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Abstract 

The self-aggregation of normally dissolvable proteins into soluble oligomers and insoluble 

amyloid filaments characterizes amyloidosis. These aggregates known as amyloid are made up 

of misfolded proteins with β–sheet structure, have an impact on normal tissue function, and are 

associated with prevalent amyloidosis diseases such as Alzheimer's disease (AD), Parkinson's 

disease, and type 2 diabetes (T2D). The human islet amyloid polypeptide (hIAPP, commonly 

known as amylin) linked to T2D and amyloid−β (Aβ) peptide linked to AD are classic examples 

of intrinsically disordered proteins (IDPs) that self-assemble to form amyloid fibrils.  

The hIAPP (37 amino acid residues hormone) is one of the main secretory components of 

pancreatic islet β−cells. The self-aggregation of hIAPP into cytotoxic aggregates results in islet 

β–cells apoptosis and finally leads to T2D. Unfortunately, the underlying molecular 

mechanism by which hIAPP undergoes structural transition and aggregates into transient 

oligomers and finally to insoluble amyloid plaques causing T2D symptoms remains unknown. 

AD is a multifactorial neurodegenerative disease mainly characterized by extracellular 

accumulation of Aβ peptide. The self-assembly of Aβ peptide generated by the proteolysis of 

amyloid precursor protein (APP) in the amyloidogenic pathway into toxic oligomers and fibrils 

is the major event in AD pathogenesis A complete understanding of the underlying process of 

conformational conversion of functional proteins to toxic oligomers and amyloid fibrils may 

support the development of medical applications and innovative therapies. Thus, inhibiting the 

formation of hIAPP and Aβ aggregates has therapeutic benefits for the treatment of T2D, and 

AD, respectively.  

Among various inhibitors, short peptides derived from the amyloidogenic regions of hIAPP 

have been employed as hIAPP aggregation inhibitors due to their low immunogenicity, 

biocompatibility, and high chemical diversity. Recently, hexapeptide ANFLVH was identified 

as a potent inhibitor of hIAPP aggregation among various synthesized peptides derived from 

the hIAPP sequence. ANFLVH inhibited hIAPP aggregation in vitro and in human islet 

cultures, which significantly enhanced the islet cell viability. However, the molecular 

mechanism of inhibition of hIAPP aggregation in the presence of ANFLVH remains unclear. 

Molecular dynamics (MD) simulation analysis highlighted that ANFLVH prevented the 

conformational transition of hIAPP by stabilizing the native helical conformation. The binding 

free energy analysis by the molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) 

method highlighted favourable binding of ANFLVH with hIAPP and depicted a significant 
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contribution of the van der Waals interaction term in the stability of the hIAPP-ANFLVH 

complex. The per-residue binding free energy highlighted that ANFLVH strongly interacted 

with His18 of hIAPP, which has been reported as a key residue in mediating the hIAPP self-

assembly process.  

The hIAPP fragment HSSNN18-22 was identified as an amyloidogenic sequence and displayed 

higher antiproliferative activity to RIN-5F cells. Notably, various inhibitors have been 

designed by chemical modifications of the highly amyloidogenic sequence (NFGAIL) of 

hIAPP and evaluated for their efficacy against hIAPP aggregation. As HSSNN has been 

identified as a highly amyloidogenic sequence, thus it can be employed as a lead domain for 

designing new hIAPP aggregation inhibitors. Hence, a library of pentapeptides based on 

fragment HSSNN18-22 was designed and assessed for their efficacy in blocking hIAPP 

aggregation using an integrated computational screening approach. The binding free energy 

calculations by MM-PBSA method identified HSSQN and HSSNQ that bind to hIAPP 

monomer with a binding affinity of –21.25 ± 4.90 and –19.73 ± 3.10 kcal/mol, respectively, 

which is notably higher as compared to HSSNN (–11.90 ± 4.12 kcal/mol). The sampling of the 

non aggregation-prone helical conformation was notably increased from 23.5 ± 3.0 in hIAPP 

monomer to 38.1 ± 3.6, and 33.8 ± 3.0% on the incorporation of HSSQN, and HSSNQ, 

respectively, which indicate reduced aggregation propensity of hIAPP monomer. The 

computationally designed peptides, HSSQN and HSSNQ, emerged as new, simple, and 

efficient inhibitors of hIAPP aggregation. 

Previous studies reported pentapeptide RIIGL as an effective inhibitor of Aβ aggregation and 

neurotoxicity induced by Aβ aggregates. A library of 912 pentapeptides based on RIIGL has 

been designed and assessed for their efficacy in inhibiting Aβ42 aggregation using 

computational techniques. The MD simulations highlighted that the incorporation of proline 

and arginine in pentapeptides contributed to their strong binding with Aβ42 monomer. 

Furthermore, RVVPI and RIAPA prevented conformational conversion of Aβ42 monomer to 

aggregation-prone structures, which, in turn, resulted in a lower aggregation tendency of Aβ42 

monomer. Additionally, the disruptive ability of RIIGL, RVVPI, and RIAPA on Aβ42 

protofibril was examined using MD simulations and in vitro studies. Notably, RVVPI displays 

a more pronounced destabilization effect than other peptides due to higher conformational 

fluctuations, and disruption of K28-A42 salt bridges in Aβ42 protofibril. Among the synthesized 

peptides, RVVPI exhibited the highest inhibitory activity (Inhibition= 66.2%, IC50= 5.57 ± 0.83 

µM) against Aβ42 aggregation consistent with the computational results. Remarkably, RVVPI 
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displayed ~4.5 fold lower IC50 value as compared to the RIIGL. The thioflavin T (ThT) and 

transmission electron microscopy (TEM) studies highlighted the enhanced efficiency of 

RVVPI (62.4%) in the disassembly of pre-formed Aβ42 fibrils than RIIGL and RIAPA. The 

combined in silico and in vitro studies in this work identified a new peptide, RVVPI, as an 

efficient modulator of Aβ42 aggregation and disassembly of pre-formed Aβ42 aggregates.  

The work presented in the thesis illuminates the inhibitory mechanism of the peptide inhibitors 

against hIAPP and Aβ42 aggregation as well as sheds light on the Aβ42 protofibril 

destabilization on the incorporation of peptides. The computational design methodology of the 

natural peptides against hIAPP and Aβ42 aggregation provides an opportunity for the design of 

more potent inhibitors against T2D and AD. The results of the present studies will help in the 

structure-based design of more effective and potent novel inhibitors against hIAPP and Aβ 

aggregation, which will prevent or slow down T2D and AD pathogenesis. In addition, the 

pentapeptides (RVVPI and RIAPA) identified as potential inhibitors against Aβ42 aggregation 

in this work can be further conjugated with various metal chelating peptides to yield more 

efficacious and clinically relevant multifunctional modulators possessing abilities to chelate 

the copper ion and reduce Cu2+-mediated formation of reactive oxygen species. Furthermore, 

peptides could be used as a template and their affinity, stability, and bioavailability could be 

improved by the addition of linker molecules/conjugates or could be altered into 

peptidomimetics with improved stability and cellular delivery. 
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1.1 Amyloids: Introduction 

Amyloids have been recognised and studied for more than 100 years, and their historical 

identification has been discussed in intervening decades.1 Amyloid fibrils are filamentous and 

tubular structures consisting of insoluble accumulations formed from soluble peptides and 

proteins, capable of undergoing conformational alterations both intracellularly and 

extracellularly.2 The global feature of amyloids is their propensity to form β-pleated sheets 

arranged in an antiparallel fashion.3 They are frequently associated with the onset of protein 

misfolding diseases, these include disorders such as Alzheimer's disease (AD), Parkinson's 

disease (PD), type 2 diabetes (T2D), Prion diseases, Amyotrophic Lateral Sclerosis (ALS), and 

Huntington’s disease.4 Each disease is linked with a specific protein and aggregates of these 

proteins are assumed to be the direct or secondary cause of the pathological states associated 

with the disease. A list of the disorders linked to the formation of extracellular amyloid fibrils 

and deposition of intracellular aggregates as well as the specific proteins that are main 

constituents of the deposits are listed in Table 1.1.  

Misfolding disorders are brought on by conformational changes of protein paired with 

accumulation of misfolded proteins in extracellular space of fundamental tissues which is 

associated with the emergence of toxic function,5 and this process is known as 

amyloidogenesis. In recent times, there have been reports indicating the existence of soluble 

aggregates consisting of a small number of protein molecules. The smaller entities, commonly 

known as oligomers, and the larger counterparts, referred to as protofibrils, have been identified 

as highly cytotoxic species.6 

1.1.1 Mechanism of amyloid formation 

Protein aggregation can occur in systems that are unfolded or intrinsically disordered, like 

amyloid-β (Aβ) peptides, as well as in folded globular proteins, where misfolding occurs by 

generating a partly unfolded state. Typically, the oligomeric entities produced in the 

amyloidogenic pathway comprise aggregation of individual monomeric units. Such aggregates 

have the potential to transform into structures that are highly disordered, possess fibrils 

characterized by well-defined cross-structured patterns (Figure 1.1).7 
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Table 1.1: Human disorders linked to the formation of amyloid and their distinctive 

pathological features. 

 

The aggregation mechanism within amyloid structures is influenced by various pathways, 

determined by the presence of amyloidogenic sequences coexisting together and environmental 

factors.8 The aggregation process unfolds over a broad time range, encompassing multiple 

orders of magnitude, along with conformational alterations occur within milliseconds. The 

development of aggregates that are observable without the aid of magnification over a period 

ranging from days to weeks or months. 

Understanding the processes that lead to the formation of amyloids and identifying the key 

molecular species involved in the process are essential for the progression of rational treatment 

strategies to amyloid diseases.8 Various aggregation mechanisms, spanning from the transition 

from the classical nucleation elongation model to the folding funnel concept, have been 

suggested to facilitate experiments aimed at gaining a comprehensive understanding of the 

intricate misfolding process. 

Experimentally, the progression of fibril development is often described using a sigmoidal 

curve (Figure 1.2). This curve results from the ongoing monitoring of dye binding to cross-
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aggregates, enabling the identification of three main phases in the nucleation-dependent 

aggregation process. The formation of amyloid fibrils is typically elucidated by a nucleation-

dependent polymerization mechanism, encompassing nucleation and elongation.9 The 

nucleation-elongation polymerization involves three consecutive phases: (1) the nucleation 

phase, (2) the elongation or fibrillation phase, and (3) the saturation phase.10 

 

Figure 1.1: A diagram illustrating the diverse conformational states assumed by a protein chain 

during misfolding process. 

The nucleation stage involves the assembly of transient and crucial nuclei, acting as a seed 

intermediate that attracts additional monomeric subunits, leading to the formation of cross-

structured oligomers. During this phase, the rate constants for addition of monomers and 

dissociation are similar, resulting in a slowdown of the overall nucleation process. This makes 

nucleation stage the rate-limiting step in formation of fibrils. The nucleation step can be 

expedited by introducing pre-formed aggregates or fibril species, a phenomenon known as 

seeding.11 During the fibrillation phase, monomers, oligomers, and nuclei persist in 

collaboration, assembling into pre-fibrillar structures that quickly evolve into organized 

structures known as protofibrils. Finally, in the saturation phase, the concentration of monomer 
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remains low and relatively constant, and the protofibrils assemble into fully developed amyloid 

fibrils with diverse morphological shapes and various degrees of polymorphism.12 

 

Figure 1.2: Illustration of the nucleation-dependent fibril formation process, comprising the 

nucleation phase, the fibrillation phase and the saturation phase. 

The theory of the free energy landscape (FEL) provides a statistical depiction of the free 

energies associated with molecular arrangements in protein folding (Figure 1.3). The model of 

the protein folding funnel has been derived from observations obtained through 

experimentation and theoretical frameworks which rely on simple mechanical models 

developed by Wolynes, Onuchic, Dill, and their collaborators.13 In accordance with the FEL 

theory, the folding funnel of a small protein rapidly adopting an α-helical fold will feature a 

transition state positioned midway between the native and folded states.14,15 

The upper area of the funnel illustrates the extensive variety of conformations that exist in the 

unfolded or extended condition, while its narrower lower section indicates the distinctive 

inherent structure of the protein. The folding funnel facilitates multiple routes for rapid 
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transition from the ensemble of unfolded conformations to the global free energy minimum 

occupied by amyloids. This minimum has recently been refined into a sequence of closely 

situated local minima, each housing various amyloid structural forms, with crystalline amyloid 

structures occupying the absolute minimum. The unfolded polypeptide chain at the upper part 

of the funnel possesses high Gibbs free energy and conformational entropy. Before reaching 

the metastable local minima, the protein chain undergoes folding into lower energy 

conformations. Consequently, the protein chain folding results in decrease of entropy and the 

diversity of conformational states. 

 

Figure 1.3: The illustration of the FEL associated with the processes of protein folding and 

aggregation depicting conformations progressing towards amyloid fibrils. 

 

The hydrophobic collapse and the elevated intramolecular contacts collaborate to reduce free 

energy, steering the system towards the native state. The state, representing the global free 

energy minimum, leads to the stable folded conformation. In this process, kinetic traps can 

either impede or facilitate the establishment of native conformations. The outcome depends on 

the depths of these traps and the barriers separating them from subsequent energy minima. The 

quantity and intensity of kinetic traps within the funnel landscape are associated with 

frustration level inherent in the protein sequence.13a In accordance with the folding-funnel 

diagram concept, an off-route aggregation can be represented as a secondary "aggregation 

funnel."16 The interaction among multiple non-native protein structures can lead to the creation 



Introduction                                                                                                                Chapter 1 

8 
 

of an "amyloidosis formation funnel" via intermolecular interactions, also referred to as 

intramolecular folding. This phenomenon is primarily propelled by hydrophobic forces, leads 

in the formation of predominantly amorphous aggregates. Following this, the aggregation 

process might result in the emergence of amyloid fibrils. Thus, folding funnel models offer a 

conceptual framework for comprehending the intricate procedure of amyloid production.17 

1.1.2 Efficacious therapeutics against amyloid  

As the number of patients afflicted with diseases associated with amyloidogenesis continues to 

increase, there is a pressing need for innovative therapeutics. The exploration of inhibiting 

protein self-aggregation is approached from two perspectives: the formulation of approaches 

to prevent the protein aggregation process and search for inhibitors that specifically target 

amyloid aggregates. 

Amyloid inhibitors demonstrate the capacity to interact with amyloidogenic aggregates at 

various stages, either by preventing, hindering, or suppressing amyloid aggregation, or by 

disassembly of preformed aggregates. In recent decades, active efforts have been made to 

develop techniques for mitigating amyloidosis, utilizing a range of approaches as inhibitors 

including utilising peptides,18 peptidomimetics, monoclonal antibodies,19vitamins,20 

osmolytes,21 non-detergent sulfobetaine,22 metal chelators,23 small compounds24 and more 

recently organic and inorganic nanoparticles25 and nanocomposites26.  

1. Small molecule-based inhibitors 

Numerous natural products based small molecule, include polyphenols which are abundant in 

grapes, tea, red wine, and turmeric, have been shown to prevent the aggregation and toxicity 

of proteins both in vitro and in vivo.27 Various studies support the use of curcumin as a viable 

treatment for AD because it suppresses the production of amyloid and weakens fibrillar or 

oligomeric forms.28 Curcumin also binds to monomeric form of α-synuclein reducing 

aggregation and shows increment in reconfiguration rate.29 Rosmarinic acid inhibits the 

formation of Aβ aggregates and  human islet amyloid polypeptide (hIAPP) fibrils and can 

destabilize their preformed fibrils.28 (-)-Epigallocatechin-gallate (EGCG), a member of 

flavanols primarily found in green tea, represents another compound showing promising effects 

in inhibiting amyloid proteins. EGCG demonstrates efficacy in inhibiting amyloid proteins 

such as Aβ, hIAPP, tau, and α-synuclein.30 
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2. Peptide based inhibitors and peptidomimetics 

In recent years, with an accurate understanding of amyloid and fibril structures, peptides 

designed to inhibit amyloid aggregation have exhibited increased specificity and effectiveness. 

Rational design methods and peptide screening platforms have resulted in the increase in the 

number of druggable peptide candidates. The KLVFFA in Aβ42 is regarded as the main 

aggregation-prone location and is frequently referred to as the self-recognition site. KLVFFA-

containing peptides are proven to be a reliable class of Aβ42 inhibitory drugs through exact 

binding with the analogous sequence of natural Aβ42.
31 Austen et al. examined two peptide 

inhibitors, OR1 (RGKLVFFGR) and OR2 (RGKLVFFGR-NH2), targeting Aβ42.
32 These 

peptide inhibitors were created by modifying the KLVFF amino acid sequence of Aβ42, 

incorporating RG-/GR residues at the N- and C-terminals. It was noted that both peptide 

inhibitors successfully prevented the development of Aβ fibrils. The peptide 

KKLTVWpGKWITVSA (WW2) hinders the formation of amyloids in α-synuclein and 

IAPP.33 Peptidomimetics are protein-like compounds with modified small chains that mimic 

proteins. Recently, peptide-based conjugates have been identified as inhibitors in conditions 

related to amyloid production. These inhibitors function by impeding protein aggregation.34 

3. Vitamins 

Vitamins are vital organic compounds that are found in the human body, playing a crucial role 

in ensuring proper bodily functions. Various research groups have reported the involvement of 

vitamins in preventing protein aggregation. Ono et al. demonstrated that vitamin A has the 

potential to impede the aggregation of α-synuclein fibrils, which are implicated in Lewy body 

diseases.20a Studies have revealed that vitamin E can stop the aggregation of Aβ42.
20b A 

significant factor in the aggregation of proteins is oxidative stress (OS),20c and these aggregates 

engage with metal ions and hydrogen peroxide, giving rise to the generation of reactive oxygen 

species (ROS).20d Vitamins A, C, and E limit protein oxidation and reduce ROS through their 

ability to scavenge free electrons.20e 

4. Non-detergent sulfobetaine and chaperones 

Non-detergent sulfobetaines (NDSBs) are another group of chemicals that are used to prevent 

aggregation. The osmolyte choline-O-sulphate (2-(trimethylammonio) ethyl sulphate) is one of 

the choline esters that inhibits amyloid formation.22e NDSBs hinder the aggregation of folding 
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intermediates by binding to them, thereby stabilizing the folded state and preventing protein 

aggregation.22b,c An "artificial chaperone" refers to a non-protein system that exhibits 

chaperone-like activity, utilizing a combination of cyclodextrins and detergents, both capable 

of suppressing aggregation. These are frequently employed in combination to reduce the 

likelihood of aggregation and improve the refolding process efficiency.35 Furthermore, Jarvela 

et al. revealed that an in vitro experiment suggests that recombinant proSAAS suppress α-

synuclein fibrillation.36 

5. Monoclonal antibodies 

Passive immunotherapy strategies known as monoclonal anti-Aβ antibodies (mAbs) have been 

thoroughly researched as a treatment for AD. The array of accessible monoclonal antibodies 

(mAbs) differs in their specificity for polymorphic variations, allowing them to recognize 

epitopes based on either specific regions within the Aβ sequence or various multimeric Aβ 

conformations. Aducanumab is a humanized monoclonal IgG1 antibody that preferentially 

binds to soluble and insoluble Aβ amyloid aggregates.37 It was derived from a library of blood 

lymphocytes, obtained from a group of elderly individuals in the healthy donor community. 

These individuals either displayed no signs of cognitive impairment or exhibited an unusually 

gradual cognitive decline. The mouse monoclonal antibody mAb158 has undergone 

humanization and is now known as lecanemab.38 Lecanemab exhibits a preference for binding 

to large, soluble Aβ protofibrils. It efficiently lowers the levels of pathogenic Aβ, hinders Aβ 

deposition, and specifically diminishes Aβ protofibrils in both the human brain and animal 

models.  

6. Osmolytes 

Osmolytes refer to small organic molecules of low molecular weight that uphold the 

characteristics of the biological fluid.39 The most often employed osmolytes for enhancing 

protein refolding, stability, and preventing protein aggregation and amyloid fibril production 

are polyols and sugars. According to studies, polyols and sugars alter the solvent's surface 

tension, viscosity, and hydrogen-bonding pattern in order to stabilise proteins in their natural 

state through hydration mechanism. The study reported that low concentrations of trehalose 

prevented the polymerization of α-synuclein in vitro, and stabilising α-synuclein folding.40 It 

has been found that sucrose has an inhibitory impact on the Aβ peptide, which perturbs 

aggregation and promotes the helical conformation.41 
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7. Metal chelators 

Metal chelators is a promising strategy to lessen redox stress and restore the regular trafficking 

of metal ions. Recent research has highlighted the potential for the development of more 

multifunctional chemical compounds with increased effectiveness and selectivity towards 

metal-induced amyloid production and toxicity. These compounds have the ability to interact 

with amyloid aggregates and act as a metal chelator.42 It has been demonstrated that chelators 

like bathocuproine, tpen (N,N,N′,N′-tetrakis(2-pyridyl-methyl) ethylene diamine), and EGTA 

can dissolve Aβ plaques.43 Two copper-zinc chelators, clioquinol and BPT-2, are 8-

hydroxyquinoline derivatives that have demonstrated promising in vitro outcomes.44 Meng et 

al. showed that RK10 (RTHLVFFARK-NH2), a dual-functional peptide consisting of a metal-

chelating tripeptide (RTH) and an Aβ aggregation inhibitor, targets both Cu2+-bound and free 

Aβ40 species.45 It inhibits the aggregation of Aβ40, preventing Aβ40 from aggregating and 

reducing the cytotoxicity induced by Aβ40 and Cu2+-mediated Aβ40 in cultured SH-SY5Y cells. 

8. Nanoparticles 

Nanoparticles can greatly impact the aggregation and nucleation process of amyloid peptides. 

Gao et al. reported that the size of nanoparticles and their impact on Aβ aggregation are 

connected. The small gold nanoparticles (6 nm) and nanoclusters (1.9 nm) considerably slowed 

down or stopped the aggregation of Aβ peptides.46 Chan et al. explored the impact of 

nanoparticles with varying sizes and surface functionalities on the self-assembling fibrillization 

of the Aβ40 peptide. They observed that the small sized quantum dots inhibited the Aβ 

aggregation and large sized quantum dots promote Aβ aggregation, whereas medium sized 

particles showed no effect on aggregation.47 Ghavami et al. examined Aβ aggregation in the 

absence and presence of hydrophilic silica and hydrophobic polystyrene nanoparticles. At 

temperature 42°C, silica nanoparticles accelerated the aggregation, and polystyrene 

nanoparticles impeded the Aβ aggregation process.48 Zhang and colleagues designed a novel 

peptide, LK7 (Ac-LVFFARK-NH2), by introducing two positive charged residues into the 

CHC region segment of Aβ42.
49 LK7 exhibited dose-dependent suppression of Aβ42 

fibrillogenesis but displayed potent cytotoxic self-assembly characteristics. To prevent the self-

assembling of LK7, the peptide was conjugated onto nanoparticles named as poly(lactic-co-

glycolic acid) (PLGA) and the resulting LK7@PLGA nanoparticle complexes significantly 

reduced Aβ42 fibrillation. 
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1.2 Type 2 Diabetes 

1.2.1 Introduction 

Diabetes mellitus is characterized as a series of metabolic disorders manifested by 

hyperglycemia (elevated blood glucose levels) resulting from abnormalities in insulin secretion 

and insulin action. Type 1 diabetes involves the destruction of pancreatic β-cells due to an 

autoimmune response, leading to insulin insufficiency and hyperglycemia. T2D arises from 

insulin resistance (failure of insulin-sensitive tissues to respond to insulin), reduced β-cell 

production, and other factors outlined in Figure 1.4. Chronic diabetes-related complications 

impact various organs, including nephropathy, peripheral neuropathy, retinopathy, diabetic 

foot ulcers, and peripheral arterial disease.50 T2D patients typically exhibit obesity or an 

elevated body fat percentage, particularly concentrated in the abdominal region. 

While diabetes can remain asymptomatic for an extended period, the diagnosis of T2D often 

coincides with the presence of another condition. In the absence of symptoms, a T2D diagnosis 

is established when Fasting Plasma Glucose (FPG) levels reach or exceed 126 mg/dL, Oral 

Glucose Tolerance Test (OGTT) levels are at or above 200 mg/dL, or HbA1c levels equal or 

surpass 48 mmol/mol (6.5%). Diabetes is recognized when blood glucose levels are 200 mg/dL 

or higher, accompanied by symptoms. The rise in the prevalence and incidence of T2D is 

attributed to factors such as population aging, sedentary lifestyles, high-calorie diets, and the 

global increase in obesity rates.51 Insulin resistance in T2D is influenced by adipose tissue 

through multiple inflammatory mechanisms, including the heightened synthesis of free fatty 

acids (FFA) and the disruption of adipokine regulation. 

The onset of T2D is marked by three factors: diminished insulin secretion by pancreatic β-cells, 

decreased sensitivity of peripheral tissues to insulin, and the accumulation of aggregates 

derived from hIAPP.52 Significant progress has been made in comprehending the cytotoxic 

mechanism of hIAPP oligomers and aggregates formed both intracellularly and extracellularly 

over the past two decades. Studies done in primates firmly supported the concept that β-cell 

apoptosis and islet amyloidosis are two important predictors of islet dysfunction.53 However, 

the biological mechanism governing hIAPP turnover and the induction of β-cell apoptosis by 

hIAPP in human islets remains unclear. Consequently, there are no currently available effective 

treatments to reduce the aggregation and toxicity of hIAPP in humans. 
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Figure 1.4: Flow chart of events associated with T2D. 

1.2.2 Statistics of T2D 

The International Diabetes Foundation estimated that in 2021, the global prevalence of diabetes 

reached a staggering 537 million individuals, with a forecasted surge to an alarming 783 million 

by the year 2045. The anticipated cost of treating diabetes-related illnesses globally was 966 

billion USD in 2021, with expectations of reaching 1,054 billion USD by 2045.54 The actual 

disease burden of T2D is likely underestimated, as 1 in 3 diabetic patients were misdiagnosed, 

equivalent to 232 million people. Individuals most commonly affected by diabetes are between 

the ages of 40-59 years. The prevalence and incidence of T2D vary by geographic area, with 

over 80% of affected individuals residing in low and middle-income nations, posing challenges 

for effective care. Cardiovascular disease (CVD) stands as the leading cause of morbidity and 

death associated with T2D, with patients facing a 15% higher risk of mortality compared to 

those without diabetes.55 

As per the Women's Health Study and the Kuopio Ischemic Heart Disease Risk Factor Study, 

leading a sedentary lifestyle is identified as another risk factor for T2D. These studies indicated  

34% and 56% reduction in the likelihood of developing T2D among participants who engaged 
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in at least 40 minutes of walking per day and 2-3 hours per week, respectively.56 Physical 

activity offers three main advantages in delaying the onset of T2D. Firstly, when skeletal 

muscle cells contract during exercise, there is increased blood flow into the muscles, enhancing 

the uptake of glucose from the plasma.57 Secondly, exercise helps reduce intra-abdominal fat, 

a confirmed risk factor for insulin resistance.58 Lastly, moderate exercise has been shown to 

increase glucose absorption by 40%. Exercise not only enhances insulin sensitivity and glucose 

uptake but also has the potential to mitigate inflammation and oxidative stress, both of which 

are risk factors for T2D.59 

1.2.3 Aggregation mechanism of hIAPP 

The two primary pancreatic hormones regulating blood glucose levels are insulin and hIAPP. 

The hIAPP is encoded by a gene located on chromosome 12, comprising three exons. The first 

two exons encode the entire Pre-proIAPP protein, which consists of 89 amino acids.60 In the 

process of translation, a signal peptide consisting of 22 amino acids is enzymatically removed 

from the C-terminus, as Pre-proIAPP enters the endoplasmic reticulum. Inside the lumen of 

the endoplasmic reticulum, a disulfide bond forms between Cys2 and Cys7 of the mature IAPP 

sequence, catalyzed by the Protein Disulfide Isomerase (PDI) enzyme. The 67-amino acid 

mature hIAPP is then transported to the Golgi complex, where it is packaged into secretory 

granules.61 Within these secretory granules, additional post-translational modifications (PTMs) 

take place. PC2 and PC3, which are also referred to as furin, are prohormone convertase 

enzymes that are responsible for the removal of 11 amino acids from the N-terminus and 16 

amino acids from the C-terminus of mature hIAPP.62 

Following the processing by proconvertases, the carboxypeptidase E eliminates the C-terminal 

dipeptide Lys-Arg. Afterwards, the glycine residue located at the C-terminus is eliminated, and 

the peptidyl α-amidating monooxygenase enzyme complex facilitates the amidation process of 

the available carboxyl group of the terminal tyrosine residue in mature hIAPP (Figure 1.5).63 

These various post-translational modification events results in formation of an active hIAPP 

37-residue peptide hormone. This hormone is secreted alongside insulin, playing a crucial role 

in the regulation of blood glucose levels. 

In 1901, hIAPP deposits were initially observed in post-mortem pancreatic parenchymal cells 

of T2D patients.64 Subsequent investigations revealed that these deposits were indeed hIAPP.65 

Elevated concentrations of hIAPP result in an augmented reservoir of partially processed and 
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fully mature hIAPP protein within the extracellular matrix. These increased levels are adequate 

to generate the crucial nuclei responsible for instigating the fibrillation process of the hIAPP 

hormone, ultimately leading to the formation of amyloid. In its physiological state, hIAPP is 

typically soluble, monomeric, and naturally unfolded in solution. There is a sequence similarity 

of 89% and 84% between hIAPP and the cat and rodent proteins, respectively.66 Numerous 

studies suggest that hIAPP is a highly amyloidogenic peptide capable of adopting various 

structural states. It is hypothesized that changes in the local environment, particularly 

alterations in the hydrophobicity of residues 20–29 (the self-recognition region), are crucial for 

amyloid development.67 

 

Figure 1.5: Sequential steps involved in the processing of pre-proIAPP to generate mature 

hIAPP.  

1.2.4 Therapeutic strategies to prevent hIAPP aggregation 

All critical stages in the pathways leading to the formation of pathogenic species present 

potential targets for impeding the aggregation process. Despite diverse design approaches for 

inhibiting hIAPP aggregation, understanding the interactions between hIAPP and inhibitors at 

various aggregate stages is pivotal in comprehending the hIAPP aggregation process. In order 

to suppress amyloid aggregation, scientists have developed inhibitors that modify the folding 

structures, assembly processes, and species populations of amyloid. Broadly, any process 

influencing the generation, aggregation, or clearance of the hIAPP amyloid peptide can be 

considered a potential target for inhibiting amyloid development. 
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The most common inhibition strategies include: (1) reducing hIAPP peptide expression and 

production; (2) facilitating the elimination of hIAPP peptides and their aggregates; (3) 

preventing hIAPP peptide interactions with cell membranes; and (4) inhibiting the 

transformation of the structural conformation to β-structure and subsequent aggregation of 

hIAPP. The first three inhibitory strategies aim to develop inhibitors targeting specific proteins, 

enzymes, or receptors (such as the hIAPP protein, insulin receptor, membrane receptors, and 

the glucagon-like peptide-1 receptor) to hinder the cleavage, or clearance of hIAPP. Inhibiting 

the activity of protein hormones, receptors, and enzymes may interfere with normal cellular 

functions, leading to potential side effects.68 Therefore, strategies that prevent β-sheet 

formation and disassembly of toxic hIAPP soluble oligomers can be highly effective in treating 

T2D.  

Notably, Lixisenatide, a GLP-1 receptor agonist, and Semaglutide, a GLP-1 analogue, have 

received FDA approval for managing T2D. Another diabetes medication, ertugliflozin, 

targeting SGLT2, received approval in 2017.69 The utilization of GLP-1 receptor agonists is 

associated with weight loss, and there is ongoing debate regarding whether they increase the 

risk of heart failure.  

1.2.4.1 Peptide based inhibitors against hIAPP aggregation 

Approximately 80 peptide medications are presently accessible globally, and ongoing research 

in the development of new peptide treatments continues at a consistent pace. Currently, over 

150 peptides are in various stages of clinical trials, with an additional 400–600 undergoing 

preclinical studies. We anticipate that the peptide therapeutics market will sustain its 

momentum and experience growth in the coming years. This growth is attributed to increased 

investment and research endeavours in peptide synthesis technology, the accomplishments in 

biologics, and the pharmaceutical industry's imperative to maintain high new drug approval 

rates. 70,71 

Peptide-based inhibitors for hIAPP offer inherent advantages, including good biocompatibility 

and minimal immunogenicity. Various design approaches can be employed to create peptide-

based hIAPP inhibitors, aiming to hinder the structural changes in hIAPP aggregation. The first 

approach involves designing inhibitors that stabilize the native folded monomer conformation 

of hIAPP, preventing further misfolding and aggregation. Secondly, inhibitors may bind to 

hIAPP oligomers to impede amyloid formation. Third, certain inhibitors act as β-sheet 
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breakers, disrupting the connections between β-sheets in hIAPP aggregates or breaking up 

already-formed hIAPP aggregates. Peptide inhibitors can be either designed de novo or derived 

from the hIAPP sequence. The inhibitors are specifically crafted to target amyloidogenic 

regions, including hIAPP20–29, hIAPP22–27, hIAPP24–29, and hIAPP30–37, which are prone to 

amyloid generation.72 Inhibitors targeting amyloidogenic regions obstruct the essential active 

sites required for hIAPP aggregation or structural alterations. The amyloidogenic regions are 

primarily hydrophobic and feature aromatic residues such as F15, F23, and Y37, allowing 

inhibitors to bind through hydrophobic contacts or π-π stacking interactions. The following 

section briefly discusses some noteworthy families of peptide-based inhibitors published in the 

last decade, while more comprehensive information on peptide-based inhibitors from the past 

two decades can be found in recent review articles.73 

I. hIAPPsequence-based peptide inhibitors 

Numerous concise peptides, such as NTAT (hIAPP3−6), TQRLA (hIAPP9−13), FLPNF 

(hIAPP11−15), GAILSS (hIAPP24−29), SNNFGA (hIAPP20−25), NYGAILSS, NFGAILPP 

(modified hIAPP22−29), and STNVGS (hIAPP29−33), have demonstrated the ability to hinder 

hIAPP aggregation in vitro.73c These short peptides offer inherent advantages as inhibitors of 

hIAPP. They exhibit high binding affinities to hIAPP, possess biocompatibility, are 

straightforward to synthesize and modify, have predictable folding structures, and are easily 

foldable. Additionally, they can degrade rapidly in vivo and exhibit low membrane 

permeability. Peptide inhibitors, short in length and derived from the hIAPP sequence, exhibit 

a significant inclination to engage with hIAPP. They compete with hIAPP−hIAPP interactions, 

effectively hindering the aggregation of hIAPP. 

Potter et al. synthesized numerous peptides derived from the sequence of IAPP and identified 

hexapeptide ANFLVH as a potent inhibitor of IAPP aggregation.74 The addition of the 

ANFLVH peptide, at equimolar or higher concentrations, effectively prevented the formation 

of β-sheets and maintained IAPP in a disordered, random conformation consistently. When 

ANFLVH was added at a 10-fold molar ratio to full-length IAPP, it completely negated IAPP-

induced toxicity in Rin1056A β cells. ANFLVH hexapeptide at a 20-fold molar excess led to 

a significant decrease in the density of IAPP amyloid. Human islet cultures treated with 

ANFLVH at concentrations of 200μM exhibited a remarkable reduction in thioflavin S-positive 

amyloid accumulations compared to untreated cells. 
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Wang et al. developed D-amino-acid inhibitor derived from the NFGAIL fragment named as 

D-NFGAIL, with the purpose of inhibiting hIAPP fibrillation.75 Its inhibitory effectiveness at 

the phospholipid membrane surface was investigated by specifically targeting helical 

oligomeric intermediates. The findings indicate that in bulk solution, the D-NFGAIL inhibitor 

disrupts hIAPP aggregation by halting the formation of β-sheeted oligomeric intermediates. 

CD results reveal that α-helical oligomers play a crucial role as intermediates in the pathway 

leading to hIAPP fibrillation at the membrane. MTT ((3-[4,5-dimethylthiazol-2-yl]-2,5 

diphenyl tetrazolium bromide)) assay predictions suggest that the D-NFGAIL binds to hIAPP 

oligomeric intermediates, resulting in the protection of cells from hIAPP-induced toxicity. 

Wijesekara et al. conducted a study on the impact of D-ANFLVH by administering it 

intraperitoneally in a mouse model of hIAPP that mimics the islet amyloid pathology of T2D.76 

The findings reveal that D-ANFLVH significantly reduces islet amyloid accumulation, 

enhances β-cell survival, and preserves insulin secretion and glucose homeostasis. In another 

study, Sivanesam et al., demonstrated that both the oligomeric form and the monomeric form 

of NFGAILSS can impede hIAPP aggregation.77 The oligomeric form of NFGAILSS prevents 

the transition from a random coil to β-sheet and serves as a disaggregator for hIAPP β-

oligomers. The removal of serine residues from NFGAILSS leads to a reduction in inhibition, 

underscoring the significance of these residues in the segment's action. CD spectra indicated 

occurrences resembling α-helix spectra preceding the formation of β-sheet during the 

amyloidogenesis process. The authors concluded that the β-strand conformation of NFGAILSS 

acts as the inhibitory feature, interacting with the same sequence in hIAPP and retarding the 

nucleation of hIAPP amyloid oligomer formation. 

Rozniakowski et al. assessed various hIAPP fragments for their aggregation ability and 

reported that fragments H-HSSNN-OH (hIAPP18–22) and H-GSNTY-NH2 (hIAPP33–37) 

undergo self-aggregation to yield amyloid fibrils.78 In comparison to other hIAPP fragments, 

HSSNN displayed the highest antiproliferative activity to RIN-5F cells. 

Fraczyk and co-authors explored the inhibitory effects of non-aggregating fragments 1–7, 8–

12, 13–17, and 28–32 of hIAPP against the aggregation of the amyloidogenic cores 18–22, 23–

27, and 33–37 of hIAPP.79 Various independent techniques, including spectroscopic and 

fluorescence assays with indicators, microscopic examinations, and CD studies, were 

employed to assess the inhibitory capacity of these non-aggregating hIAPP fragments. The 
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findings indicate that the cyclic fragment H–1KCNTATC7–OH with a disulfide bond serves as 

an inhibitor capable of preventing the aggregation of all the amyloidogenic cores 18–22, 23–

27, and 33–37 of the hIAPP hormone. Furthermore, H–1KCNTATC7–OH hinders the 

aggregation of insulin hot spots, suggesting its potential utility in preventing the aggregation 

of hormones crucial for glucose metabolism and directly linked to the onset of diabetes. 

II. Rationally designed peptide inhibitors  

Andreasen and co-authors studied the effect of a backbone modification at a single site on the 

self-aggregation tendency of NFGAIL and SNNFGAILSS and examined its impact on the 

aggregation of hIAPP.80 Various modifications, including N-methylation, peptoid generation, 

and replacement of the peptide-bond with a hydroxyethylene and ketomethylene group, were 

implemented. The modified peptides extended the length of the natural hIAPP fibrils but did 

not undergo self-aggregation. The findings demonstrated that single-site backbone 

modifications can modulate hIAPP aggregation. 

Mishra et al. developed modified peptide inhibitors, namely NFGAΔFL and FGAΔFL, by 

incorporating dehydrophenylalanine (ΔF), an unnatural amino acid.81 ThT experiments 

indicated that, at a molar ratio of 1:5 for hIAPP (40μM) to inhibitor (200μM), FGAΔFL 

significantly inhibited hIAPP aggregation (75 ± 8%), demonstrating more effectiveness than 

NFGAΔFL (7 ± 5%). MTT assay results showed that the presence of FGAΔFL significantly 

mitigated the cytotoxic effects of hIAPP (1–10μM) on cultured pancreatic rat insulinoma cells 

(RIN 5fm). Additionally, molecular docking of FGAΔFL with hIAPP (PDB ID: 2KB8) was 

conducted to explore various modes of interaction, revealing a binding energy of -6.47 

kcal/mol. The docking results suggested that FGAΔFL binds to hIAPP in its monomeric helical 

conformation. 

Obasse et al. designed a series of overlapping peptides targeting the 'binding' region 

RLANFLVHSS (11–20) of hIAPP and investigated their impact on amyloid fibril formation 

using ThT assay.82 The designed peptides inhibiting hIAPP aggregation at high concentrations. 

Among designed peptides, IO5 (H2N-RGNFLVHGR-CONH2) showed the potent inhibitory 

ability against hIAPP aggregation. Furthermore, IO5 protected human pancreatic insulin-

secreting cells from hIAPP-mediated cytotoxicity. Additionally, two N-methylated peptides, 

(H2N-RGAmNFmLVmHGR-CONH2) N1-IO8 and (H2N-RGANmFLmVHmR-CONH2) N2-

IO8, demonstrated a dose-dependent reduction in hIAPP fibril production and sustained 
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stability in human plasma against various proteolytic enzymes. N1-IO8 and N2-IO8, at a 1:1 

and 1:4 molar ratio of peptides to hIAPP, provided protection to human pancreatic 1.4E7 cells 

against hIAPP-induced toxicity. 

Paul et al. reported the successful inhibition of hIAPP aggregation through the utilization of 

conformationally constrained β-sheet breaker hybrid peptidomimetics (BSBHps) incorporating 

β, γ, and δ aminobenzoic acids.83 The study revealed that the inclusion of conformationally 

constrained aminobenzoic acids enhanced the stability of peptides against proteolytic 

degradation, making them promising candidates for combating hIAPP aggregation. 

Modification of the NFGAIL sequence of hIAPP with β(2-aminobenzoic acid), γ(3-

aminobenzoic acid), and δ(4-aminobenzoic acid) produced α/β, α/γ, and α/δ peptidomimetics, 

respectively. Both α/β and α/γ BSBHps demonstrated inhibitory effects on hIAPP aggregation. 

Moreover, the conformationally constrained BSBHps demonstrated the ability to transform 

pre-formed amyloids into non-toxic configurations. 

Rozniakowski and colleagues explored the inhibitory effects of N-methylated analogs derived 

from non-aggregating fragments 18–22, 23–27, and 33–37 of hIAPP against hIAPP 

aggregation.84 The findings revealed that the peptide H−F(N−Me)GA(N−Me) IL−OH, 

truncated from the hIAPP23–27  amyloidogenic core, did not form fibrous structures. N-

methylated H−H(N−Me)SSNN−OH, H−HS(N−Me)SNN−OH, H−H(N−Me)S(N−Me)SNN-

OH H−F(N−Me)GAIL−OH, and H−FGA(N−Me)IL−OH peptides exhibited inhibitory activity 

against the aggregation of the hIAPP18–22 fragment. N-methylated peptides derived from the H-

H18SSNN22-OH fragment, and the HF(N-Me)GA(N-Me)ILOH fragment from the hIAPP23-27  

hot region, significantly reduced the accumulation of the amyloidogenic core of hIAPP23-27. 

Moreover, N-methylated peptides from the 18-22 fragment and the doubly methylated peptide 

H-F(NMe)GA(NMe)IL-OH demonstrated inhibitory effects on fragment H-G33SNTY37-NH2 

of hIAPP. 

Lesma et al. investigated the inhibitory behavior of designed peptides, focusing on structural 

modifications such as selecting self-recognition elements from the hIAPP amyloidogenic 

sequence, varying the length of peptide sequences, modifying the N-terminus, and 

incorporating a diaza-peptide motif.85 Utilizing mass spectrometry, capillary electrophoresis, 

TEM, and ThT fluorescence studies, the designed peptides were found to inhibit the 

oligomerization and fibrillization of hIAPP. Furthermore, these peptides demonstrated the 
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ability to decelerate the aggregation process in the presence of membrane models and 

significantly delay membrane leakage caused by hIAPP. 

Figueroa et al. examined a range of inhibitors derived from the insulin B-chain sequence 

HLVEALYLV (10−18) and assessed their effectiveness against hIAPP aggregation and their 

impact on hIAPP-induced membrane damage.86 These peptides exhibited the ability to 

decelerate hIAPP aggregation significantly at high concentrations (10 molar excess), with only 

EALYLV and VEALYLV among the generated peptides showing inhibitory activity at a 1:1 

molar ratio (hIAPP : peptide). DFT calculations revealed that the interaction of EALYLV and 

VEALYLV with the residues in the Arg11-Phe15 region of hIAPP resulted in the formation of 

a salt bridge with Arg11. This interaction effectively inhibits a critical amyloidogenic region 

of hIAPP. Slowing down hIAPP aggregation by these peptides resulted in increased disruption 

of lipid membranes, suggesting that the fibrillized form of hIAPP was not the primary cause of 

observed in vivo cytotoxicity. 

Sivanesam et al. identified potential inhibitors of hIAPP aggregation, namely WW2 and two 

sequences, cap-WW2 (AcW-KKLTVW-IpGK-WITVSAWTGNH2) and cyclo-WW2 [cyclo(-

GKWITVSIpPKKLTVWIp)].87 Both cap-WW2 and cyclo-WW2 sequences exhibited more 

stable and rigid β-hairpin conformations. At a molar ratio of 0.5:1 with cyclo-WW2 (5μM): 

hIAPP (10μM), cyclo-WW2 was found to be more effective, preventing hIAPP accumulation 

even at substoichiometric concentrations. No significant increase in fluorescence intensity was 

observed in the case of cyclo-WW2, indicating the complete absence of hIAPP fibrils at 

substoichiometric concentrations of cyclo-WW2. β-cap-WW2 and cyclo-WW2 inhibited 

hIAPP-induced toxicity in the rat insulinoma cell line (RIN 5fm) at a 1:0.5 molar ratio of 

concentration hIAPP (5μM): peptide (2.5μM). 

Shi et al. developed a pentapeptide inhibitor, FLPNF and investigated its efficacy in inhibiting 

the accumulation of amyloid deposits.88 ThT staining revealed that FLPNF exhibited an 

inhibitory effect on the generation of hIAPP amyloid deposits. FLPNF enhanced the cell 

survival of rat insulinoma cells by mitigating the cytotoxic effects of hIAPP. TEM images 

demonstrated that the addition of FLPNF (100μM) significantly reduced the quantity of fibril 

formation after 24 hours of incubation compared to hIAPP (10μM) alone in PBS. 

Abioye et al. discovered three tetrapeptides that prevented hIAPP fibrillation: TNGQ, MANT, 

and YMSV.89 The authors investigated the potential anti-fibrillation mechanism of 
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tetrapeptides using various methods, including ThT fluorescence testing, CD spectroscopy, 

dynamic light scattering (DLS), and molecular docking. The results from TEM, ThT 

fluorescence kinetics, and microscopy collectively indicated that TNGQ was the effective 

inhibitor of hIAPP fibrillization. ThT fluorescence kinetics, and TEM collectively 

demonstrated that TNGQ exhibited superior inhibitory efficacy, evident from the lack of 

typical hIAPP fibrillar structure. CD spectroscopy further indicated that TNGQ preserved the 

α-helical configuration of monomeric hIAPP. According to molecular docking, TNGQ and 

MANT bind to monomeric hIAPP surfaces more strongly than YMSV, which received the 

highest docking score but primarily interacts with the hIAPP core through hydrophobic contact 

formation. The highly polar TNGQ peptide proved to be most active as it appeared to prevent 

hIAPP fibrillation by separating already-formed hIAPP fibrils. 

1.3 Alzheimer’s disease 

1.3.1 Introduction 

AD stands as the most prevalent type of dementia and represents a neurodegenerative disorder 

(ND) characterized by the accumulation of neurotic plaques and neurofibrillary tangles. This 

accumulation leads to the buildup of Aβ peptide in the most affected region of the brain.90 AD 

is marked by impairments in cognitive skills, language difficulties, memory problems, and 

abnormalities in the pulmonary and circulatory systems. These abnormalities result in a 

reduced supply of oxygen reaching the brain.91 Many people with early-stage AD go 

undetected because of mild cognitive deficits may not noticeably interfere with day-to-day 

activities. Patients, family members, and healthcare professionals may misinterpret subtle 

changes as a natural part of ageing.92 The symptoms of cognitive loss become more noticeable 

as the condition progresses into AD which interfere with everyday activities more frequently, 

and may lead individuals to seek medical assistance.93 

AD typically advances gradually through three distinct phases: mild (initial stage), moderate 

(intermediate stage), and severe (last stage).91 Individuals in the early stages of the mild phase 

often show no apparent symptoms and may appear unaffected. However, during this stage, the 

hippocampus area of the brain cells begins to deteriorate. Those with mild Alzheimer's 

dementia are more prone to making mistakes, misplacing items, and experiencing 

disorientation. In the intermediate stage, individuals may forget events from their own histories 

and require additional assistance with daily tasks such as dressing appropriately and 
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maintaining personal hygiene. Changes in personality, including heightened worry, suspicion, 

or impatience, may manifest. Recognition problems, even with close family members, can 

become apparent during this phase. The last stage of Alzheimer's dementia sees individuals 

entirely dependent on others for daily tasks like eating and using the restroom. This severe 

stage often involves challenges with basic communication skills, impairing the individual's 

ability to understand others or express their needs. In the advanced stage, complications from 

infections can become life-threatening. As of now, AD has no known cure, although there are 

therapies available to help manage the symptoms. 

1.3.2 Statistics of AD 

Presently, approximately 55 million individuals globally are documented to be living with 

dementia. By the year 2050, the number of people worldwide affected by AD is projected to 

reach 139 million, with the majority of those residing in low and middle-income nations.94 

Every three seconds, a new case of dementia is reported somewhere in the world. Globally, up 

to 75% of individuals with dementia go undiagnosed. One in four people believes that there is 

no preventive measure for dementia, and nearly 80% of the general public worries about 

developing dementia at some point. Additionally, approximately 62% of healthcare 

professionals worldwide mistakenly believe that dementia is an inevitable aspect of aging. 

According to the study, the projected lifetime risk for Alzheimer's dementia was 1 in 10 (10%) 

for men and 1 in 5 (20%) for women at the age of 45. The risks slightly increased for both 

sexes at the age of 65.95 The analyzed global cost of dementia is estimated to be around US 

$1.3 trillion, and this figure is expected to double by the year 2030. The social and economic 

burden of AD is projected to witness a significant increase, primarily attributed to the aging of 

the global population.96 

1.3.3 Aggregation mechanism of Aβ 

The amyloid hypothesis emerged following extensive research that consistently demonstrated 

a distinct correlation between dementia and the deposition of β-sheet structures in the central 

nervous system.97 As per the amyloid cascade hypothesis, the pathogenic factors in AD are 

considered to be Aβ aggregates, instigating a series of harmful physiological alterations leading 

to neurodegeneration, dementia, and ultimately, fatality.98 The amyloid precursor protein 

(APP), expressed in various biological tissues and organs, including the brain, is responsible 

for the generation of Aβ peptides. APP is a type I membrane protein with three distinct splice 
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variants (APP695, APP751, and APP770), featuring a single transmembrane domain (TMD). 

The C-terminal domain of APP, referred to as the APP intracellular domain (AICD), is partially 

situated in the cytoplasm, while the N-terminal domain is located in the extracellular region. 

The processing of APP can occur through either amyloidogenic or non-amyloidogenic 

pathways, resulting in distinct outcomes (Figure 1.6). In the non-amyloidogenic pathway, the 

multidomain zinc metalloenzyme α-secretase initiates cleavage of APP between Lys687 and 

Leu688. This cleavage releases the soluble N-terminal fragment named as sAPP. Subsequently, 

γ-secretase cleaves the remaining membrane-bound fragment within the TMD of APP at either 

Val711/Ile712 or Ala713/Thr714, resulting in the production of Aβ17-40 or Aβ17-42. 

Within the amyloidogenic pathway, APP undergoes initial cleavage by β-site amyloid 

precursor protein cleaving enzyme (BACE1). BACE1 cleaves between Met671 and Asp672, 

releasing the soluble fragment referred to as sAPPβ. The remaining membrane-bound C-

terminal fragment (CTF) is subsequently cleaved by γ-secretase, predominantly yielding the 

amyloidogenic peptides Aβ1−40 and Aβ1−42.
99 Aβ peptides play a functional role for neurons. In 

AD, the fundamental biochemical change involves the abnormal accumulation of Aβ, initially 

in non-toxic and soluble amyloid peptide forms. This accumulation disrupts proteostasis and 

leads to the transformation of Aβ into toxic intermediate products, including misfolded soluble 

Aβs, Aβ dimers, and Aβ oligomers.100 Both Aβ1−40 and Aβ1−42 peptides exhibit a propensity to 

aggregate, often forming oligomers and fibrils. Experimental trials have demonstrated the 

capacity of soluble Aβ oligomers extracted from AD affected brains to impact synapse 

plasticity and function.101 Amyloid fibrils may function as a "reservoir" for oligomers, 

establishing an equilibrium between cytotoxic soluble oligomers and insoluble Aβ fibrils.90a 

Consequently, AD can be characterized as a "gain-of-toxic function" disorder linked to the 

toxicity of aggregated Aβ species.  
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Figure 1.6: Schematic representation of the mechanism leading to the formation of Aβ plaques. 

The process involves the sequential cleavage of APP through amyloidogenic and non-

amyloidogenic pathways.  

The monomeric peptides, Aβ1−40 and Aβ1−42, primarily adopt an unfolded random coil 

morphology, with a small amount of α-helical and β-sheet content.102 The Aβ peptide sequence 

exhibits polarity, featuring a hydrophilic N-terminus and a hydrophobic C-terminus. The 

residues in the C-terminus and central hydrophobic core (CHC), specifically Leu17−Ala21, are 

believed to play a crucial role in Aβ aggregation. Aggregated Aβ plaques are more prevalent 

in Aβ1−42 compared to Aβ1−40. Aβ1−42 is more susceptible to aggregation than Aβ1−40, likely due 

to the presence of two additional hydrophobic C-terminal residues. Aβ1−42 is considered more 

harmful than Aβ1−40 because it generates toxic oligomers at a faster rate.99b 

1.3.4 Therapeutic strategies to prevent Aβ aggregation 

The exploration of preventing protein self-assembly involves two main approaches: searching 

for inhibitors that specifically target amyloid aggregates and devising strategies to prevent 

protein aggregation in a broader sense. Numerous inhibitors and excipients are employed to 

eliminate Aβ aggregates using diverse strategies such as stabilizing the native state, 

destabilizing incorrectly folded states, reducing solvent accessibility, and accelerating protein 

folding. Currently, a widely researched potential therapeutic approach for AD is focused on 
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preventing the formation of oligomers and aggregates.103 The drugs currently prescribed and 

approved by the Food and Drug Administration (FDA) serve as symptom relievers without 

offering a cure. Although these medications do not provide a definitive solution, they have 

shown effectiveness in modestly improving the cognitive abilities of individuals with AD. The 

only medication approved for modifying AD is aducanumab, an intravenous anti-amyloid 

antibody, which obtained FDA approval in June 2021.104 Aducanumab seems to reduce the 

accumulation of amyloid in the brain, thereby slowing the progression of the disease in terms 

of both cognition and functionality. The European Medicines Agency, however, declined to 

approve the medication for use in Europe due to a lack of data supporting the actual efficacy 

of medication and some safety concerns. Therefore, to treat the pathogenesis of the AD, disease 

modifying treatments (DMTs) are required for AD. 

1.3.4.1 Peptide based therapeutics against Aβ aggregation  

Peptide-based approaches exhibit greater adaptability compared to other inhibitor categories, 

owing to the variety of naturally occurring amino acids, the range of backbone secondary 

structures, and the ease of modifying termini and side chains. Moreover, the amphiphilic nature 

of peptides enables easy interaction with the hydrophobic surfaces of amyloid proteins ensures 

strong water solubility. Peptides serve as biological active compounds, offering increased 

selectivity due to their ability to establish numerous contacts with their target. The highly 

selective interactions of peptides contribute to a reduction in cytotoxicity. Interest in peptide 

science is on the rise due to several factors, including the identification of therapeutic targets, 

advancements in delivery strategies, the production of extensive peptide libraries, synthetic 

viability and the development of high-throughput screening techniques. 

Proteins and peptides have been explored as potential therapies for AD, although they are 

currently in the pre-clinical trial stage. An intranasal administration system was utilized to 

deliver either 20 IU or 40 IU of insulin detemir to adults diagnosed with mild to moderate 

AD.105 Significant effects on verbal and visuospatial memory recall were observed for patients 

who received the higher insulin detemir dose. When administered orally in combination with 

pravastatin, the Ac-DWFKAFYDKVAEKFKEAF-NH2 (D-4F) peptide demonstrated the 

ability to reduce Aβ deposition and activate microglia and astrocytes, while simultaneously 

enhancing cognitive function in the brains of mice.106 The progression of peptide inhibitors 

targeting amyloid fibrils is anticipated to make significant strides in the coming years. Below, 
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we briefly discuss some of the prominent families of peptide-based inhibitors that have been 

published in the last decade. Comprehensive details on peptide-based inhibitors can be found 

in the latest reviews available in literature.107 

I. Peptide inhibitors derived from Aβ sequences 

Harkány et al. reported propionyl-Ile-Ile-Gly-Leu amide (Pr-IIGL) derived from the C-terminal 

region (31–35) of Aβ peptide as an inhibitor of Aβ42 aggregation.108 Pr-IIGL protected glial 

cells from cytotoxicity induced by Aβ42 aggregates, however, it displayed neurotoxicity. Fülöp 

et al. modified Pr-IIGL by replacing propionyl with arginine to afford a new pentapeptide 

RIIGLa, which is not neurotoxic and blocked Aβ amyloid formation as well as reduced the 

cytotoxicity caused by Aβ aggregates.109 The transmission electron microscopy (TEM) images 

depicted the formation of mature fibers of length 2–3 µm when the Aβ42 monomer was 

incubated alone, whereas the fibril formation was completely inhibited when RIIGL was 

incorporated in Aβ42 monomer. Notably, the cell viability of SHSY-5Y neuroblastoma cells 

was increased from 39% in Aβ42 monomer alone to 84% when the Aβ42 monomer was co-

incubated with RIIGL. 

Among the peptide inhibitors derived from the Aβ sequence, 16KLVFF20 and its mimics have 

gained significant popularity. Recent research has focused on modifying KLVFF to enhance 

its inhibitory effectiveness and explore other functional applications due to its high affinity for 

Aβ.110 Austen et al. developed a series of peptides derived from Aβ16-20 with enhanced water 

solubility, including OR1 (RGKLVFFGR) and OR2 (RGKLVFFGR-NH2).32 While both 

peptides were identified as effective inhibitors of fibrillation, only OR2 was able to halt the 

production of oligomers and prevent amyloidogenic cytotoxicity. Jagota et al. formulated three 

short synthetic D-peptides based on the CHC region with the aim of diminishing the toxicity 

and aggregation of Aβ42.
111 Thioflavin T (ThT) and turbidity assays illustrated that peptides 

kklvffa and klvffarrrra reduce fibrillation by encouraging aggregation into insoluble 

amorphous structures. 

Tillett et al. produced N-aminated hexapeptides derived from KLVFFA, demonstrating the 

ability to impede the fibrillization of. 112 Among designed peptides, a di-aminated derivative of 

the hexapeptide, Ac-KL-aVF-aFA-NH2, featuring N-amination on Val and a second on Phe, 

was identified as the most potent inhibitor of Aβ42. 
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Kapadia et al. investigate the effect of sequential amino-acid scan and C-terminus amidation 

on C-terminus fragment (VVIA39-42) of Aβ42 sequence.113 D-FVIA-NH2 (12c) exhibited high 

protection against Aβ-mediated neurotoxicity by inhibiting Aβ aggregation in the MTT cell 

viability and ThT-fluorescence assay. Circular dichroism (CD) studies illustrate the inability 

of Aβ42 to form β-sheet in the presence of 12c. Peptide 12c exhibited 78% inhibition of Aβ42 

even at a lowest tested dose of 0.1 mM. The peptide 12c exhibits enhanced blood brain barrier 

(BBB) permeation, no cytotoxicity along with prolonged proteolytic stability. Samani et al. 

conducted a comparison of the impact of halogenated amino acids on the anti-aggregation 

properties of peptides.114 Their findings indicate that an iodinated peptide with an amide at the 

C-terminus, H2N-KLVFF(4-I)-CONH2, exhibited superior inhibitory activity against Aβ 

aggregation compared to the NH2-KLVFF-COOH peptide. 

Subsequently, Kapadia et al. designed and synthesized thirty-eight tetrapeptides derived from 

the C-terminus segment Aβ39-42 of the original Aβ peptide by sequential 

replacement/modification.115 The ThT fluorescence assay revealed that F-(4-F)-VIA, V-

octahyrdoindole-IA, tert.L-tert.L-IA peptides exhibited significant protection against 

neurotoxicity induced by Aβ42 aggregation in PC-12 cells at dosages ranging from 10μM to 

0.1μM. Additionally, CD analysis indicated that F-(4-F)-VIA, V-octahyrdoindole-IA peptides 

prevented the formation of β-sheets, and electron microscopy confirmed the absence of fibrillar 

Aβ42 structures, supporting the inhibition of Aβ42 aggregation. 

Mallesh et al. synthesized fourteen hydrophobic peptides each incorporating a single mutation 

valine with hydrophobic residues such as leucine and proline in the K16LVFFAE22 sequence of 

Aβ42.
116 The authors identified the peptides H2N-KLLFFA-NH2 (NT-02), H2N-KLLFF-NH2 

(NT-03), and H2N-LPFFAE-NH2 (NT-13), which are more potent than the other peptides. The 

NT peptides reduce Aβ fibrillation in the range of 60–80% observed in the ThT assay. In the 

cellular system, the peptides are noncytotoxic and show a significant neuroprotection effect 

(85–90%) from Aβ-induced toxicity and protects the neurons from Aβ-induced apoptosis. 

Moreover, the peptides NT-02, NT-03, and NT-13 can cross the BBB, have significant stability 

in serum, and maintain healthy morphology of PC-12-derived neurons. 

Zimbone et al. investigated the efficacy of the Aβ fragment SGYEVHHQKLVFF (Aβ8-20) in 

averting the aggregation and toxicity of Aβ40 and Aβ42.
117 CD experiments spanning a 96-hour 

period demonstrate that Aβ8-20 assumes a random coil conformation over time. When present 
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in a 1:1 concentration ratio, Aβ8-20 effectively halts Aβ40 aggregation and prevents the transition 

from random coil to β-sheet structure following a 24-hour incubation period. In DLS 

experiment two distinct populations were observed for Aβ40 alone and in the presence of Aβ8-

20, with mean hydrodynamic diameters centered at 1663 nm and 102.7 nm respectively, for 

Aβ40 alone, and at 850.3 nm and 188.7 nm for Aβ40 in the presence of Aβ8-20. Furthermore, 

Aβ8-20 demonstrated complete protection, in a dose-dependent manner, of SH-SY5Y cells 

against the toxicity induced by Aβ42 oligomers. 

II. Rationally designed peptide inhibitors 

Rational design yields highly functional compounds and resulted in the generation of a larger 

number of synthetic amino acid sequences, peptide-conjugate derivatives and peptidomimetics. 

Many designs aim to mimic beneficial characteristics of the Aβ sequence, such as 

hydrophobicity, the tendency to form β-sheet conformation, and the ability to increase 

selectivity and binding affinity for Aβ.  

Xue et al. identified the versatile heptapeptide XD4 (PIKTLPM) through phage screening, with 

the sequence present in 18 out of 30 positive clones exhibiting high affinity for Aβ42.
118 XD4, 

at a 1:10 (Aβ42: XD4) molar ratio, effectively inhibits Aβ42-induced cytotoxicity in SH-SY5Y 

cells and demonstrates dose-dependent binding to Aβ42. XD4 also reduces harmful levels of 

ROS, NO (at a 1:10 molar ratio), and Ca2+ (at 1:1 or 1:10 molar ratios). Furthermore, XD4 

significantly enhances memory impairments and facilitates Aβ clearance in APP/PS1 

transgenic mice. 

Li et al. investigated the binding affinity of 8000 tripeptides, representing all possible 

combinations of amino acids in tripeptides against protofibril model (6Aβ9-40) using the 

Autodock Vina method.119 The top hits identified through virtual screening were subjected to 

further analysis using the more precise MM-PBSA method, which indicated that WWW, 

WPW, WWP, and PWW exhibited the strongest binding ability to Aβ fibrils. The binding and 

depolymerization abilities of the top leads were demonstrated through in vitro studies, such as 

ThT assays and AFM. The ThT assay revealed the ability of tripeptides selected as top leads 

(WWW, PWW, WPW, and WWP) to depolymerize Aβ fibrils depends on their concentration. 

At the highest tripeptide concentration tested (1 mM), a significant decrease in fluorescence 

intensity compared to that of Aβ fibrils alone was detected. Tripeptides PWW, WWP, and 
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WWW exhibited the highest disassembly activities, corresponding to the lowest fluorescence 

intensities, with a depolymerization efficacy of 83%. 

Bansal et al. designed 42 new peptides derived from the C-terminus of Aβ32−37 underwent a 

comprehensive peptide scan.120 This scan entailed substituting all six amino acids with 

isosterically analogous amino acids of both natural and unnatural origin. Among designed 

peptides, the N-terminus free hexapeptide, IGLMVG-NH2 (referred to as peptide 1), was found 

to effectively shield cells from Aβ40-induced toxicity at a concentration of 2μM. In the presence 

of peptide 1, RFU values of 35.2%, 33.8%, and 38.6% were observed at Aβ:peptide ratios of 

1:10, 1:5, and 1:1, respectively, corresponding to approximately 97.6%, 99.7%, and 92.5% 

inhibition of Aβ40 aggregation. 

Zhang et al. identified, synthesized, and evaluated a novel Cu2+-binding peptide that 

specifically hindered Cu-triggered Aβ aggregation using the phage display technique.121 The 

Cu2+-binding hexapeptide (S-A-Q-I-A-P-H, named as PCu) discovered from the phage display 

library was employed to investigate the mechanism of PCu inhibition against Aβ production 

and Cu2+-mediated Aβ aggregation. In vitro results revealed a reduction in Aβ aggregation 

caused by Cu2+ in the presence of PCu, and copper levels were regulated to mitigate biological 

toxicity. Furthermore, PCu inhibited Cu2+-induced BACE1 expression and enhanced Cu2+-

mediated cell oxidative damage to reduce Aβ production. 

Yuan and collaborators introduced a novel decapeptide RR (Ac-RYYAAFFAARR-NH2) 

designed to disrupt β-sheets synergistically by binding multiple recognition sites along the Aβ40 

sequence.122 RR targeted the specific residues His13 and His14 of Aβ, the CHC region, and the 

salt bridge between Asp23 and Lys28. RR demonstrated highly specific affinity for binding 

monomeric Aβ40, nearly 100 times stronger than the LPFFD peptide (KD = 1.10 vs. 156μM, 

respectively). ThT assay results showed that RR efficiently inhibited Aβ40 aggregation in a 

dose-dependent manner. In MTT assay, RR exhibited the ability to protect PC-12 cells against 

Aβ40-mediated cytotoxicity, enhancing cell viability to approximately 95%. 

Ghosh et al. engineered NF11 (NAVRWSLMRPF), a nontoxic peptide derived from the 

modified SARS coronavirus E-protein, known for its inhibition of insulin fibrillation.123 NF11 

demonstrated the ability to dose-dependently suppress the aggregation of Aβ40, prolonging the 

aggregation lag-time. The lag time of Aβ40 fibrillation was extended by approximately fourfold 

in the presence of NF11 at a 1:10 molar ratio. ThT experiment results indicated that NF11 
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disintegrated Aβ oligomers and fibrils, reducing amyloid-related toxicity in neuronal cells. 

Incubation with NF11 significantly reduced the extent of Aβ fibrillation, restraining it in its 

oligomeric state which was observed in the morphology of spherical conglomerates in 

fluorescence microscopy images. 

Jha et al. designed a structurally constrained cyclic peptide by incorporating an unnatural amino 

acid and a disulfide bond into the sequence β-sheet breaker peptide CVKVDPGLKVC 

(BHdS).124 This peptide incorporates the DPro-Gly motif, featuring the unnatural amino acid 

DPro, strategically positioned to enhance proteolytic stability and induce a turn in the β-hairpin 

structure. Results from UV-CD spectroscopy indicate that BHdS stabilizes the random coil 

conformation of Aβ42 monomers, preventing their transition into a β-sheet-rich conformation 

conducive to ordered assembly during aggregation. When Aβ42 is co-incubated with BHdS at 

molar ratios of 1:10, 1:20, and 1:25, the amplitude of ThT fluorescence decreases by 

approximately 70%, 40%, and 20%, respectively, compared to that observed without BHdS 

peptide. Additionally, BHdS peptide demonstrates the ability to mitigate the toxicity of soluble 

Aβ42 aggregates towards neuronal cells.  

Kapadia et al. investigated the effect of sequential amino-acid scan and C-terminus amidation 

on C-terminus fragment (VVIA) of Aβ sequence.125 D-FVIA-NH2 (12c) exhibited high 

protection against Aβ-mediated neurotoxicity by inhibiting Aβ42 aggregation in the MTT cell 

viability and ThT-fluorescence assay. CD studies illustrate the inability of Aβ to form β -sheet 

in the presence of 12c, further confirmed by the absence of Aβ42 fibrils in electron microscopy 

experiments. Peptide 12c exhibited 78% inhibition of Aβ42 even at a lowest tested dose of 0.1 

mM. The peptide 12c exhibits enhanced BBB permeation, no cytotoxicity along with 

prolonged proteolytic stability. 

Bhattacharyya et al. identified an active peptide fragment derived from the plant Aristolochia 

indica that exhibits inhibitory effects on Aβ aggregation and demonstrates anti-amyloidogenic 

properties.126 In vitro studies, supported by microscopic images, revealed that the active 

peptide, denoted as Pactive (GFLLHQK), hinders the formation of off-route oligomers in the Aβ 

peptide, thereby preventing their involvement in the cytotoxic fibrillation pathway. Biolayer 

interferometric tests provided evidence of significant affinity between Pactive and both Aβ42 

monomers and Aβ oligomers. MD simulations focusing on the Aβ42 monomer structure 

elucidated substantial conformational changes occurring in the presence of Pactive. Notably, the 



Introduction                                                                                                                Chapter 1 

32 
 

conformational alteration of Tyr10 in the Aβ42 structure was observed, rendering it exposed 

toward the solvent surface. The combined analysis of NMR spectroscopy and MD simulations 

validated the role of Pactive in inducing global conformational changes in Aβ monomers during 

complex formation. 

Lei and colleagues strategically designed a polymer-grafted peptide-based multifunctional 

micelle system, known as MPGLT for the simultaneous clearance of Aβ and ROS.127 The 

MPGLT incorporated three functional peptides—a ROS scavenger (tk-GSH), a β-sheet breaker 

(LP), and an autophagy activator (TK)—each binding to Aβ and promoting Aβ degradation. 

The tk-GSH on the surface of MPGLT effectively scavenged intracellular ROS, reducing 

cytotoxicity from both ROS and Aβ. In vivo animal studies demonstrated that MPGLT 

successfully crossed the BBB, reduced Aβ plaque and eliminated ROS in an AD mouse model. 

1.4 Recent computational studies related to peptide inhibitor that target Aβ and hIAPP 

Over the last two decades, there have been notable advancements in computer techniques for 

simulating biological macromolecules. In computer-aided drug design (CADD), computational 

studies play a pivotal role in the rational design and optimization of potential drug 

candidates.128 Through the utilization of advanced algorithms and molecular modeling 

techniques, researchers can analyze the interactions between inhibitors and target proteins at 

the atomic level. Virtual screening methods allow for the efficient identification of potential 

drug candidates from large chemical libraries, significantly expediting the drug discovery 

process. Molecular dynamics simulations provide insights into the dynamic behavior of 

biomolecular systems, aiding in the understanding of ligand binding mechanisms and 

predicting the stability of drug-target complexes. Additionally, structure-based drug design 

enables the modification and refinement of lead compounds to enhance their binding affinity 

and specificity. Overall, computational studies in computer-aided drug design contribute 

valuable information to guide experimental efforts, ultimately accelerating the development of 

novel and effective therapeutic agents. Below, we briefly discuss some well-known families of 

peptide-based inhibitors generated using CADD that have been published in recent years.  

Kanchi et al. engineered the peptide KLVFFP5, comprising two segments: a fragment derived 

from the self-recognition region K16LVFF20 and a β-sheet breaker proline pentamer P5.129 MD 

simulations and molecular docking analyses revealed that the KLVFFP5 peptide effectively 

bound to protofibrils, exerting destabilizing effects by establishing hydrogen bonds and 
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hydrophobic contacts with greater affinity compared to the KLVFF peptide. The presence of 

KLVFFP5 led to a significant disruption of the hydrogen bonding network and salt bridges, 

resulting in a notable reduction in the β-sheet content of Aβ protofibrils. 

Wu et al. conducted MD simulations on model mixtures containing Aβ42 and Aβ40 peptides 

along with somatostatin-14 (SST14), a cyclic neuropeptide, to investigate the dynamics of 

early-stage aggregation.130 Additionally, they explored the aggregation of Aβ42 in the presence 

of arginine vasopressin (AVP), another distinct cyclic neuropeptide. The Aβ42-SST14 mixture 

exhibited the formation of compacted, dynamically stable, yet small aggregates, characterized 

by the highest exposure of hydrophobic residues to the solvent. SST14 demonstrated inhibitory 

effects on aggregation in the Aβ42-SST14 system, leading to aggregates with a more robust 

adhesive surface effect. 

Jani et al. investigated the destabilization mechanism of various β-sheet breaker peptides on 

preformed amyloid protofibrils through molecular docking and simulation.131 Eight BSB 

peptides with varying lengths (5-mer to 10-mer) were docked onto the Aβ protofibril. Multiple 

sets of MD simulations were conducted for the Aβ protofibril alone and in the presence of BSB 

peptides to achieve more comprehensive results. The destabilization of the Aβ protofibril by 

BSB peptides was evidenced by an increase in root-mean-square deviation (RMSD), a decrease 

in the number of interchain hydrogen bonds, disruption of significant salt bridge contacts (D23-

K28), and destabilization of interchain hydrophobic contacts. To assess the binding affinities 

of BSB peptides to the Aβ protofibril, the MM-GBSA free energy of binding was computed 

for each BSB peptide. Additionally, the contribution of the binding free energy was estimated 

for each residue. The study indicated that, compared to other BSB peptides, 7-mer peptides had 

a greater tendency to robustly attach to the Aβ protofibril. Among the BSB peptides, the 

KKLVFFA peptide exhibited a higher potential for destabilizing Aβ protofibrils.  

Kanchi et al. designed a β-sheet breaker peptide, LPFFD, and modified it with aromatic amino 

acids to investigate its impact on Aβ fibrils using MD simulation studies.132 The modified 

peptides comprised two sequences: the β-sheet breaker motif LPFFD and aromatic residues at 

the termini that bind to the fibrils. The findings revealed that LPFFD peptides with tryptophan 

modifications displayed the highest binding affinities with Aβ fibrils. Additionally, these 

peptides bound to the region encompassing the CHC region of the Aβ fibrils. 
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Jarmuła et al. conducted MD simulations of three β-sheet breaker peptides (iaβ6, LPFFFD; 

iaβ5, LPFFD; and iaβ6_Gly, LPFGFD) with the fibril model of Aβ42.
133 They investigated the 

kinetically probable mechanism of action for these proposed peptides. The suggested 

mechanism involves the binding of these peptides to the region (LVFFA), which is the CHC 

region of the Aβ fibril, and the participation of Phe rings in π-π stacking interactions with the 

Aβ fibril. Extended MD runs of iaβ6 poses demonstrated the disruption of the Aβ fibril and the 

dissociation of chain A from the fibril model of Aβ42. The authors concluded that the presence 

of three successive Phe residues in the BSB peptide, docked at Phe 20 in the CHC region, 

enhances the efficacy of dissociating the outer chain. 

Roy et al. conducted all-atom MD simulations to investigate the mechanism by which D-nl 

peptide, derived from the amyloidogenic core of hIAPP22–27 and consisting of all D-amino acid 

residues, prevents hIAPP aggregation.134 Their findings indicate that the ordered β-sheet 

structure of hIAPP22–27 is completely destabilized upon incorporation of D-nl. In the presence 

of D-nl peptides, full-length hIAPP is less prone to form β-sheet structures, leading to a more 

frequently adopted randomly loosely packed structure. The study also explored the impact of 

hIAPP22–27 (L-nl) on the aggregation tendency of full-length hIAPP as a control. D-nl prevents 

hIAPP-hIAPP association through hydrogen bonding and hydrophobic contacts, supporting the 

self-aggregation of hIAPP, while L-nl promotes hIAPP aggregation by stabilizing β-sheet-rich 

aggregates. Additionally, D-nl partially dissolves the hIAPP protofibrils that have already 

formed. 

Roy et al. conducted MD simulations to illustrate that newly designed conformationally 

restricted BSBHps effectively inhibit hIAPP amyloid production.135 The BSBHps are peptide 

sequences consisting of six members, which are derived from the amyloidogenic core of hIAPP 

(N22FGAIL27). These sequences contain one (Ile26) or more (Gly24 and Ile26) residues that 

can be substituted with one of three isomers of the conformationally restricted aromatic amino 

acid, aminobenzoic acid (β, γ, and δ). This substitution allows for the generation of the 

BSBHps. All the different isomeric BSBHps exert divergent effects on the self-assembly of 

hIAPP. BSBHps containing β- and γ-aminobenzoic acid effectively prevent hIAPP 

aggregation, while those with the δ-aminobenzoic group stabilize the hIAPP β-sheet-rich 

aggregates. The planar structure of δ-BSBHps facilitates a distinctive stacking arrangement 

involving constrained aminobenzoic acids(Abz)/Phe residues of BSBHps and Phe residues of 

hIAPP, thereby stabilizing the β-sheet structure of hIAPP. Specifically, the double-substituted 
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δ-BSBHp interacts selectively with the amyloidogenic region of hIAPP, encompassing Ser20-

Ser29. This underscores the preference of δ-BSBHp for binding to the β-sheet-prone region of 

hIAPP. 

Mohammed et al. employed molecular docking and MD simulations to investigate how D-Trp-

Aib inhibits the early oligomerization and destabilizes preformed Aβ protofibrils.136  MD 

simulations unveiled that D-Trp-Aib binds to the aggregation-prone region (Lys16-Glu22), 

leading to the stabilization of the Aβ monomer through π-π stacking interactions between 

Tyr10 and the indole ring of D-Trp-Aib. This interaction results in a decrease in β-sheet content 

and an increase in α-helices. Additionally, the binding of Lys28 of the Aβ monomer to D-Trp-

Aib is likely responsible for obstructing initial nucleation, potentially impeding fibril growth 

and elongation. The robust binding of D-Trp-Aib to the aromatic region and the basic residue 

Lys28 of the Aβ monomer hinders the formation of a crucial salt bridge (Asp23-Lys28), a 

significant step in fibril formation. 
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2.1 Docking 

Docking is molecular modelling method that involves fitting one or multiple molecular 

structures into a designated target (such a protein), and predicting the binding affinity of 

resulting complex (Figure 2.1). The process involves fitting a ligand within a binding site, 

examining each pose for hydrophobic and steric interactions, and prioritizing the outcomes 

using a scoring system that compares the results of different binding poses. The advantage of 

using docking in the drug development process is ability to screen millions of molecules against 

a specific target. The docking process consists of two stages: configurational sampling and the 

assessment of the scoring function. Configurational sampling in docking refers to the process 

of exploring various possible conformations or configurations of a ligand molecule within the 

binding site of a target protein. The goal is to predict the most energetically favorable binding 

pose of a ligand within the protein's active site, which is crucial for understanding the ligand-

protein interaction and designing potential drug candidates. Sampling can be categorized as 

rigid, where neither the ligand nor the receptor undergoes movement (analogous to key-lock 

imposition in some comparisons), semi-flexible, where the ligand exhibits some degree of 

movement, and flexible, allowing freedom of movement for both the ligand and the protein. In 

the rigid and semi-flexible approaches, only the atomic coordinates of the receptor are deemed 

capable of interacting with the ligand.  

 

Figure 2.1: Peptide binding with protein using AutoDock. 
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2.2 Molecular dynamics 

Molecular dynamics (MD) is a computational chemistry technique to simulate the movement 

of atoms by applying Newton's law of motion through integration. For biological processes 

including ligand-target contact, conformational change, and protein folding/unfolding, MD 

simulations provide essential atomistic insights into the mechanism. This is accomplished by 

giving the position of every atom simulated with time resolution at the femtosecond scale.1 MD 

was first employed in 1957 to determine the equilibrium properties of system to examine 

particle collisions within a rectangular box.2 McCammon et al. studied the dynamics of the 

Bovine Pancreatic Trypsin Inhibitor (BPTI) protein, consisting of 58 residues, over a total 

duration of 9.2 picoseconds for the first time on a biological system in 1977.3 Due to the 

advancement of force fields, and super computers has substantially expanded the applicability 

of MD over the last few decades, transforming it into a powerful tool for comprehending 

chemical and biological processes.4 

The conventional MD simulation method involves the generation of set of atomic coordinates 

by iteratively integrating the following Newton’s law of motion equation: 

                                                           
ⅆ2𝑟𝑖(𝑡)

ⅆ𝑡2 =
𝐹𝑖(𝑡)

𝑚𝑖
                    (1) 

where Fi (t) represents the force acting on atom i with mass m at time t, and ri (t) represent the 

position vector of the atom i. 

For the execution of MD simulations, we need to take various steps, which are outlined below: 

Initial conditions: Specification of the initial atomic coordinates of system for simulation. This 

step is crucial for the MD simulation to be successful, particularly for biological systems such 

as proteins. Generally, the initial coordinates are derived from experimental findings, such as 

NMR, X-ray crystallography, and Cryo-EM. Experimentally determined structures of 

biomolecules, in the form of Protein Data Bank (PDB) files, can be accessed on the Research 

Collaboratory for Structural Bioinformatics (RCSB) website, where the initial coordinates for 

atoms can be found. 

Numerical integration: Following the definition of the initial positions and velocities of atoms, 

it is necessary to perform numerical integration of Newton's equations of motion. Various 

integration algorithms have been developed for this purpose, one of the simplest and efficient 

algorithms is the Verlet algorithm, along with its variations.5  

                                                𝑟𝑛+1 = 𝑟𝑛 + 𝑣∆𝑡 +
𝐹𝑛

2𝑚
𝛥𝑡2                         (2) 
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                                               𝑣𝑛+1 = 𝑣𝑛
+𝐹𝑛+1+𝐹𝑛

2𝑚
∆𝑡                              (3) 

 

Velocity Verlet algorithm is common integration algorithm in which it calculates the velocity 

and position are at the same timestep. In the velocity Verlet algorithm, the new positions are 

computed before the new velocities, which are subsequently used to determine the forces. 

Integration timestep (∆t): The accuracy and convergence of MD simulations depend on the 

choice of the timestep (t) for the numerical integration. Simulations become more precise with 

smaller time steps, but this improvement comes at the cost of increased computational expense. 

Although a greater timestep results in more sampling of the conformational space, the 

simulation becomes unstable. To obtain accuracy and convergence in the simulations, it is 

crucial to choose the timestep.6 

Force field: The force field is a crucial collection of parameters named as FF. A parametric 

function of atomic coordinates called force field which calculates the potential energy of 

system. The potential energy is formulated as the summation of different terms utilized for 

representing both bonded and non-bonded interactions. Bond stretching, rotation around a 

dihedral and torsional angle, collectively contribute to bonded interactions, while non-bonded 

interactions consist of Van der Waals and electrostatic interactions. Both experimental 

investigation and ab initio calculations can be used to determine the value for each of these 

parameters. AMBER (Assisted Model Building with Energy Refinement),7 GROMOS 

(GROenigen Molecular Simulation),8 OPLS (Optimized Parameters for Large‐scale 

Simulations),9 and CHARMM (Chemistry at HARvard using Molecular Mechanics)10 are a 

few well-known force field algorithms. I used the GROMOS and AMBER force field for most 

of the work in my thesis. 

Boundary conditions: Boundary conditions in molecular dynamics (MD) simulations refer to 

the specifications regarding how the system behaves at its edges or boundaries. These 

conditions are crucial for accurately modeling the behavior of atoms or molecules within the 

simulation environment. There are several types of boundary conditions commonly used in 

MD simulations.11 Periodic boundary conditions is the most commonly used boundary 

condition in MD simulations. With periodic boundary conditions, the simulation box is 

replicated infinitely in all three dimensions. When a particle moves out of one side of the 

simulation box, it re-enters from the opposite side, maintaining the continuity of the system. 
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periodic boundary conditions effectively eliminates edge effects and allows for the simulation 

of bulk systems.12 In my work, I ran all MD simulations using periodic boundary conditions. 

Water model: The availability of possible models that can provide an precise picture of the 

system is crucial for MD simulations of any biomolecular system. For a multi-body system 

such as water, the model should be computationally efficient, physically plausible, and capable 

of estimating most experimental parameters for real water across a wide range of state points.13 

The precision of the model can be confirmed by comparing simulation results with 

experimental data since the outcomes of a molecular simulation are solely determined by the 

nature of the theoretical model employed. The following four considerations can be applied to 

categorise the main differences between various water models14: 

• Parametrization values: Depending on the accessibility of experimental data and the 

scope of the application of model, different models employ different target quantities 

for parametrization. 

• The arrangement of interaction sites and the charge distribution. Different water models 

situate negative charge in different locations in relation to where the oxygen atom is 

located. As a result, there are water models for three, four, five, and six sites. 

• Internal degrees of freedom: While many water models neglect internal degrees of 

freedom, some models incorporate flexible geometry, accounting for the stretching of 

the O-H covalent bond and the bending of the O-H-O angle. 

• Non-additive interaction terms: For non-additive interactions including polarisation, 

charge redistribution, and higher order interactions, etc., only a few water models are 

available. The computing effort is significantly increased by the inclusion of all these 

new interactions. 

One of the earliest water models is the simple point charge (SPC) model. In 1981, Berendsen 

et al. proposed the three-site model. The model is more computationally economical and simple 

to implement in protein water potential, and it averages many-body interactions. Electrostatic 

contact and the Lennard-Jones term combine to form the intermolecular potential. 

            𝑢 = 4 ∈ ∑ ∑ [(
𝜎

𝑟⁰⁰𝑖𝑗
)

−

12

(
𝜎

𝑟⁰⁰𝑖𝑗
)

6

]

𝑗≠𝑖
𝑖

 + 
ⅇ2

4𝛱𝜖0
∑ ∑

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
𝑗≠𝑖

𝑖

               (5) 

Where r⁰⁰ij and rij are the distances between the oxygen sites and charged sites of two molecules 

respectively, e is the proton charge, ε̥ is the permittivity of vacuum. The SPC model gives 
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enthalpy of vaporisation value 44,213 kJ/mol·K (44.0451), isobaric heat capacity  value 72.264 

J/mol·K (75.312), and isothermal compressibility value  0.461 1/Gpa (0.458) that align well 

with experimental observations values enclosed in parentheses.15 Due to the absence of two 

lone electron pairs, the SPC water molecule can travel more quickly than "actual water." 

However, as one of the original water models, SPC provided a solid foundation for the creation 

of subsequent water models. 

Jorgensen et al. proposed the TIP3P (transferable intermolecular potential three point) model 

in 1983. In comparison to the SPC model, this model is three-site model having O-H bond 

length and H-OH angle are shorter. The Lennard-Jones constants and the charge associated 

with hydrogen atom, which are model parameters, were determined by reproducing the 

vaporisation enthalpy and liquid density of water under natural conditions. When compared to 

experimental values, TIP3P yields too high thermal expansion and self-diffusion coefficients, 

as well as too low viscosity values. On the O-O radial distribution function, it also shows a 

second peak with a very low intensity. However, as recently demonstrated (Mao and Zhang, 

2012), the TIP3P water model offers an estimate of isochoric heat capacity at room conditions 

with an error from the experimental value of less than 1%. Due to its computational efficiency, 

this model is still frequently employed for biological molecules.16 

Energy minimization: Even when preliminary structures are found through experimental 

effort, residues could still lack hydrogen atoms or other atoms. Therefore, it is essential to 

perform energy minimization on the initial coordinates to resolve any potential steric conflicts 

among atoms. Additionally, missing atoms are introduced during the initial structure 

preparation. Prior to doing MD simulations in my study, I either used conjugate gradient 

methods or steepest descents method for energy minimization. 

Temperature Pressure control: MD simulations are normally collaborated with thermostats 

and barostats. In the case of a thermostat, the volume (V) and the temperature (T) are 

maintained constant (NVT, also referred to as a canonical ensemble), while a barostat controls 

the pressure (P) while maintaining a constant value for V (NPT). Thermostats such velocity 

rescaling,17 Andersen,18 Nosé-Hoover,19 Berendsen,20 and Langevin21  have all been used in 

MD simulations. In the present thesis I applied the Berendsen thermostat and Parrinello-

Rahman barostat as implemented in GROMACS software.  

Berendsen thermostat also called proportional thermostat corrects the deviations of the actual 

temperature T (instantaneous temperature) from the prescribed one T0 (desired temperature) by 
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multiplying the velocities by a certain factor λ (coupling parameter) in order to move the system 

dynamics towards the one corresponding to T0. One benefit of the Berendsen thermostat is that 

it permits temperature fluctuations, rather than constraining it to a constant value. This method 

gives an exponential decay of the system towards the desired temperature. 

                                                
ⅆ𝑇(𝑡)

ⅆ𝑡
=

1

𝜆
(𝑇0 − 𝑇(𝑡))                   (6) 

In the Parrinello-Rahman barostat the box vectors represented by the matrix b which follow 

the matrix equation: 

                                         
ⅆ𝑏2

ⅆ𝑡2 = 𝑣𝑤−1𝑏′−1
(𝑃 − 𝑃𝑟ⅇ𝑓)                (7)               

V stands for the volume of box, while W stands for a matrix parameter that controls the strength 

of coupling. The current and reference pressures are represented by the matrices P and Pref, 

respectively. 

Analysis of MD simulations: In addition to Aβ42 monomer-peptide complex and Aβ42 

protofibril-peptide complex, MD simulation of Aβ42 monomer and Aβ42 protofibril alone was 

performed in order to analyse the effect of designed peptide ligand on the monomeric as well 

as protofibrillar structure. MD simulations were conducted using the GROMACS 5.0.1 

package employing the GROMOS96 54a7 force field. The GROMOS96 force field has been 

extensively employed for the investigation of protein conformational dynamics. The necessary 

number of counterions was introduced into the cubic box, and periodic boundary conditions 

were implemented for all simulations. The protonation states of all amino acids in the MD 

simulations were determined according to physiological pH. The final MD simulations has 

been performed for 200 ns each for the designed peptides with different Aβ42 monomer 

structures and different Aβ42 protofibril structures. 

The GROMACS tools were used along with visual molecular dynamics (VMD)22 and 

PyMOL23 to visualize and analyze MD trajectories. The conformational clustering analysis of 

the MD ensemble was performed using a cut-off over the backbone atoms.24 The structural 

analysis of the conformational ensemble involved assessing root-mean-square deviation 

(RMSD), radius-of-gyration (Rg), and Cα root-mean-square fluctuation (RMSF) using the tools 

gmx rms, gmx gyrate, and gmx rmsf, respectively. The RMSD was evaluated for the backbone 

atoms of the protein. The structure obtained after NVT and NPT equilibration was used as a 

reference structure to evaluate the RMSD. The dictionary of the secondary structure of proteins 
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(DSSP) program25 was utilized to assess the secondary structure content of the during 

simulation by employing gmx do_dssp tool. 

Elucidation of the inhibitory mechanism of peptides against hIAPP and Aβ42 aggregation 

The molecular docking and MD simulations has been employed to elucidate the binding mode 

and key interactions of the peptide inhibitors with hIAPP and Aβ monomer and protofibril 

model structure. The MD simulations in explicit water provides insights into the molecular 

mechanism of inhibition of hIAPP and Aβ aggregation by peptide inhibitors. The key 

interactions and inhibitory mechanism of peptide inhibitors against hIAPP and Aβ42 

aggregation has been evaluated using computational techniques. 

Library generation: The amino acids are grouped into several classes based upon the similarity 

in their side chains. The general chemical properties and nature of the side chain are considered 

while grouping amino acids as depicted in Table 2.1. We designed peptide libraries by 

replacing amino acids of hIAPP sequence-based peptides [ hIAPP18-22 (HSSNN)] and Aβ42 

sequence-based peptides [ Aβ32-35 (RIIGL)] with amino acids present in the similar group. 

Screening of designed peptide libraries: The Aβ32-35 (RIIGL) based pentapeptide library has 

been generated and screened using AutoDock Vina and PyRx tools. MD simulations in explicit 

water was performed to elucidate the structural changes in Aβ42 monomer/protofibril upon top 

hit pentapeptide binding. The inhibitory mechanism of the pentapeptides was evaluated against 

Aβ42 aggregation using computational techniques. 

Table 2.1: The grouping of amino acids based upon similarity in their side chains. The amino 

acids are categorized as nonpolar aliphatic, polar uncharged, aromatic, positively charged, and 

negatively charged. The hydrophobicity index is mentioned for each amino acid. 

Amino acid  Symbol Hydropathy index 

Glycine (nonpolar, aliphatic) G –0.4 

Alanine (nonpolar, aliphatic) A 1.8 

Valine (nonpolar, aliphatic) V 4.2 

Isoleucine (nonpolar, aliphatic) I 4.5 

Leucine (nonpolar, aliphatic) L 3.8 

Proline (nonpolar, aliphatic) P 1.6 

Methionine (nonpolar, aliphatic) M 1.9 

Serine (polar, uncharged) S –0.8 

Threonine (polar, uncharged) T –0.7 

Cysteine (polar, uncharged) C 2.5 

Asparagine (polar, uncharged) N –3.5 
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Glutamine (polar, uncharged) Q –3.5 

Phenylalanine (aromatic) F 2.8 

Tyrosine (aromatic) Y –1.3 

Tryptophan (aromatic) W –0.9 

Lysine (positively charged) K –3.9 

Arginine (positively charged) R –4.5 

Histidine (positively charged) H –3.2 

Aspartic acid (negatively charged) D –3.5 

Glutamic acid (negatively charged) E –3.5 

The molecular docking based virtual screening has been performed using AutoDock Vina and 

PyRx tools to screen an hIAPP18-22 (HSSNN) based pentapeptide library. The top ten leads 

were subjected to more extensive screening based on the binding free energies between hIAPP 

monomer and designed pentapeptides using MM-PBSA method. Finally, MD simulations in 

explicit water has been performed to elucidate the structural changes in hIAPP monomer upon 

pentapeptide binding.  

2.3 Validation of the simulation data with experiment 

To validate the results of the MD simulations, the computational data has been compared with 

the experimental data. A comprehensive comparison of simulation data with the available 

experimental results that include the comparison between primary Cα, Cβ NMR chemical 

shifts, as well as the computational three bond J–coupling (3JNH-Hα) data has been done to check 

the accuracy of the simulation data. The NMR chemical shifts of Cα and Cβ atoms of the central 

member of the conformational cluster with the highest population were calculated by 

SHIFTX226 and compared with experimental chemical shifts. The scalar J–coupling (3JNH-Hα) 

constants were calculated by evaluating the dihedral angles ϕ and ψ using the Karplus 

equation.27 The parameter set was used in which A= 6.4, B= –1.4, and C= 1.9.28 

 2.4 Solid phase peptide synthesis  

Solid phase peptide synthesis (SPPS) was initially invented by Robert Bruce Merrifield.29 The 

process of solid phase peptide synthesis begins with reaction of polystyrene resin with the 

carboxy terminal of Fmoc (Fluorenyloxymethylcarbonyl) protected amino acid (Figure 2.2). 

There are two types of protecting groups that are accessible, named as Fmoc and Boc 

(tertbutyloxycarbonyl). Most peptide synthesis currently use Fmoc-protected amino acids since 

the Boc approach needs a powerful cleaving agent, such as, hydrogen fluoride. Additionally, 
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the Fmoc protective group is eliminated using a solution of 20% piperidine (v/v) in 

dimethylformamide (DMF), a basic deprotecting agent. Subsequently, the unbound N-terminus 

of an amino acid attached to the solid resin support participates in a reaction with another amino 

acid possessing a free C-terminus and a protected N-terminus with Fmoc. The necessary 

sequence was finally be synthesised after several rounds of deprotection, washing, and 

coupling. Then, the peptide is separated from the resin, causing any side chain protective 

groups to be eliminated. Generally, trifluoroacetic acid (TFA) is utilised as a cleaving agent. 

The manual solid phase synthesis of the designed peptides has been performed. The 

synthesized peptides was purified by HPLC and characterized by various techniques: HRMS. 

 

Figure 2.2: General scheme of steps involved in Solid phase peptide synthesis. 

General method for the synthesis of pentapeptides: All pentapeptides were synthesized was 

conducted through the solid-phase peptide synthesis methodology using Rink amide resin 

(mesh size: 100-200) as the solid support, employing Fmoc-protection-deprotection cycles.30 

The synthesis of the pentapeptide started from the 5th amino acid (amidated C-terminus) and 
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proceeded towards the 1st amino acid (uncapped N-terminus). The Rink amide resin solid 

support was initially loaded with the 5th amino acid. The 5th amino acid was the first to become 

bonded to the resin. All the pentapeptides were made using Fmoc-protected Rink amide resin, 

which is commercially available. The resin was treated with 35% piperidine in DMF for 30 

minutes, followed by three washes with DCM, DMF, and DCM for Fmoc deprotection. Three 

equivalents of Fmoc-protected amino acids, DIPEA, and HOBt were employed as an activator 

base, in addition to DMF serving as the solvent to couple each successive amino acid. The 

accomplishment of each coupling reaction was regularly confirmed through Kaiser's test. 

Peptide Cleavage: To release the synthesized peptides from the resin, a mixture of 5% water, 

5% thioanisole, 82% TFA, 5% phenol, and 2.5% EDT (1,2-ethanedithiol) was used. The 

reaction proceeded with continuous shaking for 3 h using a vibrax shaker. After completion of 

the reaction, the resin suspension underwent filtration, and the collected filtrate was gradually 

added to cold diethyl ether to achieve thorough precipitation. Ultimately, the resulting 

precipitate was isolated through centrifugation at 4°C with a speed of 6000 rpm. To ensure 

purity, all peptides underwent purification utilizing a C-18 reversed-phase high-performance 

liquid chromatography (RP-HPLC) column. Characterization of the peptides was achieved 

through HRMS, and they were then stored in a freezer at -20°C for future applications. 

Peptide Purification: The preliminary purification of peptides (1 mg/mL) included dissolving 

them in a mixture of water and methanol (1:1; v/v), which was subsequently introduced into a 

preparative RP-HPLC system (Agilent Technologies 1260 Infinity series system). This process 

operated at 210 nm with a flow rate of 1 mL/min. The mobile-phase solvents A and B consisted 

of 0.1% TFA in acetonitrile (CH3CN) and 0.1% TFA in water, respectively. The system was 

programmed to operate for 30 minutes, employing a linear gradient spanning from 10% to 70% 

of mobile-phase B. The pure peptide fractions were gathered and subsequently dissolved in a 

minimal amount of t-butanol/water solution. The resulting solution underwent lyophilization, 

yielding a white powder with a fluffy texture. 

Lyophilization of peptides: Lyophilization was carried out using a freeze drier to improve the 

stability of peptides. The peptides were dissolved in a mixture of butanol in water (4:1), pre-

frozen at -80°C, and then lyophilized at -100°C at 0–10 mTorr until a fluffy appearance was 

observed (approx. 24 hours). Peptides were kept at -80°C. 
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Peptide analysis: Analytical RP-HPLC (Agilent Technologies 1260 Infinity series system) was 

employed to assess the purity of peptides. This operated at 210 nm with a flow rate of 1 

mL/min, employing the same mobile-phase solvent system as previously described. The 

system was operated for 10 minutes with a gradient ranging from 10% to 60% of mobile-phase 

B (0.1% TFA in water). The purity of the peptides was assessed and found to be in the range 

of 92% to 100%. Subsequently, the peptides underwent characterization through high-

resolution mass spectrometry (HRMS). The molecular weights of the synthesized 

pentapeptides are shown in Table 3. 

2.5 Inhibition of Aβ42 fibrillar aggregates and disassembly of preformed Aβ42 fibrils 

Aβ42 fibril inhibition and disassembly properties of the synthesized peptides has been evaluated 

using in situ kinetic Thioflavin T (ThT) fluorescence assay. ThT (a cationic benzothiazole dye) 

binds to β-sheet-rich structures to yield a shifted and enhanced fluorescent signals.31 As a result, 

it can be used to detect selectively β-sheet aggregates of Aβ. Fluorescence was measured at an 

excitation wavelength of 435 nm and emission was measure at 485 nm by using fluorescence 

spectrophotometer. Inhibitor (synthesized peptides) generally works by binding to Aβ and they 

have the potential to disrupt the binding of ThT to aggregate structure, which can render false 

positive results. Thus, it is necessary to first evaluate whether peptide competes for binding site 

with ThT. Hence, a competitive ThT binding assay has been performed by adding synthesized 

peptides to a solution of preformed Aβ fibrils. Later, aggregation assays has been performed to 

assess the ability of the synthesized peptides to inhibit Aβ aggregation and to disaggregate the 

preformed Aβ fibrils. The inhibition/disaggregation activity has been calculated by the 

percentage reduction in the amyloid-bound ThT fluorescence of the Aβ-inhibitor mixture as 

compared to that of the Aβ alone. Further, transmission electron microscopy (TEM) (give the 

morphological changes of aggregates formed in a mixture of Aβ and inhibitor) has been 

employed to support the results obtained from ThT fluorescence assay. 
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Chapter 3 

Deciphering the inhibitory mechanism of hIAPP-

derived fragment peptide against hIAPP 

aggregation in Type 2 Diabetes 

 

 

The molecular mechanism by which human islet amyloid polypeptide (hIAPP)-derived 

fragment peptide (ANFLVH) blocked the hIAPP aggregation. The conformational clustering 

analysis highlighted an increase in the percentage population of microstate 1 (m1) of the 

hIAPP-ANFLVH complex, which depicts higher conformational homogeneity of hIAPP in 

the presence of ANFLVH. The MD simulations demonstrated that ANFLVH inhibited hIAPP 

aggregation by stabilizing the non-aggregation-prone helical conformation of the hIAPP 

monomer. 
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3.1 Introduction 

Protein misfolding diseases (PMDs) are diseases in which peptide or protein in some ways 

tend to misfold, aggregate, and accumulate in tissues of the human body.1 PMDs include 

several systemic disorders like type 2 diabetes (T2D), familial amyloid polyneuropathy, 

secondary amyloidosis, and a diverse range of neurodegenerative diseases such as 

Parkinson's disease, Alzheimer’s disease, Huntington disease, and transmissible spongiform 

encephalopathies.2 T2D is a critical metabolic disease described by insulin resistance 

condition and gradual failure of β-cell function, which ultimately leads to hyperglycemia and 

disturbed insulin secretion. An estimated 463 million adults are living with diabetes 

worldwide.3 This number will increase to 700 million by 2045 and the number of people with 

diabetes will significantly increase in low- and middle-income countries.3,4  

One of the pathological hallmarks of T2D is the presence of fibrillar amyloid deposits5 and 

soluble oligomers formed by the aggregation of human islet amyloid polypeptide (hIAPP).6 

The hIAPP, also known as human amylin, is a neuropancreatic soluble hormone secreted 

along with insulin and plays a major role in controlling the blood glucose level in the human 

body.7 The mature hIAPP consists of 37 residues with an amidated C-terminus and possesses 

a disulfide bond between Cys2 and Cys7. In the pancreatic tissues of T2D patients, oligomers 

and fibrillar amyloid deposits of hIAPP were found. The increasing shreds of evidence 

demonstrated that the low molecular weight soluble oligomers are the most toxic agents, 

which are formed during the early stages of hIAPP aggregation.6a The toxic aggregates of 

hIAPP are believed to contribute to the loss of pancreatic β-cells and eventually T2D. 

However, the molecular mechanism by which hIAPP monomer forms soluble oligomers and 

subsequently fibrillar amyloid deposits remain unclear due to the transient nature of the 

species involved in the aggregation pathway.  

The characterization of a monomeric form of hIAPP in solution and its molecular mechanism 

of aggregation is important to understand its cellular toxicity and role in T2D.6a,d This will 

help in the design of inhibitors that can slow down hIAPP aggregation or redirect it to a 

pathway, which results in nontoxic aggregates, and may present a new therapeutic strategy 

for the treatment of T2D. Various inhibitors comprising natural compounds8 and small-

molecules9 have been reported as inhibitors of hIAPP aggregation. However, small-molecule 



Inhibition of hIAPP aggregation by ANFLVH                                                      Chapter 3 

 

70 
 

inhibitors lack specificity, undergo rapid metabolism, and are unable to block interactions 

involving large protein-protein interfaces, which, in turn, hinder their clinical applications.  

 

Figure 3.1: The initial structures of hIAPP (PDB ID: 2L86) and ANFLVH are shown in 

panel a, and b, respectively. The hIAPP is shown in the cartoon representation with key 

amyloidogenic regions (8–20, 20–29, and 30–37) in different colours and ANFLVH is shown 

in the stick representation. The residues of hIAPP are shown in the stick representation. 

The peptide-based inhibitors provide an alternative option against hIAPP aggregation due to 

their biocompatibility, the feasibility of synthesis and modification, and weak 

immunogenicity.10 A large number of peptides derived from the amyloidogenic fragments of 

hIAPP or by slight structural changes in these fragments have been evaluated as inhibitors of 

hIAPP aggregation and hIAPP-induced cytotoxicity.11 In addition to peptides derived from 

the amyloidogenic fragments of hIAPP, several other peptide-based inhibitors have been 

tested against hIAPP aggregation and hIAPP-induced cytotoxicity.12 Potter et al. synthesized 

numerous peptides derived from the sequence of IAPP and identified hexapeptide ANFLVH 

as a potent inhibitor of IAPP aggregation.13 ANFLVH inhibited IAPP aggregation in vitro 

and in human islet cultures, which significantly enhanced the islet cell viability. However, the 

molecular mechanism of inhibition of hIAPP aggregation in presence of ANFLVH remains 

unclear. In this regard, MD simulations have been conducted in the current study to elucidate 

the inhibitory mechanism of ANFLVH against hIAPP aggregation.  

3.2 Computational details 
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3.2.1 Molecular docking 

AutoDock Vina14 was utilized for conducting the molecular docking. In this study, the protein 

was kept rigid and the ligand was kept flexible. The protein was prepared by retrieving the 

NMR structure of hIAPP from Protein Data Bank (PDB: 2L86) and this was used as the 

receptor for molecular docking.15 The hexapeptide (ANFLVH) was drawn using Maestro 

software.16 For molecular docking, the PDBQT files for the hIAPP and ANFLVH were 

prepared. The grid spacing was kept as default and grid box measurements were taken as 36 

× 34 × 20 Å with grid center at x = 3.067, y = 1.521 and z = 0.034 to cover the hIAPP-

ANFLVH complex. The configuration file used for the docking process was also prepared 

along with the addition of hydrogens and the Gasteiger charges.  

Table 3.1: The binding energy (kcal/mol) between hIAPP and ANFLVH. The residues of 

hIAPP involved in the hydrophobic contacts and hydrogen bonds with ANFLVH are listed.  

Model 

system 

 

AutoDock 

binding 

energy 

(kcal/mol) 

Residue 

involved in 

hydrophobic 

contacts 

Residues participating in intermolecular hydrogen 

bonds with ANFLVH 

Residue and atom 

of hIAPP 

monomer 

Residue and 

atom of 

ANFLVH 

Hydrogen 

bond 

distance  

hIAPP 

monomer           

–6.0 Asn3, Thr4, 

Leu12, 

Phe15, 

Asn21, 

Val32, Ser34 

Arg11 (SC[a]: H) Phe3 (MC[b]: O) 0.29 nm 

Asn31 (SC: H) Asn2 (SC: O) 0.27 nm 

Asn35 (MC: H) His6 (MC: O) 0.30 nm 

   

 [a] SC: side chain; [b] MC: main chain 

3.2.2 Molecular dynamics (MD) simulations  

The MD simulations were executed using the GROMACS 5.0.7 version17 including the 

GROMOS 54A7 force field18 and a simple point charge (SPC) water model.19 The GROMOS 

force field has been extensively utilized for the conformational analysis of hIAPP and 

amyloid-β peptide.20 The hIAPP and best-docked pose complex of hIAPP-ANFLVH were 

selected for MD simulations and these two systems are named as hIAPP and hIAPP-

ANFLVH complex, respectively. The systems were placed within a cubic box of dimensions 

5.5 nm × 5.5 nm × 5.5 nm and neutralized by adding sufficient Cl– ions as per the literature.21 

Both systems were solvated in a cubic box of water molecules with a minimum distance of 

1.5 nm from the wall. A total number of 5279 and 5211 water molecules were added in the 
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simulation box of hIAPP and hIAPP-ANFLVH complex, respectively. Both systems 

underwent protonation according to the physiological pH. The N-terminal and C-terminal of 

the hIAPP were kept protonated and deprotonated, respectively. The particle mesh Ewald 

method was employed for calculating the electrostatic energy.22 The cut-off distances for the 

calculation of Coulomb and van der Waals interaction were 1.0 nm and 1.0 nm, respectively. 

The LINCS algorithm was employed to constrain bond lengths, while energy minimization 

utilized the steepest descent algorithm with a maximum step size of 0.01 nm and a tolerance 

of 1000 kJ/mol/nm.23 The systems were equilibrated under NVT for 500 ps at 300 K and the 

second phase of equilibration under NPT for 500 ps at 1 bar. In all MD simulations, the 

temperature was maintained at 300 K using a modified Berendsen thermostat,24 and the 

pressure was maintained at 1 bar using Parrinello–Rahman barostat.25 Finally, the systems 

were subjected to 200 ns MD simulation and the atom coordinates were recorded every 10 ps 

during the simulation for later analyses. To ensure the precision of MD simulations, both 

simulations were repeated for 200 ns with different initial velocities and the atom coordinates 

were recorded during the simulation for comparison purposes.  

GROMACS tools were employed in conjunction with Visual Molecular Dynamics (VMD)26 

and PyMOL27 for visualization and analysis of MD trajectories. The conformational 

clustering analysis of the MD ensemble was conducted utilizing a cut-off of 0.15 nm over the 

backbone atoms.28 The structural analysis of the conformational ensemble involved assessing 

root-mean-square deviation (RMSD), radius-of-gyration (Rg), and Cα root-mean-square 

fluctuation (RMSF) using tools gmx rms, gmx gyrate, and gmx rmsf, respectively. The 

RMSD was evaluated for the backbone atoms of the protein. The structure obtained after 

NVT and NPT equilibration was used as a reference structure to evaluate the RMSD. The 

secondary structure of proteins was analyzed using the Dictionary of Secondary Structure of 

Proteins (DSSP) program29 to estimate the secondary structure content of the hIAPP and 

hIAPP-ANFLVH complex. Further, the smallest distance between residue pairs was 

calculated based on the distance matrices generated using g_mdmat built-in function in the 

GROMACS package. The graphs obtained from various analyses were plotted using Origin 

9.0 software. The 3JNH-Hα coupling constants were computed from the dihedral angles ϕ and ψ 

using parameters as reported by Vogeli et al.30 in the Karplus equation.31 

3.2.3 Evaluation of binding free energy and free energy landscape (FEL) analysis  
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The binding free energy calculations for hIAPP-ANFLVH complex and FEL analysis were 

performed in accordance with our previously reported study.32 The ΔGbinding reported is the 

relative binding free energy with the contribution of conformational entropy was ignored 

aligning with earlier studies.33 The binding free energy was assessed through molecular 

mechanics Poisson−Boltzmann surface area (MM-PBSA) calculations utilizing the 

g_mmpbsa.34 The FEL maps were constructed using the GROMACS tool gmx sham. 

3.3 Results and discussion 

3.3.1 Molecular docking of ANFLVH with hIAPP to predict the binding energy and key 

interactions 

In the present study, the molecular docking of ANFLVH with hIAPP monomer was 

conducted using the AutoDock Vina program (Figure 3.1). The binding energy of the most 

stable binding pose between ANFLVH and hIAPP was found to be –6.0 kcal/mol (Table 

3.1). The negative binding energy favour the binding of ANFLVH with hIAPP. 

 

Figure 3.2: The most stable binding pose of hIAPP with ANFLVH is shown. ANFLVH 

displayed three hydrogen bonds with hIAPP residues. The hydrogen bonds are depicted as 

dashed lines, indicating their distance in nm. 

The best-docked binding pose displayed three hydrogen bonds between ANFLVH and hIAPP 

(Figure 3.2). The Asn and His residues of ANFLVH were involved in the hydrogen bonding 

interactions with Asn31 and Asn35 residues of hIAPP with a hydrogen bond distance of 0.27 

nm and 0.30 nm, respectively (Figure 3.2). The third hydrogen bond (0.29 nm) was formed 
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between the Phe of ANFLVH and Arg11 of hIAPP (Figure 3.2). The Asn3, Thr4, Leu12, 

Phe15, Asn21, Val32, and Ser34 residues of hIAPP display hydrophobic contacts with 

ANFLVH (Figure 3.3). To elucidate the structural stability of hIAPP in the presence of 

ANFLVH and to understand the interactions of ANFLVH with hIAPP at the atomic level, 

MD simulations of hIAPP and hIAPP-ANFLVH complex have been performed. The MD 

simulations demonstrated that ANFLVH inhibited hIAPP aggregation by stabilizing the non-

aggregation-prone helical conformation of the hIAPP monomer. 

 

Figure 3.3: The 2D interaction map illustrates the hydrophobic contacts between hIAPP 

residues and ANFLVH. 

3.3.2 Comparison between experimental and simulated NMR data 

The NMR chemical shifts for the amide NH and Hα atoms of simulated MD ensembles of 

hIAPP monomer were compared with experimental data using the SHIFTX2 program.35 The 

average experimental chemical shift values of amide NH and Hα for hIAPP were noted to be 

8.09 Hz and 4.19 Hz, respectively,15 which are comparable with the simulated average 

chemical shift values of amide NH (8.20 Hz) and Hα (4.30 Hz) (Figure 3.4). Therefore, the 

calculated chemical shift accessed from MD simulated data is comparable with experimental 

amide NH and Hα chemical shifts of hIAPP reported by Nanga et al.15 
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Figure 3.4: The comparison of computational (δsim) and experimental (δexp) NMR chemical 

shifts of amide NH and Hα atoms of hIAPP are shown in panel a, and b, respectively. 

 

Figure 3.5: Comparison of simulated 3JNH-Hα coupling constants of hIAPP residues (red) with 

experimental measurements (black). 

The three-bond coupling interaction between amide NH and Hα protons provides a more 

reflective measure of peptide conformations compared to primary chemical shifts.36 

Therefore, ensemble-averaged 3JNH-Hα constants of the hIAPP residues were computed and 

compared with experimental data (Figure 3.5). The 3JNH-Hα coupling constant values for 

hIAPP exhibit a strong correlation with experimental values. The average value of 3JNH-Hα 

coupling constant value generated from experimental hIAPP structure is noted to be 5.12 Hz 

which shows a good similarity with the average 3JNH-Hα coupling constant value of 5.57 Hz 

for MD simulation data. The agreement between computational and experimental NMR 

chemical shifts, as well as 3JNH-Hα coupling constant values, suggests that the generated MD 
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ensembles align well with the experimental data, affirming their suitability for subsequent 

structural analysis.  

 

Figure 3.6: The root-mean-square deviation (RMSD) (panel a) and radius-of-gyration (Rg) 

(panel b) for hIAPP and hIAPP-ANFLVH complex as a function of simulation time in ns are 

shown. The root-mean-square fluctuation (RMSF) of each residue in hIAPP and hIAPP-

ANFLVH are shown in panel c.  

3.3.3 Structural stability of hIAPP in the presence of ANFLVH 

The structural stability of hIAPP in the presence of ANFLVH was evaluated by root-mean-

square deviation (RMSD) and radius-of-gyration (Rg) analysis (Figure 3.6). The average 

RMSD of hIAPP alone was 0.75 nm, whereas the average value was noted to be 0.63 nm for 

the hIAPP-ANFLVH complex (Figure 3.6a), which depicts higher structural stability of 

hIAPP-ANFLVH complex as compared to hIAPP. The RMSD values converge well within 

200 ns simulation time for both the systems (Figure 3.6a), which indicated the convergence 
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of MD simulations. The RMSD has been considered as indicative of the convergence of MD 

simulations.37 

The average Rg value for hIAPP and hIAPP-ANFLVH during the simulation was noted to be 

0.90 nm and 0.68 nm, respectively (Figure 3.6b). A significant decrease in the Rg in the 

presence of ANFLVH indicates more compactness of the hIAPP structure. The compactness 

of hIAPP in the presence of ligand is consistent with the results of Patel et al.,38 which 

depicted a lower value of Rg in the presence of various small molecules as compared to 

hIAPP alone. The study reported that catechins and the identified hit compounds 

(CID636525, CID44589219, Molport-001-806-035, and Molport-002-693-913) significantly 

affect the level of compactness of hIAPP. The previous studies highlighted that more 

extended hIAPP conformations with β-sheet rich structures are responsible for the 

aggregation of hIAPP into amyloid fibrils.39 

 

Figure 3.7: The root-mean-square deviation, RMSD, (panel a) and radius-of-gyration, Rg, 

(panel b) are plotted as a function of simulation time in ns for simulation 1 and simulation 2. 

The root-mean-square fluctuation (RMSF) analysis highlighted that hIAPP residues fluctuate 

at a higher value for hIAPP alone as compared to the hIAPP-ANFLVH complex (Figure 

3.6c). The region spanning residues 8–20 (ATQRLANFLVHSS) was identified as the key 

amyloidogenic region of hIAPP and undergo self-fibrillation into β-sheet fibrils with identical 
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morphology to in vivo amyloids.40 A significant reduction in the RMSF value of hIAPP 

residues in the region (13–21) was observed in the presence of ANFLVH (Figure 3.6c), 

which highlights the higher structural stability of the amyloidogenic region in the presence of 

ANFLVH. These results are consistent with Patel et al.,38 which highlighted the lower 

flexibility of hIAPP residues (region 15–23) in the presence of EGCG (Epigallocatechin 

gallate), GCG (Gallocatechin gallate), CID636525, CID44589219, Molport-001-806-035, 

and Molport-002-693-913. The RMSD and Rg distributions were evaluated for hIAPP 

monomer repeat simulations (Figure 3.7). The hIAPP monomer exhibited identical 

distributions of RMSD and Rg across simulations with different initial velocities, 

underscoring the repeatability and reliability of the MD simulations (Figure 3.7a, b). In 

addition, Cα RMSF of hIAPP residues displays almost identical fluctuations for both 

simulations (Figure 3.7c). 

3.3.4 Conformational clustering analysis of hIAPP and hIAPP-ANFLVH complex 

To characterize the conformational ensembles of hIAPP in the absence and presence of 

ANFLVH, the conformations obtained from MD simulations were clustered and relative 

population distributions of microstates are listed in Table 3.2. 

 

Figure 3.8: The representative conformations of the three most-populated microstates (m1, 

m2, and m3) of hIAPP and hIAPP-ANFLVH complex are shown in the cartoon 

representation. The percentage population of corresponding microstates is shown underneath 

the structure.  
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The model systems were observed to reach equilibrium and stabilize with defined populations 

in the microstates. The representative member of the three highest-populated microstates of 

hIAPP and hIAPP-ANFLVH are shown in Figure 3.8. The MD ensemble of hIAPP consists 

of 76 microstates as compared to only 31 for the hIAPP-ANFLVH complex, which indicated 

enhanced conformational homogeneity of hIAPP monomer in the presence of ANFLVH. A 

large number of microstates observed in the conformational ensemble of hIAPP monomer is 

consistent with that of Dupuis et al.,41 which reported diversified structural families in the 

clustering analysis indicating the sampling of helical and β-hairpin structures in the 

conformational ensemble of hIAPP monomer generated by all-atom replica exchange 

molecular dynamics (REMD) simulations. The percentage population of the three highest-

populated microstates for hIAPP was 65.4%, 13.6%, and 5.8% as compared to 76.8%, 9.4%, 

and 3.0%, respectively, in the hIAPP-ANFLVH complex (Figure 3.8). An increase in the 

percentage population of m1 of the hIAPP-ANFLVH complex was observed, which 

highlights higher conformational homogeneity of hIAPP in the presence of ANFLVH. 

Notably, higher sampling of helix conformation was observed in the three most-populated 

microstates of hIAPP-ANFLVH as compared to hIAPP alone (Figure 3.8). 

Table 3.2: The total number of microstates and percentage population of the three most-

populated microstates (m1, m2, and m3) of hIAPP and hIAPP-ANFLVH during MD 

simulation in explicit water. 

Model system                       Number of microstates Percentage population 

m1   m2  m3   

hIAPP 76 65.4 13.6 5.8 

hIAPP-ANFLVH                       31 76.8 9.4 3.0 

3.3.5 Secondary structure analysis of hIAPP and hIAPP-ANFLVH complex 

The secondary structure analysis of the hIAPP and hIAPP-ANFLVH complex was performed 

to characterize the effect of ANFLVH on the secondary structure of hIAPP (Figure 3.9 and 

Figure 3.10). For hIAPP, the percentage population of helix, β-sheet, turn, coil, and bend 

conformations were noted to be 37 ± 3.05%, 8 ± 1.14%, 12 ± 1.76%, 29 ± 4.14%, and 13 ± 

1.9%, respectively (Table 3.3). 

In hIAPP, the N-terminal region (4–10) and region (23–27) mainly adopt helix conformation, 

which is in agreement with earlier reported experimental results.15 The sampling of helical 
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conformation at the N-terminal residues in hIAPP monomer (Figure 3.10a) is consistent with 

that of Qiao et al.,42 which reported that residues 4–7 in the N-terminal region of hIAPP 

monomer displayed notable α-helical propensity in the conformational ensemble generated 

by extensive MD simulations. 

Table 3.3: The secondary structural component statistics for hIAPP and hIAPP-ANFLVH 

during MD simulation. The standard errors of the mean were evaluated by dividing the MD 

trajectory into four long, non-overlapping blocks. 

Model system Helix[a]  β−sheet[b] turn coil bend 

hIAPP 37 ± 3.05 8 ± 1.14 12 ±1.76 29 ± 4.14  13 ± 1.9 

hIAPP-ANFLVH 41 ± 3.37  0 ± 0.02 18 ± 1.5 30 ± 2.52 9 ± 0.79 

                [a] helix is the sum of α−, π−, and 310−helix ; [b] β−sheet is the sum of β−strand and β-bridge  

After 60 ns, the β-sheet conformation was mainly observed in N-terminal (region 2–4) and C-

terminal residues (Ser34 and Asn35), which is consistent with the results reported by Tran et 

al.43 In the hIAPP-ANFLVH complex, the percentage population of the helix, turn, coil, and 

bend conformations were 41 ± 3.37%, 18 ± 1.5%, 30 ± 2.52%, and 9 ± 0.79%, respectively, 

and complete absence of β-sheet was observed (Figure 3.9, Table 3.3). The absence of β-

sheet structures in the conformational ensemble of the hIAPP-ANFLVH complex is 

consistent with circular dichroism (CD) results, which highlighted the prevention of the 

formation of β-sheet in hIAPP on the addition of ANFLVH peptide at equimolar or higher 

concentrations.13 The results of the secondary structure analysis are consistent with Xuan et 

al., which reported that LA12 (LTPHKHHKHLHA) stabilized hIAPP in a random coil 

conformation, which, in turn, prevented the conformational transition to aggregation-prone β-

sheet conformation and formation of hIAPP fibrils.12d Further, Lao et al. also highlighted the 

prevention of the formation of β-sheet conformation by hIAPP dimer in the presence of 

dopamine by employing replica-exchange MD simulations.44 Dopamine displayed 

preferential binding with Arg11, Leu12, Phe15, His18, Phe23, Ile26, Leu27, and Tyr37 

residues of hIAPP and prevented the β-sheets formation in the amyloidogenic regions of 

hIAPP. 

In the presence of ANFLVH, helix content was increased and notably, no β-sheet content was 

sampled, which highlights the overall destabilization of the β-sheet structure and decreased 

aggregation tendency of hIAPP in the presence of ANFLVH. By employing MD simulations 
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and infrared experiments, Reddy et al. highlighted that the hIAPP monomer can adopt α-

helical, random coil, and β-hairpin conformations in solution,45 whereas rat IAPP sampled 

only α-helical, random coil conformations.46 The study proposed that β-hairpin is a key 

intermediate in the hIAPP fibril formation pathway and the tendency of hIAPP monomer to 

adopt a stable β-hairpin facilitates the formation of hIAPP fibrils. The results of the present 

study are consistent with that of Reddy et al.,45  as no β-sheet conformations were sampled in 

the presence of ANFLVH, which, in turn, depict reduced aggregation propensity of the 

hIAPP-ANFLVH complex as compared to hIAPP alone. This observation is also consistent 

with earlier studies by Dupuis et al.,47 which highlighted that the β-strand content dominates 

in the early oligomeric species formed by hIAPP aggregation. Further, Guo et al. reported the 

formation of an intermediate structure displaying transient β-sheet character in the early 

oligomerization process of hIAPP, which later forms a stabilized hIAPP dimer structure.48 

 

Figure 3.9: The evolution of the secondary structure component as a function of simulation 

time (ns) for hIAPP and hIAPP-ANFLVH are shown in the upper and lower panel, 

respectively. The secondary structure components are colour coded as shown underneath. 

The per-residue secondary structure analysis was performed to get more information about 

secondary structure preferences of each residue in hIAPP alone and in the presence of 

ANFLVH. The helix, β-sheet, turn, coil, and bend content for each residue of hIAPP was 

shown in the absence and presence of ANFLVH (Figure 3.10). A substantial increase in the 
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helical content of residues spanning the region Thr6–Asn14 of hIAPP was observed in the 

presence of ANFLVH (Figure 3.10a). Notably, the number of residues adopting overall helix 

conformation increases significantly from 18 residues located in regions Lys1–Leu12, His18–

Phe23 in hIAPP to 25 residues located in regions Lys1–Ala13, Val17–Asn21, Ala25–Asn31 

in the hIAPP-ANFLVH complex (Figure 3.10a). 

 

Figure 3.10: The per-residue helix, β-sheet, turn, coil, and bend content for hIAPP (black) 

and hIAPP-ANFLVH (red) are shown in panel a, b, c, d, and e, respectively. The standard 

errors of the mean were evaluated by dividing the MD trajectory into four long, non-

overlapping blocks. 

The β-sheet conformation prone to aggregation was observed at the N-terminal residues 

(Cys2 and Asn3) and C-terminal residues (Ser34 and Asn35) of hIAPP (Figure 3.10b), 

whereas no β-sheet conformation content was observed in presence of ANFLVH. The β-sheet 

content in C-terminus residues (Ser34 and Asn35) of hIAPP was converted to the coil in the 

hIAPP-ANFLVH complex (Figure 3.10b, d). A notable decrease in turn content was 

observed for Thr6–Arg11 residues in the presence of ANFLVH (Figure 3.10c). In the 
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presence of ANFLVH, the coil content at C-terminal residues (Val32–Thr36) was increased 

(Figure 3.10d). 

The per-residue secondary structure analysis indicated that ANFLVH significantly reduces 

the β-sheet content and enhances the helical content in hIAPP. These results are consistent 

with the observation made by Wu et al.49 By comparing the hIAPP, cat IAPP, rat IAPP, and 

pig IAPP, Wu et al. reported that helix and coil conformations contribute to the normal 

functioning of hIAPP, whereas β-rich conformations of hIAPP promote aggregation and 

responsible for the toxicity of hIAPP along with other mechanisms.  

Table 3.4: The different components of the binding free energy (kcal/mol) between hIAPP 

and ANFLVH evaluated using the MM-PBSA method. 

Energy terms (kcal/mol) hIAPP-ANFLVH complex 

∆EvdW –46.33 ± 0.32 

∆Eelec –11.68 ± 0.12 

∆EMM
[a] –58.01 ± 0.44 

∆Gps   17.26 ± 0.21 

∆Gnps –9.15 ± 0.98 

∆Gsolv
[b]    8.11 ± 1.19 

∆Gbinding
[c] –49.90 ± 0.67 

                            [a] ∆EMM= ∆EvdW+ ∆Eelec; [b] ∆Gsolv= ∆Gps+ ∆Gnps; [c] ∆Gbinding= ∆EMM+ ∆Gsolv 

3.3.6 Binding free energy analysis between hIAPP and ANFLVH  

The binding affinity and key binding interactions between hIAPP and ANFLVH were 

investigated using MM-PBSA (Table 3.4). The binding free energy was noted to be –49.90 ± 

0.67 kcal/mol for the hIAPP-ANFLVH complex. As listed in Table 3.4, the polar 

electrostatic (∆Eelec= –11.68 ± 0.12 kcal/mol) and nonpolar van der Waals (∆EvdW= –46.33 ± 

0.32 kcal/mol) terms were found to be favourable for the binding of ANFLVH with hIAPP. 

The nonpolar solvation (∆Gnps= –9.15 ± 0.98 kcal/mol) dominate over the polar solvation 

(∆Gps= 17.26 ± 0.21 kcal/mol) and contribute maximum to the solvation term. The 

intermolecular van der Waals interaction was noted to be a governing force that was involved 

in the stabilization of the hIAPP-ANFLVH complex. The overall binding free energy analysis 

confirms a robust affinity of ANFLVH with hIAPP. 
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Further, the contribution of each residue of hIAPP to the binding free energy was assessed. 

The residues Cys2, Cys7, Ala8, Thr9, Ala13, His18, Ser19, Asn21, Asn22, and Asn35 of 

hIAPP contribute maximally to the binding of ANFLVH with hIAPP (Figure 3.11). The 

strong binding affinity (–6.29 kcal/mol) of ANFLVH with His18 of hIAPP results in the 

blocking of interactions mediated by His18 in promoting hIAPP aggregation. These results 

are consistent with earlier studies, which highlighted the key role of His18 in hIAPP amyloid 

formation50 as well as in the promotion of reactive oxidative stress in the copper-ion mediated 

hIAPP aggregation.51 Wei et al. highlighted that polyphenol resveratrol displayed strong 

binding with His18 of hIAPP and inhibited its oligomerization and amyloid formation, which 

is consistent with the observation that His18 is crucial for on-pathway oligomer formation by 

hIAPP.52  

 

Figure 3.11: The binding free energy (kcal/mol) contribution of each residue of hIAPP in the 

hIAPP-ANFLVH complex is shown. 

3.3.7 Impact of ANFLVH on the tertiary contacts in hIAPP 

A comparison between the interaction pattern of the side chain tertiary contacts of hIAPP and 

hIAPP-ANFLVH highlights significant changes within 20–30 region (Figure 3.12). The 

residues 20–29 (SNNFGAILSS) of hIAPP can independently undergo self-aggregation and 

are recognized as the key amyloidogenic region of hIAPP.53 The critical role of this region in 

the formation of fibrillar amyloid deposits was elucidated by the structure-activity 

studies.40,53b,54, Based on proline substitutions in rodent IAPP, the decapeptide 
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(SNNFGAILSS) region of hIAPP was shown as an important region for the formation of 

fibrillar amyloid deposits.53,55  

In hIAPP, the interactions between residues spanning 20–30 region were observed (Figure 

3.12a), which were significantly reduced in the hIAPP-ANFLVH complex (Figure 3.12b). 

This illustrated that ANFLVH interacted with the amyloidogenic region of hIAPP and 

lowered the probability of hIAPP self-aggregation. This is consistent with earlier results, 

which reported that hIAPP aggregation was mainly driven by the hydrophobic contacts 

among the hydrophobic core region (residues F23GAIL27) of hIAPP.56 

 

Figure 3.12: The side chain contacts in hIAPP and hIAPP-ANFLVH are shown in panel a, 

and b, respectively. The colour scale corresponds to the distance between the side chain 

atoms being ≤1.5 nm from each other. 

3.3.8 Free energy landscape (FEL) of hIAPP and hIAPP-ANFLVH complex  

The FEL was plotted to gain insights into the conformational states corresponding to various 

free energy states. The FEL was plotted for hIAPP and hIAPP-ANFLVH complex utilizing 

the first two PCs (PC1 and PC2) (Figure 3.13). The wine region depicts conformations with 

high energy. The blue region represents free energy minima while cyan and green regions 

indicate meta-stable conformational states. The FEL of hIAPP and hIAPP-ANFLVH 

complex depicts two defined minimum energy basins associated with its conformational 

states however, the representative conformations extracted from minimum energy basins 
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were noted to be more ordered in the hIAPP-ANFLVH complex as compared to hIAPP 

(Figure 3.13).  

Table 3.5: The secondary structure component statistics for the representative conformations 

extracted from the minimum energy basins in the FEL of hIAPP and hIAPP-ANFLVH 

complex. 

Model system Conformation Helix[a] β-sheet[b] turn  coil  bend   

hIAPP i 30 4 23 28 15 

 ii 31 3 24 25 17 

hIAPP-ANFLVH complex i 46 0 16 20 18 

 ii 45 1 20 21 13 

    [a] helix is the sum of α−, π−, and 310−helix ; [b] β−sheet is the sum of β-strand and β-bridge 

 

Figure 3.13: The free energy landscapes (FEL) generated by projecting the first two principal 

components, PC1, and PC2, are shown for hIAPP and hIAPP-ANFLVH complex in panel a, 

and b, respectively. The representative conformations extracted from the minimum energy 

basins are shown in the cartoon representation.  

The secondary structure content of the representative conformations was evaluated (Table 

3.5). For hIAPP, the representative conformation extracted from the minimum energy basin i 

sampled 30% helical, 23% turn, 28% coil, and 15% bend content, whereas a significantly 

higher helical (46%) and lower turn (16%), coil (20%) content was observed in the 

conformation extracted from the minimum energy basin i of hIAPP-ANFLVH (Table 3.5). 



Inhibition of hIAPP aggregation by ANFLVH                                                      Chapter 3 

 

87 
 

Notably, the content of the aggregation-prone β-sheet conformation diminished from 3–4 % 

in hIAPP to 0–1 % in hIAPP-ANFLVH. The representative conformations extracted from the 

minimum energy basins of the hIAPP-ANFLVH complex highlight a significant increase in 

the helical content and a concomitant decrease in the coil and turn content as compared to 

hIAPP, which, in turn, depict higher structural stability of the hIAPP-ANFLVH complex. 

3.4 Conclusion 

The current study explored the inhibitory mechanism of the hexapeptide ANFLVH against 

hIAPP aggregation through molecular docking and MD simulations. The RMSD and Rg 

analysis depicted higher structural stability and compactness of the hIAPP monomer in the 

presence of ANFLVH. The RMSF analysis highlighted reduced fluctuations of ~57 % 

residues of hIAPP in the presence of ANFLVH, which lead to the enhanced structural 

stability of the hIAPP-ANFLVH complex as compared to hIAPP alone. The conformational 

clustering of the conformational ensemble and secondary structure analysis highlighted that 

ANFLVH significantly inhibited the formation of aggregation-prone β-sheet conformation by 

reducing β-sheet content and stabilizing the helical conformation in the hIAPP monomer. 

Secondary structure analysis depicted enhancement of the helical content from 37% to 41% 

and stabilizes native hIAPP structure in the presence of ANFLVH. The per-residue secondary 

structure analysis emphasized an increased helical content in the Thr6–Asn14 region of 

hIAPP in presence of ANFLVH, which leads to the stabilization of non-aggregation-prone 

hIAPP conformation.  

The side chain tertiary contact analysis highlighted the reduction of tertiary contacts in the 

amyloidogenic region spanning 20–30 of hIAPP in the presence of ANFLVH. The per-

residue binding free energy analysis depicted that Cys2, Cys7, Ala8, Thr9, Ala13, His18, 

Ser19, Asn21, Asn22, and Asn35 of hIAPP contribute significantly to the binding of 

ANFLVH with hIAPP monomer. The representative conformations extracted from the 

minimum energy basins in the FEL of hIAPP-ANFLVH complex depicted significantly 

higher helical content as compared to conformations extracted from the FEL of hIAPP. The 

MD simulations demonstrated that ANFLVH inhibited hIAPP aggregation by stabilizing the 

non-aggregation-prone helical conformation of the hIAPP monomer. The findings from this 
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study will aid drug discovery scientists in modifying peptides for the future design of more 

potent inhibitors against hIAPP aggregation in T2D. 
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Chapter 4 

In silico design and identification of new peptides for 

mitigating hIAPP aggregation in type 2 diabetes 

In our present study we investigated the effect of modifying the HSSNN peptide up to the five 

positions with similar amino acids. The model of the amyloid hIAPP protein used in the present 

study is an L-shaped monomer. We performed molecular docking of forty pentapeptide 

analogues of HSSNN followed by MM-PBSA calculations of best 9 peptides from docking. 

The best inhibitors have been chosen from MD were those containing glutamine i.e. HSSQN 

and HSSNQ contributed strong binding with hIAPP monomer than the reference peptide 

HSSNN. These two chosen peptides resulting in increase in helical content of hIAPP monomer 

structure. 
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4.1 Introduction 

The self-aggregation of normally dissolvable proteins into insoluble amyloid filaments 

characterizes amyloidosis.1 These aggregates, known as amyloid are made up of misfolded 

proteins with β–sheet structure, have an impact on normal tissue function, and are associated 

with prevalent amyloidosis diseases such as Alzheimer's disease (AD), Parkinson's disease, 

and type 2 diabetes (T2D).2 The amyloid−β (Aβ) peptide linked to AD3 and human islet 

amyloid polypeptide (hIAPP, commonly known as amylin) linked to T2D are classic examples 

of intrinsically disordered proteins (IDPs) that self-assemble to form amyloid fibrils.4 hIAPP 

(37 amino acid residues hormone) is one of the main secretory components of pancreatic islet 

β−cells.5 The self-aggregation of hIAPP into cytotoxic aggregates results in islet β–cells 

apoptosis and finally leads to T2D.6 Thus, inhibiting the formation of hIAPP aggregates has 

therapeutic benefits for the treatment of T2D.  

The hIAPP undergoes a conformational transition from the initial random coil or helical to 

aggregation-prone β−sheet conformation and exhibits a high proclivity to aggregate into 

oligomers and amyloid plaques in a nucleation-dependent manner.7 Increasing evidence 

suggested small, dynamic, and transient oligomers as toxic species compared to mature 

amyloid fibrils.4c, 8 Unfortunately, the underlying molecular mechanism by which hIAPP 

undergoes structural transition and aggregates into transient oligomers and finally to insoluble 

amyloid plaques causing T2D symptoms remains unknown. Monomer, as the beginning point, 

plays a crucial part in understanding the initial stage aggregation mechanism.9 The 

characterization of hIAPP monomer through experimental studies is very challenging due to 

its fast aggregation propensity. The hIAPP monomer has been extensively investigated 

experimentally10 and computationally11 as the aggregation starting point. The hIAPP monomer 

is predominantly randomly coiled as an IDP, with a slight fraction of α–helix and β–hairpin 

structures in the monomer ensemble.12 The circular dichroism (CD) and solid-state NMR have 

revealed that monomeric hIAPP can sample random coil, α–helical and β−hairpin 

conformations.13 A complete understanding of the underlying process of conformational 

conversion of functional proteins to toxic oligomers and amyloid fibrils may support the 

development of medical applications and innovative therapies.14 

A wide range of inhibitors, including composite materials,15 inorganic nanomaterials,16 and 

natural compounds17 have been identified as prospective therapeutic candidates against hIAPP 
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aggregation for T2D management. Multiple considerations, such as fast metabolism, removal, 

and high cytotoxicity, prevent these inhibitors from being used in clinical trials against hIAPP 

aggregation. Among various inhibitors, peptide-based inhibitors are currently one of the most 

effective amyloid inhibitors due to their high chemical diversity, biocompatibility, low 

immunogenicity, high potency and selectivity, thus peptides are frequently used as hIAPP 

aggregation inhibitors.17b, 18 Numerous studies reported short peptides as inhibitors of hIAPP 

aggregation and provided insights into the molecular mechanism of its aggregation.18c-d, 19 

Recently, Roy et al. investigated the molecular mechanism of inhibition of hIAPP aggregation 

by D-NFGAIL (D-nl) derived from hIAPP22−27 sequence using molecular dynamics (MD) 

simulations.20 

Rozniakowski et al. assessed various hIAPP fragments for their aggregation ability and 

reported that fragments H-HSSNN-OH (hIAPP18–22) and H-GSNTY-NH2 (hIAPP33–37) 

undergo self-aggregation to yield amyloid fibrils.21 In comparison to other hIAPP fragments, 

HSSNN displayed the highest antiproliferative activity to RIN-5F cells. Various inhibitors have 

been designed by chemical modifications of the highly amyloidogenic sequence (NFGAIL) of 

hIAPP and evaluated for their efficacy against hIAPP aggregation.17b, 18c-d Thus, HSSNN can 

be employed as a lead domain for designing new hIAPP aggregation inhibitors.  

The peptides derived from hIAPP sequence are altered by substituting with other amino acid 

residues which promote the interaction of hIAPP with these modified peptides over itself.17b 

The hIAPP fragment (residues 20-29, SNNFGAILSS) was reported as a key amyloidogenic 

sequence of hIAPP by species-specific proline replacement in rodent IAPP.22 The proline 

substitutions yielded β-sheet breaker peptides, which prevented hIAPP misfolding and 

subsequent aggregation.23 It is noteworthy to mention that two patents have been granted for 

the peptide derivatives of hIAPP that can prevent hIAPP aggregation and hIAPP-mediated 

cytotoxicity.24 However, none of the peptide derivatives has been advanced into the clinical 

trials. This motivated us to design, screen, and evaluate peptide library with the aim to identify 

new peptides as potent inhibitors against hIAPP fibrillation in T2D. The objective of the present 

study is to determine whether the alterations in the amyloid-forming fragment (HSSNN) of 

hIAPP18-22 are capable of interacting with full-length hIAPP and modulating its aggregation 

pathway. The strategy of designing new peptide inhibitors by chemical modifications in the 
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native sequences has proved successful in the development of therapeutic candidates against 

Aβ aggregation in AD.18b, 25  

Recent studies utilized computational techniques to identify and examine the binding 

mechanism of potential inhibitors against various biological targets.26 The computational 

design and evaluation of potential peptides as inhibitors of druggable targets by employing 

computational techniques without experimental validation have been reported in recent 

studies.27 In this work, a library of pentapeptides was generated from the reference peptide 

HSSNN by mutating each amino acid of its sequence with a similar amino acid. Various 

computational techniques including virtual screening, molecular mechanics Poisson-

Boltzmann surface area (MM-PBSA), and MD simulations have been employed to identify 

potential inhibitors from the designed library against hIAPP aggregation. The present work 

yielded computationally designed peptides with completely new sequences rather than 

sequences derived from hIAPP that have been explored previously18c, d as hIAPP aggregation 

inhibitors. The results of the present study will provide direction for the synthesis and 

biological assessment of putative inhibitors against hIAPP aggregation.   

4.2 Computational methodology 

4.2.1 Computational design of the pentapeptide library  

To demonstrate the effect of substituting a different amino acid at a specific position in a 

peptide, a selected site in the sequence is systematically changed with a different amino acid. 

A library of pentapeptides was generated by replacing each amino acid in the HSSNN sequence 

with a similar kind of amino acid (Table 4.1–4.5). All pentapeptides were drawn using Maestro 

software28 and the geometry was optimized using Maestro inbuilt package. After optimization, 

all pentapeptides were subjected to molecular docking studies. 

Table 4.1: Pentapeptide sequences generated by mutating one amino acid in the reference 

peptide HSSNN extracted from the region 18-22 of hIAPP monomer. 

Reference peptide 

amino acids 

Nature of 

side chain 

Amino acids with 

similar side chains 

Peptides with one 

amino acid mutation 

H Basic, polar K, R RSSNN, KSSNN 

S Uncharged, polar T HTSNN, HSTNN 

N Uncharged, polar Q HSSQN, HSSNQ 
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Table 4.2: Pentapeptide sequences generated by mutating two amino acid residues in HSSNN. 

Combination Mutant peptides 

1,2 

1,3 

1,4 

1,5 

2,3 

2,4 

2,5 

3,4 

3,5 

4,5                                                                        

RTSNN, KTSNN 

RSTNN, KSTNN 

RSSQN, KSSQN 

RSSNQ, KSSNQ 

HTTNN 

HTSQN 

HTSNQ 

HSTQN 

HSTNQ 

HSSQQ 

Table 4.3: Pentapeptide sequences generated by mutating three amino acid residues in 

HSSNN. 

Combination Mutant peptides 

1,2,3 

1,3,4 

1,4,5 

2,3,4 

2,4,5 

3,4,5 

RTTNN, KTTNN 

RSTQN, KSTQN 

RSSQQ, KSSQQ 

HTTQN 

HTSQQ 

HSTQQ 

Table 4.4: Pentapeptide sequences generated by mutating four amino acid residues in HSSNN. 

Combination Mutant peptides 

1,2,3,4 

1,3,4,5 

2,3,4,5 

RTTQN, KTTQN 

RSTQQ, KSTQQ 

HTTQQ 

Table 4.5: Pentapeptide sequences generated by mutating five amino acid residues in HSSNN. 

Combination Mutant peptides 

1,2,3,4,5 RTTQQ, KTTQQ 

4.2.2 Virtual screening of the pentapeptide library 
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The single amino acid in HSSNN was mutated with other amino acids belonging to the same 

group, which results in the generation of six single amino acid mutated pentapeptides (Table 

4.1). To assess the binding affinity for the hIAPP monomer, the HSSNN, and single amino acid 

mutated pentapeptides were docked to hIAPP monomer (PDB ID: 2L86).29 The initial structure 

of hIAPP monomer along with its sequence and reference peptide HSSNN are shown in Figure 

4.1. Similarly, two, three, four, and five amino acids were replaced in HSSNN to produce a 

library of mutated pentapeptides, and all pentapeptides were docked with hIAPP monomer.  

 

Figure 4.1: Amino acid sequence of hIAPP depicting the important regions (panel a). The 

disulfide linkage between hIAPP residues C2 and C7 is shown (panel a). hIAPP monomer 

(PDB ID: 2L86) in the cartoon with N- and C-termini labeled (panel b). The residues of the 

reference peptide (HSSNN) are shown in sticks. The initial structure of the fragment HSSNN18-

22 of hIAPP (panel c).   

The designed library was screened for potential inhibitors of hIAPP aggregation using 

AutoDock Vina30 assembled in the PyRx virtual screening tool.31 In molecular docking, the 

peptides were shortlisted based on two criteria: the first was the binding energy of the peptides 

with hIAPP, and the second was the interaction of the peptides with the aggregation-prone 

region of hIAPP. The grid was calculated at about 20 Å to cover all the residues of hIAPP 

monomer and other parameters were used as default. To ensure the exhaustiveness of the global 

search space kept at a value of 10000.  The binding energies of computationally designed 

peptides with hIAPP monomer were determined and then compared against the reference 
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peptide HSSNN. The top nine peptides were shortlisted based on interaction with a higher 

number of residues in the amyloidogenic core region S20-S29 of hIAPP monomer in the 

resulting docked poses. Meticulous visual inspection and analysis of the binding poses revealed 

nine pentapeptides with better overall docking profiles as compared to HSSNN.  

4.2.3 Binding free energy evaluation using MM–PBSA method 

The binding free energy was analyzed to further screen the topmost pentapeptides attained from 

the molecular docking studies. The binding free energy was evaluated by the MM−PBSA 

method using the g_mmpbsa tool (http://rashmikumari.github.io/g_mmpbsa).32, 33 The top nine 

docked hIAPP-pentapeptide complexes were subjected to energy minimization and 500 ps NVT 

followed by NPT equilibration. The MD simulation was used to produce a conformational 

ensemble for the binding free energy calculations for the top nine and reference peptides. The 

binding free energy analysis was performed as reported in the previous studies.34 MM-PBSA 

overestimates the absolute binding free energy, whereas relative binding affinities are 

acceptable.35 Thus, the contribution of conformational entropy has not been taken into account 

for the evaluation of the binding free energy.36 Numerous studies depicted that MM-PBSA still 

achieves satisfactory accuracy in ranking ligand affinities without taking into account 

conformational entropy.37 

Table 4.6: Detail of the systems chosen for MD simulations. 

System Simulation length (ns)b Simulation box parameters 

(nm)  

Nw
c 

hIAPP monomera 300 5.5 × 5.5 × 5.5 5264 

hIAPP–HSSNN 300 5.5 × 5.5 × 5.5 5227 

hIAPP–HSSQN 300 5.5 × 5.5 × 5.5 5229 

hIAPP–HSSNQ 300 5.5 × 5.5 × 5.5 5229 

ahIAPP monomer (PDB ID: 2L86); bThe Amber99SB-ILDN force field and TIP3P water model are used for MD 

simulations. cNumber of water molecules 
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Figure 4.2: Docked pose of reference peptide HSSNN with hIAPP monomer (PDB ID: 2L86). 

The hydrogen bonds between hIAPP monomer and HSSNN are shown in the magnified view. 

4.2.4 Details of MD simulation setup 

MD simulations were performed to visualize the conformational changes in the hIAPP 

monomer on the incorporation of pentapeptides using GROMACS 5.0.7.38 The coordinate and 

topology files were generated using the Amber99SB-ILDN force field39 in GROMACS. The 

Amber99SB-ILDN force field was chosen for MD simulations as it provides a better energetic 

balance between helix and coil conformations and depicts good agreement with experimental 

NMR scalar coupling data.39, 40 The details of all the systems used for MD simulations are 

presented in Table 4.6. The hIAPP-pentapeptide complexes were soaked with TIP3P41 water 

molecules in a cubic box of dimension 5.5 nm × 5.5 nm × 5.5 nm. The four systems hIAPP 

monomer, hIAPP monomer–HSSNN, hIAPP monomer–HSSQN, and hIAPP monomer–

HSSNQ were solvated with 5264, 5227, 5229, and 5229 TIP3P water molecules, respectively 

(Table 2). To neutralize the solvated system, counter Cl− ions were introduced in the cubic box. 

Furthermore, NaCl was introduced to maintain the ionic strength of the systems at 150 mM 

followed by energy minimization using the steepest descent minimization algorithm. Each 

system was subjected to periodic boundary conditions, and equilibrated for 500 ps at 310 K 

under NVT, and then for 500 ps in NPT conditions. To calculate the long-range Coulomb 

interactions, the particle mesh Ewald (PME) technique was used.42 The V-scaling method43 and 

Parrinello-Rahman barostat44 were employed to preserve the temperature and pressure of the 

systems, respectively. The MD simulations of hIAPP and hIAPP-pentapeptide complexes were 

performed at 310 K and 1 bar. The repeat simulations of 300 ns with varying initial velocities 

have been performed for hIAPP monomer. Random initial velocities for the atoms were 
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generated following a Maxwell distribution at a specified temperature using random seeds 

(gen_vel = yes, gen_seed = -1). The sequence of pseudo-random numbers utilized to set these 

initial random velocities is governed by the seed value. Therefore, altering the seed can 

introduce variability to a specific structure. 

 
   

hIAPP-RTTQN  

(-6.2 kcal/mol) 

hIAPP-HTTQN  

(-6.1 kcal/mol) 

hIAPP-HTSQQ  

(-6.1 kcal/mol) 

hIAPP-HSTNQ  

(-6.1 kcal/mol) 

    

hIAPP-HSSQN  

(-6.0 kcal/mol) 

hIAPP-HSSNQ  

(-5.9 kcal/mol) 

hIAPP-HTSQN  

(-5.9 kcal/mol) 

hIAPP-RSTNN  

(-5.9 kcal/mol) 

  

  

hIAPP-RSTQN  

(-5.9 kcal/mol) 

hIAPP-HSSNN  

(-5.8 kcal/mol) 

  

Figure 4.3: Docked poses of the top nine pentapeptides and reference peptide HSSNN with 

hIAPP monomer (PDB ID: 2L86). The hIAPP monomer is in cartoon and pentapeptides are in 

sticks. The binding energy evaluated using AutoDock Vina is expressed in kcal/mol. 

The GROMACS tools, visual molecular dynamics (VMD),45 and PyMOL46  were employed to 

analyze the conformational ensembles from MD simulations. The root-mean-square deviation 

(RMSD) and radius-of-gyration (Rg) were evaluated by employing gmx rms, and gmx gyrate, 

respectively. The conformational changes in hIAPP monomer on the incorporation of 

pentapeptides were analysed by the Dictionary of Secondary Structure of Proteins (DSSP) 

analysis.47 A hydrogen bond was counted when the donor(D)-acceptor(A) distance was within 

3.5 Å and the H-D-A angle was within 30°.48 The MD ensembles were clustered using a cut-

off of 0.19 nm over the backbone atoms by employing Daura et al. algorithm.49 The impact of 
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pentapeptides on the intramolecular side chain contacts in hIAPP monomer was calculated 

using gmx mdmat. 

4.3 Result and discussion 

4.3.1 Molecular docking of designed pentapeptides with hIAPP monomer  

Molecular docking was performed to examine the binding affinity and key interactions of 

designed pentapeptides with hIAPP monomer. The pentapeptides bind to hIAPP monomer with 

a binding energy ranging from −4.5 to −6.2 kcal/mol. HSSNN depicts binding energy of –5.8 

kcal/mol and displayed hydrogen bonds with Arg11 and Asn21 of hIAPP monomer with the 

hydrogen bond distances of 0.23 nm, 0.28 nm, and 0.23 nm, respectively (Figure 4.2). The 

pentapeptides RTTQN, HTTQN, HTSQQ, HSTNQ, HSSQN, HSSNQ, HTSQN, RSTNN, and 

RSTQN displayed interactions with the residues of amyloidogenic core region S20-S29 of 

hIAPP in the docked poses and displayed a higher binding affinity as compared to HSSNN 

(Figure 4.3). Thus, the top nine ranked pentapeptides along with HSSNN are selected for the 

binding free energy analysis. 

4.3.2 Estimation of binding free energy between hIAPP monomer and screened pentapeptides 

using MM–PBSA method 

To provide insight into the key interactions between hIAPP monomer and the top nine 

pentapeptides, the binding free energies of hIAPP-pentapeptide complexes were calculated. 

The pentapeptides HSSQN and HSSNQ bind to hIAPP monomer with a binding free energy 

of –21.25 ± 4.90 and –19.73 ± 3.10 kcal/mol, respectively, which is notably higher as compared 

to hIAPP-HSSNN complex (–11.90 ± 4.12 kcal/mol) (Table 4.7).  

Table 4.7: Binding free energies (kcal/mol) of the top hit pentapeptides with hIAPP monomer. 

Pentapeptide  Binding free energy (kcal/mol) 

∆Gbinding
a ∆EvdW ∆Eelec. ∆EMM

b ∆Gps ∆Gnps ∆Gsolv
c 

HSSNN –11.90 ± 

4.12 

–31.07 ± 

8.77 

–10.50 

± 5.21 

–41.57 ± 

13.98 

33.41 ± 

11.23 

–3.74 ± 

0.60 

29.67 ± 

11.83 

HSSQN –21.25 ± 

4.90 

–38.13 ± 

7.21 

–17.18 

± 5.09 

–55.31 ± 

12.30 

37.93 ± 

8.44 

–3.94 ± 

0.57 

33.99 ± 

9.01 

HSSNQ –19.73 ± 

3.10 

–36.21 ± 

3.40 

–8.05 ± 

3.79 

–44.26 ± 

7.19 

28.71 ± 

4.04 

–4.17 ± 

0.30 

24.54 ± 

4.34 

HTSQN –14.50 ± 

4.98 

–24.85 ± 

3.60 

–11.63 

± 5.32 

–36.48 ± 

8.92 

24.89 ± 

5.36 

–2.90 ± 

0.37 

21.99 ± 

5.73 
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HTSQQ –13.70 ± 
4.72 

–28.44 ± 

4.61 

–5.90 ± 

5.31 

–34.34 ± 

9.92 

24.02 ± 

6.31 

–3.30 ± 

0.45 

20.72 ± 

6.76 

HSTNQ –5.60 ± 

4.85 

–9.70 ± 

12.50  

–3.13 ± 

1.30 

–12.83 ± 

14.80 

8.08 ± 

8.13 

–0.94 ± 

5.37 

7.14 ± 

13.50 

HTTQN –3.90 ± 

5.29 

–9.81 ± 

10.56 

–3.35 ± 

1.07 

–13.16 ± 

11.63 

10.46 ± 

8.41 

–1.22 ± 

2.98 

9.24 ± 

11.39 

RTTQN +3.63 ± 

8.29 

–28.68 ± 

22.01 

9.18 ± 

3.96 

–19.5 ± 

25.97 

26.81 ± 

18.42 

–3.04 ± 

2.30 

23.77 ± 

20.72 

RSTQN +8.72 ± 

6.26 

–8.82 ± 

11.03 

11.84 ± 

3.96 

3.02 ± 

14.9 

6.88 ± 

9.30 

–1.18 ± 

1.36 

5.70 ± 

10.66 

RSTNN +10.60 ± 

4.10 

–1.86 ± 

5.98 

11.90 ± 

4.50 

10.04 ± 

10.48 

0.90 ± 

5.74 

–0.31 ± 

0.78 

0.59 ± 

6.52 

a
∆Gbinding  = ∆EMM  + ∆Gsolv; 

b
∆EMM  = ∆EvdW  + ∆Eelec; 

c
∆Gsolv  = ∆Gps + ∆Gnps 

The binding free energy analysis revealed that the pentapeptides containing histidine bind more 

strongly to hIAPP monomer as compared to arginine-containing pentapeptides due to 

electrostatic repulsions of arginine with the positively charged residues of hIAPP monomer. 

The pentapeptides RSTNN (10.60 ± 4.10 kcal/mol), RSTQN (8.72 ± 6.26 kcal/mol), and 

RTTQN (3.63 ± 8.29 kcal/mol) depict unfavourable binding to hIAPP. Notably, RSTNN, 

RSTQN, and RTTQN displayed favourable binding to hIAPP using AutoDock Vina as it does 

not take into account the electrostatic interactions (Figure 4.3),30 which, in turn, depicts the 

importance of screening potential inhibitors using MM-PBSA method. The electrostatic 

interactions are unfavourable for the pentapeptides containing arginine and favourable for 

histidine-containing pentapeptides (Table 4.7). 

To examine the contribution of the residues of hIAPP monomer in binding to pentapeptides, 

the residue-wise binding free energy was evaluated (Figure 4.4). HSSNN preferentially binds 

to V17 (−1.08 kcal/mol) and S34 (−1.08 kcal/mol) of hIAPP monomer (Figure 4.4a). The 

hIAPP residues L12 (−2.82 kcal/mol), F15 (−1.43 kcal/mol), and Y37 (−1.56 kcal/mol) 

contribute significantly to binding with HSSQN (Figure 4.4b). HSSNQ binds to L12 (−3.14 

kcal/mol), A13 (−0.92 kcal/mol), L16 (−1.03 kcal/mol), and T30 (−1.49 kcal/mol) of hIAPP 

monomer (Figure 4.4c).  
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Figure 4.4: Residue-wise binding free energy of hIAPP with HSSNN (panel a), HSSQN (panel 

b), and HSSNQ (panel c). The hIAPP residues with the most favourable (< –1.0 kcal/mol) 

contribution in the binding with pentapeptides are labeled. 

HSSQN displayed strong interactions with L12, F15, and Y37 of hIAPP monomer, which is 

consistent with Lao et al. that reported the preferential binding of dopamine to R11, L12, F15, 

H18, F23, I26, L27, and Y37 residues of hIAPP dimer.50 The hIAPP residues F15, H18, F23, 

and Y37 play a critical role in hIAPP aggregation51 and MD simulations depicted that the 

residue pairs F15–F15 and F15–Y37 have large contact numbers in hIAPP homodimer.52 Thus, 

the binding of HSSQN with the key residues (F15 and Y37) of hIAPP monomer involved in 

its aggregation highlights the inhibitory potential of the designed pentapeptide. Furthermore, 

MD simulations of hIAPP-pentapeptide complexes have been performed to scrutinize the 

conformational dynamics and structural changes in hIAPP on the incorporation of 

pentapeptides. 
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Figure 4.5: RMSD and radius-of-gyration (Rg) of hIAPP monomer (black), hIAPP-HSSNN 

(red), hIAPP-HSSQN (blue), and hIAPP-HSSNQ (pink) are shown in panels a, and, b, 

respectively. Average Cα RMSF of hIAPP alone and in the presence of pentapeptides (panel 

c). 

4.3.3 Pentapeptides bind to hIAPP monomer to form a stable complex 

The structural stability of the hIAPP-pentapeptide complexes was investigated using the 

backbone RMSDs of hIAPP in all systems (Figure 4.5a). The average RMSD of hIAPP 

monomer displays a limited change in the presence of pentapeptides that indicates stable 

binding of the pentapeptides with hIAPP monomer. The average RMSD of hIAPP monomer, 

hIAPP-HSSNN, and hIAPP-HSSNQ complex is noted to be 0.76 ± 0.02, 0.76 ± 0.06, and 0.77 

± 0.05 nm, respectively. The average RMSD was significantly decreased to 0.60 ± 0.07 nm in 

hIAPP-HSSQN, which indicates higher structural stability of hIAPP-HSSQN complex.  

The stable Rg during simulation depicts the stability of hIAPP-pentapeptide complexes (Figure 

4.5b). The average Rg for hIAPP monomer was noted to be 0.95 ± 0.04 nm, which is consistent 

with Kumari et al. that reported the average Rg of hIAPP monomer as ~1.0 nm.53 The average 
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Rg for hIAPP−HSSNN, hIAPP−HSSQN, and hIAPP−HSSNQ complexes is noted to be 0.98 ± 

0.04, 0.94 ± 0.08, and 0.97 ± 0.07 nm, respectively (Figure 4.5b). The Rg of hIAPP monomer 

depicts a marginally lower value on the addition of HSSQN, which indicates the stability of 

hIAPP-HSSQN complex. Triplicate simulations of hIAPP monomer have been performed to 

check the reliability of the MD simulation data (Figure 4.6). An almost similar pattern was 

noted in the RMSD and Rg during simulation that indicates the reproducibility of the simulation 

data. 

 

Figure 4.6: Root–mean–square deviation (RMSD) and radius-of-gyration (Rg) of simulations 

with different initial velocities for hIAPP monomer is shown in panels a, and b, respectively.  

The residue-based RMSF for Cα atoms of hIAPP monomer in the absence and presence of 

pentapeptides was evaluated to analyze the flexibility and localized dynamics of hIAPP 

monomer (Figure 4.5c). The average RMSF for hIAPP monomer, hIAPP−HSSNN, 

hIAPP−HSSQN, and hIAPP−HSSNQ are noted to be 0.67 ± 0.04, 0.48 ± 0.03, 0.36 ± 0.06, 

and 0.49 ± 0.03 nm, respectively. The lowest RMSF in hIAPP−HSSQN as compared to the 

other systems depicted higher structural and conformational stability of hIAPP monomer on 

the incorporation of HSSQN. In comparison to hIAPP monomer, a substantial difference in 

RMSF was noted in residues K1−A5, A8, R11−T30, and V32−Y37 for hIAPP−HSSNN, 

K1−T30, V32−Y37 for hIAPP−HSSQN, and C2−G33, N35 for hIAPP−HSSNQ. Notably, 

reduced conformational fluctuations were observed within the residues of the aggregation-

prone regions A8−S20 and S20−S29 of hIAPP monomer54 in the presence of pentapeptides 

(Figure 4.5c), which stabilizes hIAPP monomer. Remarkably, the residues of the aggregation-

prone regions (hIAPP8–20 and hIAPP20–29) of hIAPP monomer fluctuate at markedly lower 
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values in the presence of HSSQN as compared to other pentapeptides (Figure 4.5c), which 

indicates the higher conformational stability of hIAPP−HSSQN complex.  

5.3.4 Effect of pentapeptides on the secondary structure of hIAPP monomer 

To investigate the inhibitory effect of pentapeptides on the conformational conversion of 

hIAPP monomer, the secondary structure analysis of hIAPP monomer with and without 

pentapeptides was performed (Figure 4.7, Table 4.8). The helix structure was gradually 

decreasing in hIAPP monomer (Figure 4a) which is consistent with Tran et al., which reported 

that amidated hIAPP monomer rapidly lost its helices and unfolded during MD simulation.55 

The helix, β–sheet, coil, bend, and turn conformations in hIAPP monomer were noted to be 

23.5 ± 3.0, 0.0 ± 0.0, 31.1 ± 1.9, 20.3 ± 3.1, and 25.1 ± 1.6%, respectively (Table 4.8).  

 

Figure 4.7: Evolution of secondary structure during simulation for hIAPP (panel a), hIAPP-

HSSNN (panel b), hIAPP-HSSQN (panel c), and hIAPP-HSSNQ (panel d). 

Additionally, the intrinsic disorder propensity of hIAPP monomer was analyzed using an 

ODiNPred webserver.56 The disorder plot analysis highlighted that the C-terminal residues 

displayed a higher probability to exist in the coil conformation as compared to the N-terminal 

residues of hIAPP monomer (Figure 4.13). This is consistent with previous studies that 

highlight a sampling of the coil conformation in the C-terminal region of hIAPP monomer.57  

The helical content was significantly increased from 23.5 ± 3.0 in hIAPP monomer to 38.1 ± 

3.6, and 33.6 ± 3.0% on the incorporation of HSSQN, and HSSNQ, respectively, which 

indicates reduced aggregation propensity of hIAPP monomer on the incorporation of 

pentapeptides. Concomitantly, the coil content was decreased from 31.1 ± 1.9 in hIAPP 

monomer to 25.2 ± 2.4, and 21.5 ± 2.0% on the incorporation of HSSQN, and HSSNQ, 
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respectively. The secondary structure analysis depicted that HSSQN and HSSNQ dramatically 

impede the coil conformation and induce the formation of helix structures in hIAPP monomer, 

which, in turn, suggested a lower aggregation probability of hIAPP monomer in the presence 

of HSSQN and HSSNQ. 

 

Figure 4.8: Residue-wise helix and coil content in hIAPP alone and hIAPP-pentapeptide 

complexes. 

To determine the influence of pentapeptides on the secondary structure of each residue of 

hIAPP monomer, the residue-wise helix and coil content were evaluated (Figure 4.8). In the 

hIAPP monomer, residues T4–T6, F15−V17, and S19–F23 mainly adopt helical conformation 

(Figure 4.8a). The sampling of helical structures was noted in the N-terminal residues A13–

V17 in an all-atom replica exchange molecular dynamics (REMD) study on hIAPP(11–25) 

monomer.58 The hIAPP residues C2, N3, C7−T9, N14, H18, and I26−G33 displayed high 
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probabilities to adopt coil conformation that is consistent with the previous experiments, which 

highlighted that C−terminal residues (S28−Y37) of hIAPP monomer predominantly sample 

coil conformations.59 The probability of helical content was slightly increased in the residues 

F15−S19 and L27–V32 of hIAPP monomer on the addition of HSSNN (Figure 4.8b). A 

remarkable increase in the helical content in the residues N3−L12 and V17−F23 of hIAPP 

monomer was observed on the incorporation of HSSQN (Figure 4.8c). Upon HSSNQ binding, 

the propensity of residues C2−A8 of hIAPP monomer to sample coil conformation was 

significantly decreased and the probability of helical content was increased in the F15−F23 

region of hIAPP monomer (Figure 4.8d). An overall increase in helical content in the 

amyloidogenic region A8−S20 was observed in presence of HSSQN and HSSNQ. Thus, a 

lower sampling of the coil and notably higher helical content in hIAPP residues on the 

incorporation of HSSQN and HSSNQ highlights the role of pentapeptides in stabilizing hIAPP 

monomer structure. 

Table 4.8: Secondary structural component statistics for hIAPP monomer and hIAPP-

pentapeptide complexes. 

System helixa  β−sheetb coil bend turn 

hIAPP 23.5 ± 3.0 0.0 ± 0.0 31.1 ± 1.9  20.3 ± 3.1  25.1 ± 1.6 

hIAPP-HSSNN 20.4 ± 2.6  0.0 ± 0.0 26.6 ± 2.4 23.8 ± 2.8 29.2 ± 0.7 

hIAPP-HSSQN 38.1 ± 3.6 0.0 ± 0.0 25.2 ± 2.4 14.4 ± 4.7 22.3 ± 1.6 

hIAPP-HSSNQ 33.6 ± 3.0 0.0 ± 0.0 21.5 ± 2.0 20.4 ± 2.2 24.5 ± 1.1 

ahelix comprises α−, π−, and 310 helix ; bβ−sheet comprises β−strand and β−bridge 

To analyze the stability of the hIAPP-pentapeptide complexes, hydrogen bond analysis was 

performed (Figure 4.9a). The average hydrogen bonds were observed to be 6.0, 5.7, and 7.4, 

for hIAPP-HSSNN, hIAPP-HSSQN, and hIAPP-HSSNQ, respectively, which indicate the 

stability of the hIAPP-pentapeptide complexes. A relatively large hydrogen bond between 

hIAPP monomer and HSSNQ suggests its stronger binding, which, in turn, depicts its potential 

to block the self-aggregation of hIAPP.  

The residue-wise hydrogen bond analysis depicted a significant contribution of hIAPP residues 

Q10−L12, N14, F15, and N35−Y37 in binding to HSSNN (Figure 4.9b). HSSQN displayed 

hydrogen bond interactions with K1, Q10, N14, N21, S28, and T30 of hIAPP. The residues 

N14, V17–S19, N22, and S34–N35 of hIAPP displayed hydrogen bonds with HSSNQ. Roy 

and Paul reported that hydrogen bonds between the residues of the regions N3-Q10, N14-N22,  
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and S28-Y37, enhance the aggregation between the amyloidogenic regions of hIAPP.20 

Interestingly, pentapeptides displayed hydrogen bonds with the residues of the regions N3-

Q10, N14-N22, and S28-Y37of hIAPP, which, in turn, decreases the intramolecular contacts 

between amyloidogenic regions of hIAPP and thus, lower the aggregation propensity of hIAPP. 

 

Figure 4.9: Hydrogen bonds between hIAPP and pentapeptides during simulation (panel a). 

Residue-wise hydrogen bonds of the hIAPP with the pentapeptides (panel b). 

5.3.5 Effect of pentapeptides on the intramolecular side chain contacts in hIAPP monomer  

A comparison between the intramolecular side chain contacts in hIAPP monomer with and 

without pentapeptides highlights significant changes in the side chain contacts of the residues 

of N‐terminal, amyloidogenic (residues 20-29, SNNFGAILSS) and C‐terminal regions of 

hIAPP monomer (Figure 4.10). The protein side chain−side chain contact map has been widely 

used to characterize intrachain hydrophobic contacts.60 In hIAPP monomer, several contacts 

between the side chains of hIAPP residues were observed that attributed to intrachain 

hydrophobic contacts keeping the N−terminal and C−terminal of hIAPP monomer close to each 

other (Figure 4.10a). In comparison to hIAPP monomer, the side chain contacts between 

N−terminal residues (K1−A8) and C-terminal residues (L27−N35) was notably reduced in the 

presence of HSSNN (Figure 4.10b). The contacts between the side chains of N−terminal 

residues (K1−T6) and A13−L27 residues were significantly disrupted in the presence of 

HSSQN (Figure 4.10c). On the incorporation of HSSNQ, the side chain contacts between 

N−terminal (K1−T9) and C−terminal (V32−Y37) residues in hIAPP monomer was greatly 

reduced (Figure 4.10d). The side chain-side chain contact maps highlighted that HSSQN 
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inhibited long-range intra hIAPP side chain-side chain contacts between the regions containing 

hIAPP20-29 (SNNFGAILSS) amyloid core segment which is crucial for hIAPP aggregation.22 

 

 

Figure 4.10: Side chain–side chain contact probability maps for hIAPP (panel a), hIAPP-

HSSNN (panel b), hIAPP-HSSQN (panel c), and hIAPP-HSSNQ (panel d). 

The average solvent accessible surface area (SASA) of hIAPP−monomer, hIAPP−HSSNN, 

hIAPP−HSSQN, and hIAPP−HSSNQ was noted to be 31.6 ± 1.6 nm2, 32.1 ± 1.2 nm2, 30.4 ± 

0.9 nm2, and 30.9 ± 0.6 nm2, respectively (Figure 4.11a). The SASA remain stable during 

simulation for the hIAPP-pentapeptide complexes, which indicate the stable binding of 

pentapeptides to hIAPP monomer.  
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The residue-wise SASA analysis highlighted lower SASA of the hydrophobic residues of 

hIAPP monomer in the presence of pentapeptides (Figure 4.11b). In comparison to hIAPP 

monomer alone, the following hydrophobic residues displayed lower SASA in the hIAPP 

monomer–pentapeptides complexes: (i) G24, V32 for hIAPP monomer–HSSNN (ii) A5, V32 

for hIAPP monomer–HSSQN, and (iii) A8, F15, G24, A25 for hIAPP monomer–HSSNQ. A 

lower SASA for the hydrophobic residues of hIAPP monomer on the incorporation of 

pentapeptides suggests a lower aggregation tendency of hIAPP monomer. 

 

Figure 4.11: SASA of the hIAPP monomer in different systems (panel a). Residue-wise SASA 

in hIAPP alone and hIAPP-pentapeptide complexes (panel b).  

5.3.6 Effect of pentapeptides on the conformational transitions of hIAPP monomer  

The clustering analysis was performed to explore the impact of pentapeptides on the 

conformational sampling of hIAPP monomer. A total of 70 clusters were noted in hIAPP 

monomer and the number significantly decreased to 20, 25, and 15, for hIAPP monomer–

HSSNN, hIAPP monomer–HSSQN, and hIAPP monomer–HSSNQ, respectively, which 

indicates higher conformational stability of hIAPP monomer in the presence of pentapeptides 

(Table 4.9).  

The most-populated cluster constitutes 44.85%, 85.86%, 97.40%, and 75.30% of all the 

sampled conformations in hIAPP monomer alone, hIAPP−HSSNN, hIAPP−HSSQN, and 

hIAPP−HSSNQ, respectively, which indicate higher homogeneity in the hIAPP monomer 

conformational ensemble on the incorporation of pentapeptides (Table 4.9, Figure 4.12). 
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Figure 4.12: Percentage population and the central member of the highest populated cluster in 

hIAPP monomer, hIAPP-HSSNN, hIAPP-HSSQN, and hIAPP-HSSNQ complexes.  

Specifically, the most-populated cluster in hIAPP−HSSQN constituted 97.40% population and 

sampled helical conformations in the regions T6−L16, H18−S28, and N31−N35 of hIAPP 

monomer. The visual inspection depicts that hIAPP monomer sampled coiled conformation 

with short helix structures (Figure 4.12). Increased sampling of the helix conformation in the 

central member of the highest populated cluster of hIAPP-pentapeptide complexes was 

observed, which matches with the secondary structure analysis. 

Table 4.9: Total number of clusters and the population of the three highest populated clusters 

(C1, C2, and C3) of hIAPP monomer and hIAPP-pentapeptide complexes during MD 

simulation.  

System No. of clusters Population of the three highest populated clusters  

C1 C2 C3 

hIAPP monomer 70 44.85 17.24 8.50 

hIAPP–HSSNN 20 85.86 6.42 5.71 

hIAPP–HSSQN 25 97.30 0.14 0.12 

hIAPP–HSSNQ 15 75.30 22.80 0.76 
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Figure 4.13: Disorder probability plot and probability of disorder for hIAPP residues is shown 

in panels a, and, b, respectively. 

To determine the physicochemical, ADME, and toxicity properties of the top hit peptides as 

well as well-known small molecule [epigallocatechin gallate (EGCG) and quercetin] inhibitors 

of hIAPP aggregation, ADMETboost was employed.61 The ADMET characteristics of the top 

hit peptides were interpreted based on the criteria described in ADMETlab 2.0 platform.62 The 

top hit peptides displayed comparable ADMET parameters as noted for EGCG and Quercetin 

(Table 4.10). 

Table 4.10: Comparison of ADMET properties of top hit peptides and small molecule 

(EGCG and Quercetin) inhibitors of hIAPP aggregation.  

Category Property 

(unit) 

HSSNN HSSQN HSSNQ EGCG Quercetin References range 

 

 

 

 

Absorption 

Caco-2 

permeability 

log(cm/s) 

-5.81 -5.81 -5.81 -5.64 -5.30 Optimal: Higher than 

-5.15 

P-Glycoprotein 

inhibition (%) 

38.69 37.37 37.35 48.73 49.54 Optimal:<=30%; 

Medium:30%-70%; 

Poor:>=70% 
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HIA/Human 

Intestinal 

Absorption (%) 

47.21 46.91 46.91 70.37 72.56 Optimal:>=80%; 

Medium:30%-80%; 

Poor:<=30% 

 

 

 

Distribution 

Blood brain 

barrier 

penetration (%) 

 

23.07 25.36 25.30 20.63 32.22 Optimal:<=30%; 

Medium:30%-70%; 

Poor:>=70% 

PPB/Plasma 

protein 

binding (%) 

47.18 47.13 46.84 45.81 43.33 Optimal:<=90%; 

Poor:>90% 

 

 

 

 

 

Metabolism 

CYP2C9 

Substrate 

 

Low Low Low Low Low >0.5: A substrate; 

<0.5: Non substrate 

CYP2C9 

Inhibition (%) 

 

47.14 47.11 47.86 61.05 67.96  

CYP3A4 

Substrate 

 

Low Low Low Low Low >0.5: A substrate; 

<0.5: Non substrate 

CYP3A4 

Inhibition (%) 

 

38.61 39.61 39.32 38.82 37.23  

 

 

Excretion 

Clearance (ml/ 

min/Kg) 

0.47 0.47 0.47 0.47 0.34 High: >15 ml/ 

min/kg; Moderate: 5-

15 ml/min/kg; Low: 

<5 ml/min/kg 

T1/2/Half-life 

(h) 

114.9 115.21 115.21 68.35 67.42 Long half-life: >3 h; 

Short half-life: <3 h 

 

 

 

 

 

Toxicity 

hERG blockers 

(%) 

43.02 43.29 43.29 43.38 37.47 Optimal:<=30%; 

Medium:30%-70%; 

Poor:>=70% 

AMES (Ames 

mutagenicity) 

(%) 

39.21 39.24 39.36 44.81 43.40 Optimal:<=30%; 

Medium:30%-70%; 

Poor:>=70% 

DILI/Drug 

Induced Liver 

Injury (%) 

64.56 63.84 63.84 53.88 56.07 Optimal:<=30%; 

Medium:30%-70%; 

Poor:>=70% 

4.3.7 PCA and FEL analyses of hIAPP monomer and hIAPP-pentapeptide complexes 

PCA was performed to analyze the effect of pentapeptides on the conformational fluctuations 

and atomic movements in hIAPP monomer (Figure 4.14). The first two eigenvectors represent 

an essential conformational subspace with noteworthy concerted motions [49.3, 46.2, 71.0, and 

67.6% in hIAPP monomer, hIAPP–HSSNN, hIAPP–HSSQN, and hIAPP–HSSNQ, 

respectively, and thus was chosen for the analysis of the conformational dynamics (Figure 

4.14). The flexibility of systems was assessed using trace of the diagonalized covariance matrix 

of the Cα atomic positional fluctuations. The trace values were noted to be 7.5, 5.4, 3.4, and, 

6.9 nm2 for hIAPP monomer, hIAPP–HSSNN, hIAPP–HSSQN, and hIAPP–HSSNQ, 

respectively. A noteworthy lower trace value in hIAPP–HSSQN depicted lower fluctuations in 



Novel peptide-based inhibitor against hIAPP aggregation                                       Chapter 4                                                                                                          

 

120 
 

hIAPP monomer on the addition of HSSQN and highlight the preservation of the native 

conformation of hIAPP monomer.  

 

Figure 4.14: The effect of pentapeptides on the conformational flexibility of hIAPP monomer 

was analyzed using 2D projection of motion over the first two eigenvectors.                                                                                                

Furthermore, the conformational states of the hIAPP monomer and hIAPP–pentapeptide 

complexes were evaluated using FEL (Figure 4.15). Only one free energy minima were noted 

in hIAPP–HSSQN as compared to multiple minima in other systems, which highlights higher 

conformational homogeneity in hIAPP monomer in the presence of HSSQN. The sampling of 

helix conformation in the minimum energy conformation extracted from FEL was noted to 

increase from 19 to 24% in hIAPP monomer on the incorporation of HSSNN (Table 4.11). A 

noteworthy increase in the helix content from 19% in hIAPP monomer to 38–44% on the 

addition of HSSQN and HSSNQ depicts the prevention of conformational transition to 

aggregation-prone structures. 
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Figure 4.15: The FEL along PC1 and PC2 of hIAPP monomer, hIAPP–HSSNN, hIAPP–

HSSQN, and hIAPP–HSSNQ is shown in panels a, b, c, and d, respectively. The purple regions 

signify the minimum energy basins, whereas wine red represents higher energy basins. The 

metastable conformational states are represented by cyan and green regions. The conformations 

extracted from the minimum energy basins are displayed in cartoons. 

Table 4.11: Secondary structure composition of the representative conformations extracted 

from the FEL of simulated systems. 

System conformation helixa coil  bend turn 

hIAPP monomer S1 19 27 22 32 

hIAPP–HSSNN S1 24 24 14 38 

hIAPP–HSSQN S1 44 16 14 27 

 S2 41 11 14 35 

hIAPP–HSSNQ S1 38 24 14 24 

ahelix is the sum of α−, π− and 310 helix 

The MD simulations highlighted that HSSQN and HSSNQ displayed higher binding affinity 

to hIAPP monomer and induces significantly higher helical conformations in hIAPP monomer 

as compared to the reference peptide HSSNN. Furthermore, the top hit peptides identified using 

computational techniques need to be assessed for their inhibitory potential against hIAPP 
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aggregation using experimental studies. With the improvement in the current force fields by 

taking into account the charge polarizability and enhanced sampling methods, MD simulations 

can be employed to screen potential druggable candidates from the large libraries in the drug 

discovery efforts. 

4.4 Conclusions 

In this work, an integrated computational approach was employed to design and identify new 

peptides derived from an hIAPP sequence (HSSNN18-22) that displayed highly promising 

inhibitory activity against hIAPP aggregation. The molecular docking studies and MD 

simulations of the top hit peptides HSSQN and HSSNQ displayed higher binding affinity to 

hIAPP monomer as compared to the parent native sequence HSSNN18-22 of hIAPP monomer. 

HSSQN and HSSNQ bind to hIAPP monomer with a binding free energy of –21.25 ± 4.90 and 

–19.73 ± 3.10 kcal/mol, respectively, which is significantly higher as compared to hIAPP-

HSSNN complex (–11.90 ± 4.12 kcal/mol). Notably, HSSQN binds to L12, F15, and Y37 of 

hIAPP monomer that play a critical role in hIAPP aggregation. The RMSD and Rg analyses 

highlights increased structural stability of hIAPP monomer on the addition of designed 

pentapeptides. Remarkably, the residues of the aggregation-prone regions (hIAPP8–20 and 

hIAPP20–29) of hIAPP monomer fluctuate at markedly lower values in the presence of HSSQN 

as compared to other pentapeptides, which indicates the higher conformational stability of 

hIAPP−HSSQN complex. The content of the non aggregation-prone helical conformation was 

notably increased in hIAPP monomer with a concomitant decrease in the coil content on the 

incorporation of HSSQN, and HSSNQ, which indicates a lower aggregation propensity of 

hIAPP monomer. Moreover, a notable increase in the helical content of the amyloidogenic 

region A8−S20 of hIAPP monomer was observed in the presence of HSSQN and HSSNQ, 

which depict the potential of designed pentapeptides as inhibitors of hIAPP aggregation. This 

is in coherence with clustering analysis that depicted a higher sampling of helical conformation 

in the central member of the highest populated clusters of hIAPP-HSSQN and hIAPP-HSSNQ 

complexes as compared to hIAPP alone. The hydrogen bond and SASA analyses depicted the 

stable binding of the HSSQN and HSSNQ with hIAPP monomer. It is worth noting that the 

intramolecular side chain-side chain contacts were significantly decreased in the hIAPP 

monomer on the incorporation of HSSQN and HSSNQ, which depict their tendency to block 

hIAPP aggregation. The computationally designed peptides, HSSQN and HSSNQ, emerged as 
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new, simple, and efficient inhibitors of hIAPP aggregation and encourage further experimental 

validation. 
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Chapter 5 

Identification of new pentapeptides as potential 

inhibitors of amyloid–β42 aggregation using virtual 

screening and molecular dynamics simulations 

 

 

In our present study we investigated the effect of modified peptides on the Aβ42 aggregation 

using molecular dynamics (MD) simulations. The RIIGL peptide was substituted up to the five 

positions with similar amino acids to generate the peptide library. We performed molecular 

docking of 912 pentapeptide analogues of RIIGL followed by MM-PBSA (molecular 

mechanics Poisson-Boltzmann surface area) calculations of best 10 peptides from docking. The 

best inhibitors have been chosen from MD were those containing arginine i.e., RVVPI, RIAPA 

and RLAPV contributed strong binding with   Aβ42 monomer than the reference peptide RIIGL. 

The RVVPI and RIAPA peptides resulting in increase in helical content and decrease in β–

sheet content of Aβ42 monomer structure. 

 

 

 

Kaur, A.; Goyal, B. Identification of new pentapeptides as potential inhibitors of amyloid–β42 

aggregation using virtual screening and molecular dynamics simulations. J. Mol. Graph. 

Model. 2023, 108558. 
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5.1 Introduction 

Alzheimer’s disease (AD) is the most common kind of dementia, predicted to account for 60–

70% of all dementia cases.1 About 55 million people suffer from dementia worldwide and the 

number of cases is generously increasing on daily basis.2 The patients experiencing AD have 

symptoms like diminished memory, falling apart language, and issues like visual impairment.3 

In AD pathogenesis, neurotoxic amyloid-β (Aβ) self-assembly is the major event which is 

consequently a central point of study.4 The modulation or inhibition of Aβ aggregation has 

been attempted using a variety of strategies to slow or reverse the disease progression, 

including stabilizing its native state,5 avoiding the generation of on-pathway oligomers, 

inhibiting fibril elongation, and disaggregating already formed amyloid aggregates.6 The major 

Aβ monomers are Aβ40 and Aβ42, and Aβ42 is affirmed to have a higher affinity for aggregation 

and neurotoxicity than Aβ40.
7 Studies show that monomeric Aβ42 experiences a conformational 

transition of its underlying secondary structure.8 The Aβ is at first in an irregular coil or helix 

conformation and consequently changes into β–sheet conformation. This change produces 

oligomeric species, which have a higher percentage of β–sheet structures. A previous study 

proposes that the arrangement of β–sheets drives the amyloid self-aggregation procedure.8b A 

complete understanding of the molecular mechanism of the conformational transition of Aβ 

monomer is important for the advancement of therapeutic procedures for AD.9 

The helix (13–26) region of the Aβ peptide is of primary interest as a crucial central 

hydrophobic core (CHC), and KLVFF (16–20) fragment covered in this core region can 

undergo self-assembly and bind to full-length Aβ.10 Nerelius and co-workers highlighted that 

targeting the central helix region of Aβ42 with ligands disrupts the process of in vitro 

aggregation and stabilizes the helix conformation.5 In vivo studies of the Drosophila 

Melanogaster model reported that ligand binding to the central helix decreases toxicity 

mediated by Aβ42 in AD. Juneja et al. showed that central helix stabilization contributes to the 

inhibition of toxic intermediates formation and Aβ42 aggregation.11 The stabilization of α-helix 

results in the prevention of conformational conversion, which, in turn, blocks the formation of 

oligomeric and fibril species responsible for Aβ cytotoxicity. 

The Aβ aggregation inhibitors have attracted significant attention as potential therapeutic 

candidates to cure or delay the onset of AD.12 Among various inhibitors, peptide-based 

inhibitors displayed good potential as anti-aggregation agents due to their low cytotoxicity, 
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promising biocompatibility, high target affinity, and specificity.3, 13, 14 As Aβ monomers 

undergo self-assembly to form toxic oligomers and aggregates, the peptide fragments derived 

from wild-type Aβ monomer have been employed as inhibitors of Aβ aggregation.13c, 15 Samani 

et al. investigated the influence of terminal groups and halogenation of KLVFF on its activity 

against Aβ aggregation and highlighted that iodinated peptide with an amine at the N-terminus 

and amide at the C-terminus displayed maximum inhibitory activity against Aβ aggregation.16 

Several studies highlighted the key role of the hydrophobic C-terminal region of Aβ in its self-

assembly and various inhibitors derived from the C-terminal region of Aβ have been explored 

as anti-aggregation agents against Aβ aggregation.17  

 

Figure 5.1: Workflow of computational screening protocol used in this work to identify 

potential inhibitors of Aβ42 aggregation from the pentapeptide library based on reference 

peptide RIIGL. 

Harkány et al. reported propionyl-Ile-Ile-Gly-Leu amide (Pr-IIGL) derived from the C-terminal 

region (31–35) of Aβ peptide as an inhibitor of Aβ42 aggregation.18 Pr-IIGL protected glial 

cells from cytotoxicity induced by Aβ42 aggregates, however, it displayed neurotoxicity. Fülöp 

et al. modified Pr-IIGL by replacing propionyl with arginine to afford a new pentapeptide 

RIIGLa, which is not neurotoxic and blocked Aβ amyloid formation as well as reduced the 
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cytotoxicity caused by Aβ aggregates.19 The transmission electron microscopy (TEM) images 

depicted the formation of mature fibers of length 2–3 µm when the Aβ42 monomer was 

incubated alone, whereas the fibril formation was completely inhibited when RIIGL was 

incorporated in Aβ42 monomer. Notably, the cell viability of SHSY-5Y neuroblastoma cells 

was increased from 39% in Aβ42 monomer alone to 84% when the Aβ42 monomer was co-

incubated with RIIGL. Thus, RIIGL can be employed as a lead motif for designing new Aβ 

aggregation inhibitors and its rational modification offers an opportunity to enhance its 

inhibitory activity against Aβ42 aggregation. 

In the present study, an integrated computational protocol was applied to screen a designed 

library of 912 pentapeptides based on the RIIGL (Figure 5.1). The top hit pentapeptides against 

Aβ42 aggregation were shortlisted from the designed library using molecular docking-based 

virtual screening and binding free energy calculations. Further, the stability of Aβ42 monomer-

pentapeptide complexes was evaluated using molecular dynamics (MD) simulations. The study 

provides insights into the binding interactions between Aβ42 monomer and pentapeptides, 

which will offer motivation for future experimental investigation of these peptides as potential 

therapeutic candidates against Aβ42 aggregation in AD. 

Table 5.1: Single amino acid mutated pentapeptides generated from RIIGL. 

Amino acids of 

reference peptide 

Nature of 

side chain 

Amino acids with 

similar side chains 

Peptides with one 

amino acid mutation 

R Basic, polar K, H KIIGL, HIIGL 

I Aliphatic, non-polar A, L, V RAIGL, RLIGL, RVIGL 

I Aliphatic, non-polar A, L, V RIAGL, RILGL, RIVGL 

G Neutral, non-polar P, V, I RIIPL, RIIVL, RIIIL 

L Aliphatic, non-polar A, I, V RIIGA, RIIGI, RIIGV 

5.2 Computational details 

5.2.1 Computational design of pentapeptides as inhibitors of Aβ42 aggregation 

A library of 912 pentapeptides was created by mutations at different positions of RIIGL using 

Maestro software (Table 5.1–5.5).20 The amino acids have been classified into different groups 

based on the side chain similarity (Table 5.1). The common chemical properties and 

characteristics of the side chains were considered during amino acid grouping. The amino acids 

in RIIGL were replaced with amino acids of the same group.  
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Table 5.2: Pentapeptide sequences generated by mutating two amino acid residues in RIIGL. 

Combination   Mutant peptides 

1,2                                                                        KAIGL  KLIGL  KVIGL  HAIGL  HLIGL  HVIGL 
1,3 KIAGL   KILGL   KIVGL   HIAGL  HILGL  HIVGL 
1,4 KIIPL  KIIVL  KIIIL  HIIPL  HIIVL  HIIIL 
1,5 KIIGA   KIIGI   KIIGV   HIIGA   HIIGI   HIIGV 
2,3 RAAGL RLLGL RVVGL RALGL RLAGL RVLGL 

RAVGL RLVGL RVAGL 

2,4 RAIPL RLIVL RVIVL RAIVL RLIPL RVIPL RAIIL 

RLIIL RVIIL 
2,5 RAIGA  RLIGI  RVIGV  RAIGI  RLIGV  RVIGA 

RAIGV  RLIGA  RVIGI  
3,4 RIAPL  RILVL  RIVIL  RIAVL  RILIL  RIVPL  

RIAIL  RILPL  RIVVL 

3,5 RIAGA  RILGI  RIVGV  RILGI  RIVGV  RIAGA  

RIVGV  RIAGA  RILGI 

4,5 RIIPA  RIIVI  RIIIV  RIIPI  RIIVV  RIIIA  RIIPV  

RIIVA  RIIII 

 

Table 5.3: Pentapeptide sequences generated by mutating three amino acid residues in RIIGL. 

Combination   Mutant peptides 

1,2,3 KAAGL  KALGL  KAVGL  KLAGL  KLLGL  

KLVGL  KVAGL  KVLGL  KVVGL  HAAGL  

HALGL  HAVGL  HLAGL  HLLGL  HLVGL  

HVAGL  HVLGL  HVVGL 

 

1,2,4 KAIPL  KAIVL  KAIIL  KLIPL  KLIVL  

KLIIL  KVIPL  KVIVL  KVIIL  HAIPL  

HAIVL  HAIIL  HLIPL  HLIVL  HLIIL  

HVIPL  HVIVL  HVIIL 

 

1,2,5 KAIGA  KAIGI  KAIGV  KLIGA  KLIGI  

KLIGV  KVIGA  KVIGI  KVIGV  HAIGA  

HAIGI  HAIGV  HLIGA  HLIGI  HLIGV                      

HVIGA  HVIGI  HVIGV 

 

1,3,4 KIAPL  KILPL  KIVPL  KIAVL  KILVL  

KIVVL  KIAIL  KILIL  HIAPL  HILPL  

HIVPL  HIAVL  HILVL  HIVVL  HIAIL  

HILIL  KIVIL  HIVIL 

 

1,3,5 KIAGA  KIAGI  KIAGV  KILGA  KILGI  

KILGV  KIVGA  KIVGI  KIVGV  HIAGA  

HIAGI  HIAGV  HILGA  HILGI  HILGV  

HIVGA  HIVGI  HIVGV 
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1,4,5 KIIPA  KIIVA  KIIIA  KIIPI  KIIVI  KIIII  

KIIPV  KIIVV  KIIIV  HIIVA  HIIIA  HIIPI  

HIIVI  HIIII  HIIPV  HIIVV  HIIIV  HIIPA 

 

2,3,4 RAAPL  RAAVL  RAAIL  RALPL  RALVL  

RALIL  RAVPL  RAVVL  RAVIL  RLAPL  

RLAVL  RLAIL  RLLPL  RLLVL  RLLIL    

RLVPL  RLVVL  RLVIL  RVAPL  RVAVL  

RVAIL  RVLPL  RVLVL  RVLIL  RVVPL  

RVVVL  RVVIL   

 

2,3,5 RAAGA  RAAGI  RAAGV  RALGA  RALGI  

RALGV  RAVGA  RAVGI  RAVGV  RLAGA  

RLAGI  RLAGV  RLLGA  RLLGI                                                                                              

RLLGV  RLVGA  RLVGI  RLVGV  RVAGA  

RVAGI  RVAGV  RVLGA  RVLGI  RVLGV  

RVVGA  RVVGI  RVVGV  

 

2,4,5 RAIPA  RAIVA  RAIIA  RAIPI  RAIVI  RAIII  

RAIPV  RAIVV  RAIIV  RLIPA  RLIPI  

RLIPV  RLIVA  RLIVI  RLIVV  RLIIA  RLIII  

RLIIV  RVIPA  RVIPI  RVIPV  RVIVA  RVIVI  

RVIVV  RVIIA  RVIII  RVIIV 

3,4,5 RIAPA  RIAPI  RIAPV  RIAVA  RIAVI  

RIAVV  RIAIA  RIAII  RIAIV  RILPA  RILPI  

RILPV  RILVA  RILVI  RILVV  RILIA  RILII  

RILIV  RIVPA  RIVPI  RIVPV  RIVVA RIVVI  

RIVVV  RIVIA  RIVII  RIVIV                                        

Table 5.4: Pentapeptide sequences generated by mutating four amino acid residues in RIIGL. 

Combination   Mutant peptides 

1,2,3,4 KAAPL  HAAPL  KAAVL  HAAVL  KAAIL  

HAAIL  KLAPL  HLAPL  KLAVL  HLAVL  

KLAIL  HLAIL  KLLPL  HLLPL  KLLVL  

HLLVL  KLLIL  HLLIL  KVAPL  HVAPL  

KVAVL  HVAVL  KVAIL  HVAIL  KVLPL  

HVLPL  KVLVL  HVLVL  KVLIL  HVLIL   

KVVPL  HVVPL  KVVVL  HVVVL  KVVIL  

HVVIL  KALPL  HALPL  KALVL  HALVL    

KALIL  HALIL  KAVPL  HAVPL  KAVVL  

HAVVL  KAVIL  HAVIL  KLVPL  HLVPL  

KLVVL  HLVVL  KLVIL  HLVIL 

 

1,2,3,5 KAAGA  KAAGI  KAAGV  HAAGA  HAAGI  

HAAGV  KALGA  KALGI  KALGV  HALGA  

HALGI  HALGV  KAVGA  KAVGI  KAVGV 

HAVGA HAVGI  HAVGV  KLAGA  KLAGI  

KLAGV  HLAGA  HLAGI  HLAGV  KLLGA  
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KLLGI  KLLGV  HLLGA  HLLGI  HLLGV  

KLVGA  KLVGI  KLVGV  HLVGA  HLVGI  

HLVGV  KVAGA  KVAGI  KVAGV HVAGA   

HVAGI  HVAGV  KVLGA  KVLGI  KVLGV  

HVLGA  HVLGI  HVLGV  KVVGA  KVVGI  

KVVGV  HVVGA  HVVGI  HVVGV 

1,2,4,5 KAIPA  KAIPI  KAIPV  HAIPA  HAIPI  

HAIPV  KAIVA  KAIVI  KAIVV  HAIVA  

HAIVI  HAIVV  KAIIA  KAIII  KAIIV  

HAIIA  HAIII   HAIIV  KLIPA  KLIPI  

KLIPV  HLIPA  HLIPI  HLIPV  KLIVA  

KLIVI  KLIVV  HLIVA  HLIVI  HLIVV  

KLIIA  KLIII  KLIIV  HLIIA  HLIII  HLIIV  

KVIPA  KVIPI  KVIPV  HVIPA  HVIPI  

HVIPV  KVIVA  KVIVI KVIVV  HVIVA  

HVIVI  HVIVV  KVIIA  KVIII  KVIIV  

HVIIA  HVIII HVIIV 

 

1,3,4,5 KIAPA  KIAPI  KIAPV  HIAPA  HIAPI  

HIAPV  KIAVA  KIAVI KIAVV  HIAVA  

HIAVI  HIAVV  KIAIA  KIAII  KIAIV  

HIAIA  HIAII  HIAIV  KILPA  KILPI  KILPV  

HILPA  HILPI  HILPV  KILVA  KILVI  

KILVV  HILVA  HILVI  HILVV  KILIA  

KILII  KILIV  HILIA  HILII  HILIV  KIVPA  

KIVPI  KIVPV  HIVPA  HIVPI  HIVPV  

KIVVA  KIVVI KIVVV  HIVVA  HIVVI  

HIVVV  KIVIA  KIVII  KIVIV  HIVIA  HIVII  

HIVIV 

 

2,3,4,5 RAAPA  RAAPV  RAAPI  RAAVA  RAAVV  

RAAVI  RAAIA  RAAIV  RAAII  RALPA  

RALPI  RALPV  RALVA  RALVI  RALVV  

RALIA  RALII  RALIV  RAVPA  RAVPI  

RAVPV  RAVVA  RAVVI  RAVVV  RAVIA  

RAVII  RAVIV  RLAPA  RLAPI  RLAPV  

RLAVA  RLAVI  RLAVV  RLAIA  RLAII  

RLAIV  RLLPA  RLLPI  RLLPV  RLLVA   

RLLVV  RLLIA  RLLII  RLLIV  RLVPA  

RLVPI  RLVPV  RLVVA  RLVVV  RLVIA  

RLVII  RLVIV  RVAPA  RVAPI  RVAPV  

RVAVA  RVAVI  RVAVV  RVAIA RVAII  

RVAIV  RVLPA  RVLPI  RVLPV  RVLVA  

RVLVI  RVLVV  RVLIA  RVLII  RVLIV  

RVVPA  RVVPI RVVPV RVVVA  RVVVI  

RVVVV  RVVIA  RVVII  RVVIV RLVVI  

RLLVI 

Table 5.5: Pentapeptide sequences generated by mutating five amino acid residues in RIIGL. 
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Combination   Mutant peptides 

1,2,3,4,5 KAAPA  KAAPI  KAAPV  HAAPA  HAAPI  

HAAPV  KAAVA  KAAVI  KAAVV  HAAVA  

HAAVI  HAAVV  KAAIA  KAAII  KAAIV  

HAAIA  HAAII  HAAIV  KALPA  KALPI  

KALPV  HALPA  HALPI  HALPV  KALVA  

KALVI  KALVV  HALVA  HALVI  HALVV  

KALIA  KALII  KALIV  HALIA  HALII  

HALIV  KAVPA  KAVPI  KAVPV  HAVPA 

HAVPI  HAVPV  KAVVA  KAVVI  KAVVV  

HAVVA  HAVVI  HAVVV  KAVIA  KAVII  

KAVIV  HAVIA  HAVII  HAVIV  KLAPA  

KLAPI  KLAPV  HLAPA  HLAPI  HLAPV  

KLAVA  KLAVI  KLAVV  HLAVA  HLAVI  

HLAVV  KLAIA  KLAII  KLAIV  HLAIA  

HLAII  HLAIV  KLLPA  KLLPI  KLLPV  

HLLPA  HLLPI  HLLPV  KLLVA  KLLVI  

KLLVV  HLLVA  HLLVI  HLLVV  KLLIA  

KLLII  KLLIV  HLLIA  HLLII  HLLIV  

KLVPA  KLVPI  KLVPV  HLVPA  HLVPI  

HLVPV  KLVVA  KLVVI  KLVVV  HLVVA  

HLVVI  HLVVV  KLVIA  KLVII  KLVIV  

HLVIA  HLVII  HLVIV  KVAPA  KVAPI  

KVAPV  HVAPA  HVAPI HVAPV  KVAVA  

KVAVI  KVAVV  HVAVA  HVAVI  HVAVV  

KVAIA  KVAII  KVAIV  HVAIA  HVAII  

HVAIV  KVLPA  KVLPI  KVLPV  HVLPA  

HVLPI  HVLPV  KVLVA  KVLVI  KVLVV  

HVLVA  HVLVI  HVLVV  KVLIA  KVLII  

KVLIV  HVLIA  HVLII  HVLIV  KVVPA  

KVVPI  KVVPV  HVVPA  HVVPI  HVVPV  

KVVVA  KVVVI  KVVVV  HVVVA  HVVVI  

HVVVV  KVVIA  KVVII  KVVIV  HVVIA  

HVVII  HVVIV  

5.2.2 Virtual screening of the designed pentapeptide library 

The single amino acid in RIIGL was replaced with other amino acids present in the same group, 

which leads to the generation of 14 single amino acid mutated pentapeptides (Table 5.1). The 

RIIGL and single amino acid mutated pentapeptides were docked to Aβ42 monomer (PDB ID: 

1IYT)21 to evaluate their binding affinity with the Aβ42 monomer. The initial structures of the 

Aβ42 monomer along with its amino acid sequence and RIIGL are shown in Figure 5.2. The 

pentapeptides displaying higher binding affinity with Aβ42 monomer as compared to RIIGL 

were retained in the library. Similarly, two, three, four, and five amino acids were mutated in 

RIIGL to generate mutated pentapeptides and docked with Aβ42 monomer. The mutated 
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peptides displaying higher binding affinity with Aβ42 monomer as compared to RIIGL were 

retained in the library for further screening. 

 

Figure 5.2: Sequence of Aβ42 peptide with the key regions shown in different colours (panel 

a). The Aβ42 monomer (PDB ID: 1IYT) and the reference peptide RIIGL are shown in the 

cartoon (panel b) and stick representation (panel c), respectively. 

The PDBQT files for the Aβ42 monomer and pentapeptides were prepared using PyRx.22 The 

designed library was screened for potential peptide inhibitors of Aβ42 aggregation using 

AutoDock Vina23 assembled in the PyRx virtual screening tool.24 The dimensions of the grid 

box were kept wide enough to cover the Aβ42 monomer–pentapeptide complex. The 

exhaustiveness of the global search space was kept at 100. A root-mean-square deviation 

(RMSD) tolerance of 0.2 nm was applied to cluster the docked Aβ42 monomer–pentapeptide 

poses followed by their ranking based on the binding energy. 

5.2.3 Evaluation of binding free energy between Aβ42 monomer and pentapeptides using 

molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) 

The MM-PBSA method was utilized to further screen top hit pentapeptides obtained from the 

binding energy analysis using molecular docking. The top ten docked Aβ42 monomer-

pentapeptide complexes were subjected to energy minimization and 500 ps NVT followed by 

NPT equilibration. After MD simulations, the resulting structures were subjected to a binding 

free energy analysis between Aβ42 monomer and pentapeptides by employing the MM-PBSA 
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method using the g_mmpbsa tool.25, 26 The relative binding free energy was evaluated for the 

Aβ42 monomer-pentapeptide complexes. The relative binding affinities determined by MM-

PBSA are acceptable, however, it overvalues the absolute binding free energy.27 Thus, the 

conformational entropy contribution has been ignored.28 For each system, the conformational 

snapshots saved at 10 ps intervals from the 20 ns MD trajectories were used for the MM–PBSA 

analysis. The best three pentapeptides were chosen for their assessment against Aβ42 

aggregation using MD simulations. In addition, MD simulations of Aβ42 monomer alone and 

Aβ42 monomer–RIIGL were performed to assess the inhibitory potential of the shortlisted 

pentapeptides against Aβ42 aggregation. 

Table 5.6: Details of the MD simulated systems. 

System Simulation 

time (ns)b 

Dimensions (nm) of 

the simulation box 

Nw
c 

Aβ42 monomera 200 7.6 × 7.6 × 7.6 14608 

Aβ42 monomer–RIIGL complex 200 7.6 × 7.6 × 7.6 14590 

Aβ42 monomer–RLAPV complex 200 7.6 × 7.6 × 7.6 14581 

Aβ42 monomer–RVVPI complex 200 7.6 × 7.6 × 7.6 14578 

Aβ42 monomer–RIAPA complex 200 7.6 × 7.6 × 7.6 14585 

aAβ42 monomer (PDB ID: 1IYT); bThe GROMOS54a7 force field and SPC water model are used for MD 

simulations. cNumber of water molecules added in the simulation box 

5.2.4 MD simulation protocols 

MD simulations were employed to visualize the conformational changes in the Aβ42 monomer 

in the absence and presence of the top three pentapeptides obtained from MM-PBSA analysis. 

The GROMACS 5.0.129 was used for MD simulations. The GROMOS96 54a7 force field30 

was chosen for MD simulations as it displays good α–β–coil symmetry, stabilized secondary 

structure elements, and depicts closeness between observed and primary data of J–coupling 

(3JNH–Hα) constants.31, 32 Recent studies have employed the GROMOS96 54a7 force field to 

explore the conformational dynamics of peptides and proteins.33 The details of all the systems 

used for MD simulations are presented in Table 5.6. The systems were solvated by a simple 

point charge (SPC) water model in a cubic box of dimensions 7.6 nm × 7.6 nm × 7.6 nm. The 

five systems Aβ42 monomer, Aβ42 monomer–RIIGL, Aβ42 monomer–RLAPV, Aβ42 monomer–

RVVPI, and Aβ42 monomer–RIAPA were solvated with 14608, 14590, 14581, 14578, and 

14585 SPC water molecules, respectively (Table 5.6). In each system, 0.15 M NaCl was added 

in the cubic box along with the required number of Na+ and Cl– counter ions to keep the system 
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overall neutral at physiological pH.34 The periodic boundary conditions were applied in all 

simulations. The protonation states of the amino acids were assigned at the physiological pH. 

All bonds involving hydrogen atoms of Aβ42 monomer were constrained using the LINCS 

algorithm,35 and bonds within water were constrained by the SETTLE algorithm.36 The particle 

mesh Ewald (PME) approach was used to calculate long-range electrostatic interactions and a 

cut-off of 1.0 nm was used to evaluate short-range van der Waals interactions.37 The systems 

were energy minimized and equilibrated for 500 ps at 300 K under NVT, and then for 500 ps 

in NPT conditions. To maintain the desired temperature (300 K) and pressure (1 atm), the V-

scaling method38 and a Parrinello-Rahman barostat39 have been employed, respectively. The 

MD simulations were run for 200 ns for all systems with a time interval of 10 ps. 

The NMR chemical shifts of Cα and Cβ atoms of the central member of the conformational 

cluster with the highest population of Aβ42 monomer were calculated by SHIFTX240 and 

compared with Aβ42 monomer experimental chemical shifts.41 The scalar J–coupling (3JNH-Hα) 

constants were calculated by evaluating the dihedral angles ϕ and ψ using the Karplus 

equation.42 The parameter set was used in which A= 6.4, B= –1.4, and C= 1.9.43 The 

GROMACS tools, visual molecular dynamics (VMD),44 and PyMOL45  were used to analyze 

the conformational ensembles from MD simulations. The MD ensembles were clustered using 

a cut-off of 0.15 nm over the backbone atoms by employing Daura et al. algorithm.46 The 

structural alterations in the Aβ42 monomer structure were analyzed using RMSD and radius-

of-gyration (Rg) by employing gmx rms, and gmx gyrate, respectively. The center of mass 

(COM) distance between two residues was evaluated by gmx distance. The gmx hbond tool 

was used to determine hydrogen bonds. A hydrogen bond was considered if the distance 

between a donor atom (D) and an acceptor atom (A) is no larger than 0.35 nm and the angle of 

D–H---A is no less than 150⁰. The Dictionary of Secondary Structure of Proteins (DSSP) was 

utilized to assess the secondary structure contents of Aβ42 monomer in the absence and 

presence of pentapeptides.47 The free energy landscape (FEL) and binding free energy analysis 

were performed as reported in our previous studies.48 The gmx sham was used to construct 

FEL which is defined as: 

G(PC1, PC2) = −kB T ln P(PC1, PC2)                  
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where G is the Gibbs free energy, kB is the Boltzmann constant, T is the absolute temperature 

and P(PC1, PC2) is the probability distribution of systems along PC. The Origin 9.0 package was 

used to plot FEL.  

 

Figure 5.3: Docked pose of reference peptide RIIGL with Aβ42 monomer is shown. The 

hydrogen bonds between Aβ42 monomer and RIIGL are shown in the magnified view. 

5.3 Result and discussion 

5.3.1 Molecular docking and estimation of binding free energy of Aβ42 monomer-pentapeptide 

complexes  

The binding affinity and key interactions of computationally designed pentapeptides with Aβ42 

monomer were evaluated using molecular docking. The pentapeptides displayed binding 

energy with Aβ42 monomer in the range −3.6 to −5.8 kcal/mol and ~23% of pentapeptides 

depict binding energy higher than RIIGL (–4.6 kcal/mol). RIIGL forms hydrogen bonds with 

Phe4 (0.30 nm) and Asp7 (0.31 nm) of Aβ42 monomer (Figure 5.3). 

Table 5.7: Binding free energies (kcal/mol) of the shortlisted pentapeptides with Aβ42 

monomer. 

Pentapeptide  Binding free energy (kcal/mol) 

∆Gbinding
a ∆EvdW ∆Eelec. ∆EMM

b ∆Gps ∆Gnps ∆Gsolv
c 

RLAPV -55.80  -30.40 -49.18 -79.18 27.51 -3.72 23.79 

RVVPI -46.32 -29.30 -64.09 -93.39 50.90 -3.80 47.10 

RIAPA -44.26 -29.39 -103.35 -132.74 92.82 -4.20 88.62 

RIIGL -41.29 -19.98 -78.61 -98.59 60.20 -2.90 57.30 

RAVPL -35.21 -19.00 -71.26 -90.26 57.82 -2.72 55.10 

HVIGL -24.80 -36.09 -1.97 -38.06 17.67 -4.40 13.27 

HAIPV -20.62 -30.47 -1.50 -31.97 15.11 -3.71 11.40 
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HAAPL -19.98 -35.67 -7.90 -43.57 27.84 -4.25 23.58 

HVVPL -17.71 -37.55 -8.07 -45.62 32.37 -4.45 27.92 

HVAPL -14.82 -22.00 -2.04 -24.04 11.63 -2.41 9.22 

HAIPI -13.14 -32.44 -10.32 -42.76 33.76 -4.13 29.63 

a
∆Gbinding  = ∆EMM  + ∆Gsolv; 

b
∆EMM  = ∆EvdW  + ∆Eelec; 

c
∆Gsolv  = ∆Gps + ∆Gnps 

The top ten pentapeptides were shortlisted from the designed library of 912 pentapeptides based 

on the binding affinity with Aβ42 monomer (Figure 5.4). The molecular docking analyses 

highlighted that proline containing pentapeptides displayed higher binding energy with Aβ42 

monomer as compared to RIIGL, which is consistent with the results reported by Kanchi et al. 

that depicts the enhanced ability of the KLVFFPPPPP peptide for the destabilization of Aβ 

protofibrils as compared to KLVFF.49 

To provide detailed insight into the key interactions between Aβ42 monomer and the top ten 

pentapeptides, the binding free energies of Aβ42 monomer-pentapeptide complexes were 

evaluated. The pentapeptides RLAPV, RVVPI, and RIAPA bind to Aβ42 monomer with a 

binding free energy of –55.80, –46.32, and –44.26 kcal/mol, respectively, which is significantly 

higher compared to Aβ42 monomer-RIIGL (–41.29 kcal/mol) (Table 5.7). The binding free 

energy analysis depicted that pentapeptides containing arginine bind more strongly with Aβ42 

monomer as compared to histidine-containing pentapeptides due to electrostatic interactions of 

arginine with negatively charged residues of Aβ42 monomer. 

  
 

HVIGL (–5.8 kcal/mol) HAIPI (–5.7 kcal/mol) HVVPL (–5.7 kcal/mol) 

   

RLAPV (–5.7 kcal/mol) HVAPL (–5.6 kcal/mol) RIAPA (–5.6 kcal/mol) 
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RVVPI (–5.6 kcal/mol) HAIPV (–5.6 kcal/mol) HAAPL (–5.6 kcal/mol) 

  

 

RAVPL (–5.6 kcal/mol) RIIGL (–4.6 kcal/mol)  

Figure 5.4: Docked poses of the top ten pentapeptides and reference peptide RIIGL with Aβ42 

monomer (PDB ID: 1IYT). The Aβ42 monomer is in cartoon and pentapeptides are in sticks. 

The binding energy values evaluated using AutoDock Vina are expressed in kcal/mol. 

5.3.2 Interaction of pentapeptides with Aβ42 monomer: charged residues (Asp and Glu) of Aβ42 

monomer contribute significantly to the binding with pentapeptides 

The residue-wise binding free energy was evaluated and the binding free energy values are 

reported in kcal/mol (Figure 5.5). RIIGL preferentially binds to D1 (–3.2), E3 (–3.2), D7 (–

4.5), E11 (–6.5), E22 (–2.2), and D23 (–6.5) of Aβ42 monomer (Figure 5.5a). RLAPV bind to 

D1 (–3.2), E3 (–2.6), D7 (–3.4), E11 (–4.7), E22 (–8.1), D23 (–5.2), I31 (–2.2) of Aβ42 

monomer (Figure 5.5b). The Aβ42 residues D1 (–3.9), E3 (–3.9), D7 (–3.3), E11 (–4.9), E22 

(–3.2), D23 (–5.4), contribute significantly to binding with RVVPI (Figure 5.5c), whereas Aβ42 

residues D1 (–4.0), E3 (–5.7), D7 (–5.7), E11 (–4.5), E22 (–5.5) and D23 (–3.7) contributed 

considerably in the binding to RIAPA (Figure 5.5d). The RIIGL, RLAPV, RIAPA, and 

RVVPI bind to the CHC region (17–21), E22, and D23 of Aβ42 monomer, which play a key 

role in Aβ42 aggregation and its associated cytotoxicity.50 The arginine of pentapeptides 

displayed strong electrostatic interactions with the E22 and D23 of Aβ42 monomer (Figure 5.5), 

which is consistent with Liu et al. that reported strong electrostatic interactions between 

negatively charged residues (D1, E3, E11, E22, and D23) of Aβ42 monomer with the lysine of 

KLVFF inhibitor.51 The binding free energy analysis revealed that intermolecular electrostatic 

interactions govern the binding of pentapeptides with Aβ42 monomer. 
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Figure 5.5: Contribution of each residue of Aβ42 monomer towards binding with the lead 

pentapeptides. The Aβ42 residues with the most favourable (< –1.0 kcal/mol) and unfavourable 

(>1.0 kcal/mol) contribution in the binding with pentapeptides are labeled. 

The residue-wise binding free energy highlighted that RLAPV displayed hydrophobic contacts 

with I31, L34, M35, V39, and I41 of Aβ42 monomer, whereas a higher number of residues A2, 

F4, L17, F20, A21, V24, G25, V39, V40, I41 of Aβ42 monomer were involved in the 

hydrophobic contacts with RVVPI. In the case of RIAPA, the residues L17, A21, V24, and 

G25 of Aβ42 monomer displayed hydrophobic contacts. The hydrophobic contacts between the 

Aβ42 monomer and pentapeptides result in the formation of a U-shaped structure with more 

accessibility of the hydrophilic residues to the solvent and result in the lower sampling of β–

sheet conformation (Figure 5.5). This is consistent with Wang et al.,52 which highlighted 

hydrophobic contacts between Aβ42 monomer and flavonoids induce U-shaped structure in 

Aβ42 monomer with no sampling of the β–sheet conformation. Notably, the maximum number 

of hydrophobic contacts were observed in RVVPI and the representative conformation of the 

most-populated microstate in Aβ42 monomer-RVVPI displayed the formation of a U-shaped 

structure (Figure 5.11) and hence resulting in a reduced aggregation propensity of Aβ42 

monomer on the incorporation of RVVPI. 
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Figure 5.6: Correlation between simulated and experimental NMR chemical shifts for Cα, Cβ 

atoms of Aβ42 monomer (panels a, and b, respectively). The unit of chemical shift is ppm. 

Comparison of computational and experimental NMR J-coupling constants (3JHN-H) of Aβ42 

monomer (panel c). 

To investigate whether the conformational ensembles from MD simulations match the 

experimental data, the NMR chemical shifts have been evaluated. A significant correlation was 

observed between simulated (δsim) and experimental (δexp) primary chemical shifts for Cα (R2= 

0.90) and Cβ atoms (R2= 0.98) of A monomer (Figure 5.6a, b), which indicates that 

A monomer conformational ensemble produced by MD simulations is in close agreement 

with the experimental data. Additionally, the ensemble-averaged 3JNH-Hα values evaluated from 

the MD simulation data display good agreement with experimental 3JNH-Hα values (Figure 

5.6c).53  
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Figure 5.7:  Number of hydrogen bonds between Aβ42 monomer and pentapeptides during 

simulation (panel a). Snapshots of hydrogen bond interactions of Aβ42 monomer with RIIGL, 

RLAPV, RVVPI, and RIAPA are shown in panels (b-e), respectively.  

To analyze the stability of the Aβ42 monomer-pentapeptide complexes, hydrogen bond analysis 

was performed (Figure 5.7). The average number of hydrogen bonds was noted to be 3.3 ±                                                                                                  

1.2, 2.4 ± 0.9, 1.5 ± 1.7, and 2.5 ± 0.5 for Aβ42 monomer-RIIGL, Aβ42 monomer-RLAPV, Aβ42 

monomer-RVVPI, and Aβ42 monomer-RIAPA, respectively, which indicate the stability of the 

Aβ42 monomer-pentapeptide complexes. RVVPI displayed a hydrogen bond with E22 of Aβ42 

monomer (Figure 5.7d), which is reported for its key role in the Aβ42 aggregation and its 

associated toxicity.54 The hydrogen bond analysis is consistent with our earlier finding (Figure 

5.7c) that highlights the notable contribution of E22 (–3.27 kcal/mol) in binding with RVVPI. 

5.3.3 Pentapeptides bind to Aβ42 monomer to form a stable complex 
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For Aβ42 monomer, RMSD fluctuate at a higher value after 170 ns and then steadily attained a 

stable plateau (Figure 5.8a). The average RMSD of Aβ42 monomer display limited change in 

presence of pentapeptides that indicates stable binding of the pentapeptides with the Aβ42 

monomer. The average value of RMSD for Aβ42 monomer was noted to be 0.99 ± 0.06 nm. 

The average RMSD changes to 1.12 ± 0.02, 1.09 ± 0.09, and 1.13 ± 0.03 nm for Aβ42 

monomer–RIIGL, Aβ42 monomer–RVVPI, and Aβ42 monomer–RIAPA respectively, whereas 

the average RMSD is 0.99 ± 0.08 nm for Aβ42 monomer–RLAPV. The RMSD of Aβ42 

monomer–RVVPI and Aβ42 monomer–RLAPV complexes were less as compared to Aβ42 

monomer–RIIGL, which indicates higher structural stability of Aβ42 monomer–RVVPI and 

Aβ42 monomer–RLAPV complexes.  

 

Figure 5.8: RMSD (panel a) and Rg (panel b) of Aβ42 monomer in the absence and presence of 

pentapeptides. 

At the start of the simulation, a relatively high value of Rg was noted in all systems that fall to 

lower values within 50 ns and then attained equilibrium (Figure 5.8b). The average value of                                                                                                    

Rg for Aβ42 monomer, Aβ42 monomer–RIIGL, Aβ42 monomer–RLAPV, Aβ42 monomer–

RVVPI, and Aβ42 monomer–RIAPA was noted to be 1.10 ± 0.02, 1.09 ± 0.05, 1.13 ± 0.04, 

1.06 ± 0.05, and 1.09 ± 0.06 nm, respectively. The average Rg of Aβ42 monomer in the presence 

of RIIGL, RVVPI, and RIAPA has marginally lower values as compared to Aβ42 monomer 

alone, which indicates the stability of Aβ42 monomer-pentapeptide complexes. The repeat 

simulations (simulations 2 and 3) with varying initial velocities for Aβ42 monomer displayed 

almost similar RMSD and Rg patterns as noted in simulation 1 (Figure 5.9a, b), which reflects 

the reproducibility of conformational ensembles. 
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Figure 5.9: RMSD and Rg of repeat simulations of Aβ42 monomer are shown in panels a, and 

b, respectively. 

Further, residue-based RMSF for Cα atoms of Aβ42 monomer and Aβ42 monomer-pentapeptide 

complexes was evaluated to analyze the flexibility and local dynamics of Aβ42 monomer 

(Figure 5.10). Reduced fluctuations were noted in residues 1–5, 8, 11–28 for Aβ42 monomer–

RIIGL, 1–19, 21–22, 26 for Aβ42 monomer–RLAPV, and 13–19, 21–24 for Aβ42 monomer–

RIAPA (Figure 5.10a, b, d). The residues 1–2, 5, 8, 12-16 in the N-terminal, 17–21 in the 

CHC, 22–27, 30, and 40–42 in the C-terminal regions of Aβ42 monomer display lower atomic 

fluctuations on the incorporation of RVVPI (Figure 5.10c). The RMSF analysis depicted 

reduced fluctuations of ~57% residues in Aβ42 monomer–RVVPI complex as compared to 

other complexes, which indicate higher Aβ42 structural stability in presence of RVVPI. 

5.3.4 Effect of pentapeptides on the conformational sampling of Aβ42 monomer and secondary 

structure analysis 

The conformational clustering algorithm is commonly used as a data mining method to screen 

massive MD ensembles into a compact size.55 The total number of microstates for Aβ42 

monomer was noted to be 88 and the number decreased to 84, 64, 48, and 63 for Aβ42 

monomer–RIIGL, Aβ42 monomer–RLAPV, Aβ42 monomer–RVVPI, and Aβ42 monomer–

RIAPA, respectively (Table 5.8), which indicates higher conformational stability of Aβ42 

peptide in the presence of pentapeptides. Remarkably, the number of microstates was reduced 

from 88 in Aβ42 monomer to 48 in Aβ42 monomer–RVVPI, which depicts conformational 

homogeneity in Aβ42 monomer on the incorporation of RVVPI. The percentage population of 

m1 was noted to be 34.5% in Aβ42 monomer and the occupancy increased to 62.3%, 48.4%, 

89.1%, and 50.4% in Aβ42 monomer–RIIGL, Aβ42 monomer–RLAPV, Aβ42 monomer–
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RVVPI, and Aβ42 monomer–RIAPA, respectively. The increased sampling in the m1 depicts 

more homogeneity in the conformational ensemble of Aβ42 monomer in the presence of 

pentapeptides. 

 

Figure 5.10: RMSFs in Aβ42 monomer with and without pentapeptides. 

The visual inspection of microstates m1 and m3 of Aβ42 monomer depict coil conformation at 

the C-terminal region. Notably, microstate m2 sampled β–sheet at the C-terminus of Aβ42 

monomer, which is consistent with Khatua et al. that highlighted the existence of β–sheet at 

the C-terminus of Aβ42 monomer in the representative conformation extracted from the most-                                                                                                

populated microstate.56 In contrast, no β–sheet conformation was observed in the three most-

populated microstates of Aβ42 monomer-pentapeptide complexes, which depict prevention of 

the conformational conversion from random coil/helix to β-sheet in the Aβ42 monomer in the 

presence of pentapeptides. 

Table 5.8: Conformational clustering analysis of Aβ42 monomer alone and in the presence of 

pentapeptides. 

System No. of 

microstates 

Percentage population of three most-

populated microstates  

  m1  m2 m3 

Aβ42 monomer 88 34.5 19.1 14.6 

Aβ42 monomer–RIIGL 84 62.3 3.2 2.8 

Aβ42 monomer–RLAPV 64 48.4 14.7 13.9 
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Aβ42 monomer–RVVPI 48 89.1 4.9   1.2   

Aβ42 monomer–RIAPA 63 50.4 19.2 0.8 

Among shortlisted pentapeptides, RVVPI displayed a remarkably high tendency to induce the 

helical content in Aβ42 monomer. The representative structures of the three highest-populated 

microstates of Aβ42 monomer–RVVPI displayed helix as the most dominant conformation 

(Figure 5.11). Notably, enhanced sampling of the helical conformation in the E3–S26 and 

K28–V40 regions of Aβ42 monomer was observed in m1 (percentage population: 89.1%) of 

Aβ42 monomer–RVVPI complex (Figure 5.11). Thus, conformational clustering analysis 

depicted a homogeneous conformational ensemble and enhanced sampling of the helical 

content in Aβ42 monomer in presence of RVVPI. 

Previous studies reported that Aβ42 monomer with preliminary α–helix or random coil structure 

changes into β–sheet structures, which is a key step in Aβ fibrillogenesis.57 The Aβ42 monomer 

possessing β–sheet rich structures will subsequently self-assemble into different types of 

aggregates.58 To characterize the inhibitory effect of pentapeptides on the conformational 

conversion of Aβ42 monomer, the secondary structure analysis of Aβ42 monomer with and 

without pentapeptides was performed (Figure 5.12, Table 5.9). In the case of Aβ42 monomer, 

the sampling of β–sheet conformation was observed in the N-terminal (residues 7–9) and C-

terminal regions (residues 38–40) after ~85 ns (Fig. 8a). This is consistent with Wang et al.,52 

which reported the sampling of the β-sheet structures in the C-terminal region (residues 30–31 

and 37–38) of Aβ42 monomer. Another study reported the existence of a short β-sheet structure 

in the C-terminal region (residues 36–37) of Aβ42 monomer.57b 
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Figure 5.11: Conformational clustering analysis of Aβ42 monomer alone and in the presence 

of pentapeptides. The central members of the three most-populated microstates along with their 

populations are shown in the cartoon models.  

The contents of the helix, β–sheet, coil, bend and turn conformations for Aβ42 monomer were 

noted to be 42.2 ± 3.9, 8.5 ± 2.8, 26.1 ± 3.4, 15.4 ± 4.1, and 8.2 ± 2.5%, respectively (Table 

5.9). Fang et al. reported 45.28 ± 2.42 helix, 5.20 ± 2.68 % β–sheet, 24.69 ± 4.58 coil, 14.91 ± 

4.91 bend, 9.92 ± 6.06 turn contents in Aβ42 monomer,59 which is almost identical to the 

secondary structure content noted for Aβ42 monomer in the present study. Notably, the β-sheet 

content sampled in Aβ42 monomer is consistent with Wang et al.52 which reported ~7% β-sheet 

content in the conformational ensemble of Aβ42 monomer.  
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Figure 5.12: Variations in the secondary structure occupancies of Aβ42 monomer alone (panel 

a) and in the presence of RIIGL (panel b), RLAPV (panel c), RVVPI (panel d), and RIAPA 

(panel e). The secondary structures are color-coded as shown underneath. 

The helical content was increased from 42.2 ± 3.9 in Aβ42 monomer to 52.3 ± 2.4, 57.6 ± 4.4, 

and 56.8 ± 3.9% on the incorporation of RIIGL, RVVPI, and RIAPA, respectively, which 

indicate reduced aggregation propensity of Aβ42 monomer on the incorporation of 

pentapeptides. In comparison to 8.5 ± 2.8% β–sheet content sampled in the Aβ42 monomer, the 

β–sheet content decreased to 4.6 ± 1.3% in Aβ42 monomer–RIIGL and 5.4 ± 1.8% in Aβ42 

monomer–RLAPV, and interestingly, no β–sheet was sampled in Aβ42 monomer–RVVPI and 

Aβ42 monomer–RIAPA complexes. Notably, the β–sheet structure is present in the C-terminal 

region for Aβ42 monomer–RIIGL and in the residues (21-23, 31, 32) of Aβ42 monomer–

RLAPV complex. Interestingly, no β–sheet conformations in Aβ42 monomer were observed in 

the presence of RVVPI and RIAPA (Table 5.9). A notable increase in the helical and no 

sampling of β–sheet in Aβ42 peptide on the addition of RVVPI and RIAPA highlight the 

preservation of native helical/random coil structure of Aβ42 peptide. 

Table 5.9: Secondary structure compositions of the simulated systems. 

Secondary 

structure 

component 

Aβ42 

monomer 

Aβ42 

monomer– 

RIIGL 

Aβ42 

monomer– 

RLAPV 

Aβ42 

monomer– 

RVVPI 

Aβ42 

monomer– 

RIAPA 

helixa 42.2 ± 3.9 52.3 ± 2.4 38.7 ± 4.2 57.6 ± 4.4 56.8 ± 3.9 



Novel peptide inhibitor against Aβ42 aggregation                                                    Chapter 5                                                                                                           

 

157 
 

ahelix is the sum of α−, π− and 310 helix ; bβ−sheet is the sum of β−strand and β–bridge  

5.3.5 Impact of pentapeptides on the intra-residue interactions, D23–K28 salt bridge, and 

solvent-accessible surface area (SASA) of Aβ42 monomer 

A comparison between the intramolecular side-chain contacts observed in Aβ42 monomer and 

Aβ42 monomer–pentapeptides complexes highlights significant changes in the side-chain 

contacts of the residues of N‐terminal, CHC, mid-domain, and C‐terminal regions (Figure 

5.13). In the Aβ42 monomer, side-chain contacts were observed between the N-terminal and 

CHC (17-21) regions. Notably, the mid-domain (26-32) residues interacted with the C-terminal 

(34-42) residues of Aβ42 monomer. Previous studies reported that the interactions between 

CHC/mid-domain and C-terminal regions play an important role in the early self-assembly of 

Aβ42 monomer.60 The side-chain contacts between CHC/mid-domain and C-terminal regions 

in the Aβ42 monomer disappear with the addition of RIIGL. On the incorporation of RVVPI in 

Aβ42 monomer, the side chain contacts between the mid-domain (26-32) and C-terminal (34-

42) regions were significantly reduced highlighting the lower aggregation propensity of Aβ42 

monomer in the presence of RVVPI. We note that the intra-residue contacts between N-

terminal (1-7) and N-terminal/CHC regions observed in Aβ42 monomer become less abundant 

in Aβ42 monomer–RIAPA. 

On the incorporation of RLAPV in the Aβ42 monomer, few side-chain contacts were noted 

between N-terminal (1-9) and C-terminal (34-40) regions. However, the contacts between CHC 

(17-22)/mid-domain (26-32) and C-terminal (34-42) regions were reduced, although to a lesser 

extent as compared to RVVPI, in the Aβ42 monomer on the incorporation of RLAPV 

highlighting the lower aggregation propensity of Aβ42 monomer on the addition of RLAPV. 

β−sheetb 8.5 ± 2.8 4.6 ± 1.3 5.4 ± 1.8 0.0 ± 0.0 0.0 ± 0.0  

Coil 26.1 ± 3.4 18.1 ± 2.6 27.6 ± 2.8 24.5 ± 3.6 28.4 ± 2.9 

Bend 15.4 ± 4.1 16.3 ± 3.2 18.2 ± 4.3 9.8 ± 3.9 8.6 ± 3.3 

Turn 8.2 ± 2.5 8.9 ± 1.8 10.8 ± 2.1 8.4 ± 2.4 6.9 ± 1.4 
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Figure 5.13: Side chain-side chain contacts between Aβ42 residues in Aβ42 monomer, Aβ42 

monomer–RIIGL, Aβ42 monomer–RLAPV, Aβ42 monomer–RVVPI, and Aβ42 monomer–

RIAPA are shown in panel (a-e), respectively. 

The SASA was evaluated to examine the hydrophobic contacts in Aβ42 monomer in the absence 

and presence of pentapeptides (Figure 5.14a). The residue-wise SASA analysis highlighted 

lower SASA values of the hydrophobic residues of Aβ42 monomer in the presence of 

pentapeptides. In comparison to Aβ42 monomer alone, the following hydrophobic residues 

displayed lower SASA values in the Aβ42 monomer–pentapeptides complexes: (i) F4, I31, 

M35, V36 for Aβ42 monomer–RIIGL (ii) I31, V40 for Aβ42 monomer–RLAPV (iii) F4, F20, 

V24, A30, L34, V40 for Aβ42 monomer–RVVPI, and (iv) F20, V24, A30, L34 for Aβ42 

monomer–RIAPA. The decrease in the SASA of hydrophobic residues on the incorporation of 

pentapeptides highlights the low propensity of Aβ42 monomer for the self-aggregation to form 

neurotoxic oligomers. In the case of Aβ42 monomer–RVVPI, the maximum number of 

hydrophobic residues displayed lower SASA as compared to Aβ42 monomer, which indicates 

the significant inhibitory potential of RVVPI against Aβ42 aggregation. 
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Figure 5.14: Residue-wise SASA (panel a) and the probability of D23-K28 salt bridge 

interaction (panel b) in the Aβ42 monomer with and without pentapeptides.  

The intramolecular D23–K28 salt bridge in Aβ42 monomer is considered to be involved in 

oligomer stability and Aβ42 fibril formation.61 Previous studies reported that the stability of the 

D23–K28 salt bridge plays a key role in the conformation conversion and fibrillation of Aβ42 

monomer.62 To analyze whether the interaction between Aβ42 monomer and pentapeptide 

affects the formation of the D23–K28 salt bridge, the interatomic distance between Cγ (D23)–

Nξ (K28) was evaluated (Fig. 10b). Previous studies reported that a salt bridge is formed when 

the distance between Cγ (D23)–Nξ (K28) is less than 0.50 nm.63 The distance distribution curve 

depicted a peak at 0.40 nm having a high probability and another peak at ~0.90 nm with a low 

probability in Aβ42 monomer. The distance peak at ~0.40 nm indicates D23–K28 salt bridge 

interaction (Figure 5.14b). In the case of Aβ42 monomer–RIIGL, the percentage population of 

conformations having salt bridge interaction between D23 and K28 increased significantly at 

distance greater than 0.50 nm. Notably, only one distant peak centered at 2.1 nm was observed 

in Aβ42 monomer–RVVPI, whereas two distant peaks centered at 1.7 nm and 0.6 nm were 

noted in Aβ42 monomer–RIAPA, which, in turn, depicts the disruption of salt bridge interaction 

and hence, lower aggregation propensity of Aβ42 monomer in the presence of RVVPI and 

RIAPA. 

5.3.6 Impact of pentapeptides on FEL of Aβ42 monomer 

To examine the conformational states of the Aβ42 monomer and Aβ42 monomer–pentapeptide 

complexes, Gibbs FEL was plotted using the first two principal components, i.e., PC1 and PC2 

as reaction coordinates, along with free energy as the third reaction coordinate. In the FEL map, 
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the meta-stable conformational states are represented by cyan and green regions, and the free 

energy minima are represented by purple area (Figure 5.15). The FEL of Aβ42 monomer was 

noted to be broader than Aβ42 monomer–pentapeptide complexes, which indicates higher 

conformational heterogeneity.  

 

Figure 5.15: FEL of Aβ42 monomer alone (panel a) and in the presence of RIIGL (panel b), 

RLAPV (panel c), RVVPI (panel d), and RIAPA (panel e). The minimum energy 

conformations extracted from the FEL are depicted in the cartoon. 

In comparison to the three minimum energy basins in Aβ42 monomer, a single dominant 

minimum energy basin was noted in Aβ42 monomer–RIIGL, and Aβ42 monomer–RVVPI 

complexes (Figure 5.15b, d), which, in turn, highlight less conformational diversity in Aβ42 

monomer on the incorporation of RIIGL and RVVPI. 

The secondary structural statistics of the minimum energy conformation derived from the FEL 

of the simulated systems are listed in Table 5.10. For Aβ42 monomer, the minimum energy 

conformation S1–S3 sampled 30–31% helix, 6–11% β‒sheet, 28–31% coil, 15–21% bend, and 

13–18% turn content. Notably, enhanced sampling of helix conformation (52–55%) was 

observed in the energetically favoured conformations of Aβ42 monomer–RIIGL, Aβ42 

monomer–RVVPI, and Aβ42 monomer–RIAPA complexes (Fig. 5.15b, d, e). The β–sheet 
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content is noted to be 5% for S1 conformation in Aβ42 monomer–RIIGL and, 10% and 5% for 

S1 and S2 conformation, respectively, in Aβ42 monomer–RLAPV. Remarkably, a complete 

absence of β–sheet content was observed in Aβ42 monomer–RVVPI and Aβ42 monomer–

RIAPA complexes (Table 5.10), which depict the prevention of conformational transition of 

Aβ42 monomer in the presence of RVVPI and RIAPA. The absence of the β–sheet and notably 

higher sampling of helical conformation lower the aggregation propensity of Aβ42 monomer in 

the presence of RVVPI and RIAPA. 

Table 5.10: Secondary structure composition of the representative conformations extracted 

from the FEL of simulated systems. 

Model system conformation helixb β-sheeta coil  bend turn 

Aβ42 monomer S1 30 11 31 15 13 

 S2 30 6 25 21 18 

 S3 31 8 28 15 18 

Aβ42 monomer–RIIGL S1 52 5 14 24 5 

Aβ42 monomer–RLAPV S1 33 10 19 24 14 

 S2 33 5 26 17 19 

Aβ42 monomer–RVVPI S1 52 0 26 10 12 

Aβ42 monomer–RIAPA S1 55 0 29 12 4 

 S2 52 0 33 7 8 

 S3 52 0 31 12 5 

aβ−sheet is the sum of β−strand and β-bridge; bhelix is the sum of α−, π− and 310 helix  

5.4 Conclusions 

A library of 912 pentapeptides was generated by mutating the amino acids in RIIGL using 

computational methods. The molecular docking-based virtual screening followed by binding 

free energy calculations by MM-PBSA predicted RLAPV, RVVPI, and RIAPA as strong 

binders to Aβ42 monomer as well as stabilizing Aβ42 monomer in the helical conformation. The 

binding free energy analysis revealed that intermolecular electrostatic interactions govern the 

binding of pentapeptides with Aβ42 monomer, and pentapeptides containing arginine bind more 

strongly with Aβ42 monomer as compared to histidine-containing pentapeptides due to 

electrostatic interactions of arginine with negatively charged residues of Aβ42 monomer. The 

secondary structure analysis highlighted that the β–sheet content decreased to 4% in Aβ42 

monomer–RIIGL and 5% in Aβ42 monomer–RLAPV as compared to 8% sampled in the Aβ42 

monomer, and interestingly, no β–sheet was sampled in Aβ42 monomer–RVVPI and Aβ42 
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monomer–RIAPA complexes. The minimum energy conformation derived from the FEL 

highlighted the complete absence of β–sheet content in Aβ42 monomer–RVVPI and Aβ42 

monomer–RIAPA complexes, which depict the prevention of conformational transition of Aβ42 

monomer in the presence of RVVPI and RIAPA. The MD simulations predicted RVVPI and 

RIAPA as potential inhibitors of Aβ42 aggregation. In the future, experimental studies of top 

hit pentapeptides as therapeutic candidates against Aβ42 aggregation should further corroborate 

the computational findings. 
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Chapter 6 

Exploring the impact of C-terminal based 

pentapeptides on the disassembly of pre-formed Aβ42 

fibrils 

 
Rationally designed pentapeptide, RVVPI, displayed a more pronounced effect than RIIGL on 

the destabilization of the LS-shaped Aβ42 protofibril by reducing the sampling of β-sheets, 

lowering interchain hydrogen bonds, and disrupting K28-A42 salt bridges. ThT fluorescence 

results depicted that RVVPI exhibited significant inhibition of Aβ42 aggregation (Inhibition= 

66.2%, IC50= 5.57 ± 0.83 µM) and disassembly of pre-formed Aβ42 fibrils (62.4%). 
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6.1 Introduction 

The misfolding of proteins and their subsequent aggregation to amyloids1 are strongly 

correlated with several human amyloidosis like Alzheimer’s disease (AD), amyotrophic lateral 

sclerosis, type II diabetes, Parkinson’s disease etc.2 AD is characterized as a progressive, 

chronic, prevalent in the geriatric population and widely pervasive neurodegenerative disorder, 

accounts for predominant portion of dementia cases globally, and its incidence is escalating at 

an uncontrollable pace.3  Globally, ~55 million people are suffering with dementia with the 

prevision of becoming 78 million by 2030.4  

The pathological hallmarks of AD comprises extracellular depositions of amyloid-β (Aβ)5 and 

the intracellular formation of thread-like neurofibrillary tangles composed of tau protein.6 The 

two Aβ isoforms, Aβ40 and Aβ42, are derived from the proteolysis of amyloid precursor protein 

(APP) by β- and γ-secretases in the amyloidogenic pathway.7 The maturation of Aβ into fully 

developed fibrils is a nucleation-dependent comprising various steps that include the formation 

of protofibrils, neurotoxic soluble oligomers, and finally amyloid fibrils.8 Increasing evidence 

suggests that initially formed soluble oligomeric assemblies of Aβ are the main cytotoxic 

species in AD.9 Thus, strategies to halt or disrupt the generation of Aβ aggregates are effective 

therapeutic approaches against AD. These strategies involve hindering protein-protein 

interactions that lead to the formation of toxic Aβ aggregates or impeding the conformational 

shift of Aβ from its native disordered state to the aggregation susceptible β-sheet 

conformation.10 Furthermore, the recent FDA approval of the humanized IgGI monoclonal 

antibody lecanemab for the treatment of AD in its initial stages has inspired the design and 

development of more efficacious inhibitors against Aβ aggregation.11 

In recent decades, the development of peptide-based inhibitors against amyloid aggregation 

evoked significant interest due to their promising biocompatibility, low cytotoxicity, high target 

affinity, and specificity.12,13 Particularly, arginine-rich peptides and peptides derived from the 

hydrophobic C-terminus of Aβ have been identified as potential modulators of Aβ 

aggregation.12c,14 The literature studies depicted that the hydrophobic C-terminus of Aβ plays 

a dominant role in controlling its self-aggregation.15 Benedek, Bitan and co-workers identified 

fragments Aβ(31-42) and Aβ(39-42) derived from the C-terminal region of Aβ as effective 

modulators of Aβ aggregation as well as cytotoxicity induced by Aβ aggregates.16 Pike and co-

workers reported that the Aβ42 aggregation and its associated cytotoxicity was notably reduced 

on substituting M35 with Nle and replacing GLM(33-35) with VAA depicting key roles of these 
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residues in inducing Aβ aggregation and its associated cytotoxicity.17 Jain et al. reported a 

hexapeptide (IGLMVG-NH2) derived from C-terminal fragment Aβ(32-37) that completely 

alleviated the Aβ-mediated toxicity on the PC12 cells.18  

Harkány et al. depicted propionyl-Ile-Ile-Gly-Leu amide (Pr-IIGL) derived from the 

tetrapeptide Aβ31–34 region as an Aβ42 aggregation inhibitor.19 Pr-IIGL protected glial cells from 

Aβ42 aggregates induced neurotoxicity, however, it displayed toxicity in neuroblastoma culture 

due to enhanced self-aggregation tendency imparted by the propionyl group. To avoid self-

aggregation of Pr-IIGL, Fülöp et al. replaced the hydrophobic propionyl in Pr-IIGL with 

cationic arginine to yield RIIGLa with reduced self-aggregation propensity and increased 

solubility in aqueous media.20 RIIGLa binds to neurotoxic Aβ aggregates and significantly 

reduced the cytotoxicity induced by fibrillar Aβ42 in SHSY-5Y human neuroblastoma cells. 

Thus, RIIGL can be utilized as a tempting sequence to design Aβ aggregation modulators with 

enhanced efficacy.  

In this regard, we previously employed a computational protocol comprising virtual screening, 

binding free energy calculations and molecular dynamics to screen top hit peptides from a 

designed library of 912 pentapeptides based on the RIIGL.21 The integrated computational 

methodology predicted RVVPI and RIAPA as new peptides with notably enhanced ability to 

block Aβ42 aggregation as compared to RIIGL.21 However, the binding interactions of peptides 

(RIIGL, RVVPI, and RIAPA) on Aβ oligomers and their destabilization mechanism of Aβ 

protofibrils remains unclear. Thus, in this work, the ability of RIIGL, RVVPI, and RIAPA to 

destabilize Aβ42 protofibril structure was illuminated by molecular dynamics (MD) 

simulations. To our best knowledge, no study illuminated the underlying mechanism of 

destabilization of cryo-EM resolved LS-shaped Aβ protofibrils (PDB ID: 5OQV) on the 

incorporation of RIIGL using MD simulations. To complement the computational results, the 

peptides were synthesized and their potential to block Aβ42 aggregation and disaggregate Aβ42 

aggregates was evaluated using thioflavin T (ThT) and transmission electron microscopy 

(TEM). Furthermore, self-aggregation tendency of synthesized peptides RIIGL, RVVPI, 

RIAPA was evaluated using ThT and TEM assay.   

6.2 Computational and experimental details 

6.2.1 Molecular docking 
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The Aβ42 pentamer model chosen for molecular docking in this work is derived from the PDB 

ID: 5OQV.22 For molecular docking of peptides with Aβ42 protofibril, the PDBQT files for 

both Aβ42 and peptides were generated using the PyRx tool.23 Molecular docking was 

performed by AutoDock Vina.24 The dimensions of the grid box were adjusted to encompass 

the Aβ42 protofibril-peptide complex. A search space exhaustiveness of 100 was selected to 

enhance the reliability of results. The docked poses of the peptides were clustered with an 

RMSD tolerance of 0.2 nm, and the poses were ranked according to their binding energy. 

 

Figure 6.1: Cartoon representation of LS-shaped Aβ42 protofibril (PDB ID: 5OQV) depicting 

five chains denoted as A, B, C, D, and E (panel a). Structual details of a single chain of Aβ42 

protofibril depicting hydrophobic core (core-1: A2, F4, L34 and V36; core-2: L17, F19 and 

I31; core-3: A30, I32, M35, and V40) and salt bridge (K28 and A42) residues (panel b). 

6.2.2 MD simulations 

The all-atom MD simulations were performed using GROMOS96 54a7 force field25 in the 

presence of Simple Point Charge (SPC) water model26 according to previous MD simulation 

studies27 using GROMACS 5.0.1 package.28 The GROMOS96 54a7 force field was chosen as 

it exhibits good α–ꞵ–coil symmetry and depict close proximity between observed and primary 

data of J–coupling (3JNH–Hα) constants.29 Moreover, recent studies employed GROMOS96 54a7 

force field to monitor the conformational changes in peptides.30 To maintain electroneutrality, 

counter ions were included in the simulation box as required, and periodic boundary conditions 

were maintained throughout the simulations. The protonation states of amino acids were 

determined based on physiological pH. In each system, 150 mM NaCl was added in the cubic 

box with the requisite number of Na+ and Cl– ions to maintain electroneutrality at physiological 

pH. The MD simulations were executed employing the leap-frog stochastic dynamics 

integrator at a temperature of 310 K, and a relaxation time of 0.1 ps was applied. The bond 

lengths were constrained utilizing the LINCS algorithm.31 The short-range van der Waals 
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forces were truncated at 1.0 nm, and long-range electrostatic forces were computed using the 

particle mesh Ewald (PME) method.32 The systems were energy minimized using steepest 

descent algorithm followed by energy minimization employing conjugate gradient and then 

pre-equilibration for 500 ps in the NVT ensemble was conducted to ensure a constant 

temperature of 310 K.33 In the subsequent stage, 500 ps simulation in the NPT ensemble was 

conducted using the Parrinello-Rahman barostat protocols34 to ensure a constant temperature 

of 310 K and pressure of 1 atm. The simulations were run for 200 ns for each system with 

coordinates saving at a time step of 10 ps. 

The trajectories from MD simulations were analyzed using a combination of Visual Molecular 

Dynamics (VMD),35 GROMACS tools, and PyMOL.36 For the initial assessment of the overall 

structural stability of the Aβ42 protofibril with and without peptides, the gmx rms and gmx 

gyrate tools were employed to calculate the RMSD and Rg, respectively. To depict the stability 

of the salt bridges, the time occupancies of the salt bridges were assessed by determining the 

instances where the distances between the amino group of K28 and the carboxyl group of A42 

were less than 0.32 nm. The impact of peptides on the secondary structure of Aβ42 protofibril 

was assessed using the Dictionary of Secondary Structure of Proteins (DSSP) program by 

utilizing the gmx do_dssp tool.37 The binding free energies of RIIGL, RVVPI, and RIAPA with 

Aβ42 protofibril were computed by utilizing g_mmpbsa package38 based on the molecular 

mechanics Poisson-Boltzmann surface area (MM-PBSA) method39 according to our previous 

studies.40 Furthermore, analysis of residue-specific binding free energy was conducted to 

evaluate the individual contributions of Aβ42 protofibril residues in their interaction with 

peptides. 

Table 6.1: System details for MD simulations.  

System Simulation time (ns)b Box dimensions (nm) SPC water molecules  

controla 200 × 2 7.7 × 7.7 × 7.7 14517 

RIIGL 200 × 1 7.7 × 7.7 × 7.7 14472 

RVVPI 200 × 1 7.7 × 7.7 × 7.7 14477 

RIAPA 200 × 1 7.7 × 7.7 × 7.7 14476 

acontrol (Aβ42 protofibril, PDB ID: 5OQV); bSimulations were performed using GROMOS96 54a7 force field 

with Simple Point Charge (SPC) water model  

6.2.3 Solid-phase peptide synthesis 
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All chemicals were obtained from Sigma-Aldrich and were utilized as received without 

additional purification unless specifically indicated. Analytical-grade solvents were used for 

the synthesis without any additional purification. The solid-phase peptide synthesis (SPPS) 

method was employed for the synthesis of all peptides utilizing Fmoc-protected rink amide 

resin. The Fmoc-protected L-amino acids were utilized in the synthesis of peptides. The 

removal of Fmoc protection from rink amide resin was done using 35% piperidine in DMF. In 

situ activation of the Fmoc-protected amino acid was achieved by treating it with TBTU (6 

equiv.) and DIPEA (6 equiv.) and then initial amino acid coupling to the resin was performed. 

Next, the amino acids were sequentially coupled, and Fmoc deprotection was performed using 

35% piperidine in DMF. Subsequently, three equivalents each of Fmoc-protected amino acids, 

DIPEA, and HOBt were used as an activator base along with DMF as the solvent. The 

accomplishment of each coupling reaction was regularly confirmed through Kaiser's test. The 

steps of Fmoc removal and coupling were repeated using successive Fmoc-protected amino 

acids to generate the desired peptides attached to the resin. The synthesis of all sequences 

followed the same protocol. To release the synthesized peptides from the resin, a mixture of 

5% water, 5% thioanisole, 82% TFA, 5% phenol, and 2.5% EDT (1,2-ethanedithiol) was used. 

The reaction proceeded with continuous shaking for 3 h using a vibrax shaker. After completion 

of the reaction, the resin suspension underwent filtration, and the collected filtrate was 

gradually added to cold diethyl ether to achieve thorough precipitation. Ultimately, the 

resulting precipitate was isolated through centrifugation at 4°C with a speed of 6000 rpm. To 

ensure purity, all peptides were purified utilizing a C-8 reversed-phase high-performance liquid 

chromatography (RP-HPLC) column. The characterization of the peptides was achieved 

through HRMS, and they were then stored in a freezer at –20°C for future applications. 

6.2.4 Purification of peptides by HPLC and characterization 

The preliminary purification of peptides (1 mg/mL) included dissolving them in a mixture of 

water and methanol (1:1; v/v), which was subsequently introduced into a preparative RP-HPLC 

system (Agilent Technologies 1260 Infinity series system). This process operated at 220 nm 

with a flow rate of 1 mL/min. The mobile-phase solvents A and B consisted of 0.1% TFA in 

acetonitrile (CH3CN) and 0.1% TFA in water, respectively. The system was programmed to 

operate for 30 minutes, employing a linear gradient spanning from 10% to 70% of mobile-

phase B. The pure peptide fractions were gathered and subsequently dissolved in a minimal 
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amount of t-butanol/water solution. The resulting solution underwent lyophilization, yielding 

a white powder with a fluffy texture. 

Table 6.2: Data for the synthesized peptides, including sequence, structure, HRMS, and HPLC 

results. 

Analytical RP-HPLC (Thermo Scientific Dionex Ultimate 3000) was employed to assess the 

purity of peptides. This operated at 220 nm with a flow rate of 1 mL/min, employing the same 

mobile-phase solvent system as previously described. The system was operated for 10 minutes 

with a gradient ranging from 10% to 60% of mobile-phase B (0.1% TFA in water). The purity 

of the peptides was assessed and found to be in the range of 92% to 100% (Table 6.2). 

Subsequently, the peptides were characterized using high-resolution mass spectrometry 

(HRMS). HRMS (Q−Tof) m/z: calcd. For RIIGL (C28H53N9O6) [M+H]+ 612.4196, found: 

 

Sequence 

Mol. 

formula 

(Mol. 

weight)  

HRMS data HPLC data 

Calcd. Obsd. tR 

(min) 

Purity 

(%) 

 

[Ac-Arg-Ile-Ile-Gly-Leu-NH2] 

 

 

C28H53N9O6 

(611.4118) 

 

 

612.4196 

 

 

612.4199 

 

 

3.57 

 

 

100% 

 

[Ac-Arg-Val-Val-Pro-Ile-NH2] 

 

 

C29H53N9O6 

(623.8000) 

 

 

624.4196 

 

 

624.4197 

 

 

3.48 

 

 

100% 

 

[Ac-Arg-Ile-Ala-Pro-Ala-NH2] 

 

 

C25H45N9O6 

(567.6920) 

 

 

568.3570 

 

 

568.3586 

 

 

3.52 

 

 

95% 
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612.4199; HRMS (Q−Tof) m/z: calcd. For RVVPI (C29H53N9O6) [M+H]+ 624.4196, found: 

624.4197; HRMS (Q−Tof) m/z: calcd. For RIAPA (C25H45N9O6) [M+H]+ 568.3570, found: 

568.3586. 

6.2.5 ThT assay  

The detailed procedure of ThT assay was explained in our previous studies.41 Aβ42 was 

purchased from Anaspec and dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). A stock 

solution of Aβ42 (221.5 μM) was prepared by dissolving 0.1 mg of Aβ42 peptide in 100 μL 

NaOH (10 mM) and the solution was stored at –20 °C. The stock solutions of synthesized 

peptides (2 mM) were prepared in DMSO. Simultaneously, a stock solution of ThT (1 mM) 

was made in 50 mM PBS buffer and was diluted to 200 μM. 

For Aβ42 aggregation assay, Aβ42 (9 μL, 10 μM) and ThT (20 μL, 20 μM) with or without 

synthesized peptides (1:0, 1:0.25, 1:0.5, 1:1, 1:2, 1:4 and 1:6 molar ratio of Aβ42:peptides) were 

diluted to 200 μL with 50 mM PBS buffer (pH 7.4) in 96 well plate and incubated at 37 °C  for 

24 h at constant agitation (180 rpm). For disaggregation of pre-formed Aβ42 fibrils assay, Aβ42 

monomer was incubated at 37 °C for 24 h to generate fibrils, and later synthesized peptides 

were added to the aliquots of Aβ42 fibrils and incubated for another 24 h under same conditions. 

SpectraMax M5e spectrophotometer was utilized to measure the ThT emission intensities 

(excitation: 450 nm, emission: 485 nm). To determine the percentage inhibition the ThT 

emission data was fitted in the equation (1–Fsample/Fcontrol)*100.  

6.2.6 Statistical analysis  

All experiments were repeated and samples were analyzed in triplicate to ascertain the 

reproducibility of results. Graphs were generated using Microsoft Office Excel 2010, OriginPro 

9.0, and GraphPad Prism 10. Data was presented as mean ± SEM. 

6.2.7 TEM assay 

TEM was employed to observe the fibrillary architect of Aβ42 in the absence and presence of 

synthesized peptides. In this regard, Aβ42 fibrils (10 μM) were co-incubated with peptides 

(20μM) in PBS buffer (50 mM) at 37 °C for 24 h. All the samples (2 μL) were dropcasted on 

carbon-coated copper grids (200 Mesh size) and then allowed to air dry for 30 minutes. 

Subsequently, all the grids were stained with a 1% potassium phosphotungstate (pH 7.2) 
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solution for 30 seconds and extra stain was drained with the use of kim wipes and allowed to 

dry at RT. The sample was loaded on the TEM grid holder and examined using a JEOL JEM-

1400 microscope. 

Table 6.3: Molecular docking analysis of pentapeptides with Aβ42 protofibril. 

Peptide AutoDock 

binding energy 

(kcal/mol) 

Residues of Aβ42 protofibril participating in 

hydrogen bond interactions with pentapeptides 

Residue Atoma Distance (nm) 

RIIGL –6.4 Glu22 (E) NH:OC 0.28 

  Asn27 (E) CO:HN 0.19 

RVVPI –7.0 Phe20 (E) CO:HN 0.24 

  Glu22 (E) CO:HN 0.30 

  Lys28 (E) CO:HN 0.23 

RIAPA –6.6 Phe20 (E) NH:OC 0.30 

  Glu22 (E) CO:HN 0.23 

aThe atoms on the left correspond to Aβ42 protofibril, whereas on the right correspond to pentapeptides. 

6.3 Results and discussion 

6.3.1 Molecular docking of peptides with Aβ42 protofibril 

The low molecular weight Aβ42 oligomers comprising tetramers, pentamers, and hexamers 

display enhanced toxicity to the neuronal cells and ultimately leads to synaptic dysfunction.42 

Thus, the ability of peptides (RIIGL, RVVPI, and RIAPA) to disassemble Aβ42 protofibril was 

investigated using pentamer derived from the cryo-EM Aβ42 fibrillar structure (PDB ID: 

5OQV)22 (Figure 6.1). The LS-shaped 5OQV structure constitute two intertwined protofibrils, 

tetramer and pentamer. The Aβ42 pentamer was chosen for molecular docking and MD 

simulations in this work as the importance of pentamer and hexamer oligomers was highlighted 

in previous studies. Cheon et al. performed MD simulations of Aβ peptide consisting of varying 

chain lengths (Number of chains= 1, 2, 3, 4, 5, 6, 7, 8, 10, and 12).43 From the structures 

observed in the MD simulations, two characteristic oligomer sizes emerged, trimer and 

paranuclei, which generated distinct structural patterns during fibrillization. The study 

highlighted that Aβ17–42 pentamer and hexamer oligomers, called paranuclei, are potent on-

pathway intermediates that are converted into U-shape fibrillar structures. The trimers and 

tetramers formed non-fibrillar oligomers, which primarily progress to off-pathway species. 
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Figure 6.2: Docked pose of RVVPI with Aβ42 protofibril (PDB ID: 5OQV). The Aβ42 

protofibril is shown in the cartoon and RVVPI is displayed in sticks. The magnified views 

depict the hydrogen bonds between RVVPI and Aβ42 protofibril residues in black dashed lines 

with distances in nm.  

Bitan et al. employed biochemical, spectroscopic, and morphologic methods to investigate the 

initial oligomerization and assembly of Aβ40 and Aβ42.
44 The carefully prepared aggregate-free 

Aβ40 existed as monomers, dimers, trimers, and tetramers, in rapid equilibrium. In contrast, 

Aβ42 preferentially formed pentamer/hexamer units (paranuclei) that assembled further to form 

beaded superstructures similar to early protofibrils. The authors mentioned that operationally, 

the pentamer/hexamer units may be considered “paranuclei”, because they represent an initial, 

and minimal, structural unit from which Aβ assemblies evolve and suggested that the 

paranuclei formed by Aβ42 may be important therapeutic targets. Wolff et al. highlighted that 

the smallest detectable species are pentamer or hexamer of Aβ42 in solution.45 

The Aβ42 protofibril (PDB ID: 5OQV) has LS-sharped morphology and stabilize by K28-A42 

salt bridges. Furthermore, three hydrophobic cores (core-1 comprising A2, F4, L34 and V36, 

core-2 consisting of L17, F19 and I31, and core-3 having A30, I32, M35, and V40) stabilize 

the protofibril structure. 

The binding energy and key interactions of RIIGL, RVVPI, and RIAPA with Aβ42 protofibril 

were examined using molecular docking (Figure 6.2 and Figure 6.3). RIIGL, RVVPI, and 

RIAPA bind favourably to Aβ42 protofibril with binding energies of –6.4, –7.0, and, –6.6 

kcal/mol, respectively (Table 6.3). RIIGL displayed hydrogen bonds with Glu22 (0.28 nm) 

and Asn27 (0.19 nm) of chain E of Aβ42 protofibril (Figure 6.3a), whereas RVVPI interacted 

with Phe20 (0.24 nm), Glu22 (0.30 nm) and Lys28 (0.23 nm) of chain E of Aβ42 protofibril 

(Figure 2). RIAPA formed hydrogen bonds with Phe20 (0.30 nm) and Glu22 (0.23 nm) of chain 

E of Aβ42 protofibril (Figure 6.3b).   
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Figure 6.3: Docked poses of RIIGL and RIAPA with Aβ42 protofibril (PDB ID: 5OQV) are 

shown in panels a, and, b, respectively. The Aβ42 protofibril is shown in the cartoon, whereas 

peptides are displayed in the stick representation. The magnified views depict the hydrogen 

bonds between the peptides and Aβ42 protofibril residues in black dashed lines with distances 

in nm.  

The Phe19 and Phe20 residues of aggregation-prone central hydrophobic core46 (CHC) region 

of Aβ42 are involved in the favourable stacking interactions and provide structural stability to 

Aβ aggregates.47 The hydrogen bond interactions of RVVPI and RIAPA with Phe20 of Aβ42 

protofibril interrupts the interchain π–π interactions between Phe residues, which, in turn, leads 

to destabilization of protofibril structure. The molecular docking analysis depicted a stronger 

association of RVVPI with Aβ42 protofibril in comparison to RIIGL and RIAPA as evidenced 

by its lower binding energy and a higher number of hydrogen bonds.  

Furthermore, the ability of peptides to destabilize the ordered structure of β-sheet rich Aβ42 

protofibril was examined using MD simulations. Four systems isolated Aβ42 protofibril 

(designated as control) and Aβ42 protofibril-RIIGL (designated as RIIGL), Aβ42 protofibril-

RVVPI (designated as RVVPI), and Aβ42 protofibril-RIAPA (designated as RIAPA) were 

employed for MD simulations (Table 6.1). 
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Figure 6.4: Variations in the RMSD (panel a) and Rg (panel b) with time (ns) for the simulated 

systems.  

2.2 Structural stability of Aβ42 protofibril in the presence of peptides 

The effect of peptides on the protofibril structural stability was examined using root-mean-

square deviation (RMSD) (Figure 6.4a).48 The average RMSD of control, RIIGL, RVVPI, and 

RIAPA are noted to be 0.30 ± 0.02, 0.31 ± 0.05, 0.60 ± 0.04, and 0.32 ± 0.06 nm, respectively. 

The average RMSD (0.30 ± 0.02 nm) of control is consistent with Dong et al.49 which reported 

an RMSD of 0.27 nm for isolated Aβ42 protofibril (PDB ID: 5OQV). A notably higher value 

(0.60 ± 0.04 nm) was observed on the addition of RVVPI, which depicts a more pronounced 

structural perturbation effect of RVVPI on the stability of Aβ42 protofibril structure. The 

average value of radius-of-gyration (Rg) of control, RIIGL, RVVPI, and RIAPA are noted to be 

1.73 ± 0.02, 1.74 ± 0.04, 1.82 ± 0.02, and, 1.74 ± 0.05 nm, respectively (Figure 6.4b). A higher 

Rg value of 1.82 ± 0.02 nm in the RVVPI as compared to 1.73 ± 0.02 nm in the control indicates 

the loosening of the well-packed chains in the protofibril. The repeat simulations with different 

intitial velocities depicts identical RMSD and Rg pattern, which highlight reliability of MD 

simulations (Figure 6.5). 

RMSF measure the residues fluctuations in proteins and residues with high RMSF values 

indicate enhanced conformational fluctuations and flexibility.50 The average RMSF of control, 

RIIGL, RVVPI, and RIAPA are noted to be 0.22 ± 0.02, 0.37 ± 0.03, 0.84 ± 0.01, and 0.38 ± 

0.02 nm, respectively (Figure 6.6a). 
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Figure 6.5: RMSD (panel a) and Rg (panel b) of repeat simulations of Aβ42 protofibril.  

Notably, all residues of Aβ42 protofibril fluctuate at higher values on the addition of RVVPI, 

which depicts greater structural perturbation in the ordered structure of Aβ42 protofibril. Higher 

fluctuations were noted in all residues of Aβ42 protofibril except A42 in RIIGL, and Y10 and 

A21 in RIAPA, which highlighted distortion in the protofibril structure. This is consistent with 

Nie et al.,51 which depicted notably higher conformational fluctuations in 36 residues in Aβ42 

protofibril- epicatechin-3-gallate (ECG) system as compared to Aβ42 protofibril alone (PDB 

ID: 5OQV) leading to conformational distortion in the Aβ42 protofibril structure. Thus, RMSF 

analysis depicted notably enhanced conformational fluctuations in Aβ42 protofibril on the 

incorporation of peptides, however, RVVPI displays a more pronounced destabilization effect 

due to remarkably higher conformational fluctuations in protofibril structure than other 

peptides. 

The SASA measure the solvent accessible surface area of a protein and higher value of SASA 

indicate more distortion in the native structure of a protein.52 The average SASA of control, 

RIIGL, RVVPI, and RIAPA are noted to be 104.1 ± 0.08, 107.3 ± 0.11, 160.4 ± 0.15, and 113.4 

± 0.12 nm2, respectively (Figure 6.6b). A noteworthy increase in SASA of Aβ42 protofibril 

from 104.1 ± 0.08 to 160.4 ± 0.15 nm2 on the incorporation of RVVPI depicts higher 

accessibility of the solvent resulting from the distortion in the protofibril structure. The SASA 

analysis is in agreement with the observation that a comparable increase in SASA induced by 

arginine containing short peptides results in the destabilization of Aβ42 protofibril.53  
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Figure 6.6: Residue-wise RMSF and variations in SASA during simulation in control, RIIGL, 

RVVPI, and RIAPA systems.  

2.3 Conformational snapshots and interchain hydrogen bond analysis depicts structural 

perturbation of Aβ42 protofibril in the presence of peptides 

To examine the destabilization of Aβ42 protofibril on the incorporation of peptides, 

conformational snapshots were visualized (Figure 6.7). During simulation, RVVPI displayed 

binding at chain E of Aβ42 protofibril (Figure 6.7). This binding pattern is noteworthy as recent 

studies emphasized that fibril structure growth is accelerated at the even edge attributed to the 

exposed CHC region.54 Upon incorporation of RVVPI, Aβ42 protofibril undergoes extensive 

conformational changes especially extended β-strand conformations begin to disappear 

(Figure 6.7). Additionally, a visual examination revealed a reduction in β-sheet (β1) content 

of chains A and E of Aβ42 protofibril accompanied by a concomitant increase in coil content 

on the addition of RVVPI (Figure 6.7). Furthermore, the shortening of β-strands and disruption 

of LS morphology of Aβ42 protofibril on the addition of RVVPI depicts the loosening of Aβ42 

protofibril chains resulting in the structural distortion of Aβ42 protofibril (Figure 6.7). In 

contrast, extended β-strands are comparatively more stable throughout the simulation in control 

and RIIGL systems (Figure 6.7). The LS-shaped morphology of Aβ42 protofibril remains intact 

in the RIIGL and RIAPA systems as compared to RVVPI (Figure 6.7), which depicts a higher 

destabilization potential of RVVPI.  
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Figure 6.7: Conformational snapshots at different time intervals depicting the structural 

changes in Aβ42 protofibril.  

The stability of Aβ42 protofibril relies on the interaction between different chains within the 

protofibril, facilitated by hydrogen bonds and hydrophobic contacts. The hydrogen bonds 

between neighbouring chains emerge as a pivotal factor in Aβ42 protofibril stability. The 

interchain hydrogen bonds in protofibril with and without peptides were evaluated (Table 6.4). 

In Aβ42 protofibril, the average hydrogen bonds between chains A−B, B−C, C−D, and D−E 

during simulation are noted to be 33.4, 34.4, 31.2, and 31.4, respectively.  

Table 6.4: Average number of interchain hydrogen bonds in Aβ42 protofibril with and without 

pentapeptides during simulation.  

System Number of interchain hydrogen bonds 

A-B B-C C-D D-E 

control 33.4 34.4 31.2 31.4 

RIIGL 30.7 33.5 30.7 28.2 

RVVPI 29.4 30.3 30.2 25.6 

RIAPA 30.8 32.6 30.5 29.4 

The binding of peptides has a notable effect on the interchain hydrogen bonds in Aβ42 

protofibril. The average number of hydrogen bonds decreased from 33.4 to 29.4 in chain A-B, 

34.4 to 30.3 in chain B-C, 31.2 to 30.2 in chain C-D, and 31.4 to 25.6 in chain D-E of Aβ42 

protofibril on incorporating RVVPI, which indicates lower interchain interactions leading to 

the structural perturbation of Aβ42 protofibril. Notably, lower interchain hydrogen bonds 

between chain D-E in Aβ42 protofibril on the addition of RVVPI is consistent with the 

molecular docking analysis that highlighted the binding of RVVPI with the residues of chain 

E of Aβ42 protofibril. Among newly designed peptides RVVPI and RIAPA, the incorporation 

of RVVPI resulted in a larger decrease in the interchain hydrogen bonds in Aβ42 protofibril 
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(Table S2), which, in turn, depicts a higher ability of RVVPI to destabilize protofibril structure 

than RIAPA.   

2.3 Impact of peptides on the β-sheet rich Aβ42 protofibril structure 

To elucidate the effect of peptides on the structural destabilization of β-sheet rich protofibril, 

secondary structure occupancies were examined (Table 6.5). The content of β-sheet, coil, bend, 

and turn in control are noted to be 56.4 ± 0.5, 30.1 ± 0.4, 10.3 ± 0.8, and 1.2 ± 0.3, respectively.  

The β-sheet in control is consistent with Zhan et al.,55 which reported β-sheet of 54.9 ± 1.0 % 

in Aβ42 protofibril (PDB ID: 5OQV). 

Table 6.5: Secondary structure compositions for control, RIIGL, RVVPI, and RIAPA systems. 

System β−sheeta coil bend turn chain separator  

control 56.4 ± 0.5 30.2 ± 0.4 10.2 ± 0.8 1.2 ± 0.3 2.00 ± 0.0 

RIIGL 54.2 ± 0.5 32.6 ± 0.7 10.2 ± 0.2 1.0 ± 0.2 2.00 ± 0.0 

RVVPI 53.4 ± 0.9 33.4 ± 0.5 10.2 ± 0.4 1.0 ± 0.1 2.00 ± 0.0 

RIAPA 53.8 ± 0.5 33.0 ± 0.8 10.2 ± 0.3 1.0 ± 0.2  2.00 ± 0.0 
aβ‒sheet = β‒strand + β‒bridge  

 

Figure 6.8: Variations in the number of Aβ42 protofibril residues adopting β-sheet (panel a) and 

coil (panel b) during simulation in control, RIIGL, RVVPI, and RIAPA systems.  

The probability of β-sheet structure decreased from 56.4 ± 0.5 in control to 54.1 ± 0.5 in RIIGL, 

53.4 ± 0.9 in RVVPI, and 53.9 ± 0.5 in RIAPA, while the sampling of random coil 

conformation increased from 30.1 ± 0.4 in control to 32.7 ± 0.7 in RIIGL, 33.3 ± 0.5 in RVVPI, 

and 33.0 ± 0.8 in RIAPA. The lower β-sheet content leads to the loosening of the well packed 

protofibril chains followed by distortion in its overall structure that is consistent with the β-

sheet rich Aβ oligomers converting into amorphous, off-pathway species on the incorporation 
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of resveratrol and epigallocatechin gallate (EGCG).56 Apart from β-sheet and random coil, 

other secondary structures such as bend, turn, and chain separator were quite similar in the four 

systems (Table 6.5). The Aβ42 protofibril undergoes accelerated disorganization in the 

presence of RVVPI marked by lower residues adopting β-sheet conformation with a 

concomitant increase in the residues sampling coil conformation (Figure 6.8). The decrease in 

the β-sheet with a concomitant increase in coil confirms a hindrance to the formation of higher-

order neurotoxic aggregates due to the distortion in the regular β-sheet structure of Aβ42 

protofibril. 

 

Figure 6.9: Probability of intrachain and interchain K28-A42 salt bridges in control, RIIGL, 

RVVPI, and RIAPA systems are shown in panels a-d, respectively. The A, B, C, D, and E in 

panels a-d refer to different chains in Aβ42 protofibril. 

2.4 Peptides significantly disrupt K28-A42 salt bridges in Aβ42 protofibril, and RVVPI displays 

a more pronounced disruptive ability 

The U-shaped57 Aβ9-40, Aβ1-40, and Aβ17-42 protofibrils are stabilized by D23-K28 salt bridges, 

whereas K28-A42 salt bridges stabilize the S-shaped57a,58 Aβ11-42 and LS-shapedError! Bookmark n

ot defined. Aβ1-42 protofibrils. To examine the effect of designed peptides on the stability of K28-

A42 salt bridges in Aβ42 protofibril, the probability of interchain and intrachain salt bridges 

between K28-A42 was examined on the incorporation of peptides (Figure 6.9). Salt bridges 

were considered to exist if the distance between the amino group of K28 and the carboxyl group 

of A42 was within a range of 0.32 nm.59 In control, an average probability of 0.88 was noted 

for the interchain salt bridges involving K28 and A42 residues (Table 6.6). This is consistent 

with Gong et al., which reported an average probability of > 0.82 for interchain K28-A42 salt 
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bridges in the 5OQV protofibril model. However, the average probability of interchain salt 

bridges significantly decreased from 0.88 in control to 0.67 in RIIGL, 0.55 in RVVPI, and 0.79 

in RIAPA (Table 6.6). Notably, disruption of interchain salt bridges in Aβ42 protofibril is more 

pronounced in RVVPI as compared to other peptides, which is consistent with interchain 

hydrogen bond analysis highlighting the more pronounced effect of RVVPI to destabilize the 

protofibril structure. Furthermore, the probability of the interchain K28-A42 salt bridge in 

chain D-E was notably reduced from 0.88 in control to 0.11 in RVVPI (Table 6.6), which is 

consistent with the conformational snapshots depicting binding of RVVPI with the residues of 

chain D and E of Aβ42 protofibril. 

Table 6.6: Probability of interchain salt bridges between K28-A42 in the Aβ42 protofibril in 

control, RIIGL, RVVPI, and RIAPA systems. 

Interchain salt 

bridges (K28-A42) 

Probability 

control RIIGL RVVPI RIAPA 

A-B 0.91 0.83 0.62 0.78 

B-C 0.87 0.78 0.89 0.82 

C-D 0.84 0.62 0.58 0.79 

D-E 0.88 0.44 0.11 0.76 

Table 6.7: Probability of intrachain salt bridges between K28-A42 in the Aβ42 protofibril in 

control, RIIGL, RVVPI, and RIAPA systems.  

Intrachain salt 

bridges (K28-A42) 

Probability 

control RIIGL RVVPI RIAPA 

A-A 0.89 0.75 0.55 0.69 

B-B 0.63 0.54 0.42 0.55 

C-C 0.62 0.74 0.71 0.77 

D-D 0.42 0.41 0.34 0.44 

E-E 0.46 0.34 0.44 0.49 

 In addition to interchain K28-A42 salt bridges in Aβ42 protofibril, the intrachain salt bridges 

are also affected by the incorporation of peptides (Table 6.7). The average probability of K28-

A42 intrachain salt bridges was reduced from 0.60 in control to 0.55 in RIIGL and 0.49 in 

RVVPI, whereas it remains unaffected in RIAPA (Table 6.7). The K28-A42 salt bridge 

analysis depicted higher disruption of interchain salt bridges as compared to the intrachain salt 

bridges and the effect is more pronounced in the presence of RVVPI as compared to other 

peptides. Thus, RVVPI destabilizes the protofibril structure by disrupting K28-A42 salt bridges 

considered critical for protofibril stability.  
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Figure 6.10: Residue-wise contribution of the different chains of the protofibril to the binding 

free energy (kcal/mol) of RIIGL (panel a), RVVPI (panel b), and RIAPA (panel c) with Aβ42 

protofibril.  

2.5 Electrostatic interactions govern the binding of peptides to Aβ42 protofibril  

RIIGL, RVVPI, and RIAPA binds to Aβ42 protofibril with binding free energies of ‒95.77 ± 

1.99, ‒104.05 ± 0.16, and ‒99.49 ± 0.03 kcal/mol (Table 6.8). The van der Waals and 

electrostatic interaction terms favour the binding of peptides to Aβ42 protofibril, whereas the 

polar solvation is unfavourable for the binding.  Notably, the electrostatic interactions 

contributed significantly in the binding free energy as compared to the van der Waals 
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interactions (Table 6.8), which is due to the electrostatic interactions of arginine in the peptides 

with aspartic and glutamic acid residues of Aβ42 protofibril (Figure 6.10). Furthermore, the 

per-residue binding free energy of the Aβ42 protofibril residues with the peptides was evaluated 

(Figure 6.10).  

RIIGL preferentially binds to D7 (–5.8), E11 (–5.1) of chain B and E3 (–5.2), E11(–6.5) of 

chain C of the Aβ42 protofibril (Figure 6.10a). The Aβ42 protofibril residues D7 (–5.1) of chain 

A, E3 (–5.8) and E11 (–7.3) of chain D, and E3 (–5.0), D7 (–6.3), and E11 (–5.3) of chain E 

contributed significantly to binding with RVVPI (Figure 6.10b), whereas E3 (–5.1), D7 (–5.3), 

and E11 (–6.4) of chain E of Aβ42 protofibril contributed in binding to RIAPA (Figure 6.10c). 

Thus, residue-wise free binding energy analysis highlights that charged residues influence Aβ42 

protofibril-peptide interactions. Notably, we find that RVVPI displayed binding with a higher 

number of Aβ42 protofibril residues, which is consistent with its more pronounced 

destabilization of protofibril structure than other peptides.  

Table 6.8: Binding free energy of pentapeptides with Aβ42 protofibril. 

Energy terms 

(kcal/mol) 

Aβ42 protofibril‒

RIIGL 

Aβ42 protofibril‒

RVVPI 

Aβ42 protofibril‒

RIAPA 

ΔEvdW ‒ 29.77 ± 3.12 ‒32.63 ± 3.77 ‒29.47 ± 0.09 

ΔEelec ‒126.28 ± 6.56 ‒137.00 ± 9.46 ‒133.29 ± 10.07 

ΔEMM
a ‒156.05 ± 9.68 ‒169.63 ± 13.23 ‒162.77 ± 10.16 

∆Gps +64.15 ± 8.21 +69.60 ± 13.63 +65.94 ± 10.76 

∆Gnps ‒3.87 ± 0.52 ‒4.02 ± 0.56 ‒2.66 ± 0.64 

ΔGsolv
b +60.28 ± 7.69 +65.58 ± 13.07 +63.28 ± 10.13 

ΔGbinding
c ‒95.77 ± 1.99 ‒104.05 ± 0.16 ‒99.49 ± 0.03 

a
∆EMM= ∆EvdW  + ∆Eelec; 

b
∆Gsolv= ∆Gps + ∆Gnps;  

c
∆Gbinding= ∆EMM  + ∆Gsolv  

2.6 Synthesized peptides showed inhibition of Aβ42 aggregation 

The inhibition of Aβ42 aggregation by the three selected peptides (RIIGL, RVVPI, and RIAPA) 

was monitored by the thioflavin T (ThT) fluorescence assay. ThT is widely employed to 

monitor Aβ aggregation, as it emits stronger fluorescence emission when bound to β-sheet-rich 

amyloid structures.60 The experimental conditions including Aβ42, ThT concentration, and 

incubation time were first optimized prior to ThT assay. Under the optimized conditions, Aβ42 

alone and in the presence of peptides (RIIGL, RVVPI, and RIAPA) at various stoichiometric 

ratios 1:0, 1:0.25, 1:0.5, 1:1, 1:2, 1:4, and 1:6 of Aβ42:peptides were incubated and results were 

plotted in Figure 6.11a. ThT data shows that synthesized peptides exhibited inhibition of Aβ42 
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aggregation in a dose-dependent manner. RIIGL, RVVPI, and RIAPA showed 47.1 %, 66.2%, 

and 51.6 %, respectively inhibition of Aβ42 aggregation at 1:2 molar ratio of Aβ42:peptides. 

Further increase in the concentration of peptides did not lead to significant improvement in the 

inhibition efficiency against Aβ42 aggregation. Among the synthesized peptides, RVVPI 

exhibited the highest inhibitory activity against Aβ42 aggregation, consistent with the results 

from the computational screening.21 The IC50 values calculated for RIIGL, RVVPI, and RIAPA 

were 25.59 ± 0.71, 5.57 ± 0.83, and 15.88 ± 0.66 µM, respectively (Figure 6.12).  

 

Figure 6.11: ThT assay: a) Inhibition of Aβ42 aggregation by synthesized peptides at various 

stoichiometric ratios (1:0, 1:0.25, 1:0.5, 1:1, 1:2, 1:4 and 1:6) of Aβ42:peptides after 24 h 

incubation at 37 °C with constant agitation, [Aβ42]= 10 μM; b) Time course of Aβ42 aggregation 

in the absence and presence of synthesized peptides, [Aβ42]= 10 μM and [peptides]= 20 μM. 

The experiments were performed in triplicate, and error bars represent the standard deviation. 

 

Figure 6.12: Dose-response curves of RIIGL (panel a), RVVPI (panel b), and RIAPA (panel c) 

against Aβ42 aggregation to determine their respective IC50 values.  

The changes in ThT fluorescence were noted at various time interval for Aβ42 alone and in the 

presence of synthesized peptides (Figure 6.11b). The increase in ThT emission intensity 

indicated the aggregation of Aβ42. A growth curve for Aβ42 fibrillation showed a saturation 

phase at nearly 16 h of incubation. In the absence of RIIGL, RVVPI, and RIAPA peptides, the 

enhancement in ThT emission intensity was high for neat Aβ42, however, Aβ42 aggregation was 

inhibited in the presence of peptides (inhibition efficiency RVVPI > RIAPA > RIIGL).  
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Figure 6.13: Kinetic ThT assay: disaggregation of pre-formed Aβ42 aggregates by RIIGL, 

RVVPI, and RIAPA at [Aβ42]= 10 μM, [peptides]= 20 μM. The experiments were performed 

in triplicate, and error bars represent the standard deviation.  

2.7 Synthesized peptides showed disaggregation of preformed Aβ42 aggregates  

In addition, the peptides were tested to examine their ability to disassemble the pre-formed 

Aβ42 fibrils by ThT assay (Figure 6.13). In this regard, fibrillation was allowed to proceed for 

24 h, at this time point a 2-fold molar excess of either peptide (RIIGL, RVVPI, and RIAPA) 

were added and incubated for future 24 h. In the kinetic Aβ42 disaggregation assay, RIIGL and 

RIAPA showed moderate activity in dissolving the pre-formed aggregates with disaggregating 

efficiency of 39.7 %, and 42.4 %, respectively (Figure 6.13).  Among the synthesized peptides, 

RVVPI was most efficient (62.4%) in disaggregating the pre-formed Aβ42 aggregates, 

consistent with the computational results. 

Furthermore, TEM was performed to study the fibrillary architecture of Aβ42 aggregates in the 

absence and presence of peptides (RIIGL, RVVPI, and RIAPA) [Figure 6.14 (a-e)]. Dense 

amyloid fibrils were seen in the TEM image of Aβ42 alone after 24 h of incubation (Figure 

6.14b) as compared to Aβ42 at 0 h (Figure 6.14a). Notably, a significant decrease in the amount 

and length of fibrils was seen when pre-formed Aβ42 fibrils were co-incubated with RVVPI 

(Figure 6.14d). The ThT and TEM studies highlighted the efficiency of RVVPI in the 

disassembly of pre-formed Aβ42 fibrils. 
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Figure 6.14: TEM images: a) Aβ42, 0 h; b) Aβ42, 24 h; c) Aβ42 aggregates+RIIGL, 24 h; d) Aβ42 

aggregates+RVVPI, 24 h; e) Aβ42 aggregates +RIAPA, 24 h. Scale bar: 200 nm, [Aβ42]= 10 

μM, [peptides]= 20 μM.   

 

 

Figure 6.15: ThT assay: self-aggregation tendency of the synthesized peptides at different 

concentrations in PBS buffer at pH= 7.4.  
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The observed better efficiency of RVVPI and RIAPA to disaggregate the pre-formed Aβ42 

aggregates as compared to RIIGL was attributed to the incorporation of proline in their 

sequences. The literature reports highlighted that the insertion of a proline in synthetic peptides 

leads to enhanced ability to impede fibril formation.61 Specifically, the unique structural 

properties of proline, including its ability to impose rigidity by constraining the backbone 

dihedral angle (ϕ), contribute to its effectiveness in disrupting β-sheet formation. Arginine has 

been widely employed as an aggregation suppressor in various previously published papers.62 

Furthermore, the distinct amino acid compositions of RIIGL, RVVPI, and RIAPA influence 

their hydrophobicity and interaction with Aβ42 aggregates. RVVPI displayed highest inhibitory 

activity against Aβ42 aggregation due to higher hydrophobic character that was consistent with 

its greater van der Waals interaction (‒32.63 ± 3.77 kcal/mol) contribution to the total binding 

free energy to Aβ42 protofibril as compared to RIAPA (‒29.47 ± 0.09 kcal/mol) noted in the 

computational studies (Table 6.8).   

Additionally, the self-aggregation propensity of the synthesized peptides (RIIGL, RVVPI, and 

RIAPA) was assessed by ThT and TEM assay. In this regard, RIIGL, RVVPI, and RIAPA were 

incubated at varying molar concentrations for 24 h at 37 °C, and ThT emission intensity was 

monitored at various time points (Figure 6.15). No enhancement in ThT emission intensity 

was observed even after incubating RIIGL, RVVPI, and RIAPA for 24 h, indicating that 

synthesized peptides do not exhibit self-aggregation in solution. The TEM images of RIIGL, 

RVVPI, and RIAPA peptides at t= 0 h and after 24 h incubation were procured [Figure 6.16(a-

f)]. The TEM images for all peptides after 24 h incubation showed no fibrillar structures, 

indicating that the peptides do not undergo aggregation. The results corroborate previous 

findings by Fülöp et al. which demonstrated that RIIGL does not self-aggregate even after 

incubation for 6 days.20 These results suggested that the synthesized peptides do not self-

aggregate in solution, which is much required for the success of these constructs as drug 

candidates. 
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Figure 6.16: TEM images, [peptides]= 40 μM at 37 °C for 24 h constant agitation a) RIIGL t= 

0 h; b) RIIGL t= 24 h; c) RVVPI t= 0 h; d) RVVPI, t= 24 h; e) RIAPA t= 0 h; f) RIAPA, t= 24 

h. Scale bar: 1 μm.  

 

6.4 Conclusion 

In this work, MD simulations, ThT, and TEM studies have been performed to examine the 

ability of newly designed pentapeptides (RVVPI and RIAPA) to disaggregate pre-formed Aβ42 

aggregates. RIIGL, RVVPI, and RIAPA binds favourably to Aβ42 protofibril with binding free 



Disassembly of pre-formed Aβ42 fibrils by pentapeptide                                        Chapter 6 

198 
 

energies of ‒95.77 ± 1.99, ‒104.05 ± 0.16, ‒99.49 ± 0.03 kcal/mol, respectively, with the major 

contribution from the electrostatic interactions. A remarkably high RMSD and RMSF in Aβ42 

protofibril was noted in the presence of RVVPI than other peptides depicting higher structural 

perturbation and distortion in the protofibril structure. RVVPI displayed a more pronounced 

effect on the protofibril destabilization by reducing the sampling of β-sheets, lowering 

interchain hydrogen bonds, and disrupting K28-A42 salt bridges. The ThT fluorescence results 

depicted that RVVPI exhibited the highest inhibitory activity (Inhibition= 66.2%, IC50= 5.57 ± 

0.83 µM) against Aβ42 aggregation and enhanced efficiency (62.4%) in the disassembly of pre-

formed Aβ42 fibrils, which corroborated well with computational findings. The observed better 

efficiency of RVVPI to disaggregate the pre-formed Aβ42 aggregates was due to the presence 

of proline and higher hydrophobic character. The study highlights a new peptide, RVVPI, 

derived from the C-terminal of Aβ42 as a promising inhibitor of Aβ42 aggregation and 

disassembly of the pre-formed Aβ42 fibrils, which, in turn, raises the tempting possibility that 

this sequence could prove to be a lead motif for designing effective antagonists of Aβ 

aggregation. Furthermore, the study illuminates the molecular mechanism by which RIIGL, 

RVVPI, and RIAPA destabilize Aβ42 protofibril, which will be beneficial for the design of 

therapeutic candidates against other disease-related protein assemblies.  
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Harrington, C.; Delalle, I.; Jovanov-Milošević, N.; Bažadona, D.; Buée, L.; De Silva, R.; 

Di Giovanni, G.; Wischik, C. Tau protein hyperphosphorylation and aggregation in 

Alzheimer’s disease and other tauopathies, and possible neuroprotective strategies. 

Biomolecules 2016, 6, 6; (c) Nisbet, R.M.; Polanco, J.C.; Ittner, L.M.; Götz, J. Tau 

aggregation and its interplay with amyloid–β. Acta. Neuropathol. 2015, 129, 207–220. 



Disassembly of pre-formed Aβ42 fibrils by pentapeptide                                        Chapter 6 

200 
 

 

7. (a) Hardy, J.; Selkoe, D. J. The amyloid hypothesis of Alzheimer’s disease: progress and 

problems on the road to therapeutics. Science 2002, 297, 353−356; (b) Haass, C.; Selkoe, 

D. J. Soluble protein oligomers in neurodegeneration: lessons from the Alzheimer’s 

amyloid β-peptide. Nat. Rev. Mol. Cell Biol. 2007, 8, 101−112; (c) Hamley, I.W. The 

amyloid beta peptide: a chemist’s perspective. Role in Alzheimer’s and fibrillization. 

Chem. Rev. 2012, 112, 5147–5192; (d) Mattson, M.P. Cellular actions of beta-amyloid 

precursor protein and its soluble and fibrillogenic derivatives. Physiol. Rev. 1997, 77, 

1081–1132. 
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a)  

 

b)  

 

HPLC chromatogram (panel a) and HRMS (panel b) of RIIGL. 
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a) 

 

b)  

 

HPLC chromatogram (panel a) and HRMS (panel b) of RVVPI. 
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b)  

 

HPLC chromatogram (panel a) and HRMS (panel b) of RIAPA. 
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The misfolding of proteins and their subsequent aggregation to amyloids are strongly correlated 

with several human amyloidoses like Alzheimer’s disease (AD), amyotrophic lateral sclerosis, 

type 2 diabetes (T2D), Parkinson’s disease, etc. One of the pathological hallmarks of T2D is 

the presence of fibrillar amyloid deposits and soluble oligomers formed by the aggregation of 

human islet amyloid polypeptide (hIAPP). The pathological hallmarks of AD comprise 

extracellular depositions of amyloid-β (Aβ) and the intracellular formation of thread-like 

neurofibrillary tangles composed of tau protein.  

Increasing evidence suggests that initially formed soluble oligomeric assemblies of hIAPP and 

Aβ are the main cytotoxic species in T2D and AD. The experimental characterization of the 

toxic oligomers is a significant challenge due to the heterogeneity and transient nature of the 

oligomeric assemblies. The rational design of inhibitors against oligomeric assemblies 

involved in protein aggregation-derived diseases will be greatly aided by the structural, 

dynamic, and mechanistic insights from computational studies. Despite extensive experimental 

research on protein aggregation-derived diseases, the starting point for the oligomeric 

assemblies and subsequent fibril formation has been not fully understood. In this regard, 

molecular dynamics (MD) simulation results in the present thesis will be beneficial to 

illuminate the molecular mechanism of amyloid aggregation and the inhibitory mechanism of 

peptide inhibitors against amyloid aggregation in T2D and AD.    

The thesis is organized in the following manner: the comprehensive overview of amyloids, 

mechanism of amyloid formation, hallmarks of T2D and AD, and recent literature related to 

peptide-based inhibitors hIAPP and Aβ42 aggregation, underlying causes of T2D and AD were 

reviewed in Chapter 1. Chapter 2 presented the details of computational approaches and 

biophysical methods used in the present thesis. The various MD analysis tools, solid phase 

peptide synthesis protocol, and description of biophysical assays used to evaluate the inhibitory 

activity of peptides against Aβ42 aggregation are described. 

Chapter 3 presented the molecular mechanism of the inhibition of hIAPP aggregation in the 

presence of ANFLVH using MD simulations. MD simulation analysis highlighted that 

ANFLVH prevented the conformational transition of hIAPP by stabilizing the native helical 

conformation. The binding free energy analysis by the molecular mechanics Poisson–

Boltzmann surface area (MM-PBSA) method highlighted favourable binding (∆Gbinding= –

49.90 ± 0.67 kcal/mol) of ANFLVH with hIAPP and depicted a significant contribution of the 
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van der Waals interaction term (∆EvdW= –46.33 ± 0.32 kcal/mol) in the stability of the hIAPP-

ANFLVH complex. The per-residue binding free energy highlighted that ANFLVH strongly 

interacted with His18 of hIAPP, which has been reported as a key residue in mediating the 

hIAPP self-assembly process (Figure 7.1).  

                                  

Figure 7.1: The binding free energy (kcal/mol) contribution of each residue of hIAPP in the 

hIAPP-ANFLVH complex is shown. 

The percentage population of the three most-populated microstates for hIAPP was 65.4%, 

13.6%, and 5.8% as compared to 76.8%, 9.4%, and 3.0%, respectively, in the hIAPP-ANFLVH 

complex. An increase in the percentage population of m1 of the hIAPP-ANFLVH complex was 

observed, which highlights higher conformational homogeneity of hIAPP in the presence of 

ANFLVH (Figure 7.2). The conformational clustering analysis of the conformational ensemble 

highlighted that ANFLVH significantly inhibited the formation of aggregation-prone β-sheet 

conformation by reducing β-sheet content and stabilizing the helical conformation in the hIAPP 

monomer. This work sheds light on the inhibitory mechanism of ANFLVH against hIAPP 

aggregation at the atomic level. 
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Figure 7.2: The representative conformations of the three most-populated microstates (m1, m2, 

and m3) of hIAPP and hIAPP-ANFLVH complex are shown in the cartoon representation. The 

percentage population of corresponding microstates is shown underneath the structure. 

Chapter 4 demonstrated a successful structure-based virtual screening approach to understand 

prospective interactions of peptide-based inhibitors with hIAPP protein throughout this 

chapter. The library of pentapeptides based on fragment HSSNN18-22 was designed and 

assessed for their efficacy in blocking hIAPP aggregation using an integrated computational 

screening approach. The top hit pentapeptides against hIAPP aggregation were shortlisted from 

the designed library using molecular docking-based virtual screening and binding free energy 

calculations. 

The binding free energy calculations identified HSSQN and HSSNQ as top hits that bind to 

hIAPP monomer with a binding affinity of –21.25 ± 4.90 and –19.73 ± 3.10 kcal/mol, 

respectively. The sampling of the non aggregation-prone helical conformation was notably 

increased from 23.5 ± 3.0 in hIAPP monomer to 38.1 ± 3.6, and 33.8 ± 3.0% on the 

incorporation of HSSQN, and HSSNQ, respectively, which indicate reduced aggregation 

propensity of hIAPP monomer. 

A remarkable increase in the helical content in the residues N3−L12 and V17−F23 of hIAPP 

monomer was observed on the incorporation of HSSQN (Figure 7.3). Upon HSSNQ binding, 

the propensity of residues C2−A8 of hIAPP monomer to sample coil conformation was 

significantly decreased and the probability of helical content was increased in the F15−F23 

region of hIAPP monomer (Figure 7.3). An overall increase in helical content in the 

amyloidogenic region A8−S20 was observed in the presence of HSSQN and HSSNQ. 
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Figure 7.3: Residue-wise helix and coil content in hIAPP alone and hIAPP-pentapeptide 

complexes. 

The most-populated cluster in hIAPP−HSSQN constituted 97.40% population and sampled 

helical conformations in the regions T6−L16, H18−S28, and N31−N35 of hIAPP monomer. 

The visual inspection depicts that hIAPP monomer sampled coiled conformation with short 

helix structures (Figure 7.4). Increased sampling of the helix conformation in the central 

member of the highest populated cluster of hIAPP-pentapeptide complexes was observed. 

The MD simulations highlighted that glutamine in HSSNQ and HSSQN contributed to strong 

binding with hIAPP monomer as compared to HSSNN and enhanced the sampling of the helix 

in hIAPP monomer, which depicts their tendency to block hIAPP aggregation. The 

computationally designed peptides, HSSQN and HSSNQ, emerged as new, simple, and 

efficient inhibitors of hIAPP aggregation and encourage further experimental validation. 
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Figure 7.4: Percentage population and the central member of the highest populated cluster in 

hIAPP monomer, hIAPP-HSSNN, hIAPP-HSSQN, and hIAPP-HSSNQ complexes. 

Chapter 5 highlights the potential to discover a new peptide-based drug that could perturb Aβ42 

aggregation. A library of 912 pentapeptides was designed based on the RIIGL sequence and 

these peptides were assessed for their efficacy in blocking Aβ42 aggregation using an integrated 

computational protocol (Figure 7.5). The top hit pentapeptides against Aβ42 aggregation were 

shortlisted from the designed library using molecular docking-based virtual screening and 

binding free energy calculations. 

Table 7.1: Secondary structure compositions of the simulated systems. 

ahelix is the sum of α−, π− and 310 helix ; bβ−sheet is the sum of β−strand and β–bridge  

The binding free energy calculations by MM-PBSA predicted RLAPV, RVVPI, and RIAPA as 

strong binders to Aβ42 monomer. The residue-wise binding free energy predicted hydrophobic 

contacts between Aβ42 monomer and top-hit pentapeptides, which resulted in the formation of 

a U-shaped structure with more accessibility of the hydrophilic residues to the solvent. On the 

incorporation of RVVPI in Aβ42 monomer, the side chain contacts between the mid-domain 

Secondary 

structure 

component 

Aβ42 

monomer 

Aβ42 

monomer– 

RIIGL 

Aβ42 

monomer– 

RLAPV 

Aβ42 

monomer– 

RVVPI 

Aβ42 

monomer– 

RIAPA 

helixa 42.2 ± 3.9 52.3 ± 2.4 38.7 ± 4.2 57.6 ± 4.4 56.8 ± 3.9 

β−sheetb 8.5 ± 2.8 4.6 ± 1.3 5.4 ± 1.8 0.0 ± 0.0 0.0 ± 0.0  

Coil 26.1 ± 3.4 18.1 ± 2.6 27.6 ± 2.8 24.5 ± 3.6 28.4 ± 2.9 

Bend 15.4 ± 4.1 16.3 ± 3.2 18.2 ± 4.3 9.8 ± 3.9 8.6 ± 3.3 

Turn 8.2 ± 2.5 8.9 ± 1.8 10.8 ± 2.1 8.4 ± 2.4 6.9 ± 1.4 
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(26-32) and C-terminal (34-42) regions were significantly reduced highlighting the lower 

aggregation propensity of Aβ42 monomer in the presence of RVVPI. 

 

Figure 7.5: Integrated computational screening protocol used to identify potential inhibitors of 

Aβ42 aggregation from the pentapeptide library based on reference peptide RIIGL. 

The helical content was increased from 42.2 ± 3.9 in Aβ42 monomer to 52.3 ± 2.4, 57.6 ± 4.4, 

and 56.8 ± 3.9% on the incorporation of RIIGL, RVVPI, and RIAPA, respectively, which 

indicate reduced aggregation propensity of Aβ42 monomer on the incorporation of 

pentapeptides (Table 7.1). In comparison to 8.5 ± 2.8% β–sheet content sampled in the Aβ42 

monomer, the β–sheet content decreased to 4.6 ± 1.3% in Aβ42 monomer–RIIGL and 5.4 ± 

1.8% in Aβ42 monomer–RLAPV, and interestingly, no β–sheet was sampled in Aβ42 monomer–

RVVPI and Aβ42 monomer–RIAPA complexes. 

In the Aβ42 monomer–RVVPI system, the maximum number of hydrophobic residues displayed 

lower SASA as compared to Aβ42 monomer, which indicates the significant inhibitory potential 

of RVVPI against Aβ42 aggregation (Figure 7.6a). Also, only one distant peak centered at 2.1 

nm was observed in Aβ42 monomer–RVVPI complex which depicts the disruption of salt bridge 

interaction on the incorporation of RVVPI (Figure 7.6b). 
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Figure 7.6: Residue-wise SASA (panel a) and the probability of D23-K28 salt bridge 

interaction (panel b) in the Aβ42 monomer with and without pentapeptides.                                     

The integrated computational methodology predicted RVVPI and RIAPA as new peptides with 

notably enhanced ability to block Aβ42 aggregation as compared to RIIGL. The MD simulations 

highlighted that the incorporation of proline and arginine in pentapeptides contributed to their 

strong binding with Aβ42 monomer and inhibition of the conformational conversion of Aβ42 

monomer to aggregation-prone structures.  

In chapter 6, the disruptive ability of pentapeptides (RIIGL, RVVPI, and RIAPA) on Aβ42 

protofibril was examined using MD simulations and in vitro studies. The residue-wise free 

binding energy analysis highlighted that charged residues influence Aβ42 protofibril-

pentapeptide interactions. Notably, RVVPI displays a more pronounced destabilization effect 

than other peptides due to higher conformational fluctuations, and disruption of K28-A42 salt 

bridges in Aβ42 protofibril. To corroborate the computational findings, the pentapeptides were 

synthesized and their inhibitory activity against Aβ42 aggregation and disaggregation of pre-

formed Aβ42 aggregates was evaluated using thioflavin T (ThT) and transmission electron 

microscopy (TEM) studies. Among the synthesized peptides, RVVPI exhibited the highest 

inhibitory activity (Inhibition= 66.2%, IC50= 5.57 ± 0.83 µM) against Aβ42 aggregation 

consistent with the computational results (Figure 7.7a). Remarkably, RVVPI displayed ~4.5 

fold lower IC50 value as compared to the Aβ42 C-terminal derived RIIGL. The results of ThT 

and TEM highlighted the enhanced efficiency of RVVPI (62.4%) in the disassembly of pre-

formed Aβ42 fibrils than other peptides (Figure 7.7b). Moreover, synthesized peptides do not 

self-assemble under experimental conditions, which is much required for their success as 

amyloid aggregation inhibitors. The combined in silico and in vitro studies in this work 
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identified a new pentapeptide, RVVPI, as an efficient modulator of Aβ42 aggregation and 

disassembly of pre-formed Aβ42 aggregates.  

 

Figure 7.7: a) Assessment of Aβ42 aggregation inhibition using ThT fluorescence assay at 

various stoichiometric ratios (1:0, 1:0.25, 1:0.5, 1:1, 1:2, 1:4, and 1:6) of Aβ42:peptides after a 

24-hour incubation at 37 °C with constant agitation, where [Aβ42]= 10 μM. b) The graph of 

kinetic ThT fluorescence assay with [Aβ42]= 10 μM and [peptides]= 20 μM. Each experiment 

was conducted in triplicate, and error bars indicate the standard deviation of the emission 

measurement.                                    

The observed better efficiency of RVVPI to disaggregate the pre-formed Aβ42 aggregates was 

due to the presence of proline and higher hydrophobic character. The study highlights a new 

peptide, RVVPI, as a potential inhibitor of Aβ42 aggregation and disassembly of the pre-formed 

Aβ42 fibrils. Furthermore, the study illuminates the molecular mechanism by which RIIGL, 

RVVPI, and RIAPA destabilize Aβ42 protofibril. 

Various neurodegenerative and non-neurodegenerative diseases have been linked to protein 

aggregation. Protein aggregation-derived diseases are still poorly understood and there are 

currently no effective therapies. Recent studies have shown that early-stage soluble oligomers 

are more toxic as compared to mature fibrils. Thus, strategies to halt or disrupt the generation 

of hIAPP and Aβ aggregates are effective therapeutic approaches against T2D and AD. Among 

various inhibitors, peptide-based inhibitors displayed good potential as anti-aggregation agents 

due to their low cytotoxicity, promising biocompatibility, high target affinity, and specificity.  

The present thesis work explored the binding modes and inhibitory mechanism of peptide 

inhibitors against hIAPP and Aβ42 aggregation. Additionally, the work reported in this thesis 

illuminates the molecular mechanism by which peptides (RIIGL, RVVPI, and RIAPA) 
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destabilize Aβ42 protofibril, which will be beneficial for the design of therapeutic candidates 

against other disease-related protein assemblies. The insights from MD simulations will 

increase our understanding of the key interactions of potent inhibitors with hIAPP and Aβ42 

peptides, which, in turn, will contribute to the design and development of more potent inhibitors 

against multifactorial T2D and AD.  

Furthermore, an integrated computational protocol was applied to identify top-hit peptides as 

potential inhibitors against hIAPP and Aβ42 aggregation. Notably, a new peptide, RVVPI, 

derived from the C-terminal of Aβ42 was identified as a promising inhibitor of Aβ42 aggregation 

and disassembly of the pre-formed Aβ42 fibrils using combined in silico and in vitro studies, 

which, in turn, raises the tempting possibility that this sequence could prove to be a lead motif 

for designing effective antagonists of Aβ aggregation. 
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