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PREFACE 

This PhD thesis is divided into five chapters. Chapter 1 introduces peptide and peptidomimetics 

with a brief introduction to cyclic dipeptides (CDPs) and their medicinal and biomaterial 

applications. Recent developments on multifunctional peptidomimetics-based therapeutic 

molecules to modulate Aβ toxicity and catalytic activity of Aβ-derived peptidomimetics are 

discussed, which provide rationale for the research work presented in the thesis. 

Chapter 2 presents de novo design, synthesis, and evaluation of a set of protease-resistant 

peptidomimetics derived from Aβ14-23 sequence of Aβ42 by incorporating CDP-based unnatural 

amino acid units at defined positions in modulating the amyloidogenic stress and adverse cellular 

stiffness. Our in vitro and in cellulo study identified AkdNMC with CDP units at the middle, N- and 

C-termini as a potent inhibitor to ameliorate cellular toxicity and maintain healthy cellular 

mechanics by combating amyloidogenic stress. 

Chapter 3 deals with molecular architectonics of Aβ14-23 peptidomimetics (AkdNMCPy) with 

suitably inserted CDP and pyrene units as molecular assembly modulator and reporter units, 

respectively, to generate distinct functional architectures. AkdNMCPy self-assemble into fibrils, 

which transform to nanosheets in the presence of CuII. Notably, the serial addition of CuII to 

AkdNMCPy generate micelle-like architectures that were subsequently transformed into nanosheets. 

While one-off addition of CuII resulted in the formation of nanosheets without forming any 

intermediate architectures. EPR study showed the micellar-like and nanosheet architectures 

stabilize CuII and CuI, respectively.  The micelle-like and nanosheet architectures were employed 

to perform CuII-catalyzed oxidative-hydrolysis tandem and CuI-catalyzed alkyne-azide 

cycloaddition reactions, respectively. 

In Chapter 4, we report a set of dihydrophthalazinedione (Phz) based on small molecules (Phz 1-

4) to modulate Aβ42 aggregation and in cellulo toxicity. Our study demonstrates that fluorine-

containing Phz 4 modulate Aβ42 aggregation by accelerating the process to form non-toxic 

aggregation species through hydrophobic and halogen interactions.  



	
 

viii	
 

Chapter 5 presents decapeptide with alternative tryptophan and lysine amino acids for targeting of 

i-motif structure corresponding to hypoxia-inducible factor-1 alpha (HIF1α) sequence over other 

DNA conformations. The discussion includes the mode of binding between the peptide and i-motif 

DNA. 

In summary, the proposed thesis provides an overview of peptide and peptidomimetics design, 

synthesis, and evaluation of their biological and catalytic activities. Modulation of Aβ aggregation-

induced cellular toxicity and adverse cellular mechanics by the de novo designed Aβ-

peptidomimetics with CDP units is discussed in the second chapter. The third chapter presents the 

distinct architectures of Aβ-peptidomimetics incorporated CDP and pyrene units, and their 

differential stabilization of copper oxidation states (CuII and CuI) with catalytic activity in tandem 

and alkyne-azide click reactions, respectively. The fourth chapter describes how fluorine 

substituted small molecules can alter amyloid aggregation pathways. Our efforts to understand the 

role of (tryptophan-lysine)5 decapeptide in binding and altering the i-motif DNA conformation is 

discussed in the fifth chapter. 
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Peptides influence many key physiological mechanisms and control vital functions in 

humans, such as immune defence, metabolism, reproduction, respiration, and pain 

sensitivity.1 Peptides exhibit good efficacy and tolerability profile, as well as favourable 

development stages, which includes the knowledge of a predictable metabolism, and low 

attrition rates. An increasing number of peptides are entering clinical trials and several of 

them are being approved as medications because of advancements in structure optimization, 

formulation, and manufacturing process.2 However, peptides suffer from several 

drawbacks such as i) poor proteolytic stability which results in the reduced half-life of in 

the gastrointestinal tract and serum, ii) relatively high molecular mass, lack of transport 

systems, poor absorption, and transport qualities often result in early excretion from the 

body, iii) the N–Cα and Cα–CO rotational bonds of amino acids provide intrinsic flexibility, 

resulting in poor selectivity and undesired side effects, and iv) interaction with antibody 

binding sites generates antigenicity and immunological response in a competent host in an 

unpredictably variable manner.3 Peptidomimetics were designed to improve metabolic 

stability, bioavailability, receptor affinity, and selectivity of peptides (Figure 1). The lead 

peptide structure is optimized by introducing functional alterations that solve the peptide 

inherent drawbacks while preserving the structural elements that are responsible for 

biological activity.4 

1.1 Peptides and their derivatives as therapeutic agents  

Peptides are good candidates for drug discovery because of their selective, effective, 

reasonably safe, and well-tolerated bioactivity. There are around 7000 natural peptides 

known to serve vital roles in human physiology.1,5 These peptides serve as hormones, 

growth factors, ion channel ligands, and anti-infectives, among others. Normally, peptides 
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can bind to specific cell surface receptors selectively causing intracellular effects. Thus, 

peptides have been considered to be effective starting point for the development of novel 

medicines. 

 

Figure 1. Peptidomimetic manipulations of native amino acids.  

Peptides have been studied in several fields of medicine and biotechnology for a few 

decades. Currently, we are witnessing an exponential expansion of peptide-related research 

due to commercial interest. More than 60 peptide-based medicines have been licensed by 

the US Food and Drug Administration (FDA), including LupronTM (Abbott Laboratories), 

a peptide-based therapy for the treatment of prostate cancer, and many others. In 2011, 

global sales of peptide medicines accounted for more than $2.3 billion.5 

1.2 Cyclic dipeptides (CDPs) 

CDPs are the simplest form of cyclic peptide scaffold, with a wide range of applications 

ranging from therapeutics to materials.6-7 CDPs are made up of a six-membered cyclo-

lactam ring with two amide linkages that are conformationally restricted. Unlike linear 
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dipeptides, structurally rigid CDPs have unique features such as multiple hydrogen bonding 

donors acceptors, hydrophobic and hydrophilic interactions.6-9 Several natural compounds 

containing CDP scaffold have been identified from natural sources, and their biological 

characteristics and biosynthesis have been documented.10,11 CDP derivatives exhibit a 

range of biological activities including antibacterial, antifungal, anticancer, 

neuroprotective, blood-brain barrier (BBB), and anti-inflammatory activity, among others 

(Figure 2).12-15 For instance, cyclo(His-Pro) is found in the human central nervous system 

(CNS) and exerts neuroprotective and anti-inflammatory function.15 The neuroprotective 

property of cyclo(His-Pro) derivatives have been documented, with a promise in 

Alzheimer's disease (AD) therapeutics.16,17 The CDP scaffold has been extensively 

investigated in the construction of structurally varied molecules with potential applications 

in biology and medicine.7 Currently, few CDP-based drug candidates are in the market, 

including Tadalafil (a PDE5 inhibitor), Retsina (an oxytocin inhibitor), and Bicyclomycin 

(an antibiotic). Clinical trials for phenylahistin and its analogs are underway, with 

plinabulin (NPI-2358) undergoing a phase-III trial for non-small cell lung cancer (NSCLC) 

and chemotherapy-induced neutropenia (CIN).18 

Self-assembling biomolecules like peptides, proteins, nucleic acids (RNA, DNA), 

phospholipids, and carbohydrates have been used by nature to create a wide range of 

biological functioning systems and materials. Similarly, synthetic organic and inorganic 

molecular building blocks have been used to build self-assembled systems and architectures 

for a variety of material and biological applications.19-23 Peptides and their derivatives are 

among the most promising organic molecular building blocks due to their inherent 

biological relevance with respect to normal physiological and pathological contexts.21-26,29 
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Figure 2. CDP serve as privileged scaffold to construct a wide range of structural and functionally 

useful molecules with variety of applications. X and Y are natural or unnatural amino acids (aa) of 

the same or different type in cyclo(Xaa-Yaa) (LMWG: low molecular weight gelator). The figure 

is reproduced with permission from ref 7. Copyright 2021 John Wiley and Sons. 

 

Peptides are attractive scaffolds for molecular assembly and related applications due to 

their biological relevance and versatility in attaining desired biophysical properties in self-

assembled architectures through the choice of amino acids.27,6 Engineering the molecular 

assembly of peptide building blocks to into various nano- and microstructures is a 

promising bottom-up strategy for the construction of functional architectures through the 

scheme of molecular architectonics (Figure 3). The unique molecular recognition property, 
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aqueous processability, thermal stability, biocompatibility, and customizable physical 

characteristics under mild conditions make peptide-based architectures an important class 

of molecular and material architectures for fundamental applications.25,26,29 

 

Figure 3. Potential uses of molecular and material architectures produced from the molecular 

assembly of CDPs. Reproduced by permission from ref 6. Copyright 2017 John Wiley and Sons. 

 

CDPs have four hydrogen bonding sites (two donor and two acceptors) from two amide 

bonds, whereas corresponding linear dipeptides with one amide bond have two hydrogen 

bonding sites (an acceptor and a donor). Other noncovalent interactions that are useful in 

driving molecular assembly, such as aromatic interactions, van der Waals forces, and 

electrostatic and ionic interactions can be introduced by changing the amino acid 

composition in CDP scaffold. Depending on the type of amino acid and the stereochemistry 
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at α-carbons, the CDP molecular platform promotes self-assembly by forming molecular 

1D chains or 2D layers.6, 22-23, 31-32 

1.3 Alzheimer’s disease (AD) 

Protein misfolding and aggregation-associated toxicity is linked to many neurological 

disorders, such as AD, Parkinson's' disease (PD), and Huntington’s disease (HD). The 

extracellular deposition of Aβ peptide as senile plaques and intracellular neurofibrillary 

tangles composed of abnormally hyperphosphorylated tau protein in the brain are the 

hallmarks of AD, which is the most common form of dementia.34-35 There is no fully 

approved treatment for AD that cures or slows the disease progression. 

1.3.1 Aβ peptides. Aβ peptides and its aggregation species are the key components 

involved in the progression of AD. The proteolytic enzymes β-secretase (β-site APP-

cleaving enzyme 1 - BACE 1, which is an integral membrane protease) and γ-secretase 

(membrane-bound enzyme) cleave amyloid precursor protein (APP) sequentially in the 

amyloidogenic pathway to produce Aβ. APP is cleaved first by β-secretase producing 

APPsβ and β-CTF (C-terminal fragment) followed by the action of γ-secretase on the 

transmembrane domain, resulting in the production of Aβ peptides and AICD (amyloid 

precursor protein intracellular domain).33-35 

1.3.2 Aβ nucleation process. Senile plaques in the AD brain are predominantly made up 

of insoluble cross β-sheet rich amyloid fibrils formed by the aggregation of Aβ peptide 

monomer (predominantly random coil) through oligomeric (dimers, trimers, heptamers, 

etc.) and proto-fibrillar intermediate states. The Aβ aggregation pathway to form insoluble 

fibrils is the outcome of rate-limiting monomer nucleation (lag phase) that allows for the 

rapid growth of soluble aggregation species (growth phase) by elongation or association 
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(Figure 4).36,37 Intermediates formed during the growth phase of soluble aggregates include 

oligomers, micelles, amyloid-derived diffusible ligands (ADDLs), βamy balls, 

amylospheroids (ASPDs), and protofibrils. The intermediate species are commonly 

classified as low molecular weight species and high molecular weight species.38-39 

 

Figure 4. The aggregation of Aβ monomer (a random coil structure) into cross β-sheet rich amyloid 

fibrils via numerous metastable oligomers is schematically depicted (small and large oligomers and 

protofibrils). 

 

1.3.3 Role of Aβ14-23 in fibril formation. In the amino acid sequence of Aβ1-42, the 

region from K16 to A21 (Aβ16-21) is known to be important for fibrillogenesis. The region 

from L17 to A21 called the "hydrophobic core," is essential for the fibrillization of full-

length Aβ peptides (Figure 5). Pentapeptide Aβ16-20 has been shown to bind full-length 

Aβ and preventing its assembly into amyloid fibrils.40 Interestingly, the pH-dependent 

aggregation, metal binding, and cytotoxic characteristics of Aβ14-23 and Aβ1-42 (the most 

toxic form of Aβ) are similar.41-42 
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1.4 Aβ aggregation-associated toxicity 

Aβ42 is the most aggregation among Aβ peptides to from toxic soluble and insoluble 

aggregation species in the brain. Earlier, it was thought that the formation of insoluble 

fibrils or plaques was the source of disease severity. However, studies have indicated that 

soluble 

 

Figure 5. The amino acid sequence of Aβ1-42 peptide. The residues 14-23 of Aβ (HQKLVFFAED) 

are essential for fibril formation. During aggregation, Aβ forms an anti-parallel β-sheet that results 

in ordered side-chain stacking of F19 and I32, L34, and V36. 

 

aggregation species of Aβ protein may have a more direct effect on the neurodegeneration 

compared to insoluble fibrils. In vitro studies have shown that Aβ42 soluble aggregation 

species cause cellular malfunction and toxicity in cultivated cells. In AD brain, excess Aβ42 

is produced and predominantly accumulates as amyloid plaques. In comparison to the other 

Aβ peptides, Aβ42 shows severe neurotoxicity and has faster aggregation kinetics.43 The 

detailed of AD progression and its toxicity mechanisms are poorly understood.44 A number 

of studies suggested that Aβ is central to multifaceted amyloid toxicity observed in AD. 

This has naturally piqued people's interest in learning more about the A toxicity and ways 
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to ameliorate it. Two important types of Aβ-associated toxicities are explored in the 

following sections. 

1.4.1 Oxidative stress. The accumulation of Aβ aggregation species in combination with 

redox-active metal (Cu, Fe and Zn) ions is thought to cause oxidative damage and 

inflammation.45 Accumulation of redox-active Cu ions in amyloid plaques has been 

observed. The Cu-Aβ complexes catalyse the generation of reactive oxygen species (ROS). 

Aβ can reduce CuII to CuI or FeIII to FeII, and these reduced metal ions react with O2 to form 

a superoxide anion, which then take 2H+ ions to form hydrogen peroxide (H2O2). Through 

the Fenton-type reaction, H2O2 reacts with another reduced metal ion to form the deadly 

hydroxyl (HO•) radicals. These radical species are thought to play a role in lipid and protein 

peroxidation, which eventually leads to neuronal death. Methionine (M35), whose sulfide 

group may easily oxidize and contribute electrons, is thought to mediate a metal reduction 

in the Fenton cycle, though recent investigations show that M35 deficiency does not prevent 

Aβ toxicity.46,47 Threonine (T10) intermolecular cross-linking is also known to be induced 

by Aβ, which promotes the development of hazardous oligomeric species.48 Aβ metal-

binding domain exists in the N-terminal region of Aβ, and amino acid residues aspartic acid 

(D1), Histidine (H6), H13, and H14 are thought to be important in metal chelation. CuII 

coordinates with D1, H6, H13, and H14, whereas CuI coordinates with H13 and H14. 

During electron transfer (redox reaction), a large structural rearrangement occurs in the Cu 

coordination, revealing the presence of an intermediate state implicated in ROS formation. 

Collin et al. recently used mass spectroscopy to demonstrate the existence of an 

intermediate transition state in which Cu coordinates with alanine (A1), H13, and H14 

residues, whereas H6 must break its connection with CuII to trigger the redox process. Such 
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rearrangement occurring in the Cu-binding site during the redox cycle to generate ROS has 

been corroborated by 13C and 15N NMR investigations.49 In the lag phase of fibril formation, 

metal-binding lengthens or stabilizes the oligomeric state. CuII reacts with Aβ to generate 

poisonous oligomeric species, whereas ZnII reacts with Aβ to form amorphous non-fibrillar 

aggregates that are less hazardous. The effect of ZnII on the Aβ-Cu complex on ROS 

generation is very minimal. Although matured Aβ fibrillar aggregates are less hazardous, 

CuII-induced Aβ fibrillar aggregates retain their redox activity and generate HO• from 

H2O2.
50-51 

1.4.2 Membrane interaction. Aβ aggregation species interact with the cellular membrane 

and form pores, which cause an influx of excess flow of ions into and out of neuronal cells. 

These pores allow excess CaII to enter the cell, causing cellular damage and neuronal 

death.52, 53 The mechanism of pore formation by Aβ oligomer in the cell membrane is 

similar to that of how the antibacterial peptides kill bacteria by causing pore formation in 

the bacterial membrane.54 

1.5 Current therapeutic strategies of AD 

Despite massive efforts and advancements towards the development of diagnosis and 

treatment options for AD, there are no reliable diagnosis and cure available. The present 

medications are only good for treating anxiety, sleeplessness, or depression in patients. 

Some of the strategies followed to develop drug candidates for AD are the following: 

(a) Stopping amyloid-β production: Inhibiting β and γ secretases to reduces the production 

of Aβ from APP. For instance, Myriad Genetics drug ‘FlurizanTM’ has been developed as a 

γ secretase inhibitor that lowers levels of Aβ42.55-56 
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(b) Modulate Aβ aggregation: Inhibition of Aβ fibrillization or dissolution of preformed 

fibrils by peptide-based molecules is one of the therapeutic approaches (1.5.1 section). 

(c) Facilitating excretion of the Aβ peptide: Another treatment option for AD is an 

antibody-based approach.  Antibodies have also been shown to dissolve Aβ aggregates in 

vitro and in vivo conditions. Holtzman et al. reported that antibodies present outside the 

blood brain barrier (BBB) may help in the removal of soluble peptides such as Aβ from the 

CNS (Central Nerve System).57 

1.5.1 Peptides/peptidomimetics inhibitors of Aβ aggregation. Inhibition of Aβ 

fibrillization or dissolution of preformed fibrils by peptide-based molecules is considered 

a potential therapeutic strategy. The hydrophobic core residues in Aβ42 from 11 to 25 are 

critical for fibril formation, and the short peptide sequences from this region have Aβ 

polypeptide recognition ability (Figure 5, 6). For the past two decades, KLVFF (recognition 

motif) has been the basis for designing most of the peptide-based modulators of Aβ 

aggregation. KLVFF (1) or LVFFA (2) are pentapeptide sequences that can recognize Aβ 

polypeptides and were employed as recognition units in the development of Aβ 

fibrillization inhibitors.58 Xu et al. introduced the H102 (HKQLPFFEED, 3) recognition 

unit-based peptide, which prevents Aβ aggregation, decreases expression of p-tau, 

inflammatory, and apoptotic factors. However, the peptide was rapidly metabolized by 

proteolytic enzymes. As a result, chemical modifications are necessary to improve its 

proteolytic stability.59 The major drawback of peptide-based modulators is their low 

bioavailability and protease stability. Several modification strategies have been reported in 

the literature to improve bioavailability, protease stability, and therapeutic value of 

peptides, including incorporating unnatural amino acids (peptidomimetics), functionalizing 
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the N- or C-terminus with various organic moieties, and cyclization of modified peptides 

(Figure 1). Ongeri et al. reported the effect of sugar-based peptidomimetic on Aβ42 

oligomerization and fibrillization by using the capillary electrophoresis technique.60 

Peptidomimetics 4 was found to delay both the early oligomerization and fibrillization of 

Aβ42 through hydrophobic, hydrogen bonds, and ionic interactions.61 Our group has 

developed recognition unit-based peptidomimetic inhibitors that targeted hydrogen 

bonding and other noncovalent interactions that are required for Aβ to undergo aggregation. 

The peptidomimetics of KLVFFA with sarcosine (N-methylglycine) at alternative positions 

showed both inhibitory and dissolving ability towards Aβ aggregates. P4 and P5 were 

examined in a Saccharomyces cerevisiae Aβ42 model, and they were found to protect yeast 

cells against Aβ42 toxicity by dissolving the amyloid aggregates and facilitating their 

clearance through the autophagy mechanism.62 A multifunctional peptidomimetic inhibitor 

(P6) of Aβ based on the naturally occurring Cu-chelating tripeptide GHK and a hybrid 

peptoid-based inhibitor (P5) was designed by our research group to tackle multifaceted Aβ 

toxicity. P6 effectively prevented the formation of Aβ polymorphic species (oligomers and 

fibrils). Further, P6 sequestrated CuII from the Aβ42-CuII complex and kept it in a redox-

dormant state, similar to GHK. Thus, P6 reduced ROS production, oxidative stress, and 

biomolecules damage to alleviate multifaceted A toxicity.63, 64 Rahimipour et al. reported 

an anti-amyloidogenic cyclic D, L-peptide architecture. The cyclic peptides (5) can 

suppress the formation of Aβ aggregates and disassemble pre-formed Aβ fibrils.65 The 

ability of 5 to bind toxic amyloidogenic oligomers and coverts them to more benign species 

is thought to be the mechanism of inhibition. 
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1.5.2 Small molecule-based modulators. 

A number of small molecules have been reported to modulate Aβ aggregation. The majority 

of small molecules inhibit Aβ fibrillogenesis by interfering with Aβ aggregation-inducing 

hydrophobic interactions (Figure 7). Curcumin (8), resveratrol (9), and epigallocatechin-3-

gallate (10) (EGCG) are natural compounds that reduce Aβ plaques and act as 

antioxidants.66 Li et al. reported (E)-5-(4-hydroxystyryl) quinoline-8-ol (11) based multiple 

target ligand strategy, which is a combination of clioquinol (a well-known inhibitor for both 

normal and Cu-induced Aβ fibrillar aggregation) and resveratrol.67 Compared to its 

constituents (clioquinol and resveratrol), inhibitor 11 showed greater inhibition and 

dissolution efficacy for Cu-induced Aβ42 aggregates, and exhibit antioxidant property, and 

BBB permeability. 

Brazilin (12) is a natural product derived from Caesalpinia sappan. Brazilin suppressed 

Aβ42 aggregation and to prevented Aβ aggregates from serving as secondary nucleation 

centers for further fibrillogenesis. The molecular docking studies revealed that Brazilin 

attaches to Aβ42 via hydrophobic contacts and interferes with the intermolecular salt bridge 

of D23-K28 via hydrogen bonding, resulting in the formation of non-toxic aggregates.68 

Our group developed hybrid multifunctional modulators (HMMs) by integrating the metal 

chelation and antioxidant characteristics of Clq (clioquinol) and EGCG, respectively, to 

effectively target the multifaceted Aβ toxicity.69 The lead HMM, TGR 86 was found to 

exhibit good cell viability and inhibited metal-independent and dependent Aβ aggregation, 

and protein damage induced by ROS. Recently, we have reported a berberine-derived (Ber- 

D) molecule that has shown efficient Cu chelation and redox cycle arresting properties. 

Ber-D prevents the formation of ROS and protect biomacromolecules from oxidative 
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damage. In silico simulations confirmed experimentally observed modulation of metal-

dependent and independent Aβ aggregation by that Ber-D. Ber-D treatment prevented 

mitochondrial dysfunction and apoptosis of the neuronal cell.70 In an interesting design, we 

developed a naphthalene monoamide (TGR 63) as a potent modulator of Aβ aggregation 

species (oligomers and fibrils) by disrupting non-covalent interactions such as 

intermolecular hydrogen bonding and salt bridges among the Aβ peptides.  

 

 

Figure 6. Peptide and peptidomimetics-based modulators of Aβ aggregation. 
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TGR 63 treatments showed a significant reduction of amyloid burden (cortical and 

hippocampal) in the progressive stages of APP/PS1 AD mice brain, which resulted in 

significant improvements in cognitive ability as revealed by behavioral studies.71 Orcein, a 

natural product 13, is reported to enhance the formation of Aβ42 fibrillar aggregates from 

 

Figure 7. Small molecule-based modulators of Aβ aggregation. 

 

highly toxic Aβ42 oligomeric species. Orcein has been found to bind parallel to the long 

axis of Aβ42 aggregates, indicating that it is targeting the hydrophobic portion of spherical 

oligomeric Aβ42 species. It nucleated the production of less hazardous higher-order Aβ42 

fibrillar aggregates.72 Dobson and co-workers reported an aminosterol (trodusquemine, 14) 

that ramps up aggregation by facilitating monomer-dependent secondary nucleation, but it 

also minimizes the toxicity of the produced oligomers to neuroblastoma cells by preventing 

them from attaching to cell membranes.73 
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1.6 Molecular architectonics 

The essence of molecular architectonics is the custom design and engineering of molecular 

assemblies using non-covalent forces to construct molecular and nano architectures with 

novel properties and functionalities.27-29 The art of mastering pre-programmed molecular 

organization is a challenge due to many complex factors at the molecular level. 

Biomolecules with built-in information for molecular recognition can serve as auxiliaries 

to guide the assembly of custom designed molecular building blocks to produce nano, 

micro, and macro-architectures with functional properties and applications, which is the 

essence of molecular architectonics (Figure 8). Amino acids and peptides are sought-after 

auxiliaries in the scheme of molecular architectonics for guiding the directed molecular 

self-assembly and co-assembly to construct of functional molecular and material 

architectures. 74-76 

1.7 Catalytic peptide 

Proteins with characteristic three-dimensional structures and catalytic abilities serve as 

enzymes. These enzymes typically are gigantic protein (>10,000 Da), which is possibly 

required to adapt a stable 3D catalytic architecture. The shorter peptides can adapt well-

defined conformations through molecular assembly, viz., forming amyloid fibrils (Figure 

9). Several peptide ensembles have been designed to exhibit catalytic activity with 

efficiency comparable to enzymes, as demonstrated in model reactions. 

Escuder et al. reported a proline-based self-assembled catalytic peptide system which is 

capable of percolating water in the pH range of 6 to 8, and the reaction exhibited Michaelis–
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Menten type kinetics.  The replacement of imidazole with proline in Pro-Val (15) resulted 

in modest hydrolytic activity towards p-NPA and non-activated aminoacyl esters (16) 

(Figure 10).77 Qi and co-workers reported a comparable supramolecular co-assembled 

peptide artificial hydrolase by combining catalytic triads (Fmoc-FFH, Fmoc-FFS, and 

Fmoc-FFD) with Fmoc-FF. A new molecular imprinting approach was also used to 

improve the hydrolysis activity and selectivity. The catalytic triad residues were pre-

organized into appropriate orientation 

 

Figure 8. Design of functional molecular and material architectures and their biomaterial 

applications through the scheme of molecular architectonics. Functional molecular building blocks 

or modules are designed by combining a functional core with assembly-directing auxiliary units, 

which is then subjected to molecular assembly to produce defined molecular and material 

architectures with diverse functional properties and applications in the inter-related domains of 

health, energy, and environment. Reproduced by permission from ref 27. Copyright 2021 John 

Wiley and Sons. 

 

using the p-NPA as a molecular template, which was then fixed by supramolecular 

nanostructure formation. The removing of the template increased the exposure of the 
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catalytic triad residues at the catalytic centre, boosting the artificial co-assembled enzyme's 

efficiency (7.86 times higher than non-imprinted co-assembled triads and 13.48 times 

higher than self-assembled Fmoc-FFH, 16), as well as its selectivity for the imprinted 

substrate (p-NPA).78 Our group reported a gluconamide amphiphile design with a 

hydrophilic-hydrophobic balance and amide as a metal ion coordination centre which 

enhanced the catalytic activity of PbII in glucose hydrolysis.79 

 

Figure 9. Hydrolysis of para-nitrophenyl acetate (p-NPA) to para-nitrophenol (p-NP) by metal 

(copper)-peptide assembly architecture.26 

 

The assembly architecture and dispersed state of the gluconamide-PbII complexes exhibit 

distinct kinetics towards glucose hydrolysis. Under ambient conditions, the metal 

gluconamide (PbII-NC) self-assembles to form an efficient secondary coordination sphere, 

which displayed improved catalytic activity for alkaline glucose hydrolysis. The catalytic 

activity of functional amphiphile ligands and derived architectures was found to differ 

depending on the type of hydrophobic moiety (aromatic/alkyl). 

Gazit and co-workers reported a cyclo-dipeptidyl supramolecular nano-superstructure to 

mimic the active site of CAII (carbonic anhydrase II). The self-assembly of cyclo-HH (22) 

was modulated using zinc ions to form zero-dimensional, homogenous nanostructures that 
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can be subsequently employed as basic units to form a higher-order nanoarchitecture. The 

nano-superstructure has a large number of catalytic active sites and accessible to reactant 

through diffusion. As a result, effective hydrolytic activity of 93.21 M-1s-1 (kcat/Kα, 

calculated catalytic efficiency, where kcat is the turnover number and Kα is adsorption 

equilibrium constant) was achieved.80 The copper-binding amyloids of peptide 19 has been 

reported to accelerate phosphoester hydrolysis of paraoxon, a widely used and highly  

 

Figure 10. Structure of catalytic peptide and peptidomimetics. 

 

toxic organophosphate insecticide.81 These findings have implications for the development 

of self-assembled nanoarchitectures of peptide incorporated with biological and non-

biological metal ions, as catalysts. 

1.8 Small molecule and peptide binders of i-motif DNA 

In addition to the well-known double-helical structure, DNA can adopt a variety of non-

canonical structural conformations. G-quadruplexes (G4s) and i-motif (C4s) have emerged 

as the common non-canonical DNA structures. The i-motifs are four-stranded DNA 

structures formed by the hemi-protonated and intercalated cytosine base pairs (C:C+).82-83 
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All elements of preserving and accessing genetic information rely on interactions between 

proteins and nucleic acids (DNA and RNA). The majority of nucleic acid-binding proteins 

have at least one DNA or RNA-binding domain, which interacts with amino acids in a 

specific or generic manner. Waller and Shchekotikhin et al. reported heliomycin derivative 

7-deoxy-7-(2-aminoalkyl) amino-10-O-methylheliomycin (20), which displays a 

promising affinity and selectivity toward i-motif-forming DNA sequences over duplex and 

G4, implying that heliomycin derivatives could be used to target i-motif DNA structures 

(Figure 11).84 A peptidomimetics 21 has been reported to bind BCL-2-C i-motif 

preferentially over G4 DNA.85 Cellular studies have revealed that 21 upregulates BCL-2 

gene expression. Chatterjee et al. reported peptide candidate 22, which preferentially 

stabilize the 5-propeller loop of c-MYC G4 through arginine-driven electrostatic 

interactions with the sugar-phosphate backbone.86 

 

Figure 11. The i-motif binding small molecule (20 and 21) and c-MYC quadruplex binding peptide 

(22). 
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1.9 Objective 

The thesis begins with a brief overview of peptides and peptidomimetics, followed by a 

discussion on cyclic dipeptides (CDPs) and their medicinal and biomaterial applications 

(Chapter 1). Development of small molecule and peptidomimetics-based therapeutic 

candidates to modulate Aβ toxicity, catalytic activity of Aβ-derived peptidomimetics, and 

i-motif binding peptides are presented in chapters 2-5 (Figure 12). 

 

Figure 12. Thesis outline 
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Aberrant aggregation of Aβ peptides and their extracellular deposition in the human brain are the 

major hallmarks of AD.1-3 The compelling evidence suggests that the accumulation of amyloid 

aggregation species in the brain tissues induces significant stress on neurons through cell 

membrane interaction.4-7 This causes redox imbalance and reorganization of the cytoskeletal 

system of neuronal cells.4 Aβ aggregation species elicit endoplasmic reticulum (ER) stress and 

oxidative stress through the production of excessive reactive oxygen species (ROS).6,7 Although 

there are cellular pathways to reverse the stress, the adverse outcome of this pathogenic situation 

is cell apoptosis. Under the amyloid-induced stress conditions, the cells become rough and rigid 

due to the polymerization and stiffening of cytosolic actin filaments leading to the formation of 

stress fibres.8-11 Atomic force microscopy (AFM)-based advanced imaging technique is one of the 

best methods to assess such amyloid-induced physio-mechanical changes of the cells.12-15 

PeakForce Quantitative NanoMechanics-AFM (PF QNM-AFM) offers high-resolution imaging of 

cells with real-time spatial resolution mapping of nanoindentation parameters Derjaguin-Muller-

Toporov (DMT) modulus (measure of stiffness).16,17 In this study, special emphasis is given to 

understand the neuronal cells under amyloid-induced cellular stress conditions and their rescue by 

de novo designed peptidomimetics inhibitors employing confocal and PF QNM-AFM techniques. 

Natural peptide-based amyloid inhibitors offer numerous advantages over the small molecule 

inhibitors18-21 owing to their biological origin, biocompatibility, target-specific binding, sequence 

variability, and ease of synthesis.22-29 Short peptides with 16KLVFF20 derived from Aβ42 have 

been shown to inhibit Aβ aggregation.30-33 The propensity of natural peptides for proteolytic 

cleavage and self-aggregation lead to the development of peptidomimetics-based inhibitors such 

as peptoids and cyclic peptides.34-37 
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We hypothesized that the incorporation of rigid, proteolytically stable CDP units into Aβ14-23 at 

defined positions would overcome the limitations of linear peptides, and cytotoxicity and 

flexibility issues often associated with large cyclic peptides based amyloid modulators.  

 

Figure 1. Structures of Aβ14-23 (I) derived from Aβ42 (PDB: 1Z0Q) and CDP (kd) inserted 

peptidomimetics (II-V). 

The exceptional intermolecular hydrogen bonding ability and biological activities of CDPs are 

anticipated to control Aβ aggregation and associated stress-induced cellular mechanical changes 

through the interactions with Aβ monomers or aggregation species.38-40 
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2.1 Design strategy of peptidomimetics 

We designed and synthesized a set of Aβ14-23 (I) peptidomimetics by incorporating cyclo (Lys-

Asp)-based CDP-unnatural amino acid (kd) at middle (AkdM, II), C-terminal (AkdC, III), N-

terminal (AkdN, IV), and at all three positions (AkdNMC, V) (Figure 1, detailed characterizations in 

Table 3 and 4). The resemblance between Aβ14-23 (I) and Aβ42 (the most toxic form of Aβ) in 

their pH-dependent aggregation, metal binding, and cytotoxic properties32, 41-43 prompted us to 

investigate the aggregation behavior of I in the presence of II-V in pH 2.0 (glycine-HCl buffer, 10 

mM) and pH 7.4 (PBS: phosphate buffer saline, 10 mM) conditions. First, we sought to identify a 

competitive in vitro inhibitor of Aβ14-23 aggregation from II-V. Thereafter, we envisioned to 

evaluate the efficiency of the lead inhibitor to ameliorate cellular toxicity and adverse cell 

mechanics caused by Aβ42 amyloid-induced cellular stress. 

2.2 Results and discussion 

 
2.2.1 Thioflavin T assay 

A time-dependent thioflavin T (ThT) fluorescence assay was performed to assess the aggregation 

kinetics of Aβ14-23 and determine the aggregation rate constant (κ) and lag time (TLag) upon 

treatment with II-V for 20 days at two pH conditions (Figure 2a-c). The aggregation of Aβ14-23 

was plateaued after 6 and 15 days under pH 2.0 and 7.4 conditions, respectively. Aβ14-23 showed 

faster aggregation with κ = 1.1 day-1 at pH 2.0 as compared to pH 7.4 (κ = 0.5 day-1). The co-

incubation with II-V distinctly influenced the Aβ14-23 aggregation propensity. Aβ14-23 treatment 

with V resulted in the longest TLag (199.2 and 316.8 h for pH 2.0 and 7.4, respectively) with low κ 

values (~0.4 day-1). This data suggests effective interaction of V with Aβ14-23 at lag phase and 

stabilization of monomeric state. The TLag values for II (100.8 and 216.0 h in pH 2.0 and 7.4, 
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respectively) and III (120.0 and 124.8 h in pH 2.0 and 7.4, respectively) treated Aβ14-23 samples 

suggest monomer stabilization albeit to a lesser extent as compared to V.  

 

Figure 2. Aβ14-23 (I) aggregation in the absence and presence of the II, III, IV and V at pH 2.0 (left panel) 

and 7.4 (right panel) for 20 days. (a,b) Time-dependent ThT fluorescence (λem= 482 nm) assay data, I 

Aggregation parameters, κ and TLag, (d,e) CD spectra, and (f, g) Deconvoluted FTIR spectra (amide I region: 

1600-1700 cm-1, solid line) at pH 2.0 and 7.4, respectively. Dotted-line: α-helix, dotted-dashed line: 

random coil and dashed-line: β-sheet. 
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Relatively better inhibitory efficiency was observed for II compared to III. While, IV was found 

to enhance the aggregation rate of Aβ14-23 by shortening TLag (60.1 and 54.2 h in pH 2.0 and 7.4, 

respectively). The higher κ for IV-treated Aβ14-23 is attributed to rapid aggregation of monomers 

into growth-directing critical nuclei at the lag phase. 

 

Figure 3. FTIR spectra of pre-incubated I (25 μM) in the absence and presence of peptidomimetics II-IV 

(25 μM) at pH 2.0 and 7.4. (Dotted line: α-helix, dotted-dashed line: Random coil; dashed line: β-Sheet). 

The kinetic analysis thus inferred that II, III, and V inhibited Aβ14-23 aggregation under both 

acidic and physiological conditions. The position of kd in peptidomimetics plays a crucial role in 

the modulation of Aβ14-23 aggregation. Peptidomimetics with single kd at middle (II) or C-
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terminal (III) and three kd units at middle, N- and C-termini (V) are effective modulators of Aβ14-

23 aggregation with overall inhibitory efficiency in the order of V ˃ II ˃ III. In contrast, IV with 

kd at the N-terminal exhibited propensity for enhancing the amyloid aggregation. 

2.2.2 CD measurements 

Aβ undergoes aggregation through conformational changes from random coil to α-helix to β-

sheet.41 We performed circular dichroism (CD) and Fourier transform infrared (FTIR) studies to 

understand the effect of II-V on Aβ14-23 aggregation-induced secondary conformations. The 

negative ellipticity around 218-220 nm (~-4-4.2 mdeg) in the CD spectra of Aβ14-23 at both pH 

conditions confirmed its aggregation through β-sheet structure (Figure 2d, e). Upon incubation 

with II, III and V at pH 2.0, the CD band at 218 nm (-4.2 mdeg) was shifted to 200 nm (-3.4, -3.6, 

and -4.5 mdeg) suggesting stabilization of Aβ14-23 monomers with random coil conformation 

(Figure 2d). The random coil and β-sheet features observed upon treatment with III indicated its 

moderate effect in stabilizing Aβ14-23 monomers. Further, the negative bands around 200 and 210 

nm (around -4 and -3 mdeg, respectively) at pH 7.4 suggested the monomer stabilization of Aβ14-

23 through random coil and α-helix conformations, respectively, in the presence of II, III and V 

(Figure 2e). While, the CD spectra of IV-treated Aβ14-23 showed broad negative bands around 

216-218 nm (-3.9 mdeg), which confirmed β-sheet-driven aggregation at both pH conditions. The 

weak positive CD signal (~0.8 mdeg) observed for I at pH 2.0 is possibly attributed to the twisted 

nature of aggregates as revealed by the transmission electron microscopy (TEM) study (Figure 

5).44  

2.2.3 IR study and AFM study  

The amide I region (1600-1700 cm-1) of FTIR spectra confirmed the aggregation propensity of 

Aβ14-23 with characteristic features of parallel (1620 cm-1) and antiparallel (1620 and 1680 cm-1) 
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β-sheet conformations at pH 2.0 and 7.4, respectively (Figure 2f, g).45 Aβ14-23 samples incubated 

with II-IV showed significant β-sheet characteristics at both pH (Figure 3). Under similar 

conditions, treatment with V induced either random coil (1640 and 1670 cm-1) or α-helix (1660 

cm-1) features confirming its potential to stabilize Aβ14-23 monomers. 1H NMR study has 

validated the stabilization of monomeric state of I by V (Figure 6). 

 

Figure 4. AFM images of pre-incubated Aβ14-23 (I) in the absence and presence of II-V. 

AFM data showed the formation of topographically and morphologically distinct aggregates by 

Aβ14-23 at two pH (2.0 and 7.4) conditions (Figure 4). The short fibril-like compact aggregates  

 

Figure 5. TEM images of pre-incubated I in the absence and presence of II-V at pH 2.0 and 7.4. 
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(average height ~3-5 nm) and typical oligomer-associated elongated fibrils (average height ~1-2 

nm) were observed at pH 2.0 and 7.4, respectively. The TEM images also observed that Aβ14-23 

formed short, twisted fibrils at pH 2.0 and elongated fibrils with oligomers at pH 7.4 (Figure 5). 

The formation of short fibril-like aggregates at lower pH is anticipated to follow the non-

cooperative elongation mechanism.46 

 

Figure 6. (a) 1H NMR spectrum of Aβ14-23 (I) at room temperature show a broad range of chemical shifts 

confirming its native monomer conformation. (b) The spectral features of fibrillar Aβ14-23 show the 

disappearance of most of the amide and aromatic (Phe 19, 20) proton signals, which suggest the fibril 

formation. (c) 1H NMR spectrum of solution containing an equimolar ratio of AkdNMC (V) and I, which 

show well-distributed protons with a broad range of chemical shifts comparable to that of control sample 

(monomer) of I (a). The observed proton signals of I similar to monomer conformation in the presence of 

V confirmed the stabilization of monomeric state of Aβ14-23 (I) by V. 
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The inhibition of Aβ14-23 aggregation by II, III, and V was confirmed by both AFM and TEM 

studies with inhibition efficacy in the order of V ˃ II ˃ III (Figure 4, Figure 5). The abundant 

fibrillar aggregates of IV-treated Aβ14-23 sample (I+IV) reiterated the fibrillation promoting 

nature of IV. 

 

Figure 7. Aβ42 aggregation in the presence and absence of AkdNMC (V) in phosphate buffer saline (PBS) 

conditions (pH 7.4) at 37 °C over a period of 2 days. (a) Time-dependent ThT fluorescence assay data (λem 

= 482 nm) showed inhibition of Aβ42 aggregation in the presence of V. (b) CD spectra of Aβ42 in the 

absence and presence of V show Aβ42 aggregation with β-sheet conformation in the absence of V after 48 

h incubation, while inhibitor V induced stabilization of Aβ42 through α-helical (content) conformation. 

(c,d) AFM and TEM images of pre-incubated Aβ42 and Aβ42+V in PBS (pH 7.4) that confirmed the 

inhibition of Aβ aggregation by V. 

2.3 Cytotoxicity assay 

 Next, we assessed cytotoxicity of II-V in cultured neuronal cells (SH-SY5Y). The treatment of 

cells with II-V (10 μM) for 24 h showed cell viability of ~93, 99, 99, and 99%, respectively, 

compared to PBS (10 mM, pH 7.4) treated control (100%) (Figure 8a, b). This result suggests the 

excellent viability and biocompatibility of II-V to neuronal cells. To evaluate the efficacy of the 

peptidomimetics to rescue the cells from Aβ14-23-aggregation induced cytotoxicity, the cells were 

treated with Aβ14-23 (10 μM) in the absence and presence of II-V at 1:1 stoichiometric ratio. As 
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expected, Aβ14-23 treatment showed reduced cell viability of ~66%, which confirmed its 

neurotoxic nature. The cells treated with Aβ14-23 in the presence of II-V showed ~90, 83, 69 and 

97% cell viability, respectively, which corresponds to ~24, 17, 3, and 31% improved viability over 

Aβ14-23 treated cells (Figure 8c). From these results, we identified II and V as the potential 

inhibitors of Aβ14-23-induced in cellulo toxicity.  

 

Figure 8. Cytotoxicity of peptidomimetics and their neuronal rescue ability from amyloid-induced cellular 

stress. (a) The cell viability of the SH-SY5Y after treating (24 h) with PBS buffer (10 mM), I (10 μM) and 

peptidomimetics II-V (10 μM) at pH 7.4. The result confirmed that peptidomimetics are nontoxic to 

neuronal cells, while Aβ14-23 (I) exhibited significant amyloidogenic toxicity. (b) The cell viability of the 

SH-SY5Y after treating (24 h) with PBS buffer (10 mM) and different concentrations of V (10-40 μM), 

which indicate relatively non-toxic nature of V in that concentration range. (c) The cell viability of SH-
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SY5Y after treating (24 h) with PBS, pre-incubated (48 h) I (10 μM) alone and with peptidomimetics (II-

V) at pH 7.4. The result confirmed the potential of peptidomimetic II and V to rescue the neuronal cells. 

(d) The cell viability of the SH-SY5Y after treating (24 h) with PBS, pre-incubated (48 h) Aβ42 (10 μM) 

in the absence and presence of peptidomimetic I-V (10 μM) at pH 7.4. The result confirmed that 

peptidomimetic V is the most potent to rescue the neuronal cells from amyloid-induced cytotoxicity. (e) 

Confocal images of immunostained SH-SY5Y cells with OC and secondary antibody (red). Blue:  nuclear 

staining with DAPI in the presence of Aβ42, Aβ42+I, Aβ42+V samples. Scale bar: 20 μm. (f) 

Representative bar plot indicating total cytotoxic area (% area of red fluorescence) for the samples Aβ42, 

Aβ42+I, and Aβ42+V in (e), which proved that I induced membrane-localized amyloid aggregates 

formation and V act as a potent inhibitor of amyloid aggregation. 

The effects of I-V on the Aβ42-induced toxicity was further assessed by treating the cells with 

Aβ42 (10 μM) with I-V at 1:1 ratio for 24 h (Figure 8d). Aβ42 alone showed cell viability of ~64% 

indicating its highly toxic nature towards SH-SY5Y cells. The cells incubated with Aβ42 in the 

presence of I-V showed viabilities of ~47, 72, 68, 67, and 97%, respectively.  

 

Figure 9. (a) Confocal images of Aβ42 (10 μM) and Aβ42+V (10 μM, 1:1) treated SH-SY5Y cells in PBS 

(pH 7.4) immunostained with OC and secondary antibody (red). Blue:  nuclear staining with DAPI. Scale 

bar: 20 μm. (b) Fluorescence microscopy images of SH-SY5Y cells upon treatment with Aβ42 (10 μM) 

and Aβ42+V (1:1) for 24 h. Green: staining with calcein AM, red: staining with propidium iodide. (c) 

Intracellular ROS generation in SH-SY5Y cells incubated with Aβ42 (10μM), Cu2+ (10 μM), ascorbate 

(300 μm), in the absence and presence of V (10 μM). (d) ROS levels measured in SH-SY5Y cells upon 

incubating (4h) with H2O2 in the absence and presence of V. ROS produced is quantified by measuring 

DCF fluorescence emission at 529 nm for a given time point. Each experiment was repeated three times 

(n= 3), and error bars represent the standard deviation (SD) (*p< 0.0001). 

Notably, Aβ42+I showed severe cytotoxicity to cells due to high aggregation propensity of both I 

and Aβ42. Remarkably, V showed a strong neuronal rescue with ~33% improved viability 

DAPI OC Merged

A
β

4
2

A
β

4
2

+
V

(a) (b) 150

100

50

%
 R

O
S

150

100

50%
 R

O
S

C
tr
l (

PB
S) 2O

2H
+V
2O

2H

0

50

100

150

***
%

R
O

S

C
tr
l (

PB
S)

+A
sc

II

42
+C

u


A

+A
sc

+V

II

42
+C

u


A

0

50

100

150

***

%
R

O
S

(c)

(d)

75 μm

75 μm

Live-dead assay



Chapter 2: Aβ14-23 Peptidomimetics 

44 

 

compared to Aβ42-treated cells. These results motivated us to perform a detailed evaluation of the 

inhibitory potential of V against amyloid-induced alterations at cellular levels using confocal 

imaging-based immunocytochemistry, fluorescence imaging-based live/dead assay and 

modulation of ROS generation. The ThT, CD, AFM and TEM-based biophysical data of Aβ42 and 

Aβ42+V are in good agreement with in cellulo studies and support V as a potential inhibitor of Aβ 

aggregation at pH 7.4 (Figure 7). 

2.4 Membrane toxicity 

Immunocytochemistry assay unambiguously evaluates the efficiency of an inhibitor to prevent the 

membrane-localization of Aβ42 aggregates by stabilizing the nontoxic monomers.47 For this study, 

the SH-SY5Y cells were incubated independently with Aβ42, Aβ42+I, and Aβ42+V at pH 7.4 for 

3 h followed by successive staining with fibril specific primary antibody (OC), fluorescently-

labelled secondary antibody (λex= 633 nm and λem= 650 nm) and DAPI (nuclear staining dye). The 

confocal microscopy images showed localization of Aβ aggregates in abundance on the cell 

membrane both in Aβ42 (12.3%) and Aβ42+I (13.3%) treated cells, while Aβ42+V displayed 

significant reduction of membrane-localized aggregates (1.5%) indicating the amyloid inhibitory 

potential of V under cellular conditions (Figure 9a, Figure 8 e, f). 

2.5 Live-dead assay 

We also performed a live/dead assay to confirm the cytotoxicity of Aβ42 and neuronal rescue from 

amyloid-induced stress upon treatment with V. The SH-SY5Y cells were cultured in 35 mm 

confocal dish and treated with calcein-AM (2 μM) and propidium iodide (4.5 μM) to stain the live 

(green) and dead (red) cells, respectively. The fluorescence images displayed a significant extent 

of dead cells present in Aβ42 (10 μM) treated samples (Figure 9b and Figure 10). While the 

samples treated with Aβ42+V (10 μM, 1:1) showed an appreciable reduction in the number of 
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dead cells. Quantitatively, the ImageJ analysis revealed that Aβ42 treated samples contained ~36% 

dead cells, which reduced to ~4% in the presence of V compared to PBS treated controls. These 

findings have proved that V successfully attenuates Aβ42 aggregation-induced toxicity under in 

cellulo conditions. We have demonstrated the role of Aβ42 in excessive ROS production and 

oxidative stress in previous studies.18,24 

 

(Calcein-AM) (Propidium Iodide)

(i)

(ii)

(iii)

(iv)

(b)

(a)
Live Cells Dead Cells
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Figure 10. (a) Fluorescence microscopy images of SH-SY5Y cells in Live/Dead staning assay upon 

treatment with Aβ42 and Aβ42+V for 24 h, Panel (i): untreated cells (negative control); panel (ii) cells 

treated with Aβ42 (10 μM); panel (iii): cells treated with Aβ42+V (1:1); panel (iv): cells treated with 0.1% 

Triton X (positive control); Scale bar is 75 μm. (b) The number of dead cells for Aβ42, Aβ42+V-treated 

samples are 36% and 4 %, respectively. Images are quantified using ImageJ software. 

2.6 Inhibition of Aβ induced amyloidogenic stress  

Here, we attempted to evaluate the role of V in reducing ROS levels in Aβ42-induced 

amyloidogenic conditions. Intracellular ROS levels in SH-SY5Y cells (in the form of hydroxyl 

and peroxyl radicals) was investigated using DCFDA (2,7-dichlorofluorescein diacetate) 

fluorescence dye. In this study, Aβ42-CuII (10 μM), ascorbate (300 μM), and Aβ42-CuII+V (10 

μM) were added to DCFDA-treated SH-SY5Y cells and the DCF fluorescence was monitored at 

529 nm. Our data revealed that V significantly reduced the ROS level produced by Aβ42-CuII+Asc 

system in cells to ~38% (Figure 9c). The cellular study also demonstrated that V effectively 

reduces the exogenously added H2O2 to ~35% (Figure 9d). Overall, V acts as an effective amyloid 

inhibitor and modulator of amyloid-induced excessive ROS generation and related cellular stress. 

2.7 PF QNM-AFM imaging for SH-SY5Y cells 

PF QNM-AFM was employed to gain insights into the changes in physio-mechanical properties 

of the cell membrane due to Aβ42-induced cellular stress and the rescuing effect of V. From the 

PF QNM-AFM data, we evaluated parameters such as the height, peak force error (a measure of 

exact tip-surface interactions) and cell stiffness (DMT modulus) with spatial resolution for both 

single (Figure 12a-c) and colony of SH-SY5Y cells (Figure 11) treated with Aβ42 and Aβ42+V 

for 24 h.  
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Figure 11. PF QNM-AFM images of SH-SY5Y cells (colony) treated with PBS (Ctrl, 10 mM), Aβ42 (10 

μM), Aβ42+V (10 μM, 1:1) for 24 h at pH 7.4. These AFM images confirmed the amyloid stress induced 

membrane damage in neuronal cells, which can be reduced in the presence of peptidomimetic V (AkdNMC). 

Inset in Aβ-treated cells clearly show stress fiber formation due to the emergence of amyloid-induced 

cellular stress upon Aβ-membrane interactions. The treatment of the peptidomimetics V on the Aβ-treated 

cells rescues the neuronal cells from the amyloid-induced cellular stress. 

Figure 12a shows smooth topography (height 5.4±0.6 μm) with low mechanical stiffness (30±5 

kPa) for control cells, where no sign of stress fiber formation was observed. The smooth 

topography and mechanical stiffness of 30±5 kPa indicate healthy cellular characteristics of 

control cells.11 Upon Aβ42 treatment, the cells were deformed (height 1.6±0.2 µm) with increased 

cell stiffness (417±39 kPa), and formation of networks of stress-fibers was observed (indicated by 

the arrows). The stress-fiber-containing deformed cellular features with rigid mechanics (high 

stiffness) indicate the emergence of stress due to Aβ-membrane interactions.9-11 Remarkably, 

Aβ42+V treated cells showed cell morphology (height 6.4±0.4 μm), stiffness (21±9 kPa) and 

cytoskeletal organization comparable to the control cells. This affirmatively validated V as a 

potential candidate to combat amyloid-induces cellular stress and to maintain the healthy cellular 

mechanics.  

2.8 Molecular Docking Study 

 We performed molecular docking to investigate the binding interactions between Aβ42 and V. 

The docking results showed that V binds to Aβ42 with a binding energy of -5.2 kcal/mole (Table 

Ctrl Aβ42 Aβ42+V 
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1). Data in Table 1 also indicates that KLVFF recognition plays an important role in the binding 

of V around 14-23 region of Aβ42. Multiple hydrogen bonding and hydrophobic interactions via 

His14, Leu17, Val18, Ala21 and Glu 22 residues of Aβ42 and kd residues of V are found to 

stabilize the hydrophobic 14-23 region (Figure 12d). V-mediated spatial interactions with Aβ42 

can segregate the Aβ42 monomers and thus inhibit amyloid aggregation inhibition, as revealed by  

 

Figure 12. PF QNM-AFM images of SH-SY5Y cells under healthy and amyloid-induced stress conditions 

in height, peak force error and DMT modulus modes. The cells treated with (a) PBS, pH 7.4 (control), Aβ42 

and Aβ42+V. Arrows in Aβ42 treated cells indicate stress fibers. (b, c) Height and mechanical stiffness 

calculated from PF QNM-AFM data. Number of experiments = 3, Mean ± SD, *P ˂0.001. (d) 

Representative docked conformation between Aβ42 (surface representation) and V (stick representation) 
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(Left) and their possible interactions based on the hydrogen bonding donor-acceptor sites in 14-23 region 

of Aβ42 (surface, Right). 

 

the spectroscopy data. Further, the docking analyzes revealed V as the most effective amyloid 

inhibitor, stabilized Aβ14-23 monomers through KLVFF recognition (Figure 13, Table 2).  

 

Figure 13. Representative docked structures with the residue-specific intermolecular interactions for I:II, 

I:III, I:IV (inset shows intensive intramolecular interactions within IV that makes it too inflexible to 

stabilize the hydrophobic region (surface presentation) of I leading to induced aggregation), and I:V (I : 

line representation), II-V : stick representation, grid dimension: 48Å x 46Å x 34Å). The docking results 

indicate that II, III, IV, and V bind to I with binding energies of -4.1, -4.1, -3.1, and -4.9 kcal/mol, 

respectively. Considering the binding energies and the number of hydrogen bonding interactions, V was 

found to be the best interacting and stabilizing inhibitor of I. Detailed binding interaction are shown in 

Table 2. 

I:II I:III

I:IV I:V
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Table 1 List of the docking parameters: Binding energies and hydrogen bond distances between different 

atoms of the Aβ42 peptide and the ligand AkdNMC (V). 

Table 2 List of the docking parameters and binding interactions for the docked structures of I:II, I:III, I:IV, 

and I:V. 

Interacting Sites Bond distance (Å) Category of Bond Type of Bond 

Intermolecular Interactions (Aβ42: V, Binding Energy: -5.2 kcal/mole) 

His14:H*S - N-kd:O 2.02 Hydrogen Bond Conventional Hydrogen Bond 

His14:H*S - Asp:O 2.43 Hydrogen Bond Conventional Hydrogen Bond 

Ala21:O - M-kd:H 2.69 Hydrogen Bond Conventional Hydrogen Bond 

Glu22:O*S – N-kd:H 2.27 Hydrogen Bond Conventional Hydrogen Bond 

His14 - C-kd:H  3.56 Hydrophobic π-σ 

Val18 – N-kd 4.86 Hydrophobic Alkyl 

Leu17 - Ala:C 4.94 Hydrophobic Alkyl 

Ala21 – Phe2 4.36 Hydrophobic π-Alkyl 

Val18 – Phe1  5.19 Hydrophobic π-Alkyl 

Ala21 – Phe1  4.70 Hydrophobic π-Alkyl 

Interacting Sites Bond distance (Å) Category of Bond Type of Bond 

Intermolecular Interactions (I:II, Binding Energy: -4.1 kcal/mole) 

Glu22:O*S - His:H 2.83 Hydrogen Bond Conventional Hydrogen Bond 

Glu22:O - His:H 1.99 Hydrogen Bond Conventional Hydrogen Bond 

Ala21:O - Gln:H 2.20 Hydrogen Bond Conventional Hydrogen Bond 

Val18:C*S - Phe:O 3.07 Hydrogen Bond Carbon Hydrogen Bond 

Glu22:O*S - His 3.63 Electrostatic π-Anion 

Phe20 - Val:C 3.62 Hydrophobic π-σ 

His14 – Phe2 5.02 Hydrophobic π-π T-shaped 

Val18 – Phe2 5.33 Hydrophobic π-Alkyl 

Intermolecular Interactions (I:III, Binding Energy: -4.1 kcal/mole) 

Phe19:O – C-kd:H 1.79 Hydrogen Bond Conventional Hydrogen Bond 

Asp23:O*S – C-kd:H 2.53 Hydrogen Bond Conventional Hydrogen Bond 

Phe19:O – C-kd:H 2.44 Hydrogen Bond Conventional Hydrogen Bond 

Gln15:O*S -Glu :C 3.79 Hydrogen Bond Carbon Hydrogen Bond 

Phe19 – C-kd 5.21 Hydrophobic π-Alkyl 

Phe20 – C-kd 4.25 Hydrophobic π-Alkyl 

Intermolecular Interactions (I:IV, Binding Energy: -3.1 kcal/mole) 

Gln15:HN – N-kd:O 2.85 Hydrogen Bond Conventional Hydrogen Bond 

Gln15:O*S -Lys:H 1.99 Hydrogen Bond Conventional Hydrogen Bond 

Gln15:O*S -Leu:H 2.63 Hydrogen Bond Conventional Hydrogen Bond 

Leu17:C*S – Phe2 3.74 Hydrophobic π-σ 

Lys16 – Phe1 4.92 Hydrophobic π-Alkyl 

Intramolecular Interactions within IV 

Leu:N - Asp:O 3.20 Hydrogen Bond Conventional Hydrogen Bond 

Asp:N - Asp:O 3.17 Hydrogen Bond Conventional Hydrogen Bond 

    

Asp:OH- Glu:O 3.09 Hydrogen Bond Conventional Hydrogen Bond 
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Sidechain atoms (*s) of I (left-side residues: I and right-side residues: II/III/IV/V) 

Phe1 = 19Phe of the ligand (II-V), Phe2 = 20Phe of the ligand (II-V) 

 

The innocuous inhibitor V was found to exhibit significant stability against the enzymatic (trypsin) 

degradation and non-self-aggregation property as confirmed by time-dependent AFM studies 

(Figure 14 and Figure 15). It should be noted that IV exhibited self-aggregation property (ThT 

fluorescence studies, Figure 16a, b) which explain its aggregation-enhancing behavior towards I. 

Analyzes of the experimental and theoretical results reveal that a single kd unit at the N-terminal 

(IV) is far away from the aggregation inducer region with FF, which explains the inability of IV 

to stop the self-aggregation of I, instead it serves as Aβ aggregation enhancer through β-sheet 

structure (Figure 13). Interestingly, incorporation of kd units nearby FF (II, III and V) of I was 

found to effectively stabilize the Aβ monomers through multiple hydrogen bonding and other 

noncovalent interactions (Figure 12d). The highest Aβ aggregation-inhibition of V is not only 

    

Asp:O - Lys:N 2.99 Hydrogen Bond Conventional Hydrogen Bond 

Glu:O - His:N 2.88 Hydrogen Bond Conventional Hydrogen Bond 

Lys:N - Lys:O 2.97 Hydrogen Bond Conventional Hydrogen Bond 

kd:O - Lys:N 3.08 Hydrogen Bond Conventional Hydrogen Bond 

kd:N - kd:O 3.11 Hydrogen Bond Conventional Hydrogen Bond 

His:N - Gln 3.91 Hydrogen Bond π-Donor Hydrogen Bond 

Leu:C – Phe1 3.65 Hydrophobic π-σ 

Intermolecular Interactions (I:V, Binding Energy: -4.9 kcal/mole) 

His14:H*S - Asp:O 1.83 Hydrogen Bond Conventional Hydrogen Bond 

Phe19:O - His:H 2.80 Hydrogen Bond Conventional Hydrogen Bond 

Asp23:O - Leu:H 2.81 Hydrogen Bond Conventional Hydrogen Bond 

Asp23:O*S - Val:H 2.78 Hydrogen Bond Conventional Hydrogen Bond 

Glu22:O – M-kd:H 2.13 Hydrogen Bond Conventional Hydrogen Bond 

Ala21:OH – M-kd:H 2.35 Hydrogen Bond Conventional Hydrogen Bond 

Asp23:O*S – N-kd:H 2.90 Hydrogen Bond Conventional Hydrogen Bond 

Asp23:C – M-kd:O 2.66 Hydrogen Bond Carbon Hydrogen Bond 

Glu22:O*S - Val:C 3.17 Hydrogen Bond Carbon Hydrogen Bond 

Ala21:O - Glu:C 3.08 Hydrogen Bond Carbon Hydrogen Bond 

Leu17 – Phe2 5.12 Hydrophobic π-Alkyl 



Chapter 2: Aβ14-23 Peptidomimetics 

52 

 

attributed to the presence of multiple kd units, but also their positions, especially at the middle and 

C-terminus (Table 1 and 2). The docked structures of Aβ42:V and I:V suggest that the binding 

sites of middle and C-terminal kd units are suitably positioned to provide maximum interaction 

around KLVFF to stabilize Aβ monomer, while kd unit at N-terminal offer supporting interaction. 

 

Figure 14. Time-dependent AFM images of V (5 μM) incubated independently in PBS (10 mM) at pH 7.4 

and 37 °C for 30 days. The prolonged time incubation of the peptidomimetics V with no aggregation species 

confirms its non-self-aggregating nature. 

 

In summary, Aβ14-23 peptidomimetics incorporated with CDP units (kd) effectively combat 

amyloid-induced membrane toxicity, excessive ROS production and adverse cellular mechanics 

under stress conditions. Our study demonstrated that Aβ14-23 peptidomimetics with three kd units 

at N- and C-termini and middle (V) is a potent inhibitor of amyloid aggregation of both Aβ14-23 

and Aβ42. In Aβ14-23, incorporation of kd units at the middle and C-terminal (II and III, 

respectably) proximal to FF region was found to impart effective aggregation-inhibition ability. 

While a single kd unit at N-terminal (IV) away from FF region turns out to be aggregation enhancer 

due to its self-aggregation behavior. The PF QNM-AFM study proved that the neuronal cells were 

Day 1 Day 3 Day 5 Day 10

Day 30Day 20Day 15Day 13



Chapter 2: Aβ14-23 Peptidomimetics 

53 

 

grown with healthy cell-stiffness and other features in the presence of V under amyloid-induced 

stress conditions. 

 

(a)

(b)

(c)

(d)
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Figure 15. Stability of Aβ14-23 (100 μM) and AkdNMC (100 μM) against the enzymatic degradation 

(trypsin, 5 μM). (a) and (b) Analytical HPLC data of Aβ14-23 before and after the incubation (24 h) with 

trypsin, respectively. (c) and (d) Analytical HPLC data of AkdNMC before and after the incubation (24 h) 

with trypsin, respectively. The chromatogram confirms that AkdNMC is stable against enzymatic 

degradation, which satisfies the design strategy. 

 

Figure 16. (a) ThT fluorescence assay of the individual peptide (I) and CDP-peptidomimetics (II-V) at pH 

2.0 and 7.4 upon incubating the samples for 20 days and 37 °C temperature. ThT assay indicates self-

aggregation potential of I and IV at both pH conditions, whereas the peptidomimetics II, III, V possess 

negligible self-aggregation properties as compared to I and IV. The higher self-aggregation propensity of 

IV could be the reason for the enhanced fibrillation of I in the presence of IV. (b) CD spectra of II-V 

peptidomimetics alone shows that II, III, V does not form any secondary conformation. 

 

The biocompatibility, enzymatic stability and non-self-aggregating properties combined with 

effective modulation of Aβ aggregation and ROS generation thus demonstrated V as the potential 

candidate to ameliorate amyloid induced toxicity and adverse cellular mechanics. 

2.9 Experimental section 

2.9.1 General methods 

All solvents and reagents were obtained from Spectrochem or Merck and used without 

further purification unless mentioned. Dulbecco's Modified Eagle Medium/Nutrient 

Mixture F12 (DMEM F12), Roswell Park Memorial Institute (RPMI), fetal bovine serum 

(FBS) and Alamar blue was obtained from Invitrogen. Amyloid beta (Aβ42) peptide (PP69-
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0.05 MG), anti-amyloid fibrils (OC) and fluorescently labelled secondary antibody were 

obtained from Merck. Thioflavin T (ThT) was obtained from Sigma-Aldrich (T3516) and 

DAPI (4′,6-diamidino-2-phenylindole) from Vector Laboratories, CA, USA (H-1200). 

Agilent Cary eclipse fluorescence spectrophotometer and microplate reader (SpectrsMax 

i3x) were used for fluorescence assays. A Bruker IFS 66/V spectrometer and JASCO-815 

spectropolarimeter were employed to perform Fourier Transform Infrared (FTIR) and 

circular dichroism (CD) spectroscopy studies, respectively. 1H and 13C NMR spectra were 

recorded in Bruker AV−400 and JEOL-600 MHz spectrometers using tetramethylsilane 

(TMS) as internal standard. MALDI-TOF, HRMS, LCMS and HPLC spectra were acquired 

from Bruker Autoflex Speed MALDI-TOF spectrometer, Agilent 6538 UHD HRMS/Q-

TOF high-resolution spectrometer, Shimadzu LCMS-2020 and SHIMADZU reverse phase 

HPLC (using C18 column), respectively. A mixture of acetonitrile and water was used as 

mobile phase in HPLC and the peptide or peptidomimetics were collected using PDA 

detector (absorbance at 254 nm). Confocal images were captured using confocal 

fluorescence microscope (Olympus FV3000). Calculated amount of Aβ14-23 (I), AkdM 

(II), AkdC (III), AkdN (IV), and AkdNMC (V) were dissolved in hexafluoroisopropanol 

(HFIP, 200 μL), followed by the removal of HFIP under nitrogen atmosphere, and dried 

under vacuum to obtain monomeric peptide/peptidomimetics samples. Glycine-HCl buffer 

(10 mM) and phosphate buffer saline (10 mM) prepared in water (passed through 0.22-

micron filter, conductivity at 25 °C < 100 µS/cm, Milli Q) were used for maintaining the 

solution pH at 2.0 and 7.4, respectively. The experimental raw data were processed using 

Origin 8.5, Prism 6 or ChemDraw professional 15. 
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2.9.2 Synthesis of Aβ14-23 (I) peptide and CDP-peptidomimetics (II-V) 

The cyclic dipeptide (CDP) [cyclo(Lys-Asp)]-based unnatural amino acid (kd) was 

synthesized by 9-fluorenylmethoxycarbonyl (Fmoc)-deprotection of dipeptide Fmoc-

Lys(Boc)-Asp(OtBu)-OMe followed by the cyclization and deprotection of Boc-protecting 

groups. Aβ14-23 (I) and kd-incorporated Aβ14-23 peptidomimetics AkdM (II), AkdC (III), 

AkdN (IV), AkdNMC (V) were synthesized following standard Fmoc solid phase peptide 

synthesis (SPPS) protocol. Fmoc-amino acids (H: Histidine, Q: Glutamine, K: Lysine, L: 

Leucine, V: Valine, F: Phenyl alanine, A: Alanine, E: Glutamic acid, and D: Aspartic acid) 

with tBoc and tBut protection on the side chains of the respective -NH2 and -COOH 

functionalities were used to synthesize the peptide or peptidomimetics. Rink amide resin 

(loading 0.76 mmol/gm) was employed as the solid support in SPPS. For the coupling of 

Fmoc-amino acids (2.5 eq.) and Fmoc-kd (2.5 eq.) in the desired peptide sequence, HBTU 

(2.5 eq.)-HOBt (2.5 eq.), DIPEA (4 eq.) and DMF were used as activating agent, base, and 

solvent, respectively. The completion of the coupling and Fmoc-deprotection of amino 

acids were confirmed by Kaiser test. After every coupling and deprotection step, resin was 

thoroughly washed with DMF and DCM. The synthesized peptide or peptidomimetics were 

cleaved from the resin using a cleavage-cocktail solution of TFA: TIPS: DCM (95:2.5:2.5) 

at room temperature and the product was collected through precipitation from cold diethyl 

ether. All the synthesized peptide or peptidomimetics were finally purified by reverse phase 

HPLC (C18 column) using acetonitrile: water system and the product purity and integrity 

were ascertained by analytical HPLC and HRMS. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 

1.30 (4H, m); 1.68 (2H, m); 2.61-2.63 (2H, m); 2.95-2.97 (2H, d, J = 8 Hz); 3.88 (1H, s); 

4.18-4.20 (2H, d, J = 8 Hz); 4.22 (2H, s); 7.23-7.43 (9H, m); 8.0 (1H, s); 8.19 (1H, s). 13C 
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NMR (100 MHz, DMSO-d6): δ (ppm): 21.4, 29.2, 31.3, 36.5, 38.8, 40.1, 46.7, 50.9, 53.8, 

65.2, 120.1, 125.1, 127.0, 127.5, 140.7, 143.9, 156.9, 167.5, 168.1, 171.3. HRMS (ESI-

TOF) m/z: [M + H]+ calculated for C25H28N3O6, 466.1978; observed 466.1970. 

2.9.3 Circular Dichroism (CD) studies 

The changes in secondary structural conformations of peptide I upon aggregation in the 

absence and presence of peptidomimetics (II-V) were monitored by CD spectroscopy. To 

record the CD spectra, peptide I (25 μM) was incubated in the presence and absence of 

peptidomimetics (25 μM) at 37 °C for 20 days at pH 2.0 (10 mM) and 7.4 (10 mM). A 

quartz cuvette of path length 0.1 cm was used, and the spectra were recorded in the 

wavelength range of 190 - 240 nm at 50 nm/min scan rate. For CD analyzes, the background 

correction was performed using the CD spectrum recorded in only PBS buffer.  

2.9.4 Fourier-Transform Infrared Spectroscopy (FTIR) studies 

For FTIR spectroscopy studies, aliquots (10 μL) of peptide I (25 μM) incubated with and 

without peptidomimetics (25 μM) at 37 °C for 20 days at pH 2.0 (10 mM) and 7.4 (10 mM) 

were independently placed on clean dry coverslips to form thin film. The FTIR spectra of 

the dried thin film samples were recorded at room temperature in the spectral range of 4000 

- 400 cm-1 using FT-IR Spectrometer (Model: Bruker IFS 66/V spectrometer, Mode: ATR). 

A Dimond ATR was used for the acquisition of 100 spectra. A spectrum against air was 

used for the background correction of FTIR spectra. 

2.9.5 Transmission electron microscopy (TEM) imaging 

For TEM imaging, the pre-incubated Aβ14-23 samples (25 µM) in the absence and 

presence of II-V (25 µM) were diluted to 5 µM and placed on a carbon-coated copper grid 

of 200 mesh size and negatively stained with 0.2 % uranyl acetate. Prior to imaging, the 
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sample-containing grids were washed twice with purified water (MiliQ) and dried in a 

desiccator under nitrogen atmosphere. Finally, the imaging was performed in JEOL JEM 

3010 TEM. 

2.9.6 Aggregation kinetics study using ThT fluorescence 

The aggregation kinetics of peptide I (Aβ14-23) was studied in the presence and absence 

of peptidomimetics (II-V) using Thioflavin T (ThT) fluorescent dye (λex= 442 nm and λem= 

482 nm). The peptide I (25 μM) alone and with peptidomimetics (25 μM) was incubated 

with ThT (20 μM) for 20 days at 37 °C in pH 2.0 (Glycine-HCl buffer, 10 mM) and pH 7.4 

(PBS, 10 mM) under shaking conditions. ThT fluorescence was monitored in a time-

dependent manner using microplate reader (SpectrsMax i3x). The data were fitted to the 

following sigmoidal equation.48 

𝒚 = 𝒚𝟎 +
𝒚𝒎𝒂𝒙 – 𝒚𝟎

𝟏 + 𝒆−(𝒕−𝒕𝟏/𝟐)𝜿
 

Where, y denotes the fluorescence intensity at time t, y0 and ymax indicate the initial and 

maximum fluorescence intensities, respectively, t1/2 is the time required for half maximum 

of the fluorescence intensity (halfway from nuclei to fibrils), and κ is the apparent first-

order rate constant of aggregation. The lag time (TLag) was determined by  𝒕𝟏/𝟐 –  𝟐𝜿. 

2.9.7 PF QNM-AFM imaging 

The SH-SY5Y cells were cultured in glass bottom petri dishes (14026-20, TED PELLA, 

Inc.) using Dulbecco’s modified eagle medium/nutrient mixture (DMEM/F-12) media 

supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin-streptomycin (PS) in 

a humidified CO2 (5%) incubator at 37 °C. The cells were treated with pre-incubated (48 

h) Aβ42 (20 μM) alone and with AkdNMC (20 μM) for 24 h under cell growing conditions. 

Then the cells were washed with PBS (10 mM, pH 7.4) and fixed with 4% 
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paraformaldehyde (PFA) solution. The PeakForce Quantitative NanoMechanics-AFM (PF 

QNM-AFM) was used to acquire the AFM images of neuronal cells along with the 

nanoindentation parameter DMT modulus using Bruker BIOSCOPE Resolve AFM 

Instrument with PeakForce Tapping Technique. For fluid imaging, a non-conductive, 

backside reflective Au-coated silicon nitride (MCLT-BIO, force constant: 0.01 Nm−1) tip 

of length 0.55 μm and resonance frequency 7 kHz was used. Finally, the images were 

processed using NanoScope analysis software 1.8 (Bruker, Inc.). 

2.9.8 Neuronal rescue studies 

The ability of peptidomimetics (II-V) to rescue neuronal cells from amyloid-induced stress 

induced by Aβ14-23 (I) and Aβ42 was studied using Alamar blue assay in SH-SY5Y cell 

line. At first, the cells were cultured in 96-well plate (15,000 cells/well) using DMEM/F-

12 medium (Gibco, Invitrogen) containing FBS (10%) and PS (1%). Then the cell media 

was replaced with low serum (2% FBS) containing DMEM/F-12 media. Next, the cells 

were treated (24 h) with the peptide I (10 μM) and Aβ42 (10 μM), which were preincubated 

(48 h) at pH 7.4 in the absence and presence of peptidomimetics (10 μM). Finally, 

experimental cells were treated with Alamar blue solution for 2 h at 37 °C and the 

absorbance was measured at 570 nm using microplate reader. The data were plotted and 

analyzed using GraphPad prism software (one-way ANOVA). 

2.9.9 Membrane toxicity 

To determine the modulation of Aβ42-induced plasma membrane toxicity by 

peptidomimetics, we performed immunocytochemistry in SH-SY5Y cell line. The cells 

were cultured in 35 mm confocal dish using DMEM/F-12 medium (Gibco, Invitrogen) 

containing FBS (10%) and PS (1%) and treated (3 h) with 10 µM Aβ42 (fibrils) alone and 
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preincubated with AkdNMC (10 µM). The cells were washed with PBS (10 mM, pH 7.4) and 

fixed with 4% PFA solution and the cells were again washed with PBS (3 time) and blocked 

using 5% bovine serum albumin (BSA). Next, the cells were treated with Aβ42 fibril-

specific primary antibody OC (1:250) for 16 h at 4 °C followed by treatment of red 

fluorescent-labelled (λex= 633 nm and λem= 650 nm) anti-mouse IgG secondary antibody 

(1:200). The excess antibody was washed using PBS and the cell nuclei were stained with 

DAPI for the confocal imaging. The images were acquired using OLYMPUS FLUOVIEW 

FV3000 confocal microscope and analyze using cellSens software. 

2.9.10 Docking studies 

Molecular docking studies were performed using AutoDock Vina software (Version: 

1.1.2).49 The crystal structure of Aβ42 peptide (PDB ID: 1Z0Q, protein) was retrieved from 

RCSB Protein Data Bank and a full chain of Aβpeptide (1-42) was selected for the docking. 

The PDB structure of Aβ14-23 (I, protein) was created from Aβ42 using AutoDock tools. 

The PDB structure of AkdNMC (V, ligand) was created and optimized through energy 

minimization in Avogadro software applying the MMFF94 force field. Gasteiger partial 

charges and polar hydrogen were added using AutoDock tools. For the I:V and Aβ42:V 

docking experiments, the entire protein domains (I and Aβ42) were covered with the grid 

box of dimensions 48Å X 46Å X 34 Å and 126Å X 62Å X 58Å, respectively. The total 

number of run involved in the docking experiment was determined by the exhaustiveness 

parameter which was set to a maximum value of 8 on the scale of 1–8, while keeping all 

other parameters as default.50 After the completion of docking runs (I:V and Aβ42:V), the 

energy minimized docked poses were viewed and analyzed using PyMOL software. 
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2.9.11 AFM imaging of Aβ-aggregates using PF QNM-AFM 

The PF QNM-AFM study was performed to visualize the aggregation species of Aβ14-23 

(I) or Aβ42 in the absence and presence of peptidomimetics. For the experiment, we have 

diluted the pre-incubated stock solutions of peptides (25 μM, I, I+II, I+III, I+IV, I+V, Aβ42, 

Aβ42+V) to a concentration of 5 μM and placed on freshly cleaved mica foils to dry them 

at room temperature. The AFM images were acquired in Bruker BIOSCOPE Resolve with 

PeakForce Tapping AFM instrument. A silicon nitride tip (SCANASYST-ATR, force 

constant: 21-98 Nm−1) of length 115 μm and resonance frequency 146-236 kHz was used. 

The AFM images were processed and analyzed using NanoScope 1.8 analysis software 

(Bruker, Inc.).  

2.9.12 Cytotoxicity assay 

The cytotoxicity of peptidomimetics was determined using Alamar blue assay in SH-SY5Y 

cell line. At first, the cells were cultured in 96-well plate (15,000 cells/well) using 

DMEM/F-12 medium (Gibco, Invitrogen) containing FBS (10%) and PS (1%). Then the 

cell media was replaced with low serum (2% FBS) containing DMEM/F-12 media. Next, 

the cells were exposed to the peptidomimetics (10 μM), which were preincubated (24 h, 37 

°C) at pH 7.4 for 24 h in the cell growing conditions. Finally, experimental cells were 

treated with Alamar blue solution for 2 h at 37 ºC and the absorbance was measured at 570 

nm using microplate reader. The data were plotted and analyzed using GraphPad prism 

software (One way ANOVA). 

2.9.13 Live-dead assay 

The well plates were seeded with the SH-SY5Y cells. The seeded cells were independently 

treated with Aβ42 (10 μM) and Aβ42+V (1:1) solutions. Cells treated with 0.1% Triton-X 
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and untreated cells were considered as positive and negative controls, respectively. After a 

single wash with 1X PBS, the untreated and treated cells were stained with of calcein-AM 

(2μM) and propidium iodide (4.5 μM) in a 5 percent CO2 environment for 15 min at 37 

°C. The excess dyes were removed by washing the cells in 1X PBS, and images were 

acquired using a Leica DM2500 fluorescence microscope using 20X objective. A band-

pass filter for calcein-AM (at 500-550 nm) and a long-pass filter for propidium iodide (at 

590-800 nm) were used for imaging. 

2.9.14 Intracellular ROS Measurement 

The SH-SY5Y cells were seeded at a density of 12,000 cells/well in a 96-well plate in 

DMEM/F-12 medium (Gibco, Invitrogen) with foetal bovine serum (FBS; 10%), horse 

serum (HS; 5%), and pen-strep (1 percent; Genetix) at 37°C in a CO2 atmosphere of 5% to 

assess the effects of peptidomimetics (V) on ROS generated by Aβ42-CuII using 2,7- 

dichlorodihydrofluorescein diacetate (DCFDA; Invitrogen). The cells were grown for 18 h, 

the media was changed to low serum DMEM, followed by further incubation of 6 h. The 

cells were then rinsed in PBS and treated with DCFDA dissolved in DMEM medium for 

30 min. The cells were washed and treated with Aβ42 peptide (10 μM), Cu2+ (10 μM), and 

ascorbate (300 μM) in absence and presence of 10 μM of peptidomimetics V for 6 h at 

37°C. For metal independent assay, cells were independently treated with exogenous H2O2 

(100 μM) and H2O2+V (1:1). The cells were rinsed in PBS, and the DCF fluorescence 

intensity was assessed using excitation and emission wavelengths of 495 and 529 nm, 

respectively (significance was determined using GraphPad prism's one-way ANOVA). 
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2.9.15 Enzymatic stability assay  

The enzymatic stability of Aβ14-23 and AkdNMC was preformed against trypsin. Aβ14-23 

(100 μM) and AkdNMC (100 μM) were independently incubated with 5 μM trypsin in tris-

HCl (10 mM, pH 8) buffer at 37 °C under shaking conditions. After 24 h, the reaction was 

halted with 0.05% formic acid. The amount of intact peptide/peptidomimetics was analyzed 

using analytical HPLC (SHIMADZU LCMS-2020). 

2.9.16 NMR spectroscopy protocol for Aβ14-23 

NMR experiments for determination of aggregate characteristics of Aβ14-23 fibrill, were 

performed in JEOL 600 MHz NMR spectrometer (12,000 scan). Samples containing 100 μM of 

Aβ14-23 was prepared in PBS (10 mM, pH 7.4) containing 5% DMSO d6. The possibility of rapid 

proton exchange at low pH prompted us to consider DMSO d6 over D2O. For the inhibition study 

by AkdNMC we incubated sample Aβ14-23 with AkdNMC (1:1) for 48 h. 
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2.9.16 Characterizations of kd, Aβ14-23 (I) and peptidomimetics (II-V)  

Table 3. HRMS and MALDI mass analysis. 

Name Sequence 
Calculated 

exact mass 

Observed mass  

HRMS MALDI 

Fmoc-

kd 
Fmoc-cyclo(Asp-Lys) 465.1900 

466.1790 

[M+H]+ 
- 

I His-Gln-Lys-Leu-Val-Phe-Phe-Ala-Glu-Asp 1231.6350 
616.8319 

[M/2+H]+ 

1255.26 

[M+Na]+ 

II His-Gln-Lys-Leu-Val-kd-Phe-Phe-Ala-Glu-Asp 1456.7463 
729.3777 

[M/2+H]+ 

1458.26 

[M]+ 

III His-Gln-Lys-Leu-Val-Phe-Phe-Ala-Glu-Asp-kd 1456.7463 

729.8835 

[M/2+H]+ 

486.9256 

[M/3+H]+ 

1458.59 

[M]+ 

IV kd-His-Gln-Lys-Leu-Val-Phe-Phe-Ala-Glu-Asp 1456.7463 

729.3808 

[M/2+H]+ 

486.5907 

[M/3+H]+ 

1457.86 

[M]+ 

V 
kd- His-Gln-Lys-Leu-Val-kd-Phe-Phe-Ala-Glu-Asp-

kd 
1906.9690 

954.9907 

[M/2+H]+ 

1909.09 

[M+H]+ 

 

Table 4 Purification (HPLC) of Aβ14-23 (I) and peptidomimetics (II-V) 

Samples Gradient of the mobile phase 

Flow 

rate 

(ml/min) 

Retention 

time 

(min) 

Purity 

(%) 

I 
5-95% MeCN (0.1% TFA) in H2O (0.1% 

TFA) for 25 min 
8 10.18  >99 

II 
5-95% MeCN (0.1% TFA) in H2O (0.1% 

TFA) for 25 min 
8 10.04 >99 

III 
5-95% MeCN (0.1% TFA) in H2O (0.1% 

TFA) for 25 min 
8 9.93 >99 

IV 
5-95% MeCN (0.1% TFA) in H2O (0.1% 

TFA) for 25 min 
8 10.04 >99 

V 
5-95% MeCN (0.1% TFA) in H2O (0.1% 

TFA) for 25 min 
8 10.27 >99 
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HPLC chromatogram, HRMS and MALDI mass of Aβ14-23 (I)  

 

 

[M/2+H]+

[M+Na]+
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HPLC chromatogram, HRMS, and MALDI mass of AkdM (II) 

 

 

[M/2+H]+

[M]+
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HPLC chromatogram, HRMS and MALDI mass of AkdC (III) 

 

 

[M/2+H]+

[M]+

[M/3+H]+
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HPLC chromatogram, HRMS and MALDI mass of AkdN (IV) 

 

 

[M/2+H]+

[M]+

[M/3+H]+
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HPLC chromatogram, HRMS and MALDI mass of AkdNMC (V)  

 

 

 

[M/2+H]+

[M+H]+
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1H and 13C NMR and HRMS data of Fmoc-kd 

 

 

 

[M+H]+ = 466.1978

[M+H]+
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Statistical analysis of Figure 12b 

 

Statistical analysis of Figure 12c 
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Statistical analysis of Figure 9c, d 
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The controlled organization of designer molecular building blocks to generate well-defined 

material architectures with unique functional properties and applications is the guiding principle 

of molecular architectonics.1-3 Molecular recognition driven self-assembly and co-assembly 

through controlled noncovalent interactions are indispensable in the construction of diverse 

architectures. In the scheme of molecular architectonics, biomolecules play a key role as functional 

auxiliaries.4 The self-assembly of peptides and proteins has been shown to produce structurally 

and functionally diverse multifunctional architectures with potential applications in the fields of 

optoelectronics, sensing, bioimaging, and biomaterials.5,6 The linear and cyclic peptides are 

attractive molecular building blocks to construct biomaterial scaffolds owing to their functional 

tolerability, ease of synthesis, biocompatibility, and enzyme mimetic ability.7,8 The self-assembly 

of amyloid-forming short and oligopeptides and peptidomimetics produce catalytic amyloids in 

the presence of metal ions with catalytic activity in various hydrolytic and redox chemical 

transformations.9-12 Ventura et al. recently demonstrated a pH-dependent assembly of the short 

peptide with two divergent catalytic activities.13 Recently, CDPs are being used as versatile 

building blocks and auxiliaries to construct functional architectures.14,15 Gazit et al. reported CDP-

based nano-superstructure with efficient catalysis in the hydrolysis of para-nitrophenol acetate.16 

The potential of CDP-driven assembly architectures as catalytic systems in multiple chemical 

reactions is largely unexplored. In the present work, we judiciously designed Aβ peptide-based 

CDP peptidomimetics and their metal-mediated assembly to produce differential architectures 

with distinct catalytic activities. 

3.1 Design and synthesis  

We designed and synthesized peptidomimetics (AkdNMC and AkdNMCPy) of Aβ14-23 incorporated 

with unnatural CDP amino acid cyclo(L-Lys - L-Asp) (kd) and pyrene (Py) units at specific 
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positions as shown in Figure 1 and Figure 2. Aβ14-23 (14HQKLVFFAE23D) has a self-recognition 

motif ‘KLVFF’ for amyloid assembly and metal-binding affinity.17 

 

Figure 1. Design of Aβ14-23 peptidomimetics (AkdNMC and AkdNMCPy) incorporated with kd and Py units. 

HkdPy is a model peptidomimetics. Molecular assembly of AkdNMCPy in the absence and presence of one-

off and serial additions of CuII to generate distinct architectures that stabilize CuII and CuI states with 

catalytic activity in tandem oxidative-hydrolysis of DCFDA and alkyne-azide click reaction, respectively. 

Metal chelation of Aβ14-23 through N-terminal histidine (14H) prompted us to orchestrate its 

metal-directed assembly into differential functional architectures. To strengthen metal chelation, 
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and assembly, Aβ14-23 was incorporated with Py at N-terminal and three kd units at the middle, 

N, and C-termini to obtain AkdNMCPy (Figure 1).18  

 

Figure 2. A general SPPS scheme for the synthesis of peptides and peptidomimetics. 

The kd with rigid ring-core, multiple hydrogen bonding, and metal coordinating sites (amide 

linkages) was anticipated to influence metal binding and self-assembly of AkdNMCPy. The 

fluorescent Py assists the monitoring of metal binding-mediated assembly of AkdNMCPy through 

its characteristic spectral properties. We investigated the molecular architectonics of AkdNMCPy 

upon binding to CuII in phosphate buffer saline (PBS, 10 mM, pH 7.4) (Figure 4). Cu as an 

important biocatalytic metal is capable of orchestrating distinct architectures with different 

oxidation states (CuII or CuI) and catalytic activity.19 

We thus studied the assembly of AkdNMCPy (15 μM) by adding CuII in two distinct ways, (i) one-

off addition: CuII (100 μM) was added in one-shot, and (ii) serial addition: CuII (100 µM) was 

added as 20 aliquots of 5 µM each with an interval of 3.6 min (Figure 5 and 6). In the former case, 
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AkdNMCPy assembly was progressed upon immediate complexation with CuII to produce stable 2D 

sheet architectures.20, 21 While controlled complexation of AkdNMCPy to CuII in later case resulted 

in stepwise assembly to form sheets via metastable micelle-like core-shell architectures. 

Interestingly, CuII reduced to CuI during the sheet formation, while micelle-like architectures 

retained CuII state. The distinct architectures prompted us to exploit their functional utility in CuII 

and CuI catalyzed tandem oxidative-hydrolysis, and alkyne-azide click reactions, respectively. To 

the best of our knowledge, this is the first report of metal-induced differential architectures of Aβ-

peptidomimetics that stabilize CuII and CuI states to accomplish distinctive catalytic activities. 

3.2 Results and discussions 

We probed the complexation of AkdNMCPy with CuII by UV-vis absorption, fluorescence, and 

circular dichroism (CD) in PBS (10 mM, 7.4 pH) (Figure 3A-C). AkdNMCPy emission intensity in 

the 350-400 nm region (pyrene) was gradually quenched as a function of CuII concentration with 

corresponding enhancement in the absorption intensity around 280-290 nm. This is attributed to 

change in the microenvironment of Phe (F) residues because of CuII complexation-induced 

assembly of AkdNMCPy. The absence of Py excimer band ruled out the possible Py-Py interactions. 

The decrease in fluorescence lifetime (dynamic quenching) of Py (AkdNMCPy) from 140.8 to 113.9 

ns in the presence of CuII supported Py-CuII interaction (Figure 3D and Table 2). This assumption 

was further supported by docking studies where AkdNMCPy was blindly docked with 

AkdNMCPy+CuII. The energy minimized docked pose showed a short F-Py distance (3.5 Å) as 

compared to Py-Py distance (3.8 Å) (Figure 3F, Figure 8).22,23 We speculate that AkdNMCPy 

adopted a spatial orientation to accommodate CuII that prevented Py-Py interaction while 

promoting F-Py interactions, as supported by UV-vis absorption, fluorescence, and docking 

studies. 
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Figure 3. A) Absorbance, and B) fluorescence spectra of AkdNMCPy (15 µM) upon gradual addition of CuII 

(0 µM to 100 µM). C) CD spectra of AkdNMCPy and upon addition of CuII (one-off and serial additions). D) 

Fluorescence lifetime measurements of AkdNMCPy (ex 343 nm) with CuII. E) Time-dependent LC of 

AkdNMCPy+CuII (inset MS data). F) Molecular docking image of AkdNMCPy+CuII and AkdNMCPy with Py-

Py and Py-Phe distances shown (dotted lines). 
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Figure 4. AkdNMCPy to various metal ions. (A) Absorbance spectra of AkdNMCPy (15 M) and in the presence 

of metal ions 25 °C in PBS buffer (10 mM, pH 7.4). (B) Fluorescence spectra of AkdNMCPy and in the 

presence of metal ions at 25 °C in PBS buffer (10 mM, pH 7.4) at the excitation wavelength ex = 343 nm. 

[Metal ion] =100 μM, [AkdNMCPy] =15 μM. 

CD spectra revealed CuII-complexation-induced conformational change of AkdNMCPy. A distinct 

negative CD band observed around 298 nm indicated the generation of chiral environment due to 

CuII complexation-induced assembly of AkdNMCPy. 

 

Figure 5. Spectral changes during the one-off and serial addition of CuII into the AkdNMCPy solution. (A) 

Fluorescence spectra after one-off addition of CuII (100 µM) in AkdNMCPy (15 µM). (B) Fluorescence 

quenching after serial addition of CuII (100 µM) (CuII concentration increment is 5 µM each time of 

addition). (C) The CD spectra (gradual diminish of the negative cotton band at 289 nm) showed the effects 

of CuII were reversible by adding a strong chelator (EDTA). 

The spatial alignment of hydrophobic (F and Py) and hydrophilic moieties (-C=O of Asp, Glu and 

kd) of AkdNMCPy in the energy minimized docked structure of AkdNMCPy+CuII also suggested 

chirality induction upon complexation. Interestingly, the negative CD band at 298 nm was 

disappeared over a period of 7 days suggesting two distinct assembly architectures for 
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Figure 6. Detailed experimental procedure for the micelle-like and sheet architectures formation. 

AkdNMCPy+CuII complex with initial chirally-active and final chirally-inactive states (Figure 

3C).24 Fourier-transform infrared (FTIR) studies of AkdNMCPy and NMR spectrum of a model 

peptidomimetic HkdPy with CuII confirmed CuII–14H (AkdNMCPy) binding interactions (Figure 9, 

11). 

Table 1: The time-dependent LC-MS of AkdNMCPy+CuI/II complex. 

The morphological outcomes of AkdNMCPy+CuII assemblies was investigated by time-dependent 

transmission electron microscopy (TEM) imaging over a period of 1 to 14 days. AkdNMCPy (15 

μm) self-assembled to form fibrillar aggregates in PBS (Figure 12). One-off addition of CuII (100  
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Figure 7. A) Differential morphologies of AkdNMCPy in the absence and presence of CuII. AkdNMCPy self-

assemble to form nanofibers. One-off addition of CuII produces 2D nanosheets, while serial addition formed 

sheets through intermediate micelle-like core-shell architectures. B and C) CV and EPR spectra of 

AkdNMCPy and CuII, and their complex at various time intervals. 

μm) into AkdNMCPy (15 μm) resulted in the formation of stable nanosheets. Atomic force 

microscopy (AFM) has confirmed the formation of nanosheets with ~7 nm thickness and 92.4 MPa 

DMT (Derjaguin-Muller-Toporov) modulus (Figure 7A, Figure 10, Figure 13).25 
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Serial addition of CuII (20 aliquots of 5 μM each) to AkdNMCPy formed micelle-like core-

shell architectures. The docking results have shown that the core pocket constitutes hydrophobic 

region (19F20F and Py), which is surrounded by the backbone and nucleophilic residues of 

AkdNMCPy to form CuII-induced micelle-like architectures. After 14 days of incubation, AkdNMCPy 

with serially added CuII (5 μM x 20 times) transformed from micelle-like architectures to 2D 

nanosheets (Figure 7A). Field emission scanning electron microscopy (FESEM) images and 

corresponding elemental mapping showed higher Cu-content in micelle-like architecture 

compared to nanosheets (Figure 14). 

 

Table 2. Excited-state lifetime experiment data of AkdNMCPy with CuII with varying concentration ratios. 

We postulated that the micelle-like architectures formed initially is a kinetically trapped metastable 

state, which restructured and transformed into thermodynamically stable 2D nanosheet 

architectures over time. After 7 days of incubation under similar conditions, Aβ14-23, Aβ14-23Py, 

AkdNMC, and HkdPy did not form sheet or micellar-like architectures (Figure 15). 

AkdNMCPy with CuII Excited state lifetime
(345 nm)

AkdNMCPy 140.8 ns

AkdNMCPy+CuII (1:1) 136.8 ns

AkdNMCPy+CuII (1:3) 121.5 ns

AkdNMCPy+CuII (1:5) 113.9 ns
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Figure 8. (A) Most stable conformation of AkdNMCPy+CuII. (B) Distance between Cu and different closer 

atoms (X) in AkdNMCPy. 

The collective experimental evidence confirmed the binding of AkdNMCPy with CuII followed by 

distinct assembly pathways to form nanosheets or micelle-like core-shell architectures which 

subsequently transformed into thermodynamically stable nanosheets. Next, the binding 

stoichiometry between AkdNMCPy and CuII, and the redox behavior of bound Cu ions were studied 

by liquid chromatography-mass spectrometry (LCMS), cyclic voltammetry (CV), and electron 

paramagnetic resonance (EPR) experiments. Upon addition of CuII, LCMS spectra showed gradual 

disappearance of AkdNMCPy peak at retention time (tR) = 7.9 min and concomitant appearance of 

a new peak at tR = 14.8 min (Figure 3E, Table 1), which confirmed equimolar stoichiometric 

complexation between AkdNMCPy and CuII. The CV measurements of CuII solutions after mixing 

with AkdNMCPy showed a sharp decrease in cathodic (-15 μA at -0.18 V) and anodic (38 μA at 

0.13 V) peak current intensities with time. At 48 h incubation with AkdNMCPy, the cathodic and 

anodic peaks of CuII were completely disappeared inferring the complexation-induced decrease of 

free CuII in the presence of AkdNMCPy (Figure 7B). 

We performed low-temperature EPR spectroscopy measurements to investigate CuII coordination 

environment and oxidation state in the presence of AkdNMCPy.26 EPR data showed diminishing of 

CuII signal at 3100 gauss (G) in the presence of AkdNMCPy which is attributed to the reduction of 

(A) (B)
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CuII to diamagnetic CuI (Figure 7C). Thus, we postulate that the complexation of CuII by 

AkdNMCPy initially forms micelle-like architectures, which gradually reorganize to nanosheets 

guided by the in-situ reduction of CuII to CuI. 

 

Figure 9. FTIR spectra of (A) sheet structure of AkdNMCPy with CuII (B) AkdNMCPy, and (C) CuII. The data 

showed shifting of stretching frequencies of N-H (14H) and -C=O (kd) in AkdNMCPy from 3300 to 3275 

cm-1 and 1654 to 1623 cm-1, respectively, in the presence of CuII which suggest 14H as the major binding 

site for CuII. 

 

Figure 10. Powder XRD pattern of AkdNMCPy+CuI sheet structure. X-ray diffraction (PXRD) data 

suggested crystalline nature of the nanosheets with a d-spacing of 3.26 Å. 
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Next, we demonstrated the use of distinct architectures of AkdNMCPy as catalytic systems in 

performing chemical transformations specific to CuII and CuI. The catalytic utility of micelle-like 

architectures of AkdNMCPy+CuII was investigated in a tandem reaction involving oxidative-

hydrolysis of 2’,7’-dichlorofluorescein diacetate (DCFH-DA) (Figure 16A).9,27 

 

Figure 11. 1H NMR titration of HkdPy with CuII in D2O solution at 25 °C and at a pH of 7.4. Spectrum (i) 

HkdPy (30 μM) dissolved in phosphate-buffered D2O (pH 7.45); spectra ii to vi are for same solution with 

CuII (50 μM), incubation time point are as follows: ii, 2 h; iii, 18 h; iv, 28 h; v, 40 h; vi, 2 days. The 

downfield shift of C2 proton of 14H confirms the CuII–H (AkdNMCPy) binding interactions. 
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Figure 12. TEM images of AkdNMCPy in PBS (pH 7.4) after 24 h of incubation, form matured fibrillar 

architecture. 

The micelle-like architectures were prepared by the serial addition of CuII to AkdNMCPy, 

centrifugation, water washing, and finally dispersed in HEPES buffer (25 mM, pH 8). The 

oxidative-hydrolysis of DCFH-DA by AkdNMCPy+CuII was monitored by recording the 

absorbance of 2’,7’-dichlorofluorescein (DCF) at max = 504 nm (Figure 17). 

 

Figure 13. (A) AFM images of AkdNMCPy+CuI (Sheet) in PBS (10 mM, pH 7.4) (B) Height plot (C) 

DMT modulus plot of sheet architecture. 

The conversion of DCFH-DA into DCF was observed with an initial rate of 8.7 nM min-1 (Figure 

16B, 17). The calculated KM and catalytic efficiency (kcat/KM) were 0.5 mM and 120 M-1min-1, 

respectively, which are in agreement with reported peptide-based cascade reactions (Table 3).9,27,28 

The control reactions revealed that CuII, His, AkdNMCPy, AkdNMC, Aβ14-23, Aβ14-23Py, and 

HkdPy were catalytically inefficient under similar assay conditions (Figure 16B). Finally, we 
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evaluated the activity of nanosheets of AkdNMCPy in CuI-catalyzed alkyne-azide cycloaddition 

(CuAAC) reaction to form triazole products.29 The nanosheets were found to  

 

Figure 14. FESEM images of AkdNMCPy+CuII. (A) sheet (B) micelle-like architectures and corresponding 

elemental mapping images. EDAX ZAF quantification (Element Normalized) of (C) sheet (D) micelle-like 

architectures. The micelle-like architecture contains higher Cu content (wt% 52.13) compared to nanosheets 

(wt% 19.28). 
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Figure 15. TEM images of Aβ14-23, Aβ14-23Py, AkdNMC, HkdPy and in the presence of CuII in PBS (pH 

7.4). The data did not show sheet or micelle-like architectures upon prolonged incubation time. 

efficiently catalyze the reaction with varied combinations of azide and alkyne to yield 1,4-

cycloaddition products as shown in Figure 16D. The triazole adducts were quantitatively analyzed 

and characterized by LCMS (Table S4). . The product started forming within 10 min and reached 

completion by 60 min, as was monitored by NMR spectroscopy (Figure 18). Our studyfurther 

revealed that nanosheet architectures of AkdNMCPy + CuI catalyze CuAAC reactions with a 

considerably faster rate and excellent yields compared to a standard CuSO4 + sodium ascorbate 
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catalyst system (Figures 19, 20). The detailed results from various spectroscopy techniques, 

oxidative-hydrolysis of DCFH-DA and CuAAC reactions 

 

Figure 16. A) Micelle-like architectures of catalyzed conversion of DCFH-DA to DCF in HEPES (25 mM, 

pH 8). B) Absorbance vs reaction time plots for oxidative-hydrolysis of DCFH-DA catalyzed by micelle-

like architectures and other control systems. C) The plot of initial rate (V0) vs different substrate (DCFH-

DA) concentrations. D) Alkyne-azide click reaction catalyzed by nanosheets. Substrates with variable 

substituents and product yields calculated from LC-MS. 
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confirmed the stabilization of CuII state in micelle-like architectures and in-situ reductions of CuII 

to CuI in nanosheets of AkdNMCPy. 

 

Figure 17. Absorbance (max = 504 nm) of DCFHDA and fluorescence (em = 520 nm) spectra of DCF in 

the presence of micelle-like architectures of AkdNMCPy+CuII. 

 
 

Figure 18. 1H-NMR spectra to follow the reaction between phenyl azide (1 eq) and N, N-dimethylprop-2-

yn-1-amine (1.2 eq) in the presence of AkdNMCPy+CuI (0.2 eq). AkdNMCPy+CuI added at 0 min and product 

formation was observed within 10 min and reaction was completed in 30 min. 
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Figure S19. Time-dependent 1H-NMR spectra of reaction between phenyl azide (1 eq.) and N, N-

dimethylprop-2-yn-1-amine (1.2 eq.) in the presence of CuSO4+sodium ascorbate (0.2 eq.) added at 0 min 

and the product formation was assessed. CuSO4+sodium ascorbate was added at 0 min and product 

formation was observed within 20 min and reaction was completed 80 min. 
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Figure 20. The triazole product conversion was monitored using LC-MS. (A) LCMS of only phenyl azide 

(Rt=8.2 min). (B) AkdNMCPy-CuI catalyzed alkyne-azide reaction (10% product triazole product, Rt= 13.0 

min, m/z=203) after 10 min, (C) 97% triazole product was observed at 30 min, (D) LCMS profile of 

CuSO4+sodium ascorbate catalyzed alkyne-azide reaction after 80 min showed 95 % triazole product. 

 

3.3 Conclusion 

In summary, we demonstrated CDP and Cu-directed molecular architectonics of AkdNMCPy to 

form functional material architectures that differentially modulate Cu-oxidation states and 

catalytic activities. The fibrillar assembly of AkdNMCPy was engineered into thermodynamically 

stable nanosheets or kinetically controlled micelle-like architectures by one-off or serial additions 

of CuII to AkdNMCPy. The experimental studies showed that micelle-like architectures and 

nanosheets of AkdNMCPy differentially stabilized CuII and CuI states, which were efficient catalytic 

systems in tandem oxidation-hydrolysis and click reactions, respectively. This work is anticipated 

to inspire the design of artificial biocatalytic architectures capable of performing multiple chemical 

transformations. Further, the metal-complexation-guided distinct functional architectures that 

stabilize different oxidation states could help in understanding the complex redox activities of 

metalloproteins. 

3.4 General methods 

All the peptides and peptidomimetics are synthesized by standard solid phase peptide synthesis 

(SPPS) protocols. Fmoc-rink amide resin (Novabiochem) was used as solid support. Amino acids 

and unnatural CDP-amino acid (kd) were coupled using HBTU/HOBt as the activating reagent, 

DIPEA as the base in DMF. For deprotection of the Fmoc protecting group, 20% piperidine in 

DMF was used. All peptides were purified using reverse-phase (RP) semi-preparative HPLC using 

a C18 column at 40 °C. The product purity was >99%, as ascertained by the analytical HPLC. The 

molecular mass of peptides was verified by HRMS (Q-TOF) analysis. The sequence and structural 

information of synthesized kd-incorporated peptidomimetics are given in Table S5. 
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3.4.1 Synthesis of Aβ14-23, Aβ14-23Py, AkdNMC, AkdNMCPy and HkdPy peptidomimetics 

The unnatural CDP amino acid (kd) was synthesized by cyclizing Fmoc-Asp (OtBu)-OH and H-

Lys (Boc)-OMe.29-30 We used standard 9-fluorenylmethoxycarbonyl (Fmoc) SPPS protocols to 

synthesize kd-incorporated peptidomimetics. Fmoc-amino acids (H: Histidine, Q: Glutamine, K: 

Lysine, L: Leucine, V: Valine, F: Phenylalanine, A: Alanine, E: Glutamic acid, D: Aspartic acid, 

and Py: Pyrene acetic acid) with the Boc and tBu protected side chains of the corresponding -NH2 

and -COOH functions were employed. The rink amide resin (loading 0.76 mmol/gm) was used as 

solid support. HBTU/HOBt (2.5 eq. each), DIPEA (4 eq.), and DMF were employed as activating 

reagent, base, and solvent, respectively, for coupling the Fmoc-amino acids (2.5 eq.) and the Fmoc-

kd (2.5 eq.) in the desired sequence. In the final step, 2.5 eq of 1-pyrene acetic acid (Py) was 

conjugated to the N-terminus. Kaiser test was used to ensure that the amino acid's coupling and 

Fmoc-deprotection processes were completed. The resin was properly washed with DMF and 

DCM after each coupling and deprotection procedure. Using a cocktail solution of TFA: TIPS: 

DCM (95:2.5:2.5) at room temperature, the entire sequence of the peptidomimetics was cleaved 

from the resin and the product was collected as solid precipitate from the cold diethyl-ether. 

Reverse-phase HPLC was used to purify the synthesized peptidomimetics (C18 column). 

3.4.2 Preparation of the peptide stock solution 

Purified lyophilized peptides were dissolved in water (Mili-Q) to make a 1 mM stock solution. 

3.4.3 Metal-binding study 

The binding and selectivity of AkdNMCPy (15 µM) peptide toward various metal ions, e.g. AlIII, 

CuII, ZnII, FeII and FeIII were evaluated by absorbance and fluorescence studies. A 6.5-fold higher 

concentration of metal ions (100 µM) was used during the sample preparation, CuII, FeII and FeIII 
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were found to bind efficiently to AkdNMCPy, as confirmed by the significant change in fluorescence 

of AkdNMCPy. 

3.4.4 Atomic force microscopy (AFM) characterization 

The AFM imaging was performed for AkdNMCPy, and one-off addition AkdNMCPy+CuII samples. 

10 µL of 5 µM aliquot was drop-casted onto freshly cleaved mica and incubated for 5 min, 

followed by rinsing with water (Milli-Q) and dried by the flow of air. The AFM images were 

acquired using Bruker BIOSCOPE Resolve with PeakForce Tapping mode. The silicon Tip on the 

Nitride Lever (SCANASYST-ATR) was used. The length and resonance frequency of the tip is 

115 μm and 146−236 kHz, respectively; and the force constant is 21−98 Nm−1. All the images 

were processed using NanoScope analysis software. 

3.4.5 Kinetic assay with fluorescein (DCFHDA) derivatives 

Kinetics measurements were carried out in 96-well plates using SpectraMax i3x microplate reader 

(Molecular Devices), by monitoring the absorbance of the product generated (DCF, 2',7'-

dichlorofluorescein) at 504 nm at 37 °C. DCFH-DA (Sigma Aldrich) was dissolved in DMSO to 

obtain a stock solution (10 mM). Varying concentrations of substrate (DCFH-DA) including 100 

μM, 500 μM, 1 mM, 2 mM, and 2.5 mM were used in the assays. The concentration of metal-

peptide utilized in the studies was 2 μM. The absorbance of DCF generated was measured after 

mixing with AkdNMCPy+CuII complex. The studies were carried out in HEPES buffer (25 mM, pH 

8). For the kinetics investigation, the control sample (negative control) was considered during the 

experiment, e. g. only CuII, AkdNMCPy, AkdNMC, Aβ14-23, Aβ14-23Py, and HkdPy. The linear 

portion of the absorbance vs. time plot was fitted to a linear equation and the initial rate of the 

reaction was calculated using the slope/extinction coefficient of the product at pH 8 (90,750 M-

1cm-1). Kinetic parameters were obtained by fitting the data to the Michaelis–Menten equation V0 
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= kcat[E]0[S]0/(KM+[S]0), Kcat calculated from Vmax/(E), and catalytic efficiency was calculated 

from kcat/KM (Turnover number). 

3.4.6 Cyclic voltammetry (CV) experiment 

The electrochemical experiments were performed using CHI 832 electrochemical workstation (CH 

Instruments, Austin, Texas). Cyclic voltammograms were obtained at room temperature, nitrogen 

gas was purged into the electrolyte solution. The saturated calomel electrode was used as a 

reference electrode, platinum coil as a counter electrode, and platinum disk as a working electrode. 

The redox behavior of the CuII (copper nitrate) was carried out in 0.2 M KCl. It had been observed 

that electroactive CuII solution gives two cathodic peaks and an anodic peak. The first cathodic 

peak current was at -8.6 µA and potential 0.034 V, and the second peak was at -1.35 µA and 

potential -0.128 V. The anodic peak current was 33.5 µA and the potential 0.124 V. This implied 

the two-electron reversible system. In the presence of AkdNMCPy the current density decreased due 

to binding AkdNMCPy with CuII. In the presence of AkdNMCPy, only an anodic positive peak at 

0.015 V and another at 0.27 V were observed. More importantly, the reduction peak becomes less 

significant, which provided information about the redox state of copper in the presence AkdNMCPy.  

3.4.7 Transmission electron microscopy (TEM) characterization 

5 μL of the sample was placed onto a carbon-coated copper grid and dried completely. Then 2 μL 

of 2 % (w/v) uranyl acetate solution was added for 45 sec and excess solution was wicked off by 

filter paper. Sample concentrations were typically 10-15 μM in 10 mM PBS. The specimen was 

observed using JEOL-JEM 2010 instrument operating at 120 kV and the image was recorded with 

SC 1000 CCD camera (Gatan). The data were analyzed using Digital Micrograph software. 
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3.4.8 Fourier-transform infrared spectroscopy (FTIR) 

FTIR spectra were recorded on Frontier (model: Sr No. 96466) spectrometer and in ATR mode. 

The aqueous solution of each sample (20 µL) was drop-casted on the thin coverslip, and then the 

sample was dried at room temperature under high vacuum. During the experiment, the scan rate 

was kept around 60 min s-1. The baseline correction for each recorded sample was performed by 

the instrument inbuilt software. The final data were plotted using the Origin software. 

3.4.9 Field emission scanning electron microscopy (FESEM) 

FESEM images were acquired using FEI Nove-nano SEM-600 equipped with a gun operating with 

the voltage 10.00 kV. The sample was prepared by drop-casting on a Si-wafer (111) substrate. The 

AkdNMCPy-CuII complexes showed two distinct nanoarchitectures formations depending on the 

modes of addition of CuII (one-off or serial addition). In the serial addition mode, we found 

micelle-like core-shell architectures, and in one-off addition resulted in the formation of 2D 

nanosheets. 

3.4.10 Circular dichroism (CD) spectroscopy 

CD measurements were carried out on Jasco J-815 spectrometer under a nitrogen atmosphere to 

avoid water condensation. Scans were performed with the sample in 1 cm quartz cell over the 

range of 195–600 nm with a scan speed of 100 nm/min, and the spectra represent an average of 

three scans. A blank sample containing PBS buffer (10 mM, pH = 7.4) was treated in the same 

manner and subtracted from the collected data. Interestingly, in the case of serial addition, we 

observed a negative Cotton effect at 298 nm. With increasing concentration of CuII the band at 298 

nm showed an enhanced negative cotton effect. 
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3.4.11 Electron paramagnetic resonance (EPR) 

Aqueous solution of CuII (1 mM, 75 μL) and peptide stock solution (1 mM) were mixed. The 

mixture was diluted in PBS (10 mM, pH 7.4). The mixture was incubated at room temperature for 

2 h. The sample was transferred into an EPR tube and flash-frozen in liquid nitrogen. The EPR 

spectra were recorded in a time-dependent manner in Wilmad tube using a JEOL, JES-X320 EPR 

spectrometer by considering gII and AII values for CuII. Thank you for the question. The parameters 

we have used for the experiments are Mod width (1×100), amplitude (7×100), Time constant (0.03 

sec), Magnetic field (300 mT), power (1.5 mW), Frequency (9225.4 mHz). 

3.4.12 Molecular docking 

AkdNMCPy peptidomimetic was docked with AkdNMCPy-Cu by using AutoDock Vina (version 

1.1.2) software. The PDB format of AkdNMCPy was generated by OpenBabel software (version 

2.4.1) after minimizing energy. AutoDock 4.2 MGL Tools (version 1.5.6) was applied for the 

preparation of AkdNMCPy-Cu (here as a receptor), where to predict binding mode more accurately, 

water molecules were eliminated, polar hydrogen atoms were added to it to find plausible polar 

contacts with any atom, gasteiger charges of the peptidomimetics were included and saved as pdbqt 

format. Also, the pdbqt format of AkdNMCPy was created to coordinate files, which consist of 

atomic partial charges and atom types. Torsion angles were determined to consign the fixable and 

non-bonded rotation of molecules. The grid file, modified to calculate the grid parameters, is an 

imaginary box of customized volume so that AkdNMCPy can bind to the best reasonable binding 

site with the lowest binding energy and with higher binding affinity. We performed a blind docking 

experiment of AkdNMCPy with grid volume of 84 x 84 x 84 points, grid spacing of 0.503 Å and 

centered (-0.671 for x-axis, -6.274 for y-axis, and -16.394 for z-axis) on the receptor AkdNMCPy-

Cu. At the end of the experiment, the output file was produced as ligand_out.pdbqt which includes 
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binding affinity (-5.4 in kcal/mol), RMSD lb, and RMSD ub. PyMOL software (version 1.7.4.5) 

was used to analyze the results of molecular docking. The hydrophobic residues were selected and 

labeled as required. 

3.4.13 DFT calculation 

From the most stable conformation of AkdNMCPy-CuII (Figure 8), calculated by DFT (B3LYP, 6-

31G), it was evident that CuII was coordinated by 14His (1.3 Å), 22Glu (3.9 Å), 23Asp (3.2 Å), 

and C-terminus kd (4.0 Å, N-terminus kd 5.5 Å); and aromatic interactions play a crucial role to 

form the zipper structure where pyrene was 6.6 Å apart from CuII. Based on the statistical analysis 

on the PDB, the RING server classified various interaction types, among which the strict and 

relaxed distance for the pi-cation interaction were reported as 5 Å and 7 Å respectively.  Besides 

parallel, lateral and normal orientations, a peak around 6.2 Å was found for the orthogonal (N) 

conformation, corresponding to a situation where the charged group is placed opposite to the 

interacting ring.31 Further, ℿ-ℿ aromatic interactions support in favour of thermodynamically 

stable sheet architecture. The density functional theory (DFT) was calculated by Gaussian 5.0.9 

program to get the most stable conformation of copper bound AkdNMCPy. Herein, B3LYP was 

used as an energy functional and 6-31G as a basis set. 

 

Table 3. Comparison of the artificial hydrolase (oxidative-hydrolysis) 

References Artificial Hydrolase Substrate kcat/Km Condition 

Korendovych32 Ac-IHIHIYI-NH2+CuII DCFH-DA 61.2 (k2 M−1 min−1) HEPES (pH 8) 

Our work AkdNMCPy+CuII DCFH-DA 120.96 (M-1min-1) 
 

HEPES (pH 8) 
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Table S4. Liquid chromatogram (LC) and mass (MS) profiles of different triazole products. 

 

Table S5. Characterizations of the peptidomimetics by HRMS and HPLC 

Name Sequence Exact mass Observed mass 
HRMS 

Aβ14-23 His-Gln-Lys-Leu-Val-Phe-Phe -Ala-

Glu-Asp 
1231.6350 616.8319 [M/2+H]+ 

Aβ14-23Py Py-His-Gln-Lys-Leu-Val-Phe-Phe-

Ala-Glu-Asp 
1473.7081 737.8486 [M/2+H]+ 

AkdNMC kd- His-Gln-Lys-Leu-Val-kd-Phe-Phe-

Ala-Glu-Asp-kd 
1906.9690 954.9907 [M/2+H]+ 

AkdNMCPy Py-kd- His-Gln-Lys-Leu-Val-kd-Phe-

Phe-Ala-Glu-Asp-kd 
2149.0421 1076.0255 [M/2+H]+ 

    717.687 [M/3+H]+ 

HkdPy Py-kd-His 649.3012 650.3004 [M+H]+ 

A

C

0
0

B

D

Exact mass: 202.1218 
Mass found: (M+H+)

Exact mass: 264.1375 
Mass found: (M+H+)

Exact mass: 217.1035 (M) 
Mass found: (M+H+)

Exact mass: 174.0905 (M)
Mass found: (M-3H+)

LC MS
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Peptide/ 

peptidomimetics 
HPLC Gradient 

Flow rate 

(ml/min) 

Retention 

time (Rt) 

Purity 

(%) 

Aβ14-23 

 

0-98 % MeCN (0.1% TFA) in H2O (0.1% 

TFA) for 25 min 
8 10.1 min >99 

Aβ14-23Py 
0-98 % MeCN (0.1% TFA) in H2O (0.1% 

TFA) for 25 min 
8 12.8 min >99 

AkdNMC 
0-98 % MeCN (0.1% TFA) in H2O (0.1% 

TFA) for 25 min 
8 10.2 min >99 

AkdNMCPy 
0-98 % MeCN (0.1% TFA) in H2O (0.1% 

TFA) for 25 min 
8 13.0 min >99 
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HPLC Chromatogram and HRMS data of Aβ14-23 
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HPLC Chromatogram and HRMS data of Aβ14-23Py 

 

 

 

 

 

 

 

 

 

[M/2+H]+
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HPLC Chromatogram and HRMS data of AkdNMC 
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HPLC Chromatogram and HRMS data of AkdNMCPy 
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1H NMR and LCMS of HkdPy 
 

 
 

 
 

 

 

Exact mass: 649.3013 
Mass found: (M+H+)

LC

MS
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Statistical analysis of Figure 15C 
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AD is a most common neurodegenerative disorder affecting more than 45 million people 

worldwide, which is expected to reach >135 million by 2050.1,2 The pathophysiology of AD 

involve aberrant accumulation of amyloid plaques in the brain which cause multifaceted toxicity 

characterized by oxidative stress, synaptic dysfunction, neuroinflammation and mitochondrial 

damage leading to neuronal loss.3-9 The toxic Aβ plaques are predominantly formed by Aβ42 

peptides which in turn are produced by proteolytic cleavage of amyloid precursor protein (APP), 

a transmembrane protein mostly expressed in the neuronal cells.1,10 The soluble fragments of APP 

(Aβ monomers) undergo self-aggregation from insoluble Aβ plaques in the AD brain.  The 

formation of this insoluble plaque is a complex multistep process that requires the organization of 

various short-lived and long-lived, on- and off-pathway aggregation species, whose chemical and 

biological actions are mostly unexplored 11. Under AD conditions, Aβ monomers transform into 

small β-sheet–rich oligomers and protofibrils that are on-pathway to the build-up of more ordered 

amyloid fibrils.12,13 Besides, Aβ monomers can form globular non–β-sheet oligomers, which are 

eventually taking part in Aβ self-aggregation by transforming themselves into β-sheet–rich 

species, this process is effectively modulated by well-designed Aβ aggregation targeting small 

molecules.14,15  

Dedicated efforts have been undertaken by researchers in developing small molecules, peptides, 

peptidomimetics, and antibodies to modulate the toxic amyloid aggregation process, by interfering 

with the self-aggregation process of Aβ peptides.7, 16-25 Notwithstanding, there are no clinically 

approved drugs for AD, which is attributed to limited or poor understanding of various underlying 

mechanisms of aggregation and ineffective designs of compounds to modulate the aggregation 

process.26 The design of small molecules to modulate Aβ aggregation is particularly interesting as 

the molecular interactions are considered at the early onset of the process and anticipated to help 
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in understanding the aggregation-based disease pathogenesis.22 Osmolytes such as trimethylamine 

N-oxide and glycerol are shown to modulate (accelerate) the toxic Aβ aggregation, which leads to 

the formation of nontoxic fibrillar structures27,28. In otherward, designer small molecules can 

effectively reduce the multifaceted Aβ toxicity similar to Aβ aggregation inhibitors by accelerating 

the nontoxic aggregation pathways. Some of our recent works involved the development of 

multifunctional small molecules and peptidomimetics to inhibit the toxic Aβ aggregation 

pathways. In particular, peptoids and hybrid multifunctional modulators (HMMs) are reported as 

Aβ aggregation inhibitors which established the fact that judiciously designed small molecules are 

the potential tools to ameliorate the toxic amyloid aggregation cascades by preventing the 

aggregation or dissolving the pre-formed aggregation species or influencing structural changes in 

the aggregation pathways.7, 16-19 The current work deals with the acceleration of Aβ aggregation to 

form nontoxic species by employing the hydrophobic and halogen interactions. 

4.1 Design and synthesis 

As discussed (vide supra), small molecule-based modulation of Aβ42 aggregation is essentially 

associated with two contrasting mechanism of actions, i) disrupt or stop the Aβ self-aggregation, 

or ii) accelerate the aggregation towards the formation of nontoxic species. In this context, we 

designed and synthesized a set of 2,3-dihydrophthalazine-1,4-dione based small molecules (Phz 

1-4) with different halogen substituents to modulate the Aβ amyliodogenesis (Scheme 1).  The 

detailed studies show that the fluorinated dihydrophthalazinedione derivative effectively modulate 

the aggregation towards nontoxic pathway. In literature, fluorinated compounds have been 

reported to modulate Aβ42 aggregation and contribute significantly in the PET imaging studies of 

Aβ plaques.29-35 Similarly, modulation of aggregation is reported when Aβ peptide interacts with 

poly (tetrafluoroethylene) surfaces or fluorinated nanoparticles.36,37 Among all the halogenated 
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surfaces, fluorinated surface showed better modulation efficiency which suggests that fluorine play 

an important role in the modulation of Aβ aggregation process.37 Strikingly, fluorinated derivative 

(Phz 4) accelerates the rate of Aβ aggregation when compared to other halogenated (chloro and 

bromo) derivatives (Phz 2 and Phz 3, respectively) and non-halogenated derivative (Phz 1). The 

detailed biochemical and biophysical studies have revealed that Phz 4 possibly interact and 

interfere with amyloid self-aggregation of Aβ42 peptide38 and accelerated the aggregation towards 

the formation of species that are non-cytotoxic to neuronal cells. 

4.2 Results and discussion 

4.2.1 Syntheis of dihydrophthalazinedione derivatives 

2,3-Dihydrophthalazine-1,4-dione and its derivatives have potential pharmacological and 

biological implications.39 The dihydrophthalazinediones are particularly interesting  

molecular scaffolds to design perspective AD therapeutic agents. In this article, we report design 

and syntheses of dhydrophthalazaninedione (Phz 1) and tetra-halogen containing 

dihydrophthalazaninedione derivatives (Phz 2, Phz 3 and Phz 4) to assess the role of halogen 

substitutions towards the modulation of Aβ42 aggregation (Scheme 1). The phthalic anhydride or 

and tetra-halogen substituted phthalic anhydrides (fluoro, chloro and bromo) were added to the 

glacial acetic acid solution and refluxed for 1 h under nitrogen atmosphere. Subsequently, 

hydrazine hydrate (N2H4 H2O) was added to each of the reaction mixtures and refluxed for 1 h to 

obtain 2,3-dihyphthalazine-1,4-dione derivatives (Phz 1-4) in good yield. All the compounds were 

thoroughly characterized by nuclear magnetic resonance (NMR) spectroscopy and high-resolution 

mass spectrometry (HRMS) analysis. 
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Scheme 1. Synthesis of 2,3-dihyphthalazine-1,4-dione derivatives (Phz 1-4). Reagents: i) AcOH, 120 °C, 

1 h, reflux and ii) N2H4.H2O, 120 °C, 1 h, reflux. 

 

4.2.2 Inhibition of amyloid β aggregation: thioflavin T assay 

Initially, the aggregation propensity of Aβ42 was assessed in presence of dihydrophthalzinedione 

derivatives (Phz 1-4) in thioflavin-T (ThT) fluorescence assay.7,16,40,41 We examined the 

fibrillation of Aβ42 at a concentration of 10 µM in phosphate buffer saline (PBS, 20 mM, pH= 

7.4) at 37 °C, in the absence and presence of Phz 1-4 (50 µM). The data in Figure 1A show that 

ThT fluorescence (λex= 482 nm, λem= 482 nm) was enhanced by about four-fold in presence of 

Phz 4, while Phz 1-3 showed an insignificant reduction in ThT fluorescence emission. The self-

aggregation of Phz 4 was independently assessed in the presence and absence of ThT to rule out 

the self-induced fluorescence enhancement. We recorded ThT (10 µM) emission spectra (λex= 

442) in presence of two different concentrations of Phz 4 (50 and 100 µM) which did not show 

any interference of Phz 4 with ThT emission characteristics. These results showed that Phz 4 

individually or with ThT is not capable of forming any higher-order aggregation to exhibit 

enhanced fluorescence (Figure 1B-C). 

Next, we assessed the effect of Phz 4 on the aggregation kinetics of Aβ42 in the presence of pre-

formed fibrils (Figure 1C). For this experiment, the pre-formed Aβ42 (20 µM) aggregates were 

i

ii
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incubated in PBS (control) and with two different concentrations of Phz 4 (100 and 200 µM). As 

expected, the ThT fluorescence gradually increased with time for Aβ42 aggregates in PBS. While 

the rate of fluorescence enhancement for Aβ42 in presence of Phz 4 was significantly higher which 

dependent on the concentration of Phz 4 and time (Figure 1C). This study reiterates that Phz 4 

interferes with Aβ42 fibrillations and further accelerates Aβ42 aggregation process to form 

possibly reordered aggregation species. Generally, hydrophobic and hydrogen bonding 

interactions are among the two major driving forces that control protein aggregation.16,17,42,43 There 

are three definite regions within the Aβ42 sequence that involved in its aggregation process, i) the 

central hydrophobic cluster corresponding to the Aβ17–21 region, ii) the Aβ23–28 region and the 

hydrophobic C-terminus.43 The probable mode of interaction between Phz 4 and Aβ42 is 

speculated to involve fluorine interaction with the hydrophobic regions of the peptide sequence. 

The hydrophobic, hydrogen bonding, and fluorine interactions between Aβ42 aggregates and Phz 

4 are speculated to contribute towards reorganization and acceleration of Aβ assembly to form 

distinct aggregation species (vide infra) which show enhanced ThT fluorescence. 

4.2.3 Dot blot assay 

To further validate the acceleration of Aβ42 aggregation by Phz 4 in ThT fluorescence assay, dot 

blot analysis was performed. In a set of independent experiments Aβ42 monomer (10 μM) was 

incubated with Phz 1-4 (50 μM) independently for 48 h at 37 °C in PBS (pH= 7.4). The samples 

were spotted on a nitrocellulose membrane and treated with Aβ42 aggregate-specific antibody 

(OC) to determine the extent of aggregation. The blot intensity determined by the histogram 

analysis was found to be in the order Phz 4 ≈ Phz 2 > Phz 1 > Phz 3, which is in agreement with 

the data from ThT fluorescence assay (vide supra) and confirmed that  
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Figure 1. (A) The modulation of Aβ42 aggregation studied by thioflavin (ThT) assay, Aβ42 (10 μM) was 

incubated alone and independently with Phz 1-4 in 1: 5 stoichiometry and their influence on aggregation is 

quantified by measuring ThT fluorescence intensity, which is represented as normalized fluorescence 

intensity (NFI) at 482 nm for a given time point (48 h). (B) The self-aggregation of Phz 4 (25 μM) was 

monitored through ThT fluorescence assay. (C) Kinetic profiles of Aβ42 peptides (20 μM) in the absence 

and presence of Phz 4 (1: 5, 1: 10 molar ratios of Aβ42 to Phz 4). (D) Dot blot analysis of Aβ42 (10 μM) 

fibrils using amyloid fibrils specific primary antibody, OC (1: 3000) in the absence and presence of Phz 1-

4 (50 µM). Each experiment was repeated thrice (n = 3); error bars represent the standard deviation (SD) 

One-way ANOVA analysis followed by Tukey's multiple comparison post-test was performed (p= 0.0014). 

 

Phz 4 is a potent modulator of amyloid aggregation by accelerating the rate of the aggregation 

process (Figure 1D). On the other hand, a negligible effect was observed with Phz 1 and bromine-

containing analogue (Phz 3). Although chlorine-containing analogue (Phz 2) showed modulation 

efficiency as good as Phz4 in dot blot assay, a marginal or low modulation effect was observed in 

ThT fluorescence assay (Figure 1A). Therefore, ThT fluorescence assay and dot blot analysis 

together revealed that Phz 4 is an effective and potent accelerator of Aβ42 aggregation compared 
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to other analogues Phz 1-3, which supports our design strategy and encouraged us to evaluate the 

cytotoxicity of Phz 4 induced amyloid aggregation species in cells. 

4.2.4 TEM analysis 

The effect of Phz 4 treatment on the Aβ42 aggregation was investigated through transmission 

electron microscopy (TEM) analysis. Aβ42 monomers were incubated for 48 h at 37 °C in the 

presence and absence of Phz 4 and fibril formation was subsequently visualized under TEM 

(Figure 2). The soluble fraction of untreated aggregation reactions after 48 h incubation showed 

Aβ42 fibrils with a diameter of 10–15 nm (Figure 2A). 

 

Figure 2. TEM images of Aβ42 aggregates in the absence (A) and in the presence of Phz 4 after 48 (B)  

and 72 h (C) of incubation. Scale bar: 200 nm. (D) CD study for Aβ42 monomer and Aβ42 fibrill with 

increasing concentration of Phz4 (1:5, 1:10). 
 

In contrast, Phz 4 treated Aβ42 samples for 48 h revealed large lumps of segregated structures 

which suggest the transformation of Aβ peptide into larger reorganized and random aggregates 

upon treatment with Phz 4 (Figure 2B). Interestingly, further incubation of Phz 4 treated Aβ42 

samples (72 h) displayed a higher amount of aggregates compared to 48 h incubated sample 

(Figure 2C). These results confirmed that Phz 4 accelerated Aβ42 aggregation in a distinct pathway 

(formation of more β-sheet rich species, Figure 2D) which is in good agreement with ThT 

fluorescence and dot blot assay data (Figure 1A and D). 
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4.2.5 Phz induced neuronal cell rescue assay 

Next, we evaluated the toxicity of Phz 4 treated Aβ42 aggregates in the cellular milieu to assess 

its therapeutic potential to ameliorate the Aβ42 toxicity. The cytotoxicity of all compounds, Phz 

1-4 was investigated in 3-(4,5-dimethylthiazol-2-yl)2,5- diphenyltetrazolium bromide (MTT) 

assay with PC12 cells. The cells were treated with compounds Phz 1-4 at three different 

concentrations (25, 50 and 100 μM) and incubated for 24 h in cell growth media. Followed by the 

incubation, the experimental cells were further treated with MTT (15 μL, 5 mg/mL) and further 

incubated for 3 h at 37 °C. Finally, the media was exchanged with DMSO and MeOH (1:1) mixture 

to assess the cytotoxicity through absorbance (570 nm) measurement.  MTT assay data showed 

that compounds Phz 1-4 are biocompatible and nontoxic to cells at concentrations as high as 100 

μM (Figure 3A). 

 

Figure 3. (A) Cell viability of PC12 cells treated with Phz 1-4 separately at three different concentrations 

(25, 50 and 100 μM). (B) Cell viability (PC12 cells) after incubation (24 h) with Aβ42 fibrils (ctrl; 5 μM) 

and Aβ42 (5 μM) fibrils with Phz (1-4). Each experiment was repeated thrice (n = 3); error bars represent 

the standard deviation (SD). One-way ANOVA analysis followed by Tukey's multiple comparison post test 

were performed (p= 0.0293). 

 

To simulate AD-like conditions, PC12 cells were treated with Aβ42 fibrillar aggregates (5 μM) 

which showed 30% reduction in viability (70% viable cells) compared to untreated cells (control, 
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100% viability).  Interestingly, the toxicity of Aβ42 fibrillar aggregates to PC12 cells was 

effectively modulated by Phz 4 (25 μM) which rescue the cells and enhanced the cell viability to 

95%. On the other hand, compounds Phz 1-3 showed 65, 92 and 80% cell viability, respectively, 

when compared to the control (100%) (Figure 3B). The viability data and rescue of PC12 cells 

from Aβ42 toxicity is in good agreement with the corresponding order of their acceleration 

efficacy towards Aβ42 aggregation observed in the ThT fluorescence assay, dot blot analysis and 

TEM data. The Aβ oligomers and fibrils are known to interact with cell membranes causing 

cellular toxicity and neuronal death.1,16,19,44 In this context, Phz 4 and Phz 2 interact with Aβ42 and 

drive its aggregation to nontoxic species through distinct aggregation pathways (globular 

intermediates) and protect cells from membrane toxicity and apoptosis. Previous work from our 

laboratory has shown that toxicity monitored by the cytotoxicity assay and ROS production 

correlates directly with the extent of the interaction of the oligomers and fibrils with cell 

membranes16,18 and the current work showed markedly reduced toxicity of Aβ42 in the presence 

of Phz 4, which drives the aggregation of Aβ42 to form nontoxic species. 

4.3 Conclusion 

We synthesized dihydrophthalazinedione derivatives (Phz 1-4) and studied their modulation 

efficiency against Aβ42 aggregation to ameliorate Aβ42 toxicity. The detailed studies from ThT 

fluorescence assay, dot blot and TEM analysis demonstrated that Phz 4 is a potent accelerator to 

drive the Aβ42 aggregation to nontoxic species compared to Phz 1-3. In addition to possible 

hydrophobic and hydrogen bonding interactions, fluorine interactions of Phz 4 with Aβ42 peptide 

induce distinct aggregation through conformational intermediates (globular intermediates) to form 

nontoxic species as revealed by the cell viability and protection of PC12 cells from Aβ toxicity 

(Figure 4). Overall, the excellent cell viability and neuronal rescue from amyloid toxicity by Phz 
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4 demonstrated an alternative route to target the amyloid aggregation process (accelerating the Aβ 

aggregation to nontoxic species) employing fluorinated compounds. Furthermore, there is a scope 

to enhance the modulation efficiency of Phz 4 through additional chemical modifications to 

develop effective therapeutic agents to tackle the multifaceted Aβ toxicity of AD. 

 

Figure 4. Schematic illustration of Aβ42 aggregation in the absence and presence of Phz 4 to form toxic 

and nontoxic aggregation species, respectively. 

 

4.4 Materials and methods 

4.4.1 Syntheses of dihydrophthalazinedione derivatives  

The phthalic anhydride derivatives in AcOH were refluxed at 120 °C. After 1 h, the reaction 

mixture was cooled to 25 °C and hydrazine monohydrate was added dropwise into the reaction 

flask followed by refluxing the reaction mixture at 120 °C for 30 min (Scheme 1). The product 

was filtered and washed with petroleum ether (3 x 10 mL) and dried in a vacuum. The overall 

reaction is a two-step process, involving hydrolysis of anhydride derivative and condensation 

Aβ42 monomer Aβ42 oligomer

0
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reaction between the acid and hydrazine hydrate to give the desired product in good yield. All 

dihydrophthalazinedione derivatives were prepared by above-mentioned procedure. 

4.4.2 Aβ42 monomer and fibrils 

 Aβ42 (PP69-0.25MG, Merck) peptide was dissolved in 1, 1, 1, 3, 3, 3-hexa-fluoro-2-propanol 

(HFIP, Spectrochem). After sonication for 45 min at room temperature, HFIP was first removed 

by nitrogen gas flow and stored under vacuum. The concentration of Aβ42 peptide was determined 

by UV−vis spectrometry (Agilent Technologies, Cary 5000 UV-vis-NIR spectrophotometer) using 

a molar extinction coefficient of 1450 cm−1 M−1 at 276 nm. Aβ42 peptide sample was dissolved in 

PBS (20 mM, pH= 7.4) containing 2% DMSO to obtain a final concentration of 100 μM 

(monomer).18 The Aβ42 fibrils were prepared by incubating Aβ42 monomer for 48 h in PBS (20 

mM, pH = 7.4). ThT fluorescence and CD measurements were carried out to confirm the formation 

of Aβ42 fibrils. 

4.4.3 Thioflavin T (ThT) fluorescence assay  

All the dihydrophthalazinedione derivatives were dissolved in DMSO. Phz 1-4 were added 

separately to the freshly prepared Aβ42 (10 μM) sample in PBS buffer (20 mM, pH 7.4) and kept 

at 37 ºC. For kinetic studies, Aβ42 (20 μM) sample was pre-incubated for 24 h at 37 ºC. The ThT 

solution was filtered using a 0.2 mm syringe filter before adding to the Aβ samples. The ThT 

bound to fibrils exhibits excitation maximum at 442 nm and emission at 482 nm.16,19 ThT (5−10 

μM) was added and fluorescence was recorded at 482 nm after 48 h incubation using SpectraMax 

i3x microplate reader (Molecular Devices). The data were plotted and analyzed by GraphPad 

Prism 5 software. 
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4.4.4 Dot blot analysis 

All compounds (Phz 1-4, 50 µM) were independently added to a freshly prepared Aβ42 (10 µM) 

sample in PBS (20 mM, pH 7.4) and incubated at 37 °C for 48 h. Then the incubated samples were 

spotted on PVDF membranes (Biorad). The nonspecific sites were blocked using skim milk for 1 

h at room temperature and the membranes were incubated overnight with Aβ42 fibrils specific 

primary antibody, OC (1: 1000, Merck Millipore) at 4 °C. After incubation, the membranes were 

washed with PBS (3 × 5 min) and further incubated with the secondary antibody (1:10000) 

conjugated with horseradish peroxidase (HRP) for 2 h at room temperature.19 Finally, the 

membranes were washed with PBS (3 × 5 min) and incubated with enhanced chemiluminescence 

(ECL) reagent for 2 min and the chemiluminescence was recorded in Gel Doc (Gel Doc XR + 

System Biorad). The blot intensity of all the samples was quantified and analyzed by histogram 

analysis in ImageJ software. 

4.4.5 Transmission electron microscopy (TEM) 

The Aβ42 peptide (100 µM) was incubated at 37 °C with each of the dihydrophthalazinedione 

derivatives (2 mM) in a PBS buffer (20 mM, pH= 7.4) for 48 h. The incubated samples were placed 

on a copper grid carbon support film (400 mesh, 3 mm) for 20 min and negative staining was 

performed with uranyl acetate (2%). Further, excess uranyl acetate and salts were washed with 

deionized water (Milli-Q). The grids were visualized using a JEOL (JEM3010) TEM instrument 

operating at 300 kV accelerating voltage. 

4.4.6 Cell viability assay 

To assess the effect of Aβ42 in the absence and presence of dihydrophthalazinedione derivatives 

on PC12 cells, MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay was 
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performed. At first PC12 cells were seeded in a 96-well plate at a density of 12,000 cells/well in 

RPMI (Roswell Park Memorial Institute) medium (Gibco, Invitrogen) with fetal bovine serum 

(FBS, 10%), horse serum (HS, 5%), and pen-strep (1%) at 37 °C in an atmosphere of 5% CO2. 

The media was replaced with low serum media (RPMI, 2% serum) and exposed for 24 h to Aβ42 

fibrils (5 μM) and pre-incubated Aβ42 fibrils with Phz 1-4 (25 μM). Then 15 μL of MTT solution 

(5 mg/mL) was added to each well and incubated for 3 h. The media was discarded and 100 µL of 

1:1 (DMSO: methanol) solution was added and the reduced form of MTT was measured by 

recording absorption at 570 nm (significance was determined by one way ANOVA from GraphPad 

prism).16 

4.4.7 Characterization of dihydrophthalazinedione derivatives 

2,3-Dihydrophthalazine-1,4-dione (Phz1). White solid (Yield 63 %), 1H-NMR (400 MHz, 

DMSO-d6): δppm  7.88 (dd, J = 6 Hz, 2H), 8.06 (t, J = 5.2 Hz, 2H), 11.52 (s, 2H); 13C NMR (100 

MHz, DMSO-d6): 167.9, 154.5, 132.5, 127.1, 125.0 HRMS (ESI): Molecular weight (MW): Calcd. 

162.0429 for C8H6N2O2, found 163.0503 [M+H]+. 

5,6,7,8-Tetrachloro-2,3-dihydrophthalazine-1,4-dione (Phz 2). White solid (Yield 83 %); 1H-

NMR (400 MHz, DMSO-d6): δppm 10.80 (s, 2H); 13C NMR (100 MHz, DMSO-d6); 168.5, 160.8, 

139.1, 128.8, 126.1; HRMS (ESI): MW: Calcd. 297.887 for C8H2Cl4N2O2, found 298.8930 

[M+H]+, 299.8961 [M+2H]+, 300.8930 [M+3H]+. 

5,6,7,8-Tetrabromo-2,3-dihydophthalazine-1,4-dione (Phz 3). Light yellow solid (Yield 90 %), 

1H-NMR (400 MHz, DMSO-d6): δppm 10.78 (s, 2H), 13C NMR (100 MHz, DMSO-d6) 168.2, 

161.2, 137.3, 128.9, 121.2; HRMS (ESI): MW: Calcd. 473.685 for C8H2Br4N2O2 found 474.6899 

[M+H]+, 476.478.6886 [M+2H]+, 478.6857 [M+3H]+. 
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5,6,7,8-Tetrafluoro-2,3-dihydrophthalazine-1,4-dione (Phz 4). White solid (Yield 70 %), 1H-

NMR (400 MHz, DMSO-d6) δppm 9.66 (s, 2H); 13C NMR (100 MHz, DMSO-d6) δppm 173.9, 

169.0, 167.9, 143.6, 141.1; 19F NMR(400 MHz, DMSO-d6): δppm -137.4, -140.1, -147.8, -150.0; 

HRMS (ESI) MW: Calcd. 234.0052 for C8H2F4N2O2 found 235.0153 [M+H]+. 
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Characterization data of compounds Phz 1-4 

NMR (1H, 13C) and HRMS data of Phz 1 
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NMR (1H, 13C) and HRMS data of Phz 2 
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NMR (1H, 13C) and HRMS data of Phz 3 
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NMR (1H, 13C, 19F), HRMS, MALDI data of Phz 4 
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Note  

*  H2O (in DMSO-d6) 

** DMSO-d6 

*** CH3COOH 
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Statistical analysis of Figure 1A 

 
 

Statistical analysis of Figure 1B 
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Statistical analysis of Figure 1D 

 
 

Statistical analysis of Figure 3B 
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Besides the well-known double-helical structure, DNA adopt several noncanonical conformations 

under physiological conditions, such as G-quadruplex (G4) and intercalated motif (i-motif) 

structure.1,2 Of the two structures, G4 DNA formed by the guanine (G)-rich region of genome has 

been extensively studied. In contrast, knowledge on the structural or biological role of i-motif 

DNA is poorly understood. The i-motif is formed by the stack of intercalating hemi-protonated 

cytosine-cytosine+ (C:C+) stabilized in slightly acidic conditions (pH 4.6 to 5.2). Due to the 

widespread distribution of C-rich regions in the human genome, various biophysical techniques 

have been used to characterize in vitro i-motifs derived from the promoter regions of telomeres, 

centromeres, and proto-oncogenes.3,4 The biophysical analyzes show the formation of both 

intramolecular and intermolecular i-motif structures. The overall stability of the i-motif structure 

depends on the number of cytosines in the sequence and the length and composition of the loop. 

In vitro stability of i-motif's highly dependent on chemical and physical environmental factors 

such as acidic pH, low ionic strength, molecular stiffness, and low temperature. These conditions 

are not normally available in the cellular environment to stabilize the i-motif structure. However, 

recent studies have shown that the i-motif is stable and can exist in the nucleus of living cells.5 

This suggests that i-motif may have role to play in gene regulation and is thought to be involved 

in several cancer-related pathophysiological processes. In this regard, ligands that preferentially 

target or induce i-motif formation in the genomic DNA in cellular environment may be useful in 

targeting cancer. Such ligands also provide detailed insight into the possible effects of i-motif 

structure on physiological processes (Figure 1).6-8 Therefore, simple and rapid high-throughput 

screening methods can be used to identify i-motif-inducible or binding ligands at physiological 

pH. Despite the debate over the biological importance, researchers have developed several 

applications including pH sensors, delivery systems, ATP sensors, switchable nanostructures, and 
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memory devices based i-motif structures with stimuli responsive property. 9 Recently, i-motif-

based molecular DNA switches have been used in live cells for real-time monitoring of 

intracellular pH and pH-triggered drug administration.10,11 

 

Figure 1. Preferential targeting of GQs and i-motifs by small molecules or peptides. 

The discovery of specific i-motif binding small molecules or peptides lags behind the well-

documented examples of G4 binders.12,13 TMPyP4, bisacridine (BisA), and phenanthroline 

derivatives have been investigated as i-motif binding ligands.14,15 Some of them have stabilizing 

effect, without selectivity over other DNA structures. Similarly, several molecules containing 

metals (terbium and ruthenium) have been investigated as potential i-motif binders, which are 

found to lack selectivity and destabilize i-motif structures.16,17 The first reported i-motif selective 

probe is the carboxyl-modified single-walled carbon nanotubes (C-SWNTs).18 In vitro and in vivo 

investigations by Quet et al. revealed C-SWNTs inhibition of telomerase activity and interfere 

with telomere functions, leading to senescence and apoptosis in cancer cells. Hurley et al. 

identified a ligand IMC-48 by screening a library of 1990 compounds, which binds and stabilizes 

the i-motif structure created by the C-rich sequence of BCL2 gene promoter. Several small-
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molecule ligands, such as the type 2 topoisomerase inhibitor mitoxantrone, the para-isomer of the 

peptidomimetic ligand PBP1, and thiazole orange have been studied to expand the i-motif-specific 

ligands library. Shu et al. recently showed that an acridone-based molecule could bind to and 

stabilize c-MYC promoter i-motif while minimizing the binding to G4 and duplex DNA. This 

resulted in c-MYC transcription and expression being downregulated, causing tumor cell 

death.13,19,20 

5.1 Design and synthesis 

It has been reported that oligopeptides containing aromatic amino acids are capable of forming 

stacked complexes with DNA.21 A tripeptide Lysine-Tryptophan-Lysine (Lys-Trp-Lys) has been 

shown to form complexation with single-stranded polynucleotides and double-stranded DNA 

through stacking interactions. Fluorescence studies of the binding of peptides containing Lys and 

Trp residues with nucleic acids revealed two types of complex formation. One of them involves a 

direct interaction of the Trp-indole ring with nucleobases, which leads to fluorescence quenching. 

The 1H NMR and CD data showed that the fluorescence quenching is due to stacking of Trp-indole 

ring with nucleobases. Another type of complexation is the electrostatic interaction between lysine 

(cationic) and DNA backbone (anionic). Several peptide-based ligands have been reported to 

exhibit preferential binding to G4 DNA.22,23 

Herein, we demonstrate that Trp (W)-Lys (K) rich decapeptide W5K5 recognizes the i-motif DNA 

over duplex DNA compared to Phe (F)-Lys (K) dacapeptide, F5K5 (Figure 2). W5K5 specifically 

binds i-motif formed by the gene sequence present in Hypoxia-Inducible Factor (HIF) family of 

transcription factors (TFs) (Figure 3).24 William G. Kaelin Jr., Sir Peter J. Ratcliffe, and Gregg L. 

Semenza were honored with the 2019 Nobel prize in physiology or medicine for their work on 

deciphering the hypoxia mechanism. The binding interaction of W5K5 was studied by various 
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biophysical techniques. TFs in the HIF family (HIF1A, EPAS1, and HIF3A) regulate the cellular 

response to hypoxia, which are linked to development of a variety of disorders, including cancer, 

diabetes, and erythrocytosis.  

 

Figure 2. Chemical structures of decapeptides F5K5 and W5K5. 

A comprehensive map of links between the HIF family of genes and diverse omics categories is 

yet to be developed. Heterodimeric HIF TFs contain α and β subunits. The O2-sensitive component 

(α-subunit) of HIF heterodimer acts as a master regulator of numerous genes implicated in the 

hypoxia pathway. The β subunit of HIF heterodimer (HIF1B, HIF-1β) with official gene aryl 

hydrocarbon nuclear translocator (ARNT) is constitutively expressed.25 

Encouraged by the preliminary results, we employed CD spectroscopy and polyacrylamide gel 

electrophoresis (PAGE) to study the effect of W5K5 on the folding and structural conformation of 

i-motif DNA. Experiments were performed using an unlabeled i-motif forming sequence (HIF-1α, 

5'-d[CGCGTCCCGCCCCCTCTCCCCTCCCCGCGC]-3'). The dual-labelled human HIF i-motif 

forming sequence (HIF-1α 5'-FAM d[CGCGTCCCGCCCCCTCTCCCCTCCCCGCGC]-3') was 

used to perform DNA melting analysis, which offers the measure of peptide-induced alteration of 

W5K5

F5K5
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folded conformation. Förster resonance energy transfer (FRET) based assays were carried out in 

sodium cacodylate buffer (10 mM, 5 mM NaCl) at pH 4.6 and 7.4. 

 

Figure 3. The hypoxic tumor microenvironment. HIF-1α is generated under normal conditions and 

abundant oxygen, through the action of prolyl hydroxylase, aids in its extensive degradation with no 

negative consequences. Immune cells such as NK and T cells can effectively remove fast proliferating 

tumor cells. When the oxygen source is insufficient, as in tumor hypoxia, HIF-1α degradation is suppressed, 

resulting in HIF-1α translocation to the nucleus and a cascade of events including HIF-1α and HIF-1β 

heterodimers binding to hypoxia-responsive elements (HREs) on DNA. The consequences of these 

processes ultimately influence hypoxia-responsive outcomes such as the incidence of pro-tumor 

immunosuppressant myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs), and tumor-

associated macrophages (TAMs). These immunosuppressive entities adapt to oxygen-depleted 

environments by competing for glycolysis with T/NK cells, lowering the T/NK cell functional efficacy. 

The cumulative effect of these events leads to changes in cell metabolism, increased angiogenesis, tumor 

development, and medication resistance. The figure is reproduced with permission from ref 25. Copyright 

2020 Springer Nature. 
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5.2.1 Trp fluorescence-based screening assay 

We studied the binding interaction of W5K5 and F5K5 with GQs and i-motif of various promoter 

genes (DNA) sequences with distinct topologies (parallel, mixed, and anti-parallel) and duplex 

DNAs by monitoring the intrinsic fluorescence response of Trp (em= 353 nm) and Phe (em= 285 

nm) residues (Figure 5A, B). As shown in Figure 4C and Figure 5A, W5K5 (2 µM) exhibited 

significant and specific fluorescence quenching in the presence of HIF-1α (1 μM) sequence 

compared to other i-motif, GQ, and duplex DNA topology sequences. To further validate the 

specific binding interaction, we performed CD and PAGE experiments. 

 

Figure 4. (A) The table enlist the i-motif forming oligonucleotide sequences located in the promoters of 

oncogenes (PGDF-A, HIF-1α, RBIM, RET) and telomere (TEL22). (B) A hemi-protonated cytosine–

cytosine (CH+-C) base pair, which intercalate to form the i-motif structure. (C) Normalized fluorescence 
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PGDF-A CGGCGCCCCTCCCCGCCCGCCCCCCGCCCCCCCCC
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intensity (NFI) of W5K5 in the presence of parallel or antiparallel GQ, i-motif and AT/GC- rich duplex 

DNAs. 

5.2.2 CD study 

CD spectroscopy is a sensitive technique to investigate ligand binding or ligand-induced 

conformational changes of nucleic acids. In tris-HCl aqueous buffer (10 mM, pH 4.6), HIF-1α 

DNA adopt parallel i-motif structure which shows Cotton effects at 257 nm (negative) and 289 nm 

(positive). With increasing conc. of W5K5, the CD spectra reflected the unfolding of the i-motif to 

random coil conformation of DNA. These changes indicate that W5K5 binding perturbs the 

conformation of HIF-1α (Figure 5C). Under similar experimental conditions, F5K5 was not found 

to induce such structural perturbation to i-motif conformation (Figure 5D). 

5.2.3 Electrophoretic gel mobility shift assay (EMSA) 

EMSA was performed to study the interaction of peptides with i-motif DNA at different pH 

conditions. The assay was carried out by incubating 1 μM of DNA (HIF-1α) independently with 

W5K5 and F5K5 peptides in 1: 2 ratios at different pH conditions (pH 2, 4.6, 7.4, 12.6) for 4 h at 4 

°C.  The DNA binding ability of peptides was assessed by the appearance of a new band in the 

electrophoretic migration. As shown in Figure 5E, addition of W5K5 to HIF-1α, particularly in pH 

4.6, led to the appearance of a new higher-order gel band in electrophoretic migration of i-motif 

DNA (lane 4) compared to unbound DNA (lane 3). On the other hand, no significant change 

(appearance of the new band) in the electrophoretic migration of i-motif DNA band was observed 

in the presence of F5K5 at different pH conditions (Figure 5F). Thus, appearance of a new band in 

the EMSA indicates effective and strong binding affinity of W5K5 with i-motif HIF-1α DNA. 
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5.2.4 FRET melting assay 

We performed FRET-based DNA melting assay to assess ligand-induced alterations in melting 

temperature of different DNA structures, which in turn anticipated to reveal peptide-DNA-

interacting abilities (Figure 6). The FRET-based melting experiments showed that W5K5 has a 

destabilization effect (∆Tm= 5.5 ⁰C at 1:4 ratio) on i-motif forming sequences HIF-1α. Such 

destabilization effect was not observed for F5K5 (∆Tm= 0.1 ⁰C) under similar conditions (Figure 

7A, B). 

 

Figure 5. (A, B) Normalized fluorescence intensity (NFI) of W5K5 and F5K5 in the presence of 

parallel/antiparallel i-motif DNAs. (C, D) CD titration of 0–100 μM W5K5/F5K5 into HIF-1α (2 μM) DNA 

in Tris-HCl buffer (pH 4.6). (E, F) HIF-1α i-motif DNA (1.5 μM) is incubated in the absence or presence 

of peptides at 5.5 μM at different pH conditions (2, 4.6, 7.4, 12.5). The upper (E) and lower (F) gel images 

are corresponding to EMSA of i-motif DNA (HIF-1α) in the presence of W5K5 and F5K5, respectively. 

5.2.5 Peptide-induced intramolecular folding and unfolding dynamics of HIF-1α  

We used an i-motif forming HIF-1α DNA sequence with 5' and 3'-ends are conjugated with a donor 
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 (Fluorescein amidite: FAM) and acceptor (Tetramethylrhodamine: TAMRA) fluorophores, 

respectively, which serve as FRET reporters. C-rich random coil conformation (5' FAM-

CGCGTCCCGCCCCCTCTCCCCTCCCCGCGC-TAMRA) transforms to i-motif under acidic 

conditions (pH 4.6). The FAM and TAMRA dyes were chosen as donor and acceptor pair because 

of their high fluorescence quantum yield and excellent FRET efficiency. Under normal 

physiological conditions (pH> 7), HIF-1α sequence exists in the random coil structure, which is 

termed as an unfolded conformation. Under acidic conditions, cytosine nucleobases undergo 

protonation at the N1 position (CH+) to drive unfolded conformation to i-motif or folded  

 

Figure 6. Schematic representation of FRET modulation during i-motif structure denaturation. At T= 25 

°C, the folded structure leads to quenching of the donor (FAM) fluorescence by the quencher (TAMRA). 

Temperature-induced unfolding of the i-motif leads to decrease in FRET efficiency and a concomitant 

increase in FAM fluorescence emission. 

Conformation (Figure 4B). In the folded conformation, the predisposed proximity of FAM (donor, 

em= 520 nm) and TAMRA (acceptor, ex= 520 nm) dyes is appropriately placed for efficient 

FRET. Further, the fluorescence spectra of FAM-HIF-1α-TAMRA (100 nM), with increasing 

concentration of peptide was recorded. Upon increasing conc. of W5K5, the fluorescence spectra 
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showed a gradual decrease in emission at 580 nm (TAMRA, acceptor emission) and the 

corresponding increase at 485 nm (FAM, donor emission) suggesting decrease in the FRET 

between FAM and TAMRA, which is attributed to peptide induced perturbance in i-motif 

conformation (Figure 8A, 9A). Under similar experimental conditions, F5K5 did not affect the i-

motif conformation, indicating the absence of any interaction (Figure 8B, 9B). 

 

Figure 7. FRET melting curves for HIF-1α with (A) W5K5 (1:2, 1:4) (B) F5K5 (1:2, 1:4)  

5.2.6 Time correlated single photon counting (TCSPC) measurement 

 

TCSPC experiment was carried out to gain insight into the interaction between peptides and FAM-

HIF-1α-TAMRA. The experiment was performed by keeping the DNA concentration fixed at 100  

nM and peptide concentration was varied from 1:2 to 1:6 (DNA: peptide) ratio. The experimental 

data revealed that the decay pattern of DNA is di-exponential, and the average lifetime (avg) is 2.5 

ns. Further addition of W5K5 up to 600 nM, avg value increased gradually from 2.5 to 3.03 ns 

(Figure 9C). This increase in avg is attributed to the change in the micro-environment of FAM 

fluorophore of FAM-HIF-1α-TAMRA upon interaction with W5K5. 
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Figure 8. Monitoring of HIF-1α structural dynamics by FRET measurements. At higher pH, DNA remains 

as unfolded conformation, which increases the distance between the FAM (D) and TAMRA (A) and causes 

a significant increase in FAM fluorescence. In folded (i-motif structure) conformation at lower pH, the D/A 

pair are in proximity results efficient FRET. W5K5 bind and perturb the i-motif conformation, while F5K5 

did not such effect under similar conditions. 

 

5.3 Conclusion 

We have designed, synthesized, and validated decapeptide (W5K5) with alternative tryptophan and 

lysine amino acids selectively recognize and modulate the i-motif structure of HIF-1α DNA over 

other DNA conformations. The mode of interaction between W5K5 and i-motif DNA was studied 

using different photophysical techniques. We are working on understanding the detailed insights 

on the mechanism of binding interaction of W5K5 with HIF-1α i-motif by molecular docking study. 

We are also studying the W5K5 and DNA interaction in cellulo conditions and its implications. Our 
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Figure 9. Normalized fluorescence intensity (NFI) and fluorescence lifetime of FAM and TAMRA labeled 

i-motif DNA (FAM-HIF-1α-TAMRA) (100 nM) in the absence and presence of W5K5 (A, C) and F5K5 (B, 

D). 

findings could pave the way for the rational design of peptide-based molecular tools to study i-

motifs, and their structural and functional dynamics. 
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5.4 Experimental methods 

5.4.1 Synthesis of W5K5/F5K5 

Fmoc protected Rink amide resin was used to synthesize W5K5 and F5K5 peptides. 

Fluorenylmethoxycarbonyl (Fmoc)-protected amino acid (2.5 eq.), 2-(1H-benzotriazol-1-yl)-

1,1,3,3-tetramethyluronium (HBTU. 2.5 eq.), and N, N-Diisopropylethylamine (DIPEA, 4 eq.) 

were used for the couplings. Standard Fmoc-protected amino acids were coupled for 1 h, followed 

by four 45 s washes with dimethylformamide (DMF). The resin-bound peptide was washed with 

dichloromethane (DCM) at room temperature for 45 s. The Fmoc deprotection was performed in 

DMF with 20% piperidine, followed by washing. A cleavage cocktail (4 mL) containing 95 percent 

TFA (Trifluoroacetic acid) , 2.5 percent H2O, and 2.5 percent TIPS (triisopropylsilane)  was used 

for the final cleavage. The cleavage cocktail was evaporated using a stream of nitrogen after the 

resin was vortex mixed for 3 h at room temperature. The peptide was precipitated from solution 

using ice cold diethyl ether, centrifuged at 6000 rpm for 25 min, and washed three times with ice 

cold ether. Finally, the crude peptides were lyophilized after being dissolved in H2O/acetonitrile 

(MeCN). The obtained crude peptides were purified by reverse-phase HPLC on a C18 column (19 

× 250 mm) with a purity of >98%. The molecular masses of the products were confirmed by high 

resolution (electrospray ionization) mass spectrometry HRMS (ESI-MS) analysis. 

5.4.2 DNA sequences used in the study 

Several DNA sequences including G4 forming sequences (BCL2, VEGF, KRAS, C-Myc, BCL2a, 

TEL 22, Thrombin), i-motif forming sequences (HIF-1α, RET, C-kit, TEL 22, PGDF) and duplex 

forming sequences (G12C12, A10T10, A12T12, DM7, mix DNA 5'-

GCGCAAATTTAAATTTAAATTTGCGC-3'), were used in the study. Further, HIF-1α sequence 
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with FRET pair, fluorescein (FAM, donor) and tetramethyl rhodamine (TAMRA, acceptor) at the 

5' and 3' ends, respectively, were employed. This FRET pair has been widely used in the literature 

due to their high fluorescence quantum yield (0.2) and high energy transfer from FAM to 

TAMRA.26 

5.4.3 DNA sample preparation 

The 5' FAM-labeled oligonucleotide sequences were purchased as dry powder from Integrated 

DNA Technologies (IDT). The oligonucleotides were resuspended in water to obtain a stock 

solution of concentration of 100 μM. The samples were then diluted to a concentration of 100 nM 

in sodium cacodylate buffer (10 mM, pH 4.6). The samples were then heated to 95 °C for 10 min 

before being allowed to cool slowly at room temperature overnight. The samples were stored in a 

dark environment to protect the fluorophore labels from the light exposure. 

5.4.4 GEL electrophoresis  

PAGE was performed in 1× TBE buffer solution (90 mM tris-boric acid and 2 mM EDTA) using 

15% polyacrylamide gel containing 100 mM KCl. Oligonucleotides (1 μM) were loaded on the 

gel, and the electrophoresis experiment was performed at 90 V for 1 h at 4 °C. After 

electrophoresis, the gel was stained using 1× SYBR Gold, under constant agitation for 15 min, 

then lightly rinsed with water and visualized using Chemidoc MP imaging system (Biorad). 

5.4.5 CD measurement 

CD spectra were recorded on a JASCO J-805 circular dichroism spectrophotometer using a 10 mm 

path length quartz cuvette. CD experiments were carried out at 298 K with a response time of 2 s, 

1 nm pitch, and 0.5 nm bandwidth over a wavelength range of 240-340 nm. The recorded spectra 

are a smoothed average of three scans that have been zero-corrected at 340 nm. The buffer 

absorbance was subtracted from the spectra that were recorded. All samples were prepared in a 
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total volume of 210 μL containing 2.5 μM oligonucleotide in 10 mM Na cacodylate buffer (pH 

4.6) for i-motif-forming sequences. 

5.4.6 Fluorescence measurement 

Fluorescence lifetime and emission data were measured (λex= 485 nm) on Edinburgh Instruments 

FLS 1000 spectrophotometer equipped with a micro flash lamp (µF) set-up. A 485 nm nano-LED 

with a pulse repetition rate of 1 MHz was used as the light source. The instrument response 

function (IRF) was collected using a scatterer (Ludox AS40 colloidal silica). From the measured 

decay traces, the data were fitted with a multi-exponential decay, and χ2 was less than 1.1. 

5.4.7 FRET melting assay 

Assessment of the ligand-induced change in melting temperature of DNA was performed using a 

FRET melting assay. The oligonucleotides were labeled with the donor fluorophore FAM and 

acceptor fluorophore TAMRA. Solid DNA samples were initially dissolved as a stock solution in 

purified water (100 μM); further dilutions were carried out in the respective sodium cacodylate 

buffer: 0.2 μM DNA in 10 mM sodium cacodylate at pH 4.6 (HIF-1α: 5’ FAM-

CGCGTCCCGCCCCCTCTCCCCTCCCCGCGC-TAMRA). Strip-tubes (4titude, Biotechnology 

company in Wotton, England) were prepared with DNA solution and added W5K5 and F5K5 (1:2, 

1:4, and 1:6 ratio). Control samples for each run were prepared with the same quantity of water 

with the DNA in buffer. Fluorescence melting points were measured in a QuantStudio RT-PCR 

machine (Thermo Fisher Scientific), using a total volume of 20 μL. Samples were held at 25 °C 

for 5 min then ramped to 95 °C at increments of 1 °C, holding the temperature at each step for 1 

min. Measurements were made with excitation at 480 nm and detection at 520 nm. DNA melting 

points were determined using the first derivative of the melting curve. The final analysis of the 

data was carried out using Origin 9.0 software. 
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5.4.8 FRET theory 

The rate of energy transfer from a donor to an acceptor, kT (r), is given by Förster's theory 

𝑘𝑇(𝑟) =
1

𝜏𝐷
(
𝑅0

𝑟
)
6

……………… (1) 

where τ is the donor's decay time in the absence of the quencher, R0 is the Förster distance, and r 

is the distance between the donor and the acceptor. When r equals R0, the energy transfer rate is 

equal to the donor's decay rate (1/τD), and the transfer efficiency is 50% (calculated from equation 

1). 
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HRMS analysis data of W5K5 and F5K5 

 

 

 

HPLC analysis of W5K5 and F5K5 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide Sequence
Purity

(%)

Exact 

(calculated)

mass

Observed mass (HRMS)

W5K5 WKWKWKWKWK 98.9 1587.8979

794.9558 [M/2+H]+

530.3068 [M/3+H]+

398.2330 [M/4+H]+

F5K5 FKFKFKFKFKF
98.6 1392.8434

697.4275 [M/2+H]+

465.2878 [M/3+H]+

349.2182 [M/4+H]+

Peptide Gradient Flow rate 

(mL/min)

Retention 

time (tR)

Purity

(%)

W5K5

0-98 % MeCN (0.1% TFA) in H2O (0.1% TFA)  for 30 

min
8 12.5 min 99.6

F5K5

0-98 % MeCN (0.1% TFA) in H2O (0.1% TFA) 

for 30 min
8 17.5 min 98.6
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HPLC chromatogram and HRMS data 
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