remains a major challenge even in this case, 

restricting small molecule therapeutic development for central nervous system targets 62. 

Numerous naturally occurring small molecules have been studied as inhibitors for Aβ and α-

synuclein. Natural products, with their various compositions and multiple health advantages, 

provide a viable option for identifying amyloid inhibitors with therapeutic potential. Several plant 

extracts and phytochemicals, including curcumin, quercetin, epigallocatechin-3-gallate, luteolin, 
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morin, delphinidins, resveratrol, oleocanthal, and others like huperzine A, azaphilones and 

limonoids have been reported for their therapeutic potential in neurological disorder 63. Scyllo-

inositol, (−)-epigallocatechin-3-gallate (EGCG) and Homotaurine ((3-amino-1-propanesulfonic 

acid), the small molecule inhibitors, have shown efficacy in disintegrating amyloid fibrils 64. 

Natural remedies, with drug-like qualities, can penetrate the biological membranes and disrupt 

protein-protein associations 63, 65. While exploring food-based drugs for AD and PD, it's essential 

to concurrently develop pharmacological preparations for effective treatment. Traditional systems 

like Ayurveda, Unani, Siddha, and Chinese Herbal Medicines commonly use food and natural 

sources as supplements for various conditions. Polyphenols of phytocompounds, such as 

flavonoids, curcuminoids, tannins, stilbenes, phenolic acids, anthocyanidins, lignans, chalcones, 

and related compounds, act as antioxidants, protecting against the development of 

neurodegenerative diseases 66. Flavonoids with a catechol structure and multiple adjacent hydroxyl 

groups, such as quercetin, taxifolin, epicatechin, and fisetin, exhibit excellent inhibitory effects on 

amyloid aggregation 67. Flavonoids without a catechol structure, including datiscetin, morin, and 

kaempferol, exhibit anti-aggregative activities against Aβ 68. Resveratrol reduced AD-like amyloid 

neuropathology and improved Aβ-related spatial memory decline in Tg2576 mice 69. Curcumin, a 

diarylheptanoid identified in turmeric (Curcuma longa) extracts, stimulates anti-inflammatory IL-

4 cytokine production, inhibit the formation of large toxic Aβ oligomers and lowers Aβ 

concentrations in mice by inhibiting APP maturation 70. The disruption of the β-sheet is preceded 

by a deformation of its structure, attributed to hydrophobic interactions with nearby curcumin 71. 

Curcumin analogues exhibit metal-chelating properties, serve as potent antioxidants within 

mitochondria and inhibiting the production of amyloid fibrils 70a, 72. Alkaloids inhibit the onset of 

neurotrophic factors (BDNF) and reducing apoptosis in nerve cells 74. Over the past decade, there 

has been a significant focus on developing small peptides that prevent amyloid aggregation (Table 

1.2). The main hurdle with therapeutic peptide inhibitors is their limited ability to cross 

membranes, susceptibility to proteolytic degradation, and tendency to self-aggregate. However, 

the performance of designed inhibitors aimed at preventing amyloidogenic protein aggregation has 

consistently fallen short of efficacy benchmarks in clinical trials.  

 

 



Chapter 1 

12 

Table 1.2. Reported peptide inhibitors and their mode of action for Aβ inhibition. 

 

 

PEPTIDE 

INHIBITOR  

SEQUENCE MODE OF ACTION REF. 

KLVFF KLVFF Disrupting Aβ aggregation by 

binding to Aβ peptides 

Tjernberg et 

al., 199675 

LK7 Ac-LVFFARK-NH2 Inhibit Aβ aggregation in a dose-

dependent manner 

Xiong et al., 

201576 

NF11 NAVRWSLMRPF Slowing down the denaturation and 

dissociation of insulin 

Ghosh et al., 

201777 

H102 HKQLPFFEED Inhibition and disaggregation of 

Aβ fibril   

Lin et al., 

201459b 

IAΒ5P  LPFFD 

 

Inhibits Aβ40 fibril formation and 

facilitates amyloid plaque 

disaggregation 

 

Soto et al., 

199678 

DIPEPTIDE NH2-D-Trp-Aib-OH Targeting Aβ assembly into 

oligomers and disintegrated fibrils  

Frydman-

Marom et al., 

200979 

PEPTIDE D1 QSHYRHISPAQV Inhibits Aβ aggregation and Aβ-

induced cytotoxicity 

Wiesehan et 

al., 200380 

TFP5  FITCGGGKEAFWDRCL 

SVINLMSSKMLQINAY 

ARAARRAARR 

Inhibiting the formation of toxic 

oligomers of Aβ 

Shukla et al., 

201781 

D3 RPRTRLHTHRNR Inhibited Aβ aggregation and 

disaggregated pre-existing amyloid 

plaques 

Van Groen et 

al., 200882 

BSBHP 3 Ac-LXFFDNH2 

(X=C7H7NO2) 

Disrupts and re-dissolves 

preformed Aβ40 amyloid 

fibrils 

Paul et al., 

201583 

RI-OR2,  rGffvlkGr 

(small letters using for D-

form amino acids) 

Blocks the formation and toxicity 

of the Aβ oligomers 

Taylor et al., 

201059a 
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1.4. Role of lipid membrane in amyloid disease 

Cell membrane is a place where plethora of biological reaction takes place. Lipids are a 

predominant class of biological molecules highly prevalent in both subcutaneous fat and cell 

membranes. Bio membranes play an important role in affecting the overall aggregation kinetics of 

numerous amyloidogenic proteins at the lipid interface, adding complexity to the system. The 

protein harbors varying degrees of affinity for different membranes adopting alternate 

conformations that possibly underlies its homeostatic functioning at the lipid-peptide interface. 

Depending on the lipid composition, some studies have shown that the membrane induced amyloid 

protein conformations have the potential to disrupt the associated membranes 84 (Figure 1.5). 

While, others have shown a vesicle turnover functioning of the protein 85,  some suggest a 

membrane-associated signalling role of the molecule 86. All these studies indicated that the 

molecular interaction with the membranes initiates the adoption of higher order aggregates 86-87. 

These higher order conformations are susceptible to misfolding and unchecked aggregation, often 

related to disease etiology 88. However, the interaction of insulin with membrane models is largely 

unknown. Insulin is stored at a very high concentration (~40 mM) within pancreatic β-cells, yet it 

does not form amyloids in these cells. In contrast, when therapeutic insulin is administered 

chronically, it can cause local amyloid formation at the injection sites. To address the problem, our 

group have previously reported two model membrane surfaces: 7:3 DOPC:DOPG LUVs, and 6:4 

POPC:Cholesterol LUVs, mimicking the pancreatic β-cell membrane and eukaryotic cell 

membrane respectively 89. Intermediates formed during insulin fibrillation interact with both 

Figure 1.5. Amyloid aggregates insert themselves into the lipid bilayer of the large 

unilamellar vesicle (LUV), creating pores or destabilizing the membrane structure. A part of 

the figure was prepared with https://biorender.com. 
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pancreatic β-cell membranes and cholesterol-containing mammalian cell membrane models. The 

fibrillation of insulin is accelerated by cholesterol-containing eukaryotic cell membranes, while a 

β-cell membrane model has minimal impact on the early stages of fibrillation kinetics. Further, 

studies show that the amphiphilic surfactant DHPC suppresses insulin fibrillation 90 by enabling 

insulin insertion in the lipid bilayer, thereby decreasing the molecular interaction for aggregation. 

But the presence of salt increases insulin aggregation, particularly when combined with DOPC in 

presence of DOPS or DOPE 91. Thus, the kinetics of insulin aggregation were influenced 

differentially by the length of the saturated lipid chain and the composition of hydrophilic head 

groups, depending on the pH and salt conditions 91. Further exploration and understanding of these 

interactions could contribute to insights into the molecular mechanisms underlying insulin 

fibrillation and its impact on cellular membranes.  

In neurodegenerative diseases, brain membrane plays a critical role by regulating the aggregation 

and toxicity of pathogenic proteins, maintaining synaptic function, and supporting neuronal 

signaling. Alterations in membrane composition and fluidity can affect the formation of toxic 

protein aggregates, such as amyloid β plaques in AD and α-synuclein aggregates in PD. The 

understanding of these interactions is crucial for unravelling the molecular mechanisms that 

contribute to the pathology of the disease 92. One of the extensively researched aspects of Aβ-

membrane interactions involves Aβ insertion into membranes, resulting in the formation of pores 

and subsequent disruption of the membrane (Figure 1.5) 93. Over the years, the blood-brain barrier 

(BBB) is known to have a role in the pathogenesis of AD. The BBB serves as a protective shield, 

regulating the passage of Aβ between the bloodstream and the brain to maintain controlled levels. 

When the normal transport mechanisms of the BBB are disturbed, increased permeability occurs, 

enabling the accumulation of Aβ in the brain 94. The inability of the BBB to uphold the central 

nervous system (CNS) homeostasis, as a result of Cerebral Amyloid Angiopathy (CAA), might 

play a role in the neuropathic processes associated with AD 95. Early research on Aβ aggregation 

found that fibril formation is accelerated by endosomal and lysosomal membranes, while Golgi 

membranes inhibit fibril formation, promoting exclusive oligomer development 96. Aβ interactions 

with lipid surfaces have been studied using several models, including solid support, self-assembled 

monolayers, and membrane mimics 92, 97. In a particular study, it was found that the presence of 

anionic phospholipids accelerated the fibrillation of Aβ, while neutral, zwitterionic, and lipids  
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without phosphate groups did not significantly affect the rates of Aβ fibrillation 98. Aβ exhibited 

aggregation in zwitterionic lipids such as DPPC and anionic lipids like DOPG. Conversely, Aβ 

demonstrated membrane insertion and disruption in the presence of cationic lipids like DOTAP 

and zwitterionic lipids such as DOPC 93. Numerous studies have emphasized the significance of 

both GM1 and cholesterol in influencing Aβ fibrillation on membranes 99. Aβ recognizes GM1-

containing liposome clusters and influences their aggregation processes, which are controlled by 

cholesterol and ganglioside concentrations within the liposomes 100. Ganglioside clusters act as a 

unique platform at the hydrophobic/hydrophilic interface, allowing Aβ molecules to bind and 

aggregate on them 101. In specific scenarios, such as when cholesterol levels are low and membrane 

fluidity is increased, Aβ tends to insert into the membrane partially. However, when cholesterol 

Figure 1.6.  Membrane-associated segregation of the functions for each segment α-synuclein. 

Understanding the segment-specific uniqueness of the proteins residual composition enables 

us to understand the segregation of each upon membrane binding and association. This 

eventually is expected to lead to membrane-induced structural uptake of the otherwise 

intrinsically disordered protein. Several studies have shown that the cationic N-terminal 

mediates the initial anchorage of the protein to the membrane surface. This opens the 

fibrillating hydrophobic central core sequence, promoting the formation of higher-order 

structures upon attaining the hydrophobic protection of the acyl region of the membrane 

system. The C-terminal on the other hand remains more or less free. Figure is adapted with 

copyright permission from© 2019 Elsevier Inc. 



Chapter 1 

16 

levels are high, Aβ diffuses into a more rigid membrane, resulting in larger associations with the 

membrane 99b. In fact, α-synuclein-membrane interactions have been shown to modulate both 

protein and membrane properties 102. The aggregation rate of α-synuclein in the presence of a 

particular membrane might depend on two factors: the chemical composition of lipids and the 

lipid-to-protein ratio 103. This molecular association results in membrane remodelling, alterations  

 

in curvature, membrane thinning, and membrane expansion 104. Several studies have shown that 

this N-terminal mediated anchorage of the protein to the membrane surface opens the fibrillating 

core region of the molecule, making it susceptible to fibrillation (Figure 1.6) 88b, 105. Cationic N-

terminal region of α-synuclein preferentially bind to the membrane composed majorly of 

negatively charged lipids by electrostatic interactions 88b, 106. Membrane association provides 

hydrophobic protection mediated by the acyl chain regions of the lipid layers (Figure 1.6), hence 

Figure 1.7. Effect of Cardiolipin (CL) on the mitochondrial membrane structure, promoting 

structural stabilization to membrane-bound amyloid protein. Figure is adapted with copyright 

permission from© 2019 Elsevier Inc. 
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serving as a template for further protein-protein interaction associated with the higher ordered 

conformations 103b, 107. Studies have shown the favoured binding of α-synuclein to membranes that 

mainly contain lipid-packing defects and are marked by a high membrane curvature 108. α-

synuclein has been suggested to be able to insert and accommodate more easily into lipid bilayers, 

inducing lateral expansion of the lipid layer, resulting in a reduction of the average bilayer 

thickness 102b, 104d. Among the specific membranous targets studied extensively for α-synuclein 

interaction, the mitochondrial membrane-associated functioning has often surfaced to be 

significant in initiating the early pathophysiological conditions 109. Mitochondria dysfunction has 

often been associated with multiple neurodegenerative diseases. Evidence from several in vitro 

and in vivo studies suggested the localization of  mutated Aβ in AD, (DJ1), parkin, and α-synuclein 

in PD was in mitochondria and MAMs 110. This suggests a crucial involvement of mitochondria 

and its associated membranes in the normal physiological functioning of the proteins. α-Synuclein 

appears to have a strong preferential binding affinity for mitochondrial or mitochondria- associated 

membranes (MAM) 50a. The mitochondrial membrane is majorly composed of 

phosphatidylethanolamine (PE), phosphatidylcholine (PC), cardiolipin (CL) and a small amount 

of cholesterol 50a, 111. The presence of CL in the mitochondrial membranes has been shown to play 

a crucial role in generating the negative charge of the mitochondrial membranes, underlying the 

molecular attraction of amyloid protein for mitochondria (Figure 1.7) 112. Comprehending the 

dynamics of membrane-mediated amyloid aggregation offers valuable insights for potential 

therapeutic strategies, aiming to target the initial stages of aggregation or prevent its interaction 

with membranes.  

1.5. Evaluating design inhibitor activity through biophysical techniques 

Extensive research has been dedicated to understanding the amyloidogenic role of proteins or 

peptides in disease, yet their normal physiological function remains elusive. Grasping the 

dynamics of these molecules is crucial for a comprehensive understanding of the system, 

particularly in linking protein or peptide disorder to function and misfolding. Designing inhibitors 

for amyloid aggregation is a multifaceted endeavor that requires a deep comprehension of the 

structural and functional characteristics of amyloidogenic proteins or peptides and the pathways 

through which they aggregate.  To develop potent inhibitors, it is important to identify the primary 

aggregation-prone regions inside the amyloid protein or peptide sequence and determine where 
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inhibitors can bind on monomers, oligomers, or fibrils. Several biophysical experiments, ranging 

from low-resolution methods such as fluorescence and circular dichroism to high-resolution 

techniques like nuclear magnetic resonance (NMR) spectroscopy and molecular docking, have 

been conducted to elucidate the mechanistic interactions at the functional interface that inhibit 

amyloid peptide or protein aggregation. Additionally, microscopic visualization techniques, 

including scanning electron microscopy (SEM), atomic force microscopy (AFM), and 

transmission electron microscopy (TEM), offer valuable insights for thoroughly evaluating the 

effectiveness of inhibitors in combating amyloid aggregation. Identifying specific therapeutic 

targets that regulate amyloidogenesis while maintaining their functional connection with 

membranes is crucial. The aggregation kinetics of amyloid can be influenced by modifications to 

biological membranes. Vesicles, such as small unilamellar vesicles (SUVs), large unilamellar 

vesicles (LUVs), giant unilamellar vesicles (GUVs), and multilamellar vesicles (MLVs), are 

commonly used as biological membrane mimics due to their ease of preparation, handling, and 

manipulation. Various biophysical methods, including fluorescence dye leakage assays, phase 

contrast microscopic analysis, and confocal laser scanning microscopy (CLSM), have been 

employed to explore the interaction between amyloid proteins and membrane mimicking lipid 

vesicle models. These studies aim to shed light on the mechanisms that underlie amyloid 

aggregation and identify potential therapeutic strategies. 

The main objectives of this thesis are: 

(1) To identify the structural and mechanistic insights of amyloid peptides and proteins, 

specifically focusing on Insulin and Amyloid β and to understand their aggregation processes, 

cytotoxic effects, and/ or interactions with membranes. 

(2) To investigate the inhibition of amyloidogenic protein or peptide aggregation using small 

molecules and designed peptides, providing valuable insights into molecular interactions that 

could aid in the therapeutic development targeting amyloid proteins.  
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Chapter 2 

2. Small molecule act as a Chemical Chaperone to Prevent 

Insulin Aggregation and Disaggregate Amyloids 

2.1. Coomassie brilliant blue G-250 acts as a potential chemical 

chaperone to stabilize therapeutic insulin 

This chapter has been adapted from the following publication: 

Pariary, R., Dolui, S., Shome, G., Mohid, S.A., Saha, A., Ratha, B.N., Harikishore, A., Jana, K., 

Mandal, A.K., Bhunia, A. and Maiti, N.C., 2023. Coomassie brilliant blue G-250 acts as a potential 

chemical chaperone to stabilize therapeutic insulin. Chemical Communications, 59(52), pp.8095-

8098. 

2.1.1 Introduction 

Insulin amyloidoma marked by extracellular fibrils at the injection site is a medical condition 

complicating insulin therapy 1. The instability of monomeric insulin and its fibrillation also 

interfere with its manufacture, long-term storage, and pharmaceutical use 2. Overcoming this 

problem through inclusion of a chemical chaperone such as small molecule, peptide or macrocycle 

may abrogate fibrilization in insulin formulations 3. Recent reports have established promising 

effect of Coomassie Brilliant Blue G-250 (CBBG) and its analogues in preventing amyloid 

fibrilization 4. In the current investigation, we have examined the interaction of the CBBG dye 

with human insulin (HI) and its stabilizing effect on the helical folds of HI protein. 

2.1.2. Experimental Methods 

2.1.2.1. Materials and sample preparation 

Human HI (HI, 91077C), Thioflavin T (ThT), Coomassie brilliant blue G-250 (CBBG), NaCl and 

HCl were purchased from Sigma-Aldrich. Milli-Q water was used in the preparation of a buffer 

and stock solution of ThT dye. HI solution was prepared in 25 mM HCl containing 100 mM NaCl 

(pH ~1.6) to form a stock solution and then centrifuged at 15000 rpm for 10 min and passed 

through a 0.22 μm pore size filter to remove any insoluble aggregates. The stock concentration of 
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the protein solution was determined through JASCO-600 UV-vis spectrophotometer, using the 

extinction coefficient value of the protein studied was as follow 6200 M-1 cm-1 at 276 nm 3b. For 

inducing amyloid fibrillation, freshly prepared HI (320 μM and 100 μM) solution in absence and 

presence of CBBG was incubated for several hours at 60 ℃ without agitation. 

2.1.2.2. Thioflavin T (ThT) fluorescence assay 

ThT fluorescence was recorded to investigate the kinetics associated with the fibril formation of 

human insulin in different solution conditions. ThT is a small dye molecule that becomes highly 

emissive upon binding to the cradle of the β-sheet present in amyloid fibrils and produces a typical 

fluorescence emission spectrum with a peak maximum at ~482 nm in an aqueous solution 5. The 

growth curve (kinetics) was made by measuring the fluorescence intensity of ThT in the presence 

of a quantitative amount of HI samples (100, 320 µM) taken at different time points of incubation 

of the HI solution in the presence and the absence of CBBG. The samples were incubated at 60 ℃ 

in 25 mM HCl containing 100 mM NaCl (pH 1.6) or sodium phosphate buffer (pH 7.2), in the 

presence and absence of CBBG to confirm whether the interaction of CBBG indeed inhibits the 

HI self-assembly and fibrilization process. 4 μl of incubated HI solution (either in the absence or 

presence with CBBG) was pipette out, added to 500 μl solution of ThT (~22 μM) and mixed 

carefully for the acquisition of fluorescence emission spectra using a Cary Eclipse fluorescence 

spectrophotometer. The optical path length of the fluorescence cuvette was 10 cm. The 

fluorescence emission wavelength range was 450-600 nm (excitation 440 nm, emission peak 

maximum ~ 482 nm). ThT fluorescence peak intensity at 482 nm was plotted against time, 

analysed and fitted to the sigmoidal curve using equation 1 6.  

                                            𝑌 = 𝑦𝑖 + 𝑚𝑖𝑥 +
𝑦𝑓+𝑚𝑓𝑥

1+𝑒
−[

(𝑥−𝑥0)
𝜏

]
… … … … … … … … … … … … … (1)                                                                                                                  

Where Y is the ThT fluorescence intensity at a particular time (x), x is the incubation time, and x0 

is the time to reach 50 % of maximal fluorescence; other parameters are determined by the fitting. 

The lag time is defined by x0− 2. The apparent rate constant (1/), mi and mf are two constants 

(linear coefficients). 

 



Chapter 2 

31 

2.1.2.3. 1H proton NMR 

All NMR spectra were recorded on Bruker AVANCE III 700 MHz, equipped with RT probe and 

at 25 ℃. All NMR data acquisition and processing were done by using Topspin v4.0.6 software 

(Bruker). The 1D NMR time kinetics of HI (100 μM) was performed in presence or absence of 

equimolar CBBG at 60 ℃ in 25 mM HCl buffer with 100 mM NaCl and 10% D2O at pH ~1.6. 

Normalized peak intensity (I/I0) was calculated by taking the total peak intensity of HI from 

aromatic and amide region with time in presence or absence of CBBG and normalized by the HI 

peak intensity at initial (I0). The data was fitted using sigmoidal curve equation 1. To rule out the 

effect of ThT on HI fibril kinetics, we added equimolar ThT in HI and HI:CBBG (1:1 molar ratio) 

sample and incubated at 60 ℃. The interaction of CBBG dye with HI (100 μM) in 25 mM HCl 

buffer with 100 mM NaCl and 10% D2O at pH ~1.6 was determined through a series of one-

dimensional (1D) 1H proton NMR spectra of HI in presence of 0, 0.1, 0.25, 0.5, 0.75 and 1 molar 

excess of CBBG dye (from a stock of 3 mM CBBG). The NMR signal intensity data were fitted 

by using equation 2: 

                                                               𝑌 = 𝑌𝑂 + 𝐴 (
𝑋

𝐾𝑑+𝑋
)…………………….(2) 

Here, Y is normalized signal intensity value, YO is initial signal intensity value, A is the fraction 

of fast exchange protons under our condition, X is the concentration of added CBBG dye (μM), 

and Kd is the apparent intensity decay rate constant or fast exchange rate constant between free 

and bound CBBG. 

Parallelly, we also recorded 1D 1H NMR of 500 μM CBBG with the treatment of 10 μM and 25 

μM HI fibrils in 25 mM HCl containing 100 mM NaCl and 10% D2O (pH ~1.6) at 25 ℃. 

HI (1 mM) was dissolved in 10 mM sodium phosphate buffer (pH 2.0) containing 10 mM NaCl 

and 10% D2O, with or without the addition of CBBG at 1:1 molar ratio for kinetics experiment 

using NMR. One-dimensional 1H NMR and two-dimensional homonuclear 1H-1H NOESY NMR 

spectra (400 ms mixing time) were taken before and/or after incubation of samples at 60 ℃ for 24 

h.  

At the same time, zinc-free HI was prepared by the addition of EDTA followed by extensive 

dialysis and lyophilization. The lyophilized sample was then dissolved in 20% acetic acid-d4 and 
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10% D2O (pH 1.9) where the insulin exits as monomer 7. NOESY spectra of 350 μM HI were 

performed in the presence or absence of equimolar dye with a mixing time 200 ms at 25 ℃. 512 

increments in t1 and 2048 data points in t2 dimension along with excitation sculpting pulse 

sequence were used for water suppression for all NOESY spectra. All NOESY spectra of HI were 

also recorded at 25 ℃ with 64 scans and a spectral width of 12 ppm for both the dimension. 

Normalized peak intensity (I/I0) was measured by taken the intensity ratios of [HI]:[CBBG] (I) 

and HI control (I0). The running average of I/I0 was determined by calculating the average I/I0 of 

CαH intensity for three sequential residues. CSP of residues was determined using equation no 3. 

                                           𝐶𝑆𝑃 = √∆𝛿𝜔1
2 + ∆𝛿𝜔2

2
  ……………(3) 

Here 1 and 2 represents 1H chemical shift difference in ppm unit between HI alone and HI 

in presence of CBBG in 1 and 2 direction, respectively in 2D NOESY NMR. 

2.1.2.4. Atomic Force Microscopy (AFM) 

Morphologies of the insulin aggregates produced in the absence and presence CBBG were 

performed using Pico plus 5500 ILM AFM system (Agilent Technologies). Incubation and sample 

conditions were similar to sample prepared for ITC and ThT fluorescence assay measurement 

described earlier. Micro-fabricated silicon cantilevers (resonance frequency of 300 kHz and spring 

constant range of 21-98 N/m) was used derive the morphological features of the aggregates formed 

from the incubated samples. The aliquot taken at a defined time of incubation was diluted with 

water and drop-casting was made on freshly cleaved muscovite mica substrate. The solvent was 

removed by evaporation at room temperature in the open air. The images were captured with a 

scan speed of 0.5 lines/sec and processed using Pico view version 1.1 software (Agilent 

Technologies). 

2.1.2.5. Cell viability assay 

Rat pancreatic β-cells (RIN-5f) were acquired from National Centre for Cell Science (NCCS, 

India) and cultured in complete RPMI-1640 media (Gibco) supplemented with 10% FBS, 

penicillin-streptomycin (1 unit/ml), gentamycin (50 μg/ml), and amphotericin B (2.5 μg/ml) in a 

5% CO2 incubator at 37 °C. Experiments were conducted out at 70-80% cell confluency. Cell 
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viability was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT), which depicts the mitochondrial activity of the living cells 8. By using mitochondrial 

enzymes, live cells may convert MTT into purple formazan crystals, and the amount of formazan 

formed corresponds with cell viability. 1×104 cells/well were seeded in 96-well plate for 24 h. The 

media was exchanged with complete RPMI-1640 containing 50 μM aggregated containing HI 

fibrils and coincubated HI:CBBG (at 1:1 molar ratio) complex and incubated for 24 h. In a separate 

set of experiments CBBG were treated in concentrations of 10 μM, 20 μM, 40 μM, 80 μM and 100 

μM and incubated for 24 h. In both set of experiments; 24 h incubation was allowed. After that at 

a final concentration of 0.5 mg/ml, MTT solution was applied to the wells, which were then placed 

in an incubator with 5% CO2 humidity at 37 °C for 3.5 h. To dissolve the formazan precipitate 100 

μl of dimethyl-sulfoxide (DMSO) was added in each well. At 570 nm, the absorbance was 

measured with a microplate reader. Results were compared and expressed as a percentage of 

control non-treated cell. 

We prepared two set of samples for MTT experiment to measure the toxicity of disintegrated fibril. 

In first set of samples, we incubated the matured HI fibril (100 μm) in presence or absence of one- 

and two-fold molar excess of CBBG at 37 ℃ and 200 rpm for 3 h. The other set of samples were 

heated at 60 ℃ with no agitation. The cells were treated, with 50 μM sample and followed the 

above MTT method. 

2.1.2.6. Scanning Electron Microscopy (SEM) 

RIN5f cells were processed similar as cell viability assay procedure. 50 μM HI fibrils and/ or 

HI:CBBG (1:1) aggregated samples were added in RIN5f cells and incubated for 24 h. The cells 

were then prepared for SEM. Glutaraldehyde and formaldehyde were used as a primary fixative to 

stabilize the ultrastructure. Osmium Tetra oxide was used for secondary fixation. The samples 

were dehydrated using ethanol gradient. The drying process is then supplemented with HMDS and 

liquid CO2. A sticky carbon disc was used to attach the specimen on the metal stub. Finally, 

conductive material was used for sputter coating and proceed for SEM. 
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2.1.2.7. Native PAGE 

The HI aggregated solutions (100 μM, without or with CBBG) were centrifuged at 5000 rpm for 

5 min. The supernatant was studied by 15% native PAGE in tris-glycine running buffer (pH 8.8) 

for 1.5 h at 100 V, 80 A. Coomassie brilliant blue stain was used to detect the protein. The gels 

were imaged using ImageLab software in Bio-Rad ChemiDoc system. Using the ImageLab 

software, bands were quantified.  

2.1.2.8. Mass spectrometry 

1 μl HI sample in absence or presence of equimolar CBBG was spotted onto MALDI plate and 

dried it. The mass spectrometry was recorded using a MALDI-TOF spectrometer (Autoflex spped 

by Bruker Daltonics GmbH) in the positive ion reflector mode. MS data were processed by the use 

of Data Flex Analysis and Biotools 3.6 software. 

2.1.2.9. Isothermal Titration Calorimetry (ITC)  

ITC measurements were carried out at 25 °C on a VP-ITC titration microcalorimeter (Micro Cal 

Inc., Northampton, MA). HI and CBBG samples were thoroughly degassed on a thermovac before 

the use in titration. For the correction of heat of dilution, the sample cell was loaded with buffer 

(pH ~1.6) and the reference cell was also filled with the same buffer solution. The solution in the 

cell was stirred at 90 rpm by the syringe filled with 0.4 mM HI in an identical buffer solution. 

Injections of 4 μl of the buffer in the syringe were started after baseline stability reached. 28 

sequential such injections were made into the ITC cell containing buffer solution. The titration of 

the CBBG solution (0.01 mM) in the cell was followed by 28 sequential 4 μl injections of 0.4 mM 

HI into the ITC cell containing 1.8 ml of CBBG solution. The protein and CBBG solution were 

made in identical buffer conditions (25 mM HCl containing 100 mM NaCl (pH ~1.6)). The raw 

calorimetric data profile (heat released) of interaction between CBBG and HI at 25 ℃ were 

collected automatically and subsequently fitted to a one-site binding model by the Microcal LLC 

Origin 7.0 software. After subtracting the heat of dilution, a non-linear least-squares algorithm was 

used to fit an equilibrium binding equation to the data points (heat flow per injection against the 

concentration ratio of HI and CBBG). This best fit provides the apparent binding stoichiometry 

(n), the change in enthalpy (ΔH), and the dissociation constant (Kd). The change in free energy 
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(ΔG) and change in entropy (ΔS) for the binding reaction were analyzed by the important equations 

of thermodynamics. 

ΔG= ─RTlnK……………………………… (4) 

ΔS= (ΔH─ΔG) ⁄ T…………………………. (5) 

2.1.2.10. Circular dichroism (CD) measurements 

Far-UV circular dichroism (CD) spectra were recorded at 25 °C on a Jasco J-815 spectro 

polarimeter (Easton, MD). For CD analysis, freshly prepared HI (320 μM and 100 μM) solution 

in the absence and presence of CBBG was incubated for several hours at 60 ℃ without agitation. 

HI solutions were prepared in 25 mM HCl containing 100 mM NaCl (pH ~1.6). The spectra were 

measured using diluted aliquots (final concentration was ~ 15 μM of HI) at a different time point 

of incubation. 300 μl of the incubated protein solution was taken in 0.1 cm path length cuvette and 

scanned between 200–250 nm with a scanning speed 50 nm/min, resolution of 0.2 nm. For each 

sample, the representative spectrum was average of at least three individual scans. We used 

BeStSel webserver for the deconvolution in default mode for extracting the secondary structure 

content from CD spectra.  

2.1.2.11. Methods for in vivo animal-based experiments  

a. Animals  

Male C57BL/6J mice (6-8 weeks old, healthy) weighing 20-30 g were obtained from the Centre 

for Translational Animal Research (CTAR), Bose Institute, Kolkata, India. All animals were 

maintained according to the guiding principle of the Institutional Animal Ethics Committee 

(IAEC) using the CPCSEA approved protocol wide IAEC approval No # IAEC/BI/011/2021 dt. 

28/09.2021. Before conducting the experiment, all animals were acclimatized for at least two 

weeks along with constant 12 h light/dark cycle with water and food ad libitum. All experiments 

complied with the National Research Council’s Guide for the Care and Use of laboratory Animals 

(NIH Publication No.8023, revised 1978, U.S.A). All experiments also complied with ARRIVE 

guidelines (Animal Research: Reporting of in vivo Experiments; https://arriveguidelines.org/arrive-

guidelines). 

https://arriveguidelines.org/arrive-guidelines
https://arriveguidelines.org/arrive-guidelines
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b. Design of Experiments 

24 Male C57BL/6J Mice were randomly divided in Four (4) groups: Control, CBBG (1 mg), 

CBBG (5 mg), CBBG (10 mg). Each group contained Six (6) animals and administration was 

performed intraperitoneally with the following Schedule:  

Control – Only PBS as vehicle. 

CBBG (1 mg): 1 mg /kg body wt. of CBBG dissolved in PBS 

CBBG (5 mg): 5 mg /kg body wt. of CBBG dissolved in PBS 

CBBG (10 mg): 10 mg /kg body wt. of CBBG dissolved in PBS 

Mice were Injected Once per week for Four weeks i.e., a month of time and were sacrificed one 

week after completion of the last treatment. On the day of sacrifice blood was collected in 

previously marked vials for biochemical and hematological examinations. The liver, spleen and 

kidney were isolated very carefully for histopathological examination and evaluated for 

cytoarchitectural alterations after additional processing. 

c. Preparation of CBBG and Administration of CBBG Intraperitoneally 

The body weights of animals and calculated doses of CBBG to be injected were recorded for each 

animal before their treatment. 70% ethanol was applied to the abdominal cavity of the animal. A 

26-gauge DISPOVAN needle of 1 ml capacity was inserted inside the peritoneal cavity. The needle 

along with the syringe were kept at a very suitable angle in respect to the body. The respective 

dosage of CBBG (1 mg/kg, 5 mg/kg and 10 mg/kg) and PBS for control group was injected inside 

the peritoneum cavity slowly. The needle was removed with utmost care and gentle compression 

was applied over the region. Animals were returned to their cages. After completion of treatment 

for 4 weeks body weights of animals were recorded. 
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d. Examination of blood for biochemical and hematological parameters with respect to CBBG 

toxicity 

The various biochemical parameters including serum glutamic oxaloacetic transaminase, serum 

urea, serum glutamic pyruvic transaminase, and creatinine were analyzed for subchronic toxicity 

of CBBG by taking commercially available diagnostic test kits (ARKRAY Healthcare Pvt. Ltd.). 

Using standard kits by following the manufacturer’s manual, blood parameters (red blood cells, 

white blood cells, hemoglobin, eosinophil, neutrophil, basophil, monocyte, and lymphocyte) were 

estimated. 

e. Histopathological examinations for sub-chronic toxicity studies 

The Liver, Kidney, Spleen were isolated after sacrificing the animals and individual weights were 

recorded for each organ. The preserved liver, kidney, and spleen tissues were histopathologically 

examined. CBBG treated mice and control mice were sacrificed by decapitation following 4-weeks 

of treatment regimen. The Liver, Kidney, Spleen were collected and fixed onto 10% neutral 

buffered formalin for approximately 48 h. The organs were then further immersed in paraffin wax. 

Tissue sections were carefully cut with a microtome with a thickness of 5 μm. Prepared Slides 

were stained with Hematoxylin and eosin (H &E staining), Gomori Trichrome and Periodic Acid-

Schiff for histological examinations. Stained Slides were observed using the light microscope 

(NIKON T2, India) for histopathological alternation (if any), and pictures were taken at 10x and 

40x magnification. 

2.1.2.12. Western Blot Analysis 

The expression of the proteins pAKT, AKT1, and β-Actin was measured by Western blot analysis. 

The cells were serum starved for 12 h in DMEM media without serum. Afterwards, the cells were 

treated with only media, native insulin, untreated aggregated HI and CBBG treated HI at 100 nM 

concentration. About 5× 106 cells were washed with cold PBS twice following 30-40 mins 

treatment, the cells were homogenized with ice-cold RIPA buffer containing 50 mM Tris-HCl (pH 

7.5), 150 mM NaCl, 1 mM EDTA, 0.1% SDS, and 1 mM phenylmethylsulfonyl fluoride (PMSF) 

along with protease inhibitor cocktail. (Roche) Cell lysates were cleared at 12,000 × g for 20 min 

at 4 °C. Protein were quantified using the Bicinchoninic acid (BCA) protein estimation kit 
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(ThermoFisher). Electrophoresis were carried out on 10% (W/V) SDS- Polyacrylamide gel 

(MiniPROTEAN® tetra cell with mini-trans Blot®, Bio-Rad, USA) which was then subsequently 

transferred onto a nitrocellulose membrane (Pall corporation) 9. Next, incubation of the membrane 

was done with fresh blocking buffer containing 5% nonfat-dried milk for 1 h at room temperature 

and then probed with primary antibodies Phospho-AKT1-S473 Rabbit pAb (Abclonal:AP0140), 

Anti β-Actin Rabbit pAb (BioBharati:BB-AB0024), AKT1 Monoclonal Antibody (Elabscience:E-

AB-22210) overnight. The following day, membranes were washed three times with TBST 

solution followed by incubation with HRP conjugated goat anti-mouse, (Jackson Biolab 115-03-

003), goat antirabbit secondary antibody (Jackson Biolab 111-035-003) for 2 h at room 

temperature. After that the membranes were washed three times in the TBST buffer. 

Immunoreactive bands were seen using the ECL substrate solution. Image Lab analysis was used 

to quantify the protein bands, which were normalised against the corresponding β-actin band. 

2.1.2.13. Serum stability assay 

A method described by Jenssen and Aspmo that was slightly modified was used to measure serum 

stability 10. It was warmed to 37 °C for 15 min before being added to 1 ml of RPMI 1640 

supplemented with 25% (v/v) foetal bovine serum. To precipitate serum proteases CBBG was 

added at a final concentration of 100 μg/ml, and at the appropriate time periods, the reaction 

mixture (100 μl) was removed and mixed with 96% ethanol (400 μl). To pellet down the 

precipitated serum protein, the hazy reaction mixture was centrifuged at 18,000 g for 2 min after 

being cooled at 4 °C for 15 min. Reverse-phase HPLC (SHIMADZU, Japan) was used to evaluate 

the reaction supernatant using a 250 x 4.6-mm C18 column. Gradient elution from 0.1% TFA in 

100% acetonitrile to 0.1% TFA in water was carried out at a flow rate of 1 ml/min for 30 min. The 

area under the peak at 610 nm was calculated using SPINCHROME CFR software. 

2.1.2.14. Protein solubility estimation by Bicinchoninic acid assay (BCA) 

HI sample (100 μM) was incubated at 60 ℃ for 24 h in absence or presence of CBBG at molar 

ratio 1:1 [HI]/ [CBBG] in 25 mM HCl containing 100 mM NaCl (pH ~1.6). The aggregated HI 

samples were centrifuged at 5000 rpm for 5 min and the supernatant was collected. Protein 

solubility was measured using Pierce (Thermo Scientific #2328) BCA reagent A and BCA reagent 

B in ratio of [50:1]. The reagents were mixed in given proportion according to manufacturer’s 
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protocol. 1μl protein from each of sample of HI fibril, HI monomer and coincubated HI+CBBG 

were mixed with BCA reagents. The mixture was incubated at 37 ℃ in dark conditions and O.D 

was taken using a microplate reader at 562 nm. The soluble protein content was estimated from 

the standard curve values.  

2.1.2.15. Insulin secretion assay 

RIN-5f cells were seeded in 12-well plate at 1x10 5 cells per well. Treatment was carried out the 

following day after the cells became adherent. CBBG were added to the cell at different 

concentrations (0.5, 1, 2.5, 5 and 10 μM) along with buffer and control. Quercetin (20 μM) was 

added as positive control 11. 24 h after treatment, cells were stimulated by exchanging media either 

with normal glucose RPMI-1640 [11 mM] or high glucose RPMI-1640 [22 mM]. After 24 h, 

aliquots from the wells were collected and determined the amount of secreted insulin in the cell 

media by Enzyme Linked Immunosorbent Assay (insulin ELISA kit, Ab100578, Abcam, 

Cambridge, UK) following the manufacturer’s protocol. The amount of insulin secretion in the 

cell medium of treated cells was compared with the secreted insulin level of control cells 12. 

2.1.2.16. Molecular docking 

a. Protein Preparation: Hexameric assembly of Insulin A and B subunits with pdb 2OM1 was 

utilized 13. The protein assembly was checked for any missing atoms in residues and overlapping 

hydrogen atoms were adjusted H-bond optimization and energy minimized using OPLSe force 

field in maestro - Schrödinger suite of Program 14. 

b. Ligand preparation: Using prepare ligand modules, the 2D coordinates of Coomassie blue 

(CBBG) were converted into 3D and energy minimized using smart minimizer for 2000 steps via 

minimize ligands tools in Discovery studio 15. 

c. Docking: Glide docking tool from Schrödinger suite of programs was utilized to dock the CBBG 

14. The NMR CSP data highlighted residues were used to define the grid point using default 

settings. Next, Standard precision docking protocol was used to dock the CBBG with default 

parameters was used to rank the poses. 
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2.1.3. Results and discussion 

 

 

2.1.3.1. Characterization of CBBG 

 CBBG, a nontoxic dye consisting of a triphenylmethane moiety (Figures 2.1.1A-B), is an FDA-

approved drug for ophthalmic use 16. Our studies with mice treated with CBBG revealed that a 

maximum dose of 10 mg kg-1 does not cause mortality or abnormal behavioural patterns (Appendix 

2.1, Figure S2.1.1). Over the treatment period, all groups gained body weight and maintained 

kidney and spleen weight, although marginal weight loss was detected for the liver at CBBG doses 

≥ 5mg kg-1 (Appendix 2.1, Figure S2.1.1). Haematological as well as biochemical parameters did 

Figure 2.1.1. Characterization of CBBG. (A) The chemical structure of Coomassie Brilliant 

Blue G-250 (CBBG). (B) MTT assay showing cell viability of RIN5f cells in the presence of 

CBBG with concentrations of 10, 20, 40, 80 and 100 µM in HCl buffer (pH-1.6) with NaCl 

(0.1 M) and 10 µM and 100 µM in PBS buffer (pH-7.4). The values are shown as mean ± SEM, 

(for n=6). (C) Effect of Histopathological studies for sub-chronic toxicity in mice (n=6 each 

group) for 5 mg/kg CBBG treatment. The image is shown at 10x and 40x magnification 

(haematoxylin and eosin stain and periodic acid-Schiff stain). (D) The stability of the CBBG in 

fetal bovine serum was determined using Reverse-phase HPLC at 2 h and 24 h. 
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not alter much with CBBG doses (Table S2.1.1). We found no significant cytoarchitectural 

changes in the kidneys, liver, and spleen after administering 1 mg kg-1 or 5 mg kg-1 of CBBG 

(Figure 2.1.1C); however, a CBBG dosage of 10 mg kg-1 showed minor changes in 

histopathological studies (Appendix 2.1, Figure S2.1.2). Interestingly, CBBG displayed high 

stability in fetal bovine serum (Figure 2.1.1D). These observations prompted us to consider its 

plausibility as a stabilizing agent for native HI.  

2.1.3.2. CBBG inhibits amyloid aggregation of HI   

HI rapidly produces amyloid fibrils in vitro under specific conditions such as low pH and high 

temperature 3. HI fibrilization studies at pH 1.6 and 60 ℃ using ThT based fluorescence assay 

followed a typical sigmoidal curve for fibril formation with a lag time of ~ 1.8 ± 0.8 h (Figure 

2.1.2A, Table 2.1.1). The corresponding profile obtained from a 1D NMR study of HI showed a 

sigmoidal decay of the signal intensities with time. This corroborated the gradual formation of 

higher molecular weight species such as the protofibrils or fibrils in the aggregation pathway of 

HI (Figure 2.1.2A).   In contrast, co- incubation of HI with CBBG at a 1:1 molar ratio in similar 

conditions resulted in no increase in ThT intensity while NMR showed a slight decrease in signal 

intensity, indicating the disruption of primary nucleation events (Figure 2.1.2A). In the presence 

of CBBG, an enhanced lag phase followed by the delayed appearance of fibrils in ThT and slow 

disappearance of the sharp peaks (corresponding to the monomeric sample) in NMR suggested the 

formation of nonfibrillar aggregates. ThT measurements also exhibited that CBBG inhibited fibre 

formation in a dose- dependent manner (Figure 2.1.2B, Table 2.1.1). Identical NMR curves of 

Table 2.1.1. Lag time and growth rate constants from ThT experiments for Insulin amyloid fibril 

formation in the presence and absence of CBBG. 

condition reaction lag phase apparent rate 

(kapp ) 

HI 100 µM, pH ~1.6 HI 1.8 h 0.83  h-1 

HI 320 µM, pH ~1.6 HI 1.6 h 0.95  h-1 

  +CBBG 7.5 µM HI/CBBG 3.06 h 0.42 h-1 

  +CBBG 15 µM HI/CBBG 3.32 h 0.42  h-1 

  +CBBG 30 µM HI/CBBG 3.68 h 0.32  h-1 

HI 100 µM, pH ~7.2 HI 1.6 day 0.88  day-1 
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CBBG-treated HI in the presence or absence of equimolar ThT revealed no effect of ThT on 

CBBG-induced HI aggregation kinetics (Figure 2.1.2C). We further confirmed the attenuation 

effect of CBBG on HI fibrilization at a physiological pH of ~7.2 (Appendix 2.1, Figure S2.1.3).  

CBBG mediated HI assemblies were revealed to be functionally distinct from HI fibrils as 

monitored using the MTT cytotoxic assay (Figure 2.1.2D) and scanning electron microscopy 

(SEM) (Figure 2.1.2E) of Rat Insulinoma Pancreatic β-cells (RIN5f). SEM revealed that the HI 

fibril treatment resulted in cell membrane disruption, which decreased the cell viability to 50% 

(Figure 2.1.2D-E). Interestingly, the presence of nontoxic CBBG significantly improved the cell 

viability and prevented the toxic fibril-induced membrane disruption (Figure 2.1.2D-E). 

Figure 2.1.2. Inhibition of HI fibril by equimolar CBBG. (A) Overlay of ThT fluorescence 

(black line) and 1H NMR kinetic traces (green line) of HI alone (red ball) and HI:CBBG (blue 

ball) at 60 ℃ in 25 mM HCl, 0.1 M NaCl, pH ~1.6. The error bar represents mean ± SD of 

three independent experiments. (B) ThT fluorescence intensity against time for HI incubated at 

higher concentration (320 µM) in the absence and presence of a different amount of CBBG 

(7.5, 15 and 30 µM). (C) Time course HI aggregation by 1H NMR and competition for HI 

binding between equimolar ThT and CBBG. Solid line represents by sigmoidal fits to 

normalized NMR signal intensity with time. (D) MTT assay showing cell viability of RIN5f 

cells with treatment of CBBG, HI fibril and co-incubated HI:CBBG sample (50 µM). Values 

are represented as mean ± SEM, n=6. ***indicates p < 0.001, significance was analysed using 

Mann-Whitney two tailed t-test. (E) SEM image of RIN5f cell with addition of HI fibril and 

co-incubated HI:CBBG (1:1). 
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To assess the influence of CBBG on inhibition process, two dimensional (2D) 1H–1H nuclear 

Overhauser effect spectroscopy (NOESY) experiments were performed with HI in absence (Figure 

2.1.3A) and/or presence of equimolar CBBG (Figure 2.1.3B) after and before incubation at 60 ℃. 

Figure 2.1.3 shows a large number of NOE peaks of HI originating from the cross relaxation 

between two protons within 5 Å of each other 17. After 24 h of incubation of the HI alone, all the 

NOE cross-peaks were completely broadened  (Figure 2.1.3C), suggesting the formation of a larger 

assembly, which was beyond detection on the NMR time scale due to rapid spin–spin (T2) 

relaxation 18. In contrast, almost similar NOESY spectra of HI was obtained before (Figure 2.1.3B) 

and after incubation (Figure 2.1.3D) with CBBG. These data are also in good agreement with the 

results of 1D 1H NMR experiments (Appendix 2.1, Figure S2.1.4). Collectively, the data confirmed 

that CBBG arrested the formation of large-size aggregates, affecting the overall aggregation 

kinetics. 

Figure 2.1.3.  HI amyloid fibrillation by equimolar CBBG using NMR. Two-dimensional 

NOESY NMR spectra: (A) HI alone and (B) in the presence of CBBG at 1:1 molar ratio 

([HI]/[CBBG] just before incubation; (C) HI solution after heating at 60 °C for 24 h shows no 

cross peak and (D) HI co-incubated with equimolar CBBG at 60 °C for 24 h. The experiment 

was performed in 10 mM sodium phosphate, 10 mM NaCl (pH=2.0) and 10% D2O using 

Bruker Avance III 700 MHz at 25 ℃. 
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2.1.3.3. CBBG alters morphology and preserves native structure of HI  

Time-lapse AFM imaging of HI also revealed the formation of small oligomers around 1 h 

(Appendix 2.1, Figure S2.1.5A) followed by protofibrillar aggregates within 1.6 h (Appendix 2.1, 

Figure S2.1.5B) leading to thread-like long, compact, and dense fibrils with ~10 nm diameters 

after 3.3 h (Figure 2.1.4A). However, no trace of fibrillar aggregates was detected in AFM for HI 

co-incubated with CBBG, confirming the inhibitory efficacy of CBBG (Figure 2.1.4A). Circular 

dichroism (CD) spectrum of HI provided information on the time-dependent structural transitions 

from the a-helical structure to β-sheet fibrils at 60 ℃ (Figure 2.1.4B). In contrast, HI remained in 

the α-helical conformation even after incubation for 40 h in the presence of equimolar CBBG at 

60 ℃ (Figure 2.1.4B). Additionally, CBBG preserves the α-helical conformation of HI for a longer 

period. Taken together, these results suggested that CBBG acts as a chemical chaperone to stabilize 

the native conformation of HI. 

Figure 2.1.4. Binding interaction of HI and CBBG stabilized morphologically distinct lower 

molecular weight species. (A) AFM images at 3.3 h of HI fibril in absence and presence of 

equimolar CBBG. (B) CD spectra of HI (100µM) aggregation at different time of incubation. 

(T = 60 °C, 25 mM HCl, 100 mM NaCl, pH ~1.6); HI (black trace, 0 h, Pink trace, 1.6 h, blue 

trace, 3.3 h). (C) CD spectra of HI in the presence of CBBG at 1:1 molar ratio of [HI]/ [CBBG] 

of selected time points: black trace (0 h), pink trace (10 h) and blue trace (40 h). The changes 

in the secondary structural component (%) against incubation time: α-helix (green) and β-sheet 

(red).  
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2.1.3.4. HI-CBBG interaction stabilizes distinct lower molecular weight Species 

It should be noted that at pH ~2, hexameric HI formed predominantly dimers 19 with few trimers 

and monomers, due to charge repulsion between Zn2+ and protonated HB10, as confirmed by 15% 

native PAGE (Figure 2.1.5A), mass spectroscopy (Figure 2.1.5B) and NMR spectroscopy 

(Appendix 2.1, Figure S2.1.6). In the native PAGE, the extra bands in case of CBBG-treated HI 

(Figure 2.1.5A, lane 3) may be attributed to the stabilization of other oligomeric states of HI or 

breaking down of trimeric native HI, compared to the HI  alone (Figure 2.1.5A, lane 2). Since large 

aggregates could not enter the gel matrix, HI fibrils did not produce any bands (Figure 2.1.5A, lane 

4). Mass spectrometric data analysis confirmed the binding of CBBG is only with the monomeric, 

dimeric, and trimeric states of HI (Figure 2.1.5C). Comparing the dimeric structure of HI alone,  

 

Figure 2.1.5. Binding interaction of HI and CBBG stabilized morphologically distinct lower 

molecular weight species. (A) 15 % Native PAGE gel for conformational distribution of native 

HI, CBBG-treated HI and fibril. MALDI mass spectra of (B) HI alone and (C) CBBG treated 

HI. Black line denotes HI peak and blue line denote CBBG bound HI peak. (D) Intermonomer 

residual interaction in HI dimer (PDB: 1GUJ). (E) ITC thermogram profile for HI binding to 

CBBG. The black line indicates the fitted curve assuming a one-site binding model with one 

type of site. 



Chapter 2 

46 

 

 

Table 2.1.2. Binding constants and thermodynamics of binding between CBBG and insulin as 

obtained from ITC and NMR experiments.  

 

before and after incubation with CBBG, confirmed the stabilization of the HI dimer by the presence 

of a number of intermolecular NOEs between the two monomers of the dimer (Figure 2.1.5D  and 

Appendix 2.1, Figures S2.1.6B-C) 20. Isothermal titration calorimetry (ITC) supported that CBBG 

formed a 1:2 complex with HI (Table 2.1.2). Binding of CBBG with HI was exothermic i.e., an 

enthalpy driven process (Figure 2.1.5E and Table 2.1.2). The negative values of ∆H and ∆S 

suggested that the binding of HI to CBBG may be dominated by hydrogen bonding and van der 

Complex n Method Kd (µM) ΔG 

(kcal/mol) 

ΔH 

(kcal/mol) 

-TΔS 

(kcal/mol) 

HI-CBBG 2 ITC 12.5 -11.1 -57.2 46.1 

   

NMR 

 

7.50 ± 1.5 

 (aliphatic region) 

 

5.26 ± 1.6  

(aromatic region) 

 

7.54 ± 2.5  

(amide region) 

   

Figure 2.1.6.  (A) 1H NMR spectra of 100 μM HI in 25 mM HCl buffer with 100 mM NaCl 

(pH ~1.6, black curve) and the presence of a different concentration of CBBG at 25 oC. The 

concentration of CBBG were varied from 10 μM to 100 μM. Highlighted green for amide, red 

for aromatic and blue for aliphatic region of HI. (B) The NMR proton peak intensity decay of 

aliphatic (blue) aromatic (red) and amide (green) region of HI upon titration with CBBG. The 

solid lines represent at a particular CBBG concentration, the 1H NMR signal intensity of insulin 

for corresponding region. 
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Waals interactions 21. Additionally, titrating HI with CBBG resulted in a region-specific line 

broadening in 1H NMR due to conformational exchange(s) between free and bound proteins 

(Figure 2.1.6). The intensity decay rate constants (Kd) of amide, aromatic, and aliphatic regions 

(upon CBBG binding) were in close agreement with the ITC-determined dissociation constant (Kd) 

values (12.5 mM) (Table 2.1.2), suggesting a moderate binding affinity between HI and CBBG.  

 

 

2.1.3.5. Identification interaction site of CBBG in HI 

To gain the residue-specific interaction of the HI dimer with CBBG, chemical shift perturbation 

(CSP) and broadening effects for HI were measured from 2D NOESY NMR at pH 2. Owing to 

several signal overlap, assignment of the A-chain without ambiguity was difficult. However, B-

chain assignment was straightforward. We observed that the most perturbed residues in the B chain 

were VB2, QB4, HB5, SB9 and HB10 from the N-terminal; VB12, EB13, AB14, LB15 and VB18 from the 

central helix region and KB29 and TB30 from the disordered C-terminal domain (Figure 2.1.7A and 

Appendix 2.1, Figure S2.1.7). Besides, a drop in peak intensity was observed for HB5 to GB8, AB14 

to CB19, EB21 to FB24, and YB26 to TB27 sequential residues (Figures 2.1.7B-C). The results indicated  

Figure 2.1.7. Mapping of CBBG binding site in HI dimer. (A) The CSP at B-chain of HI dimer 

Cα protons in presence of equimolar CBBG, before (blue) and after (red) heating of HI: CBBG 

complex at 60 ℃ for 24 h, respectively. Horizontal red and blue line represents average of all 

CSP values. (B) The running average of normalized NMR signal intensity of α protons in B-

chain of HI dimer for three consecutive residues in presence of equimolar CBBG. (C) The 

region of A-chain (blue) and B-chain (red) in HI dimer atomic model that shows difference in 

intensity in presence of CBBG by using red color gradient. IHI+CBBG/IHI denotes the normalized 

NMR peak intensity. 2D-NOESY NMR spectra were recorded on Bruker Avance III 700 MHz, 

equipped with RT-probe at 25 ℃. Color background indicates interacting residues. Asterisks 

(*) indicate overlapping and/or unidentified residues.  
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that HI undergoes a local (residue level) conformational change upon binding to CBBG. In 

aggregation-prone circumstances (pH ~2 and 60 ℃), the residue-specific interactions of HI with 

CBBG were more prominent. Interestingly, as shown in Figure 2.1.7A and Figure S2.1.7 

(Appendix 2.1), enhanced CSP was observed for the SB9, HB10, EB13, AB14, LB15, YB16, and VB18 

residues from the central a-helix as well as for the EB21, RB22, FB24, and KB29 residues from C- 

terminal segments, suggesting that the non-covalent interactions between CBBG and hydrophobic 

residues of the central region provided stability to the HI-CBBG complex. Furthermore, 

VB12EALB15, EB21RGFB24 and TB27PKTB30 residues showed remarkable sequence-specific line 

broadening (Figures 2.1.7B-C). These NMR findings showed that the mobility of the aggregation 

prone central and C-terminus segments was completely restricted in the CBBG bound dimeric 

conformation, which might prevent further oligomerization. 

In addition, we also recorded the NOESY NMR spectra of the HI monomer in the presence and 

absence of CBBG at a 1:1 molar ratio in 20% acetic acid-d4 (pH 1.9) 22. N terminal IA2VEA3 and 

CA6CTSA9 segments along with the C-terminal YA19CNA21 segment showed CSPs and sequence 

specific line broadening in the A-chain (Figures 2.1.8A-C). NOESY NMR spectra revealed 

moderate CSPs in central region VB12EALYLVB18 and C-terminal residues, including EB21, GB23 

and KB29 (Figure 2.1.8A and Appendix 2.1, Figure S2.1.8A) and sequential broadening was found 

for N and C-terminal β-turns of the B chain (Figures 2.1.8B-C). Thus, 1D (Appendix 2.1, Figure 

S2.1.8B) and 2D NMR suggested a possible mechanism for arresting the nucleation step wherein 

Figure 2.1.8. Mapping of CBBG binding site in HI monomer. (A) The CSP of all residues and 

(B) running average of NMR peak intensity of three consecutive residues from A-chain (red) 

and B-chain (blue) of HI in presence of equimolar CBBG. Yellow background indicates 

interacting residues. (C) atomic model of normalized peak intensity difference (red gradient) 

of HI monomer CαH for A-chain and B-chain residues in presence of CBBG at a molar ratio of 

1:1. The NMR spectra were recorded on Bruker Avance III 700 MHz, equipped with RT-probe 

at 25 ℃. 
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the C-terminal segment of the helical B chain moves away from the C-terminal helix of the A 

chain 23. 1D NMR analysis showed that in the presence of equimolar CBBG, the NMR signal 

intensity of HI reduced to 0.71 unit (71%) and 0.88 unit (88%) for the dimer and monomer, 

respectively (Appendix 2.1, Figures S2.1.4B and S2.1.8B). This imparted a more favourable 

interaction occurring between the HI dimer and CBBG. 

Exploiting this vital information from chemical shift perturbed residues as ambiguous interaction 

site points, we next evaluated the molecular interaction of CBBG on insulin using molecular 

docking. Our results suggested that the CBBG was docked onto the cavity formed between the A 

and B chains of insulin in one tetramer with a glide score of -6.7 kcal/mol. Chemically, CBBG 

bears a N,N-disubstituted tri-anilinyl-methane scaffold and with a IUPAC chemical name as 3-

(((4-((4-((4-ethoxyphenyl)amino)phenyl)(4-(ethyl(3-sulfobenzyl)amino)-2- ethylphenyl)methyl)-

3-methylphenyl)(ethyl)amino)methyl)benze -nesulfonate]. Among the three phenyl rings of 

CBBG, two of the phenyl rings are oriented towards the B subunit, while the 3rd phenyl ring orients 

toward the A subunit. Among the three aniline fragments on triphenyl rings of CBBG, one 

fragment - N-ethoxy-phen-4-yl-aniline is sandwiched between two B subunits and one A subunit 

(Figure 2.1.9A). The N-ethoxy moieties in this fragment was engaged in hydrophobic interaction 

with LB11 / CB7 residues from one of the B subunits (3.9 Å /3.0 Å) and LB6 residues (3.6 Å) from 

another B subunit (Figure 2.1.9). Phenyl ring is juxtaposed with face to edge π- π interaction 

between HB5 (3.1 Å) one B subunit and hydrophobic interaction with AB14 (3.4 Å) from another B 

subunit. The phenyl ring (to which - N-ethoxy-phen-4-yl-aniline substitution) is positioned in the 

vicinity of HB5 (3.1 Å), CB7(3.0 Å), LB17 (4.1 Å), and LA13 (3.9 Å) at the interface of two B subunits 

at the tetrameric interface. The N-ethyl-N-( phenyl-3-sulfonic   acid)-2-methyl-aniline fragment 

on of the triphenyl rings was anchored to two B subunits. On one side, the SO3 acid atoms on N-( 

phenyl-3-sulfonic acid moiety of this fragment was in H-bonding interaction with FB1 amino 

terminus (2.1 Å), while on the other side, the phenyl ring mediates cation interaction with KB29 

residue (2.7 Å) from another B subunit. The-2-methyl-benzene ring was sandwiched in the vicinity 

between IA10 (3.4 Å) and EB21-GB20 residues (3.3 -3.5 Å) from two B subunits. Lastly, the fragment- 

N-ethyl-N-( phenyl-3-sulfonic acid)-2-methyl-aniline was involved in hydrophobic interactions 

with two B subunit. The SO3 acid atoms on N-( phenyl-3-sulfonic acid moiety of this fragment 

was engaged in H-bonded interaction with main chain atoms of IA10 residue (1.9 Å), while N-ethyl 

atoms on this fragment was in van der waal contacts with SA12 residue on A subunit. In molecular 
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docking studies, among the three-phenyl rings of CBBG, two of the phenyl rings are oriented 

towards the B subunits, while the 3rd phenyl ring is oriented toward the A subunits with 

predominantly hydrophobic interactions with LB11, AB14, LB17, GB20, PB28, and KB29 residues of the 

B chain (Figures 2.1.9A and C). Polar contacts were mediated by sulphonic acid groups of CBBG  

 

with the FB1 residue of the B chain and IA10 of the A chain (Figure 2.1.9). The molecular docking 

results are partly in agreement with NMR data.  

2.1.3.6. CBBG disintegrates mature HI fibrils to non-toxic species   

Next, disaggregation of preformed fibrils, a more accurate characteristic for a chemical chaperone 

24, was monitored using ThT fluorescence and AFM after adding one- and two- fold molar excesses 

of CBBG to mature fibrils. The gradual loss in ThT intensity over time indicated disintegration of 

HI fibrils (Figure 2.1.10A). With a higher excess of ThT, a similar intensity trend was detected, 

indicating that ThT was not competing with CBBG for fibril binding (Figure 2.1.10B). AFM 

revealed the difference in the HI fibre morphology before and after the addition of CBBG (Figure 

Figure 2.1.10. Disaggregation of HI fibril with treatment of CBBG. (A) Disassembly of 

preformed fibrils by using the one and two molars equivalent CBBG at 37 oC in HCl buffer 

with 100 mM NaCl (pH-1.6). (B) Final ThT intensity of HI fibril and disaggregation of fibrils 

upon addition of CBBG at 1:2 molar ratio in presence of different concentration of ThT (10, 

20 and 30 µM).  The standard deviation was represented by the error bar for three different 

experiments. (C) Disintegration of HI fibrils with addition of equimolar CBBG using AFM 

microscopy. (D) Relative cell viability measurements of RIN5F cell after addition of HI mature 

fibril (red) alone and co incubated in presence of CBBG at 1:1 (blue) and 1:2 (indigo) [HI 

fibril]/ [CBBG] molar ratio.  The matured HI fibril with or without treatment of CBBG 

incubated for 3 h at 60 oC (no shaking) and 37 oC (with 200 rpm shaking) respectively in 25 

mM HCl and 100 mM NaCl buffer (pH 1.6). 
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2.1.10C). Intriguingly, coincubation of HI fibrils with CBBG at 60 ℃ and 37 ℃ increased the cell 

viability in the MTT assay and converted the toxic mature fibrils into nontoxic disaggregate 

species ( Figure 2.1.10D) 25. We also noticed a dose dependent line-broadening in the 1H NMR 

spectrum of CBBG in the presence of HI fibrils (Figure 2.1.11), suggesting that a molecular 

interaction between CBBG and HI fibrils is responsible for the CBBG induced disaggregation 

process.  

 

2.1.3.7. CBBG treated HI is biologically active  

Matured fibril deposition lowers the solubility of active HI in solution, as confirmed using the 

bicinchoninic acid assay (BCA), while co-incubating the HI and CBBG mixture at a 1:1 molar 

ratio effectively maintained soluble protein concentrations similar to native HI (Figure 2.1.12A). 

The interaction of HI with its cell surface receptor activates a signalling cascade resulting in 

enhanced Akt phosphorylation without changing the Akt1 levels, which is crucial for glucose 

absorption from plasma. CBBG-treated HI had phospho-Akt levels equivalent to native bioactive 

HI, but untreated or aggregated HI cells had baseline pAkt levels (Figure 2.1.12B). Therefore 

CBBG-treated HI was bioactive and activated signalling HI receptor. 

Figure 2.1.11. NMR signal intensities of the free and bound CBBG peaks upon titration with 

insulin fibril. (A) Selected section of 1D 1H NMR spectra of CBBG (0.5 mM) acquired using 

Bruker Avance III 700 MHz at 25 ℃ showing the line width broadening with treatment of HI 

fibril. % of 1H NMR signal intensity was calculated from the highlighted blue (B) and purple 

(C) color regions as a function of HI fibril concentration (0, 10 and 25 µM). CBBG dissolved 

in 25 mM HCl, 100 mM NaCl buffer with 10% D2O at pH~1.6 at 25 ℃.   
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2.1.3.8. CBBG increases the insulin secretion 

Furthermore, it was observed that CBBG markedly increased HI secretion upon stimulation with 

high glucose (Figure 2.1.12C) in RIN5f cells. However, the mechanism is still unknown and needs 

further investigation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.4. Conclusion                                                                                                              

        Our studies demonstrate the rationale behind the usage of small molecules such as CBBG in 

the production, storage, and delivery of pharmaceutical formulations of human insulin in its most 

active form. The enthalpy driven binding of CBBG to HI with micromolar affinity allows 

stabilization of its α-helical form, preventing further unfolding of the protein that serves as the 

nucleation step in HI fibrillation. The residue-specific interactions provide a clear understanding 

of the stepwise mechanism of interaction. Insulin fibril inhibition as well as disintegration by 

CBBG can help us in designing better analogues that can increase the shelf life of formulations 

(Scheme 2.1.1). Our findings contribute to a prospective treatment of type 2 diabetes in which 

CBBG improves the effectiveness and bioavailability of therapeutic insulin in its active state as 

well as plays a crucial role in stimulating insulin secretion from pancreatic β-cells.  

Figure 2.1.12. CBBG induced cellular changes. (A) BCA assay for measuring the soluble 

protein concentration in HI native, fibril and equimolar HI-CBBG complex. (B) Western 

blotting of HI and CBBG-treated HI to measure the phosphorylation of Akt (Ser 473). (C) The 

effect of CBBG on high glucose (22 mM) stimulated HI release (%) in RIN5f cells. Quercetin 

was used as a positive control. The values are represented as mean ± SEM, n=3.  
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2.1.5. Appendix 2.1  

Table S2.1.1. Biochemical Chart. Effect of CBBG on haematological and biochemical parameters 

in mice (n= 6 in each group). Packed Cell Volume (PCV); serum glutamic oxaloacetic 

transaminase (SGOT); serum glutamic pyruvic transaminase (SGPT), white blood cells (WBC). 

HAEMATOLOGICAL 

PARAMETERS 

Control 

Mice 

CBBG     (1 

mg) Mice 

CBBG      (5 

mg) Mice 

CBBG     (10 

mg) Mice 

Normal 

Range 

HAEMOGLOBIN % 11.3±2 10.5±1.5 9.6±2.5 12±3 6.1-19.73 

Red Blood Cell Count/Lac 

(106) 

4.1±0.5 3.9±0.6 3.8±0.3 4.5±0.5 3.57-11.7 

PCV % 36±4 34.5±5 32.7±2 33.9±3.5  

PLATELETS COUNT/Lac 

(106) 

3.5±1 2.4±0.7 1.8±1.2 2.6±1.5 0.59-6.75 

W.B.C Total Count/ Cu mm 9100±700 

 

6000±500 5500±1500 7100±1000 5500-

12500 

Neutrophils % 33±5 30±3 32±2 28±3 3-27 

Lymphocytes% 50±10 40±5 38±3 60±15 12-41 

Monocytes % 02±1 01±2 03±1 02±1 00-04 

Eosinophils % 01±2 01±1 01±1 02±1 00-01 

Basophil % 00±0 00±0 00±0 00±0 00-01 

ESR mm/1st hr 20±3 18±2 26±3 30±5  

BIOCHEMICAL 

PARAMETERS 

     

Serum SGOT (AST) IU/L 70±2.5 62±3.7 75±5.9 55±3.2  

Serum SGPT (ALT) IU/L 90±2.1 110±3.5 80±3.8 120±2.9  

Serum Creatinine mg/dl 0.86±0.10 0.86±0.05 0.79±0.15 0.92±0.03  

Blood Urea mg/dl 20±5 39±7 52±4 32±10  

Scheme 2.1.1. Schematic representation of role of CBBG in this study.  
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Figure S2.1.1. (A) The images of mouse (C57BL/6J) taken after treatment with CBBG. (B) Mice 

Body Weight Before and After Treatment with CBBG. (C) Mice Organ weight of Liver, Kidney, 

and Spleen for control and CBBG treated group after sacrifice. 

 

Figure S2.1.2. Histopathological examination of kidney, liver and spleen of the mice for sub 

chronic toxicity with treatment of 1 mg and 10 mg CBBG for per kg body weight of mice. The 

images S3 control (ctrl) have purposefully been maintained the same as in Figure 2.1.1A control, 

referring to the same composition. Haematoxylin and eosin (H and E staining), Gomori Trichrome 

and Periodic Acid-Schiff staining slides were shown under 10x and 40x magnification. 
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Figure S2.1.3. At pH 7.2, ThT fluorescence of HI aggregation and its inhibition by equimolar 

CBBG. (A) HI in absence (red trace) and presence (blue trace) of CBBG at HI:CBBG ratio of 1:1. 

HI (100 µM) incubated at 60 oC, phosphate buffer, 0.1 M NaCl, pH 7.2, for 8 days. (B) Percentage 

of final ThT fluorescence intensity of HI incubated in the absence and presence of CBBG after 8 

days. 

 

  

Figure S2.1.4.  The aggregation kinetics of HI were acquired by one dimensional 1H NMR. (A) 

Time-lapse 1H NMR spectra of 1 mM HI and/or HI treated with equimolar CBBG in 10 mM 

sodium phosphate buffer (pH 2.0) with 10 mM NaCl. (B) Normalised signal intensity of HI upon 

addition of CBBG at 1:1 molar ratio. The percentage of 1H NMR signal intensity of amide and 

aromatic region (C) and aliphatic region (D) of HI and/or HI+CBBG (1:1 molar ratio) for 0 and 

24 h incubation at 60 oC, calculated from the integrated total peak intensities of corresponding 

regions. Appearance and disappearance of new peaks after heating are highlighted. All the spectra 

were recorded on Bruker Avance III 700 MHz and at 25 oC. 

 



Chapter 2 

56 

 

Figure S2.1.5.  The aggregation kinetics of HI were acquired by one dimensional 1H NMR. (A) 

Time-lapse 1H NMR spectra of 1 mM HI and/or HI treated with equimolar CBBG in 10 mM 

sodium phosphate. 

 

Figure S2.1.6.  Structural difference between monomer and dimer HI using two-dimensional (2D) 

NMR. (A) 2D 1H-1H NOESY spectra of HI monomer (black) in 20% acetic acid-d4 containing 

10% D2O (pH 1.9). (B) NOESY spectra of HI dimer (red) in 10 mM sodium phosphate buffer, 10 

mM NaCl containing 10% D2O at pH 2.0. (C) NOESY NMR spectra of HI in presence of CBBG 

(blue) at 1:1 molar ratio after heating at 60 ℃ for 24 h. Intermonomer NOEs were detected and 

assigned for HI dimer. The spectra were recorded at 25 ℃ on 700 MHz Bruker NMR spectrometer.  
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Figure S2.1.7.  Strip plot from 2D NOESY spectra exhibiting the chemical shift perturbation and 

peak intensity broadening of insulin dimer from the B-chain domain in absence (black) or presence 

of CBBG at 1:1 molar ratio before (blue) and / or after (red) incubation at 60 ℃. NOESY NMR 

spectrum were recorded at 25 ℃ in 10 mM sodium phosphate buffer (pH 2.0) containing 10 mM 

NaCl and 10% D2O using a Bruker Avance III 700 MHz NMR spectrometer with a RT probe 

NMR. 

 

Figure S2.1.8. (A) Two dimensional NOESY Strip plot for LeuA15 (blue) and LeuB16 (red) residues 

from HI monomer displaying CSP and broadening in HI alone (black) and presence of 1:1 (green) 

molar ratio of [HI]/ [CBBG]. (B) One dimensional 1H NMR spectra of HI monomer before (blue) 

and after (red) addition of equimolar CBBG in 20% acetic acid-d4 and 10% D2O at pH 1.9 (at 25 
oC using Bruker Avance III 700 MHz NMR). 1H NMR signal intensity (%) of selected region in 

HI reduces to 88% from 100% upon addition of CBBG at 1:1 molar ratio, is shown in inset. 
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2.2. An amphiphilic small molecule drives insulin aggregation 

inhibition and amyloid disintegration 

This chapter has been adapted from the following publication: 

Das, A1., Gangarde, Y.M1., Pariary, R., Bhunia, A. and Saraogi, I., 2022. An amphiphilic small 

molecule drives insulin aggregation inhibition and amyloid disintegration. International Journal 

of Biological Macromolecules, 218, pp.981-991. 

2.2.1 Introduction 

Effective strategies for addressing protein aggregation are a significant unmet need in human 

health. Specifically, the aggregation of proteins into structured β-sheets known as amyloids has 

been implicated in numerous human diseases 1. These aggregates represent a low-energy state in 

the folding funnel and are exceptionally stable 2. Despite the presence of various quality control 

mechanisms in vivo to manage these aggregates, they often require substantial amounts of ATP 3, 

disaggregating amyloids using small molecules is a challenge and has hindered the use of 

therapeutic proteins like insulin. 

The inhibition of insulin aggregation has been explored using small organic molecules, including 

polyphenolic compounds 4, supramolecules 5, and peptide-based inhibitors 6. Nevertheless, these 

methods have drawbacks, including non-specificity, incomplete inhibition even at high 

concentrations relative to insulin, susceptibility to proteolytic degradation, and limited 

understanding of their mechanisms of action. Saraogi et al. previously identified pyridyl amide 

derivatives that significantly reduced insulin fibrillation by over 80% 7. Among these derivatives, 

one compound (M1) demonstrated efficacy in maintaining insulin in its biologically active form 7. 

Here, we report a molecule called PAD-S (Figure 2.2.1A), derived from M1, functionalized with 

a terminal sulfonate group. This modification was inspired by the presence of sulfonate 

functionalities on some known inhibitors of insulin aggregation 4b, 5b, 8. We found that PAD-S 

successfully inhibited aggregation of insulin and its biosimilars at equimolar ratio, and preserved 

the native structure and function of insulin thus acting as a chemical chaperone. It also successfully 

disintegrated preformed insulin fibrils to non-toxic forms, a property that is relatively rare for small 

molecules. Since amyloids originating from various proteins exhibit common structural and 
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mechanistic characteristics, PAD-S presents a valuable framework for developing ATP-

independent small molecule disaggregates for other amyloidogenic proteins. 

2.2.2. Experimental Methods 

2.2.2.1. Materials  

The reagents and solvents for chemical synthesis were purchased from commercial chemical 

suppliers. Recombinant human insulin was from MP Biomedicals, Cat. no. 0219390080). The 

following insulins were used in this study: Glargine (CAS Number 160337-95-1), Sigma Aldrich 

Cat. No. Y0001542); Lispro (CAS Number 133107-64-9), Sigma Aldrich Cat. No. Y0000348). 

Human recombinant insulin used for NMR experiments, was purchased from Sigma Aldrich (Cat 

No. 91077C-100MG) while Glargine insulin was purchased as 3ml BASALOG Refill from Biocon 

Biologics India limited (Bangalore, India). Acetic acid-d4 was obtained from Cambridge Isotope 

Laboratories (DLM-12-10x0.5).  

2.2.2.2. Insulin fibrillation  

A stock of recombinant human insulin was prepared in 25 mM HCl containing 0.1 M NaCl (pH ~ 

1.6). The stock was diluted to 0.087 mg/ml (15 μM), and incubated at 60 °C in a thermo-mixer 

with agitation at 300-400 rpm to promote fibrillation.  

2.2.2.3. Thioflavin T (ThT) assay 

ThT stock solution (20 μM) was prepared in milliQ water. 25 μl of the aggregating insulin solution 

(15 μM), (either alone or treated with given concentration of PAD-S) was pipetted out at specified 

time intervals, and added to 175 μl of ThT solution. ThT fluorescence was measured using BioTek 

Cytation 1 Plate Reader. The excitation wavelength of ThT was 440 nm, and the emission was 

measured at 485 nm. ThT assay was done in IISER Bhopal, MP, India.  

Seeded fibrillation was carried out using fibrils obtained by the aggregation of insulin solutions 

(15 μM, pH 1.6, 60 ℃). 3% seeds (v/v) were added to native insulin, either in the absence or 

presence of PAD-S before the onset of fibrillation. ThT measurements were performed as 

described above.  
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PAD-S (15 μM) was added at different time points (0, 2, 4, 7 h) to aggregating insulin solutions. 

The ThT measurements were performed as described above. 

2.2.2.4. Circular dichroism (CD) spectroscopy 

CD spectra were recorded for untreated insulin (3.75 µM) [human recombinant and insulin 

variants] and those incubated with varying concentrations of PAD-S using a Jasco J-815 CD 

Spectrophotometer (JASCO, Japan) at room temperature. The following parameters were used: 1 

nm bandwidth with 100 nm/min scanning rate and data pitch of 0.5 nm. Three accumulations were 

taken for each sample, and an average of at least 4 independent readings were plotted using 

KaleidaGraph software (Synergy, USA). The secondary structure analysis was done using Bestsel 

software 9. This experiment was performed at IISER Bhopal, MP, India. 

2.2.2.5. Native PAGE  

The aggregated insulin solutions (30 μM, in the absence or presence of PAD-S) were centrifuged 

at 5000 rpm for 5 min. The supernatant was analysed by 15% native PAGE in tris-glycine running 

buffer (pH 8.8) at 100V, 80 A for 1.5 h. The protein was visualized using Coomassie brilliant blue 

stain. The gels were imaged using GeneSys software in GBOX (Syngene). Bands were quantified 

using Gene Tools software. This experiment was performed at IISER Bhopal, MP, India. 

2.2.2.6. Titration of PAD-S with insulin 

Human recombinant insulin (5 µM) was titrated with increasing concentration of PAD-S (0-

100 µM). The samples were allowed to equilibrate for 30 min before each reading. Tyrosine 

(Excitation: 275 nm) fluorescence emission was measured between 290-350 nm. Tyrosine 

fluorescence at 303 nm was plotted for each concentration of PAD-S. The Kd was determined 

using the equation: 

F = Fmax

Kd + [Ins] + [PAD − S] − √(Kd+[Ins] + [PAD − S])2 − 4[Ins][PAD − S]

2[Ins]
 

Fmax is the maximum fluorescence intensity at saturating PAD-S concentration, and Kd is the 

equilibrium dissociation constant of the Ins-PAD-S complex. This experiment was performed 

at IISER Bhopal, MP, India. 
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2.2.2.7. Protein-ligand docking 

Molecular docking was performed to identify potential binding site(s) of PAD-S on insulin using 

Autodock 4.0. The 3-D structure of PAD-S was prepared using ChemDraw, and energy 

minimization was performed using Chem3D software. The native structure of insulin from RCSB 

Protein Data Bank (PDB: 1GUJ) comprised of insulin dimer consisting of two monomers (Chains 

A/B and identical C/D) was used for docking. Either A/B or C/D was removed to generate the 

insulin monomer for docking. The number of grid points along X-, Y- and Z- axes were fixed as 

85, 85, and 85 respectively, with grid spacing 0.375 Å for the monomer and 119, 97, 126 with grid 

spacing of 0.375 Å for the insulin dimer. Blind docking was performed to identify the ligand 

binding site. Both protein and the ligand were prepared by applying Gasteiger charges. All other 

parameters were set to default. The results were analysed and figures were prepared using 

Discovery Studio Visualizer Software, Version 4.0 (2012). This experiment was done in IISER 

Bhopal, MP, India. 

2.2.2.8. Nuclear magnetic resonance spectroscopy 

All the NMR experiments were recorded in a Bruker AVANCE III 700 MHz, equipped with RT 

probe at 298K. 500 µM PAD-S was used in presence of 5 µM insulin fibril as 100:1 molar ratio 

for one-dimensional saturation transfer difference (STD) NMR experiment. The STD control 

spectrum of PAD-S was performed in the absence of insulin fibril. PAD-S in 20% acetic acid-d4 

was lyophilized and suspended in 100% D2O. Selectively, saturated protein resonance for total 2s 

duration time was achieved by a train of 40 selective Gaussian shaped pulse for 49 ms each with 

an interval period of 1 ms. To irradiate the protein, on-resonance and off-resonance were set at -

0.5 ppm and 40 ppm, respectively. The STD NMR was obtained by the subtraction off resonance 

spectrum from on resonance spectrum using phase cycling method. The reference and STD spectra 

were recorded for 512 and 1024 scans, respectively, with 16 dummy scans and a spectral width of 

12 ppm. Zinc free insulin was prepared with the addition of EDTA followed by overnight dialysis 

and lyophilization 6b, 10. 2 mg/ml insulin was dissolved in 20% acetic acid-d4, 70% water, and 10% 

D2O at pH 1.9 for one dimensional (1D) and two-dimensional (2D) NMR experiments. 2D 1H, 1H 

NOESY NMR spectra of insulin were obtained in the absence and presence PAD-S at 1:1 and 1:5 

molar ratio, respectively using mixing time of 200 ms for 64 scans at 298 K. 512 and 2048 data 

points respectively in t1 and t2 dimension along with excitation sculpting pulse sequence for water 



Chapter 2 

65 

suppression were used for NOESY spectra. Topspin v4.0.6 software (Bruker Biospin GmbH, 

Switzerland) was used for data acquisition and processing. Relative signal intensity (I/Io) was 

calculated by taking the intensity ratios of insulin and PAD-S complex (I) and insulin alone (Io). 

The running average of I/Io was calculated by taking the average I/Io of three consecutive residues. 

A stock solution of insulin in DCl (pH 1.6, prepared by adding required amount of HCl in D2O) 

containing 100 mM NaCl was diluted to 500 µM (500 µl) with DCl. Another solution of 500 

µM insulin with 500 µM PAD-S (1:1) was prepared in DCl containing 100 mM NaCl from their 

respective stocks. These solutions were added to separate NMR tubes and their proton 

resonances were recorded at the initial time of aggregation. The same NMR tubes were kept 

in an incubator for the next 24 h at 60 0C with slight agitation and their proton resonances 

were recorded on Bruker Avance III 700 MHz NMR spectrometer at 25 0C. 

2.2.2.9. Transmission electron microscopy (TEM) 

10 µl of 1% (w/v) phosphotungstic acid solution was added to 10 µl of insulin solution (15 µM, 

alone or after incubation with PAD-S) for negative staining for 30 min at room temperature. The 

sample (10 µl) was plated on Formavar protected carbon coated 400 mesh Cu grids (Ted Pella 

Inc.) and allowed to adsorb for 5 minutes. The excess sample was removed using a tissue paper, 

and the grid was dried in a vacuum desiccator. TEM analysis was performed on the dried samples 

using FEI Talos 200S system equipped with a 200kV Field Emission Gun (FEG). This experiment 

was performed at IISER Bhopal, MP, India. 

2.2.2.10. Cell viability assay 

HEK-293T cells were grown in DMEM media having 10% fetal bovine serum (FBS), using a 

humified atmosphere (5% CO2) at 37 °C. 5000 cells were seeded in 96-well plates per well and 

incubated for 24 h. The media was removed and the cells were treated with 100 µL of the serum 

media containing 5 µM aggregated insulin solution containing a mixture of oligomers and fibrils 

(either alone or PAD-S treated) and incubated for 24 h. The cell viability was measured using an 

MTT assay (Sigma-Aldrich). 100 µL of 5mg/ml MTT solution diluted in media, was added to each 

well and incubated for 4 h. The media was removed and 150 µL of DMSO was added into each 
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well to dissolve the formazan crystals. The absorption was measured at 570 nm using BioTek 

Cytation 1 Plate Reader (USA). MTT assay was performed at IISER Bhopal, MP, India. 

 

 

2.2.3. Results and discussion 

2.2.3.1. Synthesis and structure-activity relationship (SAR) studies of PAD-S 

The synthesis of PAD-S started with esterification of an acid (1a) with N-hydroxy succinimide 

(NHS) in the presence of dicyclohexyl carbodiimide (DCC) to give an activated ester (2a). 

Molecule 2a was coupled with 3-amino propane sulfonic acid (3-APS) to give the desired pyridyl 

amide with sulfonate modification (PAD-S) (Scheme 2.2.1 and Figure 2.2.1A). The bottom half 

Scheme 2.2.1: Synthesis of sulfonated pyridylamide dimer 

Scheme 2.2.2: Synthesis of sulfonated pyridyl monomer. 
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of PAD-S (PA-S) was synthesized as a control by reduction of a nitroamide containing a sulfonate 

functionality (3) (Scheme 2.2.2) 11. 

ThT fluorescence was used to monitor the degree of insulin fibrillation in the presence of PAD-S 

12. We incubated native insulin solution (15 µM, pH 1.6 HCl, 0.1 M NaCl) in the presence of PAD-

S and allowed it to aggregate at 60 ℃. Insulin treated with a fivefold molar excess of PAD-S did 

not show any enhancement in ThT fluorescence (Figure 2.2.1B). In contrast, significant 

enhancement of ThT fluorescence was observed for insulin alone due to the formation of amyloid 

fibrils. These data indicate that PAD-S likely inhibits insulin fibrillation. To rationalize which 

molecular features of PAD-S were essential for the inhibitory activity, we tested fragments of 

PAD-S for insulin aggregation inhibition (Figure 2.2.1A). The fragment PAD, lacking the pendant 

sulfonate, or 3-APS containing only the sulfonate functionality did not have any effect on insulin 

aggregation (Figure 2.21B). A small (~30%) decrease in ThT fluorescence intensity was observed 

with the  fragment PA-S containing only the lower half of PAD-S. The results of this analysis 

indicate that the presence of all the key molecular features and their proper spatial organization is 

required for optimal activity. 

. 

 

Figure 2.2.1. (A) Chemical structures of PAD-S and its fragments. (B) Insulin aggregation 

inhibition with PAD-S and its fragments (insulin: molecule = 1:5) monitored using ThT 

fluorescence. The insulin concentration was 15 µM, and kinetics were carried out in pH 1.6 at 

60 0C. Error bars indicate standard deviations from three independent experiments. The figure 

was adapted with copyright permission form © 2022 Elsevier B.V. 
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2.2.3.2. PAD-S inhibits insulin aggregation dose dependently 

To assess the concentration dependent effect of PAD-S on insulin aggregation, we treated insulin 

with different concentrations of PAD-S, and the aggregation kinetics were monitored over time 

using ThT. PAD-S showed dose dependent inhibition of insulin fibrillation with complete 

inhibition beyond equimolar concentration (Figure 2.2.2A). The complete inhibition of 

aggregation indicated that PAD-S likely disrupted primary nucleation events during insulin 

fibrillation.  

2.2.3.3. PAD-S preserves the native structure of insulin 

Insulin contains four Insulin is a predominantly α-helical protein which upon fibrillation 

transforms into β-sheets that have been well characterized by circular dichroism (CD) 13. To 

evaluate the effect of PAD-S on insulin aggregation, the insulin-PAD-S complex was monitored 

by CD before and after 12 h of incubation at 60 ℃. The minima at 208 and 222 nm in the CD 

spectrum of insulin before aggregation indicate that insulin predominantly exists in an α-helical 

form (Figure 2.2.2B, green). The appearance of a minimum at 218 nm after 12 h of aggregation 

(Figure 2.2.2B, black) signifies β-sheet character of insulin due to fibril formation. Insulin treated 

with equimolar PAD-S largely retained its helical signature (Figure 2.2.2B, yellow). However, a 

lower concentration of PAD-S (0.5 equivalents with respect to insulin) was unable to do so (Figure 

2.2.2B, purple) in agreement with the ThT data.  

We determined the amount of soluble insulin present after PAD-S treatment using a Bradford 

assay. PAD-S could successfully maintain the protein in its soluble form, comparable to native 

non-aggregated insulin (Figure 2.2.2C). In contrast, the insulin sample did not contain any soluble 

protein in the absence of PAD-S. Native polyacrylamide gel electrophoresis (PAGE) on a 15 % 

gel revealed that PAD-S treated insulin had a mobility similar to native insulin (Figure 2.2.2D) 

although PAD-S seems to have changed the conformational distribution of insulin. The extra bands 

in case of PAD-S treated insulin (lane 3) may be attributed to the stabilization of other oligomeric 

states of insulin, compared to the native form in which predominantly a single band was observed 

(lane 1). In contrast, aggregation of insulin in the absence of PAD-S did not show any distinct 

bands, as the large protein aggregates likely could not enter the gel matrix. These results were 
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supported by  transmission electron microscopy (TEM) images 14, which showed no fibril 

formation in the case of insulin treated with equimolar PAD-S (Figure 2.2.2E). 

To further analyze the effect of PAD-S on insulin aggregation we performed one-dimensional 

solution-state 1H NMR analysis (Appendix 2.2, Figure S2.2.1). 1H NMR spectra of insulin alone 

or in the presence of equimolar of PAD-S (500 µM, pH 1.6 HCl) was recorded before aggregation 

(t=0 h), which showed sharp and well-resolved NMR signals in the spectrum (Figure S2.2.1A-B). 

Figure 2.2.2. (A) Time dependent change in ThT fluorescence during insulin aggregation (15 

μM, pH 1.6, 60 ◦C) at different concentrations of PAD-S. (a)-Ins: PAD-S (1:0), (b)-Ins: PAD-

S (1:0.1), (c)-Ins: PAD-S (1:0.25), (d)-Ins: PAD-S (1:0.5), (e)-Ins: PAD-S (1:0.75), (f)-Ins: 

PAD-S (1:1), (g)-Ins: PAD-S (1:2.5), (h)-Ins: PAD-S (1:4), (i)-Ins: PAD-S (1:5). (B) CD spectra 

of insulin (3.75 μM, with or without PAD-S) after 12 h of incubation. (C) Bradford assay 

showing soluble insulin content after 12 h of incubation in the absence and presence of PAD-

S. In B and C, native insulin (green) is shown as a control. All data are average of three 

independent experiments. (D) 15 % Native PAGE gel showing inhibition of insulin aggregation 

by PAD-S ([Ins] = 60 μM). (E) TEM images of insulin (with or without equimolar 

concentration of PAD-S) at the end of fibrillation. Both data are representative of three 

independent experiments. (F) MTT assay showing cell viability of HEK293T cells in the 

presence of native insulin (5 μM), insulin aggregates (5 μM), PAD-S only (5 μM), and insulin 

aggregated in the presence of PADS. The error bars indicate standard deviations from two 

independent experiments. The figure was adapted with copyright permission form © 2022 

Elsevier B.V. 
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After 24 h of incubation at 60 ℃, the proton NMR spectrum of insulin without PAD-S did not 

show any signal (Figure S2.2.1C), due to the formation of large insoluble aggregates (Figure 

S2.2.1E). In contrast, insulin treated with PAD-S retained most of the 1H NMR signals (Figure 

S2.2.1D), and the solution remained clear even after 24 h incubation at 60 ℃ (Figure S2.2.1E), 

signifying inhibition of insulin fibrillation by PAD-S. Our results suggest that PAD-S not only 

inhibits insulin fibrillation, but also preserves the protein in its native form thus acting as a 

chemical chaperone. 

2.2.3.4. PAD-S protects HEK293T cells from insulin amyloid induced toxicity 

Since amyloid fibrils are known to be cytotoxic 15, we checked whether treatment of insulin with 

PAD-S could prevent fibril induced cytotoxicity. Cell viability was measured using MTT, which 

is converted to formazan in live cells and can be quantified by measuring its absorbance at 570 

nm. Human embryonic kidney cells (HEK 293T) were treated with native insulin, insulin 

aggregates or insulin incubated in the presence of PAD-S (5 µM each) (Figure 2.2.2F). PAD-S 

treated insulin did not show any significant toxicity, compared to cells treated with insulin 

aggregates in which the cell viability was reduced to ~50%. This suggests that insulin treated with 

PAD-S is non-toxic to the cells mainly due to the absence of toxic aggregates. PAD-S (5µM) was 

not toxic to the cells under the same conditions (Figure 2.2.2F). 

2.2.3.5. PAD-S binds to insulin at key hydrophobic regions 

Insulin contains four tyrosine residues viz. A14, A19, B16, B26 which are known to change 

fluorescence on small molecule binding 16. We used the change in tyrosine fluorescence as a 

readout to probe the direct binding of PAD-S with insulin. A fixed concentration of insulin (5 µM) 

was titrated with increasing concentrations of PAD-S. The fluorescence of Tyr decreased with 

increasing concentration of PAD-S, indicating interaction between insulin and the small molecule 

(Figure 2.2.3A). The Kd was calculated to be 14 ± 3 µM between insulin and PAD-S. 

Next, molecular docking studies were carried out using Auto-dock 4.0 to identify potential binding 

site of PAD-S to monomeric and dimeric insulin (PDB: 1GUJ) 17. The results showed stronger 

binding of PAD-S with the insulin dimer compared to the insulin monomer. The binding energies 

for the monomer and dimer were -4.0 and -5.9 kcal/mol, respectively. PAD-S interacted with the 
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insulin monomer (Figure 2.2.3B and Appendix 2.2, Figure S2.2.2) at the ‘FFY’ region, along with 

ThrB27, LysB29 residues in the insulin B chain. In the insulin dimer, PAD-S interacted with the 

hydrophobic sidechains of insulin and with the B-chain C- terminal residues (Appendix 2.2, 

Figures S2.2.2B-C), namely ThrB27, ProB28, LysB29, which are known to assist in the self-

association and oligomerization of the protein 18. 

2.2.3.6. NMR studies identify the interacting site of insulin to PAD-S 

To gain further structural insights into insulin-PAD-S interaction, we have recorded two-

dimensional 1H, 1H Nuclear Overhauser Effect spectroscopy (NOESY) NMR of insulin in 

presence of PAD-S in 20 % acetic acid-d4 at pH 1.9. It is well known that insulin remains 

predominantly in the monomeric form in 20% acetic acid 6b, 10, 19. Addition of equimolar PAD-S 

induced a significant chemical shift perturbation (CSP) of insulin due to fast chemical exchange 

between free and bound PAD-S-insulin complex in the intermediate kinetic regime of the NMR 

timescale. The residues including ValA3, ThrA8, SerA12, LeuA13, LeuA16, GluA17 residues in 

A-chain were perturbed over the threshold CSP values in the presence of equimolar PAD-S (Figure 

2.2.3C and Appendix 2.2, Figure S2.2.3A) while the degree of resonance perturbations from B-

chain was largest for AsnB3, GlnB4, HisB5, LeuB17, GluB21, PheB25, TyrB26 and LysB29 

(Figure 2.2.3D and Appendix 2.2, Figure S2.2.3A). In addition, moderate CSP was seen at residues 

SerB9, LeuB11, AlaB14 and LeuB15 (Figure 2.2.3D and Appendix 2.2, Figure S2.2.3A). A further 

increase in PAD-S concentration (insulin: PAD-S=1:5) result-ed in higher CSP values with almost 

similar pattern (Figures 2.2.3C-D), indicating that increase of PAD-S concentration in-duces 

structural rearrangements in insulin. Nearly 13% and 15% NMR signal intensity of insulin 

monomer was reduced for A-chain and B-chain, respectively, with treatment of equimolar PAD-

S (Appendix 2.2, Figure S2.2.3B). However, as shown in Figure 2.2.3E, a significant loss of signal 

intensity in A-chain for a stretch of ValA3-GluA4-GlnA5 and ThrA8-SerA9-IleA10 suggested a 

potential binding site for PAD-S on A chain helix region. 



Chapter 2 

72 

 

 

 

Figure 2.2.3. (A) Relative change in tyrosine fluorescence (λex: 275 nm, λem: 303 nm) of insulin 

(5 μM) upon titration with PAD-S (0–100 μM). The error bars indicate standard deviations 

from two independent experiments. (B) Interacting residues upon binding of PAD-S to the 

insulin monomer (PDB: 1GUJ). Auto Dock 4.0 was used for docking. The pink colour denotes 

hydrophobic interactions while the green colour denotes Van der Waals interaction between 

PAD-S and insulin. H-bonding is shown with a dotted green line. Structural insights into the 

PAD-S complex with insulin were characterized by 2D NOESY NMR. Bar plot of the 

difference in chemical shift perturbation (CSP) for (C) insulin-A chain (D) insulin-B chain at 

1:1 (red) and 1:5 (blue) molar ratio of [Insulin]/[PAD-S]. The red and blue horizontal solid lines 

with green shaded regions represent the average value of CSP in bar plots. Running average 

peak intensity (I/I0) of Cα protons of insulin for three consecutive residues in (E) A-chain (F) 

B-chain in the presence of PAD-S at a molar ratio of 1:1 (red) and 1:5 (blue), respectively. 

Overlapping or undetected residues with similar chemical shifts are marked with an asterisk 

(*). All data were recorded at 298 K in 20 % acetic acid‑d4 on a Bruker Avance III 700 MHz 

NMR spectrometer equipped with a room temperature probe. The figure was adapted with 

copyright permission form © 2022 Elsevier B.V. 
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Moreover, major broadening was observed in the stretch of insulin B-chain such as GlnB4-HisB5-

LeuB6-CysB7-GlyB8-SerB9-HisB10 from N-terminal, LeuB11-ValB12-GluB13-AlaB14 from 

central hydrophobic region and PheB24-PheB25-TyrB26-ThrB27 from the C-terminal, revealing 

specific involvement of hydrophobic segments in the course of binding (Figure 2.2.3F and 

Appendix 2.2, Figure S2.2.3A). These results were also in good agreement with molecular docking 

studies (Figure 2.2.3B). Although, we could not consider the α-protons signal intensity of LeuA16 

and TyrB16 due to severe signal overlap in presence of equimolar PAD-S, we detected the γ-

proton signal intensity decay of LeuA16 with increasing PAD-S concentration (Appendix 2.2, 

Figure S2.2.3C). As insulin interacts with PAD-S in a dose-dependent manner, titrating insulin 

with a fivefold molar excess of PAD-S resulted in a loss of 78% signal intensity for insulin 

including chain-A and B, indicating intermediate chemical exchange regime present between the 

bound and unbound state (Appendix 2.2, Figure S2.2.3B). In the presence of 1:5 molar ratio of 

insulin:PAD-S, relatively broad segments were obtained for A-chain extending from IleA2 to 

GlnA5; IleA10 to LeuA13 and TyrA19 to AsnA21 (Figure 2.2.3E and Appendix 2.2, Figure 

S2.2.3A).  Interestingly, the aggregation prone segment of the central hydrophobic region (HisB10 

to LeuB15) and C-terminal region (TyrB26 to ThrB30) from B-chain showed greater attenuation 

in signal intensity (Figure 2.2.3F and Appendix 2.2, Figure S2.2.3A). These observations further 

suggested that the backbone mobility of PheB24, PheB25, TyrB26, ValB12, ValA3, and TyrA19 

residues which are mainly responsible for creating a hydrophobic core in the centre of insulin 

during the course of aggregation, were totally restricted in PAD-S bound conformation 20. These 

observations corroborate the CSP and broadening profiles, explaining direct molecular association 

of PAD-S with these aggregation prone segments, resulting in modulation of amyloid aggregation 

propensity. Overall, molecular docking and NMR results suggest that residue-specific electrostatic 

and hydrophobic interactions are likely to be involved in insulin-PAD-S complex formation. 

2.2.3.7. PAD-S inhibits aggregation of insulin biosimilars 

Several insulin biosimilars are currently under use for treatment of diabetes 21. For example, 

Glargine is a slow acting insulin analog that consists of a glycine residue at the C-terminal A-chain 

replacing asparagine (N21G of A chain) and two extra arginine residues (R31,R32 of B chain) at 

the B-chain C-terminal threonine. Insulin Lispro, a fast-acting insulin variant 22 is made by reversal 

of amino acids at position 28 and 29 of the insulin B chain 23. It is a double mutant P28K, K29P 
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that has been developed to reduce dimerization, which results in its fast-acting property 24. We 

asked whether PAD-S could effectively inhibit the aggregation of insulin biosimilars as it binds to  

 

the L11VEAYL17 region which is intact in these variants. At equimolar concentration, PAD-S 

completely inhibited aggregation of glargine, while aggregation of lispro was inhibited by ~80% 

(Figures 2.2.4A-B). The weaker effect of PAD-S on lispro suggests that the interaction of PAD-S 

with Pro and Lys of insulin B chain is important to inhibit insulin aggregation, consistent with 

molecular docking and NMR studies (Figure 2.2.3B). These data were corroborated by CD 

spectroscopy, which showed stabilization of the α-helical structure of glargine, while some 

intermediate structures were observed in the case of insulin lispro (Figures 2.2.4C-D). 

Two dimensional NOESY NMR further confirmed the residue-specific interaction of glargine with 

PAD-S. Addition of equimolar of PAD-S to glargine resulted in significant CSP and line 

broadening for both A and B-chains (Figure 2.2.5A, B and Appendix 2.2, Figure S2.2.4) of insulin. 

Figure 2.2.4.  Fibrillation kinetics of insulin biosimilars measured using ThT fluorescence (A) 

insulin glargine, (B) insulin lispro in absence and presence of equimolar PAD-S (15 µM, pH 

1.6, 60 ℃). CD Spectra of insulin glargine (C), insulin lispro (D) in the absence and presence 

of equimolar PAD-S (3.75 µM) at the end of fibrillation. Data are average of three independent 

experiments. The figure was adapted with copyright permission form © 2022 Elsevier B.V. 
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In particular, A-chain residues ValA3, CysA7, IleA10, SerA12, LeuA13, LeuA16, GluA17, 

CysA20 and GlyA21 showed higher CSPs (Figure 2.2.5A and Appendix 2.2, Figure S2.2.4). On 

the other hand, B-chain showed significant sequence specific CSPs at central hydrophobic residues 

including LeuB11, Al-aB14, LeuB15, TyrB16, LeuB17 and C-terminal residues such as PheB25, 

TyrB26, ThrB27, while distant perturbations were observed in N-terminal residues AsnB3, HisB5, 

CysB7, SerB9 (Figure 2.2.5B and Appendix 2.2, Figure S2.2.4). These results suggest that the  

 

regional chemical environment changes around these residues upon addition of PAD-S. 

Interestingly, we also observed a line broadening effect on A-chain segments, namely IleA2-

ValA3-GluA4-GlnA5 and CysA7-ThrA8-SerA9 (Figure 2.2.5C). Additionally, a sequential 

region-specific line broadening was seen for GlnB4-HisB5-LeuB6-CysB7-GlyB8-SerB9-HisB10-

LeuB11, LeuB17-ValB18-CysB19 and TyrB26-ThrB27-ProB28-LysB29-ThrB30 from B-chain 

segments (Figure 2.2.5D). Taken together, these results suggest that the conformational changes 

due to intermolecular interaction with PAD-S alter glargine insulin fibrillation. 

 

 

Figure 2.2.5. NMR data showing interaction of insulin glargine with PAD-S. Bar plot showing 

CSP of glargine insulin in presence of equimolar PAD-S for (A) A-chain (blue) and (B) B-chain 

(red) residues. The green colour background indicates the average of CSP values for individual 

chain. Running average of relative change in α-H peak intensity of glargine insulin upon addition 

of equimolar PAD-S for (C) A-chain and (D) B-chain residues. Undetected residues are marked 

with an asterisk (*). The NMR experiments were performed at 25 ℃ on a Bruker Avance III 700 

MHz NMR spectrometer equipped with a RT probe in 20% acetic acid-d4 (pH 1.9). The figure 

was adapted with copyright permission form © 2022 Elsevier B.V. 
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2.2.3.8. PAD-S prevents elongation of insulin fibrils. 

To further probe the mechanism of inhibition of PAD-S, we monitored seeded aggregation 

kinetics using ThT. 3% preformed insulin fibrils were added as a template during insulin 

fibrillation to bypass the primary nucleation processes. The samples were treated with PAD-S 

at 1:1 and 1:5 molar ratios and the aggregation kinetics were monitored (Figure 2.2.6A). A 

concentration dependent decrease in the final ThT fluorescence intensity along with an 

extended lag phase of insulin aggregation indicated that PAD-S prevents elongation of insulin 

fibrillation. Thus, PAD-S prevents both primary nucleation (Figure 2.2.2A) and elongation 

likely by binding to native insulin. 

To further validate the mode of inhibitory action of PAD-S, PAD-S was introduced at different 

time points (2, 4 and 7 h) after initiation of insulin aggregation. PAD-S showed strong 

inhibition of insulin aggregation when it was introduced 2 h after aggregation began (Figure 

2.2.6B). Similarly, introduction of PAD-S at 4 h, which is at the start of log phase, arrested 

insulin aggregation significantly. This is consistent with strong inhibition of nucleation and 

elongation as discussed above. Surprisingly, introducing PAD-S after 7 h of incubation resulted 

in reduction of the ThT fluorescence intensity to ~60% of the maximum value. This is a striking 

result suggesting that PAD-S might disintegrate mature fibrils (Figure 2.2.6B). 

2.2.3.9. PAD-S disintegrates mature insulin fibrils to non-toxic species 

The previous finding led us to probe whether PAD-S could indeed disintegrate mature insulin 

fibrils. We added different concentrations of PAD-S to mature insulin fibrils (15 µM) and 

monitored ThT fluorescence over time. Indeed, PAD-S disintegrated mature insulin fibrils in a 

time and dose dependent manner (Figure 2.2.6C) with maximum disintegration of insulin fibrils 

at 15-fold excess of PAD-S (Figure 2.2.6D). To ensure that the observed result was not due to 

displacement of ThT from the fibrils by PAD-S, we used three different concentrations of ThT 

(10, 20, 25 µM) while keeping insulin fibril and PAD-S concentration fixed. If ThT and PAD-S 

were indeed competing for insulin fibrils, the ThT fluorescence emission would be different                       

in each case. However, the ThT values were similar at all concentrations (Appendix 2.2, Figure  



Chapter 2 

77 

 

S2.2.5A), supporting our conclusion  that PAD-S actually disintegrated the fibrils, and the decrease 

in ThT fluorescence in Figures 2.2.6C, D was not an artifact of PAD-S outcompeting ThT for 

binding mature fibrils. This observation was confirmed by TEM imaging, where PAD-S treated 

insulin fibril (1:1) sample showed much fewer fibrils and small non-fibrillar aggregates (Figure 

2.2.6E(ii)) compared to untreated mature fibrils (Figure 2.2.6E(i)). CD spectra further revealed 

that PAD-S was indeed able to disintegrate β-sheet rich mature insulin fibrils (black) and restore 

Figure 2.2.6. (A) Seeded (3% v/v) aggregation kinetics of insulin (15 μM, pH 1.6, 60 ℃) at 

specified insulin: PAD-S ratio. The error bars indicate standard deviations from three 

independent experiments. (B) Fibrillation kinetics of insulin with delayed addition of 

equimolar PAD-S (2, 4 and 7 h). The error bars indicate standard deviations from three 

independent experiments. (C) Time dependent kinetics showing disintegration of mature 

insulin fibrils by PAD-S at insulin: PAD-S concentration of 1:1 and 1:5 (15 µM, pH 1.6, 60 

℃). Data is average of two independent experiments. (D) Final ThT fluorescence intensity 

after disintegration of mature insulin fibrils (15 µM, pH 1.6, 60 ℃) by different concentrations 

of PAD-S after 1 h of agitation. Data is average of three independent experiments. (E) TEM 

imaging showing (i) mature insulin fibrils, (ii) Fibrils after treatment with PAD-S (1:1). (F) 

Relative cell viability of HEK293T cells after treatment with insulin aggregates (5 µM), or 

mature insulin fibrils disintegrated in the presence of different concentrations of PAD-S. (G) 

One dimensional STD NMR of PAD-S in the presence of insulin fibrils at 700 MHz. Black 

color indicates reference 1H spectrum of PAD-S (500 µM) with insulin fibrils (5 µM). Red and 

blue colors represent STD spectra of PAD-S in the presence and absence of insulin fibrils. The 

shaded peaks represent the methyl protons (iso-propyl and iso-butyl groups) of PAD-S. Figure 

was adapted with copyright permission form © 2022 Elsevier B.V. 
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partial α-helical character (orange) (Appendix 2.2, Figure S2.2.5B). Although PAD-S successfully 

disintegrated insulin fibrils (Figures 2.2.6C-D), it was important to determine if the species formed 

as a result were cytotoxic since aggregation intermediates often show enhanced toxicity 25. Hence, 

we checked the cytotoxicity of the disintegrated fibrils in an MTT assay. The insulin samples 

obtained after disintegration with PAD-S were less toxic to HEK 293T cells than mature fibrils, 

and cell viability was completely restored at 10-fold molar excess of PAD-S (Figure 2.2.6F). This 

indicates that PAD-S successfully converted the mature amyloid fibrils to alternative non-

cytotoxic structures. 

To identify and characterize the binding epitope of PAD-S to insulin fibrils, one dimensional 

saturation transfer difference (STD) NMR was performed. In this technique, the effective 

magnetization is transferred via spin-diffusion from large protein (insulin fibril) to small ligand 

(PAD-S) protons which are in close proximity to the protein 26. Initially, no STD signal was 

obtained from PAD-S alone (without insulin fibrils) at the applied on-resonance frequency of -0.5 

ppm (blue line, Figure 2.2.6G). In contrast, on treatment of PAD-S with preformed insulin fibril 

at 100:1 molar ratio, strong STD signals were observed in the aliphatic region of PAD-S (red line, 

Figure 2.2.6G). The PAD-S protons that made close contact with insulin fibrils in the bound form 

were CH3 protons of iso-propyl and iso-butyl groups (Figure 2.2.6G). This suggests that PAD-S 

interacts with the insulin fibrils through its hydrophobic side chains, leading to their disintegration. 

2.2.4. Conclusion 

In summary, we report the rational design of a small molecule called PAD-S, which acts as a 

chemical chaperone, and completely prevents aggregation of insulin and biosimilars. The sulfonate 

group attached to PAD-S makes it highly soluble in aqueous media, thereby facilitating its use in 

insulin formulations. PAD-S is non-toxic, and protects cells from insulin amyloid induced 

cytotoxicity. Molecular docking and mechanistic investigations lead to the conclusion that PAD-

S binds to native insulin at the amyloid prone B11-B17 (L11VEALYL17) residues. Furthermore, 

PAD-S is one of the very few synthetic molecules that can disintegrate mature insulin fibrils to 

non-toxic smaller fragments. PAD-S is thus a valuable lead for regulating insulin fibrillation in 

commercial formulations. 
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2.2.5. Appendix 2.2 

 

Figure S2.2.1. 1H NMR spectra to monitor insulin aggregation. (A) 1H NMR of insulin only (500 

µM) before aggregation. (B) 1H NMR of insulin with PAD-S (500 µM each) before aggregation 

(t=0 h). (C) 1H NMR of insulin only (500 µM) after 24 h at 60 0C. (D) 1H NMR of insulin with 

PAD-S (500 µM each) after 24h of aggregation at 60 0C. The residual solvent peak in D2O was 

assigned at 4.79 ppm. (The peak at 2.07 ppm is due to an unidentified impurity). The NMR spectra 

were recorded at 700 MHz in aqueous solution (pH 1.6 DCl) containing 100 mM NaCl. (E) Images 

of NMR tubes showing insulin only (left), and in the presence of PAD-S (1:1) incubated at 60 0C 

for 24 h. 

 
Figure S2.2.2. Molecular docking showing interaction between PAD-S and insulin. (A) PAD-S 

docked onto insulin monomer (PDB: 1GUJ), prepared by removing one monomer from the dimer. 

(B) PAD-S docked onto insulin dimer (PDB: 1GUJ). Auto Dock 4.0 was used for docking. (C) 2D 

Diagram depicting the interacting sites of insulin dimer with PAD-S. The pink color represents 

hydrophobic interactions and the green color represents Van der Waals interactions. Green dotted 

lines indicate H-bond interactions of PAD-S with LysB29 and PheB25. 



Chapter 2 

80 

 

Figure S2.2.3. (A) Strip plot of important residues from insulin displaying chemical shift 

perturbation (CSP) and broadening in the absence (green) and presence of 1:1 (red) and/ or 1:5 

(blue) molar ratio of [Insulin]/[PAD-S]. (B) % 1H NMR signal intensity from 2D NOESY 

spectrum of human insulin chain-A and chain-B upon addition of PAD-S at 1:1 (blue) and 1:5 

(green) molar ratio. (C) Normalized signal intensity of γ-proton of LeuA16 from A-chain of insulin 

with increasing concentration of PAD-S. 

 

Figure S2.2.4. Strip plot of significant residues showing chemical shift perturbation as well as 

broadening for glargine insulin in the presence (blue) and absence (red) of equimolar PAD-S. The 

NOESY NMR spectra were recorded with Bruker Avance III 700MHz NMR spectrometer 

equipped with a RT probe at 298 K. 
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Figure S2.2.5. (A) PAD-S mediated mature insulin fibril (15 µM) disintegration at varying 

concentration of ThT. (B) CD spectra of native insulin (green), mature insulin fibrils (black), and 

fibrils after disintegration by PAD-S (orange). Insulin concentration during CD measurement was 

3.75 µM and Ins: PAD-S=1:1. A higher concentration of PAD-S could not be used for this 

experiment due to interference from PAD-S.  
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Chapter 3 

3. Targeted Inhibition of Amyloidogenesis Using A Non-

Toxic, Serum Stable Strategically Designed Cyclic Peptide 

with Therapeutic Implications 

This chapter has been adapted from the following publication: 

Pariary, R., Ghosh, B., Bednarikova, Z., Varnava, K.G., Ratha, B.N., Raha, S., Bhattacharyya, 

D., Gazova, Z., Sarojini, V., Mandal, A.K. and Bhunia, A., 2020. Targeted inhibition of 

amyloidogenesis using a non-toxic, serum stable strategically designed cyclic peptide with 

therapeutic implications. Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics, 

1868(5), p.140378. 

3.1. Introduction 

Protein amyloidogenesis plays a crucial role in the pathophysiology of several human diseases, 

including neurodegenerative disorders such as Alzheimer’s and Parkinson’s as well as metabolic 

disorders like Diabetes 1. The association of amyloidogenesis with the devastating pathological 

implications has led to an increase in developing inhibitors against this aggregation. Scientific 

advancements using in vitro, in vivo, and in silico strategies have added to our gradual 

understanding of the system 2. However, success in implementing such approaches has been 

limited, in part due to the complexity of the aggregation process and also in part because of the 

fact that the mechanisms and targets of the inhibitors are poorly defined.   

Over the years, several amyloidogenic model proteins have been identified, such as insulin, 

amyloid β, α-synuclein, etc. underlying some of the most devastating disorders (including Type-II 

Diabetes, Alzheimer’s and Parkinson’s Disease). The ease of availability of insulin over other 

amyloidogenic proteins has attracted several research groups to use it as a model protein for 

understanding amyloidogenesis 3. Insulin, apart from being an excellent amyloid model, is widely 

known for its significant pharmaceutical importance. However, owing to its innate aggregation 

propensity, insulin forms amyloid intermediates during its commercial production, formulation, 

transportation, and storage 4. Furthermore, insulin has been shown to form amyloid deposits at the 

site of administration 5, mostly due to a membrane-induced amyloidogenic attribute. Such deposits 
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have often been referred to as “insulin ball,5a, 5e” which not only complicates the diagnosis of 

systemic amyloidosis in diabetes but also reduces insulin bioavailability and hence raises treatment 

costs 5a, 5c. In fact, biomembranes have been found to play a crucial role in modulating the overall 

aggregation propensity of several known amyloidogenic proteins at the lipid interface, thus adding 

further complexities to the system 6. Though the adoption of next-generation needle free drug 

delivery can be a solution to this problem, it requires liposome-based drug delivery formulations7. 

Alternatively, the inhibition of the nucleating intermediates has been gaining interest as a 

particularly attractive therapeutic target in insulin and other amyloidogenic pathogenesis. Several 

researchers have been focusing on the development of biocompatible alternatives that would 

specifically inhibit the target species modulating systemic amyloidogenesis. However, their 

mechanism of action and the underlying side effects has remained elusive owing to the limited 

knowledge of the amyloidogenic intermediates. In this context, small peptides and 

peptidomimetics are much valued aggregation inhibitors. Specifically, small peptides are effective 

in delaying fibrillation either by preventing the unfolding of native protein conformations or by 

interacting with the partially folded intermediates through covalent or non-covalent interactions 8. 

In our previous study, we have reported a small peptide, KR7 (KPWWPRR-NH2), designed from 

an antimicrobial peptide, indolicidin, to be particularly potential in targeting insulin fibrillation in 

vitro 9. In this present study, we have modified the original peptide systematically to enhance its 

therapeutic potential. We have introduced Cys residues either before or after the “PWWP motif” 

resulting in two linear peptides, KCR7 (KCPWWPRR-NH2) and KR7C (KPWWPCRR-NH2) 

along with a cyclic peptide KR7CC (KCPWWPCRR-NH2) with a disulfide bond between the two 

Cys residues (Scheme 3.1 and Appendix 3, Figures S3.1A-B, Table S3.1).  Our studies including 

various low-resolution spectroscopic tools in conjunction with high-resolution microscopy 

enabled us to gain mechanistic insights into the functional interface of inhibiting bovine insulin 

(BI) aggregation. Furthermore, high-resolution nuclear magnetic resonance (NMR) spectroscopy 

was employed to characterize the epitope of inhibitory action at atomic resolution. 
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In accordance with the previous reports on cyclic peptides 10, KR7CC displayed superior activity 

in inhibiting the self-assembly of aggregation-prone sequences possibly due to its rigid 

conformation. In comparison to linear peptides, rigid cyclic peptides are known to help in reducing 

the randomness, thereby diminishing the entropy of the peptides upon binding with the targets 10b. 

The structural rigidity imparts a specific orientation, which facilitates enhanced binding towards 

target molecules. It has also been reported that cyclic peptides have better penetrating capability 

into the cell membranes 10c. Our results show that KR7CC not only has higher activity in 

comparison to other peptides against insulin fibrillation but also prevents the fibril formation and 

assists in arresting the non-toxic intermediates. Biophysical studies indicated a KR7CC-mediated 

reduction in the membrane-disruptive activity of insulin amyloids.  The present study confirmed 

KR7CC to be a serum stable, non-toxic therapeutic alternative that effectively checks the insulin-

imparted cytotoxicity in vitro as well as in pancreatic islet cells.  

3.2. Experimental Methods 

3.2.1. Chemicals 

Bovine insulin (BI) from bovine pancreas was purchased from Sigma Aldrich Co. (St. Louis, 

USA). The KR7, KCR7, KR7C. KR7CC peptides were obtained from GL Biochem (Sanghai, 

China). HPLC and mass spectral (electrospray ionization-MS) analysis were confirmed that KR7-

series peptides were >95% pure. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 

Cholesterol were bought from Avanti Polar Lipids Inc. (AL, USA). The highest analytical grade 

solvents and reagents were used directly without further purification.  

Scheme 3.1. The sequence of KR7-series peptides: KR7, KCR7, KR7C and KR7CC. 
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3.2.2. Synthesis of KR7CC Peptide  

The peptides were also manually synthesized on Tentagel resin on 0.2 mmol scales and purified 

following the SPPS protocol 11 in university of Auckland, New Zealand. Excess of each Fmoc-

amino acid (four-fold) and 3.9 equivalents of HCTU as coupling reagent was used along with 

DIPEA as the base. The Fmoc deprotection mixture was a solution of 20% piperidine in DMF. 

The disulphide bridge formation was performed on resin in the presence of iodine. For this reason 

Cys(Acm)Fmoc was used during the synthesis of the linear peptide. Once the elongation of the 

sequence was finished  deprotection of the Acm group, and concomitant formation of the 

disulphide bridge were done in the presence of 10 equivalents of iodine in DMF: H2O (4:1) for 1 

h following standard procedures 12. The resin was washed several times with DMF, isopropanol 

and 1% ascorbic acid prior to cleavage from the resin using TFA−TIS−H2O-EDDT: 94:1:2.5:2.5 

v/v. The cleavage mixture was evaporated under nitrogen, and then cold diethyl ether was added 

to precipitate the crude peptide. This was subjected to centrifugation, following which the resultant 

pellet was dissolved in a mixture of water and acetonitrile before lyophilization to recover the 

crude peptide.  

3.2.3. HPLC and Mass Spectrometry 

RP-HPLC was performed on a Thermo Scientific Dionex VWD 3x00 system using a Phenomenex 

Luna 5 μm C18 100 Å (250 mm × 10 mm) column which was used to purify the KR7CC peptide 

using 0.1% TFA in water as solvent A and 0.1% TFA and 0.09% water in 99% acetonitrile as 

solvent B at a flow rate of 10 ml per minute. The peptide was eluted using a linear gradient of 20-

60% of solvent B over 25−30 min with UV detection at 214 nm. The purity was confirmed to be 

98.5% as determined by analytical RP-HPLC performed using a Phenomenex Luna 5 μm C18 100 

Å (250 mm × 4.6 mm) column using the same solvent system as above, at a flow rate of 1 ml per 

minute (Appendix 3, Figure S3.1A, Table S3.1). Identity of the peptide was established using ESI-

MS recorded on a Bruker micrOTOFQ mass spectrometer (Appendix 3, Figure S3.1B and Table 

S3.1). 

3.2.4. Preparation of the Large unilamellar vesicles (LUVs) 

DOPC/Cholesterol (6:4) lipids were dissolved in a chloroform solution, followed by evaporation 

of all solvents under a stream of nitrogen (N2) gas flow and lyophilized the lipid film overnight. 
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The required quantity of 10 mM sodium phosphate buffer (pH 7.4), 100 mM NaCl was added to 

re-hydrated lipid film and vortexed for few minutes at 4 ℃ until lipids were completely dissolved. 

This lipids solution underwent by 3 freeze-thaw cycles to make homogeneous MLV (Multi 

lamellar vesicle). LUVs were prepared by micro-extrusion of MLV through a 100 nm filter mem-

brane 21 times above the transition temperature of the corresponding lipid mixtures 13. 6-

Carboxyfluorescein (6-CF) entrapped LUVs were prepared at 2 mg/ml in a similar manner, 

however rehydrated with a 6-carboxyfluorescein solution. The size of LUVs was measured by 

dynamic light scattering (DLS) before and after incubation at 335 K to confirm their thermal 

stability using Zetasizer Nano S (Malvern Instruments). 

3.2.5. Insulin Fibrillation Kinetics by ThT Assay.  

Thioflavin T (ThT) dye has been used for amyloid aggregation kinetics to probe the presence of 

cross-β-sheet structures in amyloids 14. For this experiment, insulin was dissolved in 50 mM citrate 

phosphate buffer at pH 2.6 in the presence of 100 mM NaCl 3b, 9. The concentration of insulin with 

an extinction coefficient of 0.91 mg/ml for 1 OD at 276 nm in the Nanodrop instrument (Thermo 

Fisher Scientific) 15.  The molar extinction coefficient of 36,000M−1 cm−1 was used to determine 

the concentration of thioflavin T (ThT) solution at UV absorbance at 412 nm by dissolving in 

Milli-Q water. KR7-series peptides were dissolved in same 50 mM citrate phosphate buffer at a 

concentration of 350 μM. For ThT assay, 2 mg/ml Insulin stock was prepared in the presence and 

absence of equimolar KR7-series peptides and incubated at 335 K in a water bath. Insulin and 

peptide were mixed in 1:1 molar ratio in the stock solution. Aliquots of the samples were taken 

from it at regular time intervals (30 min). Aliquots were diluted by adding 10 mM sodium 

phosphate buffer (pH 7.4) along with 100mM NaCl in presence of 10 μM ThT solution. ThT 

fluorescence assay was measured by using a quartz cuvette with path length of 0.1 cm in the 

spectrofluorometer (JASCO, FX-8500 and HITACHI F-7000 FL) where the excitation was set at 

440 nm and an emission maximum was measured around 482 nm to monitor the kinetics of insulin 

fibrillation. The fluorescence intensity data at 482 nm at respective time points were plotted against 

time and the curve was fitted by Boltzmann equation (a nonlinear sigmoidal function), i.e. given 

by Equation (1) 

                                                 𝑌 = 𝐴2 + [
𝐴2−𝐴1

1+𝑒
(𝑡−𝑡1/2)/𝜏]     …………….(1) 
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Here, A1 is the initial fluorescence, A2 is the maximum fluorescence, t1/2 stands for the time where 

the fluorescence has reached to half of the maximum value, and 1/τ is the apparent rate constant 

of fibril growth and lag time approximated to t1/2-2τ.                    

3.2.6. Seeding experiments using ThT Assay 

Mature insulin fibrils and KR7CC-induced insulin fibrillar species were used to seed insulin 

aggregation kinetics. 5% of either fibrillar seeds were added at 0 min and the resultant aggregation 

kinetics of insulin was recorded using ThT fluorescence emission as described previously..   

3.2.7. ThT kinetics in the presence of membrane  

Insulin was dissolved in aqueous HCl solution (pH 1.9) at a 2 mg/ml final concentration 13a. Four 

different set of experiments were prepared to investigate the insulin-membrane mediated 

aggregation kinetics. The first set of experiment was done with 2 mg/ml insulin solution incubated 

at 335 K in a water bath. In second set of experiment, LUVs were added at a molar ratio of 1:7 to 

that of insulin (pH was adjusted to 1.9) and incubated at 335 K. In third and fourth set of 

experiments, equimolar KR7 and/or KR7CC peptides were treated with insulin (2 mg/ ml) in the 

presence of LUVs (LUVs/ insulin =1:7) and the total solution was incubated at 335 K. The aliquots 

of respective time points were taken into in 10 mM phosphate buffer (pH 7.4) with 100 mM NaCl, 

and fluorescence intensity was measured as described above.  

3.2.8. Dye Leakage Fluorescence Assay  

The fractional release of dye entrapped inside vesicles used to determine peptide-induced 

membrane permeability. 6:4 DOPC/Cholesterol vesicles were prepared with 6- carboxyfluorescein 

as describe above LUVs preparation. After extrusion, dye-filled vesicles were separated on a 

Centricep column as per the protocol supplied by the manufacturer to remove the free 6-CF, which 

was not entrapped in the vesicles. 100 µM dye vesicles were used for every dye leakage 

experiments 13a. The excitation wave-length was set at 495 nm and the emission spectra at around 

521 nm. Insulin aggregates (20 µM) in the presence or absence of KR7CC (1:1) were added to 

observe the membrane permeability. LUVs were treated with 0.1% Triton-X to disrupt the vesicles 

for the maximum fluorescence measurement. The amount of dye leakage was calculated by 

equation-2. 

The amount of dye leakage=  (
𝐹−𝐹0

𝐹𝑇−𝐹0
) × 100 …………..(2) 
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Where, F is the measured fluorescence intensity of LUVs after addition of insulin sample with 

or without equimolar KR7CC, F0 is the fluorescence intensity of only LUVs and FT is the 

maximum fluorescence intensity detected after treatment with Triton X100. 

3.2.9. Circular dichroism (CD) spectroscopy 

Circular dichroism (CD) spectra were applied to characterize conformational changes of insulin in 

presence and absence of KR7CC peptide at 1:1 molar ratio using a JASCO J-815 

spectropolarimeter. 10 mM sodium phosphate buffer (pH 7.4) with 100mM NaF solution was 

added to dilute the aliquots of 2 mg/ml insulin stock solution at different incubation times. All 

spectra were recorded between 200 nm to 260 nm at 298K using 0.2 cm path length quartz cuvette 

with a scanning speed of 100 nm/min. Each CD spectrum was obtained by an accumulation of 

three subsequent scans. A control spectrum of only the KR7CC was also recorded to eliminate the 

contribution of KR7CC in the CD spectrum. 

3.2.10. Raman spectroscopy 

2 mg/ml insulin was incubated at 335 K in 20% acetic acid buffer (pH 1.9) with and without 

KR7CC (1:1) peptide. 20% acetic acid buffer was used to avoid the interference of citrate 

phosphate buffer in the Raman’s spectra. 30  µl of insulin at 0 h (non-fibrils) and 72 h (matured-

fibrils) of incubation were placed on fresh and clean aluminium foil mounted on a glass slide and 

air-dried 16. The spectra were collected in backscattering geometry using a LabRam HR -Jobin 

Yvon (Horiba, Kyoto, Japan) spectrometer equipped with a Peltier-cooled CCD. A 785 nm diode. 

LASER was focused on the sample for excitation using a 50x objective 17. 

3.2.11. Fluorescence Anisotropy 

Tryptophan fluorescence of 8 µM KR7CC was measured in 50 mM citrate phosphate buffer with 

100 mM NaCl medium (pH 2.6) using a Hitachi F-7000 FL spectrometer with the addition of 

insulin from 1 µM to 25 µM at room temperature. After each titration with insulin, the maxi-mum 

emission was recorded upon excitation at 295 nm. The fluorescence anisotropy values (A) were 

calculated as: 

                                                      A =
(𝐼𝑉𝑉–𝐺×𝐼𝑉𝐻)

(𝐼𝑉𝑉+2×𝐺×𝐼𝑉𝐻)
……………………...(3) 
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Here, IVV and IVH are the vertically and horizontally polarized components corresponding to the 

tryptophan fluorescence-emission intensities obtained with the excitation by vertically polarized 

light at 295 nm. G is the sensitivity factor for the instrument. The anisotropy values were plotted 

against insulin concentrations for a particular time point and fitted using the one site binding model 

equation for the calculation of apparent dissociation constant (KD) of the peptide-protein 

interaction assuming a 1:1 binding stoichiometry or equivalent and independent binding sites. 

                                                                        𝑦 =  𝑦0  +  𝐵𝑚𝑎𝑥 (
𝑥

𝐾𝐷 +𝑥
 )……………(4) 

Here, y is the measured anisotropy value, y0 is the anisotropy value for KR7CC alone, x is the 

concentration of added insulin (µM), Bmax is the maximum value of anisotropy during the binding 

process, and KD is the dissociation constant of insulin-KR7CC complex. 

The KD value was used to calculate the Gibbs free energy (ΔG) of the corresponding time points 

using the equation (5). 

                                                  ΔG= RT ln[KD]    ……………………….(5) 

3.2.12. Confocal Study 

The ThT samples were used to prepare confocal slides, in parallel. 10 μl aliquots of insulin and 

insulin+KR7CC samples collected at different incubation time points were placed onto clean glass 

slides and dried inside a laminar air-flow at room temperature in the absence of light. DPX was 

used as the mounting media. ThT fluorescence was observed in a Leica TCS SP8 confocal 

microscope using the 405 nm bandpass filter. 

3.2.13. Atomic Force Microscopy (AFM) 

AFM sample preparation was done using 350 μM of the fibrillar sample for each variant in 50 mM 

citrate phosphate buffer in the presence of 100 mM NaCl (pH 2.56) with and without KR7-series 

(1:1) peptide. The samples were cast on a mica surface and adsorbed for 5 min. Thereafter, the 

mica surface was washed with ultra-pure water and dried under N2 gas. The structure of untreated 

BI fibrils and those treated with equivalent concentration (1:1) of KR7CC peptide was studied 

using Veeco diInnova microscope in tapping mode and the SNL - 10 tip (Bruker, USA). The image 

resolution was 1024 x 1024 pixels with a scan rate of 0.5 kHz. 
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3.2.14. NMR experiment  

NMR spectra were recorded at 298 K or 335 K using either the Bruker AVANCE III 500 MHz 

(equipped with SMART probe) or the 700 MHz (equipped with QCI Cryoprobe) spectrometer. 

The NMR data so obtained were processed using the Topspin v4.0.6 software (Bruker).  

For one dimensional 1H NMR spectra, insulin samples in absence and presence of equimolar 

KR7CC (1:1) were dissolved in 50 mM citrate-phosphate buffer (pH 2.6) with 100 mM NaCl, 10% 

D2O at 335 K temperature and recorded on Bruker Avance III 500 MHz NMR spectrometer. Here, 

high temperature (335 K) was maintained for NMR experiments to follow the aggregation 

dynamics. The intensities of the aromatic and amide region peaks were calculated at different time 

points. In case of insulin, the first stage and last stage of data were fitted with exponential (dotted 

line) and Boltzmann sigmoidal equation (solid line) respectively whereas, in the presence of 

KR7CC, both the stages were fitted using the exponential equation. To confirm the KR7CC-insulin 

interaction by utilizing one dimensional 1H NMR spectra, 50 µM KR7CC was titrated against 5 

µM and 25 µM insulin. 

All saturation transfer difference (STD) experiments were performed at 298 K using standard STD 

pulse sequences with the WATERGATE 3-9-19 water suppression 18. 1 mM KR7CC peptide was 

dissolved in water at pH 2.6 (pH was adjusted by HCl) and lyophilized overnight. Finally, the 

lyophilized sample was resuspended in an equal volume of D2O and 5 µl insulin fibril was added. 

1D STD experiment was carried out using a train of 40 selective Gaussian-shaped pulses (49 ms 

each) in an interval of 1 ms to saturate protein resonance for a total of 2 s saturation time. The 

protein was irradiated at -1 ppm (on-resonance) and at 40 ppm (off-resonance). Subtraction of the 

two spectra (on resonance-off resonance) by utilizing the phase cycling method yields signals 

appearing due to saturation transfer from protein to ligand. The total number of scans for one-

dimensional reference and STD NMR spectra were carried out with 4096 and 8192, respectively, 

with 16 dummy scans and typically 12 ppm sweep width. The sample containing only KR7CC 

peptide was subjected to act as the control for one-dimensional STD NMR.  

Zinc-free bovine pancreatic insulin sample for TOCSY and NOESY experiments were prepared 

by the addition of EDTA followed by extensive overnight dialysis at 4 ℃ followed by 

lyophilization to prevent the stable hexamer conformational uptake by insulin. As insulin remained 

in the monomeric form in the acetic acid buffer, all the samples were prepared at a concentration 

of 350 μM in 20% acetic acid-d4, 70% H2O and 10% D2O at pH 1.9. Mixing times of 60 ms for 
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two dimensional TOCSY and 200 ms for NOESY were used respectively with a spectral width of 

12 ppm at 298 K in presence and absence of KR7CC peptide using the 700 MHz NMR 

spectrometer. All two-dimensional TOCSY and NOESY experiments with 64 scans were recorded 

in phase-sensitive mode (TPPI) with 512 increments in t1 and 2048 data points in t2 along with 

selective excitation of the water resonance (WATERGATE). 

Two-dimensional (2D) trNOESY (transfer-NOESY) experiments of 1 mM KR7CC with the 

insulin fibril at a molar ratio of 1:20 (insulin:KR7CC) were carried out at 25°C in 20% acetic acid-

d4, 70% water, and 10% D2O (pH 1.9) buffer using Bruker Avance III 500 MHz NMR spec-

trometer.52 200 ms mixing time was recorded with 512 increments in t1 and 2048 data points in t2 

along with 12 ppm spectral width in both dimensions. After 16 dummy scans, 120 scans were 

recorded per t1 increment. After zero-filling in t1, TOCSY and trNOESY spectra were processed 

using 4K (t2) ×1K (t1) data matrices. 

3.2.15. Cell culture and cell viability assay 

Rin5F (Rat pancreatic islet B cells) cells were cultured in Roswell Park Memorial Institute (RPMI) 

medium supplemented with 10 % fetal bovine serum (FBS), 150 μg/ml penicillin/streptomycin, 

50 μg/ml gentamycin, and 2.5 μg/ml amphotericin B at 37 ℃ in 5% CO2. Cells were counted using 

a hemocytometer. 5×103 cells were seeded per well in a 96 well plate.  After 24 h of seeding, the 

cells were treated with 50 µM insulin in the presence and/or absence of equimolar KR7CC peptide 

as described previously 3b. Insulin samples were prepared by incubating 2 mg/ml insulin in HCl, 

100 mM NaCl buffer (pH 2.0) at 335 K with and/ or without equimolar KR7CC. Sample aliquots 

were collected at regular time intervals (keeping the ThT experiments in mind). Percentage cell 

viability was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) 9. A microplate reader (MultiscanGo, Thermo Scientific) was used to read the plates at 570 

nm. Independent experimental data were obtained in triplicates and the Standard Deviations were 

calculated and represented as double-sided error bars. The significance was calculated by Mann-

Whitney test One-tailed. 

3.2.16. Serum Stability Assay 

Jenssen and Aspmo method (with slight modifications) was used to perform the serum stability 

assay 19. After adding 100 mg/ml final concentration of KR7CC in 1 ml of RPMI media 1640 

supplemented with 25% (v/v) fetal bovine serum, the solution was incubated at 37 °C for 15 min. 
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100 ml of the reaction mixture was collected at respective time points and mixed with 400 ml of 

96% ethanol for precipitation of serum proteases. The precipitated solution was cooled at 4 ℃ for 

15 min and was centrifuged at 17,000×g for 2 min to pellet down the precipitated serum protein. 

The collected supernatants were then analyzed using LC-20AT reverse-phase HPLC system 

(SHIMADZU, Japan) on a 250×10 mm (pore size 100 Å, particle size 5 µm) Phenomenix C18 

column with the gradient elution from 0.1% TFA in 100% acetonitrile to 0.1% TFA in water at 

room temperature along with 3 ml/min flow rate. The amount of existing non-degradable peptide 

was integrated at 220 nm. The area under the peak was calculated using SPINCHROME CFR 

software. The percent of serum stable peptide after each time point was calculated using equation 

no. 6.  

% remaining= (peak area of intensity at the respective time / intensity of free peptide) × 

100……………………………………………(6) 

3.3. Results and Discussion  

3.3.1. The KR7-series of peptides modulate amyloid aggregation kinetics in vitro, resulting in 

effective inhibition 

 

 

The kinetics of amyloid fibril formation follows a nucleation dependent pathway, initiating from 

non-native monomers to meta-stable oligomeric species followed by protofibril formation and 

Figure 3.1. The designed peptides modulate aggregation kinetics in vitro. (A) ThT aggregation 

kinetics of 2 mg/ml bovine insulin in 50 mM citrate phosphate buffer with 100 mM NaCl (pH 

2.6) at 335 K; control sample- insulin alone depicted in black and sample treated with 1 mole 

equivalent KR7 (blue), KR7C (red), KCR7 (green) and KR7CC (pink). (B) Bar plots of 

observed tlag, (C) t1/2 and (D) the final fibril mass indirectly indicated by ThT fluorescence 

emission intensity. Error bars represent standard deviation for three independent experiments. 
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finally, the mature fibrils 3e. An in-depth understanding of the amyloidogenic pathways and toxic 

intermediate nucleating steps enables effective screening of inhibitors for a targeted therapeutic 

approach against amyloidogenesis. For this purpose, the external fluorogenic indicator, Thioflavin 

T (ThT) was used to monitor the fibrillation kinetics of insulin in the presence and absence of the 

designed peptides. ThT is a specific dye and gives intense fluorescence upon binding to the 

hydrophobic grooves of β-sheet fibrils 3f. Further analyses of the intensity profiles as a function of 

time allows quantitative characterization of the aggregation kinetics in in vitro (Table 3.1, Figure 

3.1). As shown previously for the parent peptide, treatment with our second-generation KCR7, 

KR7C, and KR7CC resulted in a significant reduction of the ThT fluorescence intensity in 

comparison to insulin alone. This clearly illustrated a quantitative decrease in fibril formation in 

presence of the inhibitors (Figures 3.1A-D). The linear peptides, KR7C, and KCR7 peptides 

reduced the total amount of fibril formation by 50% and 60%, respectively without significant 

modulation of the lag phase (tlag) and the duration to reach the half maximal (t1/2) ThT fluorescence  

Table 3.1. Parameters obtained from ThT fluorescence kinetic assay. 

Sample Lag time (tlag) /min Half time (t1/2) /min 

Insulin 91.94 ± 5.84  124.39 ± 5.07 

Insulin: KR7 (1:1) 82.88 ± 24.76 138.19 ± 17.96 

Insulin: KCR7 (1:1) 89.01 ± 7.02 111.85 ± 4.82 

Insulin: KR7C (1:1) 100.88 ± 2.47 125.02 ± 1.77 

Insulin: KR7CC (1:1) 100.35 ±12.34 147.48 ± 10.00 

intensity (Table 3.1; Figures 3.1B-D). Interestingly, the cyclic KR7CC, showed up to ~77% 

reduction (comparable to the parent, KR7), in the fibrillary species at saturation with t1/2 varying 

from 124.4 ± 5.0 min for insulin alone to ~147.5 ± 10.0 min for KR7CC (Table 3.1, Figures 3.1B-

D). Hence, clearly depicting the enhanced activity of the cyclic peptide over the other peptides in 

the series. Thus, KR7CC served as the lead inhibitory peptide candidate against insulin 

aggregation. Therefore, the remaining part of this study focused majorly on the inhibitory effects 

of KR7CC. 

Since some previous studies with ThT had reported several drawbacks and limitations of the              

probe 4, parallely, we adopted high-resolution NMR to observe the insulin-fibrillation inhibition 
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by KR7CC under similar conditions. With increasing the incubation time, the insulin solution 

resulted in a significant line broadening in the one-dimensional proton NMR spectra of the protein 

(Figures 3.2A). It is noteworthy to mention that the line broadening effect in the 1H NMR spectra 

can be correlated to the formation of higher molecular weight species such as the protofibrillar 

forms or the fibrils  5a, 20. Strikingly, the decay of the aromatic and amide protons of insulin from 

the one-dimensional 1H NMR spectra was almost similar to the ThT assay (highlighted region in 

Figures 3.2). Collectively, two distinct phase profiles were obtained that implied (i) a non-amyloid 

intermediate formation to be the nucleation step, (ii) followed by the fiber elongation step. 

Interestingly, the addition of KR7CC did not alter the nucleation phase (tI = 33.5±11.0 min for 

 

insulin and tI+KR7CC = 32.5±10.0 min for insulin treated with KR7CC), suggesting a slow 

transformation of globular insulin units into larger oligomers (Figure 3.2B). Immediately after this, 

a rapid exponential decay was obtained, signifying the conversion of the oligomers to protofibrils 

and mature fibrils. This, however, went undetected in NMR owing to a slower tumbling rate, 

longer correlation time and rapid T2 relaxation (Figure 3.2B). Taken together, KR7CC 

considerably inhibits the fiber elongation (elongation time for insulin tIn= 12.8±2.2 min and with 

KR7CC, tIn+KR7CC = 65.1±26.0 min) phase, modulating the intermediate species and hence insulin 

Figure 3.2. (A) One-dimensional 1H NMR of insulin showing the aromatic and amide regions 

of insulin in the absence (left) and presence (right) of KR7CC at 1:1 molar ratio. NMR 

experiments were performed using 2 mg/ml insulin at 335 K in 50 mM citrate phosphate buffer 

with 100 mM NaCl at pH 2.6. (B) The NMR signal intensity with time was plotted for time 

dependent aggregation kinetics. 
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aggregation in vitro. Interestingly, the unchanged nucleation phase and a delay in the fiber 

elongation phase suggested an interaction with the oligomeric intermediates, causing hindrance in 

the formation of the protofibrils or the matured fibrillary forms.  

3.3.2. KR7CC arrests and stabilizes the aggregating intermediates in off-pathway aggregation 

kinetics 

Amyloid aggregation is closely associated with global conformational changes in the protein’s 

secondary structure. This inherent feature of amyloids can be exploited to gain structural in-sights 

into the intermediates. Insulin is mainly α-helical in the native conformation, which undergoes a 

conformational transition to β-sheet during fibril  formation 21. To attain a clear discernment of the  

Table 3.2. Raman spectra analysis. 
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BI 

46.2 0 1657 20 50 1673 19.8 13 1684 24.5 25 1644 24.5 12 

31 72 1659 19.6 26 1671 22.8 62 1683 20.6 6 1647 20.7 6 

BI:KR7CC

  

(1:1) 

46.4 0 1661 24 52 1674 19.6 14 1684 24.5 24 1644 21 10 

40 72 1663 24.1 47 1673 19.5 27 1685 24.6 15 1644 23 11 

 

effect of KR7CC on the conformational conversion of insulin upon aggregation, far-UV CD 

spectroscopy was performed, which is a very useful method to observe the secondary structural 

changes typically associated with amyloidogenesis. Aliquots were drawn at regular intervals from 

fibrillating insulin mixture and studied for any global change in the secondary structure of the 

protein. Though there is a conformational transition from α-helical state to β-sheet conformation 

for insulin alone (Figure 3.3A), in presence of KR7CC it retained the α-helical conformation till 3 

h of incubation, indicating an excellent agreement with the observed inhibition process (Figure 

3.3B). The quantification of structural change from CD spectra can introduce errors because of the 
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scattering from large aggregates; hence Raman spectroscopy was performed, which works on the 

principles of scattering. Of note, 20% acetic acid buffer (pH 1.9) was used for Raman spectroscopy 

 

 

Figure 3.3. Inhibitory mechanism of KR7CC induces conformational changes in the insulin 

aggregation-intermediates. The conformational change in secondary structure observed by far 

UV CD spectra for (A) insulin alone and (B) in the presence of an equimolar concentration of 

KR7CC. (C-D) Raman spectra of insulin monomer (at 0 h) and fibril (at 72 h) represented in 

the frequency range of 1575−1750 cm−1. Insulin was incubated in 20% acetic acid (pH 1.9) at 

335 K in the absence (C) and presence of KR7CC (D). 
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to avoid the interference of citrate phosphate buffer in the Raman spectra. As previously reported, 

citrate phosphate buffer was slower the aggregation kinetics of insulin in vitro 17, 22. The spectral 

deconvolution of amide I region of Raman spectra can accurately predict the composite structural 

elements. The observed signature amide I region (1575-1750 cm-1) for insulin is shown in Figures 

3.3C and 3.3D. Table 3.2 contains the spectral component analysis results of characteristic Raman 

bands. The amide I bandwidth at half maxima (BWHM) was around 47 cm-1, typical to α-helical 

conformation, both in the presence and absence of KR7CC. The spectral component analyses as 

per Dong et al 3f. and Maiti et al16. showed a nominal 2% increase in the α- helical content for 

 

insulin alone (1657 cm-1) as opposed to the same in the presence of equimolar concentrations of 

KR7CC (1661 cm-1), suggesting a structural stabilization of insulin in the presence of KR7CC. 

After 72 h of incubation in 20% acetic acid (pH 1.9), insulin alone showed 62% of β-sheet content 

(1671 cm-1), while in the presence of KR7CC it was only 27% (1673 cm-1) at the similar time 

point, justifying the structural stabilization of insulin oligomers in the presence of the inhibitor, 

KR7CC. In contrast, the unstructured component for insulin alone reduced to 6% from 12% while 

no such change was obtained in the presence of KR7CC after 72 h of incubation. Collectively, 

these data depict that KR7CC stabilizes insulin aggregates, retaining the main structural 

components for reasonably longer time periods, hence, affecting the overall aggregation kinetics. 

Furthermore, the KR7CC-induced fibrillar species propagate an alternative ‘off-pathway’ 

Figure 3.5. Morphological analysis of insulin amyloid aggregates in the presence and absence 

KR7CC peptide using confocal microscopy. 10 μl aliquots of the reaction mixture were 

collected at various stages of insulin (2 mg/ml) aggregation pathway with either in the presence 

or absence of KR7CC peptide. Scale is 25µm, represented by the white bars. 
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aggregation by delaying the aggregation kinetics, relative to the conventional insulin seeds (Figure 

3.4).   

3.3.3. The inhibitory action of KR7CC induces morphological changes in the resultant 

intermediates 

The aggregating intermediates of insulin in the presence and absence of KR7CC were 

characterized using ThT-fluorescence based confocal microscopy. The confocal images (Figure 

3.5) revealed an increase in size and density of the aggregating species upon increasing the 

incubation time, both in the presence and absence of KR7CC. However, the aggregates in the  

 

presence of KR7CC were apparently smaller in size. Atomic force microscopy (AFM) is a useful 

technique in characterizing the surface properties of materials and has a wide range of application 

in protein aggregation studies 23. High resolution AFM was, thus, employed to gain a clearer 

picture of the fibril morphologies. While aggregation of insulin in the absence of KR7CC displayed 

Figure 3.6. KR7CC treatment induces morphologically distinct conformers that have 

reduced cytotoxicity. (A) AFM images obtained for insulin fibrils alone and in the presence 

of equimolar concentrations of KR7CC (lower panel). (B) Percentage of viable Rin5F cells 

(pancreatic islet cell) upon treatment with different concentrations of KR7CC (10, 20, 50, 

100, and 200 µM) studied by MTT reduction assay (here, ‘N’ represents the non-treated 

control cells, and ‘B’ for buffer- used as the negative control). (C) The cytotoxic effect of 

insulin samples in the presence or absence of equimolar KR7CC at the different incubation 

times (0, 30, 60, 90 and 120 mins). The bar represents Standard Deviations of three 

independent experiments. Significance was calculated by Mann-Whitney test One-tailed. 

p=0.0053 (**) for 90 min and p=<0.0001 (***) for 120 min. 
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the formation of dense, branched fibrils, treatment with equimolar concentration of KR7CC 

resulted in unbranched and short fibrillar mass (Figure 3.6A). Taken together, the microscopic 

studies further confirmed that KR7CC successfully inhibited insulin aggregation process through 

the effective prevention of the formation of long and dense fibrils. 

3.3.4. The KR7CC-induced intermediates reduce the cytotoxicity of amyloid intermediates 

Amyloid aggregates have an inherent cytotoxic property. Since KR7CC effectively inhibits the 

insulin fibrillation by arresting the oligomeric intermediates, it was expected to affect its functional 

attribute. To prove our hypothesis, we tried to detect the influence of the peptide on insulin-

mediated cytotoxicity 5b, 24. The MTT (3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium 

bromide) assay was performed to determine the viability of pancreatic islet cells, Rin5F, upon 

treatment with insulin in the absence and presence of KR7CC at different incubation time period. 

As a control, KR7CC was also treated at different concentration to Rin5F cell line. The cyclic  

 

peptide was found to be non-toxic against the Rin5F cells (Figure 3.6B). Close inspection 

suggested that for the insulin monomer (0 min) and intermediates collected at 30 and 60 min of 

incubation, toxicity was reduced marginally, in the presence of KR7CC. However, insulin 

protofibrils and fibrils at 90 min of incubation time period exhibited an amount of 40-45% 

cytotoxicity to Rin5F cells. In sharp contrast, the presence of equimolar KR7CC dramatically 

Figure 3.7. Probing the target stage for effective inhibitory action. (A) Effect of equimolar 

KR7CC addition at different time points of insulin fibrillation pathway (90, 120 and 150 min). 

KR7CC arrests fiber formation immediately after the addition at 90 and 120 min. (B) 

Comparison of the dissociation constant values (KD) of 8 µM KR7CC with the addition of 

incubated insulin samples at indicated time periods (0, 90, 120 and 180 min). (C) Energy 

diagram corresponding to the calculated Gibbs free energy demonstrated the inhibition of the 

fiber growth phase in the presence of KR7CC. 
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reduced the cytotoxicity of the cells. Of note, 70% cells are viable even after 120 min of KR7CC 

incubation (Figure 3.6C). This result clearly demonstrated that the cyclic peptide KR7CC affected 

the protofibrillar intermediates, reducing its resultant cytotoxicity. Furthermore, the rescue of 

cytotoxicity exhibited by KR7CC peptide was found similar to that of KR7 (Appendix 3, Figure 

S3.2). Thus, these studies clearly demonstrated that the inhibitory mechanism of KR7CC is 

effective in recovering the functional cytotoxicity of the amyloidogenic species, hence serving as 

a potential inhibitor molecule.   

3.3.5. Probing the binding affinity and effective target stage for therapeutic intervention. 

Elucidating the binding kinetics of KR7CC with insulin is crucial to understand the aggregation 

pathway for effective inhibition of fibrillation. To determine the stage where KR7CC mainly 

acquired threshold energy to inhibit insulin fibrillation, ThT assay was performed for insulin 

aggregation in the presence of an equimolar concentration of KR7CC at different stages of 

fibrillation, e.g., 90 min, 120 min, and 150 min and (Figure 3.7A). Aggregation propensity of 

insulin was totally arrested after adding KR7CC either at the midpoint (120 min) or at the end of 

lag phase (90 min); whereas there was a partial decrease in ThT fluorescence intensity when 

KR7CC was introduced at the starting of saturation point (150 min) (Figure 3.7A). The extensive 

interaction between the KR7CC and insulin at the early stage of fiber elongation phase ascertains 

the insulin-KR7CC complex formation that motivated us to work out the binding constant (KD) 

for insulin aggregates in the context of KR7CC. The KD values for insulin aggregates at different 

lengths of KR7CC incubation were determined using fluorescence anisotropy experiments 

(Appendix 3, Figure S3.3). The KD values for interaction at 0, 90, 120 and 180 min were 3.5 ± 1.1, 

1.6 ± 0.7, 2.6 ± 0.8 and 9.7 ± 3.5 µM, respectively, suggesting an initial increase in binding affinity 

from the early monomers to the oligomeric intermediates followed by a drop in affinity for the 

higher aggregates (Figure 3.7B). This data further confirms that the affinity of the KR7CC to early 

oligomers is more than either monomeric insulin or insulin fibril. Later, NMR experiments (Figure 

3.8) support that the opening of “L11BVEALY16B” is pre-requisite for binding to KR7CC, which is 

shown in next paragraph. Consequently, higher negative ΔG (Gibbs free energy) values were 

obtained at 90 min and 120 min, indicating possible interaction period of the peptide with insulin 

(Figure 3.7C). 
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3.3.6. Mapping the epitope of KR7CC and insulin interaction 

The molecular interaction of insulin with KR7CC leads to structural and functional changes of the 

aggregating intermediates affecting the entire fibrillation propensity of the protein. Thus, to 

effectively probe the target species and gain mechanistic insight into the interface of inhibitory 

action, two-dimensional NMR spectroscopic techniques were employed. A high-resolution 

Nuclear Overhauser Effect Spectroscopy (NOESY) of the complex (insulin: KR7CC=1:1 molar 

ratio) confirms the atomic level interaction between KR7CC and insulin in 20% acetic acid-d4 (pH 

1.9), observed as line-broadening in both the A- and B-chains of insulin (Figure 3.8). In strongly 

acidic conditions, insulin is completely monomeric in nature and prevents the formation of insulin 

hexamers, probably because of electrostatic repulsion between protonated histidine residues and 

Zn2+ 25. In native insulin monomer conformation, the N-terminal segments of the A- and B-chains 

are mostly disordered in nature 26, resulting in the exposure of the hydrophobic core. Upon 

aggregation, the C-terminal segment of B-chain (mainly B23-B26) containing the aromatic side 

chains of Phe24, Phe25, and Tyr26 is exposed to the solvent completely and available for aberrant 

protein-protein interactions 26. Interestingly, in the presence of KR7CC a line-broadening effect 

was observed for the N-terminal- His5-Leu6-Cys7 residues and the seven sequential aggregation 

prone Leu11-Val-Glu-Ala-Leu-Tyr-Leu17 residues in the insulin B chain (Figures 3.8A-B). This 

could be due to chemical exchange or relaxation during binding process in the NMR time scale. 

On this basis, we predicted that KR7CC has the potential to interfere with hydrophobic interactions 

necessary to suppress the aggregation process of insulin. Apart from the line-broadening effect, 

several NOE cross-peaks e.g., His5, Leu6, Cys7, Gly8, Ser9, Val12, Gly23, Phe24, Phe25 and 

Tyr26 in the B chain as well as few residues in the A chain, namely Val3, Cys7, Ala8, Cys20 and 

Arg21 exhibited remarkable chemical shift change, indicating a change in the immediate chemical 

environment upon KR7CC interaction (Figure 3.8C; Table S3.2).  

Parallelly, the line-broadening effect was obtained for KR7CC in the presence of insulin. 

Significant broadening was also observed for the indole ring protons of the tryptophan residues of 

KR7CC upon interaction with insulin (Appendix 3, Figure S3.4). This could be due to rapid 

chemical-exchange between bound and free states of KR7CC in the NMR time scales. Peak 

broadening and chemical shift change in NOESY experiment as well as broadening in the indole 

protons of KR7CC were in good agreement to confirm the binding phenomenon of insulin to  
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Figure 3.8. Atomistic insight into the interface of inhibitory interaction. Interaction site of 

KR7CC in insulin by NOESY NMR in 20% acetic acid show (A) specific region broadening 

of insulin A- and B-chain upon KR7CC interaction. Excessive broadening in central region 

(L11 to G20) and some N-terminal portion reveal residue specific sequential binding of the 

B-chain part with KR7CC. The data were collected at 25 °C using Bruker Avance III 700 

MHz, equipped with cryo-probe. The Strip plots show the peak broadening of (B) insulin 

A-chain and the B-chain residues. (C) The observed change in chemical shifts in the insulin 

A-chain (red) and B-chain (blue) upon interaction with KR7CC. (D) Amide region of the 

spectra showing the chemical shift change and associated broadening in the presence of an 

equimolar amount of KR7CC (Red). 
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KR7CC. Further, to determine the insulin bound KR7CC conformation, we used two-dimensional 

transferred NOESY (trNOESY) NMR experiments. However, due to insufficient NOEs, we could 

not determine the full structure of the KR7CC-insulin complex (data not shown). 

 

To further identify the KR7CC residues in close contact with the insulin aggregates, we   employed 

Saturation Transfer Difference (STD) NMR experiment. STD NMR is effectively used to identify 

the epitope of the ligand binding by probing the magnetization transfer between the receptor (here, 

insulin) and the aromatic and aliphatic residues of the ligand (here, KR7CC) that come into close 

interacting proximities (Figure 3.9) 27. Interestingly, the tryptophan aromatic region of KR7CC 

reflected strong STD signals upon addition of insulin fibrils, presumably because of effective 

magnetization transfer from the high molecular weight fibrils to KR7CC peptide (Figure 3.9B). 

Additionally, aliphatic protons of Arg and Cys also showed moderate STD effect. No STD signals 

were detected in absence of the insulin fibrils (Figure 3.9C). 

Figure 3.9. Probing the functional inhibitory epitope of KR7CC. Group epitope mapping of 

KR7CC was performed using one-dimensional 1H STD (on- and off-resonance: −1, 50 ppm, 

respectively, tsat = 2 s) in the presence (B) and absence (C) of insulin fibril. KR7CC did not 

show STD effect in the absence of insulin. All the experiments were performed using the 

Bruker Avance III 500 MHz NMR spectrometer at 25 C.  
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3.3.7. KR7CC stabilizes membrane-bound insulin and inhibits its aggregation 

As mentioned earlier, the chronic administration of subcutaneous injection could lead to the 

formation of an “insulin ball,” compromising the bioavailability of the protein. Previous studies 

with model membranes had demonstrated the crucial role played by the associated biomembranes 

in affecting the aggregation propensity of the molecule, thus, promoting the rapid amyloidogenesis 

at the point of administration 5g, 5h, 13a. Thus, protein-lipid interface plays a pivotal role in 

modulating insulin amyloidogenesis in vivo, similar to other well-studied amyloid proteins. Hence, 

it was essential to check if KR7CC could serve as an effective inhibitor molecule even at the lipid-

protein interface. For this purpose, the aggregation kinetics was studied in the presence of 

eukaryotic model membranes, composed of 6:4 DOPC and Cholesterol 13a. The kinetics of insulin 

aggregation is altered in the presence of 6:4 DOPC/Cholesterol LUVs due to possible surface-level 

interactions that speed up local aggregation and formation of amyloid fibrils. As a control, the 

stability of the LUVs was initially tested in three different buffer systems viz. (i) 50 mM citrate 

phosphate buffer (pH 2.6) with 100 mM NaCl; (ii) HCl buffer (pH 2.0); and (iii) 20% acetic acid 

buffer (pH 1.9). While the citrate phosphate and acetic acid buffer systems resulted in membrane 

disruption, HCl served to be the most appropriate choice for further studies. Next, the inhibitory 

effect of KR7 and KR7CC was studied in the presence of LUVs. Consequently, equimolar peptide 

concentrations were used to monitor the insulin-membrane mediated aggregation kinetics. Control 

insulin in HCl buffer showed a lag phase of about 5.6 h, followed by an elongation phase and lastly 

the saturation phase with a t1/2 of about 6 h (Figures 3.10A-C, Table 3.3). The aggregation kinetics 

was significantly modulated upon addition of 6:4 DOPC/Cholesterol LUVs. Our experimental 

observations showed a reduction in the lag time of insulin fibrillation in presence of LUVs. The 

total amount of fibril formation was also reduced by 36% (Figures 3.10A and D). KR7 had a little 

effect on the lag time as well as t1/2 but did not alter the saturation point (Table 3.3; Figures 3.10A-

D). Surprisingly, KR7CC showed significant inhibitory effect on the membrane-mediated 

aggregation kinetics of insulin. Equimolar concentrations of KR7CC increased the t1/2 to 5.5 h 

accompanied by a 46% reduction of the fibrillar forms (Figures 3.10A-D). Of note, kinetic analyses 

of membrane- mediated insulin fibrillation revealed a maximum increase in the lag phase to 4.5 ± 

0.2 h in the presence of KR7CC, while it was 3.2 ± 0.2 h in case of KR7 (Table 3.3; Figure 3.10B). 
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Thus, KR7CC served as the more potent inhibitor when compared to KR7 with its efficacy acting 

through delaying the lag phase, elongation phase and suppressing the membrane-mediated insulin 

fibrillation process. 

 

 

 

Figure 3.10. Mechanistic insight into the inhibitory attribute of KR7CC. (A) ThT emission 

profile for 2 mg/ml insulin (black) in HCl buffer (pH 2, at 335K) incubated with 6: 4 

DOPC/Cholesterol LUVs (red) and upon addition of KR7 (green) or KR7CC (blue). Fitting 

the ThT data with Boltzmann equation manifested in the (B) lag time in hours, (C) half 

time in hours and (D) final ThT intensity indicating the fibrillary content. (E) Vesicle 

disruption using 6-carboxyfluorescin dye leakage assay. 5 µl insulin fibrils either alone or 

in the presence of KR7CC were added to the dye-entrapped 6:4 DOPC/Cholesterol LUVs 

and monitored for disruption manifesting in a change in the fluorescence intensity over 

time. (F) Stability of KR7CC peptide in fetal bovine serum was checked by RP-HPLC at 

different time intervals. 
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Table 3.3. Calculated parameters obtained from the ThT-based fluorescence kinetic assay in 

presence of 6:4 DOPC/Cholesterol lipid membrane. 

Sample Lag time (tlag) / h Half time (t1/2) /h 

Insulin 5.59 ± 0.77  6.10 ± 0.31 

LUV+ Insulin  2.57 ± 0.15 4.20 ± 0.03 

LUV+ Insulin: KR7 (1:1) 3.23 ± 0.19 4.42 ± 0.16 

LUV+ Insulin: KR7CC (1:1) 4.53 ± 0.22 5.53 ± 0.12 

 

Additionally, the imparted stability of insulin at the lipid peptide interface prevents the 

insulin-mediated membrane damage. 6-Carboxyfluorescein based dye leakage experiments 

carried out in the presence and absence of KR7CC tested the effects of insulin aggregates in 

eukaryotic model membranes. Interestingly, KR7CC inhibited the direct membrane disruption 

of the vesicles observed in case of insulin alone (Figure 3.10E). The electrostatic interactions 

between positively charged lipid head groups on the surface of the membrane and the residues 

of KR7CC could be responsible for the stabilization of membrane integrity 28. 

3.3.8. KR7CC- a serum-stable therapeutic alternative 

In peptide drug development, the peptide must be enzymatically stable in serum, containing 

various kinds of proteases which can cleave peptide bonds. To check the potential stability of 

KR7CC, we calculated the presumed effects of KR7CC peptide degradation in fetal bovine serum 

(FBS). Interestingly, 80% of peptide remained intact even after 2h of incubation in serum (Figure 

3.10F). This could be owing to the disulfide bond which helps to improve the thermodynamic 

stability of KR7CC via the introduction of conformational restrictions to the peptide backbone 10c. 

Collectively, KR7CC was found to be significantly stable and hence an effective, 

pharmacokinetically active peptide-based inhibitor. 

3.4. Conclusion 

Among a series of second-generation small peptides designed from the previously reported KR7 

peptide comprising of a PWWP motif, our in vitro studies conclude that KR7CC is an effective 

inhibitor against amyloidogenesis of Insulin. KR7CC effectively arrests all the early oligomeric 

intermediates, inducing the off-pathway aggregates. Furthermore, KR7CC is a non-toxic, serum 
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stable peptide and is a good candidate for targeted therapeutic intervention against insulin 

amyloidogenesis in solution as well in the presence of biological membranes. It serves as a 

potential candidate to be included as an excipient to prevent insulin amyloidogenesis at the site of 

administration. Modulation of insulin aggregation by KR7CC proceeds by redirecting the growth 

of insulin to its less toxic intermediates, making it a potent excipient in formulations of insulin that 

dramatically improve its shelf life. Additionally, the delineated mechanism of action can be 

generalized to identify far-fetched and widespread applications in analogous amyloidogenic 

proteins and peptides such as Aβ40, α-synuclein or hIAPP etc. 

3.5. Appendix 3 

Table S3.1. KR7CC peptide preparation and characterization 

 

Peptide HPLC gradient (% 

solvent B; Time) 

HPLC tR 

(min) and 

% Purity  

Molecular  

Formula 

Calculated 

MW (Da) for 

[M + H] + 

Observed 

m/z 

KR7CC 10-100; 35min 11.1;99% C56H81N19O9S2 1228.59 614.8 

[M+2H] 2+ 

 

 

Table S3.2. The change in chemical shift values for the A- and B-chain regions of insulin upon 

incubation with equimolar concentrations of KR7CC as obtained from the two-dimensional 

NOESY NMR experiment. 

 

A-Chain B-chain 

Residues Δ (ppm) Residues Δ (ppm) 

Val3 -0.021 Arg3 -0.014 

Cys6 -0.012 His5 -0.018 

Cys7 -0.021 Leu6 -0.030 

Ala8 -0.023 Cys7 -0.017 

Val10 -0.011 Gly8 -0.018 

Leu13 -0.013 Ser9 -0.022 

Cys20 0.016 Val12 0.022 
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Arg21 -0.018 Val18 -0.012 

  Gly20 0.012 

  Gly23 0.023 

  Phe24 0.013 

  Phe25 -0.021 

  Tyr26 -0.017 

 

Figure S3.1. KR7CC peptide characterization. (A) Analytical HPLC traces and (B) ESI-MS 

spectra of the KR7CC peptide.  

 

Figure S3.2. Cytotoxicity of insulin protofibril and/or fibrils at 90 min and 120 min incubation 

period in presence and absence of KR7 peptide. KR7 rescued the cytotoxicity of insulin by almost 

20%. The bar represents Standard Deviations of three independent experiments. Significance was 

calculated by Mann-Whitney test One-tailed. p=0.0035 (**). 
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Figure S3.3. The binding of KR7CC to insulin at different time points studied using tryptophan-

fluorescence based anisotropic experiments. (A) Anisotropy of the tryptophan fluorescence of 

8µM KR7CC peptide in 50 mM citrate phosphate buffer, 100 mM NaCl (pH 2.6) upon gradual 

addition of insulin from 1 µM to 20 µM concentration from a 2 mg/ml stock solution at different 

time intervals, i.e., (A) 0 min, (B) 90 min, (C) 120 min, (D) 180 min.  

 

 

 

 

 

 

 

Figure S3.4. The 1H NMR spectra corresponding to the indole ring protons of tryptophan residues 

of 50 µM KR7CC showing the line width broadening in the region upon addition of insulin. The 

experiments were all recorded at 298 K using the Bruker Avance III 700 MHz spectrometer. 
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Chapter 4 

4. Peptide-Based Strategies: Combating Alzheimer's Amyloid 

Beta Aggregation through Ergonomic Design and Fibril 

Disruption 

This chapter has been adapted from the following publication: 

Pariary, R., Shome, G., Kalita, S., Kalita, S., Roy, A., Harikishoree, A., Jana, K., Senapati, D., 

Mandal, B., Mandal, A.K. and Bhunia, A., 2024. Peptide-Based Strategies: Combating 

Alzheimer's Amyloid Beta Aggregation through Ergonomic Design and Fibril 

Disruption. Biochemistry, (manuscript submitted). 

4.1. Introduction 

Alzheimer's disease (AD) currently affects more than 40 million individuals globally, and 

estimates suggest that this figure may climb to around 140 million by 2050 as the world's 

population ages 1. In AD, key pathological indicators include the deposition of amyloid plaques of 

amyloid beta (Aβ) peptide in extracellular region, and the formation of intracellular neurofibrillary 

tangles, consisting of tau protein 2. The 'amyloid cascade hypothesis' suggests that self-association 

of Aβ peptide is a crucial starter in AD, supported by genetic and pathological evidence in both 

familial and sporadic cases 3. Soluble Aβ oligomers, formed through the process of amyloid 

aggregation from soluble native peptides, are more toxic than insoluble amyloids and are 

responsible for disrupting cell membranes, leading to cell death 4. The oligomers can continue to 

expand and transform into additional fibrils, accelerating the generation of further toxic entities 

through a remarkably efficient catalytic process 5. The primary focus of research was on enhancing 

the activity of the Aβ protein through self-recognition segments, particularly L17VFFA21 6. In C-

terminal domain, mutation of the consecutive G29xxxG33xxxG37 motifs with Leu or Ile led to a 

drastic reduction in Aβ40 and Aβ42 production, highlighting the unique significance of the GxxxG 

motif in Aβ peptides 7. Understanding the molecular effects of intrinsic and extrinsic variables on 

Aβ aggregation is crucial for designing effective therapeutics to inhibit self-assembly (Scheme 

4.1A) 8. Approaches encompass chemical chaperones 9, small molecules 8c, 10, nanoparticles 11, 

peptide inhibitors 8e, 12, metal chelators 13, and antibodies 14 designed to selectively target specific 
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conformations, addressing issues related to the Aβ peptide. A strategically designed short peptide 

from self-aggregation segments of Aβ showed promising outcomes in clinical trials, with 

improved bioavailability and reduced toxicity 15. A reported peptide, H102 with the sequence 

HKQLPFFEED, has demonstrated potent abilities in inhibiting and disassembling amyloid fibrils 

12c. Alternatively, ‘β-sheet breaker’ peptides, incorporating a recognition motif and a β-breaker 

element like proline, inhibited the formation as well the disaggregation of preformed Aβ40 fibrils 

16. A recently designed synthetic paratope incorporating a peptide fragment of Aβ serves as a 

potential inhibitor for targeting Aβ40 12b. Most of these peptides include unstable α-amino acids 

or their modified forms, making them susceptible to proteolytic degradation 17. In our earlier study, 

we identified NF11 (NAVRWSLMRPF), derived from modified fragments of the SARS 

coronavirus E-protein sequence, as particularly effective in targeting Aβ40 fibrillation in vitro 8e. 

NMR and molecular docking results indicated that essential residues, like R4, W5, L7, R9, and 

F11 of NF11, played crucial roles in stabilizing the Aβ40:NF11 complex. We systemically altered 

 

Scheme 4.1. (A) Amio acid sequence of Aβ40, Aβ42 and AV20 peptides. (B) The amino acid 

sequence of designed RF8 series peptides from NF11 peptide. 
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the original peptide sequence to improve its therapeutic potential. In this present study, we have 

used the interacting core sequence of NF11 such as RF8 (RWSLMRPF) fragment and its modified 

derivatives RF8C, RF8R, RF8dP, Peptide-A (PA), Peptide-1 (P1) and Peptide-2 (P2) (Scheme 

4.1B). Here, we incorporate anthranilic acid unit (Ant, 2-amino benzoic acid) in P1 and P2 before 

LMRPF sequence. Ant, acting as a β-sheet breaker, present in various biologically active 

compounds, has the potential to induce either a helical or a turn conformation 18 12a. Several 

biophysical experiments, encompassing low-resolution methods such as fluorescence and circular 

dichroism, along with high-resolution nuclear magnetic resonance (NMR) spectroscopy, in 

conjunction with atomic force microscopic analysis, were carried out to elucidate the mechanistic 

interactions at the functional interface involved in inhibiting Aβ. Aβ induced neurotoxicity and its 

mechanism remains complex and obscure, but many evidence suggests that accumulation of 

intracellular ROS is associated with neuronal damage leading to AD 19. Aβ fragments induced 

lipid peroxidation can potentially generate overwhelming free radicals that may affect cellular 

apoptosis 20. In the following study we have investigated the neuroprotective effects of serum 

stable β-sheet breaker peptide P1 and its underlying mechanism with Aβ42 induced neurotoxicity.  

These findings enhance our comprehension of how the RF8 series of peptide inhibitors modulate 

the aggregation and cytotoxicity of Aβ42, potentially leading to new approaches in peptide-based 

therapeutics for combating AD. 

4.2. Experimental Methods 

4.2.1. Chemicals 

Unlabeled Aβ40 and Aβ42 peptides were obtained from Genscript Inc. (Piscataway, NJ, USA), 

while isotopically labeled (15N) peptides were purchased from rPeptide Inc. (Bogart, GA, USA). 

The C-terminal fragment of Aβ40 peptide, AV20 and 15N labeled of AV20 Glycine residues were 

also purchased from Genscript Inc. (Piscataway, NJ, USA). All RF8 series peptide were purchased 

from SynPeptide Co Ltd (Shanghai, China). All peptides had a purity exceeding 95% as confirmed 

by HPLC and mass spectral analysis. Thioflavin T (ThT), 1,1,1,3,3,3-hexafluoro-2-propanol 

(HFIP) and D2O were acquired from Sigma-Aldrich (St. Louis, MO, USA). For cell culture, 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Himedia, Banglore, India), 

Fetal bovine serum (FBS), antibiotic (Himedia, India), DMEM/F12 media (Gibco, USA), and 

trypsin-EDTA (Himedia, India) were used. 
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4.2.2. Synthesis and characterization of P1 and P2 peptide   

Peptides P1 and P2 were synthesized following the standard protocol of Fmoc/tBu solid phase 

peptide synthesis (SPPS) using Rink amide MBHA resin (loading 0.7 mmol/g) as the solid support. 

For each coupling of amino acid, 2 equivalents of Fmoc-amino acids, 2.5 equivalents of coupling 

reagent (BOP), and 5 equivalents of base (DIPEA) were used. Fmoc deprotection was performed 

using 20% piperidine in DMF for 21mins (7min × 3). Each coupling was monitored by Kaiser’s 

test. In case of an incomplete reaction, the coupling cycle was repeated, followed by capping 

(acetylation) with acetic anhydride (Ac2O, 1 equivalent) and N-methyl-imidazole (NMI, 2 

equivalent) in DCM for 1.5 h. After successful synthesis, the final peptides were cleaved from the 

resin using a cleavage cocktail comprised of 90% TFA, 5% DCM, and 5% H2O for 3h. The 

peptides were precipitated in cold diethyl ether, followed by centrifugation to get the crude solid 

peptides. 

The crude peptides were purified by reverse-phase high-performance liquid chromatography (RP-

HPLC, Thermo Scientific) using a semi-preparative C18-  Bondapak column (dimensions 250  

10 mm, particle size 12 µm, pore size 175 Å) maintaining a flow rate of 4 ml/min. The peptides 

were dissolved in a binary solvent system, using 0.1% TFA in H2O as solvent A and 0.1% TFA in 

CH3CN as solvent B. A UV detector was used with a dual-wavelength set at 214 nm and 254 nm 

for the individual run. A total run time of 20 mins was used for the purification of both the peptides. 

A linear gradient of 5 to 100% acetonitrile (CH3CN) was set for the first 18 mins, followed by 

100% CH3CN till 20 mins. The purity of the peptides was further confirmed with Waters 600E 

Analytical RP-HPLC System using C18 analytical column for a total run time of 20 mins at a flow 

rate of 1 ml/min. A linear gradient of 5 to 100% CH3CN was used for 18 mins, followed by 100% 

CH3CN for 20 mins, with the UV detection set at 214 nm and 254 nm. After removing acetonitrile 

by rotary evaporation, the HPLC fragments containing the purified peptides were lyophilised to 

obtain the purified white solid peptide. The purified peptides were characterised by high resolution 

mass spectrometry (HRMS) using Agilent-Q-TOF 6500 instrument in the ESI positive mode with 

the Mass Hunter Work Station software. The purified peptides were also characterized by MALDI-

TOF mass spectrometry. The matrix used in the MALDI-TOF experiment was CHCA (α-cyano-

hydroxy-cinnamic acid) mixed in a 1:1 ratio with the peptide sample and analyzed using Bruker 

Daltonics flex analysis software. 
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4.2.3. Sample preparation  

The sample was prepared using a previously described method 21. 1 mg of commercially obtained 

Aβ peptide was dissolved in HFIP (500 µl) and then portioned into aliquots of 0.1 mg/ml, followed 

by overnight lyophilization. The stock aliquots were preserved at -80°C. The aliquots at a 

concentration of 0.1 mg/ml were resuspended in a 300 µl solution containing 20 mM sodium 

phosphate buffer and 50 mM NaCl at pH 7.4 followed by 30 s sonication, resulting in a final 

concentration of approximately 80 µM. 

4.2.4. Thioflavin T (ThT) Fluorescence Assay 

ThT fluorescence assays were conducted to observe the aggregation kinetics of 5 µM Aβ40 at 

37 °C and 300 rpm, with equimolar RF8 series inhibitors and 5 µM ThT. After the screening of 

potent peptide P1 and P2, ThT assay was performed on 10 µM Aβ42 in absence and/or presence 

of 1- and 2-fold molar excess of P1 or P2 at 37 °C and 100 rpm in 20 mM sodium phosphate buffer 

and 50 mM NaCl solution pH 7.4 using 10 µM ThT. To understand the secondary nucleation of 

Aβ42 aggregation kinetics, 25% preformed fibril seed was added in Aβ42 monomer in absence 

and presence of P1 at 1:1 and 1:2 molar ratio of Aβ42 / P1. For defibrillation experiments, Aβ42 

matured fibrils (5 µM) were disintegrated using P1 and P2 peptides at 1:1 and 1:2 molar ratios of 

Aβ42 / P1 or P2 with 5 µM ThT at 37 ℃. ThT assay was performed in 96-well black plates, with 

each well containing a sample volume of 150 µL. ThT kinetics was monitored in triplicate for 12 

h with excitation and emission wavelengths of 440 and 485 nm 22, respectively using BMG 

LABTECH POLARstar Omega spectrometer (Ortenberg, Germany). Fluorescence intensity data 

collected at 485 nm for various time intervals were graphed against time. Subsequently, the curve 

was fitted by the following Boltzmann equation 23, which is a nonlinear sigmoidal function: 

                                                𝑌 = 𝐹2 + [ 𝐹2−𝐹1

1+𝑒

𝑇−𝑇ℎ𝑎𝑙𝑓
𝜏

] 

Here, F1 represents the fluorescence intensity at 0 h, F2 represents the maximum fluorescence 

intensity at saturation phase, 1/  represents the apparent rate constant of fibril elongation, and Thalf 

represents the time at which intensity reaches half of the maximum value. Additionally, the lag 

time (Tlag) can be calculated as Thalf – 2 .  
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4.2.5. Circular dichroism (CD) spectroscopy 

CD spectra were obtained to study conformational changes of Aβ42 with and without P1 peptide 

at a 1:1 and 1:2 molar ratio using a JASCO J-815 spectropolarimeter. Aβ peptide (25 µM) was 

dissolved in pH 7.4 buffer containing 20 mM sodium phosphate and 50 mM NaF. Spectra were 

collected from 200 nm to 260 nm using a quartz cuvette with a path length of 0.2 cm at 25 ℃. CD 

spectra were obtained by averaging three consecutive scans at 100 nm/min with subtracting the 

buffer or P1 spectra. 

4.2.6. Nuclear magnetic resonance (NMR) spectroscopy 

2D 1H-15N Heteronuclear single quantum coherence spectroscopy (HSQC) NMR spectra were 

recorded at 286 K using the Bruker AVANCE III 700 MHz (equipped with a QCI Cryoprobe) 

spectrometer. The obtained NMR data were processed using Topspin v4.0.6 software from Bruker 

and analyzed using Sparky. 80 µM 15N-labeled Aβ42 peptides were dissolved in a 20 mM sodium 

phosphate and 50 mM NaCl buffer at pH 7.4, containing 90% H2O and 10% D2O for NMR 

measurements. NMR titration experiments were performed on Aβ40/42 (80 µM) with P1 or P2 at 

increasing concentration, involving 16 scans and 12 ppm and 40 ppm spectral width along 1H and 

15N directions, respectively. The 2D NMR employed the echo and anti-echo method, collecting 

1024 data points for t2 and 64 for t1. CSP was determined using the following equation: 

∆𝛿 = √∆𝛿𝐻
2 + (∆𝛿𝑁/5)2 

Here, δH and δN are the differences in chemical shifts between Aβ and Aβ:Peptide (P1 or P2) along 

t2 and t1 directions, respectively.  

Normalized peak intensity (I/I0) was calculated using the NMR signal intensity ratios of [Aβ:P] (I) 

and Aβ control (I0). The running average of (I/I0) was measured by considering the values of three 

consecutive residues. 

The 1H NMR spectra for Saturation transfer difference (STD) NMR were acquired using the 

Bruker AVANCE III 500 MHz instrument, which was equipped with a SMART probe at 298 K. 

For the 1D STD NMR experiment, a molar ratio of 100:1 was maintained in 100% D2O with 500 
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μM P1 or P2 and 5 μM Aβ42 fibril. The STD control spectrum for P1 or P2 was recorded in 

absence of Aβ42 fibril. Selective saturation of protein resonance was achieved over a 2.5 s duration 

using a sequence of 50 Gaussian-shaped pulses, each lasting 49 ms with 1 ms intervals between 

them. The on-resonance and off-resonance frequencies were adjusted to -1 ppm and 40 ppm, 

respectively for peptide irradiation. The reference and STD spectra were obtained with 1024 and 

2048 scans, respectively, with a spectral width of 12 ppm. The STD NMR spectrum was derived 

by subtracting the off-resonance spectrum from the on-resonance spectrum, employing the phase 

cycling 23a, 24.  

4.2.7. Fluorescence anisotropy 

Intrinsic Tryptophan Fluorescence intensity of P1 was measured in 20 mM sodium phosphate and 

50 mM NaCl buffer (pH 7.4) with Hitachi F-7000 FL spectrometer at 25 °C after and before 

addition of Aβ42 fibril. 280 nm wavelength was used to excite the tryptophan and emission spectra 

was recorded with a range of 300−400 nm with 5 nm slit width.  

Similarly, steady state fluorescence anisotropy was performed on a QM-400 L-format fluorimeter 

(HORIBA CANADA PTI) keeping all the parameter same and calculated using the following 

equation 25: 

𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 (𝑅) =
(𝐹𝐼𝑉𝑉 − 𝐺 × 𝐹𝐼𝑉𝐻)

(𝐹𝐼𝑉𝑉 + 2 × 𝐺 × 𝐹𝐼𝑉𝐻)
 

Here, FIVV and FIVH are the intensity at a polarizer orientation towards vertically and horizontally 

plane, respectively. G is the sensitivity factor for the instrument. To determine the apparent 

dissociation constant (KD), the anisotropy (R) values were plotted against different concentration 

of Aβ42 fibril addition and fitted using the single site ligand binding model equation: 

𝑌 = 𝑌0 + 𝑅𝑀𝑎𝑥 (
𝑋

𝑋 + 𝐾𝐷
) 
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Here, Y is anisotropy value of P1 in presence of X µM concentration of Aβ42 fibril, Y0 is the 

anisotropy values of P1 alone, RMax is maximum anisotropy values and KD is the dissociation 

constant during binding process. 

4.2.8. Atomic Force Microscopy (AFM) 

The AFM studies were carried out using a Bruker BioScope Catalyst AFM instrument, and the 

included Nanoscope Analysis software was used to analyse them. Aβ42 was incubated at 37 ℃ in 

absence and/or presence of P1 or P2 for 12 h. Afterward, droplets of samples were deposited onto 

a clean mica plate (Muscovite Mica, V-1, 20 mm diameter, EMS, Cat. # 71856-04) and left 

undisturbed for 20 mins to ensure complete binding with the mica surface. Each mica plate was 

subjected to a single wash with Milli-Q water to remove any excess unbound sample solution. In 

the final step, the plates were delicately dried using a controlled ultrapure argon stream to protect 

against contamination or disturbance of the solution layer. The RTESPA-525 probe was used for 

each experiment. 

4.2.9. Serum stability assay  

Peptide (P1 or P2) was added at a final concentration of 1 mg/ml in 1 ml of DMEM/F12 media 

supplemented with 25% (v/v) fetal bovine serum and incubated it at 37 °C. At each respective time 

point to precipitate serum proteases, 50 ml of the sample was collected and combined with 200 ml 

of 96% ethyl alcohol at 4 ℃. After 15 mins, the cooled precipitated solution was centrifuged at 

17,500 × g for 3 mins. A Shimadzu (Japan) reverse-phase HPLC system equipped with a 250 x 

4.6-mm C18 column was employed to analyze the reaction supernatant. The elution gradient 

ranged from 0.1% TFA in 100% acetonitrile to 0.1% TFA in water, performed at a flow rate of 1 

ml/min for 30 min. The non-degradable peptide peak intensity was measured at 220 nm, using 

SPINCHROME CFR software.  

4.2.10. Cell viability assay 

SH-SY5Y (Human neuroblastoma) cells were cultured in complete DMEM/F12 media (Gibco, 

USA). Cells were obtained from National Centre for Cell Science (NCCS, India). Media was 

supplemented at 37 °C with 12% fetal bovine serum, gentamycin (50 μg/ml), amphotericin B (2.5 

μg/ml), and penicillin-streptomycin (1 unit/ml, (50 μg/ml) in a 5% humidified CO2 incubator. All 

experiments were performed when the cell confluency ranged between 70% and 80%. Living or 
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viable cells were quantified with MTT assay; which depicts respiration activity of healthy cells 

through mitochondrial enzymes.  These enzymes convert the MTT compound into formazan 

crystals and the amount of formazan formed represents viable cells.  96-well plate was seeded with 

1×104 cells/well and incubated for 24 h. Next day, to check the self-toxicity of the peptides, P1 

and P2 at various concentrations (1, 5, 10, 20, 50, and 100 µM) were added, followed by incubation 

for 24 h.  Similarly, cells were treated for 24 h with Aβ42 (10 µM) fibril in the absence and/or 

presence of peptides P1 and P2 at a ratio of 1:1 and 1:2. In another set, cells were treated with 

matured Aβ42 (10 µM) alone. Overnight treatment of matured Aβ42 (10 µM) with peptides P1 

and P2 at a ratio of 1:1 and 1:2 was also added onto cells for 24 h incubation. Following day MTT 

was treated with a final concentration of 0.5 mg/ml and incubated at 37 °C for 3.5 h with 5% CO2 

humidity. In a microplate reader, precipitated formazan was dissolved in dimethyl-sulfoxide 

(DMSO) of 100 μl and measurement was taken at 570 nm. Results were compared with control 

samples and expressed as a percentage of control or non-treated cell. The results were compared 

to control samples and presented as a percentage relative to nontreated cells (control). 

4.2.11. Methods for animal experiments 

(a) Animal studies and peptide administration: 

In order to investigate the toxicity of our peptides P1 and P2 we requisitioned, 30 male C57BL/6J 

mice weighing around 25-30 g (6-8 weeks old, healthy) from the Bose Institute, Centre for 

Translational Animal Research (CTAR), Kolkata, India. Mice were kept according to the 

guidelines and principle of Institutional Animal Ethics Committee (IAEC), using the CPCSEA 

approved protocol wide IAEC approval No # IAEC/BI/010/2021 dt. 28/09/2021. They were 

acclimatized in the animal house for two-three weeks with 12 h light/dark cycle. Food and water 

were provided ad libitum. Every experiment complied and adhered to National Research Council’s 

Guide for the Care and Use of laboratory Animals (NIH Publication No. 8023, revised 1978, 

U.S.A). All experiments were performed in accordance with ARRIVE guidelines (Animal 

Research: Reporting of In Vivo Experiments; https://arriveguidelines.org/arrive-guidelines). 

Animals were randomly assigned to five groups where peptides P1 and P2 were administered at 5 

mg/kg and 10 mg/kg body weight along with control set receiving PBS only. The dosage was 

decided keeping in mind our biophysical and cell biology experiments previously done to their 

efficacious dosage. Peptides were dissolved in PBS and administered intraperitoneally once a week 

https://arriveguidelines.org/arrive-guidelines)
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for four consecutive weeks.  The respective dosage of control, P1 and P2 (5 mg/kg and 10 mg/kg) 

was injected inside the peritoneal cavity very slowly with 26-gauge 1 ml DISPOVAN needle 

according to their pre-calculated body weights. 

(b) Histological and biochemical Assays with demographic parameters: 

At the end of four weeks of treatment, the body weights of the animals were measured and the 

animals were sacrificed by decapitation. Biochemical parameters from the mice serum including 

urea, creatinine, glutamic oxaloacetic transaminase, and glutamic pyruvic transaminase were 

analyzed for their sub-chronic toxicity of P1 and P2 administration by using commercially 

available diagnostic test kits (ARKRAY Healthcare Pvt. Ltd., India). Cell counter and automatic 

analysis machine was used for blood parameters estimation.  

The heart, lung, kidney, liver, and spleen were isolated and fixed onto 10 % neutral buffered 

formalin for nearly 24-48 h followed by immersion in paraffin wax. Tissue slices were 

meticulously cut with a microtome to a thickness of 5 µm. For histological examinations, slides 

were stained with hematoxylin and eosin (H&E staining), Massen trichrome and periodic acids 

chiff. The light microscope (NIKON T2, India) was used to visualize the stained slides for 

histopathological alternation, and images were captured at 10x and 40x magnification. 

4.2.12. Study of cellular apoptosis by Annexin-V and PI staining 

SH-SY5Y cells were seeded with a density of 1×106 cells per well onto a 6-well plate. The cells 

were treated after 24 h with 10 μM Aβ42 alone and with P1, P2 at a ratio of 1:1 and 1:2 (Aβ42: 

Peptide) and cells were further incubated for 24 h. Untreated cells and cells treated with buffer 

were kept as unstained and controls respectively. Post-treatment, cells were trypsinised and 

resuspended with annexin binding buffer (Cat no. 51-66121E, BD Biosciences). 3 μl Annexin V-

APC (BioLegends, Japan) and 5 μl PI (Sigma-Aldrich) were added to the cells, carefully vortexed 

and incubated at room temperature in the dark for 15 mins. After incubation cells were quantified 

with flow cytometer (FACS Verse, BD Biosciences). Data was analysed using the BD FACS Suite 

software with 10,000 cells for each sample. Three independent experiments were performed for 

each set. 
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4.2.13. Molecular Docking study 

Peptide and protein preparation: P1 peptides coordinates were built in 3D sketcher and prepared 

by using protein preparation tools with Schrödinger suite of programs 26. The solution structure of 

Aβ with PDB: 2LFM 27 prepared for docking using protein preparation tools. Any violations in 

bond orders, missing atoms were corrected, and structure was energy minimized using OPLSe 

force field with Schrödinger suite of programs 26 . 

Peptide docking: Using the results of P1 induced chemical shift perturbed of Aβ42 residues were 

used defined the site point for molecular docking the peptide P1 in GOLD molecular docking 

program 28 using default settings. GOLD Chem PLP 29 and gold scoring functions 28 were used to 

the score the peptide binding affinity. 

4.3. Results and Discussion  

4.3.1. Peptide design 

 

Our previous study, employing NMR and docking techniques, elucidated that the interaction 

between NF11 and Aβ40 inhibits amyloid fibril formation, stabilizing the complex (Aβ40:NF11), 

primarily through the involvement of NF11 residues R4, W5, R9, and F11. In this present study, 

we have used R4WSLMRPF11 (RF8) fragments of NF11 and its synthetic modified derivatives to 

enhance therapeutic potential (Scheme 4.1B). In order to enhance the thermal stability of the RF8-

series peptide, we replaced serine residues with cysteine in RF8, yielding the RF8C peptide 30. A 

further peptide analogue of RF8 substituting L-proline to D-proline, was also synthesized. It is 

important to note that the inclusion of proline induces bending in the peptide, prompting folding 

and hydrogen bond formation, resulting in a β-hairpin structure 31.  RF8R peptide was designed to 

reverse the sequence of RF8. We introduced acetyl group (Ac) in N-terminal of RF8 to construct 

PA peptide. Previously, it was reported that 2-aminobenzoic acid (Ant) functions as a β-breaker 

by conformational restriction, and offers a notable advantage in resisting proteolytic degradation 

12a, 17. For this purpose, we synthesized and characterized P1 and P2 peptides by replacing serine 

residues with Ant moiety, anticipating an enhancement in their inhibitory effectiveness (Appendix 

4, Figures S4.1 and S4.2).  
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4.3.2. The RF8-series peptides effectively modulate Aβ40 aggregation kinetics  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A deep understanding of amyloidogenic pathways and the identification of toxic intermediate 

stages enable targeted screening of inhibitors, enhancing the efficacy of therapeutic strategies 

against amyloid-related diseases (Figure 4.1A). The effect of RF8 series peptide on Aβ40 

aggregation kinetics was evaluated by Thioflavin T (ThT) assay which measures fluorescence 

upon binding to cross β-sheet structures 32. The time dependent aggregation kinetics of Aβ40 

followed a conventional nucleated-growth mechanism without inhibitors, showing immediate 

fibril elongation and reaching a plateau at 6 h (Figure 4.1B). The time dependent ThT intensity 

data were fitted using a sigmoidal equation (solid lines) to derive kinetic parameters. Aβ40 

Figure 4.1: Effect of RF8-series peptides on aggregation kinetics of Aβ40. (A) The schematic 

depicts screening of more potent inhibitors against amyloid fibril formation. (B) Normalized 

ThT kinetics of Aβ40 (5 µM) in presence and/or absence of equimolar RF8-series peptides at 

37 ℃. The corresponding bar plot of (C) Tlag, (D) Thalf and (E) % final ThT intensity were 

obtained from Boltzmann fitting. The error bars represent the standard deviation for three 

individual experiments. 
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displayed a distinct lag phase lasting 256 ± 44 min, followed by an elongation or growth phase, 

and ultimately reached saturation with a half-life (Thalf) of approximately 326 ± 32 min (Figures 

4.1C-E). The introduction of the RF8 peptide and its derivatives at 1:1 molar ratio of 

[Aβ40]/[peptide] resulted in a modification of the fibrillation rate of Aβ40, as observed through 

changes in the lag time and a reduction in the final fibril mass (Figures 4.1B-E). In the presence 

of RF8, RF8R, and PA peptides, there was an observed reduction in lag time and half-life time of 

aggregation kinetics, with nearly comparable patterns, along with approximately 50% decrease in 

the total amount of fibril formation (Figures 4.1B-E). In the presence of RF8dP peptide, both Tlag 

and Thalf increased compared to previous peptides, but only achieved a 20% inhibition of fibril  

 

Figure 4.2: The characterization of P1 and P2 peptides in vivo. (A) Viability of SH-SY5Y cells 

upon treatment with a graded concentrations of Peptide P1 and P2 up to 100 µM. Only media 

served as a control. Values are represented as mean ± SEM (n = 6). Statistical analysis was 

done by one-way ANOVA. (ns and ctrl denote non-significant and control cells, respectively). 

(B) Histopathological studies corresponding to sub-chronic toxicity in mice (n=6 each group) 

by treatment with Peptide P1 and P2   at a concentration of 5 mg/kg and 10mg/kg body weight. 

Ctrl-control mice treatment with PBS as vehicle. 10x and 40x magnified images of heart, lungs, 

kidney, liver, and spleen are shown. PAS-periodic acid-Schiff; H&E-hematoxylin-eosin; MT -

Massen Trichome. The stability of (C) P1 and (D) P2 peptides in serum at different time 

intervals.  
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formation (Figures 4.1B-E). RF8C showed minimal effect on both lag time and Thalf, yet it led to 

a 30% reduction in Aβ40 fibrillar forms (Figures 4.1B-E). Interestingly, in the presence of 

equimolar P1 and P2, there was a dramatic decrease in ThT intensity by nearly 80% and a shorter 

lag time observed compared to Aβ40 alone, indicating alterations in their structural 

transformations during fibrillation (Figures 4.1B-E). Therefore, P1 and P2 demonstrated superior 

inhibitory activity against Aβ40 fibril formation compared to the other peptide in the series. Thus, 

the subsequent segment of this study predominantly concentrated on the inhibitory effects of P1 

and P2.  

4.3.3. Evaluation of acute and Sub-chronic Toxicity of P1 and P2 in-vivo 

After observing promising outcomes of P1 and P2 peptides in inhibiting the aggregation of Aβ40, 

we performed reduction of the tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide in living cells by mitochondrial NAD(P)H-dependent dehydrogenase 

enzymes based MTT assay 33. At preliminary stages the cytotoxicity of the peptides itself in a 

graded concentration manner were tested in SH-SY5Y cells, which is considered a model cell line 

for amyloid related experiments (Figure 4.2A) 34.  As shown in Figure 4.2A there was no 

discernible cytotoxicity against P1 and P2 upto a maximum concentration of 100 µM. Hence these 

peptides were deemed to be non-toxic in cellular models.  

Further on toxic nature of peptides was tested in-vivo C57BL6/J mice models. C57BL6/J mice is 

considered as a model organism for AD or Parkinson’s disease related studies 35. A total of 30 

mice were recruited for the study and divided into 5 groups having 6 mice per group. Peptides P1 

and P2 at a concentration of either 5 or 10 mg/kg body weight were administered intraperitoneally 

once a week for a period of four weeks. During treatment, no mortality, or changes in the 

behavioral pattern of the mice were observed for each group (Figure S4.3). The demographic 

parameters of the mice such as body weight and isolated organs weight remain unchanged 

throughout the course of treatment (Appendix 4, Figures S4.3A and S4.3B). These organs were 

carefully sectioned and stained with Haematoxylin-eosin (H&E), Masson’s Trichrome (MT) and 

Periodic acid Schiff (PAS) to understand the overall tissue microanatomy and underlying 

cytoarchitectural changes in response to treatment. Overall microanatomy and tissue architecture 

remained unchanged in case of P1 at 5 mg and 10 mg per kg body weight (Figure 4.2B). In case 

of P2 noticeable changes were observed in the higher dosage of 10 mg/kg body weight where the 

tissue structure of the heart and lungs were slightly dilapidated in compared to control (Figure 
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4.2B). The glomerulus appeared to be small and defragmented at places and the spleen had changes 

in overall cellular mass and glycolipid composition appeared to be different than control group 

(Figure 4.2B and Appendix 4, Figure S4.3B). Slight changes were also observed in P2 in 5 mg/kg 

dosage in comparison to control group (Figure 4.2B). Besides this tissue histopathological 

changes, we also tested the haematological parameters in the blood obtained from mice after 

complete treatment regimen. P2 with 5 mg/kg treatment showed anomalous parameters in respect 

to control group along with elevated levels of W.B.C and platelet. Rest of the groups including P1 

showed parameters within normal range when compared to control group (Table S4.1). 

Biochemical analysis of blood serum was also done to obtain the metabolite-based toxicity 

parameters. Slightly elevated levels of serum creatinine and serum glutamic pyruvic transaminase 

was observed in P2 10 mg/kg treatment group suggesting changes in biochemical profile in kidney 

and liver respectively (Table S4.1 and Appendix 4, Figure S4.4). Although none of the other 

groups showed any kind of discernible changes when compared to control group (Table S4.1 and 

Appendix 4, Figure S4.4). Overall reports obtained from in-vivo toxicity studies suggested that P2 

might have some inflammatory and toxic effects in-vivo but P1 is completely safe and further use 

in other preclinical studies can be undertaken. 

In the process of developing peptide-based drug molecules, it is essential for the peptide to remain 

stable against enzymatic degradation in serum, which contains a variety of proteases capable of 

breaking peptide bonds. To evaluate the potential stability of P1 and P2 peptides, we measured the 

expected degradation of P1 and P2 peptides in fetal bovine serum. Surprisingly, the P1 peptide 

remained fully intact even following a 6 h incubation period in serum (Figure 4.2C). This may be 

attributed to the Ant moiety, which contributes to enhancing resistance for proteolytic degradation 

of P1 by introducing conformational restrictions to the peptide backbone. In contrast, ~20% 

degradation of P2 peptide was occurred after being exposed to serum for 2 h (Figure 4.2D). This 

indicates the presence of Ant moiety in between W and L residues in P1 gives more stability than 

the presence of terminal Ant moiety in P2. 

4.3.4. P1 and P2 inhibits Aβ42 fibrillation 

Next, we examined Aβ42 fibril formation in vitro, with and without P1 and P2 peptide, using a 

highly reproducible ThT-based protocol. Aβ42 aggregation kinetics, as detected in ThT assay, 

typically follows a sigmoidal pattern, characteristic of amyloid fibrillation (Figure 4.3A). As 

depicted in Figure 4.3A, P1 reduced fluorescence intensity in a dose-dependent manner and 
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specifically, a 2-fold molar excess of P1 led to ~75% inhibition of Aβ42 fibril formation, suggested 

P1 prevents primary nucleation event. Contrastingly, the addition of equimolar excess of P2 

resulted in a ~25% inhibition of Aβ42 amyloid formation, whereas a two-fold molar excess of P2 

did not enhance efficacy, implying a lack of dose-dependency (Figure 4.3A). These results indicate 

P1 prevents Aβ42 aggregation more efficiently than P2. The fluorescence intensity of P1 and P2 

alone remained unchanged with time (Figure 4.3A). It was important to mention that exploring the 

C-terminal portion of the Aβ peptide could elucidate the dynamic interplay between toxicity and 

the aggregation of peptide molecules. Previously, our group investigated the aggregation kinetics 

of 20-residue peptide fragment (AV20) derived from the C-terminal segment of Aβ40 36. 

Figure 4.3. The inhibitory effect of P1 and P2 peptides on the aggregation kinetics of Aβ42 

fibril. (A) ThT kinetic profiles of Aβ42 (10 µM) at 37 ℃ in absence or presence of P1 and P2 

at 1:1 and 1:2 molar ratio of (Aβ42: Peptide) in 20 mM sodium phosphate and 50 mM NaCl 

buffer at pH 7.4. The bar plot of final normalized ThT intensity of corresponding aggregation 

kinetics. (B) SH-SY5Y cells were treated with Aβ42 alone and with Peptides P1 and P2 at a 

ratio of 1:2 of Aβ42: P1 and P2. Values are represented as mean ± SEM, n=9. Significance was 

calculated between control and Aβ42 alone by one way ANOVA and Dunnett’s multiple 

comparisons test. Unpaired two tailed T-test were performed between Aβ42 alone and 

Aβ42+P1 and P2. ns, **, ***, **** denotes non-significant, p<0.01, p<0.001 and p<0.0001, 

respectively. (C) AFM images of Aβ42 fibril in absence and presence of P1 and P2 with the 

ratio of Aβ42 to peptide 1:1 and 1:2.  
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Interestingly, P1 inhibited AV20 aggregation whereas P2 exhibited accelerated aggregation 

kinetics of AV20 (Appendix 4, Figure S4.5). Overall, our results suggest that P1 serves as a potent 

inhibitor against the amyloid fibril formation of Aβ40, Aβ42, and AV20.  

Various toxic effects of Aβ species on neuronal cells were well documented 37. Therefore, we 

investigated the role of ergonomically designed peptides P1 and P2 against the amyloidogenic 

regions of Aβ42. The potential role of these peptides against Aβ42 species mediated cellular 

damage or death were investigated using MTT reduction assays. SH-SY5Y cells were incubated 

with Aβ42 (10 µM) alone and in the presence of P1/P2 at a ratio of 1:1 and 1:2 for Aβ42: Peptide. 

Cell viability was reduced to ~70% in the presence of Aβ42 alone, which was significantly 

recovered at around ~ 85-90% in the presence of P1, at a ratio of 1:1 and 1:2 of Aβ42: P1 (Figure 

4.3B). The recovery of cell viability was also observed for P2 but limited to around ~70-80% 

(Figure 4.3B). These data show the potential effect of designed peptides against Aβ42 cytotoxicity, 

where P1 is more potent than P2. 

AFM images corroborate well with ThT fluorescence findings by analyzing the alterations in the 

morphology of Aβ42 aggregates in the presence of inhibitory peptides (P1 and P2). AFM detected 

the existence of elongated, denser, branching fibrils in incubated Aβ42 samples with an average 

length of 791 nm (Figure 4.3C). In contrast, no characteristic fibrillar structure was observed when 

co-incubated with P1. In the presence of P1 at 1:1 and 1:2 molar ratios of Aβ42/P1, spherical-

shaped amorphous aggregates were identified (Figure 4.3C). On the other hand, Aβ42 incubated 

with 1:1 and 1:2 concentration of P2 exhibited amorphous-like aggregates (Figure 4.3C). The 

appearance of non-toxic, amorphous aggregates indicates that P1 induces the aggregation of Aβ42 

away from its typical pathway towards off-pathway aggregation. 

4.3.5. Conformational variation of Aβ42 in presence of P1 drives the off pathway aggregate 

formation 

In order to determine the effect of inhibitor P1 on the conformational conversion of Aβ42 during 

aggregation, far-UV CD spectroscopy was employed for monitoring the development of secondary 

structure of Aβ42 over time in presence and absence of P1. At the start of incubation, Aβ42 alone 

exhibited a negative band near 198 nm, indicating Aβ42 predominantly adopt a random coil 

conformation (Figure 4.4A).  After 12 h of incubation, the 198 nm peak diminished and shifted to  
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about ~218 nm, indicating a transition towards a β-sheet-rich conformation in Aβ42 (Figure 4.4B). 

The CD spectra of Aβ42 in the presence of P1 at a molar ratio of 1:2 exhibited a shift towards 

around 200 nm, resembling the spectrum of Aβ42 with P1 at 0 min. Additionally, when combined 

with P1, the CD amplitudes at 218 nm increased in comparison to Aβ42 alone (Figure 4.4B). Taken 

together, the results indicate that P1 effectively redirected the formation of toxic amyloid beta 

fibrils into unstructured off-pathway non-toxic species. 

To further investigate the impact of P1 on Aβ42 aggregation, seeding experiments were conducted 

by introducing sonication-generated fibril fragments into Aβ42 monomer solutions that promoted 

immediate growth of fibrillar structures. In Figure 4.4C, the immediate addition of 25% seeds to 

Aβ42 samples initiated a rapid increase in ThT fluorescence, signifying the onset of Aβ42 

aggregation. We found that the addition of P1 of 1:1 and 1:2 molar ratio delayed the elongation 

Figure 4.4. P1 induces conformational changes to form off pathway aggregates. Far UV CD 

spectra for Aβ42 in presence or absence of 1and 2-fold molar excess of P1 at (A) 0 h and (B) 

incubated at 37 ℃ for 12 h. (C) ThT aggregation kinetic of Aβ42 in absence (black) and 

presence of P1 at ratios of Aβ42-to P1 of 1:1 (red) and 1:2 (brown) in the presence of 25 % 

seeds. (D) Final ThT intensity value of Aβ42 and Aβ42+P1in presence of 25% seeds. 
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process and decreased fibrillar mass compared to Aβ42 samples with only 25% seeds (Figures 

4.4C-D), confirming P1-induced fibrillar species disrupt Aβ42 fibril elongation by promoting an 

alternative 'off-pathway' aggregation. 

 

4.3.6. Mechanistic insight of binding interaction using NMR 

To investigate the interaction between Aβ42 and P1, we studied the binding mechanism of P1 with 

Aβ42 using 2D 1H-15N HSQC NMR spectroscopy. The NMR spectra of 15N-labeled Aβ42 was 

obtained for [Aβ42] /[P1] molar ratios of 1:0, 1:1, 1:2 and 1:3 in 90% 20 mM sodium phosphate 

with 50 mM NaCl and 10% D2O (pH 7.4) at 286 K (Figure 4.5). The conditions were established 

to keep dissolved Aβ42 in its monomeric and stable state. The addition of P1 led to the substantial 

changes in the amide-NH region of the NMR spectra (Figure 4.5A). The residues including A2, 

E3, H6 and S8 from N-terminal flexible region and E22, G25, S26, N27, G29, A30, L34, M35, 

V36, G37, G38 from α-helix region exhibited perturbations above the threshold chemical shift 

perturbation (CSP) values when P1 was present at a molar ratio of 1:3 [Aβ42]/[P1] (Figures 4.5A-

B). The detected perturbations imply that the addition of P1 alters the local chemical environment  

Figure 4.5: Atomistic insight into the interface of inhibitory mechanism. 1H/15N-HSQC spectra 

of 15N labeled Aβ42 (80 μM), before (red) and after (blue) addition of (A) P1 at 1:3 molar ratio 

(Aβ42:P1). The NMR was recorded on Bruker AVANCE III 700 MHz, equipped with a QCI 

Cryoprobe, at 286 K. The chemical shift perturbation (CSP) value of (B) Aβ42:P1 present at 

1:3 molar ratio. The grey threshold line represents the average of all CSP and brown bar of 

residues indicates higher CSP values. (C) Running average signal intensity (I/I0) of for three 

consecutive residues of Aβ42 in the presence of P1 at a molar ratio of 1:1 (black), 1:2 (red) and 

1:3 (blue), respectively. 
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surrounding these residues. Titrating the Aβ42 with P1 at equimolar ratio (1:1) resulted in 

sequential region-specific line broadening for H6-Y10, D23-S26 and G29-I32 segments (Figure 

4.5C). Increasing P1 concentration at 1:2 molar ration ([Aβ42]/[P1]) led to higher line broadening 

effects with a consistent pattern (Figure 4.5C). At a 1:3 molar ratio of P1, there was a notable 

~70% drop in signal intensity, indicating direct association between N-terminal and C-terminal 

residues of Aβ42 with P1 (Figure 4.5C). A potential binding site for P1 on Aβ42 was suggested 

by the CSP as well as significant loss of signal intensity specifically, within the stretches of E3FR5 

from N-terminal and G25SN27, I31IGL34, G38VV40 from C-terminal. Recent research have revealed 

the dock-lock mechanism of Aβ fibril formation, in which unstructured Aβ monomers briefly bind 

to fibril surfaces before integrating into the primary lattice 38. P1 may disrupt crucial domain 

interactions, altering Aβ42 fibrillation by interfering with monomer dock-lock interactions. 

Reportedly, the overall three-fold symmetric structure of the fibril is stabilized by significant 

interfilamentous connections established by R5, D7, and S8 at the N-terminus 39. Interacting with 

N-terminal residues, P1 made these segments inaccessible, thereby disrupting the interfilamentous 

connections crucial for Aβ42 amyloidogenesis. Further, the repeated GxxxG motif (G29xxxG33 and 

G33xxxG37) found in the C-terminus is a distinctive characteristic shared by Aβ, crucial for 

stabilizing helix-helix and sheet-to-sheet interactions 40. The GxxxG motif extends the lifespan of 

toxic oligomers and is critical for cellular toxicity due to a greater conformational flexibility 41. 

Figure 4.6. 2D 1H-15N HSQC NMR spectra for AV20 (80 μM) dissolved in 20 mM sodium 

phosphate and 50 mM NaCl, pH 7.4, in the absence (black) and / or presence of P1 at (A) 1:1 

(blue) and (B) 1:2 (red) molar ratio. NMR spectra were recorded at 290 K on Bruker AVANCE 

III 700 MHz. (C) % of intensity broadening (I/I0) of five glycine residues of AV20 with 

increasing the concentration of P1. 
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The higher line broadening effect observed in the C-terminal region of Aβ42, highlighting a 

prominent role of this hydrophobic-rich stretch for intermolecular interaction with P1.  

Furthermore, in order to comprehend the impact of the C-terminus, we performed 2D 1H-15N 

HSQC NMR of selectively 15N-labeled the glycine residues within the GxxxG motifs of AV20, 

both in the absence and presence of P1, at molar ratios of 1:1 and 1:3. We observed that the glycine 

residues of AV20 exhibited CSP and line broadening in a dose-dependent manner when P1 was 

introduced, indicating binding to the GxxxG motif of AV20 (Figure 4.6). The interaction between 

P1 and the hydrophobic segments containing the GxxxG motif explains the decreased membrane 

damage and cytotoxicity observed, as these segments disrupt membrane integrity by internalizing 

into the lipid membrane's hydrophobic acyl region. 

 

 

Figure 4.7. (A) 1H/15N-HSQC spectra of 15N labeled Aβ42 (80 μM), before (red) and after 

(blue) addition of P2 at 1:3 molar ratio (Aβ42:P2). The NMR was recorded on Bruker 

AVANCE III 700 MHz, equipped with a QCI Cryoprobe, at 286 K. (B) The chemical shift 

perturbation (CSP) value of Aβ42:P2 present at 1:3 molar ratio. The grey threshold line 

represents the average of all CSP and brown bar of residues indicates higher CSP values. (C) 

Running average signal intensity (I/I0) of for three consecutive residues of Aβ42 in the 

presence of P2 at a molar ratio of 1:1 (black), 1:3 (red) and 1:5 (blue), respectively. 
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Similarly, the atomistic insight into the mechanism of Aβ42 in the presence of P2 was monitored 

using 2D 1H-15N HSQC NMR at variable sub stoichiometric concentrations (Figures 4.7). At a 1:3 

molar ratio, as depicted in Figure 4.7, Aβ42 residues showed lower signal intensity reduction and 

CSP in the presence of P2. This suggests that P2 did not effectively induce structural rearrangement 

in Aβ42. HMQC profiles at 1:3 molar exhibited moderate CSPs, primarily involving N-terminal 

residues such as F4, G9, Y10, and V12, the central segment containing F20 and A21, and C-

terminal hydrophobic residues, including S26, A30, I32, G37, V40, and A42 (Figure 4.7B). In the 

presence of a 1:3 molar ratio of [Aβ42]/[P2], residue-specific gradual changes in signal intensity 

were observed for the Aβ42 backbone residues, particularly in segments H6DSG9, V18FFA21, 

I32GL34 and G38VVIA42 of Aβ42 (Figures 4.7C). Further, a substantial loss of signal intensity was 

observed in Aβ42 spanning regions F19-E22 and A30-I32 upon decreasing the concentration to 1:1 

([Aβ42]/[P2]) (Figure 4.7C). As the P2 concentration increased, broad segments were observed 

for Aβ42 spanning from H6 to Y10, F19 to A21, A30 to I32, and V39 to I41, indicating potential 

interaction sites of P2 with Aβ42 at 1:5 molar ratios (Aβ42:P2) (Figure 4.7C). 

Upon addition of P1 and P2, Aβ42 exhibited concentration-dependent broadening of NMR peaks 

and a reduction in overall signal intensity due to fast intermediate exchange regime between free 

and P1 or P2 bound Aβ42 complex at NMR time scale (Figure 4.8A). The overall signal intensity 

values were plotted against peptide concentration and fitted with a single-site binding model 

equation to calculate apparent decay constant (KD). The P1-Aβ42 monomer complex has a KD of 

37.67 ± 9.5 µM, while the P2-Aβ42 monomer complex has a KD of 80.15 ± 27.6 µM (Figure 4.8B). 

Strong binding affinity of P1 to the Aβ42 monomer compared to P2 may be attributed to the 

presence of R and W residues in the N-terminal of P1, responsible for salt bridge and π-alkyl 

interactions with Aβ42 residues.  

Further, one-dimensional saturation transfer difference (STD) NMR was performed to identify and 

characterize the binding epitope of P1 to Aβ42 fibrils (Figure 4.8C). In this methodology, effective 

magnetization is transferred from the Aβ42 fibril to the protons of P1 through spin- diffusion, 

particularly those in close proximity to the fibril. No STD signal was detected from P1 alone, at 

the specified on-resonance frequency of -1 ppm (Figure 4.8Ciii). Interestingly, strong saturation 

transfer difference (STD) signals were observed for the indole ring protons of W2, benzene ring 

of Ant3, and phenyl ring protons of F8 of P1 upon addition of matured fibrils (Figure 4.8Cii). This 

observation suggests efficient magnetization transfer from the fibrils to P1 aromatic residues that 
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are closer proximity to Aβ42 fibril. In addition, notable STD effects were observed for the aliphatic 

protons CβHs, CγHs, and CδHs of R1 and R6, along with the CδHs of L4 whereas, minimal STD 

effects were noted for the CβHs of W2 and F8 (Figure 4.8Cii).   

Figure 4.8: Mapping of binding epitope. (A) Relative change of NMR intensity of Aβ42 

monomer upon titration with P1(red) and P2 (blue) peptide. (B) Calculated apparent 

dissociation constant (KD) based on a single site binding model fitting. (C) Group epitope 

mapping of P1 was performed using one-dimensional 1H STD in 100% D2O. The reference 

NMR spectra (i) and STD NMR spectra of P1 in presence (ii) and absence (iii) of Aβ42 fibrils 

at 1:300 molar ratio (Aβ42Fibril:P1). NMR experiments were executed using the Bruker Avance 

III 500 MHz NMR spectrometer at 298 K. (D) Predicted binding mode of P1. Transparent 

electrostatic potential surface view of P1 cartoon model of Aβ42. (E) 2D Interaction diagram 

of P1 Peptide with Aβ42. R1, Ant3, R6 residues of P1 mediated hydrogen bonding interactions 

with E22, G37, and S26 residues were highlighted in green. π-cation interaction of R1 / W2 

with E22 / K16 were highlighted in orange. π-alkyl and van der Waal interaction are 

highlighted in light green. 
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Furthermore, to get an insight into molecular interaction of the P1 peptide with Aβ, we have 

employed chemical shift perturbed residues of Aβ42 as interaction site points and evaluated the 

binding pattern of the peptide P1 poses with the peptide P1 binding epitopes knowledge gained 

from our STD binding experiments. As the NMR experiments of P1 with Aβ42 were performed 

in aqueous environment, we have used NMR structure (2LFM.pdb) to simulate the structure of 

such native state. Our molecular docking results show that the peptide P1 bind to Aβ with a very 

high ChemPLP fitness score of 79.6. The P1 was docked into deep cavity between the N and C-

terminus (Figure 4.8D) and was involved in a multitude of polar interactions / π-alkyl interactions 

with the main chain and side chain atoms of Aβ42, respectively (Figure 4.8E). R1 of peptide P1 

mediates salt bridge interactions with carboxyl group of E22 (1.8 Å, 2.2 Å) of Aβ peptide. W2 of 

the peptide P1 would get engaged in face to edge π-alkyl interactions (3.7 Å) with H6 residue, π-

cation interaction with K16 (2.7 Å), and van-der-Waals contacts (2.3 Å, not shown for clarity) 

with V40 main chain atoms of Aβ peptide. Ant3 of P1 interacts with its main chain carbonyl (C=O) 

atoms was engaged in hydrogen bonding to the main chain NH2 atoms G37 (2.0 Å) of Aβ42. The 

L4 main chain carbonyl atoms of P1 were in van der Waal contacts (3.3 Å) with E22 carboxylic 

side chain atoms. The side chain atoms of R6 residue of P1 pentapeptide was anchored in hydrogen 

bonding interactions (2.1 Å) with S26 hydroxyl side chain atoms of Aβ42. Interestingly, the P7 

main chain amide atoms of peptide P1 maintain van der waals contact with V24 main chain NH2 

(2.0 Å, respectively) of Aβ42. The terminal NH2 atoms of F8, residue of P1 was engaged in π-

alkyl interactions with D1 (2.1 Å) residues. The molecular docking results are completely on 

agreement with HSQC NMR data where P1 particularly interacts with N and C-terminal residues 

to stabilize the complex.  

4.3.7. P1 and P2 peptides effectively disintegrate Aβ42 matured fibril into nontoxic fragments 

Mature fibrotic aggregates of Aβ in the brains of AD patients persist over time and can catalyze 

secondary nucleation reactions, accelerating the formation of toxic oligomers from monomers, 

effectively acting as seeds for oligomerization 42. Thus, disrupting the Aβ aggregates may be an 

effective approach for reducing toxicity in neuronal cells. To evaluate the stability of Aβ42 fibrils 

in the presence of P1 and P2, we incubated preformed Aβ42 fibrils with P1 and P2, maintaining 

the same stoichiometric ratios as those utilized in the inhibition experiments. In Figure 4.9A, a 

dose-dependent immediate drop in ThT intensity indicated the disaggregation of matured Aβ42 
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fibers upon the introduction of P1 and P2. When treated with P1 at molar ratios of 1:1 and 1:2 

([Aβ42Fibril]/[P1]), final ThT fluorescence intensity of mature Aβ42 fibrils decreased by 

approximately 50% and 65%, respectively (Figure 4.9A). Additionally, in Figure 4.9A, the final 

ThT fluorescence intensity of matured fibers decreased by ~30% when treated with P2 compared 

to Aβ42 fibrils. This suggests that P1 peptide has more ability than P2 to disrupt preformed Aβ42 

fibrils, which could have implications for their potential therapeutic use in AD or related 

amyloidosis disorders. Further, to confirm that the defibrillation results were not due to P1 

 

Figure 4.9.  Disruption matured Aβ42 fibrils by P1 and P2. (A) Normalized ThT fluorescence 

intensity of Aβ42 fibril disaggregation process with varying peptide concentrations. The bar 

plot indicates the % ThT intensity after disintegration of preformed fibril. (B) Morphologies of 

matured Aβ42 fibrils in absence and presence of P1 and P2 at 1:1 and 1:2 molar ratio during 

the fibril disaggregation process observed by AFM. (C) SH-SY5Y cells were treated with 10 

µM preformed Aβ42 fibril and with Peptides P1 and P2 at a ratio of 1:2 of Aβ42: P1 and P2. 

Values are represented as mean ± SEM, n=6. Significance was calculated between control and 

Aβ42 alone by one way ANOVA and Dunnett’s multiple comparisons test. Unpaired two tailed 

T-test were performed between Aβ42 alone and Aβ42+P1 and P2. ns, *, **, *** denotes non-

significant, p<0.05, p<0.01 and p<0.001, respectively. (D) Blue shift in tryptophan 

fluorescence of P1 in presence of Aβ42 fibril. (E) The steady state anisotropy of P1 in presence 

of different concentration of Aβ42 fibril. 
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displacing ThT from the fibrils, we kept the ratio of Aβ42 fibrils to P1 (1:2) constant while altering 

ThT concentrations (Appendix 4, Figure S4.6). Consistent ThT values across all ThT 

concentrations indicated the disruption of fibrils by P1 and validated that the decrease in ThT 

fluorescence was not due to P1 competing with ThT for binding to Aβ42 fibrils. We utilized AFM 

microscopy to investigate P1 and P2 effectiveness in disrupting preformed fibrils of Aβ42. The 

matured fibrillar networks of Aβ42 disintegrated into short, thinly branched fibrils upon co-

incubation of preformed Aβ42 fibrils with equimolar P1 (Figure 4.9B). However, a remarkable 

difference in the morphology of Aβ42 fibrils was observed when exposed to P1 at 1:2 molar ratio, 

suggest that P1 interacts with Aβ42 fibrils and facilitates their disaggregation into spherical 

particles (Figure 4.9B). Further AFM characterization of Aβ42 fibrils in the presence of P2 showed 

relatively shorter fibrils compared to matured Aβ42 fibrils (Figure 4.9B). Taken together, these 

findings strongly indicate that P1 exhibits greater efficacy than P2 in disassembling Aβ42 fibrils. 

According to plaque hypothesis, amyloid plaques and matured fibrils play a considerable role as 

nucleation sites of various forms of Aβ 43. These plaques need to be removed to reduce the overall 

amyloid load and deter the progression of neuronal degeneration 44. The resultant ThT and AFM 

data showed promising role of our designed peptides in disintegration of matured Aβ42 fibril. 

However, to verify our in vitro data we performed cellular experiments to verify whether these 

effects of disintegration is pronounced upon neuronal cells. Hence, we incubated SH-SY5Y cells 

with matured Aβ42 fibril along with a mixture of overnight incubated Aβ42 fibril and P1/P2 at a 

ratio of 1:1 and 1:2 of Aβ42: Peptide. Matured Aβ42 fibril was able to reduce the cell viability 

around ~70%. Addition of P1 to matured Aβ42 fibril followed by overnight disintegration 

significantly recovered the cell viability to around ~80-90 % (Figure 4.9C). Likewise, P2 was also 

able to recover cell viability at around ~ 70-80% (Figure 4.9C). The above results suggest that P1 

being more potent than P2 can disintegrate matured Aβ42 fibril and the disintegrated species are 

non-toxic to cells, which can be seen through recovery of cellular viability when compared to 

mature Aβ42 fibril alone and control cells. 

To determine the binding affinity of P1 for Aβ42 fibrils, fluorescence anisotropy was conducted. 

Upon addition of half fold molar excess of Aβ42 fibrils, the tryptophan fluorescence emission peak 

of P1 shifted about ~10 nm towards the shorter wavelengths (blue shift) and became more intense 

(Figure 4.9D). The interaction between P1 and Aβ42 fibrils showed a moderate binding affinity in 
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the micromolar range, with an apparent dissociation constant (KD) of 13.24 ± 4.2 µM, which is 

characteristic of an effective inhibitor (Figure 4.9E). 

4.3.8. Peptides P1 and P2 protects against Aβ42 mediated neuronal apoptosis 

Neuronal apoptosis through accumulation amyloid beta is well documented. These amyloid 

deposit triggers generation of free radicals which in turn regulated the apoptosis pathways leading 

to neuronal death 45. Various morphologic changes accompanied by cleavage of nuclear DNA, 

membrane blebbing along with changes in membrane phospholipid compositions 46. These kinds 

of changes can be identified by using Annexin V antibody and PI through a fluorescent associated 

cell sorter machine. The stages of apoptosis can also be identified according to the binding of these 

dyes to our target cell. Our results have indicated that treatment of 10 µM Aβ42 is sufficient to 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Flow cytometry analysis of cell death in Annexin V and PI-stained cells showing 

the percentage of necrotic, late apoptotic, early apoptotic, and viable cell populations in SH-

SY5Y cells upon treatment with Aβ42 (10 µM), Aβ42:P1 and P2 in concentration ratios of 1:1 

and 1:2 along with control for 24 h.  Overlaid histogram plot of Annexin V-APC fluorescence 

treatment groups. The movement of histogram towards right indicated higher apoptosis and 

annexin V binding. The bar diagram represented the mean fluorescence intensity of Annexin 

V-APC. 
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trigger early stages apoptosis in SH-SY5Y cells, which includes changes in membrane lipid 

composition not amounting to DNA damage which occurs during late phases of apoptosis. Aβ42 

triggered apoptosis in around ~30% of the cells, when compared to control cells having buffer 

only. Incubation of P1 and P2 with Aβ42 in a ratio of 1:1 and 1:2 of Aβ42:Peptide, drastically 

reduced the number of apoptotic cells to less than ~2-3%; culmination a reduction of over 90% 

effect on overall apoptosis (Figure 4.10). These data suggest the protective role of P1 and P2 in 

inhibiting neuronal apoptosis, which in turn may reduce overall neuroinflammation. The mean 

fluorescence intensity of annexin V binding to cells and their count was further plotted as a 

histogram (Figure 4.10). The Bar diagram represents the statistical significance of the experiment 

in respect to binding of Annexin V and its fluorescence intensity (Figure 4.10). Reduction in 

apoptosis helps to reduce neuroinflammation, which has a range of downstream effects and the 

most beneficial being delay in neurodegeneration. 

4.4. Conclusion 

In this study, we have described the development and application of a peptide-based approach for 

identifying effective inhibitors against AD. In summary, among the peptides investigated in the 

RF8 series, our study highlighted that P1 as a highly effective inhibitor of the Aβ40 aggregation 

process.  P1 was synthesized with a recognition motif designed for the target Aβ, incorporating 

anthranilic acid (Ant) as β breaker element. The modulation of Aβ42 and AV20 aggregation 

kinetics through P1 restricts the primary nucleation events and elongation pathways by promoting 

the formation of off-pathway aggregates. Additionally, non-toxic, serum-stable P1 peptide 

disrupted and dispersed preformed amyloid fibrils into non-toxic aggregates. NMR spectroscopy 

revealed that the crucial binding site of Aβ42 with the P1 peptide involved the N and C-terminal 

region, especially containing the GxxxG motif. Molecular docking and NMR examinations have 

shown that P1 binds to Aβ at hydrophobic regions through hydrogen bonding, van der Waals and 

electrostatic interaction, effectively preventing the amyloid aggregation process. The non-toxicity 

of P1 in mouse models and its ability to decrease Aβ-induced neurotoxicity and neuronal apoptosis 

in human neuroblastoma cells highlighted its therapeutic potential. Our findings propose that the 

peptide-based therapeutic, with its structural adaptability and moderate affinity for the targeted 

amyloid protein or peptide epitope, may uncover promising treatments for AD and other 

amyloidosis. 
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4.5 Appendix 4 

Table S4.1: Biochemical Chart. Effect of P1 and P2 on haematological in mice (n= 6 per group). 

PCV-Packed Cell Volume; WBC-white blood cells; MCV-Mean Corpuscular Volume; MCH- 

Mean Corpuscular Haemoglobin; MCHC- Mean Corpuscular Haemoglobin concentration; ESR- 

Erythrocyte Sedimentation Rate. 

HAEMATOLOGICAL 

PARAMETERS 

Control 

Mice 

P1-5mg 

Mice 

P1-10mg 

Mice 

P2-5mg 

Mice 

P2-10mg 

Mice 

Normal 

Range 

Haemoglobin % 7.3±1.5 11.7±2.4 10.5±2.2 11.2±3 9.8±1.8 6.1-

19.73 

Red Blood Cell 

Count/Lac (106) 

4.9±0.4 6.8±0.5 6.9±0.2 6.8±0.6 5.9±0.3 3.57-

11.7 

PCV % (Haematocrit) 21.4±3 32.7±2 30.5±5 32±4 28.4±3.5  

MCV (fL) 43.6±2.6 48±6 44.2±8 47±4 48.1±3.7 39-

95.18 

MCH (pg) 14.8±5.8 17.2±6 15.2±4 16.4±7 16.6±3 27-

58.22 

MCHC g/L 34.1±6 35.7±8 34.4±8 34.6±4.6 34.5±2.5  

Platelets count/Lac 

(106) 

3.6±0.8 6.5±0.5 7.6±1.1 12.1±1.3 5.7±0.5 0.59-

6.75 

W.B.C Total Count/ Cu 

mm 

4100±600 

 

3500±800 6200±1200 9300±1500 6500±900 5500-

12500 

Neutrophils % 29±3 27±2 24±5 53±4 21±2 3-27 

Lymphocytes% 66±15 70±3 71±10 42±5 76±4 12-41 

Monocytes % 03±2 02±1 03±1 03±2 02±1 00-04 

Eosinophils % 02±1 01±2 02±1 02±2 01±1 00-01 

Basophil % 00±0 00±0 00±0 00±0 00±0 00-01 

ESR mm/1st hr 50±6 18±4 32±5 20±3 30±8  
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 Figure S4.1. Peptide P1 characterization. (A) HPLC profile of P1, (B) ESI mass profile of P1. 

Calculated mass for C55H78N16O8S is 1122.5909, observed mass 562.3042, [M+2H]2+, (C) MALDI 

mass spectrum of P1, observed mass 1124.689, [M+2H]+. 
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Figure S4.2. Peptide P2 characterization. (A) HPLC profile of P2 and (B) ESI mass spectrum of 

P2. Calculated mass for C40H58N10O7S is 822.4211, observed mass, 823.4339, [M+H]+ and 

412.2162, [M+2H]2+, (C) MALDI mass spectrum of P2, observed mass 824.254 [M+2H]+.  
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Figure S4.3. Mouse (C57BL6/J) were treated intraperitoneally with indicated concentration of 

Peptides P1 and P2. (A) Body weight was measured before and after Peptides P1 and P2 treatment. 

(B) Organ weight of liver, kidney, spleen, heart and lungs for control and peptides P1 and P2 

treated mice after sacrifice. 

 

Figure S4.4. Effect of peptides P1 and P2 on various biochemical parameters such as (A) 

Creatinine, (B) LDH, (C) Urea, (D) serum glutamic oxaloacetic transaminase (SGOT), (E) serum 

glutamic pyruvic transaminase (SGPT).  
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Figure S4.5. AV20 peptide (100 µM) aggregation in absence and presence of equimolar P1 and 

P2 (AV20: Peptide= 1:1) monitored using ThT fluorescence at 37 ℃. 

 

Figure S4.6. The bar plot indicates no competition for amyloid Aβ42 fibril binding between ThT 

and P1. Preformed Aβ42 fibril was dissolved in 20 mM sodium phosphate with 50 mM NaCl in 

absence (black) and presence (red) of P1 at 1:2 molar ratio of Aβ42/P1 and varying the 

concentration of ThT (10 and 20 µM) at 37 ℃. 
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Chapter 5 

5. Enhancing Amyloid Beta Inhibition and Disintegration by 

Natural Compounds: A Study utilizing Spectroscopy, 

Microscopy and Cell Biology 

This chapter has been adapted from the following reference: 

Pariary, R., Shome, G., Dutta, T., Roy, A., Misra, A.K., Jana, K., Rastogi, S., Senapati, D., 

Mandal, A.K. and Bhunia, A., 2024. Enhancing Amyloid Beta Inhibition and Disintegration by 

Natural Compounds: A Study utilizing Spectroscopy, Microscopy and Cell Biology. Biophysical 

Chemistry, (manuscript under review). 

5.1. Introduction 

The hallmark of neurodegenerative diseases like Alzheimer’s disease (AD) is associated with 

deposits of protein aggregates during senescence or aging 1. AD accounts for more than 60-70% 

cases of overall dementia worldwide 2. Major etiopathologies of AD disease include the 

aggregation of amyloid and extracellular deposition of the intrinsically disordered β-amyloid (Aβ) 

peptide (Scheme 5.1A), leading to metal-ion dysregulation 3. Various factors including decrease 

in acetylcholine levels (Ach), formation of neurofibrillary tangles (NFTs) contribute to oxidative 

stress, neuronal inflammation, and cellular cytotoxicity in a cascading pathological sequence 4. 

Protein-folding stages of amyloid provide significant insight into understanding the amyloidogenic 

tendency 4a, 5. The intermediate oligomeric or proto-fibrillar stages produce a dynamic 

heterogeneous pool of transitory conformers that initiate early nucleation events and impart their 

toxic effects 6. Moreover, AD being a multifactorial disease requires several drugs in a multi-

targeted manner 7. Decades of amyloid research have been dedicated towards developing 

prospective therapeutic strategies to combat AD. Among the preventive interventions, diet-based 

nutraceuticals containing natural compounds show potency in delaying disease onset 8. 

Furthermore, the attention on natural extracts has increased due to their therapeutic efficacy in 

treating disorders like dementia, cancer, and cardiovascular diseases 9. Separately, in light of the 

exigency posed by the COVID pandemic, repurposing of drugs emerges as a compelling strategy 

to treat refractory diseases. As speculated under the traditional health care system, herbal or 
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Ayurvedic (traditional Indian medicine) and traditional Chinese medicine (TCM) each follow 

unique perspectives on aging, age-related degenerative disorders, and methods to prevent 

premature aging 10. In recent years, there has been an increase in research on various Ayurvedic 

herbal formulations, with emerging scientific validation of their pharmaceutical characteristics 11.  

 

In traditional medicine, treatments are often aimed to a particular target in the body. But using 

Ayurveda or Indian traditional medicine, molecules that modulate multiple targets at once might 

work better for treating diseases like AD because of its complexity and multifactorial effect 12. 

Lasunadya Ghrita (LG) (Scheme 5.1B), an Ayurveda formulation, has lasun (garlic) and ghrita 

(clarified butter) as its primary components and is used in psychiatric disorders in Ayurvedic 

therapeutic practices 13. Therefore, LG, which is used to treat gut dysregulation and mental 

illnesses was considered for treating AD 13. Furthermore, garlic (Allium sativum) extract, with its 

potent antioxidant activity, exhibits significant potential in protecting neurons, preventing 

cognitive decline, enhancing learning and memory, along with reduction of ischemia or 

reperfusion-related neuronal death 14. Honey, containing carbohydrates and polyphenols acts as a 

Scheme 5.1. Schematic representation of (A) Aβ peptides amino acid sequence and (B) major 

components of Lasunadya Ghrita (LG). 



Chapter 5 

156 

natural antioxidant by quenching biological reactive oxygen species (ROS), thereby protecting 

neurons from oxidative damage, promoting regeneration, and modulating signaling pathways 15. 

Additionally, the aqueous extract of Haritaki (Terminalia chebula Retz), enriched with 

hydrolyzable tannins and phenolic compounds, exhibits acetylcholinesterase inhibitory (AChEI) 

activities, antioxidant, and anti-inflammatory effects 16. Pre-emptive screening of LG extracts in 

various forms indicated its inhibitory activity towards different aggregate-prone proteins. Thus, 

we aimed to characterize its active compounds and mechanism of action in vitro and in vivo against 

progressive amyloidogenesis in AD. 

5.2. Experimental Methods 

5.2.1. Chemicals. 

The unlabeled and labeled (15N and 15N,13C) Aβ40 / Aβ42 peptides were purchased from Genscript 

Inc. (Piscataway, NJ, USA) and rPeptide Inc. (Bogart, GA, USA), respectively with >95 % purity. 

ThT: Thioflavin T and HFIP: 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol were obtained from Sigma-

Aldrich (St. Louis, MO, USA). Protease inhibitor cocktail (Roche #04693132001), MTT: 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Himedia, Banglore India) and H2DCF-

DA: 2’,7’- dichlorodihydrofluoresceindiacetate (Sigma-Aldrich, USA) were purchased. Fetal 

bovine serum (Gibco,USA), DMEM/F12 media (Gibco, USA),  trypsin-EDTA (Himedia, India) 

and antibiotics (Himedia, India) were used for cell culture. 

5.2.2. Preparation of Lasundya Ghrita extract 

The extraction process is crucial for isolating natural products from raw materials. The most often 

used approach for phytochemical analysis is solvent extraction. At room temperature, the LG was 

extracted in five different solvents (100 ml each). Firstly, LG (30 g) was treated with n-hexane 

then followed on the undissolved solid or precipitate with ethyl acetate, chloroform, methanol, and 

water for 2 h in each solvent under stirring at room temperature. The suspension was filtered on a 

paper filter and permeate was concentrated under pressure then lyophilized, stored at -20 ℃ and 

finally used for all biophysical experiments. 

5.2.3. Chemical characterization of LG water extract using LC-MS 

The lyophilized LGWE was dissolved in autoclaved water and filtered. The extracts were 

fractionated in a 1.7 µl BEH C18 analytical column equipped with an ACCQUIITY UPLC M-
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Class before being passed on to XEVO G2-X'S QTof mass spectrometry (Water Corporation, 

Milford MA, Massachusetts, USA) in an Electrospray Ionization Mass Spectrometry (ESI) 

positive mode system. A gradient combination of water and acetonitrile made up the liquid phase. 

Progenesis QiP software (Waters Corporation, Milford, MA, USA) was used to process and 

analyze raw MS spectra against the Uniport database using the standard search parameter. The 

mass data were well-matched with previously reported data 17. 

5.2.4. Aβ40 / Aβ42 sample preparation.  

A previously known procedure was used to prepare the sample 18. Briefly, 1 mg powder peptide 

Aβ40 / Aβ42 was dissolved in HFIP and subsequently placed on ice for 40 min. The peptide 

solution was aliquoted into 0.1 mg/ml and lyophilized for overnight. The stock aliquots were stored 

at -80 ℃. The 0.1 mg/ml aliquots were dissolved in 20 mM sodium phosphate buffer and 50 mM 

NaCl (pH 7.4) to obtain ~0.3 mg/ml final concentration and sonicated for 30 s. 

5.2.5. Amyloid Fibrillation study by Thioflavin T assay 

50 mg/ml freeze-dried/ lyophilized extract of LG was prepared in autoclaved water. 0.25 mg/ml 

concentration of all the extract was used. 0.02 mg/ml experimental solution of Aβ40 / Aβ42 was 

prepared with varying concentration (mg/ml) ratios of [Aβ]/[LGWE] (1:0.25, 1:0.5, 1:2.5, 1:12.5, 

and 1:25) in 20 mM sodium phosphate buffer and 50 mM NaCl solution pH 7.4 using 5 µM ThT. 

Each sample were incubated at 37 ℃ in 96-well black plate with shaking 300 rpm for Aβ40 and 

100 rpm for Aβ42, respectively. The ThT fluorescence was monitored for 12 h at an excitation / 

emission of 440 / 485 nm 19. The water fraction was selected among other fractions because it 

shows the maximum amyloid inhibition.  

Defibrillation of Aβ40 / Aβ42 matured fibrils (5 µM) was carried out using 0.25 mg/ml LGWE in 

presence of 5 µM ThT maintain the above conditions. For the ThT competition experiment 20, Aβ 

fibrils were incubated at various ThT concentrations (5 µM, 10 µM, 15 µM) in presence of 0.25 

mg/ml LGWE. BMG LABTECH POLARstar Omega spectrometer (Ortenberg, Germany) was used 

to measure the ThT intensity in a 96-well black plate with top optics mode. 

5.2.6. Circular dichroism (CD) spectroscopy  

The transition in the global conformation of Aβ40 / Aβ42, with or without LGWE, was examined 

using Jasco J-815 CD spectrometer (Japan). Aβ40/ Aβ 42 (25 µM) was dissolved in 20 mM sodium 
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phosphate buffer and 50 mM NaF solution at pH 7.4 and titrated with LGWE at 1:2.5 and1:12.5 

concentration ratio of [Aβ]: [LGWE]. The samples are incubated at 37 ℃ for 12 h. The CD spectra 

of 0 h and 12 h samples were recorded at 25 ℃ with a wavelength range of 190-260 nm. The CD 

spectra are taken by averaging three consecutive scans at 100 nm/min speed and subtracting buffer 

or LGWE signal. 

5.2.7. Nuclear magnetic resonance (NMR) spectroscopy 

All NMR studies were recorded using TOPSPIN 3.5 software (Bruker Biospin, Switzerland) on a 

500 MHz Bruker Avance III NMR spectrometer with a SMART probe. The temperature of NMR 

probe was kept at 283 K to ensure that no fibrillation occurred during the experimental time frame. 

2D NMR data was processed using Topshim software (Bruker) and analyzed by Sparky software.  

15N labelled Aβ40 / Aβ42 (0.3 mg/ml) was dissolved in 90% buffer (20 mM sodium phosphate 

and 50 mM NaCl) and 10% D2O at pH 7.4. 12 ppm spectral width along 1H direction and 40 ppm 

along 15N direction were used for the measurement of two-dimensional (2D) 1H-15N SOFAST 

HMQC spectra. The 2D NMR was recorded using States-TPPI method with 32 scans and 2048 

(t2) and 64 (t1) complex data points. 2D NMR titration experiment was performed in presence of 

LGWE at 283 K. The NMR signal intensity ratios of [Aβ:LGWE] (I) and Aβ control (I0) were used 

to calculate normalized peak intensity (I/I0). The running average of intensity was measured by 

taking I/I0 of the three consecutive residues. The CSP of residues was determined by using 

equation:  

Δ𝛿 =  √(∆𝛿𝐻)2 + (0.2 ∆𝛿𝑁)2 

Where  and  represented the chemical shift difference of H and N direction, respectively 

between Aβ40 / Aβ42 alone and Aβ+LGWE.  

13C and 15N labelled Aβ40 (0.3 mg/ml) was dissolved in 100 % D2O. 4096 and 512 complex data 

points were collected along t2 and t1 dimension, respectively with 8 scans for 13C- HSQC NMR 

experiment  21. The 2D 1H-13C Aβ40 HSQC NMR spectra were recorded either in the presence 

and/or in the absence of LGWE within a spectral width 10 ppm (1H) and 236 ppm (13C) on Bruker 

AVANCE III 700 MHz, equipped with Cryoprobe at 286 K. The chemical shift assignments were 

completed by using previous report 21-22. 
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5.2.8. Atomic Force Microscopy (AFM) 

Aβ40 / Aβ42 was dissolved to 40 μM in 20 mM sodium phosphate and 50 mM NaCl at pH 7.4, 

with or without a LGWE at 1:2.5 and 1:12.5 ratio of Aβ:LGWE. The mixture was then incubated in 

at 37 °C and 250 rpm for 12 h. The AFM experiments were conducted using a Bruker BioScope 

Catalyst AFM instrument, and the analysis was carried out using the integrated Nanoscope 

Analysis software. Initially, samples of varying concentrations are partially diluted in the sol-vent. 

Subsequently, drops of freshly prepared Aβ40/Aβ42 solutions are cast onto a blank mica plate 

(Muscovite Mica, V-1, 20 mm diameter, EMS, Cat. # 71856-04) and allowed to remain 

undisturbed for 20 min to facilitate full binding with the mica surface. After the thorough binding, 

each mica plate underwent a single wash with Milli-Q water to eliminate any excess unbound 

sample solution. Finally, the plates were carefully dried in a controlled ultrapure argon stream to 

prevent contamination or disturbance of the solution layer. For each experiment RTESPA-525 

probe has been used. The experiment was performed in Saha Institute of Nuclear Physics, Kokata. 

5.2.9. LUVs preparation for Fura 2 assay 

Total brain lipid extract (TBLE) at a concentration of 2 mg/ml was dissolved in chloroform, dried 

under N2 gas flow, and subsequently lyophilized to make a lipid films. To prepare the samples, the 

solution of Fura-2 dye-filled vesicles was initially diluted with a buffer solution containing 10 mM 

HEPES, 100 mM Fura-2 pentapotassium salt, 100 mM NaCl, and adjusted to pH 7.4 23. The lipids 

underwent five freeze-thaw cycles and vigorous vortexing, followed by extrusion through a 100 

nm polycarbonate nucleopore membrane filter (Whatman) using a mini extruder setup (Avanti 

Polar Lipids) for a minimum of 21 times. 0.1 mg/ml LUVs were taken. 10 µM Aβ40 in absence 

or presence of LGWE at 1:2.5 and 1:12.5 ratio (Aβ40:LGWE) was added into LUVs. After 30 min 

of incubation, 1 mM CaCl2 was added and measured the fluorescence by taking the ratio of 

340:380 nm. Tritron X was used as a positive control. 

5.2.10. Cell viability assay  

Human neuroblastoma cells (SH-SY5Y) obtained from National Centre for Cell Science (NCCS, 

India) and cultured in complete DMEM/F12 media (Gibco, USA) supplemented with 12% fetal 

bovine serum, gentamycin (50 μg/ml), penicillin-streptomycin (1 unit/ml, (50 μg/ml), and 

amphotericin B (2.5 μg/ml) in a 5% humidified CO2 incubator at 37 °C. All experiments were 

conducted at 70-80% confluency. MTT was used to measure viability of cells, which depicts 
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activity of healthy cells by mitochondrial enzymes  24. These mitochondrial enzymes in live cells 

convert the MTT com-pound into purple formazan crystals, correspondingly the amount of 

formazan formed represents cell viability. A 96-well plate was seeded with 1×104 cells/well and 

incubated for 24 h. Next day, various concentrations of LGWE (0.05, 0.10, 0.25, 0.50, and up to a 

concentration of 1.0 mg/ml) were added and incubated for 24 h to check the toxicity of the 

compounds.  Similarly, cells were treated with Aβ40 / Aβ42 (10 µM) oligomer or fibril in the 

absence and/or presence of LGWE (0.05 and 0.25 mg/ml) at a ratio (Aβ: LGWE) of either 1:2.5 or 

1:12.5 for 24 h.   At a final concentration of 0.5 mg/ml MTT solution was given to each well, and 

incubated at 37 °C for 3.5 h with 5% CO2 humidity.  Precipitated formazan was dissolved in 100 

μl of dimethyl-sulfoxide (DMSO) and measurement was taken at 570 nm in a microplate reader. 

Results were compared with control samples and expressed as a percentage of control or non-

treated cell. 

5.2.11. Dot blot assay 

Aβ40 preformed fibrils in the absence and presence of LGWE (0.05 and 0.25 mg/ml) at a ratio (Aβ: 

LGWE) of 1:2.5 and 1:12.5 respectively was spot-ted onto a nitrocellulose membrane. The 

membrane was further incubated with blocking buffer for about 1 h at room temperature and 

probed with anti-amyloid OC (#AB2286, Merck, USA) antibody overnight. The following day 

membrane was washed three times with TBST solution (Tris-buffered saline pH 7.4 with 0.01% 

Tween-20), and probed with HRP goat anti-rabbit secondary antibody (#111-035-003, Jackson 

laboratory, Baltimore, USA) for 2 h at room temperature. The blot was again washed for three 

times with TBST buffer and developed with ECL (Coumaric acid and luminol with H2O2) solution. 

Image was captured in Chemidoc imaging system (BioRad). 

5.2.12. Lactate dehydrogenase (LDH) assay 

Cytosolic LDH enzyme is released into the culture medium during disruption or loss of cellular 

membrane integrity. Therefore, cell damage was assessed by measuring LDH release in the culture 

medium. LDH released was measured in SH-SY5Y cells colorimetrically according to the 

manufacturer’s protocol (Himedia EZcount LDH cell assay kit). Cells were seeded into FBS-free 

medium for 12 h and subsequently co-incubated with 10 µM Aβ40 at 37 °C for 24 h with or without 

of LGWE (0.05 and 0.25 mg/ml).  50 µl of LDH reagent was then added to each well, incubated for 

at least 10 min in dark condition at 37 ℃ and the ongoing reaction was stopped by adding 50 µl 

of stop solution.  The absorbance was assessed at 580 nm using a reference filter of >600 nm.  



Chapter 5 

161 

Total LDH release was measured by adding 1% (W/V) Triton X-100 into the control cell for 1 h. 

The formula expressing total LDH activity in Percentage (%) (LDH in the supernatant + LDH in 

the cell lysate):  

% LDH released= (LDH activity in the medium / total LDH activity) ×100 

5.2.13. Intracellular ROS measuring assay 

Peroxide sensitive fluorescent probe 2′,7′-Dichlorofluorescin diace-tate (DCFH-DA) was used to 

measure intracellular reactive oxygen species spectrofluorimetrically in SH-SY5Y cells.  Cells 

were seeded in 96 well plate, incubated with 10 μM Aβ40 alone and with LGWE at a concentration 

of 0.05 and 0.25 mg/ml for 24 h. Following day DCFH-DA at a concentration of 5 µM was added 

in the phenol red free media and incubated for 40 min in the dark at 37 °C. Non-fluorescent 

chemical probe DCFH-DA was converted into DCFH, which was subsequently oxidized to highly 

fluorescent DCF by intracellular ROS. Cells were immediately washed twice with PBS. 

Fluorescent intensity was meas-ured by a microplate reader (BMG LABTECH POLARstrar 

Omega, Ortenberg, Germany) with excitation and emission at 490 nm and 520 nm, respectively. 

5.2.14. Measurement of intracellular calcium (Ca2+). 

Cell penetrative Ca2+ sensitive dye Fura2-AM (Invitrogen, USA) was used to measure free 

intracellular Ca2+ level in SH-SY5Y cell. 1×106 cells were treated with Aβ40 (10 μM) alone and 

with LGWE (at a concentration of 0.05 and 0.25 mg/ml) for 2 h. Next day, 5 μM Fura-2 AM in 

Krebs-Ringer-HEPES (KRH) buffer (5 mM KCl, 135 mM NaCl, 1 mM MgSO4, 0.4 mM KH2PO4, 

5.5 mM glucose, 1 mM CaCl2, 20 mM HEPES, pH 7.4) was added and incubated for 45 min at 37 

℃. In a microplate reader, the fluorescence intensity was recorded with excitation at 340 nm and 

380 nm and emission spectra at 525 nm, respectively. Results are expressed as a ratio of 340 / 380 

values. Mean ± SEM of multiple measurements were taken from three different experiments and 

expressed in the increase of ratio of 340/ 380 fluorescent unit (RFU) relative to the baseline 

reading. 

5.2.15. Study of cellular apoptosis by Annexin-V PI staining 

SH-SY5Y cells were seeded with a density of 1x106 cells per well onto a 6-well plate. After 24 h, 

cells were then treated with 10 μM Aβ40 alone and with LGWE at a concentration of 0.05 and 0.25 

mg/ml for 24 h. Non-treated and cells treated with buffer were kept as controls and unstained. 

Post-treatment, cells were trypsinised and resuspended with annexin binding buffer (Cat. # 
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556454, BD pharmingen). 5 μl Annexin V-APC (BioLegends, Japan) and 10 μl PI (Sigma-Aldrich) 

were added to the cells, gently vortexed and incubated for 15 min at RT in the dark. After 

incubation cells were washed with annexin binding buffer and quantified with flow cytometer 

(FACS Verse, BD Biosciences). Utilizing the BD FACS Suite software, the analysis involved 

10,000 cells for each sample. Three in-dependent experiments were performed for each set. 

5.2.16. Methods for in vivo animal experiments. 

a. All animal experiments were done according to our previous published method 20.   

b. Animals.  

C57BL/6J male mice (6-8 weeks old, healthy) weighing around 20-30 g were obtained from the 

Bose Institute, Centre for Translational Animal Research (CTAR), Kolkata, India. Every animal 

was maintained pertaining to the guidelines and principle of the Institutional Animal Ethics 

Committee (IAEC), using the CPCSEA approved protocol wide IAEC approval No # 

IAEC/BI/029/2022 dt. 02/08/2022. Before conducting any experiment, all animals were 

acclimatized in the animal house for at least two-three weeks along with constant 12 h light/dark 

cycle with water and food ad libitum. All experiments complied and adhered to the National 

Research Council’s Guide for the Care and Use of laboratory Animals (NIH Publication No. 8023, 

revised 1978, U.S.A). All experiments also performed with ARRIVE guide-lines (Animal 

Research: Reporting of In Vivo Experiments; https://arriveguidelines.org/arrive-guidelines).  

c. Design of experiments.  

24 C57BL/6J male Mice were randomly divided into four (4) groups: Control, water extract of LG 

(1 mg), LG (5 mg), LG (10 mg). Each group contained Six (6) animals and administration was 

performed intraperitoneally with the following Schedule: 

Control – Only phosphate buffered saline (PBS) as vehicle. 

T1 (1 mg): 1 mg /kg body wt. of LGWE dissolved in PBS 

T2 (5 mg): 5 mg /kg body wt. of LGWE dissolved in PBS 

T3 (10 mg): 10 mg /kg body wt. of LGWE dissolved in PBS 

Mice were given injection once per week for four weeks consecutively i.e., a month and were later 

sacrificed one week after completion of the final treatment. Blood was collected on the day of 
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sacrifice in previously earmarked vials for biochemical and hematological examinations. The liver, 

spleen and kidney were isolated very carefully for histopathological examination and investigated 

for cytoarchitectural alterations after additional procedure. 

d. Preparation of LGWE and administration of LGWE intraperitoneally.  

Body weights of each animal and calculated doses of LGWE to be injected were recorded before 

their treatment. 70% ethanol was applied into the abdominal cavity of the mice. 26-gauge 

DISPOVAN needle with a capacity of 1 ml was inserted into the peritoneal cavity. The needle and 

the syringe were kept at a suitable angle with respect to the body of the animal. The respective 

dosage of LGWE (1 mg/kg, 5 mg/kg and 10 mg/kg) and PBS for control group was injected inside 

the peritoneal cavity very slowly. The needle was carefully removed with utmost care and subtle 

compression was applied all over the region. Afterwards, the animals were returned to their 

respective cages. After completion of treatment for four weeks body weights of animals were 

recorded.  

e. Examination of blood for biochemical and hematological parameters  

Biochemical parameters including serum glutamic oxaloacetic transaminase, serum urea, serum 

glutamic pyruvic trans-aminase and creatinine were analyzed for their sub-chronic toxicity of 

LGWE by taking help of commercially available diagnostic test kits (ARKRAY Healthcare Pvt. 

Ltd., India). Standard kits by following the manufacturer’s manual and cell counter were used for 

blood parameters (hemoglobin, red blood cells, white blood cells, eosinophil, neutrophil, basophil, 

monocyte, and lymphocyte) estimation.  

f. Histopathological examinations for subchronic toxicity of LGWE.   

Liver, Kidney, Spleen were carefully isolated after sacrificing the animals and individual weights 

were recorded for each specific organ. The preserved tissues of liver, kidney, and spleen tissues 

were histopathologically evaluated. LGWE treated mice and control mice were sacrificed by 

decapitation following a month of treatment regimen. The liver, kidney and spleen were isolated 

and fixed onto 10% neutral buffered formalin for approximately 24-48 h. The organs were then 

further processed and immersed in paraffin wax. Each tissue sections were carefully cut with a 

microtome with a thickness of 5 µm. Prepared slides were stained with hematoxylin and eosin 

(H&E staining), gomori trichrome and periodic acid-s chiff for histological examinations. Stained 
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Slides were observed using the light microscope (NIKON T2, India) for histopathological 

alternation, and pictures were taken at 10x and 20x magnification. 

5.3. Results and Discussion 

5.3.1. Solvent extraction and isolation of LG 

 

Figure 5.1. The solvent extraction and characterization of LG. (A) Schematic showing the 

solvent extraction process. (B) Time dependent ThT kinetics for Aβ40 in the absence and/or 

presence of LG solvent extracts. Error bars represent the average of triplicate experiments. 

(C) Absorption spectra recorded on LGWE solution. NMR spectra of LGWE compounds in 

inset. (D) Viability of SH-SY5Y cells upon treating with a graded concentration of LGWE. 

Media served as a control. Values are represented as mean ± SEM (n = 6). Statistical analysis 

was done by one-way ANOVA. (ns and ctrl denote non-significant and control cells, 

respectively). (E) Histopathological studies of the effect of LGWE at sub-chronic toxicity on 

mice (n=6 each group) at a concentration of 5 mg/kg. Ctrl-control mice. 10x and 20x 

magnified images of kidney, liver, and spleen are shown. PAS-periodic acid-Schiff; H&E-

hematoxylin-eosin.  
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      LG exhibits insolubility in a singular solvent because of the various compounds and their 

diverse chemical compositions 13. Hence, a solvent extraction method with a gradual increase in 

the polarity of the solvents has been established (Figure 5.1A) 25. Hexane, a nonpolar solvent, 

dissolved natural lipids and fat compounds 26. On the other hand, methanol and water being polar 

solvents dissolved all ionic and polar molecules present in LG. All the solvent extracts thus 

collected, and then lyophilized for subsequent experiments. 

 Table 5.1. Probable Compounds identified from LG Water Extract Using LC-MS Analysis. 

 

 Compound Name Molecular mass (g/mol) m/z  Ion Mode 

1 Chrysin 254 294.93 Positive 

2 Quercetin  302 303.99 Positive 

3 Myricetin 318 318.90 Positive 

4 Luteolin 286 324.93 Positive 

5 Kaempferol 286 324.93 Positive 

6 Apigenin 270 270.98 Positive 

7 Galangin 270 270.98 Positive 

8 Pinochembrin 256 294.93 Positive 

9 Chebulic acid 356 394.87 Positive 

10 Ellagic acid 198 198.94 Positive 

11 Methyl syringate 212 252.85 Positive 

12 Ethyl gallate 198 198.94 Positive 

13 Coumarin 146.14 184.97 Positive 

14 Hydroxymethylfurfural 126 126.97 Positive 

15 Ascorbic acid 176 176.93 Positive 

16 Gallic acid 170 135.90 Positive 

17 Niacin 123 123.97 Positive 

18 Vitamin B6 169 169.85 Positive 

19 Riboflavin 376 376.88 Positive 

20 Folic acid 441 406.81 Positive 

21 Dially trisulfide 178 178.93 Positive 

22 Alliin 177 178.92 Positive 

23 Allicin 162 162.88 Positive 
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24 E/Z- ajoene 234 234.94 Positive 

25 Methyl allyl disulfide 120 120.92 Positive 

26 S-methyl-I-cysteine (SMC) 135 135.95 Positive 

27 S-allyl-cysteine 161 161.95 Positive 

28 S-methyl-L-cysteine sulfoxide 

(SMCS) 

151 151.92 Positive 

29 Diallyl sulfide 114 114.95 Positive 

30 Monosacaride (Glucose, 

fructose) 

180 180.95 Positive 

31 Disaccharide (Sucrose, Maltose, 

Isomaltose, Turanose) 

342 380.91, 

364.73 

Positive 

32 Gluconolactone 178 178.92 Positive 

33 Gluconic acid 196 196.96 Positive 

34 Trisaccharide (Erlose, Panose) 504 528.79 Positive 

 

5.3.2. Screening and characterization of LG extract 

First, we investigated the anti-amyloid efficacy of LG extracts using a ThT-based time kinetics 

assay on Aβ40, revealing their specific impact on amyloid aggregation. ThT experiments of 

solvent extracts alone did not increase ThT fluorescence (Appendix 5, Figure S5.1A). In contrast, 

aggregation kinetics of Aβ40 exhibited the typical sigmoidal pattern, with an early lag phase, 

followed by a fast growth phase, and ultimately a plateau phase suggesting the formation of 

matured fibrils (Figure 5.1B). Interestingly, all the solvent extracts upon their addition reduced the 

intensity of the saturation phase of the Aβ40 aggregation kinetics, demonstrating an inhibitory 

effect in a polarity dependent manner (Figure 5.1B and Appendix 5, Figure S5.1B); water extracts 

of LG (LGWE) showing maximum inhibitory effect (~ 82% inhibition) (Figure 5.1B). Hence, we 

concentrated our study on LGWE. To characterize the molecules, present in LGWE, ultraviolet (UV) 

absorption spectra and nuclear magnetic resonance (NMR) were conducted (Figure 5.1C). LGWE 

revealed a strong band at 280 nm in UV-visible range, suggesting the presence of 

aromatic/polyphenolic compounds (Figure 5.1C). A characteristic NMR signal of carbohydrates 

was also found in the range of 4.5 to 5.5 ppm (Figure 5.1C inset). Interestingly, LC-MS identified 

34 compounds in LGWE, belonging to polyphenols, acid derivatives and vitamins, sulfur 

compounds, and carbohydrates (Table 5.1). Next, we tested the cytotoxic effects of LGWE in SH-
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SY5Y human neuroblastoma cells 27. An MTT assay performed with increasing concentrations of 

LGWE indicated no discernible toxicity even at 1 mg/ml concentration up to 24 h (Figure 5.1D)  1b. 

Furthermore, the cytotoxicity of LGWE was also tested in C57BL6/J mouse model, suitable for 

studying neuronal diseases 28. LGWE at different doses with PBS control was administered 

intraperitoneally once a week for four weeks. There was no observable mortality or behavioural 

changes among any group; rather, their demographic parameters, such as overall body weight and 

organ weight post-sacrifice remained unchanged (Appendix 5, Figure S5.2). We did not observe 

any kind of discernible cytoarchitectural changes in T1, T2, and T3 when compared to the control 

group (Figure 5.1E and Appendix 5, Figure S5.3). These organs (liver, kidney, and spleen tissues)  

 

 

Figure 5.2. Inhibitory effect of LGWE on Aβ40/Aβ42 aggregation kinetics. (A) Schematic 

representation of fibril inhibition by LGWE. ThT aggregation kinetics profile of Aβ40 (B) and Aβ42 (C) 

in absence (black) and presence of LGWE at an Aβ:LGWE ratio of 1:2.5 (brown) and 1:12.5 (red), 

respectively at 37 ℃. The blue ThT curve represents 0.25 mg/ml LGWE alone. SH-SY5Y cells were 

treated with Aβ40 (D) and Aβ42 (E) alone and with LGWE at Aβ:LGWE ratio of 1:2.5 and 1:12.5. Values 

are represented as mean ± SEM, n=10. Significance was calculated between control and Aβ alone by 

one way ANOVA and Dunnett’s multiple comparisons test. Unpaired two tailed T-test were performed 

between Aβ40/Aβ42 and Aβ+LGWE. ** and **** denote p<0.01 and p<0.0001, respectively. (F) Dot 

blot analysis (n=3/experiments) of Aβ40 fibril alone and in presence of Aβ40:LGWE at a ratio of 1:2.5 

and 1:12.5.  
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were stained with (a) Haematoxylin-eosin for overall tissue architecture; (b) PAS to detect changes 

in polysaccharides or mucosal substances; and (c) Gomori Trichrome for renal tissues. Although 

minute differences were observed in PAS stains of the kidney and liver for T2 and T3 in comparison 

to the control, probably due to changes in metabolism and other unknown factors. Besides, none 

of the studied groups showed any severe changes in haematological and biochemical parameters 

compared to control (Table S5.1, Appendix 5). A slight increase in liver enzymes SGOT and SGPT 

was observed in T2; all other parameters of biochemical nature were well within the range when 

compared to control (Appendix 5, Figure S5.4). These overall parameters corroborate the safety 

and standard of the compound for further in vivo studies. 

 5.3.3. LGWE inhibits Aβ40/Aβ42 aggregation and toxicity  

Having known that LGWE is non-toxic, a detailed analysis of its inhibitory effects against amyloid 

beta aggregation was performed (Figure 5.2A). The ThT kinetics of Aβ40/Aβ42 showed a 

sigmoidal aggregation pattern measured as a function of time (Figures 5.2B-C). As shown in 

Figures 5.2B and C, ThT fluorescence systematically dropped with an increasing concentration of 

LGWE demonstrating its inhibitory effect on Aβ40/Aβ42 aggregation in a dose-dependent manner. 

The addition of 0.25 mg/ml of LGWE (Aβ40:LGWE =1:12.5), resulted in the highest amount of 

amyloid fibril inhibition (nearly 90% inhibition) (Figure 5.2B). Under identical experimental 

conditions, LGWE by itself had no effect on ThT intensity (Figures 5.2B-C). It was observed that 

at an Aβ42:LGWE ratio of 1:2.5 and 1:12.5, LGWE exhibited a substantial inhibitory effect reducing 

Aβ42 fibrillization by almost 52% and 80%, respectively (Figure 5.2C). The inhibition was caused 

by delaying the lag phase, indicating that LGWE most likely hindered the nucleation event of 

Aβ40/Aβ42. It is well noted that oligomers and protofibrils of Aβ species induce various kinds of 

cytotoxicity in neuronal cells 29. Further, to implicate our ThT based in vitro data in cellular 

models, we investigated the potential role of LGWE in recovering cellular viability against 

Aβ40/Aβ42 species mediated cellular damage and neurotoxicity in SH-SY5Y cells (Figures 5.2D-

E). MTT assay showed a significant reduction in cell viability (~60%) compared to control cells 

and buffer when was able to considerably recover cell viability by ~80-90%, respectively (Figures 

5.2D-E). Consistent with our ThT data (Figures 5.2B-C), the cell viability assay shows the treated 

with Aβ40/Aβ42 in the presence of different concentrations of LGWE (Figures 5.2D-E). However,  
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Figure 5.3.  Aggregates morphology visualized by AFM (left panel). Length profile of the 

Aβ40 fibril and Aβ40:LGWE aggregates at 1:0.25, 1:0.5, 1:2.5, 1:12.5  ratio (right panel). 
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addition of  LGWE at a ratio of 1:2.5 and 1:12.5 (Aβ:LGWE) to Aβ40/Aβ42 recovering potential of 

LGWE over Aβ mediated neurotoxicity. Moreover, to confirm the inhibition of Aβ40 amyloidosis 

by LGWE, a dot blot assay was performed (Figure 5.2F). The chemiluminescence signal intensity 

from OC antibody binding to Aβ40 was diminished in the presence of LGWE at 1:2.5 ratio of 

Aβ40/LGWE and almost disappeared oligomers or fibrils of Aβ40 (Figure 5.2F). Notably, no cross 

reactivity between the OC antibody (specific for Aβ40) and LGWE was found when spotted alone 

on the membrane in case of Aβ40 and LGWE at a 1:12.5 mg/ml ratio, indicating complete inhibition 

of (Appendix 5, Figure S5.5). The differences in cytotoxicity indicated that LGWE induced Aβ 

species to divert from the formation of amyloid fibrils, inhibited aggregation-prone intermediates, 

and generated morphologically distinct structures. 

5.3.4. LGWE modulates morphology and secondary conformation of Aβ40 and Aβ42 

Next, to gain insights into the morphological changes in amyloid aggregation, we conducted a 

statistical analysis of fibril morphology of Aβ in the absence and/or in the presence of LGWE using 

atomic force microscopy (AFM). Aβ40 alone produced a long fibril with an average length of 861 

nm, while a round shaped amorphous morphology with an average length 273 or 203 nm and 139.7 

nm appeared in the presence of LGWE at ratio of 1:2.5 and 1:12.5, respectively (Figure 5.3). 

Further, a precise morphological comparison of aggregates across samples at lower                          

doses of LGWE resulted in short and fragmented doses of LGWE resulted in short and fragmented   

 

 

 

 

 

 

fibrils (Figure 5.3). The LGWE mediated Aβ40 fibrils in the presence of 1:0.25 and 1:0.5 ratio of 

Aβ40:LGWE showed a length of 840 nm and 306 nm, respectively; the fibrils were much shorter 

than the matured Aβ40 fibrils (Figure 5.3). Interestingly, a similar effect was observed for Aβ42 

in the absence and/or in the presence of LGWE (Figure 5.4). Next, we used far-UV CD to investigate 

Figure 5.4. AFM images of Aβ42 fibrils and Aβ42:LGWE aggregates at 1:2.5 and 1:12.5 

ratio. 
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how Aβ40 changed its structural conformation with and without LGWE. Aβ40 retained its random 

coil conformation, irrespective of the presence or absence of LGWE at the beginning of incubation 

(0 h) (Figure 5.5A). However, after 12 h of incubation at 37 °C, Aβ40 exhibited a CD spectrum 

with a maximum at 200 nm and a minimum at 220-223 nm, signifying its transient state marked 

by a progressive accumulation of β sheets (Figure 5.5B) 30. When incubated with either 1:2.5 or 

1:12.5 Aβ40:LGWE, the CD spectra revealed a gradual structural transition in Aβ40 that was 

characterized by a reduction in CD molar ellipticity (Figure 5.5B). Nearly, a 75 % decrease in CD 

intensity at 222 nm was observed in presence of LGWE as compared to Aβ40 alone, indicating a 

reduction in β sheet aggregates in Aβ40 (Figure 5.5B). Separately, a minor change of secondary 

structure was observed for Aβ42 when incubated with a 2.5 excess concentration LGWE (Figure 

5.5C). A further increase in LGWE concentration to a 1:12.5 (Aβ42:LGWE) ratio, reduced the molar 

ellipticity value by 40% and shifted the CD minima after incubation at 37 ℃ (Figure 5.5C). This 

indicated significant disruption of the structural transition of Aβ42 toward a β-sheet-rich 

configuration. The CD results in conjunction with ThT fluorescence and AFM images, indicating 

efficient inhibition of Aβ40/Aβ42 aggregation by LGWE. 

 

5.3.5. LGWE disintegrates mature Aβ40 and Aβ42 fibrils into non-toxic species 

Considering the hypothesized role of plaques as nucleating sites for toxic oligomers, the 

disassembly of amyloid could emerge as a promising approach to diminish toxicity and reduce 

Figure 5.5. (A) CD spectra of Aβ40 in absence (black) and presence of LGWE at 1:2.5 

(brown)and 1:12.5 (red) ratio of Aβ40/LGWE before (A) and after (B) incubation at 37 oC in 20 

mM sodium phosphate buffer along with 50 mM sodium fluoride at pH 7.4. %. (C) CD spectra 

of Aβ42 with or without LGWE at 1:2.5 and 1:12.5 ratio of Aβ42/LGWE after incubation at 37 
oC. 
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amyloid plaque loads 31. To assess the stability of Aβ40 fibrils in the presence of LGWE, we 

incubated the preformed Aβ40/Aβ42 fibrils with Aβ:LGWE 1:12.5 ratio. Upon the addition of 

LGWE to preformed Aβ40 fibril, a spontaneous reduction in ThT fluorescence was observed, 

suggesting that LGWE may have the potential to destabilize matured fibrils (Figure 5.6A). Hence, 

to verify that the observed outcome was not a result of ThT displacement by LGWE from the fibrils,  

 

 

 

 

 

 

 

 

 

 

 

 

we maintained the ratio of Aβ:LGWE  (1:12.5) constant, while varying the ThT concentrations (5, 

10, 15 μM). The almost uniform ThT-intensity values across all concentrations of ThT confirmed 

that the reduction in ThT fluorescence was due to LGWE disintegrating the fibrils (Figure 5.6B). 

Next, we performed AFM of the disintegrated species, obtained from ThT experiments. The 

incubation of preformed Aβ40 fibril in the presence of LGWE at 1:12.5 ratio resulted in a 

disappearance of fibrillar morphology in AFM (Figure 5.6C). When LGWE was present, the AFM-

measured length distributions revealed much shorter aggregates, in   contrast to matured fibrils 

Figure 5.6. Disaggregation of amyloid fibrils by LGWE. Disintegration of matured Aβ40 fibril 

(A) and Aβ42 fibril (E) upon addition of 0.25 mg/ml LGWE (Aβ/LGWE = 1:12.5). The bar plot 

represents no competition for amyloid Aβ40 fibril (B) and Aβ42 fibril (F) binding between 

ThT and LGWE. AFM images of mature Aβ40 fibril (C) and Aβ42 fibril (G) after and before 

addition of 0.25 mg/ml LGWE and AFM fibril length distribution. The diamond square, 

rectangular box and centre line represent mean, mean ± SD, and median, respectively. SH-

SY5Y cells were treated with 10 µM preformed Aβ40 fibril (D) and/or Aβ42 fibril (H) alone 

and with LGWE at the ratio of 1:12.5 (Aβ:LGWE). Values are represented as mean ± SEM, n=9. 

One way ANOVA with Dunnett’s comparisons test was performed between control and 

Aβ40/Aβ42 alone. Unpaired two tailed T-test between Aβ40/Aβ42 and Aβ40/Aβ42+LGWE 

were done. **** and * denotes p<0.0001 and p<0.05, respectively. 
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formed in its absence (Figure 5.6C). Furthermore, MTT assay was also performed upon incubation 

of matured amyloid fibrils in absence and/or presence of LGWE at a concentration ratio of 1:12.5 

(Aβ40:LGWE).  A reduced cell viability (~60%) was observed for Aβ40 fibrils, which was 

recovered by around >90 % after incubation of the fibrils with LGWE (Figure 5.6D). These results 

suggest that LGWE is able to disintegrate matured amyloid fibrils into smaller fragments, which 

renders them non-toxic in nature towards neuronal cells. Similarly, after incubation of matured 

Aβ42 fibrils with LGWE, we found a rapid decrease in ThT intensity over time indicating the 

disruption of preexisting fibrils (Figure 5.6E). Increasing ThT excess in repeated experiments 

excludes competitive binding with LGWE on matured Aβ42 fibrils, yielding consistent intensity 

trends (Figure 5.6F). The AFM analysis provided additional support to the observation, revealing 

 

that LGWE treated fibrils exhibited smaller, non-fibrillar aggregates in comparison to untreated 

matured fibrils (Figure 5.6G). The cytotoxicity assay further confirms formation of an alternative 

Figure 5.7. Structural insights into LGWE interaction with Aβ40. 2D 1H/15N SOFAST-HMQC 

NMR spectra of (A) Aβ40 and before (red) and after (blue) addition of LGWE at 1:12.5 ratio of 

Aβ40:LGWE. (B) The CSP bar plot of Aβ40 in the presence of LGWE (Aβ40:LGWE =1:12.5). 

Red bar represents the CSP value above the black threshold line. (C) Relative average of 

intensity broadening of Aβ40 upon titration with LGWE at 1:1.56 (red), 1:3.125 (blue) and 

1:6.25 (pink) mg/ml ratio of Aβ40:LGWE. Cartoon of stepwise interaction mechanism of (D) 

Aβ40 (PDB: 2LFM) with LGWE. Step 1, 2 and 3 indicate for 1:1.56, 1:3.125 and 1:6.25 

Aβ:LGWE interaction highlighted by red color. NMR spectra was recorded at 283 K using 

Bruker Avance III 500 MHz NMR spectrometer, equipped with a SMART probe. 
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non-cytotoxic structures of Aβ42 matured fibril on addition of LGWE which recover the cell 

viability beyond ~70-80%, suggesting a robust effect of LGWE on amyloid fibril disintegration 

(Figure 5.6H). 

5.3.6. Insights into the interaction mechanism of LGWE with Aβ40 and Aβ42 using NMR 

To gain molecular insights into the binding interaction of LGWE with amyloid species at an atomic 

resolution, we utilized the high-resolution 2D 1H-15N Heteronuclear Multiple Quantum Coherence 

(HMQC) NMR experiments. The Aβ40 amide resonances in the absence of LGWE showed 

dispersed NMR peaks of lower molecular species (Figure 5.7A).   

However, upon addition of LGWE (Aβ40:LGWE=1:12.5), not only substantial loss of signal 

intensity was observed but we also found residue specific chemical shift perturbation (CSP) 

(Figure 5.7A). Interestingly, the CSP was observed for the central hydrophobic region, particularly 

K16, L17, F19, A21, E22 and D23 residues and C-terminal hydrophobic residues, including I32, 

L34, M35, and V36, indicating LGWE induced structural rearrangement for Aβ40 (Figure 5.7B). 

The residue specific signal intensity pattern showed remarkable changes for the stretches S8-V12 

and K16-A21. This revealed the direct involvement of these hydrophobic rich stretches in the 

molecular interaction of Aβ40 with LGWE (Appendix 5, Figures S5.6A-B). Further, to gain 

stepwise atomistic insights into the interface of this inhibitory interaction, HMQC NMR of Aβ40 

was performed with different  concentrations of LGWE. At 1:1.56 ratio (Aβ40:LGWE), the flexible 

N and C-terminal of Aβ40 first interact with LGWE (Figures 5.7C-D). Upon increasing the ratio of 

Aβ40:LGWE to 1:3.125, interactions were additionally observed along C-terminal hydrophobic 

segments (Figures 5.7C-D). At even higher concentrations of 1:6.25 (Aβ40:LGWE), the interaction 

was observed at the central hydrophobic core as well (Figures 5.7C-D). According to recent 

studies, the Aβ40 oligomerization and fibril propagation processes are mainly driven by specific 

segments, like the N and C terminus, H13HQK16 segments, hinge or turn regions, and central 

hydrophobic K16LVFFA21 segments 32. Additionally, the GxxxG motif, particularly G33 to G37 

residues, plays a vital role in cellular toxicity by enhancing structural flexibility, prolonging the 

existence of toxic oligomers, and is necessary for inducing cellular damage 33. Thus, the 

observation of a direct molecular association between LGWE compounds and these segments 

underscored the inherent inaccessibility necessary for amyloid fibril formation. To further confirm 

the binding sites more accurately, we assigned the carbon backbone and side chain methyl group  
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of Aβ40 from 1H-13C HSQC NMR in the presence or absence of LGWE at a 1:12.5 concentration 

ratio of Aβ40 21-22. Interestingly, the α-carbon of D1, R5, Y10, V12, H13/H14, A21, and M35 were 

found to have intensity broadening upon titration with LGWE (Figure 5.8A). We also noticed the 

signal intensity to have broadened for the pair of γ-methyl groups of V12, V18, and V24 (Figure 

5.8B). In addition, treatment of LGWE perturbed the γ and δ-methyl groups of I31, I32 and L17/L34 

(Figure 5.8B). Interestingly, LGWE was able to interact with Aβ42, similar to its binding to Aβ40 

(Figure 5.9A). The degree of perturbation was largest for the N-terminal residues (R5, S8 and G9) 

followed by the central hydrophobic residues (Q15, V18, F20) followed by the C terminal residues 

(M35, V36, I31, L34, M35, G37, V39) of Aβ42 in the presence of 1:12.5 mg/ml ratio of 

Aβ42:LGWE (Figure 5.9B). A significant loss of signal intensity for the stretches R5 to H13, Q15  

 

 

 

Figure 5.8. 2D NMR 13C/1H HSQC spectra of Aβ40 in absence (red) and presence of water 

extract of LG (blue) at 1:12.5 ratio (Aβ40:LGWE): (A) backbone chain (B) side chain carbons . 

Spectra was recorded on a Bruker Avance III 700 MHz NMR, equipped with a Cryoprobe at 

286 K. 
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to E22, and G37 to A42 suggested a potential binding site for LGWE on Aβ42 (Appendix 5, Figures 

S5.6C-D). Upon decreasing the concentration of LGWE to a 1:1.56 ratio of Aβ42:LGWE, six 

residues I31, I32, G33, V36, G37, and G38 from the C-terminal and three residues  F19, F20, and 

A21 from the central hydrophobic region showed an intense residue specific broadening indicating  

 

that they were very close to LGWE (Figures 5.9C-D). A loss of signal intensity was also observed 

for the three residue stretches E3-R5, K16-V18, and G25-N27 that indicated the potential LGWE 

interaction site on Aβ42 when present in a Aβ42:LGWE ratio of 1:3.125 (Figures 5.9C-D). A further 

increase in concentration ratio of Aβ42:LGWE to 1:6.25 increased line broadening effects in the 

segment specific interaction sites involving A2-H6, K16-F19, G25-N27 and V36-G38 residues 

(Figures 5.9C-D). Taken together, the interaction of LGWE extracts with the hydrophobic central, 

Figure 5.9. Atomic insights into LGWE interaction with Aβ42. (A) 2D 1H/15N SOFAST-

HMQC NMR spectra of Aβ42 and before (red) and after (blue) addition of LGWE at 1:12.5 

ratio of Aβ40:LGWE. (B) The CSP bar plot of Aβ42 in the presence of LGWE (Aβ42:LGWE 

=1:12.5). Red bar represents the CSP value above the black threshold line. (C) Relative 

average of intensity broadening of Aβ42 upon titration with LGWE at 1:1.56 (red), 1:3.125 

(blue) and 1:6.25 (pink) mg/ml ratio of Aβ42:LGWE. Cartoon of stepwise interaction 

mechanism of (D) Aβ40 (PDB: 1IYT) with LGWE. Step 1, 2 and 3 indicate for 1:1.56, 1:3.125 

and 1:6.25 Aβ42:LGWE interaction highlighted by red color. NMR spectra was recorded at 

283 K using Bruker Avance III 500 MHz NMR spectrometer, equipped with a SMART 
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and C-terminal regions of Aβ40/Aβ42 may have translated in observed reduction in membrane 

damage and toxicity to neuronal cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Amelioration of neurotoxic effects of Aβ40 by LGWE. (A) LDH release after 

treatment with Aβ40 (10 µM) for 24 h in the absence and presence of LGWE at a ratio of 1:2.5 

and 1:12.5 (Aβ40:LGWE). Values are represented as mean ± SEM, n=6. (B) Effect of LGWE on 

Aβ40 (10 µM) induced ROS generation in SH-SY5Y cells using relative DCF measurement. 

Values are indicated as mean ± SEM, n=6.  (C) The change of intracellular calcium (Ca2+) in 

SH-SY5Y cells upon addition of LGWE on Aβ40 was shown in violin plot with the fluorescence 

ratio 340/380 plotted in Y-axis. Values are represented as mean ± SEM, n=6. One way ANOVA 

with Dunnett’s comparisons test between control and Aβ40 alone and unpaired two tailed T-

test between Aβ40 and Aβ40+LGWE was performed. ns = non-significant, * p<0.05, *** 

p<0.001 and **** p<0.0001. (D) The influx of Ca2+ ions into TLBE LUVs after addition of 

Aβ40 aggregates and Aβ40:LGWE at 1:2.5 and 1:12.5 ratio. (E) Flow cytometry analysis of cell 

death in Annexin V and PI-stained cells showing the percentage of necrotic, late apoptotic, 

early apoptotic, and viable cell populations in SH-SY5Y cells upon treatment with Aβ40 (10 

µM), Aβ40: LGWE in concentration ratios of 1:2.5 and 1:12.5 along with control and LGWE 

alone for 24 h. (F) Overlaid histogram plot of Annexin V-APC fluorescence treatment groups. 

The movement of histogram towards right indicated higher apoptosis and annexin V binding. 

(G) The bar diagram represented the mean fluorescence intensity of Annexin V-APC. 
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5.3.7. Effect of LGWE on Aβ40 induced cell membrane damage                 

Next, we explore the cellular mechanisms underlying LGWE's protective role against Aβ 

amyloidosis by looking the cellular pathways responsible for amyloid-related damages.  Amyloid 

proteins damage the neurons either by enhancing apoptosis or ROS production, and/or membrane 

leakage 34. Moreover, oligomeric species of Aβ40 is known to induce membrane damage among 

neuronal cells 35. So, we investigated the role of LGWE in preventing the membrane damage 

potential of Aβ40 using lactate dehydrogenase (LDH) assay. SH-SY5Y cells treated with Aβ40 

released a significant amount of cytosolic LDH into the culture medium compared to buffer and 

control cells (Figure 5.10A). However, co-incubation of Aβ40:LGWE at a  ratio of 1:2.5 and 1:12.5, 

substantially reduced LDH leakage in SH-SY5Y cells (Figure 5.10A). In contrast, LGWE alone did 

not exhibit LDH release. These findings indicate that LGWE at a concentration of 0.25 mg/ml was 

sufficient to inhibit Aβ40 mediated cellular damage and membrane leakage. It can also be 

speculated that LGWE components may provide a protection to the extracellular membrane damage 

during neuro-inflammation. 

5.3.8. LGWE ameliorates oxidative stress injury and calcium homeostasis 

As evidenced earlier, Aβ40/Aβ42 amyloidosis promotes neuronal cell death by generating 

intracellular ROS leading to mitochondria mediated apoptosis 36. Therefore, we have checked 

whether LGWE can prevent Aβ mediated ROS generation. Intracellular ROS generation was 

measured by using fluorescent probe 2’,7’-dichlorodihydrofluorsecin diacetate (DCFH-DA) in 

SH-SY5Y cells (Figure 5.10B). An increase in the fluorescent intensity compared to control cells 

was observed on treatment with Aβ40 (Figure 5.10B). However, co-incubation with a 1:2.5 ratio 

of Aβ40:LGWE significantly reduced fluorescent intensity, and completely quenched it at a ratio of 

1:12.5 (Aβ40:LGWE) (Figure 5.10B). LGWE (0.25 mg/ml) alone did not show significant 

enhancement of fluorescent intensity (Figure 5.10B). Thus, it can be concluded that LGWE can 

effectively inhibit ROS production mediated by Aβ40 and prevent its downstream effectors. 

Calcium dyshomeostasis results in synaptic dysfunction followed by memory impairment and 

neuronal degeneration 37. Therefore, we measured intracellular free calcium treating with Aβ40 in 

the presence or absence of LGWE.  Aβ40 significantly increased intracellular calcium levels in SH-

SY5Y cells as compared to untreated control cells. While, co-incubation with LGWE in a ratio of 

1:2.5 and 1:12.5, significantly reduced intracellular calcium in comparison to Aβ40 treated cells 
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(Figure 5.10C). This is attributed to Aβ40 forming pores in the cell membrane, which allows 

extracellular calcium to move inside the cell. The recovery of calcium oscillation by addition of 

LGWE suggests prevention of Aβ40 mediated membrane pore formation 1b. This data is well 

corroborated with  Aβ mediated  influx of calcium ions into large unilamellar vesicles (LUVs) by 

incorporating the calcium-sensitive Fura-2 dye within the vesicles 23.Here, the LUVs used for 

neuronal model membrane constituted of total brain lipid extract (TBLE), containing 55% 

unknown lipids, sphingolipids, brain ceramides, gangliosides, cerebrosides etc 18b. After adding 

Aβ40 on TBLE LUVs, a noticeable influx of Ca2+ occurred inside the LUV, while less influx was 

observed in presence of Aβ40:LGWE at 1:2.5 and 1:12.5 concentration ratios (Figure 5.10D). After 

Aβ40-induced membrane disruption, Ca2+ was expected to penetrate inside the pores of the LUVs. 

However, the physical integrity of the membrane was retained in presence of Aβ40:LGWE.  

5.3.9. LGWE protects against Aβ40 mediated neuronal apoptosis 

Studies have shown that accumulation of Aβ triggers generation of intracellular free radicals which 

lead to the activation of caspases via release of cytochrome-c from mitochondria 38. As a result 

cellular apoptosis is triggered and can be tracked with annexin V/ propidium Iodide (PI) staining 

using a fluorescent associated cell sorter (FACS) machine. Treatment of SH-SY5Y cells with 

Aβ40 enhances number of apoptotic cells approximately by 30% in comparison to control cells 

(Figure 5.10E). But, co-incubation with LGWE at a ratio of 1:2.5 and 1:12.5 completely inhibited 

enhancement of apoptotic cells (Figure 5.10E). Importantly, LGWE has no effect in triggering 

apoptosis even at higher concentration tested. The mean fluorescence intensity of annexin V 

binding to cells was further plotted as a histogram (Figure 5.10F) and a bar diagram (Figure 

5.10G).  The data showed a significant reduction in annexin V binding upon incubation of LGWE 

with Aβ40 suggesting reduction of cellular apoptosis. Therefore, our overall data provides a 

mechanistic insight into LGWE interaction with Aβ proteins; binding of LGWE not only inhibits Aβ 

amyloidosis but also promotes defibrillation of Aβ amyloids, rendering them non-toxic in neuronal 

environment. As a result, reduction in neuronal ROS, apoptosis, LDH release and calcium 

dyshomeostasis was evidential. Therefore, detrimental effects of neuroinflammation which can 

affect downstream cellular process related to ageing or neurodegeneration may be reduced with 

LGWE. 
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5.4. Conclusion 

 

 

In the present study, we have taken a comprehensive approach to characterize the compound LG 

through several processes of extraction and purification to explore its anti-amyloid properties. Of 

all the extracts obtained, we demonstrated that LGWE had maximum efficiency in inhibiting the 

aggregation kinetics of Aβ peptides. Biophysical experiments including ThT, CD, NMR in 

combination with AFM showed that LGWE was not only highly efficient in inhibiting the amyloid 

cascade reaction but also displayed disaggregating property towards preformed fibrillar species 

(Figure 5.11). NMR studies led us to conclude that LGWE prevents further self-assembly by binding 

not only to the central hydrophobic amyloid-prone region but also C-terminal residues of Aβ40 

/Aβ42. Moreover, LGWE protects Aβ40 induced neurotoxicity, ROS generation, and apoptosis and 

maintains calcium homeostasis (Figure 5.11). The non-toxic nature of LGWE in vivo and its natural  

Figure 5.11. Schematic representation of the overall functions of LGWE on Aβ40/Aβ42 

peptides. LGWE inhibits Aβ40/Aβ42 aggregation as well disaggregates preformed fibrils. In 

addition, LGWE prevents Aβ mediated neuronal damage by inhibiting LDH leakage, ROS 

generation, apoptosis and calcium dyshomeostasis. 
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product composition may encourage and promote human trials. This makes LG a potential agent 

for further investigation into its active compounds. Identification of the bioactive compounds in 

LGWE responsible for the anti-amyloidosis effects may provide promising leads for the 

development of effective anti-amyloidosis agents. Thus, it presents itself as a potential disease 

modifying therapeutic candidate against treatment of AD. 

 

5.5. Appendix 5 

 

Table S5.1. Biochemical Chart. Effect of LGWE on haematological in mice (n= 6 in each group). 

WBC-white blood cells; RBC-red blood cells; Hb-haemoglobin; PCV-Packed cell volume; MCH- 

Mean corpuscular haemoglobin; ESR- Erythrocyte sedimentation rate; MCV-Mean corpuscular 

volume; MCHC- Mean corpuscular haemoglobin concentration. 

 

PARAMETERS Control  T1 1 

mg/kg  

T2 5 mg/kg  T3 10 

mg/kg 

Normal 

Range 

Haemoglobin % 6.5±2 8.4±1.5 5.8±2.5 6.2±3 6.1-19.73 

Red blood cell Count/Lac (106) 4.6±0.5 4.9±0.6 3.8±0.3 3.9±0.5 3.57-11.7 

PCV % (Haematocrit) 19.2±4 24.1±5 16.6±2 18.9±3.5  

MCV (fL) 41.5±7 49.1±10 43.1±12 48.4±5 39-95.18 

MCH (pg) 15.0±10 17.1±8 14.9±10 15.8±12 27-58.22 

MCHC g/L 33.8±8 34.8±5 34.9±8 32.8±8  

Platelets count/Lac (106) 4.66±1 2.95±0.7 3.32±1.2 5.3±1.5 0.59-6.75 

W.B.C total count/ Cu mm 4000±1000 

 

4500 

±700 

3500 

±1500 

4700 

±1000 

5500-12500 

Neutrophils % 22±5 18±3 15±2 42±3 3-27 

Lymphocytes% 75±10 79±5 80±3 52±15 12-41 

Monocytes % 02±1 02±2 03±1 02±1 00-04 

Eosinophils % 01±2 01±1 02±1 04±1 00-01 

Basophil % 00±0 00±0 00±0 00±0 00-01 

ESR mm/1st hr 42±3 32±2 52±3 48±5  
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Figure S5.1. (A) ThT intensity of hexane (red), ethyl acetate (violet), chloroform (green), 

methanol (purple) and water (blue) extract compounds in the absence of Aβ40. (B) The bar plot of 

final ThT intensity value of all LG extracts in presence of Aβ40 (5 µM).  

 

 

 

Figure S5.2. (A) Mouse (C57BL/6J) were treated intraperitoneally with indicated concentration 

of LGWE. (B) Body weight was measured before and after LGWE treatment. (C) Organ weight of 

liver, kidney, and spleen for control and LGWE treated mice after sacrifice.   
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Figure S5.3. (A) Histopathological examination of kidney, liver and spleen of the mice treated 

with 1 mg and 10 mg water extract of LG per kg body weight of mice. The organ sections were 

stained with Hematoxylin and eosin (H and E staining), Gomori Trichrome and Periodic Acid-

Schiff (PAS) and viewed under 10x and 20x magnification. The control images are the same 

images as depicted in Figure 5.1E.   

 

Figure S5.4.  Effect of water exact of LG on various biochemical parameters such as (A) SGOT: 

serum glutamic oxaloacetic transaminase, (B) SGPT: serum glutamic pyruvic transaminase, (C) 

LDH: Lactate dehydrogenase, (D) Creatinine, (E) Urea. 
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Figure S5.5. (A) Aβ40 and (B) Water extract of LG (LGWE) 0.25 mg/ml alone were spotted onto 

nitrocellulose membrane and probed with anti-amyloid OC antibody to check for any kind of cross 

reactivity. 

 

Figure S5.6.  Running average peak intensity of (A) Aβ40 and (C) Aβ42 in presence of LGWE at 

1:12.5 of Aβ/ LGWE ratio for three consecutive amino acid residues. SFHMQC NMR spectra were 

recorded on 500 MHz Bruker Avance III NMR spectrometer with a SMART probe at 283 K. (B) 

The carton figures of LGWE interaction site of Aβ40 (PDB: 2LFM), highlighted by red color. (D) 

The carton figures of LGWE interaction site of Aβ42 (PDB: 1IYT), highlighted by red (N-terminal 

residues), blue (central hydrophobic residues) and yellow (C-terminal residues) colours. 
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Summary and future outlook 

Amyloid disorders are growing in global importance, leading to increased research on effective 

targeted therapeutics. Despite the advances, the exact mechanism of aggregation in vivo, remains 

far from being elusive, majorly owing to the complexities and heterogenous properties of the 

different protein systems. Decades of amyloid research have been dedicated to delineating the 

intermediate oligomeric or proto-fibrillar stages that form the pathogenic conformers underlying 

the disease etiology. However, these intermediates form a dynamic heterogeneous pool of several 

transient conformers, significantly different from the well-defined fibrillar forms, and are difficult 

to characterize. Without the atomic-level information on the growth of amyloid fibers, it has been 

challenging to design inhibitors or excipients to block fiber growth. The protein-folding 

intermediates have been implicated in harbouring the essential chemical cues that provide useful 

insight into understanding the amyloidogenic propensity. These intermediates are often 

structurally similar to the low molecular weight early conformers of the protein but form a 

chemically distinct pool that nucleates the early aggregation events. Our research on amyloid 

peptides or protein primarily focused to understand their atomic-level structure and dynamics to 

identify novel epitopes for targeted therapeutic intervention. This thesis aimed to discover novel 

small molecules and peptides that can inhibit the aggregation of insulin and Aβ amyloid, while 

being structurally distinct from existing inhibitors. In chapter 2, our findings demonstrate that 

small molecule inhibitors, like CBBG and PADs, act as a chemical chaperone, effectively 

preventing insulin aggregation and the disintegration of fibrils to non-toxic smaller fragments. Our 

results present CBBG and PADs as promising avenues for treating type 2 diabetes, as these small 

molecules enhance the efficiency and availability of therapeutic insulin in its active form. 

Additionally, CBBG also plays a vital role in stimulating insulin secretion from pancreatic β-cells.  

Conducting similar experiments with peptide-based inhibitor in the presence of biological 

membranes may help us understand the effectiveness of inhibitor at the protein's functional 

interface. Designing peptide-based inhibitors for targeting inhibition of amyloid aggregation may 

be a constructive approach, as these peptides selectively interact with amyloid peptides or protein, 

offering advantages such as high selectivity, low toxicity, and potential for precise molecular 

design. There are several limitations including size, proteolytic cleavage of peptides, low 

membrane permeability, and the lack of effective methods for delivery. A number of modification 

strategies have been widely implemented to address the primary technical challenges to using 
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peptides as drug. Cyclization of linear peptides enhance proteolytic stability due to its structural 

rigidity and increase better-penetrating capability into the cell membranes. In chapter 3, we have 

shown that a cyclic peptide, KR7CC effectively inhibits the progression of early oligomeric 

intermediates and triggers the formation of off-pathway aggregates, making it a promising, non-

toxic peptide with serum stability for targeted therapeutic intervention against insulin 

amyloidogenesis, both in solution and in the presence of biological membranes. Synthetic 

modification by introduction of β- breaker element in a peptide sequence is another approach to 

enhance stability and superior activity of the peptide. Our studies in chapter 4, is one such example 

wherein incorporating anthranilic acid into the RF8 peptide sequence yields Peptide1 (P1), a novel, 

nontoxic, serum-stable peptide. P1 inhibits Aβ42 aggregation, disrupts matured β-sheet fibrils into 

non-toxic forms and effectively reduce neuronal apoptosis. Our investigations propose a potent 

peptide based therapeutic approach that diminishes the cytotoxicity of aggregating species by 

redirecting the kinetics of amyloid fibrillation towards off-pathway. These methods could inspire 

novel drug design investigations and address the pressing demand for discovering new disease-

modifying therapeutics for prevalent amyloid diseases that currently lack effective remedies.  

Additionally, increasing bioavailability and effectiveness requires the utilization of suitable 

delivery methods, with clinical trials potentially exploring combinations for enhanced efficacy of 

designed inhibitors. 

Searching for novel natural compounds with demonstrated efficacy against neurodegenerative 

disorders, while maintaining a high safety profile, is crucial for advancing the search for 

therapeutics that can modify the progression of these diseases. Although natural compound-based 

drugs offer numerous benefits, their production faces several challenges such as low solubility, 

limited bio-availability and lack of quality. The difficulty in identifying a single active component 

due to the synergistic effects between multiple components limits the effectiveness of natural 

extracts. Consequently, taking a comprehensive approach, a characterization of the traditional 

Indian medicine Lasunadya Ghrita (LG) has been discussed in chapter 5 through various processes 

of extraction and purification to explore its anti-amyloid properties. The water extract of LG 

protects Aβ40 induced neurotoxicity, reduces ROS generation, and prevents apoptosis and 

maintains calcium homeostasis, potentially serving as an additional mechanism for 

neuroprotection. The in vivo non-toxicity of LG, along with its composition as a natural product, 

may provide encouragement and pave the way for future human trials. 
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