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Synopsis: 

This thesis entitled, “Effect of Anthranilic Acid Insertion in β-Sheet Breaker Hybrid 

Peptidomimetics on hIAPP Aggregation,” has been divided into five main chapters, including 

the experimental sections and the future perspectives. The abstracts of the main chapters are 

described below- 

Chapter 1: Introduction and objectives 

Protein misfolding and its subsequent aggregation into amyloids in the biological system 

cause numerous human diseases, including Alzheimer’s disease (AD), Type II Diabetes 

(T2D), and Parkinson’s disease, out of which T2D is one of the fastest-growing health 

challenges of the 21st century. The growing evidence suggests that T2D is developed by the 

deposition of amyloid plaques in the pancreatic cells, caused by the accumulation of the 

aggregating IAPP (Islet Amyloid Polypeptide). The mechanism of human IAPP (hIAPP) 

aggregation is not fully understood yet. However, research over the past few years suggests 

that monomeric hIAPP misfolds into a β-sheet structure by an unknown pathway, which 

leads to aggregation, forming toxic oligomers, and amyloid deposits. hIAPP aggregates 

initially into oligomers, primarily responsible for the dysfunction of pancreatic β-cell and 

glucagon, leading to T2D. Hence, preventing the amyloidogenic peptide from acquiring a β-

sheet rich conformation may arise as a therapeutic strategy for inhibiting the amyloid 

formation and uprooting amyloidogenic diseases. Although there is no cure for T2D, further 

research will undoubtedly lead to developing proper therapeutics against T2D.  

In the past two decades, various strategies, including small organic molecules, insulin therapy 

and β-sheet breaker peptides, have been developed to modulate the aggregation of hIAPP. 

However none of them has yet achieved a suitable platform for therapeutic applications. 
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Peptide-based molecules are excellent drug candidates due to their therapeutic superiority 

over the small molecules in target specificity, binding affinity, and low toxicity. However, the 

peptide-based strategy also suffers from several drawbacks, including peptide solubility, 

ineffective against cytotoxicity, proteolytic stability, restricting their use as drugs. 

Our main objective is to develop modified β-sheet breaker hybrid peptides to fight against 

T2D using conformationally restricted peptides. For this purpose, we have selected various 

isomers of aminobenzoic acid (especially 2-aminobenzoic acid) as a β-breaker element. 2-

aminobenzoic acid or anthranilic acid (Ant) is an exciting component for peptidomimetics 

due to the conformational restriction imposed by its structure. In the structure of Ant, both the 

amine group and the carboxyl group are directly connected to the aromatic moiety, 

constituting a planar structure with a fixed dihedral angle, Φ = 0˚. Therefore, the peptide 

sequence containing Ant in its backbone exhibits enhanced conformational rigidity due to the 

π-stacking ability of the aromatic moiety. Due to its higher structural rigidity, we planned to 

insert Ant as a β-breaker element into the peptide backbone within the central hydrophobic 

region of the hIAPP peptide. 

Furthermore, the Ant moiety favours the formation of either a turn or a helical conformation 

when incorporated into the peptide sequence. Moreover, Ant is found in many biologically 

active naturally occurring peptides (e.g., psychrophilin, cycloaspeptide, asperterrestide), and 

it is the precursor for the biosynthesis of tryptophan. Most importantly, it is a β-amino acid; 

hence its presence in peptidomimetics can enhance their proteolytic stabilities over the α-

amino acid. 

Therefore, in the various chapters of the thesis, we have reported on developing different 

Ant-containing -sheet breaker hybrid peptides for inhibiting hIAPP aggregation and 

disruption of preformed amyloid at physiological conditions. 
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Chapter 2: Introduction of β, γ, and δ aminobenzoic acid as β-sheet breaker hybrid 

peptides and their applications in the inhibition of hIAPP aggregation 

Initially, Westermark et al. pointed out that a limited segment of hIAPP has an intrinsic 

tendency to form amyloid, which might be responsible for T2D. The small peptide fragments 

of hIAPP, such as FGAIL (hIAPP23-27), NFGAIL (hIAPP22-27), SNNFGAIL (hIAPP20-27) and 

SNNFGAILSS (hIAPP20-29) are sufficient for the formation of amyloid in vitro. Hence, if one 

focuses on these peptide sequences and plans for a small peptide-based inhibitor constituting 

a breaker element inside the recognition sequence, it would be considered as a promising 

therapeutic strategy against the formation of amyloid and its disruption. Soto et al. initiated 

the concept of β-sheet breaker peptides (BSBPs) via incorporating proline residue into the 

recognition motif of Aβ peptide, which emerged to be a great discovery in the field of 

amyloid disruption. In line with this, various small peptide-based inhibitors containing 

different breaker elements have already been reported, including N-methylated amino acids, 

α-aminoisobutyric acids (Aib), α, β-dehydrophenylalanine, and aspartic acid derivatives. 

However, one of the major drawbacks of these breaker elements is proteolytic instability, as 

they contain α-amino acids and degrade quickly in the presence of proteolytic enzymes. 

On the contrary, 2-amino benzoic acid (Ant) is a β-amino acid with higher structural rigidity, 

and its insertion in a peptide sequence induces a turn or helical conformation. Hence, we 

believed that the insertion of β, γ, and δ aminobenzoic acid in a small recognising peptide 

sequence would increase proteolytic stability and emerge as a better candidate as peptide-

based inhibitor against hIAPP amyloid aggregation. These peptides are termed as -sheet 

breaker hybrid peptides (BSBHps), as they are formed by combining - and -amino acids. 

To achieve our goal, we synthesized three BSBHps by inserting various isomers of 

aminobenzoic acid (2, 3, and 4-amino benzoic acid) separately as breaker components in the 
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peptide hIAPP22-27 at I26 position. After that, we investigated the inhibition and disruption 

efficiencies of the resulting peptidomimetics against amyloid aggregation of hIAPP. Along 

with these, we synthesized one control breaker peptide via incorporating α-aminoisobutyric 

acid (Aib) in the peptide sequence to compare the results. 

From the results, we have outlined an innovative strategy of β-sheet breaker hybrid 

peptidomimetics (BSBHps) as impressive inhibitors of hIAPP amyloid fibril formation and 

its disruption. We demonstrated that BSBHps containing ortho (2-Abz) and meta (3-Abz) 

isomer were highly effective inhibitors against hIAPP amyloid formation. On the other hand, 

the para (4-Abz) isomer could hardly inhibit hIAPP aggregation; rather, it enhances the 

aggregation process, which might be due to its structural lack of kink formation efficiency. 

Moreover, we also expressed that these BSBHps containing the ortho and para isomers 

effectively disrupt the preformed amyloid of hIAPP into non-toxic fragments as confirmed by 

membrane leakage assay. Peptides containing β and γ-amino acids are proteolytically more 

stable than standard -analogs. BSBHps having ortho- and meta- isomers of aminobenzoic 

acid exhibited superior inhibitory and disruption efficiencies than control breaker peptides 

containing α-amino isobutyric acid (Aib). Hence, these peptidomimetics may emerge as a 

better candidate for developing an efficient therapeutic tool against hIAPP-based 

amyloidogenesis. 
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Figure 1: Schematic representation of hIAPP aggregation and proposed hypothesis for the inhibition 

process of amyloid formation by single mutant BSBHp 
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Chapter 3: Application of double breaker unit via incorporating isomers of 

aminobenzoic acid as β-sheet breaker hybrid peptides in the anti-amyloidogenic activity 

of hIAPP 

From our previous studies, we found that single breaker peptidomimetics were active as 

efficient breaker peptides. However, to gain better efficiency in arresting the amyloid 

aggregation of hIAPP, we planned to insert the breaker elements simultaneously at two 

different positions of hIAPP22-27. After that, we wished to investigate their inhibition and 

disruption efficiencies over the aggregation of wild-type hIAPP and anticipated that these 

might be more effective than the single-site mutated peptidomimetics in fighting against 

amyloidosis. 

To test our hypothesis, we have incorporated the three isomers of aminobenzoic acid 

individually as breaker elements at two different positions, i.e., at G24 and I26 positions of 

hIAPP22-27. Further, we also synthesized one control breaker peptide by incorporating α-

aminoisobutyric acid (Aib) at the same positions of the peptide to compare the results. 

From the investigations, we observed that double mutant ortho (2-Abz) and meta (3-Abz) 

isomer containing BSBHps were more effective inhibitors against the amyloid formation of 

hIAPP than the single mutant peptidomimetics. However, the para (4-Abz) isomer does not 

act as an inhibitor; instead, it enhances the aggregation process similarly to its single mutant 

analog. We have also discussed that these double breaker containing BSBHps disrupts the 

preformed amyloid of hIAPP efficiently into non-toxic fragments as confirmed from 

membrane leakage assay. Further, the double breaker comprising BSBHps were observed to 

be highly stable in the presence of proteolytic enzymes. Hence, these results can be used as a 

scaffold for drug designing against T2D and other amyloid-related diseases. 
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Figure 2: Schematic representation of hIAPP aggregation and proposed hypothesis for the inhibition 

process of amyloid formation by double mutant BSBHp 
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Chapter 4: Investigation of anti-amyloid activity of peptidomimetics designed by single 

point mutation by rigid β-amino acid in hIAPP8-37 at different positions 

Our earlier chapters demonstrated that the BSBHps designed by incorporating different 

isomers of aminobenzoic acid in the core hydrophobic region of hIAPP22-27 exhibited 

satisfactory results in inhibiting hIAPP aggregation. However, among the different isomers, 

2-aminobenzoic acid or Anthranilic acid (Ant) was the best breaker element, but 4-

aminobenzoic acid did not exhibit any inhibition behaviour; instead, it enhanced the 

aggregation process. This effect might be due to the favourable kink formation ability of 2-

aminobenzoic acid (Ant) in the sequence. As the conformational rigidity is higher in the 

peptidomimetics containing anthranilic acid (Ant) due to the fixed dihedral angle, we selected 

Ant as the β-breaker element inside the peptide backbone. 

In a report of Raleigh et al., it was investigated that insertion of a single proline moiety in the 

hydrophobic region of hIAPP emerges the designed peptidomimetic as a highly efficient 

inhibitor. Further, Pramlintide (PM), containing three proline residues in the sequence of 

hIAPP has been accepted for clinical trials; however, it possesses several drawbacks, 

including poor solubility, which prevents itself co-formulation with insulin, especially at 

physiological pH. Moreover, one of the significant drawbacks of peptides-based therapeutics 

is that they are highly susceptible to degradation in the presence of proteolytic enzymes. 

However, inserting β-amino acids over the α-amino acids into the peptide sequence increases 

the stability of the peptides towards proteolytic degradation. 

We, therefore, targeted the hydrophobic core region of hIAPP and designed two 

peptidomimetics by a single point mutation with Ant at two sites (i.e., G24Ant and I26Ant) 

for the two different peptidomimetics within full-length hIAPP8-37. Moreover, we also 

designed a control peptidomimetic inserting the same breaker element in the hIAPP22-27 
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smaller sequence. In our earlier chapters, we have described that the Ant containing small 

BSBHps could inhibit the aggregation of hIAPP and disrupted its preformed fibrillar 

structures at comparatively high doses (10-fold molar ratios). Moreover, due to the presence 

of non-coded β-amino acid, Ant, they were found to be proteolytically stable. However, due 

to the smaller size and lack of residual interaction, these BSBHps may not be efficient in 

binding with the aggregating hIAPP, explaining why their use in a higher dose for the 

inhibition or disruption of hIAPP aggregation. 

Through our experimental findings, we have demonstrated the superior effect of a single 

point Ant mutated hIAPP8-37 (longer peptidomimetic) over its smaller Ant mutant variant in 

hIAPP22-27 (smaller peptidomimetic) in modulating aggregation caused by hIAPP. 

Experimental data supports that long peptidomimetics were potent inhibitors of amyloid 

formation at a significantly lower concentration than the smaller one. On the other hand, 

differences in the mutant position at G24X and I26X, (X=Ant) did not show any significant 

difference in their abilities to inhibit the amyloid formation of hIAPP.  

Furthermore, we demonstrated the effect of peptidomimetics in terms of disruption of the 

preformed amyloid of hIAPP. Both the breaker peptides could disrupt the preformed amyloid 

into non-toxic species, as evident from LUV studies. Furthermore, in methodical DLS and 

TEM experiments, it was observed that the long peptidomimetics were able to alter the 

aggregation pathway of hIAPP and the soluble oligomers thus generated were found to 

rupture the lipid membrane slightly. The improved efficacies of the long peptidomimetics 

may be attributed to their better sequence recognition and packed binding to the fibrillar 

assembly generated by hIAPP over the smaller one. Moreover, MTT assay revealed that Ant-

containing peptidomimetics are non-toxic to RIN-5F cells and rescue from hIAPP mediated 

toxicity. Hence, a single point anthranilic acid mutant of full-length hIAPP8-37 at G24X or 
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I26X (X=Ant) enhances significantly anti-amyloidogenic activity associated with hIAPP. 

Finally, it can be concluded that these peptidomimetics are highly efficient inhibitors of 

hIAPP induced aggregation as well as disruptors of the preformed amyloids at low molar 

ratios. These peptidomimetics can be lead scaffolds for therapeutic design towards T2D and 

other amyloid-related diseases. 

 

Figure 3: Schematic representation of hIAPP aggregation and proposed hypothesis for the inhibition 

process of amyloid formation by single point mutated hIAPP8-37 
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Chapter 5: Disruption of hIAPP aggregates into non-toxic species by side-chain to tail 

stapled peptides 

Despite tremendous research and scientific development on protein misfolding and amyloids, 

no complete cure for amyloidogenic diseases has been established to date. In recent years, 

stapled peptides have emerged as one of the most efficient drug candidates for various 

biological dysfunctions due to their various structural advantages. The stapling technique has 

been rapidly developed as one of the most accepted strategies for inhibiting protein-protein 

interactions (PPI) in the living system. Peptidomimetics made by one-component stapled 

peptides have also been investigated recently to inhibit amyloid fibrillogenesis. Looking into 

these enormous advantages and clinical activities, the stapled peptide approach can pave 

some new possibilities as critical therapeutics for targeting some incurable diseases like T2D. 

Herein, we have designed two side-chain to tail stapled peptides in the absence and presence 

of a turn-inducing moiety, anthranilic acid (Ant) incorporated into the highly aggregating 

fragment of hIAPP22-27. Further, we have also synthesized two linear control peptides, one 

without the anthranilic moiety and another containing the turn-inducing element maintaining 

the sequence homology with the hIAPP for proper recognition and binding with the same. 

The anthranilic moiety was introduced in both the stapled and linear one in I26 position of 

hIAPP 22-27, i.e., the NFGAIL sequence. Besides this, one glutamic acid (E) and one arginine 

(R) moieties were introduced at the C-terminus of the designed stapled peptides. The stapling 

process was carried out between the side chain of glutamic acid and the tail of the backbone, 

i.e., the N-terminus of asparagine. The arginine group was inserted to increase the aqueous 

solubility of the peptides. 

From the systematic studies, it is clear that both the stapled peptides (SPs) are potent 

inhibitors of the highly aggregated amyloid fibrils generated from hIAPP, with a 2-fold molar 
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excess of them showing the most efficient inhibition abilities. Further, these two SPs can 

potentially disrupt the preformed amyloid fibrils of hIAPP into non-toxic species, as 

confirmed by the dye leakage assay. The structural rigidity of the SPs contributes to their 

efficiencies as better inhibitors only in two-fold molar excess in contrast to other breaker 

strategies. Further, these two SPs showed far better efficiencies towards inhibition and 

disruption than their linear analogs. Further, the potential of the SPs towards suppressing the 

hIAPP induced aggregation was independent of the turn-inducing moiety (Ant), which 

indicated the factor of ‘peptide stapling’ in terms of conformational restriction plays a vital 

role in arresting the amyloids formed. 

Moreover, the systematic analyses via DLS and TEM established that SPs altered the native 

aggregation pathway of hIAPP into off-pathway aggregation, and the generated species were 

found to be non-toxic as revealed by LUVs dye leakage assay. After that, we demonstrated 

that the SPs were relatively stable than their linear analogs in the presence of proteolytic 

enzymes. The enzymatic stability enhancement of the SPs was supposed to be due to the 

conformational strain imposed by the stapling. Hence, with more fruitful analysis and survey 

in this direction, the staple peptides may emerge as a new therapeutic implementation 

towards the society to challenge against T2D or related diseases shortly. 
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Figure 4: Schematic representation of hIAPP aggregation and proposed hypothesis for the inhibition 

process of amyloid formation by the stapled peptide. 

 

Overall, in this thesis, we have demonstrated four different strategies for designing peptide-

based molecules, their potentials in inhibiting the amyloid formation and disrupting 

preformed fibrillar networks under physiological conditions. We have also investigated the 

inhibitory action of the designed peptides upon amyloid aggregation using different 

biophysical tools. Such strategies may hold a promising approach for developing therapeutic 

agents for combating Type II diabetes and other amyloidoses. 
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Chapter 1: Introduction and objectives 

 

 

1.1. Introduction: 

This thesis demonstrates a detailed study of type-2 diabetes (T2D), one of the growing world 

wide health problems, its causes, pathogenic consequences, and relation with human islet 

amylin polypeptide (hIAPP). This thesis primarily focuses on establishing the rational design 

of peptide-based molecules as drug candidates against T2D and their various chemical 

modifications to enhance therapeutic values. 

1.2. Peptides and proteins: 

Peptides and proteins are essential biological macromolecules, which play vital roles in our 

living system, including muscle movement, metabolic action, and immune protection. 

Proteins consist of polypeptide chains, consisting of usually 50 or more amino acids, where 

an amino group of one amino acid couples with the carboxyl group of the second amino 

acid.1-3 The amino acid consists of an amine, a carboxylic acid, and an R (side chain) group at 

its α-carbon (Figure 1.1).2 There are 20 different naturally occurring amino acids, which are 

the fundamental building block of all the peptides and proteins. The different R groups make 

a diverse family of proteins, which differ in charge, size, solubility, H-bonding capacity, and 

chemical reactivity. The size of the proteins may vary from one hundred to several kilo 

Daltons. 
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Figure 1.1: General structure of (a) an amino acid and (b) a peptide bond in a protein sequence 

 

Generally, protein molecules adopt specific three-dimensional arrangements to perform 

various biological functions associated with the living system. There are different structural 

architectures for proteins, such as primary, secondary, tertiary, and quaternary structures.4,5 

The sequence of amino acids connected linearly with one amino acid to another constitutes 

the primary structure of a polypeptide chain. The secondary structure refers to the local 

folded structure that forms within a polypeptide due to interactions between the backbone 

atoms. The short-range structure of protein stabilized through the hydrogen bonding between 

the amide (-NHCO-) moieties of the protein backbone is observed in the secondary structure. 

The most common secondary structures are α-helix, β-sheet, and β-turn, which play 

significant roles in developing the structure, functionality, and stability of proteins. An 

amalgamation of β-sheet may lead to several amyloidogenic human diseases by forming 

protein aggregates and insoluble fibrillar assembly.6,7 However, in rare cases, α-helix is also 

found to form amyloid by self-aggregation.8 Further arrangements of the secondary structure 

to provide the next level of comprehensive three-dimensional protein structure is known as 

the tertiary structure. This structure is stabilized by the interactions between the R-groups of 

the constituted amino acids in the protein. Interactions that contribute to the tertiary structure 

include hydrogen bonding, ionic bonding, dipole-dipole interactions, and disulfide bond, 

which results in covalent bonding between the cysteine amino acids. Many proteins are made 

up of a single polypeptide chain and have only three levels of structure, i.e., primary, 

secondary, and tertiary structures. However, some proteins are made up of multiple 
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polypeptide chains, known as a subunit. When these subunits assemble in three-dimensional 

complexes, they constitute the quaternary structure of a protein, for example, hemoglobin.4,5 

1.3. Protein folding and misfolding: 

Protein folding, misfolding and unfolding are widespread processes in biological systems. 

These processes are crucial for synchronizing biological activity and directing the protein into 

its different cellular positions. The phenomenon by which a protein molecule undergoes 

conformational changes to achieve its compact three-dimensional structure for performing 

normal biological functions in the living body is known as protein folding.9,10 The mechanism 

of protein folding is still a matter of debate; however, the driving force for the process is 

thought to attain the lowest possible energy. The protein folding depends on the R groups of 

the amino acids present in the sequence as the process depends on some coherent factors like 

H-bonds, hydrophobic effect, electrostatic, and Van der Walls interactions.2 Another critical 

factor for the folding process is the secondary structure, as H-bonding assists the α-helix 

within the same strand between the CO and NH groups. However, the H-bonding of the β-

strand is stabilized by the next neighbouring strand. Higher-order structures like β-hairpin 

and β-sheets are based on these secondary structures. 

A protein remains folded in its native state, which is functionally active, and in this state, they 

are both thermodynamically and kinetically stable. Proteins are involved in all stages of 

neuronal activities and biological activities in the folded form only. However, sometimes 

during folding, proteins fail to fold into their desired functional conformations. Instead, it 

transforms into another structure, which differs from its native state, or remains partially 

unfolded. This wrongly folded or unfolded process is referred to as protein misfolding, which 

leads to the onset of various diseases, commonly known as protein misfolding diseases 

(Figure 1.2).6 Although the exact cause of protein misfolding is uncertain; however, it is 
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thought that some standard parameters are associated, including pH, temperature, ionic 

factors, genetic, and mutations. Protein misfolding is a pathological state in which the native 

protein drops down from its standard functional form, leading to amyloidogenic diseases.11,12 

 

Figure 1.2: Protein folding and misfolding 

1.4. Amyloids: 

For some unknown reason, numerous unfolded, misfolded proteins or peptides accumulate 

together and deposit in the biological system as insoluble material by undergoing transitions 

from their native conformational structure (random coil) into ordered β-sheet conformations. 

These insoluble extracellular protein aggregates are known as amyloids.3 Although different 

amyloidogenic proteins may generate amyloid fibrils, they all show similar properties, 

including morphology and insolubility. Amyloids get organized in a stacked cross-β sheet 

conformation and are usually seen as long filaments with a diameter of 3-10 nm and 

indefinite length, characterized by TEM and X-ray diffraction patterns.13-18 In the amyloid 
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fibrils, proteins are arranged in β-sheets perpendicular to the fibrillar axis, while amyloids 

exist as cross-β structures bound to each other mainly by H-bonds. 

 

Figure 1.3: The process of amyloid formation characterized by a slow lag phase, followed by a 

growth phase and finally a saturation phase 

 

The formation of amyloid fibrils is a nucleation-dependent process.19,20 The amyloid 

formation process obeys the sigmoidal profile, where three phases are observed, a) nucleation 

or lag phase, b) elongation or growth phase, and c) saturation phase (Figure 1.3).20 In the 

process of amyloid formation, initially protein monomers come closer to form the nuclei, i.e., 

the formation of soluble oligomers in the nucleation phase, followed by elongation with other 

monomers to form the protofibrils in the growth phase, which later convert to mature 

insoluble fibrils in the saturation phase. The time-dependent kinetics of amyloid formation is 

typically monitored by the Thioflavin T (ThT) based fluorescence technique, where the 

sigmoidal curve is observed for amyloid formation after a lag period, depending on the 

concentration of the aggregating protein.21-23 

TH-2686_146122023



Chapter 1  Introduction and objectives 

6 
 

Many amyloid-related human diseases originating from amyloid toxicity have been 

identified. More than 30 proteins or peptides are known to form amyloids in various human-

related diseases.24, 25 Some amyloid-forming proteins or peptides and their respective 

diseases, commonly known as protein conformational disorders (PCD), are shown in Table 

1.1. 

Disease Protein involved No. of residue 

Type II Diabetes Amylin or IAPP 37 

Alzheimer disease Amyloid  40 or 42 

Parkinson disease -Synuclein 140 

Huntington’s disease Huntingtin with polyQ expansion 3144 

Sickle cell anaemia Hemoglobin 141 or 146 

Creutzfeldt-Jacob disease Prion protein (PrP) 253 

Spinocerebellar ataxius Ataxin with polyQ expansion 816 

Cystic Fibrosis CFTR protein 67 

Cataract γ- Crystallins Variable 

Table 1.1: List of some protein misfolding diseases and the proteins involved.25 
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1.5. Diabetes: 

Diabetes is considered a persistent metabolic disorder, which prevails either when the 

pancreas cannot generate a sufficient amount of insulin or when the body system is no longer 

capable of using the secreted insulin, finally leading to an increased glucose level in the 

blood.26 Insulin is a hormone that originates from pancreatic β-cell, which act as a key to let 

glucose from the bloodstream into the cells in the body for energy production.27 

Ineffectiveness of insulin may lead to secondary complications in the body systems, which 

includes nerve and kidney failures, vulnerability to develop heart diseases, weakening of 

blood vessels and eyesight.28 

Human beings require nutrition to prompt energy for normal growth and metabolic activities. 

The carbohydrates being consumed daily are broken down into glucose in due course and 

proceeds into the bloodstream. For the produced glucose to be utilized by body cells, the 

effectiveness of insulin hormone is required. However, for persons with diabetes, the 

outcome is an elevation of glucose level in the bloodstream, which eventually streams into 

the urine. This increased blood glucose is the “culprit” for numerous health-related issues 

associated with diabetes (Figure 1.4).28 Until date, no such remedy has been approved for the 

chronic disorder; however, therapeutics comprises recasting way of life, fatness modification, 

and oral medications, including insulin administration for controlling the disease, which is 

still recommended as first-line medication.29 
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Figure 1.4: Glucose Homeostasis 

 

1.5.1. Diabetes prevalence: 

Diabetes is one of the fastest-growing health challenges of the 21st century. The prevalence of 

diabetes is continuously propagating worldwide. Fast urbanization is giving rise to various 

lifestyle changes, which adversely affect the metabolic processes, leading to an epidemic of 

diseases associated with such lifestyle changes. In the present global scenario, 463 million 

people are suffering from the disease, out of which in India, the figure comes out to be 77 

million.30 According to IDF (International Diabetes Forum), the prevalence of diabetes may 

rise to 578 million by 2030 and 700 million by 2045. About 4.2 million people passed away 

worldwide due to diabetes and its complexities in 2019, which is equivalent to one death in 

every eight seconds, despite approximately 760 billion U.S. dollars was spent on diabetes in 

that same year (IDF 2019). Globally 11.3% of deaths occurred due to diabetes, out of which 

almost half of this death occurred under 60 years of age. Diabetes is speculated to be the 7th 

leading cause of death globally by 2030. It imposes a significant economic impact on 

countries, as it is considered that the “indirect costs” of diabetes account for over 35% of 
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annual global health disbursement.30,31 Considering these data, prevention of diabetes could 

be improved with a robust health system, fruitful policy and informed public.  

1.5.2. Types of Diabetes: 

Mainly three forms of diabetes exist (1) Type-1 diabetes (T1D), which is also recognised as 

insulin-dependent diabetes mellitus (IDDM), where the pancreas secrets a little or no insulin. 

(2) Type-2 diabetes (T2D), which is also recognised as non-insulin-dependent diabetes 

mellitus (NIDDM), where persons suffering from this type of diabetes have a combination of 

either resisting insulin from its specific assignment or limitation in producing insulin. (3) 

Gestational diabetes, which only affects pregnant women, and normally cures, as the 

pregnancy is over.27 

1.5.2.1. Type 1 Diabetes (T1D): 

Type 1 diabetes (formerly recognised as insulin-dependent, juvenile, or childhood-onset) is 

characterized by the destruction of pancreatic β-cells, which leads to insufficient production 

of insulin and needs imposition of external insulin on a daily basis to control the blood 

glucose level. The exact reason for the destruction of β-cell is unrevealed; however, genetic 

and environmental factors may stimulate type 1 diabetes.32 Insulin triggers the conversion of 

blood glucose into energy to carry out body functions by the cells. In the absence of sufficient 

insulin hormone, the body’s glucose intake persists in the bloodstream, and the body system 

will enter into a state of elevated glucose level, called hyperglycemia.33 Therefore, all T1D 

are accounted as insulin-dependent, as the body cannot produce enough insulin for proper 

functioning , so people suffering from T1D must boost the insulin in their body systems. T1D 

accounts for 5-10% of the people who suffer from diabetes, in which symptoms include 

excessive excretion of urine (polyuria), thirst (polydipsia), unexpected weight loss, continual 
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hunger, change in vision and tiredness.34 These symptoms may occur suddenly and person 

bearing such symptoms are advised to check their glucose levels intermittently. 

1.5.2.2. Type 2 Diabetes (T2D): 

Type 2 diabetes (formerly recognised as non-insulin-dependent or adult-onset) is the most 

common form of diabetes associated with the body’s ineffective insulin use. T2D accounts 

for approximately 90-95% of all the diabetic patients and is the significant consequence of 

excessive body weight and physical inactivity.27 Type 2 diabetes differs in presentation from 

type 1 in that T1D typically occurs in the early stage of life, whereas T2D appears mostly in 

older adults from about 40-45 age onwards. However, in recent years, the drastic increase in 

childhood obesity accompanies the higher rates of prediabetes and T2D in people under 

twenty.27 Prediabetes is one of the forms before developing full-fledged diabetes, in which 

the glucose level is at an elevated point from 100-126 mg/dL, which is marginally upright 

than the recommended 80-100 mg/dL. According to the American Diabetes Association, to 

be recognized as T2D, the value of blood-glucose level has to exceed 126 mg/dL. To be 

diagnosed adequately from the disease, the identification of prediabetes stage has become 

extremely important for the physician, as the treatment at this condition may lead to the 

safeguard from a more pathetic situation.35 

With an increase of glucose level in the bloodstream, the body system may be badly affected, 

and all cellular activities undergo obstruction in smooth functioning as cells lack the requisite 

energy that they would get from the glucose conversion. In normal conditions, the insulin 

hormone is secreted from the pancreas in small quantities to control glucose transported to 

cells for energy. However, as the number of glucose increases in the bloodstream, the 

pancreas prompted more insulin amounts to make up and impel the increased glucose into the 

cells. In T2D, the pancreas produces insulin, unlike in T1D; however, the pancreas cannot 
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produce a sufficient amount of insulin, or the body may not correctly utilize the produced 

insulin, which leads to elevated glucose levels in the bloodstream.35 The symptoms of T1D 

and T2D are similar but ignored most of the time by individuals. As a result, the disease 

remains undiagnosed for up to several years. 

1.5.2.3. Gestational Diabetes: 

Gestational diabetes is hyperglycaemia with blood glucose values above normal but below 

those diagnosed with diabetes occurring during pregnancy. This type of diabetes may affect 

about 5% of all pregnant women. Women suffering from gestational diabetes are at an 

elevated risk of obstacles during the periods of pregnancy and delivery. Moreover, women 

experiencing gestational diabetes have a considerable possibility of developing T2D later in 

life.36  

Out of three types of diabetes, T2D affects around 90-95% of all world cases. T2D generally 

develops after the age of 45, and the possibility of its effect increases with age. However, 

nowadays, T2D is increasing rapidly in the case of children too. One of the most critical 

activities to initiate efficient diabetes therapy is understanding the molecular mechanism that 

causes the disease.35  

1.5.3. Diabetes risk factors: 

Diverse risk factors are associated with diabetes. If a person is affected by T2D, it could be a 

consequence of numerous risk factors, including obesity or family history. The genetic effect, 

lifestyle modification, and environmental changes can dominate the risk factor for developing 

T2D. The fast-growing prevalence of T2D may be due to the increasing aging population due 

to medical science development. However, another factor, which includes an increasing 

number of obese people, like obesity, coupled with lack of exercise, can lead to T2D because 
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it can cause insulin resistance to the body.37 Moreover, if family members have a history of 

diabetes, the risk increases 2-6 times than those without a family history.38 

1.5.4. Popular methods for diagnosis of Diabetes: 

The diagnosis of diabetes is usually carried out by symptom management. Persons bearing any 

symptoms of diabetes are advised for screening test for diagnosis of diabetes and prediabetes, 

which includes Fasting Plasma Glucose Test (FPGT), Oral Glucose Tolerance Test (OGTT), 

Glycated Haemoglobin Test (GHT, shows average plasma glucose concentration) and 

Random Blood Glucose Test (RBGT). Among the tests, the FPGT is the most widespread, as 

it is appropriate and cheaper. To measure blood glucose levels by the FPGT, the most 

convenient results are obtained when the test is carried out in the morning after fasting for at 

least 8 hours. If the fasting glucose level is obtained 100-125 mg/dL, it is considered 

prediabetes. If it exceeds 126 mg/dL, the physician proceeds for further tests to confirm the 

disease. Further blood glucose level is monitored by OGTT after 2 hours of taking normal 

food (which contains 75 g of glucose in water) and if the value lies between 140-199 mg/dL 

or greater than 200 mg/dL, it is considered as prediabetes and diabetes respectively. The GHT 

also gives an effective route for monitoring prediabetes and T2D, as the value lies between 

42-47 mmol/mol indicates the prediabetic stage; however, a value above the range indicates 

the diabetic stage. 

Moreover, RBGT is carried out to detect diabetes during a normal health assessment 

procedure, where a value of above 200 mg/dL with any symptoms is considered for a further 

test of diabetes. Furthermore, the presence of a higher amount of glucose in urine also gives 

indications for diabetes. However, other diagnostic procedures are used to identify T1D or 

T2D, including ketone tests, C-peptide tests, and glutamic acid decarboxylase autoantibody 

tests (Diabetes UK, 2016, NIDDK, 2014). 
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1.5.5. Secondary consequences of Diabetes: 

Diabetes may influence several secondary complications, including kidney failure, heart 

problems, blindness, nerve blockage etc. Diabetes multiplies the chances of heart disease; as 

from an international survey, it was observed that 50% of people with diabetes expired due to 

cardiovascular diseases.39 Furthermore, reduced blood flow and neuropathy in the feet 

enhances the risk of foot ulcers and finally requires limb amputation in people with diabetes. 

Moreover, blindness may occur due to diabetic retinopathy caused by the damage of the 

retina’s small blood vessels in the tissue, where 1% of worldwide blindness may be attributed 

to diabetes. Further, in the overall risk of dying, persons suffering from diabetes are at least 

double the risk than a healthy non-diabetic individual. As there is no complete cure for the 

disease, therefore for controlling diabetes and its complications, the necessary and essential 

part is to maintain a healthy diet, weight regulation, retaining activeness with regular exercise 

and medication, including insulin therapy and other medications.40,41 

The future options for the therapeutics of T2D are being investigated continuously from 

various aspects. The existing therapy for the disease depends on symptoms of the individuals. 

In future, people are looking for a complete cure for the disease, through either genetics 

management, new therapeutic agents, or a biochemical approach. During the investigations, 

one very encouraging lead appeared, which constitutes a particular polypeptide, Amylin or 

IAPP, and its prospective effects towards the deadly disease faced worldwide.42, 43 

1.6. Amylin or IAPP: 

Amylin or hIAPP (human Islet Amyloid Polypeptide) is a 37 amino acid residue long peptide 

hormone, co-stored and co-secreted from the pancreatic-β cells with insulin hormone at a 

constant molar ratio of 1:100 (amylin: insulin).43 Mature IAPP contains an amidated C-
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terminus and there is a disulfide linkage between Cys-2 and Cys-7 residues. The 

physiological role of soluble IAPP is still not understood to date; however, it is believed to 

complement insulin by suppressing postprandial glucagon secretion and regulating the rate of 

gastric emptying and maintaining glucose homeostasis. 44,45 Moreover, it is reported that 

IAPP takes a role in regulating body weight and it may cause apoptosis in isolated human 

islets. 

1.6.1. Processing of IAPP: 

IAPP is translated from an 89 amino acid residual prepropeptide containing 22 amino acids of 

signal peptide. The 37 residual IAPP is flanked by two short peptides, one at N-terminal (11 

residual amino acid) and another at C-terminal (19 residual amino acid). The 22 amino acid 

residue signal peptide is cleaved by a signal peptidase to form a 67 amino acid propeptide 

IAPP (proIAPP).46,47 Further, proIAPP undergoes processing in the Golgi complex and 

insulin secretory granule. The N- and C-terminals of proIAPP are cleaved by two enzymes, 

prohormone convertase PC1/3 and PC2, at the two dibasic sites (lysine and arginine).46 

Additional processing of human pro-IAPP at C-terminus by carboxypeptidase E and a glycine 

residue at the start of the C-terminal propeptide serves as the nitrogen donor for amidation by 

the peptidyl amidating mono-oxygenase complex (PAM). Finally, the polypeptide 

experiences post-translational tempering, forming a disulfide bond between Cys-2 and Cys-7 

residues to form mature IAPP (Figure 1.5). IAPP is deposited along with the insulin in 

secretory granules and co-secreted from pancreatic β-cells as required.47  
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Figure 1.5: Processing of 89-residual human preproIAPP to form a mature native IAPP through 

various translational modifications. 

 

Although the concentration of IAPP in the secretory granule is approximately 1-2% of that of 

insulin, the same is more than sufficient to promote fast amyloid formation in vitro. 

Therefore, there should be some criteria, which prevent premature and irreversible 

aggregation inside the granule.48,49 As the formation of IAPP amyloid is pH-dependent, the 

lower pH environment of the granule may take part in decreasing the aggregation rate. 

Moreover, soluble insulin may also control the inhibition process of amyloid formation inside 

the granule.50,51 

1.6.2. Sequence of IAPP and its relation with T2D: 

IAPP belongs to the calcitonin-related peptide family, consisting of CGRP (α and β calcitonin 

gene-related peptide), adrenomedullin, and intermedin. However, it is most similar to CGRP 

with 37 amino acid residues (Figure 1.6).52 They both accommodate a 2-7 residual disulfide 

bond, containing an amidated aromatic residue at the C-terminus along with their monomeric 

state; both have a propensity to form a transient helical structure. Various studies revealed 

that amylin or IAPP at physiological conditions misfolds its native structure and causes 
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amyloid fibres in vitro, but CGRP does not.53 Both the peptides have reasonable similarities 

in sequence, especially in N- and C-terminal regions; however, they differ substantially in the 

mid-region, i.e., 20-29 positions. This observation guided the research community to propose 

that sequence within the 20-29 region of IAPP plays a significant role in forming amyloid 

fibrils.54 

Moreover, IAPP exists in the pancreatic-β cells of all mammals, birds, and teleostean fishes.55 

However, earlier issues in considering the function of IAPP derived amyloid in the 

pathogenesis of T2D might have appeared from the fact that some mammalian species, such 

as rats and mice, neither form amyloid of IAPP nor develop diabetes.56 The rat or mice IAPP 

has variations to human (hIAPP) at only six positions, apparently at 20-29 positions, 

accounting for five out of the six alterations. The rat IAPP (rIAPP) contains three proline 

residues at 25, 28 and 29 positions, while no proline is present in hIAPP. Proline is a 

significant secondary structure disruptor, and its presence makes the sequence energetically 

unfavourable for β-sheet formation, due to which it is attributed to the inability of amyloid 

formation by rIAPP.57 These studies explain the importance of the IAPP20-29 in the formation 

of amyloid. However, multiple proline substitution outside the specific region as Asn-14 or 

Asn-21 was found to help in abolishing IAPP amyloid formation.58,59 

Human IAPP: 1KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNT37Y-(NH2) 

Rat IAPP: 1KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNT37Y-(NH2) 

   (Disulphide linkage between 2 & 7 cysteine residue in both the case) 
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Figure 1.6: Structure of hIAPP 

 

hIAPP misfolds and causes amyloid formation resulting in shrinkage of β-cell mass in the 

pancreatic islets of Langerhans via an unrevealed mechanism. hIAPP aggregates in vitro, and 

it is one of the most aggregation-prone naturally occurring peptides.60 hIAPP itself is not the 

cause of T2D, but it leads to β-cell dysfunction and cell death, characteristic of the reduced 

mass of islet β-cell.61 Amyloid formation occurs only in T2D; as in T1D, the hIAPP source is 

removed due to the destruction of the β-cells. Hence, to elucidate possible amyloidogenic and 

cell membrane interacting species, various investigations were carried out using different 

fragments of hIAPP through biophysical experiments. Current investigations revealed that the 

formation of amyloid and membrane disruption processes proceed via non-identical pathways 

restrained in two specific regions of hIAPP. The structural study suggested that hIAPP1-19 is 

primarily accountable for the interaction with the membrane, whereas, from the theoretical 

prediction, hIAPP1-8 is the only region unable to form amyloid as the amino acid residue of 

this region contains a disulfide bridge.62,63 However, further studies revealed that other 

regions of the polypeptide such as hIAPP8-20 and hIAPP30-37 also play a significant role in 

fibrillogenesis, which implies that hIAPP1-8 has exclusive membrane interacting ability; but, 

hIAPP8-20 and hIAPP30-37 are responsible for membrane insertion.64,65 
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Moreover, hIAPP involves six Asn residues in the sequence, and Asn deamidation is one of 

the most familiar post-translational processes, which involves amyloid formation by other 

amyloidogenic peptides. A neutral amino acid residue is put back by a negatively charged 

one in the deamidation process, which reduces the net charge of hIAPP and solubility. Hence, 

Asn deamidation leads to the acceleration of hIAPP amyloid formation, followed by a 

morphological change.65 Furthermore, aromatic-aromatic and aromatic-hydrophobic 

interactions are thought to play a crucial role in hIAPP amyloid formation. However, studies 

revealed that aromatic residues are not necessary for the amyloid formation, although 

aromatic-aromatic interaction may interfere in the kinetics of fibril formation and dominate 

the amyloid fibril structure. Replacement of two phenylalanine and one tyrosine moiety in 

hIAPP by leucine reduced amyloid formations by five-fold than unsubstituted hIAPP, 

indicating alteration of the rate of self-assembly. Therefore, it could be proposed that 

hydrophobic and aromatic residues might be necessary for assisting protein-protein 

interaction leading to acceleration of fibrillization, however not that much necessary for the 

nucleation process.66,67 

One of the most exciting factors in the sequence of hIAPP is the Cys-2 and Cys-7 bridging 

disulfide bond at the N-terminal. The bridge does not significantly impact the amyloid core 

structure due to conformational restriction imposed by the disulfide bond, but disruption of 

this disulfide bond effectively reduces the amyloid fibril formation. Moreover, a change in 

pH could cause a crucial change in the conformational and aggregation profile of the 

polypeptide, as switching from acidic to basic accelerates the aggregation process. Hence, 

structural ordering by disulfide bridge or by a change in pH, the fibrillization process of the 

polypeptide may be facilitated.68 
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Several factors recommend an intimate association between insulin and IAPP. The 

pathogenesis of T2D is characterized by systematic insulin resistance, which might be 

overcome by triggering the higher secretion of insulin. However, elevated secretion of insulin 

will lead to higher secretion of IAPP as well. The toxicity arising from a higher concentration 

of IAPP will result in a gradual reduction of β-cell mass, which has to be present to meet the 

increased demand for insulin.69 Moreover, in healthy adults, IAPP to insulin molar ratio of 

secretion is about 1:100; but, the ratio converts to 1:20 for T2D affected adults resulting in 

higher concentration of IAPP.70 Nevertheless, the relationship between IAPP and insulin 

sensitivity is still questionable, as secretion of IAPP from the pancreatic β-cell may not be 

modulated by insulin sensitivity.69,71 Furthermore, from different studies, it is observed that in 

healthy people, insulin could perform a contrasting role in IAPP aggregation by inhibiting the 

aggregation, triggering IAPP aggregation during the T2D pathogenesis. Due to these 

conflicting consequences of insulin, it might not be useful as an inhibitor of IAPP 

aggregation.72 Hence, further investigations are necessary to monitor the interactions of 

insulin and IAPP in both healthy and T2D suffering individuals. However, IAPP is 

considered as a crucial component in the transformation and pathology from the early phases 

to the later phases of the T2D disease. 

1.6.3. Conformation of monomeric IAPP: 

Amyloid-forming proteins may be divided into two categories, one that folds to a globular 

structure in their native state, such as β2-microglobulin, another, which is natively unfolded 

like Aβ and IAPP. Although the monomeric IAPP cannot fold into a globular structure, it 

does not belong to the classic random coil.73 Theoretical studies predict one α-helical region 

at hIAPP8-14 and three β-strand regions at hIAPP18-23, hIAPP24-29, and hIAPP32-37, one β-turn at 

Asn31 position.70,73 From the secondary structure estimation by CD measurement, hIAPP 
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contains 10% α-helical content in solution, which complements that monomeric hIAPP is a 

predominantly random coil or unstructured in solution. 

1.6.4. Structure of IAPP induced amyloid fibril: 

The unstructured and monomeric IAPP experiences aggregation at physiological conditions 

leading to the development of amyloid fibril via toxic soluble oligomers, which are primarily 

responsible for the onset of T2D by depositing them as pancreatic amyloid.74 The 

fundamental observation during the pathogenesis of T2D in the islet β-cells is detecting 

amyloid fibrils of IAPP. In the structural modification of IAPP amyloid, fibrils acquire a 

cross-β orientation where the β-strand moves perpendicularly to the fibrillar axis with 

interstrand hydrogen bonds oriented parallel to the axis. However, the strands may be either 

parallel or antiparallel for other amyloidogenic proteins. Two atomic-level models have been 

suggested for the fibrillar structure of hIAPP; the first model is acquired from solid-state 

NMR, while the second is from structural and morphological studies of hIAPP fragments. 

Both the models proposed that the fibrillar assembly contained a parallel β-strand, while the 

protofibrils adopting a U-shaped structure, made up of two columns of hIAPP monomers. 

However, due to the rapid aggregation propensity to form amyloid fibre and non-crystalline 

or insolubility issues of IAPP, it is highly challenging to determine a detailed molecular 

structure from NMR and X-ray crystallography.75 Studies with electron microscopy revealed 

that amyloid fibrils are relatively straight, having a diameter around 10 nm range. The same 

study observed that the monomeric IAPP, which experiences aggregation, leading to the 

formation of an oligomer having a diameter 2.7-4.0 nm which further aggregates  to form a 

non-spherical filamentous structure known as protofibrils, having  a width of approximately 5 

nm.76 The fibrillar structure developed from IAPP was similar to that of Aβ peptides, 

responsible for Alzheimer’s disease. Recent evidence proposed that amyloid-forming proteins 
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or peptides might be different in their sequences; however, the amyloid fibrils generated from 

these proteins may show common structural characteristics such as folding/misfolding 

process containing predominantly cross β-sheet structures.76 

1.6.5. Mechanism of IAPP aggregation: 

In solution, IAPP exists as a natively unstructured protein, however on incubation at 

physiological conditions or in the presence of model membrane, hIAPP has been observed to 

change its conformation from random coil to characteristic β-sheet, leading to amyloid 

formation. Despite multiple investigations on IAPP, very little is known about the mechanism 

of IAPP aggregation. Based on this, the process may be divided into the following essential 

steps: 

a) The native soluble monomer of hIAPP is transmuted into a long-lived partially folded 

intermediate. Thus, the intrinsically folded polypeptide of hIAPP exposes the C-terminal 

residues (20-37) by hydrophobic region, out of which hIAPP20-29 exists the key region for 

fibril formation. This exposure results in a flanking hydrophobic surface, which interacts with 

each other forming “aggregation-prone” partially folded conformers. The partially folded 

intermediates associate in a specific manner to form oligomers or “nuclei”. The nucleation 

phase is kinetically disfavoured and considered the rate-limiting phase of aggregation; 

however, no fibril is formed in this step, instead only lateral growth of oligomers occurs. The 

duration of this phase may vary from a few minutes to a lifetime, subject to different 

conditions, such as concentration and temperature.76,77 

b) The second phase is known as the elongation phase, where the necessary amount of 

nucleation occurs and then quickly propagates fibril formation. This phase is much faster than 
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the lag phase, which rapidly increases the aggregation rate. Therefore, this phase is a 

procedure of longitudinal growth into mature amyloid fibril formation.78-80 

c) In the third phase, fibrillization is considered a steady-state, and the fibrillar population is 

stable, known as the plateau phase. The process of amyloid formation is spontaneous, where 

after initiating the process, it will continue if there are a sufficient concentration and 

environment of the amyloidogenic peptide. The formed amyloid fibrils are neutralized by 

accessory cellular molecules and deposited within the extracellular matrix, capable of driving 

severe diseases. The exciting revelation about amyloid formation is that the mature fibril does 

not contain significant cell toxicity, whereas the oligomeric transition state is the main culprit 

for the cytotoxicity of cells.78-80 

1.6.6. hIAPP induced toxicity: 

From various investigations about the role of protein in T2D, it was elucidated that the 

toxicity of hIAPP to islet cells evolved through triggering membrane destruction and 

apoptosis. Earlier it was considered that the toxic form of these aggregating peptides for the 

membrane damage process was the amyloid fibrils themselves. However, from recent studies, 

it is evident that the soluble oligomers are highly prone to the cytotoxicity of the 

biomolecules, whereas the mature fibrils remain relatively inactive during the process. 

Nevertheless, membrane disruption and amyloid fibril formation are two distinctly different 

processes centered in two discrete regions of hIAPP. It has been proposed that N-terminal 

hIAPP1-19 is mainly accountable for the interaction of the peptide with a membrane, whereas 

region hIAPP20-29 is responsible for amyloid growth.81 

The role of hIAPP-induced cytotoxicity is of great concern in the pathogenesis of T2D due to 

the ill-defined nature of the oligomers. However, they have been exclusively studied in vitro, 
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suggesting that they are inserted into cell membranes. The first identified toxicity process is 

the destruction of the lipid membrane, resulting in a severe effect on cellular homeostasis. 

The cytotoxicity of hIAPP is correlated with the pore-formation capability, where they can 

form channel-like pores by the oligomeric intermediates.82,83 

The key to connecting the role of amyloid fibril formation and T2D lies in understanding the 

mechanism behind the cytotoxicity of the intermediates. If the mechanism of cytotoxicity can 

be determined, whether it be through damaging the membrane or some other form, then it 

gives a pivotal point to determine how to prevent the damage causing the cell toxicity. hIAPP 

toxicity has also been suggested by its ability to perturb the membrane, and this process 

depends on the peptide to lipid ratio, pH, ionic strength, and lipid composition.84 In vitro, 

IAPP induced toxicity towards membrane disruption is initiated by a two-step process, which 

involves biphasic kinetics. Initially, the cytotoxicity occurs via ion-selective channel-like 

pore formation in the lipid layer, causing membrane destruction followed by cellular 

homeostasis. The pores formed are unstable and merge into larger aggregates in anionic lipid 

membranes, leading to detachment from the membrane. In the next phase, metal ion 

dyshomeostasis (Ca2+ ions) and the incitement of various stress signalling pathways adjoin 

cell death. 

Moreover, hIAPP is pushed into the lipid membrane, resulting in disruption of the cell 

membrane. Furthermore, several investigations revealed that the rapid aggregation of hIAPP 

results in reactive oxygen species (ROS), leading to cell death. In some cases, the process of 

fibril formation at the membrane surfaces is responsible for membrane disruption; however, 

other investigations provided the information of non-requirement of β-structure to disrupt the 

membrane. Although the pathological role of hIAPP oligomer intermediate is still in an 

argument, the role of mature fibrils should not be eliminated for the disruption of β-cell in 
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T2D. However, investigations, which could lead to an appropriate clarification of β-cell 

toxicity, would also open the door for the modified prospect of therapeutics against T2D.85 

1.7. Existing therapeutics against Diabetes: 

For curing any disease, its diagnosis is crucial and should be done as soon as possible. T1D is 

relatively uncomplicated as our body is unable to generate insulin required for body functions 

and hence it must be compensated by administering insulin from outsourcing. However, T2D 

is too complicated; hence, different techniques are deployed for the treatment. Analysis target 

for T2D may differ in many ways, starting with modulation in lifestyle adaptation such as 

healthy diet and regular exercise, oral medications including insulin penetration for the 

intense cases where lack of insulin occurs.86 Mainly, there are three types of insulin, i) 

synthetically produced human insulin, ii) animal insulin, and iii) insulin analogous. Among 

the three, in the third category, the chemical structure of human insulin is modified, due to 

which it may contribute rapid and long-lasting effects against the disease (Diabetes UK, 

2016). Although the most commonly used technique for T2D is insulin therapy, despite 

several modifications in insulin medications over the last few years, a complete cure has not 

been accomplished until now. Other treatments for T2D are available as some commercial 

drugs, including Metformin, Januvia, Janumet, Avandia, Avandamet, Symlimpen60, 

Symlinpen120, DPP-4 inhibitors (gliptins), thiazolidinediones (glitazones), an alpha-

glucosidase inhibitor, etc. All these medications can only provide temporary relief against 

diabetes but cannot stop the growth of secondary complications that may arise due to the 

severity of the disease (Diabetes UK, 2016). Although there is no complete cure for T2D, 

extensive research is in progress to develop proper therapeutics, and there lies a ray of hope 

for a complete cure of the dreadful disease. Recently, an analog of hIAPP called Pramlintide, 

containing three proline moieties in its peptide backbone, has a lower propensity to aggregate 
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and has received FDA approval for clinical implementation; however, it also suffers from 

several drawbacks.87 In recent investigations, it has been observed that medications like 

Lixisenatide used for treating T2D exhibited a neuroprotective effect, which applies to 

Alzheimer’s disease (AD).88 Further, it has also been reported that a diabetic person with very 

high blood glucose levels may experience a higher possibility of developing Alzheimer’s 

disease, which suggests a strong correlation between T2D and AD. Although this relationship 

is not fully understood, both diseases are characterized by the accumulation of insoluble 

amyloid resulting from the aggregating polypeptide. As there is no complete cure for AD too, 

from the above observation, it is suggested that developing a cure for diabetes may find better 

curative for AD and other amyloidogenic diseases. Moreover, Glucagon like peptide-1 (GLP-

1) agonists are considered as novel anti-diabetic therapeutics, which can improve the 

glycaemic control and induce weight loss. In clinical practices, few GLP-1 agonists have 

been approved as 2nd or 3rd line agents after the failure of the commonly used anti-diabetic 

drugs. However, their optimal role in the clinical management of T2D has not been 

accomplished yet.89 

Considering all these into account, inhibition of amyloid fibril formation or the ability to 

disrupt the preformed amyloid of hIAPP via resulting in non-toxic aggregates might lead to 

developing potential therapeutics against T2D. As the oligomers are considered toxic, such 

inhibitors or disruptors affect only the mature fibrils, but not the oligomeric species may not 

be specifically applicable as a therapeutic agent. Several modulators comprising small 

molecules, nanomaterials, composite materials, and natural products have been recognized as 

potential therapeutic agents for treating T2D.90-92 Further, another inhibitor, Epigallocatechin 

3-Gallate (EGCG), a biologically active flavanol in green tea, containing polyphenol moiety, 

was investigated for inhibition of aggregation that interacts with the monomer or early-

formed oligomers in a process that might be able to restrict the accumulation of the 
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destructive species of hIAPP. It has been observed that EGCG can entrap the monomeric 

polypeptides and alter the route for the formation of hIAPP aggregation via oligomers, which 

suggests that EGCG may inhibit hIAPP amyloid fibril formation along with restricting hIAPP 

induced toxicity.93 However, many factors, including inadequacy in specificity, cytotoxicity, 

quick metabolism, and most importantly, inefficiency in blocking extensive protein-protein 

interactions, suppressed the clinical application of small molecule-based modulators against 

hIAPP aggregation. 

Further investigation leads to the development of peptide-based inhibitors, which provide 

effective alternatives against aggregation of hIAPP due to their viability in synthesis and 

modification, biocompatibility, and faint immunogenicity. Further, the peptides and 

peptidomimetics inhibitors synthesized through slight modification of the aggregating peptide 

exhibited significant importance due to the large surface area of the protein-protein interphase 

for drug design against T2D. Moreover, peptides may be an excellent drug candidate due to 

their therapeutic superiority over the small molecules in target specificity, binding affinity, 

and low toxicity. However, due to awful membrane permeability, low solubility and 

proteolytic instability restrict peptides from being readily used as a drug.94 Systematic 

research and modification over the drawback of the peptide-based drug are being 

investigated, and the community is waiting for significant results against the deadly disease 

T2D or other amyloidogenic diseases. 
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1.8. Peptide-based inhibitors against hIAPP aggregation: 

Since it has been believed that T2D is a protein aggregation disease, the peptide-based 

inhibitor is thought to be one of the most exciting and practical therapeutic approaches 

against the disease. In the past two decades, several peptide-based inhibitors have been 

evaluated against hIAPP aggregation, which can be divided into two major categories and 

several subcategories, such as:  

1) Peptide inhibitors with natural amino acid 

a) Peptides derived from hIAPP sequence 

b) Peptides non-derived from hIAPP sequence 

2) Peptide inhibitors with the chemical transformation 

a) Containing N-alkylated peptides 

b) Involving D-amino acids 

c) Incorporating non-natural amino acids 

d) Cyclic and conjugated peptides 

1.8.1. Peptide inhibitors with natural amino acid: 

Various studies explored the involvement of several segments of the amyloidogenic hIAPP 

sequence and their role in developing amyloid fibrils. Nevertheless, the small peptide 

fragments of hIAPP, FGAIL (hIAPP23-27), NFGAIL (hIAPP22-27), SNNFGAIL (hIAPP20-27), 

and SNNFGAILSS (hIAPP20-29) are known to form amyloid fibril similar to that of full-

length hIAPP; however, no amyloidogenicity was observed for the sequence GAIL (hIAPP24-

27).
57,95 Furthermore, another region involving TNVGSNTY (hIAPP30-37) at C-terminal and 

ATQRLANFLVHSS (hIAPP8-20) undergoes self-association leading to the formation of 

amyloid in vivo, although hIAPP20-29 was considered as the key region for fibril 

formation.61,64,95 Thus, targeting this small peptide fragment and designing a small peptide-
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based inhibitor incorporating breaker element into a recognizing moiety was accepted as 

bright therapeutic tools against the formation of hIAPP amyloid and its disruption.  

Scrocchi et al. investigated and observed that (SNNFGA) hIAPP20-25 and (GAILSS) hIAPP24-

29 emerged as potent inhibitors when co-incubated with hIAPP and found to be efficient in 

inhibiting hIAPP mediated cell death.96 Further, Porat et al. observed that incorporating 

tyrosine in place of phenylalanine in the sequence of NFGAILSS (hIAPP22-29) found to be 

efficient in the inhibition of hIAPP aggregation. However, this modified peptide NYGAILSS 

failed in the cytotoxic assay to BTC-tet cell and reduced β-cell viability.97 Later in an 

investigation, Abedini et al. demonstrated the effect of proline insertion in the central 

hydrophobic region (I26P) on the full-length of hIAPP and observed that the I26P mutant 

accelerated the lag time of hIAPP aggregation by 20 times.98 However, in a different study, 

Cao et al. observed that rIAPP might be a highly effective inhibitor against hIAPP 

aggregation as rIAPP does not form any amyloid in vitro and in vivo, probably due to the 

presence of three proline residues in the rIAPP20-29. This strategy also increases the lag time of 

hIAPP aggregation by tenfold in 1:5 and 22 fold in 1:10 (hIAPP: rIAPP) ratio.99 Keeping 

these ideas, Wang et al. designed an analogous hIAPP by incorporating proline and some 

other amino acids in different residues to improve the solubility by increasing the net charge 

in the analogous. The quadruple mutant (H18R, A25P, S28P, S29P) and triple mutant (H18R, 

G24P, I26P) of hIAPP were observed to be non-amyloidogenic, non-toxic, and most 

interestingly displayed higher solubility than hIAPP and pramlintide at neutral pH.100 

However, in further investigation, Pramlintide (PM) showed higher inhibitory efficiency than 

rIAPP and the other mutant of pramlintide (H18R PM and F23L PM). Although PM has 

attractive efficiency in inhibiting the amyloid aggregation; however, it also undergoes lower 

solubility issues at physiological pH, proteolytic stability, and difficulty in synthesis, which 

diverted the researchers’ attention into the small peptide sequence.87 In a later experiment 
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performed by Khemtemourian et al. identified that hIAPP analogous (H18R, H18K, H18A, 

and H18E) displayed little fibril formation tendency in contrast to native hIAPP at 

physiological pH. Further, H18R-hIAPP pointed out to be a potent inhibitor, non-cytotoxic 

against hIAPP aggregation, which highlighted the significant influence of His-18, a residue 

positioned outside the key amyloidogenic hIAPP20-29 region.101 

In addition to the peptide-based inhibitor, which is derived from the amyloidogenic region of 

hIAPP, some other peptides, which lack that amyloidogenic region, have also been an 

effective inhibitor of amyloid aggregation. This group of peptide-based inhibitors includes β-

cell granule peptide, insulin β-chain sequence, polyethylene glycol-modified on EALYLV 

peptide sequence, TK9 (TVYVYSRV(-NH2) derived from extra membrane C-terminal tail of 

SARS coronavirus envelop, etc., which were able to inhibit the uncontrolled hIAPP 

aggregation by an unknown mechanism.102-104 In the recent modification of Shi. et al., a novel 

polypeptide FLPNF evaluated its inhibitory efficacy against hIAPP aggregation in a 1:10 

molar ratio via π-π stacking interactions of phe5 residue with phe15 of hIAPP. Further, Xuan 

et al. designed a solution-phase bio panning technique to identify de novo peptide 

LTPHKHHKHLHA (LA12), which binds specifically to the core region of the hIAPP 

monomer and able to arrest its aggregation and lowered hIAPP induced cytotoxicity.105 

1.8.2. Peptide inhibitors with chemical transformation: 

Over and above the techniques, several modified peptide-based inhibitors were investigated 

with various chemical transformations with the aggregating peptide sequence. N-methylation 

at the native peptide sequence diminished NH groups’ H-bonding ability and contributed 

conformational restriction to the peptide backbone. Further, the N-methylation techniques 

provided higher stability of the peptides against the proteolytic enzyme, which furnished 

additional superiority for the in vivo application of this technique over protein aggregating 

diseases. Kapurniotu et al. demonstrated the non-amyloidogenic behaviour of selective N-
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methylated derivative on the amyloidogenic sequence of hIAPP. Double N-methylated 

derivatives such as F(N-Me)GA(N-Me)IL, NF(N-Me)GA(N-Me)IL, SNNF(N-Me)GA(N-

Me)IL found not only lack of amyloid-forming tendency, it also observed to be an effective 

inhibitor against the amyloid formation and diminishing cytotoxicity of hIAPP induced β-cell 

death. 106 Later, Yan et al. reported a double N-methylated hIAPP analog as hIAPP-GI 

[G24(N-Me), I26(N-Me)] gained a highly potential inhibitive nature against amyloid via 

strong binding affinity with hIAPP in contrast to the double N-methylated hIAPP20-27 

version.107  

Furthermore, several peptide-based inhibitors have been reported as effective against 

amyloidosis with the involvement of D-amino acid. Increased bioavailability, less 

immunogenic nature and higher proteolytic stability over their L-amino acid counterparts 

made the D-amino acid-containing peptides a promising technique against T2D. Wang et al. 

demonstrated that all D-amino acid-containing D-NFGAIL could inhibit aggregation 

effectively and rescuing the cell from hIAPP induced toxicity.108 Moreover, Huggins et al. 

described that hairpin peptides containing D-proline inside cross-strand Trp-Trp (WW) and 

Tyr-Tyr (YY) pairs able to modulate aggregation caused by hIAPP. The hairpin peptides 

WW2 (KKLTVW-IpGK-WITVSA), YY2 ((KKLTVY-IpGK-YITVSA) and WW4 

(KKLWVS-IpGK-KIWVSA) were able to increase the lag time of hIAPP aggregation more 

effectively than the rIAPP, including suppression of toxicity imposed by hIAPP. Further, 

these peptides were proposed to bear an exposed hydrophobic site, which interacts with the 

amyloidogenic region of hIAPP to block the peptides self-assembly process.109 

In addition to these techniques, incorporating non-natural amino acids into the parent 

sequence has emerged as a positive strategy to terminate the amyloid formation. Peptides 

containing modified or non-coded amino acids have far better proteolytic resistance and 

higher bioavailability, facilitating the non-natural consisting peptides as an encouraging 
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therapeutic agent against challenging bio-molecular targets, including hIAPP aggregation. 

Gilead et al. reported that incorporation of α-aminoisobutyric acid (Aib) in hIAPP13-20 

sequence increases significant inhibition properties with a higher association for binding with 

hIAPP.110 Andreasen et al. demonstrated that single site backbone modification at hIAPP20-29 

or hIAPP22-27 by hydroxyethylene, ketomethylene or peptoid formation effectively modulates 

hIAPP aggregation.111 Later, Mishra et al. investigated the incorporation of ∆F (non-natural 

amino acid and analog of phenylalanine with a double bond between Cα and Cβ atoms) at I26 

position of hIAPP23-27.
112

 From the investigation, it was observed that the modified inhibitor 

was able to inhibit hIAPP aggregation exclusively and it does not contain any cytotoxic effect 

on cultured pancreatic rat insulinoma (RIN 5fm) cells. 

One more technique involving cyclic and conjugated peptides, which displayed better activity 

compared to their linear analogs due to the conformational rigidity, has emerged. These 

peptides have emerged as a promising medicinal activity due to their biochemical stability, 

structural rigidity, selectivity, and membrane permeability. Sivanesam et al. demonstrated 

two sequences, β-cap-WW2 (AcW-KKLTVW-IpGK-WITV-SAWTG-NH2) and cyclo-WW2 

[cyclo-(GKWITVS-IpPKKLTVWIp)], possessing rigid and more stable β-hairpin 

conformation, which showed effective inhibition against the amyloid formation; however, the 

cyclo-WW2 acted as more potent inhibitors at sub-stoichiometric too.113 Moreover, Profit et 

al. engineered an octa-peptide NFGAILSS by conjugating substitution benzene carboxylic 

acid, distinguishingly at the N-terminal of the peptides. Among various conjugates, the 

substitution of 2,4,5-tricarboxylic benzoic acid at the N-terminal (C1) showed effective 

abolishment of amyloid fibril of hIAPP, which blocked the conformational transition to the 

aggregation-prone β-sheet structure. From the mechanistic angle, the electrostatic repulsion 

between hIAPP and C1 might able to prevent the oligomerization by stabilizing off-pathway 

helical intermediates and finally could restrict the amyloid formation.114 
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1.9. Objective of the thesis: 

Over the past two decades, extensive research has been carried out for drug development 

against T2D; however, a complete cure is yet to achieve. Although the exact cause of the 

disease is still under lively debate, IAPP amyloid deposition via aggregation associated with 

reduced β-cell mass is believed to contribute to the progress of T2D significantly. Numerous 

strategies have been taken care of against the disease, including small molecule-based 

inhibitors and peptide-based therapeutic agents. However, several factors, including lack of 

specificity, minimal protein interaction tendency, and cytotoxicity, restrained small molecule-

based inhibitors as promising pharmacological agents against amyloid aggregation. Further, 

peptide-based inhibitors significantly affected hIAPP aggregation and its induced 

cytotoxicity; still, the effective therapeutic agent is yet to deliver to society due to several 

obstacles that interrupted the development of a proper drug. These obstacles include 

understanding the hIAPP aggregation mechanism in vitro and in vivo, the difficulty of 

targeting initiation sites of islet amyloid formation, elucidation of the behaviour of toxic 

species, and the mechanism of cell death induced by hIAPP. Although  Pramlintide, marketed 

as Symlin, received FDA approval for clinical application, it possesses several drawbacks, 

including less solubility at physiological pH, less stability against proteolytic degradation, 

and antagonistic solubility, which restrict the co-formulation with insulin. Moreover, most 

reported β-sheet breaker peptides are unstable against proteolytic degradation, ineffective 

against cytotoxicity, poor membrane permeability, including higher doses of inhibitors. 

Hence, developing a promising therapeutic agent with minimal side effects with lower doses 

against T2D will be achieved by elucidating the proper mechanism of hIAPP aggregation.115 

Keeping in mind the drawbacks of peptide-based inhibitors, our main objective is to develop 

modified β-sheet breaker hybrid peptides to fight against T2D using conformationally 

restricted peptides. For this purpose, we have selected various isomers of aminobenzoic acid 
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(especially 2-aminobenzoic acid) as a β-breaker element. 2-aminobenzoic acid or anthranilic 

acid (Ant) is an interesting component of peptidomimetics due to the conformational 

restriction imposed by its structure. In the structure of Ant, both the amine group and the 

carboxyl group are directly connected to the aromatic moiety, constituting a planar structure 

with a fixed dihedral angel, Φ = 0°.116 Therefore, in the peptide sequence containing Ant in 

the backbone, conformational rigidity was enhanced due to the π-stacking ability of the 

aromatic moiety.117,118. Due to its higher structural rigidity, we planned to incorporate Ant as 

a β-breaker element into the peptide backbone within the central hydrophobic region of 

hIAPP peptide. Furthermore, the Ant moiety favours the formation of either a turn or a 

helical conformation while inserted into the peptide sequence. 119. Moreover, anthranilic acid 

is found in many biologically active naturally occurring peptides (e.g. psychrophilin, 

cycloaspeptide, asperterrestide, etc.), and it is the precursor for the biosynthesis of 

tryptophan.120. Most importantly, it is a β-amino acid, which can improve the proteolytic 

stability in enzymes over the α-amino acids.121 

The objectives of the thesis are: 

1. To introduce β, γ and δ aminobenzoic acids as modulators of β-sheet breaker hybrid 

peptides (BSBHps) and investigation of their effects on hIAPP fibrillogenesis. 

2. To develop BSBHps incorporating various isomers of aminobenzoic acid as a double 

mutant to arrest hIAPP aggregation. 

3. To investigate the anti-amyloid activity of single point mutation by rigid β-amino acid 

in hIAPP8-37 at different positions. 

4. To develop a novel side chain to tail stapled peptides and apply their anti-

amyloidogenic efficacy in inhibiting hIAPP amyloid and disrupting the preformed 

hIAPP amyloid. 
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Chapter 2: Introduction of β, γ, and δ aminobenzoic acid as β-

sheet breaker hybrid peptides and their applications in the 

inhibition of hIAPP aggregation 

 

 

2.1. β-sheet breaker hybrid peptides: 

Initially, Westermark et al. pointed out that a limited segment of hIAPP has an intrinsic 

tendency to form amyloid, which might be responsible for T2D. The small peptide fragments 

of hIAPP, such as FGAIL (hIAPP23-27), NFGAIL (hIAPP22-27), SNNFGAIL (hIAPP20-27), and 

SNNFGAILSS (hIAPP20-29) are sufficient for the formation of amyloid in vitro in a similar 

fashion as hIAPP1-37. 
60,105 Hence, if one focuses on these peptide sequences and plan for a 

small peptide-based inhibitor constituting a breaker element inside the recognition sequence, 

it may lead to a promising strategy against the formation of amyloid and its disruption. Soto 

et al. introduced the concept of β-sheet breaker peptides (BSBPs), which emerged out to be a 

great discovery in the field of amyloid disruption.122 They incorporated proline residue as a 

breaker element into the recognition motif of the Aβ peptide and illustrated its efficiency to 

disrupt the amyloid by generating a kink in the sequence. In line with this, various small 

peptide-based inhibitors containing different breaker elements are already described, 

including N-methylated amino acids,106 α-aminoisobutyric acids (Aib),110 α,β-

dehydrophenylalanine,112 and aspartic acid derivatives.123 However, one of the major 

drawbacks of these breaker elements is proteolytic instability, as they contain α-amino acids 

and degrade quickly in presence of proteolytic enzymes. On the contrary, 2-aminobenzoic 

acid is a β-amino acid, which possesses higher structural rigidity. Its insertion in a peptide 

sequence prefers the development of turn or helical conformation.118,119 Furthermore, 2-
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aminobenzoic acid derivatives have been reported as transthyretin amyloid fibril and Aβ 

peptide aggregation inhibitors.124,125 Hence, we assumed that the insertion of β, γ, and δ 

aminobenzoic acids in a small recognising peptide sequence would increase proteolytic 

stability and be a better peptide-based inhibitor against hIAPP amyloid aggregation.121 

Here, we have inserted three conformationally restricted aromatic amino acids, such as β (2-

aminobenzoic acid or 2-Abz), γ (3-aminobenzoic acid or 3-Abz), and δ (4-aminobenzoic acid 

or 4-Abz) individually in the hIAPP22-27 sequence and synthesized α/β, α/γ, and α/δ hybrid 

peptidomimetics, which were collectively termed as β-sheet breaker hybrid peptides 

(BSBHps). Then, we wished to demonstrate their effects of inhibition on the aggregation of 

hIAPP1-37. Further, we wished to explore the efficiency of the synthesized BSBHps to disrupt 

hIAPP1-37 amyloids and investigate the extent of toxicity of the disrupted species. 

2.2. Proposed hypothesis: 

Various strategies have been adopted to fight against amyloid-related diseases, but no 

complete cure has been established yet. However, peptides are believed to be highly 

selective, safe, and efficient; thus, they have been categorized as a better approach to 

challenge amyloidogenesis.126 Hence, our prime motive is to develop a suitable peptide-based 

strategy to inhibit the amyloid or disrupt the preformed amyloid of the aggregating peptide. 

We proceeded with this inspiration for some β-breaker peptides containing different 

aminobenzoic acid isomers and expected that these might act effectively against hIAPP 

amyloid (Scheme 2.1). 
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Scheme 2.1: Schematic representation of hIAPP aggregation and proposed hypothesis for the 

inhibition process of amyloid formation by single mutant BSBHp. 

 

2.3. Design of peptides: 

The wild type hIAPP1-37 is one of the most highly amyloidogenic polypeptides known to date 

and is more prone to form amyloid than the wild type Aβ1-42 peptide.99 Therefore, the 

generation of inhibitors against hIAPP amyloid aggregation is a challenging task. To attain 

this goal, initially, we synthesized the central hydrophobic segment NFGAIL (hIAPP22-27, 

peptide 2A), which forms amyloid aggregates similar to hIAPP.95 Further, we synthesized 

three BSBHps by inserting various isomers of aminobenzoic acid (2, 3, and 4-aminobenzoic 

acid) separately as breaker components in the peptide 2A and finally analysed their 

efficiencies in inhibiting hIAPP amyloid formation. Along with these, we synthesized one 

control breaker peptide via incorporating α-aminoisobutyric acid (Aib) in the peptide 2A to 

compare the results.127,128 Various breaker components were incorporated in all the BSBHps 

at the I26 position to maintain the sequence homology for recognition with N-F-G-A 
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(hIAPP22-25) tetrapeptide residue. We considered I26 position for the breaker element 

insertion as several peptide-based inhibitors have been reported using hIAPP20-29 fragment as 

the basic unit.95,107 

Table 2.1: Sequences of the synthesized peptides for the present study: 

peptide 

no. 

 peptide sequence  molecular mass [M+H]+ 

(expected/ observed) 

 function 

2A  NFGAIL  633.3724/ 633.3748  Aggregating 

2B  NFGAX1L  605.3411/ 605.3627  control 

2C  NFGAX2L  639.3255/ 639.3310  inhibitor 

2D  NFGAX3L  639.3255/ 639.3315  inhibitor 

2E  NFGAX4L  639.3555/ 639.3335  inhibitor 

N.B. Standard amino acids are represented by one letter code, X1 = α-aminoisobutyric acid (Aib), X2 

= 2-aminobenzoic acid (2-Abz), X3 = 3-aminobenzoic acid (3-Abz), and X4 = 4-aminobenzoic acid 

(4-Abz). 

 

2.4. Synthesis and characterization of the designed peptides: 

We have synthesized all the designed peptides by solid-phase peptide synthesis (SPPS) 

strategy on a Tarson blood tube rotator using standard Fmoc/t-Bu protecting group on Rink 

Amide MBHA resin following standard protocols (described in chapter 6 section 6.4).129,130  

Solid white powder of pure peptides were obtained after synthesis followed by purification 

and lyophilization (The details of the yield have been described in the experimental section). 

Finally, the purity of the peptides was further checked with Waters analytical HPLC 

instruments and characterized by ESI mass spectrometry. A representative example of the 

synthetic protocol of 2C has been depicted in scheme 2.2. All other peptides were 

synthesized in a similar process. The characterization data for the synthesized peptides are 

shown below (Figure 2.1-2.10).  
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Scheme 2.2 : The synthetic scheme of peptide 2C. 
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Figure 2.1: HPLC profile of the purified peptide 2A. 

 

Figure 2.2: ESI mass spectrum of peptide 2A. Calculated mass for C30H49N8O7 is 633.3724 [M+H]+, 

observed 633.3748 [M+H]+and calculated mass for C30H48N8O7Na is 655.3544 [M+Na]+, observed 

655.3568 [M+Na]+. 
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Figure 2.3: HPLC profile of the purified peptide 2B. 

 

Figure 2.4: ESI mass spectrum of peptide 2B. Calculated mass for C28H45N8O7 is 605.3411 [M+H]+, 

observed 605.3627 [M+H]+ and calculated mass for C28H44N8O7Na is 627.3231 [M+Na]+, observed 

627.3393 [M+Na]+. 
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Figure 2.5: HPLC profile of the purified peptide 2C. 

 

Figure 2.6: ESI mass spectrum of peptide 2C. Calculated mass for C31H43N8O7 is 639.3255 [M+H]+, 

observed 639.3310 [M+H]+ and calculated mass for C31H42N8O7Na is 661.3074 [M+Na]+, observed 

661.3120 [M+Na]+. 
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Figure 2.7: HPLC profile of the purified peptide 2D. 

 

Figure 2.8: ESI mass spectrum of peptide 2D. Calculated mass for C31H43N8O7 is 639.3255 [M+H]+, 

observed 639.3315 [M+H]+ and calculated mass for C31H42N8O7Na is 661.3074 [M+Na]+, observed 

661.3106 [M+Na]+. 
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Figure 2.9: HPLC profile of the purified peptide 2E. 

 

Figure 2.10: ESI mass spectrum of peptide 2E. Calculated mass for C31H43N8O7 is 639.3255 [M+H]+, 

observed 639.3335 [M+H]+. 
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2.5. Amyloidogenic nature of the designed β-sheet breaker hybrid 

peptidomimetics (BSBHps): 

Before applying the BSBHps in inhibiting the aggregation of the aggregating peptide, it is 

crucial to find the amyloidogenic nature of the peptides. Hence, we first investigated the 

amyloidogenicity of the synthesized peptides using various biophysical tools. 

2.5.1. Conformational characterization of BSBHps by CD and FTIR studies: 

The conformational analyses of the BSBHps were monitored by circular dichroism (CD) and 

Fourier transform infrared (FTIR) spectroscopic assays. To perform the biophysical studies, 

the peptides were dissolved in 50 mM PBS (phosphate buffer solution, pH 7.4) containing 

3% DMSO to prepare a stock solution of concentration 40 M. The stock solutions of the 

peptides were kept in incubation on a water bath at 37 °C for five days. After five days of 

incubation, the conformations of the BSBHps were investigated using CD and FTIR (Figure 

2.11).  

From the CD spectrum of 2A, we observed a negative band at ~ 220-225 nm and a positive 

band at ~ 195-200 nm, suggesting the peptide attains a β-sheet conformation.23 On the other 

hand, such specific bands were missing for the peptides 2B, 2C, and 2D, indicating non-β-

sheet and a mixture of conformations. However, for the peptide 2E, some β-sheet rich 

conformation was observed from the CD experiment. 

Similarly, from the FTIR spectra, we noticed an amide I band at 1631 cm-1 for the peptide 

2A, indicating β-sheet rich conformation.23 On the contrary, the amide I band shifted up to 

1653 cm-1, 1654 cm-1 and 1654 cm-1 for the peptides 2B, 2C, and 2D, respectively, indicating 

non-β-sheet conformation. However, peptide 2E showed some β-sheet conformation, as 

evident from FTIR as the band appeared at 1638 cm-1. 
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Figure 2.11: (a) CD and (b) FTIR spectra of peptide 2A (black), 2B (red) 2C (blue), 2D (orange) and 

2E (magenta). Spectra were recorded after 5 days of incubation of the peptides in PBS (50 mM) at pH 

7.4 and 37 °C.  

 

2.5.2. Amyloidogenic characterization of the synthesized peptides by TEM and Congo 

red stained birefringence studies: 

From the conformational analysis of BSBHps, it was evident that peptides 2A and 2E exist in 

β-sheet rich conformation at physiological condition. However, the other peptides 2B, 2C, 

and 2D existed in mixed conformations at the same conditions. To elucidate the 

amyloidogenicity of the peptides, we further investigated TEM and Congo red stained 

birefringence experiments (Figure 2.12). 

10 L aliquot of the peptide solution from the stock solutions (as described in section 2.5.1) 

was spotted on the dark side of the carbon-coated copper grid and air-dried for 2 minutes. 

After that, the samples were negatively stained by adding 2% uranyl acetate solution (10 μL) 

and were allowed to float for 2 min, and the additional solution was withdrawn with blotting 

paper. The sample was dried at room temperature and examined by TEM at 200 kV on a 

JEOL instrument. Similarly, for the Congo red stained birefringence study, 10 L aliquot 

from the five days incubated peptide solution was added over a microscopic glass slide and 

kept for 6h for complete air dry. After that 10 L of the filtered Congo red solution was 

TH-2686_146122023



Chapter 2  Introduction of β, γ and δ aminobenzoic acid as β-sheet 

breaker hybrid peptides and their applications in the inhibition of hIAPP aggregation 

46 

 

added over the samples and air-dried at room temperature for 6h. Finally, the prepared 

samples were examined under a Leica ICC50 HD polarizable microscope. 

 

Figure 2.12: (a) TEM and (b) Congo red stained birefringence images of peptide 2A (i), 2B (ii), 2C 

(iii), 2D (iv) and 2E (v). Images were captured after five days of incubation of the peptides in PBS (50 

mM) at pH 7.4 and 37 °C.  

 

The presence of fibrillar morphology under an electron microscope is a characteristic feature 

of amyloid formed by a peptide.23 Peptide 2A showed fibrillar morphology (Figure 2.12 (a) 

(i)) when viewed under TEM, indicating amyloid formation. However, no such fibrillar 

assemblies were observed for breaker peptidomimetics 2B, 2C, and 2D (Figure 2.12 (a) (ii, 

iii, iv respectively)). On the other hand, we noticed some fibrillar morphology for 

peptidomimetic 2E, indicating its amyloidogenic nature. (Figure 2.12 (a) (v)). Again, the 

appearance of green-gold birefringence under cross-polarized light upon staining with Congo 

red is a specific property of amyloid, and we noticed the specific birefringence for peptide 2A 

(Figure 2.12 (b) (i)) and slight birefringence for the peptide 2E (Figure 2.12 (b) (v)) 

supporting their amyloidogenic nature. However, we did not notice any such birefringence 

for breaker peptidomimetics 2B, 2C, and 2D, indicating their non-amyloidogenic nature 

(Figure 2.12 (b) (ii, iii, iv)).23 
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The experimental investigations showed that the peptide 2A (NFGAIL) developed amyloid 

fibrils similar to hIAPP. We observed the non-amyloidogenic nature of 2-Abz (X2) and 3-Abz 

(X3) containing peptidomimetics, 2C and 2D. Further, we also observed the non-

amyloidogenic nature of the control peptide 2B containing Aib (X1) unit. However, 

peptidomimetics 2E containing 4-Abz (X4) unit exhibited some amyloidogenic properties. 

2.6. Inhibition of amyloid formation of hIAPP by BSBHps: 

To examine the inhibitory efficacy of the single breaker element (I26X) containing BSBHps 

(2C, 2D, and 2E) and compare the results with control peptide 2B, we carried out several 

biophysical studies with aggregating hIAPP. hIAPP was co-incubated in the absence and 

presence of BSBHps and the control peptide at physiological conditions up to 7 days. The 

kinetics of amyloid formation was monitored using different biophysical experiments. To 

examine the dose-dependence effect, 2-, 5-, and 10-fold molar ratios of the BSBHps were 

incubated with 40 M of hIAPP in PBS (50 mM). 

2.6.1. Monitoring conformational transition by CD and FTIR studies: 

At first, we checked the changes in conformation of the aggregating peptide, hIAPP in the 

absence and presence of the BSBHps. We assembled four distinct sets of solutions for 

performing the conformational study, where the concentration of hIAPP remained 40 M in 

each sets. In the first set, only hIAPP was present in PBS of pH 7.4, while in the other three 

sets; hIAPP was mixed with the BSBHps in a molar ratio of 1:2, 1:5, and 1:10, maintaining 

the same concentration of hIAPP. Each set contains two replicate solutions. All the different 

sets were prepared in PBS of pH 7.4 and incubated at 37 °C on a water bath for seven days 

and checked the conformation of hIAPP (40 M) in the absence and presence of the 80 M, 

200 M and 400 M of BSBHps respectively using CD and FTIR studies (Figure 2.13).  
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For CD analysis, a total volume of 200 L of the peptide solution without further dilution 

was taken in a 1 mm path length quartz cuvette. An average of three scans was accumulated 

for each sample on a JASCO J-1500 spectrometer. For FTIR analysis, 20 L of the stock 

peptide solution was drawn off, combined with KBr, prepared the pellets, and analysed with 

background subtraction to obtain the final spectra. 

 

Figure 2.13: (a) CD and (b) FTIR spectra of hIAPP alone (black) and in co-incubation with 10 fold 

molar ratios of peptidomimetics 2B (red), 2C (blue), 2D (orange) and 2E (magenta). Spectra were 

recorded after 7 days of incubation of the peptides in PBS (50 mM) at pH 7.4  and 37 °C.  

 

The aggregating peptide hIAPP, when incubated alone, exhibited a negative band at ~220-

225 nm and a positive band at ~200 nm in CD profile (black, Figure 2.13 (a)) and a strong 

band at 1627 cm-1 in FTIR spectra (black, Figure 2.13 (b)), which indicated the precise β-

sheet conformation of hIAPP. On the other hand, hIAPP, when co-existed with 

peptidomimetics 2C and 2D (10-fold molar excess), no such specific β-sheet conformations 

were noticeable from CD spectra (Figure 2.13 (a)). There was no characteristic band for β-

sheet in CD profile, whereas, in FTIR, the amide I band shifted up to 1659 cm-1 and 1665 cm-

1, respectively, indicating significant inhibition of hIAPP aggregation in the presence of 2C 

and 2D (10-fold molar excess, Figure 2.13 (b)). The control peptidomimetics 2B also showed 
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significant inhibitory efficacy in 10 fold molar excess, as evident from CD and FTIR. 

However, in the presence of peptide 2E in that same ratio, minor β-sheet characteristic 

conformation persisted in the CD and FTIR analyses, signifying non-inhibition of 

aggregation (Figure 2.13).  

 

Figure 2.14: CD spectra of hIAPP alone (black) and in co-incubation with (a) 2-fold and (b) 5-fold 

molar ratios of peptidomimetics 2B (red), 2C (blue), 2D (orange) and 2E (magenta). Spectra were 

captured after seven days of incubation of the peptides in PBS (50 mM) at pH 7.4  and 37 °C.  

 

Figure 2.15: FTIR spectra of hIAPP alone (black) and in co-incubation with (a) 2-fold and (b) 5-fold 

molar ratios of peptidomimetics 2B (red), 2C (blue), 2D (orange) and 2E (magenta). Spectra were 

captured after seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C.  
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Again, in the presence of 2-fold and 5-fold molar excesses of the breaker peptides, hIAPP 

exhibited similar results with lesser efficiency than the 10-fold molar ratio in both CD and 

FTIR analyses. (Figure 2.14 and Figure 2.15) 

 

2.6.2. Monitoring the kinetics of amyloid formation and its subsequent inhibition by 

BSBHps via ThT fluorescence assay: 

The elevation in fluorescence intensity of a protein or peptide upon binding with Thioflavin T 

(ThT) dye is a specific feature of the presence of amyloid in the solution, which provides 

quantitative direction on the growth of amyloid in the peptide sample.23 The kinetics of 

amyloid fibril formation of hIAPP and its inhibition efficacy by the BSBHps were observed 

by a time-dependent ThT fluorescence assay. For the ThT fluorescence assay, stock solutions 

were prepared in a similar process as in CD and FTIR experiments (described in 2.6.1 

section) and incubated at 37 °C in PBS of pH 7.4 up to 7 days. At an interval of 12h, 40 μL of 

the stock solution was mixed with 160 μL of PBS (pH 7.4, 50 mM) and added 200 μL of ThT 

solution (50 M) to make up the final volume of 400 L. However, 200 μL of PBS solution 

was mixed with 200 L of Thioflavin T solution for the reference sample. Fluorescence 

emission was measured at 485 nm, fixing the excitation at 440 nm, with each scan repeating 

three times using a slit of 5 nm on a Fluoromax-4 Horiba Fluorospectrometer. We have 

prepared two sets of samples for each measurement, and three readings were scanned 

separately for each set. Thus, an average of six readings was taken and plotted as F/F0 along 

the y-axis (where, F= average fluorescence value of the samples at time t, F0= fluorescence 

value of the reference in the absence of sample at time t) against time (h) along the x-axis 

with observed standard deviation set as y-error. It is important to mention that the mutant 
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peptides (BSBHps) are itself non-fluorescent and non-aggregating. Hence, they do not 

interfere with the ThT fluorescence through quenching mechanism. 

From the same study, the relative % of amyloid present in the sample was also calculated at 

the highest incubation time, i.e., at 168h, using the following formula. 

% of amyloid =
(Observed fluorescence in the presence of the peptide − 1)

(Observed fluorescence in the absence of the peptide − 1)
 × 100 % 

where, 1 was considered as a normalisation factor. 

The fluorescence intensity was observed to increase significantly when hIAPP existed alone 

in the solution (black, Figure 2.16 (a)). However, hIAPP in co-incubation with 10-fold molar 

ratio of peptidomimetic 2C (blue, Figure 2.16 (a)) and 2D (orange, Figure 2.16 (a)) the 

fluorescence intensity restrained to ~55% (blue, Figure 2.16 (b)) and ~50% (orange, Figure 

2.16 (b)) respectively, suggesting significant inhibition of amyloid formation. Likewise, 

control peptidomimetic 2B (red, Figure 2.16 (a)) also inhibited the amyloid formation 

appreciably up to ~40% (red, Figure 2.16 (b)). On the contrary, the presence of 

peptidomimetic 2E (magenta, Figure 2.16 (a)) enhanced the fluorescence intensity up to ~5% 

(magenta, Figure 2.16 (b)) instead of showing inhibition of amyloid formation. 
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Figure 2.16: (a) Time dependent ThT fluorescence spectra of hIAPP (40 µM) alone (black) and in co-

incubation with 10-fold molar ratios of 2B (red), 2C (blue), 2D (orange) and 2E (magenta). (b) Dose 

dependent ThT fluorescence spectra at 168h of hIAPP (40 µM) alone (black) and in co-incubation 

with different molar ratios of 2B (red), 2C (blue), 2D (orange) and 2E (magenta).  

 

Figure 2.17: Time dependent ThT fluorescence spectra of hIAPP (40 µM) alone (black) and in co-

incubation with (a) 2-fold (b) 5-fold molar ratios of peptidomimetics, 2B (red), 2C (blue), 2D 

(orange) and 2E (magenta).  

 

From the dose-dependent study, we observed that 2-fold molar ratio (Figure 2.17 (a)) of the 

peptidomimetics, 2B, 2C and 2D, when co-incubated with hIAPP, were inefficient for 

TH-2686_146122023



Chapter 2  Introduction of β, γ and δ aminobenzoic acid as β-sheet 

breaker hybrid peptides and their applications in the inhibition of hIAPP aggregation 

53 

 

inhibiting the amyloid formation of hIAPP. However, increasing the molar ratio to 5-fold 

(Figure 2.17 (b)), the efficiency of inhibition was found to increase and observed to be more 

pronounced with 10-fold molar ratio (Figure 2.16) of the peptidomimetics. 

2.6.3. Monitoring the amyloid formation by TEM and Congo red birefringence studies: 

Fibrillar assembly under TEM and appearance of characteristic green-gold birefringence 

under cross polarised light when a peptide is stained with Congo red dye are direct evidences 

for amyloid formation.23 After seven days of incubation at physiological conditions, from the 

stock solution (as discussed in section 2.6.1) 10 L aliquot of each solution was taken out and 

analysed the sample under TEM (prepared the samples as described in section 2.5.2). The 

hIAPP sample when present alone, exhibited clear fibrillar morphology when viewed under 

TEM (Figure 2.18 (a) (i)), specifying the presence of amyloid. However, hIAPP in co-

incubation with 10-fold molar ratio of peptidomimetics 2B (Figure 2.18 (a) (ii), 2C (Figure 

2.18 (a) (iii)) and 2D (Figure 2.18 (a) (iv)), such fibrillar assembly was not observed, which 

demonstrated significant inhibition of hIAPP amyloid. On the other hand, when the 

peptidomimetic 2E (Figure 2.18 (a) (v)) was co-incubated with hIAPP, fibrillar assembly was 

noted, indicating the inefficiency of 2E in inhibiting fibrillization. 

As another complimentary evidence of amyloid formation, Congo red stained birefringence 

study was also performed (prepared the samples as described in section 2.5.2.) The hIAPP, 

when present alone, exhibited green-gold birefringence (Figure 2.18 (b) (i)), denoting 

amyloid formation. In contrast, hIAPP in co-incubation with a 10-fold molar ratio of 

peptidomimetics 2B (Figure 2.18 (b) (ii), 2C (Figure 2.18 (b) (iii) and 2D (Figure 2.18 (b) 

(iv), no such specific birefringence was noticed, suggesting remarkable inhibition of hIAPP 

amyloid formation. Whereas, in the presence of peptidomimetic 2E (Figure 2.18 (b) (v), we 
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noticed some characteristic green-gold birefringence, which again indicated the negative 

efficiency of 2E in inhibiting the growth of hIAPP amyloid fibrils. 

 

Figure 2.18: (a) TEM and (b) Congo red birefringence images of hIAPP alone (i) and in co-

incubation with 10-fold molar ratios of peptidomimetics, 2B (ii), 2C (iii), 2D (iv) and 2E (v). Images 

were captured after 7 days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C.  

 

2.7. Disruption of preformed amyloid fibril of hIAPP by BSBHps: 

From the earlier inhibition study, we observed effective inhibition of hIAPP amyloid 

formation while co-incubating hIAPP with BSBHps (2C and 2D). The hIAPP-induced 

cytotoxicity may arise due to the presence of the oligomers and amyloid of the aggregating 

peptide. Hence, to be an effective therapeutic agent, the peptidomimetics must disrupt the 

preformed amyloid into a non-oligomeric state. Therefore, we analysed the potential of the 

BSBHps in disrupting the preformed hIAPP amyloid in vitro. From the initial ThT 

fluorescence assay (black, Figure 2.16 (a)), we witnessed that hIAPP fibrillization attained its 

maximum at ~45-50h. Hence, to study the effects of the BSBHps on preformed hIAPP 

amyloid, we sketched a study where the BSBHps were added to the preformed mature fibrils 

of hIAPP. The hIAPP was incubated exclusively at the physiological condition in PBS for 

48h to allow to form matured amyloid fibrils. Different molar ratios (2-, 5- and 10-fold) of 
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BSBHps were added to it. Fibrillogenesis was monitored by various biophysical techniques. 

The samples for the different studies were prepared similarly as described above in section 

2.6. Since BSBHp 2E was inefficient in inhibiting the fibrillization of hIAPP, we excluded it 

from the disruption study. 

2.7.1. Monitoring conformational transition by CD and FTIR studies: 

Incubating for 7 (2+5) days, it was observed from the CD analysis that hIAPP alone showed a 

negative band centered at ~ 220 nm and a simultaneous positive band centered at ~ 200 nm, 

confirming β-sheet conformation of hIAPP (Figure 2.19 (a)). However, when hIAPP was co-

incubated with 10-fold molar ratios of 2C and 2D (Figure 2.19 (a)), such β-sheet 

conformation was not observed, suggesting appreciable disruption of hIAPP amyloid. The 

dose-dependent study revealed that in the presence of the BSBHps, β-sheet content reduced 

gradually (Figure 2.18) as the doses were increased, giving mixtures of conformation. Similar 

results were obtained in the presence of the control peptide 2B (Figure 2.19 (a) and 2.20), 

which also indicated the conversion of β-sheet conformation into a mixture of conformations. 

From the FTIR spectra, we noticed a sharp band of amide I at 1630 cm-1 when only hIAPP 

was incubated at physiological condition, confirming characteristic β-sheet conformation 

(Figure 2.19 (b)). However, the band shifted to 1650 cm-1 and 1652 cm-1 in co-incubation 

with 10-fold molar ratios of 2C and 2D respectively indicating conversion of β-sheet 

conformation. In contrast, in the presence of 2-fold and 5-fold molar ratios of BSBHps with 

hIAPP, similar results with less efficiency were observed (Figure 2.21). Meanwhile, in the 

presence of the control peptidomimetics, 2B with various doses (Figure 2.19 (b) and 2.21), 

reduction of β-sheet conformation of hIAPP was also achieved.  
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Figure 2.19: (a) CD and (b) FTIR spectra of hIAPP alone (black) and in co-incubation with 10 fold 

molar ratios of peptidomimetics 2B (red), 2C (blue) and 2D (orange). Spectra were recorded after 

seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C.  

 

Figure 2.20: CD spectra of hIAPP alone (black) and in co-incubation with (a) 2-fold and (b) 5-fold 

molar ratios of peptidomimetics 2B (red), 2C (blue) and 2D (orange). Spectra were recorded after 

seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C.  
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Figure 2.21: FTIR spectra of hIAPP alone (black) and in co-incubation with of (a) 2-fold and (b) 5-

fold molar ratios of peptidomimetics 2B (red), 2C (blue) and 2D (orange). Spectra were recorded after 

seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C.  

 

2.7.2. Monitoring the kinetics of amyloid disruption by ThT fluorescence assay: 

The kinetics of the disruption of preformed amyloid was monitored by Thioflavin T (ThT) 

fluorescence experiments, where the BSBHps were added to the aggregating hIAPP after 

incubating 48h in PBS (50 mM) at pH 7.4 and 37 °C. The ThT fluorescence analysis 

distinctly showed that fluorescence intensity exhibited increment with time when hIAPP was 

incubated exclusively and reached a maximum after which it becomes saturated (black, 

Figure 2.22 (a); however, in co-incubation with 10-fold molar ratio of control peptidomimetic 

2B we noticed ~ 23% disruption (red, Figure 2.22) of preformed amyloid. On the contrary, 

when peptidomimetic 2C (blue, Figure 2.22) was added to the solution of hIAPP, we 

witnessed a sharp decrease in fluorescence intensity up to ~ 40%, indicating disruption of 

preformed hIAPP amyloid. While in the presence of peptidomimetic 2D (orange, Figure 

2.22), we noted disruption of ~ 33% of the preformed amyloid fibril.  
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Figure 2.22: (a) Time dependent ThT fluorescence spectra of hIAPP (40 µM) alone (black) and in co-

incubation with 10-fold molar ratios of 2B (red), 2C (blue) and 2D (orange). (b) Dose dependent ThT 

fluorescence spectra at 168h of hIAPP (40 µM) alone (black) and in co-incubation with different 

molar ratios of 2B (red), 2C (blue) and 2D (orange).  

 

 

Figure 2.23: Time dependent ThT fluorescence spectra of hIAPP (40 µM) alone (black) and in co-

incubation with (a) 2-fold and (b) 5-fold molar ratios of peptidomimetics 2B (red), 2C (blue) and 2D 

(orange).  
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The dose-dependent disruption of preformed amyloid with 2- and 5-fold molar ratios (Figure 

2.23) of BSBHps was also performed. Better results were achieved by increasing the doses 

from 2- to 10-fold molar excess. 

2.7.3. Monitoring disruption of preformed amyloid by TEM and Congo red stained 

birefringence assay: 

Incubating for 7 (2+5) days in PBS at physiological conditions, hIAPP alone showed distinct 

fibrillar morphology under TEM (Figure 2.24 (a) (i)), supporting the formation of amyloid. 

However, hIAPP in co-incubation with 10-fold molar ratio of peptidomimetic 2B (Figure 

2.24 (a) (ii)), significant fibrillar morphology was observed, indicating less efficiency of 2B 

in disrupting the amyloid. On the other hand, in the presence of BSBHps 2C (Figure 2.24 (a) 

(iii)) and 2D (Figure 2.24 (a) (iv)) with the same molar ratio, no such fibrillar assembly was 

detected, suggesting sufficient disruption of preformed hIAPP amyloid. 

Again, the disruption of amyloid was further monitored by Congo red stained birefringence 

assay. hIAPP alone displayed green-gold birefringence under cross-polarized light upon 

staining with Congo red (Figure 2.24 (b) (i)), indicating the development of hIAPP amyloid. 

On the contrary, hIAPP in co-incubation with 10-fold molar ratio of 2B with hIAPP, 

sufficient green-gold birefringence persisted (Figure 2.24 (b) (ii)), signifying inefficient 

disruption. However, when BSBHps 2C (Figure 2.24 (b) (iii)) and 2D (Figure 2.24 (b) (iv)) 

were present with hIAPP in the same molar ratio, no characteristic birefringence was 

displayed, supporting sufficient disruption of hIAPP amyloid by BSBHps. 
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Figure 2.24: (a) TEM and (b) Congo red birefringence images of hIAPP alone (i) and in co-

incubation with 10-fold molar ratios of peptidomimetics, 2B (ii), 2C (iii) and 2D (iv). Images were 

captured after seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C.  

 

2.8. In vitro toxicity study using dye loaded LUV leakage study: 

Although the amyloids can disrupt cell membranes, the soluble oligomers of the 

amyloidogenic peptide are the main culprits for the damage of cell membranes.131-133 They 

may disrupt the cellular membrane by forming ion channels, thereby disturbing cellular 

homeostasis.134 Membrane fragmentation and amyloid fibrillogenesis are two independent 

processes in hIAPP. Brender et al. outlined that amyloid fibril formation is not essential for 

disrupting the cell membrane by the hIAPP peptide. The small fragment, hIAPP1-19, which 

does not form mature amyloid fibres, is highly active to disrupt the cellular membrane, 

similar to that of the hIAPP1-37.
135 

Hence, it was crucial to know the exact state of disaggregated hIAPP after disruption by the 

BSBHps. Therefore, we have carried out a membrane leakage assay on carboxyfluorescein-

loaded large unilamellar vesicles (LUVs) to elucidate the presence or absence of toxic 

oligomeric species in the solution.136-138 Amount of toxic oligomer species is directly 
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proportional to the dye leakage as the toxicity arises from the pore formation in the artificial 

cell membrane or vesicle. The carboxyfluorescein dye entrapped LUVs of 2 mM 

concentration were prepared using three different lipids, DPPC, Cholesterol and GM1 with 

68:30:2 molar ratios in 50 mM HEPES buffer of pH 7.4 using the reported protocol 

(described in chapter 6 section 6.1.3.)..153-154 The formation of LUVs was confirmed by 

FESEM images (Figure 2.25) in a scale bar of 200 nm. 

 

Figure 2.25: FESEM images of the large unilamellar vesicles (LUVs) at a concentration of 2 mM in 

HEPES buffer (50 mM). Scale bar is indicated as 200 nm.   

 

To carry out the membrane leakage assay, we have taken different sample sets for the 

experiment, including one untreated LUVs as a control, which does not contain any peptide. 

Before performing LUV leakage assay, the peptide solutions were prepared in HEPES buffer 

of pH 7.4 and added to 48h incubated hIAPP solution (as similar to the process of section 

2.7) and incubated for a total of 168h (48h + 120h), i.e., up to 7 days at 37 °C. After 

incubation, individual peptide solutions were added to the LUVs separately, and dye leakage 

studies were carried out. The various sample solutions prepared for the study are as follows: 

Sample 1 Untreated LUVs 

Sample 2-  LUVs + hIAPP (incubated for 12h)  
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Sample 3-  LUVs + hIAPP (incubated for 7 days) 

Sample 4-  LUVs + hIAPP: peptidomimetic 2B (1:10) 

Sample 5-  LUVs + hIAPP: peptidomimetic 2C (1:10)  

Sample 6- LUVs + hIAPP: peptidomimetic 2D (1:10)  

25 L of the peptide solution (50 M of hIAPP) were added with 12.5 L of dye loaded 

LUVs (2 mM) and diluted to 500 L to acquire a final concentration of 2.5 M for hIAPP 

solution and 50 M for the lipid solution, maintaining the peptide and lipid molar ratio of 

1:20.137 Fluorescence assay (λex = 485 nm, λem = 516 nm, bandwidth 3 nm) was used to 

monitor the carboxyfluorescein dye leakage. The emission was recorded at an interval of 10 

minutes up to 100 minutes followed by a 12h interval up to 72h. To measure the 100% dye 

leakage from the LUVs, 10 L of Triton X-100 was added at the end of the experiment, 

which induces total disruption of the lipid vesicles. Three different sets of replicate solutions 

were scanned separately for each data point, and the average was taken with noted standard 

deviation.  

 

Figure 2.26: Emission of carboxyfluorescein dye with time, in terms of pore formation on LUVs 

showing the effect of hIAPP. (a) Dye released from LUVs alone and in the presence of different 

solutions from (a) 0 min to 100 min and (b) 0h to 72h.  
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The % dye leakage can be calculated using the following formula,137 

% Leakage =
(observed fluorescence – initial fluorescence)

(total fluorescence − initial fluorescence)
 × 100 %   

From the time-dependent dye leakage assay, we noticed a sharp increment of fluorescence 

intensity for sample 2 (12h old hIAPP) from 0 to 100 min, indicating considerable dye 

leakage at the early stages. Significant dye leakage was observed (~40% in 100 min and 

~55% in 72h) from the 12h old hIAPP (sample 2, magenta Figure 2.26), indicating the 

presence of pore-forming toxic soluble oligomers in it. On the other hand, 7 days old hIAPP 

(sample 3, purple Figure 2.26) showed less LUV leakage (~13% in 100 min and ~17% in 

72h), confirming the less toxic effect of matured fibrils on LUVs in terms of pore formation 

and dye leakage as compared to the soluble oligomers. Oligomers are abruptly more 

destructive which may give rise to significant numbers of pores on the vesicles. These are the 

main culprits for the release of the carboxyfluorescein dye from the artificial cell, in turn 

enhancing the fluorescence intensity of the sample. However, fibril disrupted by the control 

peptide (sample 4, red Figure 2.26) and the designed BSPHPs (sample 5 and  6, blue and 

orange, respectively, Figure 2.26) did not form sufficient pore on the LUVs, as the 

enhancement of their corresponding fluorescence intensities was almost similar to the 

untreated LUVs (sample 1, black Figure 2.26). Therefore, this result concluded the non-toxic 

behaviour of the disrupted species of the preformed amyloid of hIAPP by the BSBHps. 
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2.9. Enzymatic stability study: 

One of the prominent issues of peptide-based therapeutics is their poor instabilities in the 

presence of proteolytic enzymes.139 The focus of this study is to probe peptide stability in 

vitro in the presence of serum, which contains a sufficient amount of proteolytic 

enzymes.139,140 From the earlier inhibition and disruption profiles, it was clear that BSBHp 2C 

was the best among all the synthesized peptidomimetics, so we selected 2C for the stability 

study. We correlated the stability of BSBHp 2C with its native analog 2A using time-

dependent HPLC and ESI mass spectrometry. To check the stability of the peptides, we 

carried out a stability study in vitro in the presence of Roswell Park Memorial Institute 

(RPMI) 1640 media containing 10% human serum (v/v) procured from Thermo Fischer 

Scientific. For the stability study, 1 mL of the media was transferred in two different vials 

and kept in incubation at 37 °C for 15 minutes. After which, an aliquot of 10 L from the 

peptide solutions (2A and 2C) in DMSO (5 mg/mL) were mixed individually to the media 

containing proteolytic enzymes followed by sonication and vortex and again incubated at the 

same condition. Subsequently, at different time intervals, 100 L of the mixtures were 

transferred into 200 L of 96% ethanol solution for precipitation of the serum.139 The 

precipitate was cooled at 4 °C for 10 mins and then centrifuged at 18,000 rpm for 2 mins. The 

supernatant was collected and analysed through RP-HPLC and mass spectrometry. In HPLC, 

a binary solvent system was used, encompassing solvent A (H2O containing 0.1% TFA) and 

solvent B (CH3CN containing 0.1% TFA), with a linear gradient of 5-100% CH3CN for 18 

mins followed by 100% CH3CN  up to 20 mins at a flow rate of 4 mL/min using a waters 

C18-µ-Bondapak column. The fragments were collected at different time intervals and 

analysed by ESI mass spectrometer. 
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From the HPLC and ESI mass analyses, it was observed that peptidomimetics 2A started 

degrading  immediately in the presence of the proteolytic enzymes and no trace of it was 

observed after 5h of incubation, suggesting complete degradation (Figure 2.27 and 2.28). On 

the other hand, peptidomimetics 2C was established as comparatively more stable in the 

presence of the proteolytic enzymes. For the Ant or 2-Abz mutated peptidomimetics, up to 

15h not a single trace of degradation was observed; however, at 25h only some degradation 

was observed (Figure 2.29 and 2.30). The above result indicated that peptidomimetic 2C is 

proteolytically more stable compared to its native analog 2A. In other words, the insertion of 

β-amino acid (Ant) into peptide residue instead of α-amino acid increases the proteolytic 

stability of the peptide.  
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Figure 2.27: Kinetics of stability of peptide 2A in the presence of proteolytic enzymes (human serum) 

monitored by RP-HPLC.  
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Figure 2.28: ESI mass spectra of peptide 2A after the addition of human serum at (a) 0h, (b) 1h and 

(c) 5h. Calculated mass for peptide 2A for C30H49N8O7 is 633.3724 [M+H]+ .  
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Figure 2.29: Kinetics of stability of peptide 2C in the presence of proteolytic enzymes (human serum) 

monitored by RP-HPLC.  
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Figure 2.30: ESI mass spectrum of peptide 2C after the addition of human serum at 15h. The 

calculated mass for peptide 2C for C31H43N8O7 is 639.3255 [M+H]+ and observed mass is 639.3448 

[M+H]+. 

 

2.10. Conclusion: 

From earlier reports, it was evident that the conformationally restricted β-sheet breaker 

hybrid peptides containing anthranilic acid (Ant) as a breaker element are potent inhibitors 

against Aβ amyloid formation.118 Conformational restriction imposed outstanding potential 

for amyloid inhibition in protein aggregation diseases. Some of those designed peptides have 

been exercised for a clinical trial to be used as therapeutics against T2D.106,118,123,141,142,143 

Here, we have outlined an innovative strategy of β-sheet breaker hybrid peptidomimetics 

(BSBHps) as impressive inhibitors of hIAPP amyloid fibril formation and its disruption. In 

this context, we have used three different isomers (ortho, meta, and para) of aminobenzoic 

acid and demonstrated that BSBHps containing ortho (2-Abz) and meta (3-Abz) isomer were 

highly effective inhibitors against hIAPP amyloid formation in vitro. However, the para (4-

Abz) isomer did not act as an inhibitor; rather, it enhanced the aggregation process. 
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Since the amine and carboxylic acid functionalities in para (4-Abz) isomer is 180° apart from 

each other and because of its planarity, it preferably forms β-sheet structure when present 

within the peptide sequence. However, in ortho (2-Abz) and meta (3-Abz) isomers, the amine 

and carboxylic acid functionalities are 60° and 120° apart respectively. Such orientation of 

the molecules do not allow the peptide chain to form β-sheet structures, rather some helical or 

turn like distorted structures evolve. These distorted orientations of the peptidomimetics 

generate kink in the structure, which prevents them to align with the β-sheet assembly of 

hIAPP, resulting in inhibition of hIAPP aggregation. However, the para isomer can align with 

the β-sheet assembly of hIAPP and enhance its aggregation instead of inhibition.118, 119 

Moreover, we also expressed that these BSBHps containing the ortho and para isomers 

effectively disrupt the preformed amyloid of hIAPP into non-toxic fragments in vitro as 

confirmed by membrane leakage assay. As peptides containing β-amino acids are 

proteolytically more stable and the BSBHps having ortho- and meta- isomers of 

aminobenzoic acid exhibited superior inhibitory and disruption efficiency than breaker 

peptides containing α-aminoisobutyric acid (Aib); hence, these results may emerge as a better 

candidate for developing efficient therapeutic tool against hIAPP based amyloidogenesis. 
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Figure 2.31: Effectiveness in the inhibition and disruption process of hIAPP amyloid by singly 

mutated BSBHps.  
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Chapter 3: Application of double breaker unit via incorporating 

isomers of aminobenzoic acid as β-sheet breaker hybrid peptides 

in the anti-amyloidogenic activity of hIAPP 

 

 

3.1. Proposed hypothesis: 

We have already discussed in chapter 2 that a novel class of BSBHps involving various 

isomers of aminobenzoic acid as a single breaker unit exhibited profound efficiency in 

inhibiting hIAPP amyloid aggregation and the disrupting preformed hIAPP amyloid. 

Although these single breaker peptidomimetics were efficient inhibitors, to gain better 

efficiencies, we wanted to insert the breaker elements in two different positions of hIAPP22-27 

(NFGAIL) simultaneously (Scheme 3.1). Then we wished to investigate their inhibitory and 

disrupting ability over the aggregation of wild-type hIAPP and anticipated that these might be 

more effective in fighting against the amyloidosis. 

3.2. Design of peptides: 

To test our hypothesis for the inhibition and disruption of hIAPP amyloid, we have 

incorporated the three different isomers of aminobenzoic acid as breaker elements in two 

different positions of hIAPP22-27 (2A). Further, we also synthesized one control breaker 

peptide by incorporating α-aminoisobutyric acid (Aib) in the same positions of the peptide 

2A to compare the results. The various breaker elements were incorporated in the BSBHps at 

G24 and I26 to maintain the sequence homology for recognition with N-F (hIAPP22-23) 

dipeptide residue sequence homology.95 We considered these two positions, i.e., G24 and I26, 

as numerous peptide-based inhibitors using hIAPP20-29 fragment have been recognised.95,107 
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Commercially available wild-type hIAPP1-37 was used as a native aggregating system for the 

present study. 

 

 

Scheme 3.1: Schematic representation of hIAPP aggregation and proposed hypothesis for the 

inhibition process of amyloid formation by double mutant BSBHp 

 

Table 3.1: Sequences of all the synthesized peptides for the present study 

peptide 

no. 

 peptide sequence  molecular mass [M+H]+ 

(expected/ observed) 

function 

3A  NFX1AX1L  633.3724/ 633.3749 inhibitor/control 

3B  NFX2AX2L  701.3411/ 701.3414 inhibitor 

3C  NFX3AX3L  701.3411/ 701.3410 inhibitor 

3D  NFX4AX4L  701.3411/ 701.3419 inhibitor 

N.B. Standard amino acids are represented by one letter code, X1 = α-aminoisobutyric acid (Aib), X2 

= 2-aminobenzoic acid (2-Abz), X3 = 3-aminobenzoic acid (3-Abz), and X4 = 4-aminobenzoic acid 

(4-Abz). 

  

TH-2686_146122023



Chapter 3  Application of double breaker unit via incorporating isomers 

of aminobenzoic acid as β-sheet breaker hybrid peptides in the anti-amyloidogenic activity of hIAPP 

74 
 

3.3. Synthesis and characterisation of the designed peptidomimetics: 

We have synthesized all the designed peptides by solid-phase peptide synthesis (SPPS) 

strategy using Fmoc/t-Bu strategy on Rink Amide MBHA resin as the solid support 

(described in chapter 6 section 6.4).146,147 The designed peptidomimetics were purified by 

reverse phase HPLC and purity was confirmed by analytical HPLC and MALDI mass 

spectrometry. The characterization data for the synthesized peptides are shown below (Figure 

3.1-3.8). 
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Figure 3.1: HPLC profile of the purified peptide 3A. 

 

Figure 3.2: ESI mass spectrum of peptide 3A. Calculated mass for C30H49N8O7 is 633.3724 [M+H]+, 

observed 633.3749 [M+H]+and calculated mass for C30H48N8O7Na is 655.3544 [M+Na]+, observed 

633.3562 [M+Na]+. 
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Figure 3.3: HPLC profile of the purified peptide 3B. 

 

Figure 3.4: ESI mass spectrum of peptide 3B. Calculated mass for C36H45N8O7 is 701.3411 [M+H]+, 

observed 701.3414 [M+H]+and calculated mass for C36H44N8O7Na is 723.3231 [M+Na]+, observed 

723.3176 [M+Na]+. 
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Figure 3.5: HPLC profile of the purified peptide 3C. 

 

Figure 3.6: ESI mass spectrum of peptide 3C. Calculated mass for C36H45N8O7 is 701.3411 [M+H]+, 

observed 701.3410 [M+H]+and calculated mass for C36H44N8O7Na is 723.3231 [M+Na]+, observed 

723.3172 [M+Na]+. 
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Figure 3.7: HPLC profile of the purified peptide 3D. 

 

Figure 3.8: ESI mass spectrum of peptide 3D. Calculated mass for C36H45N8O7 is 701.3411 [M+H]+, 

observed 701.3419 [M+H]+and calculated mass for C36H44N8O7Na is 723.3231 [M+Na]+, observed 

723.3181 [M+Na]+. 
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3.4. Non-amyloidogenicity of the synthesized BSBHps: 

In chapter 2, section 2.5, we have already shown that the BSBHps containing a single breaker 

unit except the 4-aminobenzoic acid were non-amyloidogenic at physiological conditions (at 

pH 7.4 and 37 °C). Hence, the BSBHps containing double breaker units are also expected to 

be non-amyloidogenic in the same conditions. However, we wished to investigate the 

amyloidogenic behaviour of the BSBHps using various biophysical tools for confirmation. 

3.4.1. Conformational characterization of BSBHps by CD and FTIR studies: 

To verify the conformation of the BSBHps through the CD and FTIR analysis, the peptides 

were dissolved in 50 mM PBS (Phosphate buffer solution) of pH 7.4 to prepare a stock 

solution of 40 M concentration and kept the solutions in incubation at 37 °C on a water 

bath. After five days of incubation, the conformational change of the BSBHps was checked 

using CD and FTIR (Figure 3.9). From the CD spectrum of 3A, 3B, and 3C, we did not 

observe any specified band of β-sheet conformation for the peptides.23 To the contrary, for 

the peptide 3D, we noticed a negative band at ~220 nm and a positive band at ~195-200 nm, 

indicating a β-sheet rich conformation for the peptide. 

Similarly, from the FTIR spectra of peptides 3A, 3B, and 3C, we noticed the amide I band at 

1657 cm-1, 1652 cm-1 and 1651 cm-1, respectively, showing non-β-sheet conformation for the 

peptides. However, for the peptide 3D, the amide I band was observed at 1641 cm-1, 

indicating β-sheet rich confirmation for the peptide. 
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Figure 3.9: (a) CD and (b) FTIR spectra of peptide 3A (cyan), 3B (olive), 3C (wine) and 3D (violet). 

Spectra were recorded after five days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 

°C. 

 

3.4.2. Amyloidogenic characterization of the synthesized BSBHps by TEM and Congo 

red stained birefringence studies: 

From the CD and FTIR analyses of BSBHps, it was evident that peptides 3A, 3B, and 3C 

exist in mixed conformations at physiological condition. However, the other peptide 3D 

exists in β-sheet rich conformation at the same conditions. Further, the amyloidogenicity of 

the peptides was investigated through TEM and Congo red stained birefringence studies 

(Figure 3.10). 

After five days of incubation of the peptide solution at physiological conditions, 10 L 

aliquot of the peptide solution was taken out from the stock solution (as described in section 

3.4.1) for TEM analysis (sample preparation was described in chapter 2, section 2.5.2). Under 

the electron microscope, we did not notice any fibrillar structure for the peptides 3A, 3B, and 

3C, indicating the non-amyloidogenic nature of the peptides (Figure 3.10 (a) (i), (ii) and (iii)). 

However, for the peptide 3D, we observed clear fibrillar assembly, indicating its 

amyloidogenic behaviour (Figure 3.10 (a) (iv)). 
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Figure 3.10: (a) TEM and (b) Congo red stained birefringence images of peptide 3A (i), 3B (ii), 3C 

(iii) and 3D (iv). Images were taken after five days of incubation of the peptides in PBS (50 mM) at 

pH 7.4 and 37 °C. 

 

Similarly, 10 μL aliquot was taken from the five days incubated peptide solution (as 

described in section 3.4.1) for performing the Congo red-stained birefringence study (sample 

preparation described in chapter 2 section 2.5.2). From the study, we did not observe any 

green-gold birefringence for the peptides 3A, 3B, and 3C, indicating their non-amyloidogenic 

nature (Figure 3.10 (a) (i), (ii) and (iii)). However, peptide 3D showed clear green-gold 

birefringence under the cross-polarised light, supporting its amyloidogenicity of the peptide 

(Figure 3.10 (b) (iv)) 

Hence, from the above experimental results, it was clear that the peptidomimetics, 3B and 

3C, containing two 2-Abz (X2) and 3-Abz (X3) units in two different positions of hIAPP22-

27 were found to be non-amyloidogenic. We also observed the non-amyloidogenic nature of 

the control peptide 3A containing two Aib (X1) units in the same positions. However, 

peptidomimetics 3D containing 4-Abz (X4) exhibited particular amyloidogenic properties, 

which might be due to the linear structure of X4. 
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3.5. Inhibition of amyloid formation of hIAPP by BSBHps: 

In chapter 2, section 2.6., we investigated the inhibitory efficiency of the BSBHps containing 

a single breaker element (2B, 2C, 2D, and 2E). Here, we continued the investigation against 

the aggregation of hIAPP with the double breaker element (G24X and I26X) containing 

peptidomimetics (3A, 3B, 3C, and 3D) similarly as discussed in Chapter 2. hIAPP in the 

absence and presence of the breaker and the control peptidomimetics were co-incubated at 

physiological condition up to seven days, and the kinetics of the amyloid aggregation was 

studied using different biophysical experiments. To examine dose-dependence activity, 2-, 5-, 

and 10-fold molar ratios of peptidomimetics were co-incubated with 40 M of hIAPP in PBS 

(50 mM of pH 7.4). 

3.5.1. Monitoring conformational transition by CD and FTIR studies: 

After seven days of incubation, when we checked the CD spectrum of hIAPP alone, we noted 

a positive band centered at ~ 200 nm and a negative band centered at ~ 220 nm, indicating β-

sheet conformation of the peptide (black, Figure 3.11 (a)). Nevertheless, in the presence of a 

10-fold molar ratio of peptidomimetics 3B and 3C, such specific bands for β-sheet 

conformation were missing, indicating sufficient inhibition (olive and wine, Figure 3.11 (a)). 

However, in the presence of 10-fold molar excess of the control peptidomimetic, 3A shifting 

of the band from β-sheet conformation was observed (cyan, Figure 3.11 (a)). On the other 

hand, in the presence of peptidomimetic 3D in the same concentration, significant β-sheet 

conformation was pointed from CD, suggesting a negative indication for inhibition (violet, 

Figure 3.11 (a)). 

From the FTIR spectrum, we observed an intense amide I band at 1627 cm-1 when hIAPP 

was incubated alone in the solution, indicating β-sheet rich confirmation of hIAPP (black, 
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Figure 3.11 (b)). However, with a 10-fold molar ratio of peptidomimetics 3B and 3C, the 

band shifted up to 1656 cm-1 and 1652 cm-1, indicating non-β-sheet conformation (olive and 

wine, Figure 3.11 (b)). Nevertheless, in the presence of the control peptidomimetic 3A in the 

same concentration, we observed the shifting of the band up to 1656 cm-1, which also 

supported the inhibition of aggregation (cyan, Figure 3.11 (b)). On the contrary, in the 

presence of a 10-fold molar ratio of peptidomimetics 3D, the band was observed at 1632 cm-

1, which supported the non-inhibition of aggregation of hIAPP (violet, Figure 3.11 (b)). The 

same study of inhibition of hIAPP was carried out with 2-fold and 5-fold molar ratios of the 

designed peptidomimetics. We observed similar results from CD and FTIR as found with 10-

fold molar excess; however, lower efficiency was observed with the lesser equivalent of the 

breaker peptides (Figure 3.12 and 3.13). 

 

Figure 3.11: (a) CD and (b) FTIR spectra of hIAPP alone (black) and in co-incubation with 10 fold 

molar ratios of peptidomimetic 3A (cyan), 3B (olive), 3C (wine) and 3D (violet). Spectra were 

recorded after seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C. 
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Figure 3.12: CD spectra of hIAPP alone (black) and in co-incubation with (a) 2-fold and (b) 5-fold 

molar ratios of peptidomimetics 3A (cyan), 3B (olive), 3C (wine) and 3D (violet). Spectra were 

recorded after seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C. 

 

Figure 3.13: FTIR spectra of hIAPP alone (black) and in co-incubation with (a) 2-fold and (b) 5-fold 

molar ratios of peptidomimetics 3A (cyan), 3B (olive), 3C (wine) and 3D (violet). Spectra were 

recorded after seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C. 

 

3.5.2. Monitoring the kinetics of amyloid formation and its subsequent inhibition by 

BSBHps via ThT fluorescence assay: 

For the ThT fluorescence assay, stock solutions were prepared in a similar process as in 

chapter 2 (section 2.6.1) and incubated at 37 °C in PBS of pH 7.4 up to 7 days. At an interval 
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of 12h, 40 L of the stock solution was mixed with 160 L of PBS (pH 7.4, 50 mM) and 

added 200 L of ThT solution (50 M) to make up the final volume of 400 L and the 

fluorescence was measured (λex =440 nm, λem =485 nm and slit 5) on a Fluoromax-4 Horiba 

Fluorospectrometer. At every interval, the reference was measured by mixing 200 L of PBS 

(pH 7.4, 50 mM) and 200 L of ThT solution (50 M). We have prepared two sets of 

samples for each measurement, and three readings were scanned separately for each set. 

Thus, an average of six readings was taken and plotted as F/F0 along the y-axis (where, F= 

average fluorescence value of the samples at time t, F0= fluorescence value of the reference in 

the absence of sample at time t) against time (h) along the x-axis with observed standard 

deviation set as y-error. 

The noticeable enhancement of fluorescence intensity was noted when hIAPP was incubated 

alone (black, Figure 3.14 (a)). In contrast, in co-incubation with 10-fold molar ratio of 

BSBHp 3B (olive, Figure 3.14 (a)) and 3C (wine, Figure 3.14 (a)), the intensity was 

decreased significantly up to ~70% (olive, Figure 3.14 (b)) and ~65% (wine, Figure 3.14 (b)), 

suggesting significant inhibition of amyloid formation. Further, control peptidomimetic 3A 

(cyan, Figure 3.14 (a)) also inhibited hIAPP aggregation reasonably (~52%, cyan, Figure 

3.14 (b)). However, in the presence of peptidomimetic 3D (violet, Figure 3.14 (a)), instead of 

inhibition, ~12% (violet, Figure 3.14 (b)) enhancement of fluorescence intensity was noted.  
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Figure 3.14: (a) Time dependent ThT fluorescence assay of hIAPP (40 µM) alone (black) and in co-

incubation with 10-fold molar ratios of 3A (cyan), 3B (olive), 3C (wine) and 3D (violet). (b) Dose 

dependent ThT fluorescence assay at 168h of hIAPP (40 µM) alone (black) and in co-incubation with 

different molar ratios of 3A (cyan), 3B (olive), 3C (wine) and 3D (violet). 

 

 

Figure 3.15: Time dependent ThT fluorescence assay of hIAPP (40 µM) alone (black) and in co-

incubation with (a) 2-fold and (b) 5-fold molar ratios of peptidomimetics, 3A (cyan), 3B (olive), 3C 

(wine) and 3D (violet). 
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Further, from the dose-dependent study, we observed that 2-fold molar ratio (Figure 3.15 (a)) 

of the peptidomimetics, 3A, 3B, and 3C, were not efficient in inhibiting hIAPP amyloid 

formation. Nevertheless, in co-incubation with a 5-fold molar ratio (Figure 3.15 (b)), the 

amyloid inhibition was observed to be more prominent. From the above results, it was 

concluded that the BSBHps could inhibit the amyloid formation of hIAPP significantly in a 

dose-dependent manner, as anticipated. 

3.5.3. Monitoring the amyloid formation by TEM and Congo red stained birefringence 

studies: 

The appearance of fibrillar assembly under an electron microscope and green-gold 

birefringence under cross-polarised light when a peptide stained with Congo red dye is direct 

evidence of amyloid formation. After seven days of incubation of the peptide solution at 37 

°C in 50 mM PBS of pH 7.4, 10 L aliquot of the peptide solution was taken out from the 

stock solution (as described in section 3.5) for TEM analysis (sample preparation was 

described in chapter 2, section 2.5.2). The hIAPP sample, incubated alone exhibited fibrillar 

assembly under TEM (Figure 3.16 (a) (i)), suggesting amyloid formation. On the other hand, 

when the 10-fold molar ratio of peptidomimetics 3B (Figure 3.16 (a) (iii) and 3C (Figure 

3.16a (iv)) were co-incubated with hIAPP, fibrillar assembly was not observed, suggesting 

appreciable inhibition of hIAPP amyloid. Similarly, in the presence of a 10-fold molar ratio 

of the control peptidomimetic, 3A (Figure 3.16 (a) (ii)), we did not observe any fibrillar 

structure, indicating sufficient inhibition of hIAPP aggregation. However, when the 

peptidomimetic 3D (Figure 3.16 (a) (v)) was co-incubated with hIAPP with the same 

concentration as the earlier, the fibrillar structure was observed, indicating inefficiency of 

peptidomimetic 3D to inhibit the hIAPP fibrillization. 
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Figure 3.16: (a) TEM and (b) Congo red birefringence images of hIAPP alone (i) and in presence of 

10-fold molar ratios of peptidomimetics, 3A (ii), 3B (iii), 3C (iv) and 3D (v). Images were taken after 

seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C. 

 

For the birefringence study, 10 L aliquot from the stock solution (as discussed in section 

3.5) was placed upon a glass slide followed by Congo red solution and dried the sample (as 

described in section 2.5.2). When hIAPP sample was present alone, it displayed green-gold 

birefringence (Figure 3.16 (b) (i)), suggesting hIAPP amyloid formation. On the contrary, 

when hIAPP was co-incubated with a 10-fold molar ratio of peptidomimetics 3B (Figure 3.16 

(b) (iii)) and 3C (Figure 3.16 (b) (iv)), no characteristic green-gold birefringence was visible, 

suggesting significant inhibition of amyloid formation. Similarly, with the control 

peptidomimetic 3A (Figure 3.16 (b) (ii)) in the same concentration, no characteristic 

birefringence was noticed, suggesting the peptide's efficiency in inhibiting the aggregation. 

Whereas, in the presence of peptidomimetic 3D (Figure 3.16 (b) (v)), we noticed 

characteristic green-gold birefringence, which again indicated the inefficiency of 3D in 

inhibiting the hIAPP fibril formation. 

Summing up all the results, it could be concluded that the BSBHps, 3B, and 3C were found 

to be highly significant inhibitors for the hIAPP amyloid formation. Moreover, it can also be 

pointed out that the incorporation of double breaker units over the single breaker unit in 
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BSBHps significantly increased the inhibitory efficiency from 55% to 70% (2C vs. 3B). 

Furthermore, instead of inhibitory activity, some enhancement in amyloidogenic properties 

was observed in the presence of peptidomimetic 3D with hIAPP. 

3.6. Disruption of preformed amyloid fibril of hIAPP by BSBHps: 

From the inhibition study carried out earlier, when BSBHps (3B and 3C) were co-incubated 

with hIAPP, we observed effective inhibition of hIAPP amyloid formation. Hence, our next 

step was to investigate the ability of the BSBHps to disrupt preformed amyloid fibrils of 

hIAPP in vitro. From the ThT fluorescence analysis (black, Figure 3.14 (a)), we observed that 

hIAPP fibrillization attained its maximum at ~45-50h. Hence, the BSBHps at different doses 

were added into the hIAPP after 48h of incubation (2 days) to form mature fibrils for this 

study. The samples for the different studies were prepared similarly, as described above in 

section 2.6. Since 3D was inefficient in inhibiting the fibril formation of hIAPP, we excluded 

it from the disruption study. 

3.6.1. Monitoring conformational transition by CD and FTIR studies: 

After 7 (2+5) days of incubation, when we analyzed CD, hIAPP alone showed a negative 

band centered at ~ 220 nm and a simultaneous positive band centered at ~ 200 nm, indicating 

the formation of β-sheet (Figure 3.17 (a)). However, in co-incubation with a 10-fold molar 

ratio of 3B and 3C (Figure 3.17 (a)), such β-sheet conformation was disappeared, suggesting 

sufficient disruption of hIAPP amyloid. From the dose-dependent study, it was observed that 

in the presence of the BSBHps, such β-sheet content reduced gradually (Figure 3.18). Similar 

results were obtained in the presence of the control peptide 3A (Figure 3.17 (a) and 3.18), 

which also indicated the conversion of β-sheet conformation into a mixture of conformations. 
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Figure 3.17: (a) CD and (b) FTIR spectra of hIAPP alone (black) and in co-incubation with 10 fold 

molar ratios of peptidomimetics 3A (cyan), 3B (olive) and 3C (wine). Spectra were recorded after 

seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C. 

 

From the FTIR spectra, we noticed a sharp band of amide I at 1630 cm-1 when only hIAPP 

was incubated in the solution, confirming characteristic β-sheet conformation (Figure 3.17 

(b)). However, with a 10-fold molar ratio of 3B and 3C, the band shifted to 1675 cm-1 and 

1677 cm-1, respectively, indicating the reduction of β-sheet conformation hIAPP by BSBHps. 

Similar results with less efficiency were noted when 2-fold and 5-fold molar ratios of 

BSBHps were co-incubated with hIAPP (Figure 3.19). Meanwhile, in the presence of the 

control peptidomimetics, 3A, with various doses (Figure 3.17 (b) and 3.19), reduction of β-

sheet conformation of hIAPP was also observed.  
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Figure 3.18: CD spectra of hIAPP alone (black) and in co-incubation with (a) 2-fold and (b) 5-fold 

molar ratios of peptidomimetics 3A (cyan), 3B (olive) and 3C (wine). Spectra were recorded after 

seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C. 

 

Figure 3.19: FT-IR spectra of hIAPP alone (black) and in co-incubation with (a) 2-fold and (b) 5-fold 

molar ratios of peptidomimetics 3A (cyan), 3B (olive) and 3C (wine). Spectra were recorded after 

seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C. 

 

3.6.2. Monitoring the kinetics of amyloid disruption by ThT fluorescence assay: 

The kinetics of the amyloid disruption was monitored by time-dependent Thioflavin T (ThT) 

fluorescence analysis, where the BSBHps were added to the aggregating hIAPP after 

incubating 48h in PBS (50 mM) at pH 7.4 and 37 °C. From the fluorescence assay, it was 
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cleared that fluorescence intensity was increased with time and reached a maximum, after 

which it becomes saturated when hIAPP was incubated alone (black, Figure 3.20 (a)).  

 

Figure 3.20: a) Time dependent ThT fluorescence assay of hIAPP (40 µM) alone (black) and in co-

incubation with 10-fold molar ratios of 3A (cyan), 3B (olive) and 3C (wine). (b) Dose dependent ThT 

fluorescence assay at 168h of hIAPP (40 µM) alone (black) and in co-incubation with different molar 

ratios of 3A (cyan), 3B (olive) and 3C (wine). 

 

However, hIAPP in co-incubation with a 10-fold molar ratio of control 3A, ~40% disruption 

(cyan, Figure 3.20 (a) and (b)) of preformed amyloid was observed. On the contrary, in co-

incubation with a 10-fold molar ratio of BSBHp 3B (olive, Figure 3.20 (a)) and 3C (wine, 

Figure 3.20 (a)), the fluorescence intensity was suppressed up to ~57% (olive, Figure 3.20 

(b)) and ~44% (wine, Figure 3.20 (b)) respectively, suggesting significant disruption of 

preformed fibrillar aggregates. From the dose-dependent analysis with varied molar ratios of 

BSBHps (Figure 3.21), better results were observed with increasing the molar ratio from 2-

fold to 10-fold. 
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Figure 3.21: Time dependent ThT fluorescence assay of hIAPP (40 µM) alone (black) and in co-

incubation with (a) 2-fold and (b) 5-fold molar ratios of peptidomimetics 3A (cyan), 3B (olive) and 

3C (wine). 

 

3.6.3. Monitoring amyloid disruption by TEM and Congo red stained birefringence 

studies: 

Incubating for 7 (2+5) days in PBS at physiological condition, hIAPP alone showed fibrillar 

assembly (Figure 3.22 (a) (i)), suggesting the presence of amyloid under TEM. On the 

contrary, hIAPP in co-incubation with a 10-fold molar ratio of BSBHps 3A (Figure 3.22 (a) 

(ii)), 3B (Figure 3.22 (a) (iii)) and 3C (Figure 3.22 (a) (iv)), we did not find any such fibrillar 

structure, recommending sufficient disruption of hIAPP preformed amyloid. 

Again, the Congo red-stained birefringence assay also monitored the disruption of preformed 

hIAPP amyloid. When incubated alone, hIAPP exhibited green-gold birefringence under 

cross-polarized light upon staining with Congo red (Figure 3.22 (b) (i)), suggesting the 

presence of amyloid. On the contrary, in co-incubation with a 10-fold molar ratio of BSBHps 

3A (Figure 3.22b (ii)), 3B (Figure 3.22 (b) (iii)), and 3C (Figure 3.22 (b) (iv)) with hIAPP, 
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we did not notice any such characteristic birefringence, supporting sufficient disruption of 

hIAPP amyloid. 

 

Figure 3.22: (a) TEM and (b) Congo red birefringence images of hIAPP alone (i) and in co-

incubation with 10-fold molar ratios of peptidomimetics, 3A (ii), 3B (iii) and 3C (iv). Images were 

captured after seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C. 

 

3.7. In vitro toxicity study using dye loaded LUV leakage study: 

As mentioned in chapter 2, section 2.8, the soluble oligomers of hIAPP are more toxic than 

the matured fibrils formed, as the former are more prone to form pores and cause cellular 

dysfunction in the cell membrane.131-133 The LUV dye leakage mechanism by the oligomers 

has been described in chapter 2. Next, we wished to check the disrupted hIAPP amyloid state 

by the BSBHps using carboxyfluorescein dye-loaded vesicles (LUVs) to investigate the 

presence or absence of toxic oligomeric species in the solution.136-138 From the amount of dye 

leakage, one could estimate the number of toxic oligomers as both are directly proportional to 

each other. The LUVs were prepared similarly, as described in chapter 2, section 2.8. The 

formation of LUVs was confirmed by FE-SEM images (Figure 3.23) in a scale bar of 200 

nm. 
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Figure 3.23: FE-SEM images of the large unilamellar vesicles (LUVs) at a concentration of 2 mM in 

HEPES buffer (50 mM). Scale bar is indicated as 200 nm. 

 

To carry out the membrane leakage assay, we have taken different sample sets for the 

experiment, including one untreated LUVs as a control, which does not contain any peptide. 

Before performing LUV leakage assay, the peptide solutions were prepared in HEPES buffer 

of pH 7.4 and added to hIAPP solution after 48h of incubation (as similar to the process of 

section 3.6) and incubated for seven days (168h = 48h + 120h) at 37 °C, followed by addition 

of different peptide solutions individually to the LUVs and dye leakage studies were carried 

out. The various solutions prepared for the study are as follows: 

Sample 1 Untreated LUVs 

Sample 2-  LUVs + hIAPP (incubated for 12h),  

Sample 3-  LUVs + hIAPP (incubated for 7 days) 

Sample 4-  LUVs + hIAPP: peptidomimetic 3A (1:10) 

Sample 5-  LUVs + hIAPP: peptidomimetic 3B (1:10)  

Sample 6- LUVs + hIAPP: peptidomimetic 3C (1:10)  

The peptide and the lipid were kept in a 1:20 molar ratio during the analysis and performed 

similarly as described in chapter 2. 
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Figure 3.24: Emission of carboxyfluorescein dye with time, in terms of pore formation on LUVs 

showing the effect of hIAPP. Dye released from LUVs alone and in the presence of different solutions 

from (a) 0 min to 100 min and (b) 0h to 72h. 

 

Similar to our previous experiment in chapter 2, section 2.8, from the LUV leakage assay, we 

noted a sharp increment of dye leakage for the 12h old hIAPP (sample 2, magenta Figure 

3.24) from 0 to 100 min. The same sample showed significant dye leakage (~40% in 100 min 

and ~55% in 72h), indicating the presence of pore-forming toxic soluble oligomers in it. 

However, seven days old hIAPP (sample 3, purple, Figure 3.24) showed less LUV leakage 

(~13% in 100 min and ~17% in 72h), confirming the more toxic effect of soluble oligomers 

on LUVs in terms of pore formation and dye leakage as compared to the matured fibrils. 

However, fibril disrupted by the control peptide (sample 4, cyan, Figure 3.24) and the 

designed BSPHPs (sample 5 and 6, olive and wine, Figure 3.24) minimal no of pores on the 

LUVs were , generated, as the enhancement of their corresponding fluorescence intensities 

was as similar as the untreated LUVs (sample 1, black, Figure 3.24). Hence, it can be inferred 

that in the presence of the BSBHps, the disaggregation of the hIAPP amyloid converts into 

non-toxic species in vitro at the physiological conditions. 
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3.8. Proteolytic stability study: 

One of the significant drawbacks of peptide-based drugs is their less stability in the presence 

of proteolytic enzymes.139 Hence, we decided to study the stability of our synthesized 

BSBHps in vitro in the presence of a serum, which contains a sufficient amount of proteolytic 

enzymes.139,140 From the earlier inhibition and disruption profiles, it was clear that BSBHp 

3B was found to be the best among all the synthesized peptidomimetics, so we selected 3B 

for the stability study. We compared the stability of BSBHp 3B with its native analog 2A 

(NFGAIL) using time-dependent HPLC and ESI mass spectrometry. The solutions for the 

stability study were prepared similarly, as described in chapter 2, section 2.9. 

In the presence of the serum, the native peptide 2A started degradation instantly, and after 5h 

only, it degraded completely (Figure 3.25 and 3.26), as observed in chapter 2, section 2.9. On 

the contrary, BSBHp 3B, which bears two Ant (2-Abz) moieties in the sequence, was 

observed to be relatively stable in the presence of the proteolytic enzymes. We did not find 

any sign of degradation; instead, absolute retention in the HPLC peak of the pure compound 

was observed until 25h (Figure 3.27 and 3.28). In chapter 2, section 2.9, we observed that 

BSBHp 2C containing single Ant (2-Abz) moiety also increased the peptide's stability 

compared to the native peptide. However, the stability of the 3B peptide is more pronounced 

than the 2C peptide. Hence, the above result indicates that the insertion of β-amino acid into 

peptide sequence instead of α-amino acid increases the stability of the peptide in the presence 

of proteolytic enzymes.  
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Figure 3.25: Kinetics of stability of peptide 2A in the presence of proteolytic enzymes (human serum) 

monitored by RP-HPLC. 
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Figure 3.26: ESI mass spectra of peptide 2A after the addition of human serum at (a) 0h, (b) 1h, and 

(c) 5h. The calculated mass for peptide 2A for C30H49N8O7 is 633.3724 [M+H]+. 
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Figure 3.27: Kinetics of stability of peptide 3B in the presence of proteolytic enzymes (human serum) 

monitored by RP-HPLC from 0h to 25h. 
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Figure 3.28: ESI mass spectrum of peptide 3B after the addition of human serum at 25h. Calculated 

mass for peptide 3B is 701.3411 [M+H]+, observed 701.3250 [M+H]+. 

 

3.9. Conclusion: 

Conformationally restricted anthranilic acid containing β-sheet breaker hybrid 

peptidomimetics were established as potent inhibitors against Alzheimer's Aβ peptide 

aggregation.118 Further in chapter 2, we designed and synthesized novel peptidomimetics by 

incorporating various isomers of aminobenzoic acid in hIAPP22-27 at I26 position, and the 

resulting peptide construct turned out to be effective inhibitors and disruptors of preformed 

hIAPP amyloid. However, to increase the effectiveness of modulation in hIAPP aggregation, 

we decided to develop a new strategy by incorporating the same moiety at two positions, i.e., 

at G24 and I26 in hIAPP22-27. Hence, we have used the three different isomers of 

aminobenzoic acid at the two positions and observed that ortho (2-Abz) and meta (3-Abz) 

isomer containing BSBHps were highly effective inhibitors against the amyloid formation of 

hIAPP than the single mutant peptidomimetics. However, the para (4-Abz) isomer containing 
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BSBHp did not act as an inhibitor; instead, it enhanced the aggregation process like its single 

mutant analog. We have also observed that these double breaker containing BSBHps more 

efficiently disrupted the preformed amyloid of hIAPP into non-toxic fragments in vitro as 

confirmed by membrane leakage assay. Further, the double breaker comprising BSBHps 

were found to be more stable than the single mutant one in the presence of proteolytic 

enzymes. Hence, these results can be used as a scaffold for drug design against T2D and 

other amyloid-related diseases. 

 

Figure 3.29: Effectiveness in the inhibition and disruption process of hIAPP amyloid by doubly 

mutated BSBHps. 
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Chapter 4: Investigation of anti-amyloid activity of 

peptidomimetics designed by single point mutation by rigid β-

amino acid in hIAPP8-37 at different positions 

 

 

4.1. Proposed hypothesis: 

In our earlier chapters (Chapter 2 and 3), we have discussed that most of the reported β-sheet 

breaker hybrid peptides (BSBHPs) contained breaker elements within the recognizing 

sequences , which included proline,122 α-aminoisobutyric acid,110 N-methylated amino 

acid,106 and dehydrophenylalanine.112 Further, we have demonstrated in chapters 2 and 3 that 

some of the BSBHps incorporating different isomers of aminobenzoic acid in the core 

hydrophobic region of hIAPP22-27 were highly efficient in inhibiting the hIAPP 

aggregation.144 However, among the different isomers, 2-aminobenzoic acid or anthranilic 

acid (Ant) was the best breaker element, and 4-aminobenzoic acid did not act as an inhibitor, 

rather, the latter enhanced the aggregation process. 144 This effect might be due to the 

favourable kink formation ability of 2-aminobenzoic acid (Ant) in the sequence. As the 

conformational rigidity is higher in the anthranilic acid moiety due to the fixed dihedral angle 

(Φ = 0°), we selected Ant as the β-breaker element inside the peptide backbone.116-118 

Furthermore, the Ant moiety prefers the formation of either a turn or a helical conformation 

while inserted in the peptide sequence.119 

Raleigh et al. reported that insertion of a single proline in the hydrophobic region of hIAPP 

emerges the resulting peptide construct as a highly efficient inhibitor.98 Further, Pramlintide 

(PM), containing three proline residues in the sequence of hIAPP has been accepted for 

clinical trials, but due to several drawbacks, including poor solubility, which prevent itself 
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co-formulation with insulin especially at physiological pH, it failed to emerge as a successful 

drug candidate.87  Moreover, one of the significant drawbacks of peptides-based therapeutics 

is that they are highly susceptible to degradation in the presence of proteolytic enzymes.139 

However, presenting β-amino acids over the α-amino acids into the peptide sequence 

increases the  stability of peptides towards proteolytic degradation.144 

It is well-known from previous reports that the core hexapeptide (hIAPP22-27) is highly 

amyloidogenic and significant driver for hIAPP aggregation in T2D pathology. Also, G24 

and I26 within the core hydrophobic region were the critical residues for hIAPP amyloid 

formation.106,107 We, therefore, targeted the hydrophobic core region and designed two 

peptidomimetics by a single point mutation with Ant at those sites (i.e., G24Ant and I26Ant) 

within full-length hIAPP8-37. In our earlier chapters, we have described that the Ant 

containing small BSBHPs was effective in inhibiting the aggregation of hIAPP and disrupted 

its preformed fibrillar structures at comparatively higher doses (10-fold molar ratios). As 

these BSHBps consists of non-coded β-amino acid, Ant, they were found to be proteolytically 

stable.144 But due to the smaller size and deficiency of residual interaction, these BSBHps 

may not be efficient in binding with the aggregating hIAPP, which might be the reason for 

the requirement of a higher dose for the inhibition or disruption of hIAPP aggregation. 

The inhibition mechanism is not understood entirely yet; however, it is believed that 

inhibitors binding with the growing fibrillar assembly of the aggregating proteins is essential 

for showing its inhibition effect. However, the small BSBHPs could not bind with the full-

length aggregating hIAPP effectively due to its smaller size; subsequently, a higher dose was 

required for its inhibition. Therefore, it was believed that a single point mutant of a long 

sequence of hIAPP might bind more effectively than a small sequence of hIAPP.61,98 

Therefore, we planned to develop a modified set of peptidomimetics, which comprises of a 
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single point mutant of hIAPP8-37 at different positions, expecting to exhibit its inhibitory 

efficiency at lower fold molar ratios compared to the small fragment of hIAPP22-27 (Scheme 

4.1) 

 

 

Scheme 4.1: Schematic representation of hIAPP aggregation and proposed hypothesis for the 

inhibition process of amyloid formation by single point mutated hIAPP8-37. 

 

4.2. Design of peptides: 

For the present study, we have synthesized hIAPP8-37, without any breaker element (4A, 

Table 4.1), to substantiate its property to form fibril similar to hIAPP1-37. We initiated our 

design from eighth residues, as hIAPP2-7 contains a disulfide bridge which impose 

conformational restrictions on the first seven residues, due to which this segment of hIAPP is 

not involved in β-sheet formation.61 Further, keeping the above idea in mind, we have 

designed and synthesized two peptidomimetics by inserting anthranilic acid (Ant) in the 

hIAPP8-37 sequence at two positions (at G24 for 4B and I26 for 4C) to prove our hypothesis. 

These two selected positions belong to the core hydrophobic region, which is primarily 

responsible for hIAPP aggregation.  
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A diverse family of peptide-based inhibitors has been reported using the hIAPP20-29 

fragment.61,106,145 Moreover, proline as a mutant in the specific sequence may cause the non-

amyloidogenic nature of rat amylin.57 So, for this present study, we selected this particular 

sequence of hIAPP8-37 for incorporation of the breaker elements. Moreover, we also designed 

a control peptidomimetic inserting the same breaker element in the hIAPP22-27 smaller 

sequence (at I26 as 4D). 

Table 4.1: Sequences of all the Synthesized Peptides for the Present Study 

Code Sequence Functions 

4A 8ATQRLANFLVHSSNNFGAILSSTNVGSNT37Y Aggregating 

4B 8ATQRLANFLVHSSNNFXAILSSTNVGSNT37Y Breaker 

4C 8ATQRLANFLVHSSNNFGAXLSSTNVGSNT37Y Breaker 

4D 22NFGAX27L Control/Breaker 

Note: Standard amino acids are represented by one letter code, X= Anthranilic acid (Ant). 

4.3. Synthesis and characterization of the designed peptides: 

All the designed peptides were synthesized by standard solid-phase peptide synthesis (SPPS) 

method using Fmoc/t-Bu strategy on Rink Amide MBHA resin as the solid support 

(described in Chapter 6, section 6.4)129,130. However, in this case, instead of BOP, 2.5 

equivalent of o-NosylOXY as a coupling reagent was used for the amino acid coupling. The 

designed peptidomimetics were purified by reverse phase HPLC and purity was confirmed by 

analytical HPLC and MALDI-TOF mass spectrometry. A representative example of the 

synthetic protocol of 4B has been depicted in scheme 4.2. All other peptides were synthesized 

in a similar process. The characterization data for the synthesized peptides have been shown 

below (Figure 4.1-4.8). 
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Scheme 4.2: The synthetic scheme of peptide 4B. 
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Figure 4.1: RP-HPLC profile of purified peptide 4A. 

 

Figure 4.2: MALDI-TOF mass spectrum of peptide 4A. The calculated mass for C140H219N43O46 is 

3239.119 [M+H]+; the observed mass is 3239.133 [M+H]+. 
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Figure 4.3: RP-HPLC profile of purified peptide 4B. 

 

Figure 4.4: MALDI-TOF mass spectrum of peptide 4B. Calculated mass for C143H218N42O45 is 

3244.613 [M+H]+, the observed mass is 3244.973 [M+H]+. 
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Figure 4.5: RP-HPLC profile of purified peptide 4C. 

 

Figure 4.6: MALDI-TOF mass spectrum of peptide 4C. Calculated mass for C139H210N42O45 is 

3188.551 [M+H]+, the observed mass is 3188.788 [M+H]+. 

  

TH-2686_146122023



Chapter 4   Investigation of anti-anmyloid activity of peptidomimetics designed by single point 

mutation by rigid -amino acid in hIAPP8-37 at different positions 

 

111 
 

 

Figure 4.7: RP-HPLC profile of purified peptide 4D. 

 

Figure 4.8: MALDI-TOF mass spectrum of peptide 4D. Calculated mass for C31H42N8O7 is 639.325 

[M+H]+, the observed mass is 639.950 [M+H]+ , 661.338 [M+Na]+, 677.313 [M+K]+. 
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4.4. Non-amyloidogenic nature of the synthesized polypeptides: 

Before monitoring the inhibition efficiency of the peptides, it is necessary to examine the 

amyloidogenic nature of the synthesized polypeptides. Therefore, initially, we wished to 

check the amyloidogenic behavior of the BSBHPs using various biophysical tools.  

4.4.1. Conformational characterization of BSBHPs by CD and FTIR studies: 

At first, we analyzed the conformational state of the synthesized polypeptides using circular 

dichroism (CD) and Fourier transform infrared (FTIR) spectroscopy. For this study, all the 

purified peptides were dissolved in PBS (50 mM, pH 7.4) to acquire 40 M concentration 

and kept in incubation at 37 °C. After five days of incubation, the change in conformation of 

the peptides was monitored using CD and FT-IR. In CD, peptide 4A showed a positive band 

at ~195 nm and a simultaneous negative band centered at ~225 nm (Figure 4.9 (a)), indicating 

β-sheet rich conformation for the peptide 4A. On the other hand, in the CD spectrum of the 

other three peptides, i.e., 4B, 4C, and 4D, the specified β-sheet conformation was not 

observed ; instead, a negative band at ~195 nm was observed indicating random coil rich 

conformation. Similarly, in FTIR analysis of 4A peptide, we detected an amide I band at 

1639 cm-1 (Figure. 4.9 (b)), suggesting the existence of β-sheet conformation.23 However, the 

amide I band shifted up to 1650 cm-1, 1651 cm-1 and 1653 cm-1, respectively, for peptides4B, 

4C, and 4D as observed from the FTIR analysis, suggesting the non-amyloidogenic nature of 

the peptides.23 Hence, from the above studies, it is evident that peptide 4A, which lacks the 

turn inducing moiety, anthranilic acid (Ant), is highly amyloidogenic; however, peptides 4B, 

4C, and 4D, which contain one Ant moiety in the sequence, restricts the formation of 

amyloids at physiological conditions. 
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Figure 4.9: (a) CD and (b) FTIR spectra of peptide 4A (black), 4B (red) 4C (blue) and 4D 

(magenta). Spectra were recorded after five days of incubation of the peptides in PBS (50 

mM) at pH 7.4  and 37 °C. 

 

4.4.2. Amyloidogenic characterization of the synthesized peptides by TEM and Congo 

red stained birefringence studies: 

From the conformational analyses, we observed that only peptide 4A exhibited β-sheet rich 

conformation. On the other hand, peptides 4B, 4C, and 4D exist in random coil-rich 

conformation at physiological conditions. Further, to investigate the amyloidogenic nature of 

the peptides, we carried out TEM and Congo red stained birefringence studies. 

After five days of incubation, 10 L aliquot of the peptide solution was taken out from the 

stock solution (as described in section 4.4.1). For TEM and Congo red stained birefringence 

studies, samples were prepared as discussed in chapter 2, section 2.5.2. Peptide 4A (Figure. 

4.10 (a) (i)) exhibited a transparent network of fibrillar assembly under TEM, indicating the 

formation of amyloid at physiological conditions. However, peptides 4B, 4C, and 4D (Figure. 

4.10 (a) (ii), (iii) and (iv) respectively) did not exhibit any such fibrillar assembly under 

TEM, indicating their non-amyloidogenic nature at the same condition. 
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From Congo red stained birefringence study, too, peptide 4A (Figure. 4.10 (b) (i)) under 

cross-polarised light exhibited green-gold birefringence, indicating the formation of amyloid 

by the peptide. On the other hand, peptides 4B, 4C, and 4D (Figure. 4.10 (b) (ii), (iii) and (iv) 

respectively) did not exhibit such characteristic birefringence under cross-polarised light 

suggesting the non-amyloidogenic nature of the peptides. Hence, from the above studies, it is 

evident that 4B, 4C, and 4D cannot form amyloid at physiological conditions; however, 

peptide 4A which lacks turn inducer like anthranilic acid is highly amyloidogenic similar to 

hIAPP. 

 

Figure 4.10: (a) TEM and (b) Congo red-stained birefringence images of peptide 4A (i), 4B (ii), 4C 

(iii) and 4D (iv). Images were taken after five days of incubation of the peptides in PBS (50 mM) at 

pH 7.4  and 37 °C. 

 

4.5. Inhibition of amyloid formation of hIAPP by synthesized polypeptides: 

To explore the potential of inhibiting the single anthranilic acid (Ant) mutant hIAPP8-37 and 

comparing the consequences with the single Ant mutant hIAPP22-27 as a control, we 

performed several biophysical experiments in the presence or absence of the 

peptidomimetics. In the earlier study mentioned above, peptide 4A was amyloidogenic at 
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physiological conditions; hence we excluded it from further studies. Wild type hIAPP1-37 at a 

concentration of 40 M was incubated alone and in the presence of the peptidomimetics at 2-

fold molar ratios in PBS at physiological conditions in a water bath up to 7 days and 

thereafter, the kinetics of amyloid formation of hIAPP and its subsequent inhibition by the 

designed peptidomimetics were monitored by various biophysical tools. 

4.5.1. Monitoring conformational transitions by CD and FTIR studies: 

Initially, we wished to check the change in conformation of the aggregating peptide, hIAPP, 

in the absence and presence of the single mutant polypeptides. To carry out the 

conformational study, we prepared four different sets of solutions, where the concentration of 

hIAPP was maintained at  40 M in each set. In the first set, only hIAPP was present in PBS 

(50 mM) at  pH 7.4, while in the other sets, hIAPP was mixed with the single mutant 

polypeptides in a molar ratio of 1:2, maintaining the same concentration of hIAPP. Each set 

contained two replicate solutions. All the different sets were prepared in PBS (50 mM) at pH 

7.4 and incubated on a water bath at 37 °C for seven days and checked the conformational 

change of hIAPP (40 M) in the absence and presence of 80 M of the polypeptides using 

CD and FTIR studies (Figure 4.11).  

After seven days of incubation, hIAPP displayed a negative band at ~220 nm and a 

simultaneous positive band at ~195 nm, in the CD spectrum, indicating β-sheet rich 

conformation of the aggregating peptide (black, Figure 4.11). On the other hand, in the 

presence of 2-fold molar ratios of 4B and 4C, we did not observe such characteristic band for 

β-sheet conformation; rather, we observed a mixture of conformations. In the presence of the 

control peptidomimetic, 4D also, we observed some inhibitory efficaciency, however, the 

extent of inhibition was far less compared to that of 4B and 4C. 
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Further, in the FT-IR spectrum, when hIAPP was present alone, we observed a strong amide I 

band at 1633 cm-1, which indicated β-sheet rich conformation of the peptide after incubation 

of 7 days. On the contrary, in the presence of 4B and 4C in 2-fold molar ratios, the amide I 

band shifted up to 1655 cm-1 and 1659 cm-1, respectively, which indicated significant 

inhibition of hIAPP in the presence of the breaker peptides. However, in the presence of same 

fold molar ratio of 4D also, the amide I band shifted up to 1658 cm-1, indicating inhibition of 

aggregation of hIAPP by the control peptide. 

 

Figure 4.11: (a) CD and (b) FTIR spectra of hIAPP alone (black) and in co-incubation with 2 fold 

molar ratios of peptidomimetics 4B (red), 4C (blue) and 4D (magenta). Spectra were recorded after 

seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C. 

 

4.5.2. Monitoring the kinetics of amyloid formation and its subsequent inhibition by 

ThT fluorescence assay: 

The fluorescence intensity of a sample upon binding with Thioflavin T (ThT) provides 

quantitative information about the amount of fibril formed by the aggregating peptide.23 

Hence, from the ThT based fluorescence study, it can be inferred that as the fluorescence 

intensity increases, the amount of amyloid in the peptide solution also increases. A ThT 
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fluorescence assay was performed to monitor the kinetics of amyloid formation of hIAPP and 

its inhibition process by the synthesized polypeptides. As mentioned earlier, we wished to 

investigate the inhibitory efficiency of the peptides in lower doses (i.e. 

hIAPP:peptidomimetics = 1:0.5, 1:1 and 1:2) than used in case of the former BSBHPs. To 

carry out this study, we prepared four different sets of solutions, where the concentration of 

hIAPP was maintained at 40 M in each set. In the first set, only hIAPP was present in PBS 

(50 mM) at pH 7.4, while in the other three sets hIAPP was mixed with the single mutant 

polypeptides in a molar ratio of 1:0.5, 1:1 and 1:2, maintaining the same concentration of 

hIAPP and incubated the samples at 37 °C in PBS at pH 7.4 up to 7 days. The same 

procedure was followed to carry out the fluorescence assay, as discussed in chapter 2, section 

2.6.2. The data received from the software was transferred to an excel file and using these 

data, graphs were plotted using OriginPro 8 software. We have prepared two sets of samples 

for each measurement, and three readings were scanned separately for each set. Thus, an 

average of six readings was taken and plotted as F/F0 along the y-axis (where, F= average 

fluorescence value of the samples at time t, F0= fluorescence value of the reference in the 

absence of sample at time t) against time (h) along the x-axis with observed standard 

deviation set as y-error. 

From the same study, the relative % of amyloid present in the sample was also calculated at 

the highest incubation time, i.e., at 132h for the inhibition study and 144h for the disruption 

study using the following formula. 

% of amyloid =
(Observed fluorescence in the presence of the peptide − 1)

(Observed fluorescence in the absence of the peptide − 1)
 × 100 % 

where 1 was considered as a normalization factor, as the minimum value of F/F0 is 1. 
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From the time-dependent ThT assay, we observed that the fluorescence intensity increased 

with time when hIAPP (black; Figure 4.12 (a)) was present alone in thesolution. However, in 

the presence of 2-fold molar ratios of 4B (red; Figure 4.12 (a)) and 4C (blue; Figure 4.12 (a)), 

the fluorescence intensity suppressed significantly, up to 75-78%, indicating inhibition of 

amyloid fibrillization. On the contrary, in the presence of the same molar ratios of the control 

peptide 4D (magenta; Figure 4.12 (a)), very little inhibition of hIAPP aggregation was 

observed. 

 

Figure 4.12: (a) Time dependent ThT fluorescence assay of hIAPP (40 µM) alone (black) and in co-

incubation with 2-fold molar ratios of 4B (red), 4C (blue) and 4D (magenta). (b) Dose dependent ThT 

fluorescence assay at 132h of hIAPP (40 µM) alone (black) and in co-incubation with different molar 

ratios of 4B (red), 4C (blue) and 4D (magenta). 

 

From the dose-dependent study of inhibition, it was observed that 0.5-, 1, and 2-fold molar 

excesses of 4B (Figure 4.12 (b) and 4.13) exhibited 63%, 66%, and 78% of inhibition, while 

the same doses of 4C (Figure 4.12 (b) and 4.13) exhibited 57%, 65% and 75% of inhibition 

of hIAPP aggregation respectively. In the presence of the control peptide 4D (Figure 4.12 (b) 

and 4.13), we observed 24%, 28%, and 36% of amyloid inhibition, respectively, with the 
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same molar doses. Hence, an increase in doses of the peptidomimetics with respect to hIAPP 

suppresses the fluorescence intensity and increases the percentage of amyloid inhibition. 

However, peptidomimetics 4B and 4C were highly efficient in inhibition over the control 

peptide 4D as observed from the ThT fluorescence assay. 

 

Figure 4.13: Time dependent ThT fluorescence assay of hIAPP (40 µM) alone (black) and in co-

incubation with 0.5-(red), 1-(blue) and 2-fold (magenta) molar ratios of a) 4B, b) 4C and c) 4D. 

Spectra were recorded at an interval of 12 hrs after incubation in PBS (50 mM) at pH 7.4 and 37 °C.  

 

Further, we checked the ThT fluorescence assay of the Ant containing peptides alone and 

compared with that of the hIAPP peptide at physiological condition. From the study, it was 

observed that the fluorescence intensity increased with time for the only hIAPP sample, 

however, no increment in fluorescence intensity was observed for the Ant mutant peptides 

(4B and 4D), indicating non-aggregating as well as non-interference in the ThT assay. 

4.5.3. Monitoring amyloid formation by TEM and Congo red stained birefringence 

studies: 

The existence of fibrillar structures under transmission electron microscope (TEM) and the 

occurrence of green-gold birefringence of Congo red stained peptide sample under cross-

polarised light gives direct evidence of amyloid formation. After seven days of incubation of 

the peptide solution at 37 °C in 50 mM PBS of pH 7.4, 10 L aliquot of the peptide solution 
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was taken out from the stock solution (as described in section 4.5) for TEM analysis (sample 

preparation was described in chapter 2, section 2.5.2). When hIAPP was incubated alone, it 

exhibited clear fibrillar rich morphology (Figure 4.14 (a) (i)) when viewed under TEM, 

indicating amyloid formation by hIAPP. On the contrary, hIAPP, when co-incubated with 2-

fold molar ratios of 4B (Figure 4.14 (a) (ii)) and 4C (Figure 4.14 (a) (iii)), no such fibrillar 

assembly was detected, suggesting significant inhibition of hIAPP amyloid formation. 

However, in co-incubation with 2-fold molar excess of 4D (Figure 4.14 (a) (iv)), some 

fibrillar structures were detected, indicating lower efficacy of 2 equivalent of the control 

peptidomimetic in the process of inhibition. 

 

Figure 4.14: (a) TEM and (b) Congo red birefringence images of hIAPP (i) alone and in co-

incubation with 2-fold molar ratios of peptidomimetics, 4B (ii), 4C (iii) and 4D (iv). Images were 

captured after seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C. 

 

When hIAPP was incubated alone, we observed green-gold birefringence under cross-

polarised light (Figure 4.14 (b) (i)), indicating the formation of amyloid by hIAPP under 

Congo red stained birefringence analysis. However, in co-incubation with 2-fold molar ratios 

of 4B (Figure 4.14 (b) (ii)) and 4C (Figure 4.14 (b) (iii)), no characteristic birefringence was 

noticed, which indicated the inhibitory efficiencies of the peptidomimetics. However, in the 
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presence of same fold molar ratio of 4D (Figure 4.14 (b) (iv)) some characteristic 

birefringence was detected, indicating lower efficacy of the control peptidomimetic in 

inhibiting hIAPP aggregation to the expected mark. 

Therefore, from the experiments described above, it can be inferred that 4B, 4C, and 4D were 

capable of inhibiting the aggregation of wild-type hIAPP. However, among the 

peptidomimetics, 4B and 4C appeared to be far better inhibitors against the amyloid 

aggregation of hIAPP compared to the control peptide 4D. Besides this, the biophysical 

studies revealed no remarkable difference in the behaviour of 4B and 4C in the inhibition 

process or upon the insertion of breaker element at the two specific positions of the 

recognizing sequence, as 4B and 4C differ only in the position of the breaker element (Ant), 

i.e., in G24X and I26X. Hence, we proceeded with further studies considering only 4B, as 4B 

and 4C showed almost similar behaviour in the inhibition process of hIAPP. 

4.6. Disruption of preformed amyloid fibrils of hIAPP by synthesized 

polypeptides: 

The above experimental studies confirmed that single point anthranilic acid mutated hIAPP8-

37 impressively inhibited the aggregation of hIAPP. Hence, in our next step, we wished to 

examine the potential of the single mutant polypeptide in disrupting the preformed hIAPP 

amyloid in vitro. From the ThT fluorescence analysis (black, Figure 4.14 (a)), it was observed 

that for hIAPP, fibrillization attained the growth phase at around 45-50h at the mentioned 

condition. Therefore, to perform the disruption assay, we designed an experiment where 

hIAPP was incubated alone in PBS (50 mM) at physiological conditions (pH 7.4 and 37 °C) 

and added the peptidomimetics (4B and 4D) into the hIAPP solution separately in different 

molar ratios (1:0.5, 1:1, and 1:2) similar to the previous studies. Thereafter,  various 

biophysical tools was performed to monitor the disruption of the preformed hIAPP amyloid 
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by the single mutant peptidomimetics. The samples for the different studies were prepared in 

a similar way as in section 4.5. 

4.6.1. Monitoring conformational transitions by CD and FTIR studies: 

We performed the CD experiment after 7 (2+5) days of incubation, and from the analysis, we 

observed a negative band at ~218 nm and a simultaneous positive band at ~200 nm when 

hIAPP was incubated alone (Figure 4.15 (a)), indicating characteristic bands for β-sheet 

conformation. On the contrary, hIAPP in the presence of a 2-fold molar ratio of 4B exhibited 

random coil conformation instead of the β-sheet conformation (Figure 4.15 (a)). But, hIAPP 

in the presence of the same molar ratio of the control peptide 4D (Figure 4.15 (a)), β-sheet 

rich conformation existed predominantly. These results indicated the conversion of β-sheet 

into non-β-sheet conformation in the presence of 4B, which supported the disruption 

efficiency of the preformed amyloid of hIAPP by 4B. Nevertheless, in the conformational 

analysis with the control peptidomimetic 4D, we did not observe such conversion of 

conformation, confirming its less efficiency in disruption of the same. 

Further, after 7 (2+5) days of incubation, from the FT-IR analysis, hIAPP alone exhibited a 

sharp band at 1634 cm-1, attributed to amide I band for aggregated β-sheet conformation 

(Figure 4.15 (b)). Again, in the presence of a 2-fold molar ratio of the designed 

peptidomimetic 4B, the amide I band shifted up to 1654 cm-1, which indicated effective 

disruption of preformed hIAPP amyloid. On the contrary, the control peptidomimetic 4D 

shifted the band up to 1648 cm-1, which implied certain amount of disruption of preformed 

amyloid (Figure 4.15 (b)). 
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Figure 4.15: (a) CD and (b) FTIR spectra of hIAPP alone (black) and in co-incubation with 2-fold 

molar ratios of peptidomimetics 4B (red) and 4D (blue). Spectra were recorded after seven days of 

incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C. 

 

4.6.2. Monitoring the kinetics of amyloid disruption by ThT fluorescence assay: 

After the CD and FT-IR analyses, we proceeded to perform the Thioflavin T (ThT) 

fluorescence assay, with which we wished to monitor the kinetics of amyloid formation by 

hIAPP and disruption of its preformed fibrils by the designed peptidomimetics. In this study, 

hIAPP was incubated alone at physiological conditions up to 48h, and after that, the breaker 

peptides at different molar ratios were added to the aggregated hIAPP solution. From the 

time-dependent ThT fluorescence assay, we observed an increment of fluorescence intensity 

with time for the sample where hIAPP was incubated alone. On the contrary, when hIAPP 

was co-incubated in the presence of 2-fold molar ratio of 4B, the fluorescence intensity was 

suppressed noticeably up to 72% (red; Figure 4.16), indicating disruption of preformed 

hIAPP amyloids. However, in case where hIAPP was co-incubated in the presence of 2-fold 

molar ratio of the control peptide, 4D, the fluorescence intensity decreased up to 38% only 

(blue; Figure 4.16) at the same time interval, indicating less efficiency in disruption of 

preformed amyloid in that molar ratio. 
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Figure 4.16: a) Time dependent ThT fluorescence assay of hIAPP (40 µM) alone (black) and in co-

incubation with 2-fold molar ratios of peptidomimetics, 4B (red) and 4D (blue). (b) Dose dependent 

ThT fluorescence assay at 144h of hIAPP (40 µM) alone (black) and in co-incubation with different 

molar ratios of peptidomimetics, 4B (red) and 4D (blue). Spectra were recorded at an interval of 12 

hrs after incubation in PBS (50 mM) at pH 7.4 and 37 °C. 

 

Moreover, when varied (0.5, 1, and 2-fold) molar ratios of the peptides 4B and 4D were 

added to the existing hIAPP fibrillar assembly, the fluorescence intensity decreased gradually 

with time as the doses increased. To be more precise, we observed that 0.5-, 1- and 2-fold 

molar ratios of 4B (Figure 4.16 (b) and 4.17) exhibited 51%, 61%, and 72% of disruption 

respectively, while the same doses of 4D (Figure 4.16 (b) and 4.17) exhibited  27%, 32% and 

38% of disruption of preformed hIAPP amyloids respectively. Therefore, the preformed fibril 

of hIAPP was disrupted by peptidomimetic 4B more significantly than 4D at different time 

intervals. 
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Figure 4.17: Time dependent ThT fluorescence assay of hIAPP (40 µM) alone (black) and in co-

incubation with 0.5-(red), 1-(blue) and 2-fold (magenta) molar ratios of a) 4B and b) 4D. Spectra were 

recorded at an interval of 12 hrs after incubation in PBS (50 mM) at pH 7.4 and 37 °C. 

 

4.6.3. Monitoring amyloid disruption by TEM and Congo red stained birefringence 

studies: 

Incubating for 7 (2+5) days in PBS at physiological conditions, we observed that hIAPP 

alone (Figure 4.18 (a) (i)) exhibited clear fibrillar aggregates under electron microscope 

(TEM), which confirmed the formation of amyloid, whereas in co-incubation with 2-fold 

molar ratio of 4B (Figure 4.18 (a) (ii)), we did not notice any such fibrillar aggregates 

suggesting significant disruption of preformed hIAPP amyloid. However, some fibrillar 

assembly was noticed when hIAPP was investigated in co-incubation with 2-fold molar ratio 

of 4D (Figure 4.18 (a) (iii)), which indicated insignificant disruption of hIAPP amyloid. 
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Figure 4.18: (a) TEM and (b) Congo red birefringence images of hIAPP (i) alone and in co-

incubation with 2-fold molar ratios of peptidomimetics, 4B (ii) and 4D (iii). Images were captured 

after seven days of incubation of the peptides in PBS (50 mM) at pH 7.4  and 37 °C. 

 

Furthermore, the disruption of preformed amyloid was investigated through a Congo red-

stained birefringence study after seven days of incubation of the peptide samples. When we 

analyzed the sample containing only hIAPP (Figure 4.18 (b) (i)) under a polarisable 

microscope, we observed a clear appearance of green-gold birefringence under cross-

polarised light indicating the formation of amyloid. However, in co-incubation with 2-fold 

molar ratios of 4B (Figure 4.18 (b) (ii)), we did not observe any such characteristic 

birefringence, which indicated significant disruption of preformed amyloid. Further, when 

hIAPP was incubated  with the same molar ratio of 4D (Figure 4.18 (b) (iii)), some green-

gold birefringence was noticed, suggesting incomplete disruption of hIAPP amyloid.  

Hence, from the methodical in vitro study with the preformed amyloid of hIAPP in the 

presence of the designed peptidomimetics, our results suggested that peptidomimetics 4B 
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could disrupt the amyloid with 2-fold molar excess more significantly than the control 

peptide 4D with the same molar ratios at physiological condition.  

4.7. In vitro toxicity study using dye loaded large unilamellar vesicle (LUV) 

leakage assay: 

The soluble oligomers of any amyloidogenic peptide can damage the cell membrane by 

forming pores into it, for which such species have been considered much more toxic than the 

full-grown fibrils. 43,132 They disrupt cell membrane through the formation of ion channels, 

thereby disturbing cellular homeostasis.134 Membrane fragmentation and amyloid 

fibrillogenesis are two independent processes in hIAPP. Brender et al. reported that, unlike 

the full-length hIAPP, the hIAPP1-19 fragment is unable to form fibrillar assembly; instead, it 

boosts the potential of disrupting the lipid vesicles, thereby proposing a model to study the 

disruption of the artificial membrane by hIAPP.135  

If we go through the mechanism, disruption of the cellular membrane by hIAPP or other 

aggregating peptides occurs via two-step processes in vitro. At first, the soluble oligomers 

formed from the monomers adhere to the cellular membrane, which forms some smaller size, 

ion-selective channel-like pores. The pores formed by hIAPP are inconsistent, so during the 

membrane disruption process, the pores amalgamate into large aggregates, converting them 

into fibrillar assembly. On the contrary, the next step commences with the disruption of some 

non-selective biological membranes via a detergent-like process by the fibrous material of 

hIAPP. 134,135 

From the disruption study, it has been confirmed that the peptidomimetics (4B and 4D) were 

able to disrupt the preformed amyloids of hIAPP. To investigate the toxicity of the species 

generated after disruption, we performed a dye leakage experiment using carboxyfluorescein 
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dye, entrapped inside the large unilamellar vesicles (LUVs, Figure 4.19). To carry out the 

membrane leakage assay, we have taken five sets of samples for the experiment, including 

one untreated LUVs as a control, which does not contain any peptide as described in chapter 

2, section 2.8. The peptide solutions (4B and 4D) were prepared in PBS (50 mM) at pH 7.4 

and added to the preformed fibrillar assemblies of 48h aged hIAPP solution (as similar to the 

process described in section 4.6) and further co-incubated them for another 5 days (168h = 

48h + 120h). The various solutions prepared for the study are as follows: 

Sample 1- Untreated LUVs,  

Sample 2- LUVs + hIAPP (incubated for 5h)  

Sample 3- LUVs + hIAPP (incubated for 7 days) 

Sample 4- LUVs + hIAPP: 4B (1:2) 

Sample 5- LUVs + hIAPP: 4D (1:2) 

The peptide and the lipid were prepared maintaining 1:20 molar ratios during the analysis and 

the dye leakage assay was performed similarly as described in chapter 2.  

 
 
Figure 4.19: TEM images of the large unilamellar vesicles (LUVs) at a concentration of 1 mM in 

PBS (50 mM). Scale bar is indicated as 200 nm. 

 

From the dye leakage assay (Figure 4.20), we noticed that there was a sharp rise in 

fluorescence intensity for the 5h aged hIAPP sample (sample 2, red, Figure 4.20 (a) and (b)) 

until 100 min and attained a plateau after 12h, which indicated the extent of dye leakage from 
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the LUVs. This sample exhibited significant dye leakage (~45% in 100 min and ~55% in 

72h), indicating the presence of pore-forming toxic soluble oligomers. On the contrary, seven 

days old hIAPP sample (sample 3, blue, Figure 4.20 (a) and (b)) exhibited less dye leakage 

from the LUVs (~17% in 100 min and ~25% in 72h), confirming the less toxic effect of the 

matured fibrils on LUVs by pore formation and dye leakage in compared to the soluble 

oligomers. As the soluble oligomers are responsible for toxicity being generated during the 

fibrillization of hIAPP, they may form sufficient numbers of pores on the LUVs, due to 

which there is maximum leakage of carboxyfluorescein dye from the LUVs, as evident from 

an increment in the fluorescence intensity. 

 

Figure 4.20: Emission of carboxyfluorescein dye with time, in terms of pore formation on LUVs 

showing the effect of hIAPP. (a) Dye released from LUVs alone and in the presence of different 

solutions from (a) 0 min to 100 min and (b) 0h to 72h. 

 

However, disruption of preformed fibrils by the designed peptidomimetic, 4B and the control 

peptidomimetic, 4D did not form pores on the artificial cell or the LUVs significantly, as the 

increment of their corresponding fluorescence intensity (sample 4, magenta, and sample 5 
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olive, Figure 4.20 (a) and (b)) was found to be as low as that of the untreated LUVs (sample 

1, black, Figure 4.20 (a) and (b)). Hence, this result was evident of the non-toxic behaviour of 

the disrupted preformed fibrillar assembly of hIAPP by the designed peptidomimetics.  

4.8. Preliminary investigation of the mode of inhibition of aggregating 

hIAPP: 

To investigate the preliminary mechanism of inhibition of aggregation of hIAPP by the 

peptidomimetic 4B, we explored the change in size distributions of the different species 

generated, and morphology of hIAPP incubated alone and in the presence of 4B using 

dynamic light scattering (DLS) and TEM analyses, respectively. 108,146,147 Furthermore, we 

performed a dye leakage assay using LUVs, prepared by entrapping carboxyfluorescein dye 

to gain insight into the membrane disrupting ability of the species generated during hIAPP 

fibrillization and its inhibition by 4B.136 For the complete investigation, we incubated hIAPP 

(40 M) alone and in co-incubation with a 2-fold molar ratio of 4B (80 M) at physiological 

condition for 48h. 

From the DLS study, the change in the size distribution of hIAPP in terms of hydrodynamic 

diameter (d) was observed to increase in ascending order from 1 nm to higher orders, with 

simultaneous broadening of the d values. The untreated hIAPP samples, which were 

incubated for 0h and 6h, exhibited hydrodynamic diameters of ~1 nm and ~100 nm, 

respectively, suggesting the gradual conversion of monomeric species to oligomeric species 

at the interval of 0h to 6h (Figure 4.21 (a) (i-ii)). Extending the duration of incubation of 

untreated hIAPP samples up to 48h resulted in further increase in the size distributions of the 

particles, ranging from 100–10000 nm (Figure 4.21 (a) (iii-v)). On the contrary, hIAPP in co-

incubation with 4B, a modulated fibrillization process was observed, as in 0h incubated 

sample two species were generated instantly, one with size distribution centered at 100-1000 
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nm and another at ~1 nm with reduced intensity (Figure 4.21 (b) (i)). The instant formation of 

the species with size distribution ranging from 100-1000 nm might indicate the binding of 

hIAPP to 4B to generate some aggregated species. However, the size of the species occurring 

in the size distribution range from 100-1000 nm was found to decrease gradually with 

increasing incubation time from 12h to 48h (Figure 4.21 (b) (ii-v)). Thus from the above 

performed DLS study it is conclusive that the presence of 4B restrict the native hIAPP 

fibrillization pathway and lead to the generation of some non-fibrillar aggregated species. 

 

Figure 4.21: DLS study showing the changes in size distributions of hIAPP incubated alone (a) and in 

co-incubation with 2-fold molar ratio of 4B (b) at 0h (i), 6h (ii), 12h (iii), 24h (iv) and 48h (v) 

respectively. TEM images exhibiting the changes in morphology of hIAPP incubated alone (c) and in 

co-incubation with 2-fold molar ratio of 4B (d) at 0h (i), 6h (ii), 12h (iii), 24h (iv) and 48h (v) 

respectively. The scale of TEM images indicates 200 nm. 
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Moreover, from the TEM analysis, a transitional growth from smaller to longer fibrils of 

hIAPP was observed, leading to the formation of an extensive fibrillar assembly. At 0h, the 

only hIAPP-incubated sample exhibited dot-like structures; however, it slowly transformed 

into intermittent fibrillar species at 6-12h, finally leading to the formation of the mature 

fibrillar assembly after 24h (Figure 4.21 (c) (i-v)). On the contrary, hIAPP in co-incubation 

with 4B, modulated hIAPP fibrillization process was observed. At the initial hours (0h and 

6h), hIAPP in co-incubation with 4B resulted in the formation of some amorphous aggregated 

species exhibiting morphology which is strikingly different from that of native hIAPP (Figure 

4.21 (d) (i-ii)). After 6h, although a rich fibrillar network was not observed, however some 

small and thin fibrils were visible under TEM, which gradually transformed into smaller dot-

like species indicating a significant reduction in aggregation process (Figure 4.21 (d) (iii-v)). 

 
Figure 4.22: The emission of carboxyfluorescein dye showing the effect of hIAPP on the LUVs with 

time and % of dye leakage during the inhibition process in the absence and presence of 4B with 

hIAPP from 1h to 48h. 

 

Next, in the dye leakage analysis, hIAPP was incubated alone and in the presence of 4B at 

different time intervals up to 48h in PBS and mixed with LUVs to attain 50 M final 

concentration of the lipids. For the only hIAPP-incubated solution, the highest 
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carboxyfluorescein dye leakage was observed from the 6h aged sample, whereas dye leakage 

decreased gradually as the incubation time of hIAPP increased from 12h to 48h (red, Figure 

4.22). We did not observe any significant dye leakage at the initial hour (1h aged sample), 

whereas a maximum dye leakage was observed from the 6h aged sample, indicating that the 

oligomeric species generated at ~ 6h involved higher toxicity. Furthermore we observed a 

constant decrease in dye leakage upon increasing the incubation time from 12h to 48h, 

indicating the formation of matured fibrils, which are relatively less toxic than the oligomers. 

On the other hand, when hIAPP was co-incubated with 4B (blue, Figure 4.22), we did not 

observe any significant dye leakage. Rather, the extent of dye leakage was almost similar to 

that of the untreated LUVs (black, Figure 4.22), indicating the fact that the species generated 

during the inhibition of hIAPP aggregation by 4B were relatively non-toxic. 

Hence, from the experimental analyses of size distribution and morphological changes, it 

could be presumed that binding of 4B (breaker peptide) with hIAPP triggers the generation of 

non-fibrillar aggregating species, which prevents the generation of toxic oligomeric species 

associated with amyloid fibrils. Moreover, from the dye leakage assay, it was observed that 

the aggregates generated in the presence of 4B did not cause pore formation or rupture the 

artificial membrane, thus indicating the non-toxic nature of the species. These results strongly 

correlate with the results acquired from the various biophysical experiments of inhibition and 

disruption. Hence, convincing binding of 4B with the aggregating peptide could determine 

anti-amyloidogenic processing of hIAPP; nevertheless, further studies are essential to 

understand the proper mechanism. 
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4.9. Conclusion: 

The initial investigations indicated that inserting a conformationally restricted components 

such as proline, N-methylated amino acids and α-aminoisobutyric acid in an aggregating 

peptide sequence acquired excellent efficacy in inhibiting or disrupting the amyloid fibrils, 

and some of them are undergoing clinical trials.110,112,141,142 We also formerly reported that 

the insertion of anthranilic acid into hIAPP22-27 gained significant success in inhibiting the 

aggregation of hIAPP at a dose of 10-fold molar ratios.144 Here, we have demonstrated the 

superior effect of a single point Ant mutated hIAPP 8-37  (4B or 4C) at two different positions 

over its smaller Ant mutant variant in hIAPP 22-27 (4D) at I26 position in aggregation 

modulating caused by hIAPP.  

The systematic experimental results support that peptidomimetics 4B, 4C and 4D containing 

Ant at different positions were non-amyloidogenic; however, peptide 4A lacks Ant moiety in 

its sequence, exhibited amyloidogenic behaviour in a similar way as that of hIAPP. 

Experimental data supports that peptidomimetics 4B and 4C were potent inhibitors of 

amyloid formation at a significantly lower concentration than the 4D. Hence, based on the 

experimental data, 4B and 4C, being longer peptides, are more effective as inhibitors than 

small sequenced peptidomimetics, 4D. The improved efficacy may be due to the packed 

binding and better sequence recognition of the long peptidomimetics (4B or 4C) to the 

fibrillar assembly generated by hIAPP over the smaller one (4D).98,116 On the other hand, 

differences in the mutant position at G24X and I26X, (X=Ant) did not show any significant 

variation in their ability to inhibit the amyloid formation of hIAPP. Therefore, we ruled out 

4C for further studies. 

Furthermore, we demonstrated the effect of peptidomimetics in terms of disruption of the 

preformed amyloid of hIAPP. Both the peptidomimetics 4B and 4D were able to disrupt the 
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preformed amyloid into non-toxic species as evident from LUV studies; however, 4B was 

much more effective than 4D. Furthermore, in methodical DLS and TEM experiments, it was 

observed that the presence of 4B with hIAPP altered the native aggregation pathway of 

hIAPP and the soluble oligomers thus originated were able to rupture the lipid membrane 

slightly. Overall, a single point anthranilic acid mutant of full-length hIAPP8-37 at G24X or 

I26X (X=Ant) enhances significantly anti-amyloidogenic activity associated with hIAPP. 

Finally, it can be concluded that these peptidomimetics are highly efficient inhibitors and 

disruptors of the preformed amyloid towards the aggregation of hIAPP at low molar ratios. 

These peptidomimetics may emerge as lead scaffolds for therapeutic design towards T2D and 

other amyloid-related diseases. 
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Chapter 5: Disruption of hIAPP aggregates into non-toxic species 

by side-chain to tail stapled peptides 

 

 

5.1. Proposed hypothesis: 

From our previous chapters (chapter 2-chapter 4), we observed the effectiveness of the 

BSBHPs in the inhibition of hIAPP aggregation and disruption of preformed amyloid . In 

chapter 2 and chapter 3, we used three different isomers of aminobenzoic acid individually in 

the core hydrophobic region of hIAPP22-27 as breaker elements and ortho and meta isomer 

containg peptidomimetics found to be an effective inhibitor of hIAPP aggregation.144 From 

our experimental findings , it was observed that 2-aminobenzoic acid (anthranilic acid) 

emerged as the best breaker element in inhibiting the hIAPP aggregation among the different 

isomers. The profound efficiency of the peptidomimetic containing the anthranilic moiety is 

believed to be due to the kink formation ability of the β-breaker element, as the kink cannot 

fit into the planar topology of β-sheet which in turn reduces the extent of H-bonding 

interactions, responsible for aggregation. However, it has been observed that the anthranilic 

moiety incorporated into the small peptide sequence (hIAPP22-27) has shown its β-breaking 

activity in higher doses, like 10-fold molar excess or more. Although the kink formation 

provides the anti-amyloid activity, for better breaking efficiency, proper recognition with the 

aggregating peptide is of utmost importance, as it depends on the number of H-bonds and 

hydrophobic interactions. Therefore, in chapter 4, we designed and worked out the inhibition 

of hIAPP aggregation with a new set of peptidomimetics comprising an anthranilic acid 

mutant of hIAPP8-37. With this set of peptidomimetics, we observed better consequences of β-

breaking efficiency, as it is a longer breaker peptide, which might be able to bind with the 
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hIAPP effectively and exhibit its anti-amyloid activity with less molar ratio than the small 

BSBHPs.148 

Regardless of tremendous research and scientific development on protein misfolding and 

amyloid, no complete cure for amyloidogenic diseases has been discovered. In recent years, 

stapled peptides have emerged as one of the most efficient drug candidates for various 

biological dysfunctions due to their various structural advantages. The stapling technique has 

emerged rapidly as one of the most accepted strategies for inhibiting protein-protein 

interactions (PPI) in living systems.149 The development of stapled peptides showed potential 

to facilitate the approach to α-helix mediated PPI drug targets.150 Further, it has been 

observed from the studies that stapled peptides could disrupt enzyme and membrane 

receptors.151,152 Peptidomimetics made by one component stapled peptides have also been 

investigated recently to inhibit amyloid fibrillogenesis.147 Looking into these enormous 

advantages and clinical activities, the stapled peptides can open up some new possibilities as 

critical therapeutics for targeting some incurable diseases like T2D. 

Herein, we planned to design side-chain to tail stapled peptides for arresting hIAPP 

aggregation by incorporating a recognition motif into the peptide sequence, maintaining 

sequence homology with hIAPP (Scheme 5.1). 

5.2. Stapled peptides: 

Peptide stapling is an approach for peptide macro-cyclization between the two side chains of 

two amino acids or the side chain to head or tail in a peptide sequence employing covalent 

binding. If the design of the stapled peptides attains an optimal position and length, the 

resulting macrocycle emerges out to possess enhanced structural rigidity and the desired α-

helical conformation.153 Stapling is a robust approach for stabilising peptides in α-helical 
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conformation. Peptide stapling greatly enhances the proteolytic stability and cell permeability 

of the resulting peptide constructs in addition to the efficiency of binding to a protein target 

by involving protein-protein interactions (PPI), which may convert previously thought 

‘undruggable’ peptides into different therapeutics.154  

 

Scheme 5.1: Formation of stapled peptides (SPs) and schematic representation of hIAPP aggregation 

and proposed hypothesis for the inhibition process of amyloid formation by SPs. 

 

A large number of diverse techniques have been adopted for the stapling process; including 

lactam formation between Lys and Glu/Asp residues, disulfide bridge, hydrocarbon stapling, 
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which involve ring-closing metathesis of olefin bearing peptides.155, 156, 157 In general, the 

stapling process has been categorized as one-component stapling and two-component 

stapling. The one-component stapling process involves direct cyclization between the side-

chain of two non-native amino acids, while two-component stapling utilizes a separate bi-

functional linker to connect the two side chains.153 However, in our present work, the stapling 

process has been carried out directly between the side chain of glutamic acid at the C-

terminus and the backbone asparagine residue at the N-terminus (Scheme 5.1). 

5.3. Design of peptides: 

Herein, we have designed two side chain to tail stapled peptides in the absence and presence 

of a turn-inducing moiety, anthranilic acid (Ant), being incorporated into the highly 

aggregating fragment of hIAPP22-27. Along with these, we also designed two control linear 

peptides one without the anthranilic moiety and another containing the turn-inducing element 

maintaining the sequence homology with the hIAPP for proper recognition and binding with 

the same.  

Table 5.1: Sequence of peptides with their functions: 

Peptide No Sequence Molecular mass 

[M+H]+ 

(Expected/Observed) 

Functions 

5A 

 

900.577/ 900.624 Breaker 

5B 

 

906.530/ 906.629 Breaker 

5C 
 

918.588/ 918.623 Control/Breaker 

5D 
 

924.541/ 924.533 Control/Breaker 

Note: Standard amino acids are represented by a one-letter code, Ant = Anthranilic acid and X= amide, -CONH- 
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The anthranilic moiety was introduced in both the stapled and linear one in the I26 position of 

hIAPP22-27, i.e., the NFGAIL sequence. The I26 position was selected to incorporate 

anthranilic moiety due to its critical residual effect for hIAPP amyloid formation by keeping 

the -N-F-G-A- tetrapeptide residue intact for maintaining sequence homology.57, 95, 106 

Besides the said sequence, one glutamic acid (E) and one arginine (R) were introduced at the 

C-terminus. The arginine group was inserted to increase the aqueous solubility of the 

peptides. The stapling process was carried out between the side chain of glutamic acid at the 

C-terminus and the tail of the backbone, i.e., the N-terminus of asparagine. 

5.4. Synthesis and characterization of the designed peptides: 

All the designed peptides were synthesized by standard solid-phase peptide synthesis (SPPS) 

method using Fmoc/t-Bu strategy on Rink Amide MBHA resin as the solid support 

(described in Chapter 6, section 6.4).119, 120 Proceeding in this way, initially the linear 

counterpart was synthesized, followed by OtBu deprotection from the side chain of glutamic 

acid at the C-terminus using 5 eq of FeCl3 for 1.5h158 and Fmoc-deprotection from the N-

terminus using 20% piperidine in DMF. In the next step, on-resin stapling was carried out 

using BOP as a coupling reagent, and DIPEA as a base for 24h, followed by resin cleavage 

using TFA mixtures.147 The designed peptidomimetics were purified by Thermo Fischer RP-

HPLC and the purity of the peptides were further confirmed using Agilent analytical HPLC 

system with Agilent C18 analytical column at a flow rate of 1 ml/min. The purified peptides 

were characterized by HPLC and MALDI-TOF mass spectrometry. A representative example 

of the synthetic protocol of 5B has been depicted in scheme 5.2. All other peptides were 

synthesized in a similar process. The characterization data for the synthesized peptides have 

been shown below (Figure 5.1-5.8). 
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Scheme 5.2: The synthetic scheme of peptide 5B. 
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Figure 5.1: RP-HPLC profile of purified peptide 5A. 

 
 

Figure 5.2: MALDI-TOF mass spectrum of peptide 5A. Calculated mass for C41H66N13O10 is 900.577 

[M+H]+, observed mass is 900.624 [M+H]+, 922.622 [M+Na]+, 938.606 [M+K]+. 
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Figure 5.3: RP-HPLC profile of purified peptide 5B. 

 

Figure 5.4: MALDI-TOF mass spectrum of peptide 5B. Calculated mass for C42H60N13O10 is 906.530 

[M+H]+, observed mass is 906.629 [M+H]+, 928.621 [M+Na]+, 944.598 [M+K]+. 
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Figure 5.5: RP-HPLC profile of purified peptide 5C. 

 

Figure 5.6: MALDI-TOF mass spectrum of peptide 5C. Calculated mass for C41H68N13O11 is 918.588 

[M+H]+, observed mass is 918.623 [M+H]+, 940.614 [M+Na]+, 956.585 [M+K]+. 
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Figure 5.7: RP-HPLC profile of purified peptide 5D. 

 

Figure 5.8: MALDI-TOF mass spectrum of peptide 5D. Calculated mass for C42H62N13O11 is 924.541, 

observed mass is 924.533 [M+H]+, 946.536 [M+Na]+, 962.511 [M+K]+. 
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5.5. Non-amyloidogenic nature of the synthesized peptides: 

Before monitoring the anti-amyloid activity of the stapled peptides and linear peptides, we 

investigated their native amyloidogenic nature using various biophysical techniques, namely 

CD, FT-IR, TEM, and Congo red birefringence studies. For these studies, all the HPLC 

purified peptides were dissolved in 50 mM PBS buffer of pH 7.4 to obtain a final 

concentration of 40 M and incubated at 37 °C for five days. 

5.5.1. Conformational characterization of the peptides by CD and FTIR studies: 

Initially, we checked the conformational state of the synthesized stapled peptides and their 

linear analogs using circular dichroism (CD) and Fourier Transform Infrared (FTIR) 

spectroscopy.  

 

Figure 5.9: (a) CD and (b) FTIR spectra of peptide 5A (black), 5B (red), 5C (blue) and 5D (magenta). 

Spectra were recorded after 5 days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C. 

 

The CD spectra of 5A, 5B, and 5D showed some mixed conformations, indicating non-β-

sheet rich conformation of the peptides (Figure 5.9 (a)). On the other hand, in the CD 

spectrum of 5C, we observed some characteristic β-sheet rich conformation. Similarly, in 

FTIR analyses (Figure 5.9 (b)) of 5A, 5B, and 5D, we detected amide I band at 1656 cm-1, 
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1658 cm-1, and 1645 cm-1 respectively, suggesting the existence of non-β-sheet 

conformation.23 However, the amide I band shifted up to 1640 cm-1 for the peptide 5C, 

suggesting a β-sheet rich conformation.23 Hence, from the above studies, it is evident that the 

linear peptide 5C, which lacks a turn-inducing moiety like Ant, is converted to β-sheet 

conformation with time; however, the stapled peptides 5A and 5B and the linear peptide with 

Ant moiety, 5D  does not form β-sheet conformation at physiological conditions. 

5.5.2. Amyloidogenic characterization of the synthesized peptides by TEM and Congo 

red stained birefringence studies: 

From the above conformational study, we observed that peptides 5A, 5B, and 5D exist in 

non-β-sheet conformation; however, peptide 5C exhibited a β-sheet rich conformation at 

physiological conditions. Further, we wished to investigate the amyloidogenicity of the 

peptides using TEM and Congo red stained birefringence techniques. 

After five days of incubation at physiological conditions, 10 L aliquot of the peptide 

solution was taken out from the stock solution (as described in section 5.5). The samples for 

TEM and Congo red stained birefringence study were prepared as discussed in chapter 2, 

section 2.5.2. The appearance of the fibrillar structure under an electron microscope (EM) is a 

characteristic property of amyloid formation by any amyloidogenic peptide.23 Under TEM, 

peptides 5A, 5B, and 5D did not exhibit any fibrillar assembly, indicating the non-

amyloidogenic nature of the peptides at physiological conditions. On the other hand, we 

observed some amorphous aggregates for the peptide 5C underTEM , which indicated some 

aggregating behaviour of the peptide at the same condition (Figure 5.10 (a)).  

Moreover, the appearance of green-gold birefringence under cross-polarised light upon 

staining with Congo red is also a characteristic feature of amyloid formation.23 When viewed 

under cross-polarised light, peptides 5A, 5B, and 5D did not exhibit such characteristic 
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birefringence suggesting the non-amyloidogenic nature of the peptides. However, peptide 5C 

showed slight green-gold birefringence under the same condition, indicating the formation of 

some amyloid in the presence of the peptide. Therefore, from the above studies, it can be 

interpreted that peptides 5A, 5B, and 5D were found to be non-amyloidogenic; however, 

peptide 5C gained little amyloidogenic behaviour at physiological conditions (Figure 5.10 

(b)). This may be attributed to the linear structure of the peptide 5C, which lacks the presence 

of a turn inducer and restricted conformation in the peptide backbone like the other three 

peptides. 

 

Figure 5.10: (a) TEM and (b) Congo red-stained birefringence images of peptide 5A (i), 5B 

(ii), 5C (iii) and 5D (iv). Images were taken after five days of incubation of the peptides in 

PBS (50 mM) at pH 7.4  and 37 °C. 

 

5.6. Inhibition of amyloid formation of hIAPP by synthesized peptides: 

Our primary goal is to investigate the prospective of the synthesized staple peptides (SPs) in 

blocking the formation of amyloid from the aggregating peptide. To explore the inhibitory 

efficiencies of the SPs, 5A and  5B and to compare the results with their linear analogs 5C 

and 5D  as controls, we carried out various biophysical techniques in the absence and 
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presence of the synthesized peptides in varied doses, namely 0.5-, 1- and 2-fold molar ratios 

with respect to hIAPP. In addition, the highly aggregating hIAPP at a concentration of 40 M 

was incubated in PBS (50 mM) of pH 7.4 at 37 °C in the absence and presence of the 

peptides up to 7 days and the kinetics of amyloid formation of hIAPP and its subsequent 

inhibition by the stapled peptides were monitored using various biophysical tools.  

5.6.1. Monitoring conformational transition by CD and FTIR studies: 

Initially, we wished to check the change in conformation of the aggregating peptide, hIAPP 

in the absence and presence of the SPs. To carry out the conformational study, we prepared 

different sets of solutions, where the concentration of hIAPP was maintained as 40 M in 

each set. The first set contained only hIAPP, prepared in PBS at pH 7.4, while in the other 

sets, hIAPP was mixed with the SPs as well as their linear analogs in a molar ratio of 1:2, 

maintaining the same concentration of hIAPP. Each set containedtwo replicate solutions. All 

the different sets were prepared in PBS of pH 7.4 and incubated on water bath at 37 °C for 

seven days and thereafter, checked the conformational change of hIAPP (40 M) in the 

absence and presence of 80 M of the peptides using CD and FTIR studies.  

When the CD spectra were recorded after seven days of incubation of the peptide solutions at 

physiological conditions, we observed that hIAPP alone displayed a positive band at ~196 nm 

and a simultaneous negative band at ~218 nm specifying a β-sheet rich conformation of the 

peptide (black, Figure 5.11 (a)). However, in the presence of 2-fold molar ratios of the SPs, 

i.e., 5A and 5B (red and blue respectively, Figure 5.11 (a)), the conformation of hIAPP 

transformed from β-sheet to α-helical rich conformation. On the other hand, in the presence 

of the control linear peptides, i.e., 5C and 5D (magenta and green respectively, Figure 5.11 

(a)), we did not observe any significant conformational changes for the hIAPP peptide; 

instead, it existed in β-sheet rich conformation in the same molar ratio. 
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Further, the conformational transitions of the aggregating peptide were also monitored by FT-

IR analysis. From the FT-IR spectra, when hIAPP was present alone in the solution, we 

noticed a sharp band at 1637 cm-1, indicating the β-sheet characteristic conformation of the 

peptide (black, Figure 5.11 (b)). However, in the presence of 2-fold molar ratios of the SPs, 

i.e., 5A and 5B (red and blue respectively, Figure 5.11 (b)), the band shifted to 1648 cm-1 and 

1654 cm-1 respectively, corresponding to non β-sheet conformation, which indicated 

inhibition of hIAPP aggregation by the SPs. On the contrary, in the presence of the same 

molar ratios of the control linear peptides, i.e., 5C and 5D (magenta and green respectively, 

Figure 5.11 (b)), the band shifted to 1643 cm-1 and 1647 cm-1, respectively, which also 

indicated a change in conformation and subsequent  inhibition to the aggregating hIAPP 

peptide to some extent.  

 

Figure 5.11: (a) CD and (b) FTIR spectra of hIAPP in absence (black) and in presence of 2 fold molar 

ratios of 5A (red), 5B (blue), 5C (magenta) and 5D (green). Images were taken after seven days of 

incubation of the peptides in PBS (50 mM) at pH 7.4  and 37 °C. 
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5.6.2. Monitoring the kinetics of amyloid formation and subsequent inhibition by the 

SPs via ThT fluorescence assay: 

In Thioflavin T (ThT) fluorescence assay, the enhancement of fluorescence intensity with 

time is considered as a characteristic property of amyloid formation.23 The time-dependent 

kinetics study of amyloid formation of hIAPP and its inhibition process by the SPs were 

monitored by a ThT fluorescence assay. To carry out this assay, we prepared different sets of 

solutions, where the concentration of hIAPP remained 40 M in each set. In the first set, the 

only hIAPP was prepared in PBS at pH 7.4, while in the other sets, hIAPP was mixed with 

the SPs as well as their linear analogs in molar ratios of 1:0.5, 1:1, and 1:2 respectively, 

maintaining the same concentration of hIAPP. Thus, each set contained two replicate 

solutions. All the different sets were prepared in PBS at pH 7.4 and incubated on a water bath 

at 37 °C for seven days and thereafter, checked the fluorescence assay of hIAPP (40 M) in 

the absence and presence of 20 M, 40 M and 80 M of the peptides respectively. 

The same procedure was followed to carry out the fluorescence assay, as discussed in chapter 

2, section 2.6.2. The relative % of amyloid present in the sample was also calculated at the 

highest incubation time, using the following formula. 

% of amyloid =
(Observed fluorescence in the presence of peptide − 1)

(Observed fluorescence in the absence of peptide − 1)
 × 100 % 

where 1 was considered as a normalization factor, as the minimum value of F/F0 is 1. 

 

From the time-dependent ThT fluorescence study, when incubated alone in PBS, the 

fluorescence intensity of hIAPP was found to increase with time (black,Figure . 5.12 (a)), but 

in the presence of 2-fold molar excess of 5A (red, Figure 5.12 (a)) and 5B (blue, Figure 5.12 

(a)) the fluorescence intensity was suppressed significantly up to ~ 80-82%, indicating 

TH-2686_146122023



Chapter 5     Disruption of hIAPP aggregates into non-toxic species by side-

chain to tail stapled peptides 

 

152 
 

sufficient inhibition of amyloid formation. However, in the presence of the control peptide, 

5D (olive , Figure 5.12 (a)), inhibition of amyloid aggregation occurred only up to ~40%. 

However, in the presence of the other control peptide, 5C (magenta, Figure 5.12 (a)), where 

no turn-inducing element was present, negligible inhibition of aggregation of hIAPP was 

observed, roughly exhibiting 20% of amyloid inhibition. 

 

Figure 5.12: (a) Time dependent ThT fluorescence assay of hIAPP (40 µM) in absence (black) and 

presence of 2-fold molar ratios of peptides, 5A (red), 5B (blue), 5C (magenta) and 5D (olive ). (b) 

Dose dependent ThT fluorescence assay of hIAPP (40 µM) in absence (black) and presence of varied 

molar excesses of the peptides 5A (red), 5B (blue), 5C (magenta) and 5D (olive).  

 

Further, from the dose-dependent study of inhibition, we observed that in the presence of 0.5, 

1, and 2-fold molar excesses of 5A (Figure 5.12 (b) and 5.13 (a)) exhibited 39%, 51%, and 

80% of inhibition, while with the same doses of 5B (Figure 5.12 b and 5.13 b) exhibited 44%, 

57% and 82% of inhibition respectively. While, in the presence of the control peptide 5C 

(Figure 5.12 (b) and 5.13 (c)), we observed 11%, 14% and 20%, and in the presence of 

another linear analog 5D (Figure 5.12 (b) and 5.13 (d)), we observed 26%, 34% and 40% of 

amyloid inhibition respectively with the same molar doses. Hence, it can be inferred that the 
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inhibition exhibited by 0.5- and 1-fold molar excess of the SPs is less than that of 2-fold 

molar excess of the same. In other words, an increase in doses of the peptides with respect to 

hIAPP, decreases the fluorescence intensity and hence increases the percentage of amyloid 

inhibition. Further, 5A and 5B were found to be better inhibitors of amyloid aggregation 

compared to 5C and 5D.  

 

Figure 5.13: Time-dependent ThT fluorescence assay of hIAPP (40 M) in the absence (black) and 

presence of 0.5-(red), 1-(blue) and 2-fold (magenta) molar ratios of (a) 5A, (b) 5B, (c) 5C and (d) 5D. 

Spectra were recorded at an interval of 12h after incubation of the peptide solutions in PBS (50 mM) 

at pH 7.4 and 37 °C. 
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5.6.3. Monitoring the amyloid formation by TEM and Congo red stained birefringence 

studies: 

The existence of fibrillar assembly under transmission electron microscope (TEM) and the 

occurrence of green-gold birefringence of Congo red stained peptide sample when viewed 

under cross-polarised light gives direct evidence of amyloid formation.23 After seven days of 

incubation of the peptide solutions at 37 °C in 50 mM PBS at pH 7.4, 10 L aliquot of the 

peptide solution was taken out from the stock solution (as described in section 5.6) for TEM 

and birefringence analyses (sample preparation was described in chapter 2, section 2.5.2).  

 

Figure 5.14: (a) TEM and (b) Congo red birefringence images of hIAPP (i) alone and in co-

incubation with 2-fold molar ratios of peptidomimetics, 5A (ii), 5B (iii), 5C (iv) and 5D (v). Images 

were captured after seven days of incubation of the peptide solutions in PBS (50 mM) at pH 7.4  and 

37 °C. 

 

When hIAPP was incubated alone, it exhibited clear fibrillar-rich morphology (Figure 5.14 

(a) (i)) when viewed under TEM, indicating amyloid formation of hIAPP. On the other hand, 

hIAPP, when incubated in the presence of 2-fold molar ratios of 5A and 5B (Figure 5.14 (a) 

(ii) and (iii) respectively), no such fibrillar assembly was observed; instead, some non-

fibrillar amorphous aggregates were observed, indicating a substantial inhibition of hIAPP 

aggregation. While in the presence of similar doses of 5C and 5D (Figure 5.14 (a) (iv) and (v) 
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respectively), some fibrillar structures were observed, reflecting inefficiencies of the control 

peptides in inhibiting hIAPP aggregation. 

Furthermore, from the Congo red stained birefringence analysis, when hIAPP was present 

alone, we observed clear green-gold birefringence under cross-polarised light (Figure 5.14 (b) 

(i)), indicating the formation of amyloid. On the contrary, in the presence of 2-fold molar 

ratios of 5A and 5B (Figure 5.14 (b) (ii) and (iii) respectively), green-gold birefringence was 

not observed , suggesting significant inhibition of hIAPP amyloids. However, in the presence 

of the linear peptides, 5C and 5D (Figure 5.14 (b) (iv) and (v) respectively) with the same 

molar ratios, some green-gold birefringence was observed, implying less efficiencies  of the 

LPs to inhibit amyloid aggregation to the expected mark. 

Therefore, from the investigations performed, it can be hypothesized that the SPs as well as 

their linear analogs were capable of inhibiting hIAPP aggregation. However, from the 

studies, both SPs, i.e., 5A and 5B appeared to be far better than the LPs, i.e., 5C and 5D in 

inhibiting hIAPP amyloid aggregation. In contrast, 5D was a far better inhibitor than 5C, 

which might be due to the presence of turn inducing moiety in its backbone.64,129,161 

Conversely, in the case of the stapled peptides, stapling itself solely plays a significant role in 

the inhibition process and  the presence or absence of Ant moiety does not play a crucial role 

in exerting its affect on the inhibitory process. . 

5.7. Disruption of preformed amyloid fibrils of hIAPP by synthesized 

peptides: 

From the performed inhibition study with highly aggregating hIAPP, we observed that the 

SPs and the control peptides effectively inhibited the amyloid aggregation. Next, we explored 

the potentials of the peptides to disrupt the preformed hIAPP amyloid fibrils in vitro. From 
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the observed. ThT kinetics, the hIAPP fibrillization attained maximum at around after 45-50 

hours from its incubation time period. Therefore, we allowed hIAPP to incubate  alone in 

PBS at pH 7.4 and 37 °C up to 2 days (48h) and after that, we added the peptides into the 

solution of aggregating hIAPP in different molar ratios (i.e., at 0.5-, 1- and 2-fold molar 

ratios). As the peptide 5C did not exhibit considerable effect in inhibiting hIAPP aggregation, 

we eliminated it from the disruption study. The efficiencies of the peptides to alter the 

structure of preformed amyloid was monitored by various biophysical experiments. The 

samples for the different studies were prepared in a similar way as in section 5.6. 

5.7.1. Monitoring conformational transition by CD and FTIR studies: 

Initially, we performed the CD after 7 (2+5) days of incubation, and from the experiment, we 

noticed a negative band at ~ 218 nm and a simultaneous positive band at ~198 nm when 

hIAPP was incubated alone (black, Figure 5.15 (a)), indicating characteristic bands for β-

sheet rich conformation. However, in the presence of 2-fold molar ratios of the SPs, i.e., 5A 

and 5B (red and blue respectively, Figure 5.15 (a)) with the aggregating hIAPP, the β-sheet 

content was found to decrease with gradual transformation to random coil conformation, 

indicating significant disruption of hIAPP aggregation by the SPs. On the other hand, in the 

presence of a similar molar ratio of the control linear peptide 5D (magenta, Figure 5.15 (a)), 

we observed minor β-sheet rich conformation, indicating non-significant disruption of the 

fibrillar network of the aggregating peptide. 
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Figure 5.15: (a) CD and (b) FTIR spectra of hIAPP in the absence (black) and presence of 2- fold 

molar ratios of 5A (red), 5B (blue) and 5D (magenta). Images were taken after seven days of 

incubation of the peptide solutions in PBS (50 mM) at pH 7.4  and 37 °C. 

 

Further, the change in conformation of the aggregating peptide hIAPP in the presence of the 

SPs and the control peptides was investigated through FT-IR experiments. From the analysis, 

when hIAPP was present alone after 7 (2+5) days of incubation, we observed a sharp peak at 

1634 cm-1, which was a characteristic amide I band for aggregated β-sheet conformation 

(black, Figure 5.15 (b)). However, when the stapled peptides, 5A and 5B were co-incubated 

with hIAPP in 2-fold molar ratios, the specific amide band disappeared, while new bands 

appeared at 1648 cm-1 and 1650 cm-1 respectively, indicating non-β-sheet conformation (red 

and blue respectively, Figure 5.15 (b)). Again, in the presence of 2-fold molar ratio of 5D , a 

new band was observed at 1647 cm-1, indicating a conformational change of hIAPP 

(magenta, Figure 5.15 (b)). These results indicated the conversion of β-sheet into non-β-sheet 

conformation, which supports the disruption efficiency of the preformed amyloid of hIAPP 

by the SPs. 
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5.7.2. Monitoring the kinetics of amyloid disruption by ThT fluorescence assay: 

After the CD and FT-IR experimental analyses, we proceeded for the Thioflavin T (ThT) 

fluorescence assay, which would enable us to monitor the kinetics of disruption of preformed 

amyloid of hIAPP. For this assay, we incubated hIAPP at physiological conditions up to 48h, 

and the synthesized peptides, i.e. the SPs and the control peptide were added to the 

aggregated hIAPP after the stipulated time. 

From the time-dependent ThT fluorescence assay, we observed that when hIAPP was present 

alone in solution, the fluorescence intensity was found to increase with time (black, Figure 

5.16 (a)). In contrast, after the addition of 5A and 5B (red and blue respectively, Figure 5.16 

(a)), the intensity was suppressed significantly up to ~75-78%, indicating disruption of 

preformed fibrils. While in the presence of 2-fold molar excess of the control peptide 5D 

(magenta, Figure 5.16 (a)), the fluorescence intensity got suppressed up to ~38% only, 

indicating minimal disruption of hIAPP fibrillization. 

Further, the different molar ratios (0.5, 1, and 2-fold) of the peptides 5A, 5B and 5D were 

added to the preformed fibrillar assembly of hIAPP; as the doses increased from 0.5 to 2-fold 

molar ratios, the fluorescence intensity decreased significantly with time. We observed that in 

the presence of 0.5-, 1, and 2 fold molar ratios of 5A (Figure 5.16 (b) and 5.17 (a)), hIAPP 

exhibited 44%, 56%, and 75%, while with the same doses of 5B (Figure 5.16 (b) and 5.17 

(b)) exhibited 47%, 61% and 78% of disruption respectively. However, in the presence of the 

control peptide, 5D (Figure 5.16 (b) and 5.17 (c)), disruption of the preformed amyloid of 

hIAPP was observed only up to 25%, 32%, and 38% with the same doses. Hence, the fibril 

formed by hIAPP was reduced by peptides 5A and 5B more significantly than 5D at different 

time intervals. 
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Figure 5.16: Time-dependent ThT fluorescence assay of hIAPP (40 µM) in the absence (black) and 

presence of 2-fold molar ratios of 5A (red), 5B (blue), and 5D (magenta). (b) Dose-dependent ThT 

fluorescence assay of hIAPP (40 µM) in the absence (black) and presence of varied  molar excesses of 

5A (red), 5B (blue), and 5D (magenta). Spectra were recorded at an interval of 12 hrs after incubation 

in PBS (50 mM) at pH 7.4 and 37 °C. 

 

Figure 5.17: Time-dependent ThT fluorescence assay of hIAPP (40 M) in the absence (black) and 

presence of 0.5-(red), 1-(blue) and 2-fold (magenta) molar ratios of (a) 5A (red), (b) 5B (blue) and (c) 

5D (magenta). Spectra were recorded at an interval of 12h after incubation in PBS (50 mM) at pH 7.4 

and 37 °C. 

 

5.7.3. Monitoring disruption of preformed amyloid by TEM and Congo red stained 

birefringence assay: 

Following the conformational study and the ThT fluorescence assay, our next target was to 

demonstrate the effect of the SPs and the linear control peptide on the preformed amyloid of 
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hIAPP using TEM and Congo red stained birefringence analyses. The appearance of fibrillar 

assembly under an electron microscope and green-gold birefringence under crossed polarized 

light after staining with Congo red are characteristic properties of amyloid formation. 

Hence to explore the amyloidogenicity, we performed TEM analysis of hIAPP alone after 

seven days of incubation in PBS (50 mM) at pH 7.4 and 37 °C and observed transparent 

fibrillar assembly under the electron microscope (TEM), which confirmed the formation of 

amyloid (Figure 5.18 (a) (i)). On the other hand, hIAPP when incubated in the presence of 2-

fold molar excesses of 5A (Figure 5.18 (a) (ii)) and 5B (Figure 5.18 (a) (iii)), we did not 

observe any such fibrillar assembly indicating significant disruption of preformed amyloid by 

the stapled peptides. On the contrary, when hIAPP was incubated  in the presence of 5D 

(Figure 5.18 (a) (iv)) at the same molar ratio, we observed some fibrillar assembly, indicating 

insignificant disruption of the preformed amyloid by the linear peptide. 

In addition, after seven days of incubation, the disruption of preformed amyloid of hIAPP by 

the stapled peptides was also investigated through Congo red-stained birefringence study. 

When hIAPP was present alone in the sample (Figure 5.18 (b) (i)) it exhibited green-gold 

birefringence when viewed under cross-polarised light upon staining with Congo red, which 

indicated the formation of amyloid. However, hIAPP when incubated in the presence of 2-

fold molar excesses of 5A (Figure 5.18 (b) (ii)) and 5B (Figure 5.18 (b) (iii)), we did not 

observe any such characteristic birefringence under the same circumstances, suggesting a 

significant disruption of preformed amyloid by the stapled peptides. In contrast, when hIAPP 

was present with the control linear peptide 5D in a 2-fold molar ratio (Figure 5.18 (b) (iv)), 

we observed little green-gold birefringence, indicating insufficient disruption of amyloid  by 

the linear peptide. 
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Figure 5.18: (a) TEM and (b) Congo red birefringence images of hIAPP (i) alone and in co-

incubation with 2-fold molar ratios of peptidomimetics, 5A (ii), 5B (iii) and 5D (iv). Images were 

captured after seven days of incubation of the peptides in PBS (50 mM) at pH 7.4 and 37 °C. 

 

Hence, from the systematic in vitro biophysical studies on thedisruption of preformed fibril of 

hIAPP by the stapled peptides along with control linear peptides, we observed that SPs were 

far more efficient than the control peptide in disrupting the preformed fibrillar amyloid of 

hIAPP. Further, both the stapled peptides 5A and 5B exhibited almost similar disruption 

efficiencies, indicating that peptide stapling itself plays a crucial role, independent of the 

presence or absence of breaker moiety to disrupt the fibrillar network. Further, the dose-

dependent studies reveal that, as the dose increases from 0.5- to 2-fold molar ratio with 

respect to the aggregating hIAPP peptide, disruption of  the preformed amyloid also increases 

in ascending order. 
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5.8. In vitro toxicity study using dye loaded LUV leakage study: 

As mentioned in the earlier chapters, the amyloid fibril of the amyloidogenic peptides, 

hIAPP, can disrupt the cell membrane, which is responsible for the destruction of β-cells 

during T2D disease.135 However, in fact, the soluble oligomers of hIAPP are the main culprits 

for the damage of the cell membrane.43,132 

It was clear from the disruption study of hIAPP that our designed SPs were able to disrupt the 

preformed amyloid but to confirm the presence of non-toxic species, we performed a 

carboxyfluorescein dye leakage assay, where the dye was entrapped inside the LUVs.159 To 

carry out the vesicle leakage study, we prepared six sets of different samples, including the 

untreated LUVs (without any peptide) as a control. hIAPP1-37 was allowed to incubate up to 

48h at physiological conditions, and the peptides (5A, 5B, and 5D) were added to that 

solution of hIAPP and again kept for incubation for another five days (168h = 48h + 120h) to 

form the mature fibrils. After this, the different peptide solutions were added separately to the 

LUVs, and the dye leakage assay was carried out. The different samples prepared for the 

study are shown as follows: 

Sample 1- Untreated LUVs 

Sample 2- hIAPP (incubated for 5h) + LUVs 

Sample 3- hIAPP (incubated for 7 days) + LUVs 

Sample 4- hIAPP: 5A (1:2) + LUVs 

Sample 5- hIAPP: 5B (1:2) + LUVs 

Sample 6- hIAPP: 5D (1:2) + LUVs 
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During the dye leakage study, the peptide and lipid ratio was kept at 1:20 molar ratio, where 

the samples’ concentration was maintained at 2.5 M and the lipid solution was obtained as 

50 M. To measure the 100% dye leakage from the LUVs, 10 L of Triton X-100 were 

added at the end of the experiment, which induces total disruption of the lipid vesicles. The % 

of dye leakage was calculated as137 

% Leakage =
(observed fluorescence – initial fluorescence)

(total fluorescence − initial fluorescence)
 × 100 % 

 
 

Figure 5.19: TEM images of the large unilamellar vesicles (LUVs) at a concentration of 1 mM in 

PBS buffer (50 mM). Scale bar is indicated as 500  nm. 

 
From the experiment, a rapid increment in fluorescence intensity was observed for sample 2 

(i.e., hIAPP incubated for 5h), which indicated maximum dye leakage from the LUVs from 0 

to 100 min, but after 12h, there was no such increment (red, Figure 5.20 (a) and (b)). We 

observed a significant dye leakage (52% in 100 min and 59% in 72h) from the 5h old hIAPP 

containing LUV (sample 2), which suggested the presence of sufficient number of pore-

forming toxic soluble oligomers. On the other hand, very less % of dye release was observed 

for sample 3 (15% in 100 min and 20% in 72h) (blue, Figure 5.20 (a) and (b)), which 

indicated the formation of mature fibrils of hIAPP after incubating for seven days at 

physiological conditions. Therefore, from the experimental findings of the dye leakage assay, 

it was noticeable that the soluble oligomers formed after 5h of incubation from hIAPP were 
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found to be more toxic than the full-grown fibrils obtained from hIAPP after seven days 

(168h) of incubation. Oligomers generate significant number of pores on the vesicles, thereby 

leading to the leakage of the carboxyfluorescein dye from the artificial cells, hence, 

enhancing the sample’s fluorescence intensity. 

 

Figure 5.20: Emission of carboxyfluorescein dye from the LUVs with time, in terms of pore 

formation on LUVs showing the effect of hIAPP. (a) Dye released from LUVs alone and in the 

presence of different solutions from (a) 0 min to 100 min and (b) 0h to 72h. 

 

On the contrary, disruption of preformed fibrils by the designed SPs (5A and 5B) and the LP 

(5D) did not form pores on the LUVs significantly, as the enhancement of their 

corresponding fluorescence intensity (sample 4; magenta, sample 5; olive and  sample 6; 

navy respectively, Figure 5.20 (a) and (b)) was observed to be as low as that of the untreated 

LUVs (sample 1, black, Figure 5.20 (a) and (b)). Hence, from the above investigation, it was 

clear that the SPs were able to disrupt the hIAPP amyloid, and this result of the dye leakage 

assay highlighted the non-toxic behaviour of the disrupted components of the preformed fibril 

of hIAPP. 
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5.9. Preliminary investigation of the mode of inhibition of aggregating 

hIAPP by the stapled peptides: 

To gain insight into the mode of inhibition of hIAPP aggregation by the SPs, we examined 

the changes in the size distribution pattern of different particles by DLS and change in 

morphology via TEM analysis of hIAPP alone and in the presence of the SPs at different time 

intervals.108,146,147 Further, to check the membrane disrupting nature of the species generated 

during inhibition of hIAPP agrreagtion in the presence of SP, we carried out another LUV 

leakage assay by entrapping carboxyfluorescein dye into the LUVs.136 As the inhibition 

efficiencies of both the SPs were nearly similar, for  the present study, we considered only 5B 

with hIAPP. For the mechanistic investigations, hIAPP (40 M) alone and in the presence of 

a 2-fold molar ratio of 5B (80 M) were incubated at pH 7.4 and 37 °C for 24h.  

From the DLS study, the size distribution in terms of hydrodynamic diameter (d) was 

observed to change in ascending order of the untreated hIAPP samples. The samples 

incubated for 0h, 6h, 12h and 24h, showed size distribution ~ 1 nm, ~100 nm, 100-1000 nm, 

and 1000-10000 nm, respectively (Figure 5.21 (a) (i-iv)), indicating the conversion of 

monomeric species (at 0h) into mature fibrils (at 24h) via oligomeric species (6h and 12h) as 

observed in the previous chapter. On the contrary, when hIAPP was co-incubated with 5B, 

modulated fibrillization of hIAPP was observed. At 0h, 5B treated hIAPP exhibited two types 

of species, one having size distribution centred at 100-1000 nm with another reduced size 

distribution of ~1 nm (Figure 5.21 (b) (i)). The formation of higher-sized species implies that 

hIAPP, after mixing with 5B assembled instantly to generate some specific aggregated 

species by altering the native aggregation pathway of hIAPP. Further, the 5B treated samples 

exhibited hydrodynamic diameters of 1000-10000 nm species as the time increases from 6h 

to 24h (Figure 5.21 (b) (ii-iv). These results indicated that upon prolonged incubation of 
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hIAPP with 5B, the formation of oligomers or smaller species was prevented. In other words, 

the presence of 5B diverted the native aggregation pathway of hIAPP thereby leading to the 

generation of some larger amorphous aggregates. 

 

Figure 5.21: DLS study showing the change in size distributions of hIAPP incubated alone (a) and in 

co-incubation with 2-fold molar ratio of 5B (b) at 0h (i), 6h (ii), 12h (iii) and 24h (iv) respectively. 

TEM images exhibiting the change in morphology of hIAPP incubated alone (c) and in co-incubation 

with 2-fold molar ratio of 5B (d) at 0h (i), 6h (ii), 12h (iii) and 24h (iv) respectively. The scale of 

TEM images indicates 200 nm. 

 

Further, to validate this phenomenon, we investigated the morphological changes via TEM 

analysis. In TEM, we observed a transitional growth of untreated hIAPP, converting from 

small spherical species (at 0h) to mature fibrils (at 24h) via oligomeric intermediates (at 6h 

and 12h) (Figure 5.21 (c) (i-iv)). In contrast, with 5B treated hIAPP samples, we did not 
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observe any fibrillar species at all; instead, some amorphous aggregates were observed 

(Figure 5.21 (d) (i-iv)), indicating altering of the fibrillization process of hIAPP upon binding 

with 5B. 

 

Figure 5.22: The emission of carboxyfluorescein dye showing the effect of hIAPP on the LUVs with 

time and % of dye leakage during the inhibition process in the absence and presence of 5B with 

hIAPP from 1h to 48h. 

 

Further, to examine the toxicity of the species present during the fibrillization of untreated 

and 5B treated hIAPP, we carried out a LUV dye leakage assay. In this assay, hIAPP in the 

absence and presence of 5B were incubated for 1, 6, 12, 24, 36, and 48h in PBS and then 

added to LUVs to obtain a final concentration of 50 µM of the lipids, maintaining 1:20 ratio 

for the peptide and lipid respectively. From the investigation, we observed the highest dye 

leakage from the 6h incubated untreated hIAPP (red, Figure 5.22), indicating severe toxicity 

arising from the oligomeric species. On the other hand, the dye leakage was found to 

decrease as the incubation period increases from 6h to 24h, validating the assumption that 

mature fibrils are less toxic than the oligomers. On the contrary, with the 5B treated hIAPP 

samples (blue, Figure 5.22), we did not observe any significant dye leakage from the LUVs 
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as the fluorescence intensity was observed to be as low as the untreated LUVs (black, Figure 

5.22). 

Hence, from the observation of size distribution and morphology, it can be hypothesized that 

the binding of 5B with hIAPP restricts the formation of oligomeric species and helps in the 

formation of some amorphous aggregates by altering the native aggregation process of 

hIAPP. Moreover, during the fibrillization process of hIAPP, the species generated upon 

binding with 5B were found to be non-toxic, as they could not disrupt the membrane of the 

LUVs. Thus, the formation of non-toxic amorphous species proposes the fact that 5B triggers 

the hIAPP aggregation towards an “off-pathway” aggregation route instead of its 

conventional pathway, which is in line with the previous reports.163 

5.10. Proteolytic stability study: 

The major complication for peptide-based drugs is their proteolytic instability, as they 

degrade effortlessly in the presence of proteolytic enzymes.139 In order to check the 

enzymatic stability of the synthesized peptides, we carried out a stability study in vitro in the 

presence of RPMI (Roswell Park Memorial Institute) 1640 media supplemented with 10% 

FBS serum (v/v) and 1% Penicillin/Streptomycin Antibiotic, obtained from GIBCO, which 

contains a sufficient amount of proteolytic enzymes. We compared the stabilities of 5A and 

5B with their respective linear analogs 5C and 5D using analytical HPLC and MALDI-TOF 

mass spectrometry. For the stability study, 1 mL of the RPMI media was transferred in four 

different Eppendorf tubes and incubated at 37 °C for 15 minutes. After which, 10 L of the 

peptide solutions (5A, 5B, 5C, and 5D) in DMSO (10 mg/mL) were added separately to the 

RPMI media with the same procedure as explained in Chapter 2, section 2.9. From the serum 

precipitation process, the supernatant was collected and analyzed by RP-HPLC and MALDI-

TOF mass analyses. A linear gradient of 5-95% CH3CN for 8 mins, 95% CH3CN until 9 mins 
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followed by 5%  CH3CN up to 10 mins was used at a flow rate of 1 mL/min using an 

analytical C18 column anda binary solvent system, comprising of solvent A (0.1% TFA in 

H2O) and solvent B (0.1% TFA in CH3CN). 

 

Figure 5.23: Kinetics of stability of peptides 5A (a), 5B (b) 5C (c) and 5D (d) in the presence of 

proteolytic enzymes (RPMI media) monitored by RP-HPLC.  

 

From the time-dependent, HPLC study, in the presence of proteolytic enzymes, 5A and 5B 

(Figure 5.23 (a) and 5.23 (b) respectively), not a single trace of degradation was observed up 

to 30h, rather, absolute retention of the original compound peaks were detected. Contrarily, 

the linear peptide 5C (Figure 5.23 (c)), where only α-amino acids were present, started 

degrading after 1h of incubation in the presence of the enzymes with only a trace of the 

original compound being observed after 10h. On the other hand, the other linear peptide 5D 
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(Figure 5.23 (d)), where one Ant moiety was present, started minimal degradation after 5h. 

However, after 30h of incubation, around 30% of the peptide was degraded in the presence of 

the proteolytic enzymes. 

 

Figure 5.24: MALDI-TOF mass spectra of peptides a) 5A at 30h b) 5B at 30h c) 5C at 0h, d) 5C at 

30h, e) 5D at 0h and f) 5D at 30h after the addition of human serum. 

 

Further, from the MALDI-TOF mass analyses, for the peptides 5A and 5B we observed 

complete retention from 0h to 30h (Figure 5.24 (a) and (b)). On the contrary, the pure mass 

spectra were observed for 5C at 0h only, but from 1h onwards, some trace of degradation was 
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observed which continued up to 30h (Figure 5.24 (c) and (d)). Similarly, for the peptide 5D, 

original mass spectra were observed up to 5h, but after which some degradation peaks were 

observed which retained up to 30h (Figure 5.24 (e) and (f)). Hence, it can be presumed that 

the presence of β-amino acid increases some proteolytic stability compared to α-amino acid-

containing peptides.Moreover, stapling itself increases further proteolytic stabilities as the 

stapled peptides, 5A and 5B were relatively resistant to sustain degradation in the presence of 

proteolytic enzymes compared to their linear precursors 5C and 5D.  

 

5.11. Conclusion: 

Our earlier reports showed that insertion of a conformationally restricted element in the 

peptide backbone achieved attractive effectiveness towards modulation of highly aggregating 

hIAPP or other amyloidogenic peptides. Moreover, from reported articles, we have observed 

that peptide stapling also brings research output as a therapeutic tool for Alzheimer-related 

disease. Hence, to give a direction towards the T2D, we wished to investigate the efficiencies 

of the stapled peptides in anti-amyloid activity with the highly aggregating peptide hIAPP.  

Hence, here we demonstrated the design and development of two types of side-chain to tail 

stapled peptides 5A and 5B, one with the presence and another with the absence of a turn 

inducing moiety (Ant), and compared their efficacies towards hIAPP inhibition with the 

linear analogs, 5C and 5D containing the same moietyin the peptide sequence. Initially, we 

investigated the amyloidogenic behaviour of the synthesized peptides, and observed that 5A, 

5B and 5D were found to be non-amyloidogenic in nature at physiological conditions. 

However, 5C, where no turn-inducing moiety was present, showed some characteristics of 

amyloid aggregates. From the systematic studies, it is clear that both the stapled peptides 5A 

and 5B are potent inhibitors to the highly aggregated amyloid fibrils generated from hIAPP, 
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with 2-fold molar ratios of them showing the most efficient inhibition abilities. Further, these 

two SPs can potentially disrupt the preformed amyloid fibril of hIAPP into non-toxic species, 

as confirmed fromthe dye leakage assay. The higher structural rigidity of the SPs may emerge 

them as better inhibitors only in two-fold molar excess in contrast to other breaking 

strategies. In other words, these two SPs, i.e., 5A and 5B, showed far better efficiencies 

toward inhibition and disruption than their linear analogs, 5C and 5D. 

Further, the efficiency towards suppressing the aggregation of hIAPP was independent of the 

presence of the turn-inducing moiety (Ant), which indicated that the factor of ‘peptide 

stapling’ in terms of conformational restriction solely plays a vital role in arresting the 

amyloids formed. Moreover, the systematic analysis via DLS and TEM analyses established 

that SPs alter the native aggregation pathway of hIAPP into off-pathway aggregation, and the 

generated species were found to be non-toxic as revealed from the LUVs dye leakage assay. 

After that, we demonstrated that the SPs were relatively stable than their linear analogs in the 

presence of proteolytic enzymes. The enzymatic stability enhancement of the SPs was 

supposed to be due to the conformational strain imposed by the stapling. Hence, with more 

fruitful analysis and survey in this direction, the stapled peptides may emerge as new 

therapeutic implementations towards the society to challenge against T2D or related diseases 

soon. 
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Chapter 6: Experimental Section 

 

 

6.1. Material and methods: 

6.1.1. Reagents and Solvents: 

Rink Amide MBHA resin (loading 0.7 mmol/g), human Islet Amylin Polypeptide (hIAPP), 

all Fmoc amino acids with the specific side-chain protecting groups (Boc for lysine, t-Butyl 

for glutamic acid and Pbf for arginine), Fmoc-chloride (Fmoc-Cl), BOP [(Benzotriazole-1-

yloxy) tris (dimethylamino) phosphonium hexafluorophosphate] and PyBOP [(Benzotriazole-

1-yloxy-tris-pyrrolidine-phosphonium hexafluorophosphatte] were purchased from GL 

Biochem (Shanghai, China). The reagent, Ethyl 2-cyano-2-(2-nitrobenzenesulfonyloxyimino) 

acetate known as o-NosylOXY was used as a coupling reagent and synthesized in the 

laboratory from Ethyl-hydroxyiminocyanoacetate (Oxyma) and 2-nitrobenzenesulphonyl 

chloride. 5(6)-Carboxyfluorescein, N-Fmoc-N"-succinyl-4,7,10-trioxa-1,13-tridecanediamine 

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), Fmoc-Ant-OH (Fmoc-Anthranilic acid), dansyl 

chloride, Diisopropylethylamine (DIPEA), Thioflavin T (ThT), and Congo red dyes were 

purchased from Sigma-Aldrich. Zinc bromide (ZnBr2) and Ferric chloride (FeCl3) were 

purchased from Alfa-Aesar. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-

Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and Ganglioside GM1 were purchased 

from Avanti Polar Lipid, Inc. Dipotassium hydrogen phosphate (K2HPO4), potassium 

dihydrogen phosphate (KH2PO4), and piperidine were purchased from Merck (India). 

Dimethylformamide (DMF) and dichloromethane (DCM) of extrapure grade and acetonitrile 

of HPLC grade were purchased from Merck (India). Cholesterol (99%), acetic anhydride 

(Ac2O) of synthesis grade, N-methyl-imidazole (NMI) of extrapure grade and trifluoroacetic 
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acid (TFA) of extrapure grade were purchased from SRL (India). Milli-Q water at 18.2 

was used for sample preparation. 

6.1.2. hIAPP sample preparation: 

The commercially available hIAPP1-37 (e.g., 3.1 mg) was dissolved in a small volume (40 L) 

of HFIP to obtain disaggregated hIAPP. Then, HFIP was evaporated thoroughly by purging 

nitrogen gas. This process was repeated thrice. After complete removal of HFIP, hIAPP 

generates a thin film, and to this, the required volume of 50 mM PBS of pH 7.4, containing 

3% DMSO was added, followed by sonication and vortex to obtain soluble hIAPP (40 M) 

solution.160 From the solution, 50 µL of each aliquot was transferred into required portions. 

For the native hIAPP solution, the final volume was made up to 800 µL with PBS of pH 7.4 

to obtain a 40 µM concentration. For the other sets, the required amount of peptide solutions 

were added to the hIAPP solution to maintain their doses, and the final volume was made up 

to 800 µL to maintain the same concentration of the aggregating peptide. 

We have taken four different concentrations of hIAPP, i.e. 10 M, 20 M, 30 M and 40 M 

for the optimisation. We observed a gradual increment in fluoresecnce intensity with 

increasing concentration of hIAPP, however, a suitable intensity was observed with 40 M of 

hIAPP for the biophysical experiments. Hence, we have considered 40 M of hIAPP for all 

the biophysical studies. Under physiological condition or in T2DM, 40 M of hIAPP could 

be very high. However, it was an in vitro study, where we have used only relative 

concentration of the aggregating and breaker peptides. Hence, in the context of T2DM 

patients, the relative doses of the inhibitors with respect to the hIAPP concentration may be 

used. 
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6.1.3. Large unilamellar vesicles (LUVs) preparation and Carboxyfluorescein 

entrapment: 

The large unilamellar vesicles (LUVs) were prepared using three different lipids; DMPC (or 

DPPC), Cholesterol, and GM1 with 68:30:2 molar ratios following a reported protocol.160 

Before the vesicle preparation, the required lipids were taken in a clean glass vessel and 

solubilize in chloroform and methanol (2:1) to make a 2 mM stock solution. Then the 

solvents were evaporated completely using nitrogen gas to make a thin lipid film. The glass 

vessel containing the lipid film was placed in a vacuum desiccator for overnight to remove 

solvents completely. Next, the lipid film was hydrated with 500 µL of carboxyfluorescein 

solution (200 µM) in 50 mM PBS buffer of pH 7.4. Then, the solution was vortexed 

vigorously for 30 min to emulsify the lipid mixtures. 

Further, the glass vessel was dipped into the liquid nitrogen for instant cooling, and after 5 

minutes, the frozen solution was dipped into a water bath at 50-60 °C for thawing.138 The step 

was repeated three times for complete entrapment of the dye. The excess dye was removed by 

ultracentrifugation at 20000 rpm, and the supernatant dye solution was discarded, and the 

lipid pellet was re-hydrated with 50 mM HEPES buffer. This step was repeated two more 

times to remove the excess dye, and the final lipid pellet was collected, followed by the 

addition of 500 µL of PBS buffer and vortexed to obtain a homogenous suspension of 2 mM 

stock of lipid vesicles.159 Finally, the lipid solution was filtered through a 0.45 µm 

polycarbonate membrane to obtain the dye-loaded LUVs. The formation of LUVs was 

confirmed by TEM or FESEM images. The dye leakage assay was performed on a 

Fluoromax-4 Horiba Fluorospectrometer instrument. For the dye leakage experiment, all 

samples, including the carboxyfluorescein entrapped untreated LUV solution, were excited at 

485 nm, and fluorescence emission was measured at 516 nm using a slit 5 nm in a 1 mL 

quartz cuvette of 1 cm path length. 
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6.2. Instrumentation: 

6.2.1. High-performance liquid chromatography (HPLC): 

All the crude peptides were purified by RP-HPLC (reverse phase-high performance liquid 

chromatography) on Waters/ Thermo Fiscer Scientific istrument, using a C18-µ Bondapak 

semi-preparative column (dimensions 250  10 mm, particle size 12 µm, pore size 175 Å) at 

a flow rate of 4-5 mL/min. A binary solvent system was used, solvent A (0.1% TFA in H2O) 

and solvent B (0.1% TFA in CH3CN). The UV detector was set at dual wavelengths of 214 

nm and 254 nm. A total run time of 20 min was used, and the gradient used for purification 

was 5−100% CH3CN for 18 min, followed by 100% CH3CN till 20 min. 

For chapter 2 and chapter 3, the purity of the peptides was checked with RP-HPLC on Waters 

600E Analytical HPLC system using Waters C18 analytical column at a flow rate of 1 

mL/min, using linear gradient of 5-100% CH3CN over 18 minutes in a total run time of 20 

min. Dual-wavelength was selected at 214 nm and 254 nm. 

Moreover, for chapter 4 and chapter 5, the purity of the peptides was further confirmed with 

RP-HPLC on Agilent 1260 analytical system, using Agilent C18 analytical column at a flow 

rate of 1 mL/min for a total run time of 10 min using a linear gradient of 5-100% CH3CN for 

9 min, followed by 100% CH3CN till 10 min, with the UV detector set at 214 nm and 254 

nm.  

6.2.2. Mass spectrometry: 

The purified peptides were characterized by High-Resolution Mass Spectrometry (HRMS) on 

Agilent-Q-TOF 6500 instrument (ESI positive mode) with the software Mass Hunter Work 

Station. [M+H]+ and [M+Na]+peaks were observed for the purified peptides.  
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6.2.3. MALDI-TOF mass spectrometry: 

For characterizing the purified peptides in MALDI-TOF analysis, the peptide solutions were 

prepared in CH3CN/H2O and mixed with CHCA (α-cyano-hydroxy-cinnamic acid) matrix in 

a 1:1 ratio and analyzed in MALDI-TOF spectrometer using Bruker Daltonics FlexControl 

software. The mass of the individual peaks of the purified peptides was assigned using the 

FlexAnalysis software. [M+H]+, [M+Na]+ and [M+K]+ peaks were observed for the purified 

peptides. 

6.2.4. Circular dichroism (CD): 

After 5 or 7 days of incubation of the peptide solutions, CD analysis was performed to 

monitor the conformational changes of the peptides. Solutions of hIAPP (40 M) alone and 

mixed with different molar ratios of the breaker peptides (in case of inhibition or disruption 

study) were dissolved in PBS (50 mM, pH 7.4) to obtain their desired concentration. 400 μL 

of the sample was taken in a cuvette of 1 mm path length and CD study was performed. 

Initially, the baseline correction was done by using a blank solution (here, PBS buffer). The 

spectra were recorded as an average of three measurements, from 190 nm to 260 nm on 

JASCO J-815/ JASCO J-1500 instrument. Each CD experiment was repeated for at least two 

times, with each spectra being recorded as an average of three measurements. 

Observed ellipticity (mDeg) was obtained from the software, pasted on an excel sheet and 

converted to mean residue molar ellipticity () using the following equation: 

deg. cm2dmol-1Ellipticity (mdeg). 106/ (Pathlength (mm). [Protein] (M). N) 

Where [Protein] is the concentration of the peptide samples (in M) and N is the number of 

amide bonds in the peptide sequence. 
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6.2.5. Fourier transform infrared (FTIR) spectroscopy: 

Solutions of hIAPP (40 M) alone and mixed with different molar ratios of the breaker 

peptides (in case of inhibition or disruption study) were prepared in PBS (50 mM, pH 7.4). 

After 5 or 7 days of incubation, 10 L aliquot from the peptide stock solutions was mixed 

with activated KBr and pellet was prepared. FTIR spectra were recorded on a Perkin Elmer 

FTIR spectrometer. At first, a background scan was obtained, followed by the sample scan. 

The final spectra were obtained after baseline correction. The text files were taken and 

plotted in OriginPro 8 software. 

6.2.6. Thioflavin T (ThT) fluorescence assay: 

Initially, a stock solution of Thioflavin T (ThT) was prepared at a concentration of 3.2 mM in 

PBS (50 mM, pH 7.4) and stored at 4 °C with proper protection from light to prevent 

quenching.161 Prior to the fluorescence study, the stock solution of ThT was diluted with PBS 

to obtain a concentration of 50 M. Stock solution of the aggregating hIAPP peptide of 

concentration 40 M was prepared in PBS, and after that, different molar ratios of the breaker 

peptides were added to the hIAPP solution as required. All the peptide samples were 

incubated in water bath at 37 °C. The ThT fluorescence assay was carried out manually 

(without using 96 well plates) on a Fluoromax-4 Horiba Fluorospectrometer. 

For the ThT assay, at different time intervals, the required volume of peptide samples (40 L) 

was mixed with 200 μL of ThT solution (50 M), and the total volume was adjusted up to 

400 L with 160 μL of PBS. However, 200 μL of PBS solution was mixed with 200 μL of 

thioflavin T solution for the reference sample. The excitation wavelength was set at 440 nm, 

and the fluorescence emission was measured at 485 nm in a 1 mL quartz cuvette of 1 cm 

pathlength using a slit 5 nm. The software data were copied and pasted on an excel file. The 
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excel file was taken, and the graphs were plotted on OriginPro 8 software and finalised in 

Adobe Illustrator software. For each data, three readings were recorded separately, and the 

average of three was plotted along y-axis and time (h) along the x-axis with observed 

standard deviation being set as y-error. For each biophysical study, the ThT experiments were 

repeated twice or thrice. 

The relative percentage of amyloid was calculated using the following equation- 

Relative % of amyloid  =   
(Observed fluorescence in the presence of the peptide − 1 )

(Observed fluorescence in the absence of the peptide − 1 )
 × 100% 

where 1 was considered as a normalization factor. 

6.2.7. Transmission electron microscopy (TEM): 

For recording TEM images (after 5 or 7 days of incubation as required), 10 μL aliquot from 

the stock peptide solution (40 μM in case of hIAPP and respective ratios for the mixture of 

peptides) was added over the dark side of the carbon-coated copper grid and allowed to float 

for 2 min. Then, the excess solution was discarded using blotting paper. After that, the 

samples were negatively stained by adding 2% uranyl acetate solution (10 μL) and were 

allowed to float for 2 min, and the excess solution was removed using blotting paper. The 

sample was dried at room temperature and was kept in a desiccator before taking TEM 

analysis. TEM images were captured on JEOL (Model: JEM 2100) and JEOL (Model: JEM-

2100F Field Emission Electron Microscope) instrument at 200 kV. 

6.2.8. Congo red stained birefringence: 

Commercially available Congo red was dissolved in 80% aqueous ethanol to prepare a 

saturated solution. Then a saturated solution of sodium chloride was added into the saturated 

Congo red solution and filtered to obtain the required Congo red solution for analysis.23 For 

the birefringence analysis, after 5 or 7 days of incubation, 10 L aliquot of stock peptide 
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solution (40 μM in case of hIAPP and respective ratios for the mixture of peptides) was drop 

casted over a cleaned glass slide and kept in an incubator at 37 °C overnight for drying. After 

that, 10 L of the saturated solution of Congo red dye was added over the dried samples and 

then dried further in the incubator at 37 °C. Finally, the prepared samples were examined 

under a Leica ICC50 HD polarizable microscope. 

 

Figure 6.1: Structure of Thioflavin T (ThT), Congo red and Carboxyfluorescein dye used in different 

techniques to monitor amyloid aggregation 

 

6.2.9. Field emission scanning electron microscopy (FESEM): 

In the initial chapters, the formation of LUVs was confirmed by FESEM. 10 μL lipid vesicle 

solution from the stock solution was drop casted over the clean glass slide covered with 

aluminium foil. Then the sample was allowed to dry overnight in an incubator at 37 °C. and 

examined with a Ziess, Sigma VP instrument field-emission scanning electron microscopy 

system using an accelerating voltage of 3 kV. 

6.2.10. Dynamic light scattering (DLS): 

DLS measurements of hIAPP alone and in the presence of 2-fold molar ratios of the breaker 

peptides were performed at different time intervals of incubation at 25 °C using a 633 nm He-

Ne laser on a Zetasizer Nano series Nano-ZS90 (Malvern Instruments). For the experiment, a 

stock solution of hIAPP (40 M) was prepared in PBS of pH 7.4 (with 3% DMSO) and then 

added the required amount of the breaker peptide solution to get a final ratio of 1:2 (hIAPP: 

TH-2686_146122023



Chapter 6  Experimental section 

181 
 

breaker peptide). Then the hIAPP alone and the mixture were incubated at 37 °C, and the size 

distribution measurements were recorded at different time interval using 200 L of each of 

the samples in a 1 mL cuvette of 1 cm pathlength. Before scanning, the system was 

equilibrated for 120 seconds. Each measurement recorded intensity percentage along with 

size distribution, which was an average of 10 scans. The text values were obtained directly 

from the Zetasizer software, plotted in OriginPro 8 software, and finalized in Adobe 

Illustrator. 

6.3. Soild phase peptide synthesis (SPPS) protocol: 

All the syntheses were performed manually on a Stuart blood tube rotator (20 rpm) using 

standard SPPS protocols.129,130 The Rink amide MBHA resin (300 mg of loading of 0.7 

mmol/g) was taken into a 5 mL frit-fitted plastic syringe and swollen in DCM for 2h followed 

by DMF for 1h. Distilled DCM and N2 purged DMF were used for the syntheses. 

 

6.3.1. Peptide coupling: 

For a standard peptide coupling, two equivalent of Fmoc-amino acid was dissolved in DMF 

and added to the resin and 2.5 equivalents of BOP/ PyBOP/ o-NosylOXY as a coupling 

reagent and five equivalent of DIPEA as a base. Coupling time varied from 2h to 12h 

(depending on the amino acids coupled). In case of incomplete coupling, the step was 

repeated twice. After that, the resin was washed with DMF and DCM for 5 min (1 min x 5) 

after each coupling. All couplings were performed at room temperature. 

6.3.2. Fmoc deprotection: 

Prior to the subsequent coupling, Nα-Fmoc deprotection was performed by using 20% 

piperidine in DMF for 21 min (7 min x 3). After Fmoc deprotection, the resin was washed 

with DMF and DCM for 5 min each (5 x 1 min). 
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6.3.3. Kaiser test:  

Each peptide coupling was monitored by performing the Kaiser test.162 For carrying out the 

test, a few resin beads were placed in a small fusion tube, and 50 μL of Kaiser A and 50 μL 

Kaiser B were added. Further, the tube was heated at 80 °C over a sand bath for 5 min. A 

positive test is indicated by blue or purple color, which implies free NH2 groups in the 

reaction. In such cases, the coupling step was repeated. The composition of the Kaiser 

solutions are mentioned below: 

Kaiser A: 0.5 g ninhydrin in 10 mL ethanol 

Kaiser B: 0.4 mL of 0.001 M KCN (aq) in 20 mL pyridine. 

6.3.4. Acetylation (capping): 

Sometimes, even after repeated coupling, free NH2 groups remain in the solution. In such 

cases, acetylation or capping was performed. After coupling, the resin was washed with DCM 

five times. After that, two equivalent of Ac2O and three equivalent of N-methyl imidazole 

were mixed in DCM and added to the resin, and the reaction was carried out for 1.5h. 

6.3.5. Final cleavage of the peptide from resin: 

After completion of peptide synthesis, the Rink amide MBHA resin was treated with a 

solution of TFA/DCM/H2O (85/10/5) for 3h.129,130 Approximately, 2.5-3 mL of the cocktail 

solution was used for 300 mg resin. After final cleavage of the peptide from the resin, the 

crude peptide was precipitated in cold diethyl ether, washed thoroughly with ether, then 

centrifuged to obtain the crude solid product. Thereafter, the crude peptide was purified by 

semi-preparative HPLC. 
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6.4. Synthetic procedure of the designed peptides: 

6.4.1. Peptide 2A: (H2N-Asn-Phe-Gly-Ala-Ile-Leu-CONH2) 

Peptide 2A was synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g). The 

resin was swollen in DCM for 2h, followed by DMF for 1h. Fmoc deprotection was 

performed using 20% piperidine/DMF for 21 mins (7×3). Coupling at each step was 

accomplished using 2 eq of Fmoc-amino acids, 2.5 eq of BOP as coupling reagent and 5 eq of 

DIPEA as a base. Each amino acid coupling was monitored by Kaiser test and if found 

positive Kaiser test, coupling step was repeated for 2nd time subsequently capping with Ac2O 

and NMI (2 and 3 equivalent respectively) in DCM for 1.5h. The exact process was 

continued for the entire sequence maintaining the same protocol. After completion of peptide 

synthesis, the final product was cleaved from the resin using a mixture of 85% TFA, 10% 

DCM and 5% H2O for 3h. The crude peptide was precipitated in cold diethyl ether, 

subsequently centrifugated several times and dried with N2 gas. Later, the dried crude peptide 

was purified by RP-HPLC with C18 -Bondapak semi-preparative reverse phase using solvent 

A (H2O with 0.1% TFA) and solvent B (CH3CN with 0.1% TFA) as binary solvent system 

selecting dual detector wavelength at 214 nm and 254 nm. HPLC was carried out using a 

linear gradient for purification of the peptides of 5−100% CH3CN for 18 min leading to 

100% CH3CN until the maximum run time, i.e., 20 min, with a 4 ml/min flow rate. After 

HPLC, the CH3CN was evaporated using rotavapor and the aqueous peptide solution was 

frozen using liquid nitrogen and allowed to lypholise.  

Texture: White fluffy powder 

Yield: 18.7 mg, 14.06% with respect to the resin loading. 

ESI-MS (m/z): 633.3748 [M+H]+, 655.3568 [M+Na]+  
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HPLC: Retention time (tR) 7.6 min (C18, a linear gradient from 5 to 100% CH3CN till 18 

mins, followed by 100% CH3CN till 20 mins).  

6.4.2. Peptide 2B: (H2N-Asn-Phe-Gly-Ala-Aib-Leu-CONH2) 

Peptide 2B was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A with α-aminoisobutyric acid instead of I26 position, following 

the same protocol as mentioned above.  

Texture: White fluffy powder 

Yield: 15.3 mg, 12.04% with respect to the resin loading. 

ESI-MS (m/z): 605.3627 [M+H]+, 627.3393 [M+Na]+ 

HPLC: Retention time (tR) 7.1 min (C18, a linear gradient from 5 to 100% CH3CN till 18 

mins, followed by 100% CH3CN till 20 mins). 

6.4.3. Peptide 2C: (H2N-Asn-Phe-Gly-Ala-(2-Abz)-Leu-CONH2) 

Peptide 2C was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A with 2-aminobenzoic acid (2-Abz or Ant) instead of I26 

position, following the same protocol as mentioned above. However, more emphasis was 

given to the coupling next to 3-aminobenzoic acid or anthranilic acid (Ant), as it is 

complicated due to steric effects. The coupling step was repeated for 2 times and 

subsequently capped with Ac2O and NMI. 

Texture: Off white solid 

Yield: 6.9 mg, 5.14% with respect to the resin loading. 

ESI-MS (m/z): 639.3310 [M+H]+, 661.3120 [M+Na]+ 

TH-2686_146122023



Chapter 6  Experimental section 

185 
 

HPLC: Retention time (tR) 7.8 min (C18, a linear gradient from 5 to 100% CH3CN till 18 

mins, followed by 100% CH3CN till 20 mins). 

6.4.4. Peptide 2D: (H2N-Asn-Phe-Gly-Ala-(3-Abz)-Leu-CONH2) 

Peptide 2D was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A with 3-aminobenzoic acid (3-Abz) instead of I26 position, 

following the same protocol as mentioned above. However, more emphasis was given to the 

coupling next to 3-aminobenzoic acid, as it is complicated due to steric effects. The coupling 

step was repeated for 2 times and subsequently capped with Ac2O and NMI. 

Texture: Off white solid 

Yield: 7.6 mg, 5.66% with respect to the resin loading. 

ESI-MS (m/z): 639.3315 [M+H]+, 661.3106 [M+Na]+ 

HPLC: Retention time (tR) 8.3 min (C18, a linear gradient from 5 to 100% CH3CN till 18 

mins, followed by 100% CH3CN till 20 mins). 

6.4.5. Peptide 2E: (H2N-Asn-Phe-Gly-Ala-(4-Abz)-Leu-CONH2) 

Peptide 2E was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A with 4-aminobenzoic acid (4-Abz) instead of I26 position, 

following the same protocol as mentioned above. However, more emphasis was given to the 

coupling next to 4-aminobenzoic acid, as it is complicated due to steric effects. The coupling 

step was repeated for 2 times and subsequently capped with Ac2O and NMI. 

Texture: Off white solid 

Yield: 8.9 mg, 6.63% with respect to the resin loading. 

ESI-MS (m/z): 639.3335 [M+H]+ 
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HPLC: Retention time (tR) 9.2 min (C18, a linear gradient from 5 to 100% CH3CN till 18 

mins, followed by 100% CH3CN till 20 mins). 

6.4.6. Peptide 3A: (H2N-Asn-Phe-Aib-Ala-Aib-Leu-CONH2) 

Peptide 3A was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A with α-aminoisobutyric acid in two positions of hIAPP22-27 in 

G24 and I26 position, following the same protocol as mentioned above.  

Texture: Off white solid 

Yield: 11.9 mg, 8.99% with respect to the resin loading. 

ESI-MS (m/z): 633.3749 [M+H]+, 655.3562 [M+Na]+ 

HPLC: Retention time (tR) 8.6 min (C18, a linear gradient from 5 to 100% CH3CN till 18 

mins, followed by 100% CH3CN till 20 mins). 

6.4.7. Peptide 3B: (H2N-Asn-Phe-(2-Abz)-Ala-(2-Abz)-Leu-CONH2) 

Peptide 3B was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A with 2-aminobenzoic acid (2-Abz or Ant) in two positions of 

hIAPP22-27 in G24 and I26 position, following the same protocol as mentioned above. 

However, more emphasis was given to the coupling next to 2-aminobenzoic acid or 

anthranilic acid (Ant), as it is complicated due to steric effects. The coupling step was 

repeated for 2 times and subsequently capped with Ac2O and NMI. 

Texture: Off white solid 

Yield: 6.3 mg, 4.27% with respect to the resin loading. 

ESI-MS (m/z): 701.3414 [M+H]+, 723.3176 [M+Na]+ 
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HPLC: Retention time (tR) 7.9 min (C18, a linear gradient from 5 to 100% CH3CN till 18 

mins, followed by 100% CH3CN till 20 mins). 

6.4.8. Peptide 3C: (H2N-Asn-Phe-(3-Abz)-Ala-(3-Abz)-Leu-CONH2) 

Peptide 3C was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A with 3-aminobenzoic acid (3-Abz) in two positions of hIAPP22-

27 in G24 and I26 position, following the same protocol as mentioned above. However, more 

emphasis was given to the coupling next to 3-aminobenzoic acid, as it is complicated due to 

steric effects. The coupling step was repeated for 2 times and subsequently capped with Ac2O 

and NMI. 

Texture: Off white solid 

Yield: 7.3 mg, 4.96% with respect to the resin loading. 

ESI-MS (m/z): 701.3410 [M+H]+, 723.3172 [M+Na]+ 

HPLC: Retention time (tR) 9.6 min (C18, a linear gradient from 5 to 100% CH3CN till 18 

mins, followed by 100% CH3CN till 20 mins). 

6.4.9. Peptide 3D: (H2N-Asn-Phe-(4-Abz)-Ala-(4-Abz)-Leu-CONH2) 

Peptide 3D was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A with 4-aminobenzoic acid (4-Abz) in two positions of hIAPP22-

27 in G24 and I26 position, following the same protocol as mentioned above. However, more 

emphasis was given to the coupling next to 3-aminobenzoic acid, as it is complicated due to 

steric effects. The coupling step was repeated for 2 times and subsequently capped with Ac2O 

and NMI. 

Texture: Off white solid 
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Yield: 8.2 mg, 5.56% with respect to the resin loading. 

ESI-MS (m/z): 701.3419 [M+H]+, 723.3181 [M+Na]+ 

HPLC: Retention time (tR) 9.9 min (C18, a linear gradient from 5 to 100% CH3CN till 18 

mins, followed by 100% CH3CN till 20 mins). 

6.4.10. Peptide 4A: (H2N-Ala-Thr-Gln-Arg-Leu-Ala-Asn-Phe-Leu-Val-His-Ser-Ser-Asn-Asn-

Phe-Gly-Ala-Ile-Leu-Ser-Ser-Thr-Asn-Val-Gly-Ser-Asn-Thr-Tyr-Gly-CONH2) 

Peptide 4A was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A following the same protocol as mentioned above. However, in 

the synthesis 2.5 eq of o-NosylOXY was used as a coupling reagent instead of BOP. 

Texture: White fluffy powder 

Yield: 28.3 mg, 4.16% with respect to the resin loading. 

ESI-MS (m/z): 3239.133 [M+H]+ 

HPLC: Retention time (tR) 6.3 min (C18, a linear gradient from 5 to 100% CH3CN till 9 mins, 

followed by 100% CH3CN till 10 mins). 

6.4.11. Peptide 4B: (H2N-Ala-Thr-Gln-Arg-Leu-Ala-Asn-Phe-Leu-Val-His-Ser-Ser-Asn-Asn-

Phe-(2-Abz or Ant)-Ala-Ile-Leu-Ser-Ser-Thr-Asn-Val-Gly-Ser-Asn-Thr-Tyr-Gly-CONH2) 

Peptide 4B was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 4A with 2-aminobenzoic acid (2-Abz or Ant) instead of G24 

position following the same protocol as mentioned above. However, in the synthesis 2.5 eq of 

o-NosylOXY was used as a coupling reagent instead of BOP. More emphasis was given to 

the coupling next to anthranilic acid, as it is very difficult due to steric effects. The coupling 

step was repeated for 2 times and subsequently capped with Ac2O and NMI. 
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Texture: Off white solid 

Yield: 21.3 mg, 3.12% with respect to the resin loading. 

ESI-MS (m/z): 3244.973 [M+H]+ 

HPLC: Retention time (tR) 5.5 min (C18, a linear gradient from 5 to 100% CH3CN till 9 mins, 

followed by 100% CH3CN till 10 mins). 

6.4.12. Peptide 4C: (H2N-Ala-Thr-Gln-Arg-Leu-Ala-Asn-Phe-Leu-Val-His-Ser-Ser-Asn-Asn-

Phe-Gly-Ala-(2-Abz or Ant)-Leu-Ser-Ser-Thr-Asn-Val-Gly-Ser-Asn-Thr-Tyr-CONH2) 

Peptide 4C was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 4A with 2-aminobenzoic acid (2-Abz or Ant) instead of I26 

position following the same protocol as mentioned above. However, in the synthesis 2.5 eq of 

o-NosylOXY was used as a coupling reagent instead of BOP. More emphasis was given to 

the coupling next to anthranilic acid, as it is very difficult due to steric effects. The coupling 

step was repeated for 2 times and subsequently capped with Ac2O and NMI. 

Texture: Off white solid 

Yield: 23.9 mg, 3.57% with respect to the resin loading. 

ESI-MS (m/z): 3188.788 [M+H]+ 

HPLC: Retention time (tR) 5.7 min (C18, a linear gradient from 5 to 100% CH3CN till 9 mins, 

followed by 100% CH3CN till 10 mins). 

6.4.13. Peptide 4D: (H2N-Asn-Phe-Gly-Ala-(2-Abz or Ant)-Leu-CONH2) 

Peptide 4D was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A with 2-aminobenzoic acid (2-Abz or Ant) instead of I26 

position following the same protocol as mentioned above. However, in the synthesis 2.5 eq of 
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o-NosylOXY was used as a coupling reagent instead of BOP. More emphasis was given to 

the coupling next to anthranilic acid, as it is very difficult due to steric effects. The coupling 

step was repeated for 2 times and subsequently capped with Ac2O and NMI. 

Texture: Off white solid 

Yield: 16.2 mg, 12.08% with respect to the resin loading. 

ESI-MS (m/z): 639.950 [M+H]+, 661.338 [M+Na]+, 677.313 [M+K]+ 

HPLC: Retention time (tR) 5.1 min (C18, a linear gradient from 5 to 100% CH3CN till 9 mins, 

followed by 100% CH3CN till 10 mins). 

6.4.14. Peptide 5A: (SP-Asn-Phe-Gly-Ala-Ile-Leu-Glu)-Arg-CONH2 

Peptide 5A was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A following the same protocol as mentioned above. However, in 

the synthesis 2.5 eq of o-NosylOXY was used as a coupling reagent instead of BOP. 

Proceeding by that way, the linear part was synthesized which was followed by O-t-Bu 

deprotection of the glutamic acid using 5 eq of FeCl3 in DCM for 1.5h.158 In the next step, on 

resin stapling were carried out using BOP as a coupling reagent and DIPEA as a base for 24h. 

Texture: White fluffy powder 

Yield: 18.2 mg, 9.62% with respect to the resin loading. 

ESI-MS (m/z): 900.624 [M+H]+, 922.622 [M+Na]+, 938.606 [M+K]+ 

HPLC: Retention time (tR) 5.1 min (C18, a linear gradient from 5 to 100% CH3CN till 9 mins, 

followed by 100% CH3CN till 10 mins). 
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6.4.15. Peptide 5B: (SP Asn-Phe-Gly-Ala-(2-Abz or Ant)-Leu-Glu)-Arg-CONH2 

Peptide 5B was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A with 2-aminobenzoic acid (2-Abz or Ant) instead of I26 

position following the same protocol as mentioned above. However, in the synthesis 2.5 eq of 

o-NosylOXY was used as a coupling reagent instead of BOP. More emphasis was given to 

the coupling next to anthranilic acid. The coupling step was repeated for 2 times and 

subsequently capped with Ac2O and NMI. Proceeding by that way, the linear part was 

synthesized which was followed by O-t-Bu deprotection of the glutamic acid using 5 eq of 

FeCl3 in DCM for 1.5h.158 In the next step, on resin stapling were carried out using BOP as a 

coupling reagent and DIPEA as a base for 24h. 

Texture: White fluffy powder 

Yield: 13.4 mg, 7.05% with respect to the resin loading. 

ESI-MS (m/z): 906.629 [M+H]+, 928.621 [M+Na]+, 944.598 [M+K]+ 

HPLC: Retention time (tR) 5.0 min (C18, a linear gradient from 5 to 100% CH3CN till 9 mins, 

followed by 100% CH3CN till 10 mins). 

6.4.16. Peptide 5C: (NH2-Asn-Phe-Gly-Ala-Ile-Leu-Glu-Arg-CONH2) 

Peptide 5C was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A following the same protocol as mentioned above. However, in 

the synthesis 2.5 eq of o-NosylOXY was used as a coupling reagent instead of BOP.  

Texture: Off white solid 

Yield: 28.7 mg, 14.94% with respect to the resin loading. 

ESI-MS (m/z): 918.623 [M+H]+, 940.614 [M+Na]+, 956.585 [M+K]+ 
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HPLC: Retention time (tR) 4.9 min (C18, a linear gradient from 5 to 100% CH3CN till 9 mins, 

followed by 100% CH3CN till 10 mins). 

6.4.17. Peptide 5D: (NH2-Asn-Phe-Gly-Ala-(2-Abz or Ant)-Leu-Glu-Arg-CONH2) 

Peptide 5D was also synthesized on 300 mg Rink amide MBHA resin (loading 0.7 mmol/g) 

in the same way as that of 2A with 2-aminobenzoic acid (2-Abz or Ant) instead of I26 

position following the same protocol as mentioned above. However, in the synthesis 2.5 eq of 

o-NosylOXY was used as a coupling reagent instead of BOP. More emphasis was given to 

the coupling next to anthranilic acid. The coupling step was repeated for 2 times and 

subsequently capped with Ac2O and NMI. 

Texture: Off white solid 

Yield: 18.9 mg, 9.74% with respect to the resin loading. 

ESI-MS (m/z): 924.533 [M+H]+, 946.536 [M+Na]+, 962.511 [M+K]+ 

HPLC: Retention time (tR) 4.7 min (C18, a linear gradient from 5 to 100% CH3CN till 9 mins, 

followed by 100% CH3CN till 10 mins). 
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Product Index 

 

NH2-NFGAIL-CONH2 (Peptide 2A) 

 

 

NH2-NFGA(Aib)L-CONH2 (Peptide 2B) 

 

 

NH2-NFGA(2-Abz)L-CONH2 (Peptide 2C) 
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NH2-NFGA(3-Abz)L-CONH2 (Peptide 2D) 

 

 

NH2-NFGA(4-Abz)L-CONH2 (Peptide 2E) 

 

 

NH2-NF(Aib)A(Aib)L-CONH2 (Peptide 3A) 
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NH2-NF(2-Abz)A(2-Abz)L-CONH2 (Peptide 3B) 

 

NH2-NF(3-Abz)A(3-Abz)L-CONH2 (Peptide 3C) 

 

 

NH2-NF(4-Abz)A(4-Abz)L-CONH2 (Peptide 3D) 
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NH2-ATQRLANFLVHSSNNFGAILSSTNVGSNTYG-CONH2 (Peptide 4A) 

 

 

NH2-ATQRLANFLVHSSNNF(Ant)AILSSTNVGSNTY-CONH2 (Peptide 4B) 
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NH2-ATQRLANFLVHSSNNFGA(Ant)LSSTNVGSNTY-CONH2 (Peptide 4C) 

 

 

NH2-NFGA(Ant)L-CONH2 (Peptide 4D) 
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SP-NFGAILER-CONH2 (Peptide 5A) 

 

 

SP-NFGA(Ant)LER-CONH2 (Peptide 5B) 

 

NH2-NFGAILER-CONH2 (Peptide 5C) 
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NH2-NFGA(Ant)LER-CONH2 (Peptide 5D) 
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Summary and future directions 

 

 

Summary: 

The work presented in this thesis focuses primarily on the design and development of novel 

peptide-based modulators against T2D via investigating their potentials in inhibiting hIAPP 

amyloid aggregation and disrupting their preformed fibrillar networks. 

In chapter 2, we have demonstrated an innovative strategy for the development of β-sheet 

breaker peptides (BSBHps) as anti-diabetic agents via inserting three different isomers (ortho, 

meta, and para) of aminobenzoic acid separately as breaker elements in the peptide sequence 

hIAPP22--27 (NFGAIL) at I26 position. From the investigations, we could outline that 

BSBHps containing ortho (2-Abz) and meta (3-Abz) isomers were highly efficient as 

modulators against amyloid aggregation of hIAPP. However, the para (4-Abz) containing 

BSBHp failed to suppress hIAPP aggregation; instead, it enhanced the aggregation process of 

hIAPP. The differential behavior of the various isomers towards inhibiting hIAPP 

aggregation could be interpreted due to their structural variations, as the 4-abz could not 

generate a kink like the other isomers. Furthermore, BSBHps containing ortho and para 

isomers could effectively disrupt the preformed amyloids of hIAPP into non-toxic species. 

Moreover, the peptides containing β and γ-amino acids are more proteolytically stable than α-

amino acid. 

In chapter 3, we have inserted the same isomers of aminobenzoic acid at two different 

positions of hIAPP22-27 to enhance the efficiencies of the isomers in arresting amyloid 

aggregation of hIAPP. The three different isomers of aminobenzoic acid were incorporated 
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individually as breaker elements to the sequence NFGAIL at G24 and I26 positions. From the 

investigations, we observed that this strategy secured more effectiveness as modulators in 

preventing hIAPP aggregation. These double unit mutant BSBHps containing 2-Abz and 3-

Abz isomers were more effective in arresting the amyloid aggregation and disrupting the 

preformed amyloid of hIAPP; however, 4-Abz containing BSBHp was ineffective as a 

modulator. Further, the double mutant BSBHps were observed to be more stable than the 

single mutant BSBHps in the presence of proteolytic enzymes. 

In chapter 4, we have investigated the anti-amyloid activity of single-point mutant with 

anthranilic acid (Ant) in full-length hIAPP8-37. We found that 2-Abz or Ant was found to be 

the best breaker element among all the isomers from the earlier chapters. However, the small 

peptide-based BSBHPs were effective only in higher doses (10-fold molar ratios). Therefore, 

we targeted the long peptide-based breaker peptide to overcome the issue, which might 

efficiently bind with the aggregating hIAPP. We have inserted Ant individually at G24 and 

I26 positions and observed that both the peptidomimetics were potent inhibitors of amyloid 

formation at significantly lower doses. 

Moreover, differences in mutant position at G24X or I26X (X= Ant) did not show any 

significant difference in their ability to inhibit amyloid formation. The long peptidomimetics 

were highly influential in disrupting the preformed amyloids of hIAPP into non-toxic species 

at a minimal dose (2-fold molar ratios). Moreover, the peptidomimetic was found to alter the 

aggregation pathway of hIAPP. Further, MTT assay revealed that Ant-containing 

peptidomimetics were non-toxic to RIN-5F cells and can rescue from hIAPP-induced 

toxicity. The superior effect of the long peptidomimetic over the smaller ones in the 

inhibition and disruption of hIAPP aggregation may be due to the packed binding and 

sequence recognition to a far better extent. 
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In chapter 5, we have introduced the concept of side-chain to tail stapled peptides (SPs) with 

and without incorporating Ant as a turn inducer as therapeutic tools to arrest the aggregation 

of hIAPP. Here we have demonstrated the effect of SPs in modulating hIAPP assembly and 

compared their efficacies with their linear analogs. Investigations revealed that both the types 

of SPs were found to be better inhibitors and disruptors of highly aggregating amyloid of 

hIAPP compared to their linear precursors. They exhibited significant efficacy in inhibiting 

and disrupting potentials at minimal doses (2-fold molar ratios) to hIAPP. The structural 

rigidity of the SPs may impose them as better modulators as the efficiency was independent 

of the presence or absence of Ant. Moreover, systematic studies established that SPs alter the 

native aggregation pathway of hIAPP into off-pathway aggregation, and the generated 

species were found to be non-toxic. Further, SPs were relatively stable than their linear 

analogs in the presence of proteolytic enzymes, and the enhancement of stability of the SPs 

might be due to the conformational strain imposed by stapling. 

We have introduced four different strategies in arresting the aggregation pathway of hIAPP 

via several techniques. These strategies may provide lead scaffolds for therapeutic 

intervention of T2D or other amyloid-related diseases. 
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Future directions: 

Although we have demonstrated different strategies for inhibiting or disrupting hIAPP 

aggregation in vitro at physiological conditions, more diverse and in-depth investigations are 

required to establish them as suitable therapeutic agents against T2D. Next, we would like to 

explore these strategies with pancreatic cell lines in vitro. Moreover, we are interested in 

exploring the exact mechanism of hIAPP aggregation and its interaction with the breaker 

peptides for successful inhibitory action. Our group has already explored these strategies on 

A (responsible for Alzheimer’s disease) and hIAPP (responsible for T2D). Hence, we would 

like to apply such techniques on α- Synuclein (responsible for Parkinson’s disease) soon. 
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