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Abstract 

Title: Biophysical Studies of de-novo Designed Antimicrobial peptides: Correlation 

with Biological membranes 

Index no.- 93/19/Life Sc./26 

The fast rise in drug-resistant infections has posed a significant challenge to antimicrobial 

treatments. The need for new antibiotics has driven researchers to find new ways to combat pathogenic 

microorganism, resulting in a boom of research focusing on antimicrobial peptides (AMPs) and their 

therapeutic potential. While these AMPs have a few basic characteristics and structural motifs, their 

sequences, activity, and targets differ significantly. AMPs, in fact, are less vulnerable to bacterial resistance 

than standard antibiotics. These diverse functions have sparked tremendous interest in research aimed at 

understanding AMP activity, and various protocols have been described to assess different aspects of AMP 

function, such as screening and evaluating the activities of natural and synthetic AMPs, measuring 

interactions with membranes, optimizing peptide function, and delivering the AMPs to their target sites. NMR 

spectroscopy has revealed a strong association between the structure and biological properties of distinct 

classes of AMPs, which is being used to build novel peptide-based antibiotics. In addition to its ability to 

offer high-resolution structures, NMR is particularly effective in investigating dynamics, opening the door to 

understanding the mechanism of complicated in situ physiological processes. Despite substantial 

development over the last decade, notably in AMP optimization, their routes of action, particularly in vivo as 

well as drug delivery, remain unknown because the peptides either undergo enzymatic destruction or exhibit 

high toxicity towards the host cells. 

In this context, the objectives of this work are divided into six chapters. (I) The first chapter covers 

the brief introduction of the AMPs and its therapeutic potentials in combination with nanoparticles. (II) The 

second chapter is focused on the structure-activity relationship (SAR) of the AMPs derived from the human 

autophagy 16 (Atg16) polypeptide (K5). This study looked at the influence of various N-terminal fatty acids 

on the activity of a truncated counterpart of human Atg16. To further test and validate the peptide's potential 

to enter into and interact with the bacterial membrane, an analogue with the best therapeutic index (K30) was 

chosen for in-depth biophysical experiments. Following that, numerous biophysical approaches are used to 

study the impact of newly created N-trifluoroacetyl lysine and N-thioacetyl lysine peptides (KP 13, KP 15, 

and KP 24) and their cell-penetrating peptide conjugates as inhibitors of bacterial sirtuins. The conjugated 

peptides were efficiently absorbed and shown bacterial transcription inhibition, resulting in increased 

antibacterial effectiveness against Gram-negative and Gram-positive pathogens. (III) The subsequent studies 

focused on the fungal membrane specificity and interaction of VG16KRKP, a broad spectrum, nontoxic and 

non-hemolytic AMP derived from dengue virus fusion protein. Generation of mutant analogues and the high-

resolution NMR studies revealed that the wild type peptide solely interacts with the membranes that contains 

ergosterol as major sterol component along with phosphatidylethanolamine (PE) as lipid moiety. (IV-V) In 

order to generate more potent AMPs with anti-pseudomonas activity, a bacterial lipopolysaccharide binding 

“KNKSR motif” was introduced in a shorter analog of VG16KRKP either at N- or C-terminal to generate 

KG18 and VR18 peptides, respectively. These two peptides showed excellent antifungal as well as 

antipseudomonal activity while keeping the low cytotoxicity and hemolytic profile. The VR18 peptide 

showed spectacular activity against invasive Pseudomonas strains in both ex-vivo and in vivo set up which 

led this peptide a suitable candidate to be used as a potent anti-keratitis agent in future. Additionally, both the 

peptides showed higher efficiency in combination with tungsten disulfide quantum dots (WS2-QD) 

nanoparticles. The structure-function relationship of QD conjugates was further analyzed by low-resolution 

spectroscopic techniques and high-resolution NMR methods. (VI) Lastly, the innate immune system’s 

ubiquitous antimicrobial enzyme lysozyme exhibits hereditary autosomal dominant amyloidosis, which 

causes multi-organ dysfunction. Designing of small synthetic molecules called HK compounds showed great 

efficacy to inhibit the aggregation propensity of lysozyme as revealed by NMR and biophysical techniques. 

This study paves the way to generate new anti-amyloidosis drugs to treat neurodegenerative disorders like 

Alzheimer’s or Parkinson’s disease in future.  

  

(Sk Abdul Mohid) 



 



 

 

Preface 

The entitled thesis “Biophysical Studies of de-novo Designed Antimicrobial peptides: 

Correlation with Biological membranes” intended to be submitted by the investigator, Sk Abdul 

Mohid, under the supervision of Prof. Anirban Bhunia, in the Department of Biophysics, Bose 

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

University, is summarized below. 

CHAPTER I  

Chapter I is a review of the literature and covers a brief introduction of the antimicrobial 

peptides (AMPs), nanoparticles and combination of these two distinct molecules in order to get 

potent and novel therapeutic agents to fight drug resistance pathogens as well as to develop new 

diagnostic tools. This chapter also explains about the background behind the work done in this 

thesis.  

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

(A) Mohid, S.A. and Bhunia, A., 2020. Combining antimicrobial peptides with nanotechnology: 

an emerging field in theranostics. Current Protein and Peptide Science, 21(4), pp.413-428. And, 

(B) Bhattacharjya, S., Mohid, S.A. and Bhunia, A., 2022. Atomic-Resolution Structures and Mode 

of Action of Clinically Relevant Antimicrobial Peptides. International Journal of Molecular 

Sciences, 23(9), p.4558.) 

CHAPTER II  

Chapter II describes the biophysical analysis of two types of antimicrobial peptides curated 

from natural origins like the human autophagy 16 polypeptide and the substrate-mimic of sirtuins, 

a Histone deacetylase (HDAC) that regulates metabolic balance, genomic integrity and longevity 

and are highly conserved among various forms of life. 

Firstly, the human autophagy 16 polypeptide has been used to create a synthetic 

antimicrobial peptide library. Acetylated peptides with varied chain length lipids produced peptides 

with higher potency than the original Atg16. The most powerful antibacterial, with low hemolysis, 

was a 21-residue fragment of Atg16 linked to 4-methylhexanoic acid (K30). Several investigations, 

including microscopy, dye leakage, and isothermal titration calorimetry (ITC), were carried out to 

acquire insight into the peptide's antibacterial mode of action. The peptide's selectivity towards 

bacterial cell membranes was further demonstrated using dye leakage experiments. ITC studies 

demonstrated that the peptide's binding interaction with D8PG micelles was exothermic. The three-

dimensional solution NMR structure of K30 in association with Dioctanoyl phosphatidylglycerol 

(D8PG) micelles indicated that the presence of anionic membrane lipids, imitating bacterial 



 
 

 
 

membranes, the peptide K30 adopts a helical hairpin or helix-loop-helix shape structure. The 

position of the peptide in the bound state was decoded by intermolecular NOEs between the peptide 

and lipid, which was further validated by the paramagnetic relaxation enhancement (PRE) NMR 

experiment. These findings reveal the structure-function interaction of the peptide in the bacterial 

membrane as a whole.  

The substrate of sirtuins (a Histone deacetylase (HDAC) that regulates metabolic balance) 

was used as a template for another de novo created peptide library. Substrate-based sirtuin inhibitors 

target the bacterial genome and RNA, and if cellular internalization can be accomplished, they 

might be a potential way to combat bacterial resistance. N-trifluoroacetyl lysine and N-thioacetyl 

lysine peptides (KP 13, KP 15, and KP 24) as inhibitors of bacterial sirtuins and their cell-

penetrating peptide conjugates Tat KP 13, Tat KP 15, and Tat KP 24 were developed in this area. 

Internalization of the conjugated peptides was effective, and evidence of bacterial transcription 

suppression were seen, leading in increased antibacterial activity against Gram-negative and Gram-

positive pathogens. Calcein dye leakage analysis established the selectivity of these peptides to 

bacterial membranes. This study documents the first report of the application of substrate-based 

sirtuin inhibitors as antimicrobial therapeutics. 

This chapter has been adapted from the following publications: 

(A) Varnava, K.G., Mohid, S.A., Calligari, P., Stella, L., Reynison, J., Bhunia, A. and Sarojini, V., 

2019. Design, synthesis, antibacterial potential, and structural characterization of N-acylated 

derivatives of the human autophagy 16 polypeptide. Bioconjugate chemistry, 30(7), pp.1998-2010. 

and (B) Patel, K.D., Mohid, S.A., Dutta, A., Arichthota, S., Bhunia, A., Haldar, D. and Sarojini, 

V., 2021. Synthesis and antibacterial study of cell-penetrating peptide conjugated trifluoroacetyl 

and thioacetyl lysine modified peptides. European Journal of Medicinal Chemistry, 219, 

p.113447. 

CHAPTER III  

The treatment of invasive drug-resistant and potentially life-threatening fungal infections 

is limited to few therapeutic options that are usually associated with severe side effects. The 

development of new effective antimycotics with a more tolerable side effect profile is therefore of 

utmost clinical importance. Chapter III describes a combination of complementary in vitro assays 

and structural analytical methods to analyze the interaction of the de novo antimicrobial peptide 

VG16KRKP with the sterol moieties of biological cell membranes. It has been demonstrated that 

VG16KRKP disturbs the structural integrity of fungal membranes both in-vitro and in model 

membrane system containing ergosterol along with phosphatidylethanolamine lipid and exhibits 

broad-spectrum antifungal activity. As revealed by systematic structure-function analysis of 

mutated VG16KRKP analogues, a specific pattern of basic and hydrophobic amino acid side chains 



 

 

in the primary peptide sequence determines the selectivity VG16KRKP for fungal specific 

membranes.  

This chapter has been adapted from the following publication: 

(This chapter has been adapted from the following publication: Mohid, S.A., Biswas, K., Won, T., 

Mallela, L.S., Gucchait, A., Butzke, L., Sarkar, R., Barkham, T., Reif, B., Leipold, E. and Roy, S., 

2022. Structural insights into the interaction of antifungal peptides and ergosterol containing fungal 

membrane. Biochimica et Biophysica Acta (BBA)-Biomembranes, p.183996.) 

CHAPTER IV  

Contact lens wearers are at an increased risk of developing Pseudomonas-associated 

corneal keratitis, which can lead to a host of serious ocular complications. Despite the use of topical 

antibiotics, ocular infections remain a major clinical problem, and a strategy to avoid Pseudomonas-

associated microbial keratitis is urgently required. The hybrid peptide VR18 

(VARGWGRKCPLFGKNKSR) was designed to have enhanced antimicrobial properties in the 

fight against Pseudomonas-induced microbial keratitis, including contact lens-related keratitis. 

Chapter IV illustrates the VR18's modes of action against Pseudomonas membranes as shown by 

live cell Raman spectroscopy, live cell NMR, live-cell fluorescence microscopy and measures taken 

using sparsely tethered bilayer lipid membrane bacterial models to be via a bacterial-specific 

membrane disruption mechanism. The high affinity and selectivity of the peptide were then 

demonstrated using in vivo, in vitro and ex vivo models of Pseudomonas infection. The extensive 

data presented in this work suggests that topical employment of the VR18 peptide would be a potent 

therapeutic agent for the prevention or remedy of Pseudomonas-associated microbial keratitis. 

This chapter has been adapted from the following publication: 

Mohid, S.A., Sharma, P., Alghalayini, A., Saini, T., Datta, D., Willcox, M.D., Ali, H., Raha, S., 

Singha, A., Lee, D. and Sahoo, N., 2022. A rationally designed synthetic antimicrobial peptide 

against Pseudomonas-associated corneal keratitis: Structure-function correlation. Biophysical 

Chemistry, 286, p.106802. 

CHAPTER V  

Two-dimensional (2D) tungsten disulfide (WS2) quantum dots offer numerous promising 

applications in materials and optoelectronic sciences. Additionally, the catalytic and 

photoluminescence properties of ultra-small WS2 nanoparticles are of potential interest in 

biomedical sciences. Addressing the use of WS2 in the context of infection, the Chapter V describes 

the conjugation of two potent antimicrobial peptides with WS2 quantum dots, as well as the 

application of the resulting conjugates in antimicrobial therapy and bioimaging. In doing so, we 



 
 

 
 

determined the three-dimensional solution structure of the quantum dot-conjugated antimicrobial 

peptide by a series of high-resolution nuclear magnetic resonance (NMR) techniques, correlating 

this to the disruption of both model lipid and bacterial membranes, and to several key biological 

performances, including antimicrobial and anti-biofilm effects, as well as cell toxicity. The results 

demonstrate that particle conjugation enhances the antimicrobial and anti-biofilm potency of these 

peptides, effects inferred to be due to multi-dentate interactions for the conjugated peptides. As 

such, our study provides information on the mode-of-action of such conjugates, laying the 

foundation for their potential use in treatment and monitoring of infections. 

This chapter has been adapted from the following publication: 

Mohid, S.A.*, Ghorai, A.*, Ilyas, H., Mroue, K.H., Narayanan, G., Sarkar, A., Ray, S.K., Biswas, 

K., Bera, A.K., Malmsten, M. and Midya, A., 2019. Application of tungsten disulfide quantum dot-

conjugated antimicrobial peptides in bio-imaging and antimicrobial therapy. Colloids and Surfaces 

B: Biointerfaces, 176, pp.360-370. 

CHAPTER VI  

The formation and accumulation of amyloid aggregates are the phenomena that accompany 

amyloidoses, which are currently untreatable and include Alzheimer’s and Parkinson’s diseases, 

diabetes mellitus, non-neuropathic lysozyme systemic amyloidosis, and others. One of the very 

promising therapeutic approaches seems to be an inhibition of amyloid formation and/or clearance 

of amyloid aggregates. Small molecules have a great potential to interfere with amyloid fibrillation 

of peptides and polypeptides, which can be improved by connection of cyclic structures into single 

multicyclic molecules and their dimerization. In our study, we focused on heterodimers consisting 

of 7-methoxytacrine (7- MEOTA) and 2-aminobenzothiazole (BTZ) parent molecules connected 

by an aliphatic linker. Using in vitro and in silico methods, we investigated the ability of studied 

compounds to inhibit the amyloid aggregation of hen egg white lysozyme. Heterodimerization led 

to significant improvement of inhibitory activity compared to that of the parent molecules. The 

efficiency of the heterodimers varied; the most effective inhibitor contained the longest linker, eight 

carbons long. We suggest that binding of a heterodimer to a lysozyme blocks the interaction 

between the β-domain and C-helix region essential for the formation of amyloid cross-β structure. 

Elongation of the linker ultimately enhances the compound’s ability to prevent this interaction by 

allowing the BTZ part of the heterodimer to bind more effectively, increasing the compound’s 

binding affinity, and also by greater steric obstruction. This study represents an important 

contribution to the recent rational design of potential lead small molecules with anti-amyloid 

properties, and the heterodimers studied are prospective candidates for the treatment of systemic 

lysozyme amyloidosis and other amyloid-related diseases 

 



 

 

This chapter has been adapted from the following publication: 

Gancar, M., Ho, K., Mohid, S.A., Thai, N.Q., Bednarikova, Z., Nguyen, H.L., Bhunia, A., 

Nepovimova, E., Li, M.S. and Gazova, Z., 2020. 7-Methoxytacrine and 2-Aminobenzothiazole 

Heterodimers: Structure–Mechanism Relationship of Amyloid Inhibitors Based on Rational 

Design. ACS Chemical Neuroscience, 11(5), pp.715-729. 

Each chapter (chapter 2 to 6) begins with a short ‘Introduction’ followed by ‘Materials and 

methods’, ‘Results and discussion’ and ‘Conclusion’. For Convenience, ‘References’ are given at 

the end of the thesis. List of publications has been appended at the end of the thesis. 

(* indicates equal contribution) 
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1 Chapter I 

Chapter I 

1. Designing, characterization and translation of synthetic antimicrobial 

peptides for future theranostics 
 

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

(A) Mohid, S.A. and Bhunia, A., 2020. Combining antimicrobial peptides with nanotechnology: 

an emerging field in theranostics. Current Protein and Peptide Science, 21(4), 413-428.  

(B) Bhattacharjya, S., Mohid, S.A. and Bhunia, A., 2022. Atomic-Resolution Structures and Mode 

of Action of Clinically Relevant Antimicrobial Peptides. International Journal of Molecular 

Sciences, 23(9), 4558. 

1.1. Global shortage of innovative antibiotics fuels the threat of antimicrobial 

resistance worldwide 

Human civilization has faced the challenge of several pathogenic microorganisms 

since its beginning. The effect of infections and the related rate of morbidity or mortality 

during the pre-antibiotic era was severe when the history witnessed the deadliest epidemic 

diseases like plague and cholera [1]. However, a major milestone was reached when the 

famous German scientist Paul Ehrlich hypothesized the concept of ‘magic bullet’ [2] in 

1900 and the first true antibiotic Penicillin was discovered by Alexander Fleming in 1928 

[3]. This successfully cured numerous life-threatening infections for decades along with its 

modified derivatives. Following the ‘golden era’ of antibiotics [4] from 1950 to 1970, rapid 

emergence of multidrug or extensive drug resistant (MDR and XDR) pathogenic 

microorganisms started to emerge. Drug resistant virus, bacteria, fungus, and protozoa 

continue to be reported regularly against the first line clinical drugs while the arsenal for 

new and potent alternatives are very limited [5].  

Drug-resistant microbes that have evolved novel resistance mechanisms, resulting 

in antimicrobial resistance, continue to jeopardise our ability to treat common ailments.[6] 

The rapid global spread of multi- and pan-resistant bacteria and fungi (often referred to as 

"superbugs"), which produce illnesses resistant to existing antimicrobial therapies such as 

antibiotics, is especially worrying [7]. According to the World Health Organization (WHO), 

the pipeline of new antimicrobials in clinical trials is exhausted. Only six of the 32 

antibiotics under clinical development recognized by the WHO to be effective against the 

list of priority diseases were categorised as a novel in 2019 [8]. Furthermore, a lack of 

availability of high-quality antimicrobials is also a significant issue. 



 
 

 
 

Chapter I 2 

Among the several infectious diseases, microbial keratitis (MK) is a potentially 

sight-threatening ophthalmologic illness that affects people all over the world [9]. This 

infection can cause corneal perforation, infectious endophthalmitis, and even blindness [9]. 

Accurate and prompt diagnosis, timely treatment, and adequate follow-up are critical for 

preventing irreversible vision loss [10]. Before beginning antibiotic therapy for infectious 

disorders, the causal pathogen and its drug resistance profiles should be established [10]. 

Corneal culturing, on the other hand, is frequently not practicable in nontertiary hospitals, 

and bacterial or fungal growth on culture plates takes several days. To prevent treatment 

delays, doctors treat ocular infections based on clinical symptoms of corneal lesions and a 

history of antibiotic use in the patients. Because the clinical characteristics of corneal 

microorganisms vary, monitoring the pathogen spectrum is critical for the management of 

corneal infections [11]. The microbiological spectrum of corneal infections varies with 

weather and region, according to various investigations [11]. 

In South Asia, the incidence of corneal ulceration is reported to be between 113 and 

799 per 100,000 person per year, more than ten times greater than in the United States [12]. 

It is the fifth leading cause of blindness globally, accounting for almost 3.2% of all cases 

[13]. The recent WHO report highlighted that around 6 million of the world’s population 

are affected by cornea-related blindness or moderate/severe visual impairment, including 2 

million of those who are affected by trachoma [13]. Antimicrobial treatment is used to treat 

corneal infections, which necessitates understanding of the local antimicrobial 

susceptibility patterns of different medications. There's evidence to believe this 

susceptibility profile has shifted in recent years [14]. In India, for example, oral antibiotic 

use has risen in recent years, with cephalosporins being particularly popular [15]. This 

increasing antibiotic intake may have selected for resistant bacteria strains, altering the 

susceptibility profile [15]. Despite the high prevalence of corneal ulcers in India, there is a 

scarcity of current surveillance data from the subcontinent. 

1.2. Traditional antimicrobials vs development of resistance 
Antibiotics save lives but the overuse or misuse of antibiotics can cause side effects 

and lead to antibiotic resistance [6]. Since the 1940s, antibiotics have greatly reduced illness 

and death from infectious diseases. However, as we use the drugs, germs develop defense 

strategies against them [16]. This makes the drugs less effective. Microbes are very small 

living organisms and the sizes ranges from nanometer (e.g., Viruses) to micrometer 

(bacteria and fungus) ranges. Most microbes are harmless and even helpful to humans, but 



 
 

 

3 Chapter I 

some can cause infections and diseases [6]. Drugs used to treat these infections are called 

antimicrobials. The most commonly known antimicrobial is antibiotics, which kill or stop 

the growth of bacteria. Fungi cause illnesses like athlete’s foot and yeast infections. Fungal 

infections are treated with drugs called antifungals. 

Antibiotics combat against pathogenic microorganisms (bacteria and fungi). 

Microbes, on the other hand, fight back and develop new methods to survive. Resistance 

mechanisms are the names given to their defence tactics. Bacteria develop resistance 

mechanisms by using instructions provided by their DNA. Often, resistance genes are 

found within plasmids, small pieces of DNA that carry genetic instructions from one germ 

to another. This means that some bacteria can share their DNA and make other germs 

become resistant. Table 1.1 describes the defence mechanisms that exerted by the resistant 

pathogens. 

Table 1.1. Mechanisms of antibiotic resistance 

Microbes can use several defense strategies to resist the effects of antibiotics. Here are a few 

examples. 

RESISTANCE 

MECHANISM 

DESCRIPTION AFFECTED 

ANTIBIOTICS 

PREVENTION OF 

CELLULAR UPTAKE 

AND/OR EFFLUX 

PUMPS 

 Efflux pumps actively 

transport antibiotics out of the 

cells. 

 Inhibit accumulation of drugs. 

 prevents the drug from 

reaching its cellular target. 

 Decreasing the porin channel 

expression on the outer 

membrane. 

Fluoroquinolones, 

Aminoglycosides, 

Tetracyclines, 

-lactams, 

macrolides, 

INACTIVATING 

ANTIBIOTICS VIA 

ENZYMATIC 

REACTIONS 

 A well-known mechanism of 

acquired antibiotic resistance in 

both gram-negative and gram-

positive bacteria is the 

production of enzymes capable 

of introducing chemical 

modifications to the antibiotics. 

aminoglycosides, 

chloramphenicol, 

streptogramins, 

lincosamides 

-lactams 
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 Most frequent biochemical 

modification includes: 

acetylation, phosphorylation 

and, adenylation. 

 Enzymatic degradation of 

antibiotic molecules (e.g., β- 

lactamases, carbapenemase 

etc.) 

TARGET 

MODIFICATION 

 Distinct antibiotics target 

different intra- or extra-cellular 

components to cause bacterial 

death, such as genetic material, 

proteins, the cytoplasmic 

membrane, and other cell wall 

components. 

 Protection of the target site to 

avoid the antibiotic from 

reaching its binding site. 

 Modification or mutation or 

complete replacement of the 

target site that result in lower 

affinity for the antibiotic 

molecule. 

Tetracycline 

Fluoroquinolones 

Fusidic acid 

Rifampin 

oxazolidinones (linezolid 

and tedizolid) 

 

BIOFILM 

FORMATION 

 Complex surface-adhering 

microbial communities within 

a self-composed extracellular 

polymeric matrix. 

 1% biofilm population contains 

dormant or persistent cells that 

are highly resistant to 

antibiotics. 

 Typically, a biofilm houses 

subpopulations of bacteria. 

that are susceptible and 

resistant to an antibiotic, 

Gentamicin 

-lactams 

Vancomycin 

Daptomycin 
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a phenomenon called ‘hetero-

resistance’. 

 Horizontal gene transfer occurs 

within and between the 

bacterial species residing under 

a biofilm. 

 Accumulates antibiotic-

degrading enzymes in the 

matrix. 

 

1.3. Antimicrobial peptides as a potent antimicrobial agent. 

1.3.1. Discovery 

Antimicrobial peptides (AMPs) are ubiquitous molecules, found in organisms 

ranging from prokaryotes to humans. These are also known as cationic host defense 

peptides or cationic amphipathic peptides [17-19].  

In 1922, Lysozyme was discovered from nasal mucus by Alexander Fleming. He 

observed that the protein has antimicrobial activity. But after finding penicillin from the 

mold Penicillium notatum in 1928, the above observation was overshadowed because of 

the excellent therapeutic potential of the antibiotic molecule. However, in the year 1939, 

Dubos isolated a compound from soil microbes, which showed promising activity against 

pneumococcal infection in mice. After a year, Hotchkiss and Dubos named this compound 

as gramicidin [20]. Despite some toxic effects in the intraperitoneal application, gramicidin 

successfully cured tropical skin diseases. In the following year two other antimicrobial 

compound, namely tyrocidine and purothionin was discovered from soil bacillus and maize 

plants, respectively [21,22]. However, the focus on AMPs was very little at that time 

(between 1940 to 1960) due to the dominating presence of several antibiotics in the market.  

However, the excess and improper uses of antibiotics lead to the development of 

multidrug-resistant (MDR) microbial pathogens during the year 1960. Therefore, the 

researchers began to find a novel class of molecules to replace traditional medicines, which 

restarted with the interest in AMPs. Since then, AMPs have been isolated from almost all 

type of organisms. Table 1.2 shows the timeline of discovering AMPs that have been 

reported from 1922 to 1987 when the concept of peptide-based drugs was gradually 

established. 



 
 

 
 

Chapter I 6 

Table 1.2. Discovery of different AMPs by different scientific groups and their sources 

AMP YEAR SOURCE GROUP 

LYSOZYME 1922 Nasal mucus Alexander Fleming 

GRAMICIDIN 1940 soil Bacillus strain Hotchkiss and Dubos 

TYROCIDINE 1941 Aerobic sporulating 

bacilli 

Dubos RJ, Hotchkiss RD 

PUROTHIONIN 1941 plant Triticum aestivum Ohtani S, Okada T, 

Yoshizumi H, 

Kagamiyama H 

DEFENSIN 

(PHAGOCYTIN)  

 

1956 Rabbit leukocytes HIRSCH JG 

BOMBININ  

 

1962 Frog epithelia Kiss G., Michl H. 

LACTOFERRIN 1965 cow milk Groves ML, Peterson RF, 

Kiddy CA 

CECROPIN  1981 Cecropia silk moth Steiner H, Hultmark D, 

Engström A, Bennich H, 

Boman HG 

MAGAININ 1987 Xenopus laevis Zasloff M. 

 

1.3.2. Properties and mode of actions 

More than thirty thousand review articles on AMPs are available on PubMed 

(Figure 1.1), which indicates that enormous amount of work has been done in this field. A 

total amount of 12,400 AMPs has been reported by Database of Antimicrobial Activity and 

Structure of Peptides (DBAASP), where more than 2000 ribosomal, 80 non-ribosomal and 

5700 synthetic peptides were collected from natural sources like animal, plants, protists, 

fungi, bacteria, and viruses as well as de-novo designed peptides synthesized by several 

scientific groups [23].  
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Figure 1.1. A statistical data of AMP, NP and NP-AMP conjugates available on PubMed 

server from 1945 to 2019. 

AMPs can be found in all classes of the animal and plant kingdoms, known as a 

first line of defence against the microbes [24]. Due to their diverse sources and a broad range 

of activities, antimicrobial peptides are categorized by their physical and chemical 

attributes, such as charge, secondary structures, and target groups.  

The main driving force for the activity of any AMP depends on its constituent amino 

acid residues, which contribute the net surface charge and amphipathicity of a particular 

peptide. Positively charged amino acids like Lysine, Arginine and Histidine-rich AMPs 

forms cationic AMP group and acidic amino acids like aspartate, and glutamate-rich AMPs 

produces anionic AMP group. Microbial membranes and cell walls are primarily composed 

of anionic lipids such as phosphatidylglycerol and negatively charged biopolymers such as 

lipopolysaccharide (LPS) and Teichoic acids, respectively [25]. These lipids serve as the 

primary target for most natural and synthetic cationic AMP families such as cecropin, 

magainin, indolicidin, and so on. However, anionic AMPs like dermcidin, maximin, and 

daptomycin also have different mechanisms to kill microbes and holds the potential to be 

used as a therapeutic agents [19]. 

To understand the structure-activity relationship of different AMPs, the secondary 

structure adopted by specific peptides in the presence of microbial membrane or target 
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molecules is crucial. There are four main classes of AMPs categorized by their secondary 

structures [26]; (i) alpha family [26], (ii) Beta family [26,27], (iii) Alpha-beta family [26], and 

(iv) Non-alpha-beta family [26]. 

 

Figure 1.2. A schematic illustration of the mechanisms of action exerted by AMPs to kill 

the microbial cells. 

Antimicrobial peptides are a diverse group of molecules and possess several 

different characteristics. Thus, it is very important to find out the mode of action or target 

of the interaction of AMPs to facilitate progress of designing novel therapeutic agents. 

Initially, it was perceived that membrane is the only target of all AMPs. With the increasing 

recent evidence, it is now clear that the AMPs employ a variety of antimicrobial 

mechanisms [28]. The mode of actions of all AMPs is divided into two major groups: direct 

and indirect pathways as shown in Figure 1.2. The direct path is mainly referred to as the 

killing mechanism where AMPs itself acts via membrane disruption or blocking 

intracellular pathways [29]. The cell membrane is critical in sustaining electrochemical 
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gradients and electron transport, and any malfunction, such as ion/metabolite leakage, leads 

to depolarization and loss of membrane-coupled respiration, finally resulting in cell death, 

either directly or indirectly. The Carpet model, Barrel-Stave model, and toroidal pore model 

are three of the most well-known processes by which AMPs damage their targets' lipid 

bilayer membranes [30]. In the Carpet model, AMPs concentrate on the surface and 

eventually "degrade" the cell membrane in a detergent-like way [30]. AMPs aggregate and 

are introduced into the bilayer of the cell membrane as multimers, arranged parallel to the 

phospholipids, and then create a channel in the Barrel Stave model [30]. In the toroidal 

model, the pore is partly composed of both peptide and phospholipid because AMPs cause 

the phospholipids from the two layers to form a curvature. After the peptides have 

accumulated, the peptides bend around a central channel, forming the transmembrane pore 

which eventually kills the microbial cell. Indirect pathways are driven via immune 

modulation where the AMPs interact with the immune cells and activates them by 

enhancing the immune response as well as controlling inflammation [29].  

1.3.3. Limitations of AMPs 

Despite discovering several AMPs in the past 30-40 years, there is still a prominent 

gap between the list of potential AMPs capable of therapeutic applications and the number 

of AMPs available after clinical trials [31]. The experimental, technical, and commercial 

challenges that limit the AMPs from successful therapeutic applications are summarized in 

Fig. (2). The first step to screen an AMP is to start with a naturally occurring biologically 

active sequence or de-novo designed peptide library. In-vitro optimization using standard 

minimal inhibitory concentration (MIC) or minimum bactericidal concentration (MBC) 

assays are conducted against a series of bacterial and fungal agents. However, these assays 

are highly dependent on environmental conditions, often the in vitro activity is not reflected 

by the subsequent in vivo efficacy studies, making it problematic for therapeutic application 

[32,33]. In addition, toxicity, serum binding, poor pharmacokinetics and stability are the 

major challenges observed with AMPs during clinical trials practical considerations [34,35]. 

Only a handful of scientific reports is currently available where a systematic 

toxicological or safety data has been published for a particular AMP [36]. Toxicity of AMPs 

can occur at different levels, few examples are, membrane toxicity, cellular toxicity, and 

systemic toxicity. Toxicity of the membrane relies on both the charge and hydrophobicity 

of a particular peptide sequence. It has been reported that increased charge can reduce 

mammalian membrane toxicity, but increasing hydrophobicity via long acyl chain 
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modification can accelerates the risk of membrane toxicity [37]. Cellular toxicity refers to 

the toxic effect on a single cell or cells lines, which can be analyzed via various laboratory 

assays such as cytotoxicity assay or measurement of total lactate dehydrogenase activity.  

However, it is highly challenging to assess for a multicellular organism without a long-term 

clinical trial. Systemic toxicity, on the other hand, arises from various factors. This includes 

activation or inhibition of transcription, binding and alteration of some receptor or change 

in metabolic pathways. Falagas et al. have shown that the intravenous administration of 

polymyxins may cause nephrotoxicity and neurotoxicity if administered with higher dose 

for a  prolong time [38]. Systemically administered AMPs are highly unstable due to their 

low metabolic stability because of the surrounding enzymatic environments. Poor 

penetration via intestinal mucosa makes these peptides unusable for oral administration 

[39].  The intravenous drug delivery is also a restricted option due to poor serum instability 

and degradation of AMP by the proteolytic enzymes present in the blood and they are 

excreted rapidly by hepatic or renal clearance [39]. However, topical applications such as 

dermal creams, emollients or spray are an exception, which may bypass these problems. 

Although they are still subject to tissue proteolytic enzymatic degradation that may reduce 

their therapeutic potential. 

Various multidimensional approaches have been employed to enhance the stability 

of AMPs against the action of peptidases such as pepsin, trypsin, thrombin, plasmin etc. 

Several  techniques like cyclization of peptides, mutation of crucial amino acids to either 

L- to D-isoform or non-natural analogs, peptide mimetics or combining nanotechnology 

either via organic or inorganic pathways [40] are used to overcome the above-mentioned 

problem. Malmsten et al. have shown end-tagging via oligomerization of tryptophan 

enhances the stability of AMPs from proteolysis [41]. The basic idea is to protect the N- and 

C- terminal end of the peptides from the active site of peptidases/proteases; to do this 

researchers have modified these terminals either by acetylation, or amidation, acylation, 

PEGylation etc [42,43]. However, the preparation of nanoparticles combining with AMPs 

or organic materials and conjugation with inorganic nanoparticles such as gold or silver has 

changed this scenario in the past two decades. 

1.4. Nanotechnology and Peptides 
Application of nanotechnology in the field of biologically active AMPs is diverse, 

and it includes several peptides and their modifications. Dipeptide, oligo-peptide, amyloid, 

antimicrobial, cyclic, lipid-associated, carbohydrate attachment is just few of them to 
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mention. Conjugation of different inorganic nanoparticles including gold (Au), silver (Ag), 

copper (Cu), titanium (Ti), zinc (Zn), iron (Fe), and transition metals has extended its 

application [44-48]. Every system has different properties and protocols for usage. Here, we 

will focus only on the AMPs and will discuss how nanotechnology has shaped a new 

platform for these peptides in drug designing to therapy and diagnostics.  

1.4.1. Peptides and organic compounds as nanoparticles 

Self-assembled peptides can obtain different shapes and sizes in nanoscale range 

depending on their amino acid compositions and three-dimensional structures such as 

nanotubes, nanofibers, nanoparticles, nanosphere, gels, and nanorods. However, the main 

driving force behind these self-assembled structures is entropy because only 

thermodynamically favorable shapes are taken by individual monomers rather than 

unfavorable condition in free solution. Nanotubes are extended tubular β-sheet like 

structures made by the self-assembly of planer, cyclic or disc-shaped peptide subunits [49]. 

The composition of these subunits are either alternating D- and L-amino acid residues or 

hetero-aromatic bicyclic bases stabilized via hydrogen bonding and hydrophobic packing 

as visualized by X-ray crystallography [50]. Nanofibers have mainly attracted attention 

because of its potential use as a biosensor. This type of assembly is also driven by several 

non-covalent interactions, and the most well-known member of this group is amyloid 

fibrils, which form insoluble aggregates by stacking its beta-sheet type monomers. 

Nanoparticles, nanosphere, and nanorods are a diverse group and cover the small, well-

defined structures formed by different monomers.  Liu et al. and Wang and co-workers 

used a short cationic peptide obtained by grafting cholesteryl chloroformate onto three 

glycine and six arginine residues (G3R6) that is attached with TAT (YGRKKRRQRRR) 

peptide. It can easily self-assemble to form core-shell structured micellar nanosphere 

[51,52]. They successfully showed that the nanoparticle is more active against a series of 

bacteria and fungus than its monomer and it can cross the blood-brain barrier (BBB) easily 

and thus can be used against brain inflammatory diseases such as meningitis and 

encephalitis. A star-shaped peptide polymer nanoparticle termed as 'Structurally Nano 

engineered antimicrobial peptide polymers' (SNAPPs) have been demonstrated by Lam et 

al. as superior antimicrobial agents with nanomolar range activity in in vitro and in vivo 

condition against Gram-negative pathogens, including multidrug-resistant species [53]. 

On the other hand, Mi et al. designed an amphiphilic peptide nanoparticle (APNP) 

rich in arginine residues, highly potent against Gram-positive bacteria including 
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methicillin-resistant Staphylococcus aureus (MRSA) but at the same time non-toxic to 

human fibroblasts [54]. Schneider et al. made 8 to 16 residue long beta-sheet peptide that 

can form distinct nanofiber and hydrogel depending on different physiological condition 

and is very useful for the purpose of wound healing [55].  Some researchers have used 

different organic molecule and scaffolds such as chitosan polymer, Polyglutamic (gamma-

PGA)/ polylactic (PLA)/ polylactic-glycolic acid polymer and polyglycerol scaffold along 

with AMPs to form different nanostructures, which not only increases the potency of the 

peptides but also increases its bioavailability, serum stability, and reduced toxicity. For 

instance, Almaaytah et al. have reported an ultrashort AMP (RBRBR, R = arginine and, B 

= L-4-phenyl-phenylalanine) encapsulated via chitosan nanoparticle, capable of killing and 

removing MRSA and its biofilm for long duration due to its slow release [56]. In another 

study, Lauster et al. have synthesized a multivalent peptide-polymer nanoparticle based on 

dendritic polyglycerol scaffolds to inhibit virus particle from infection at the nano- to 

picomolar range in in-vivo condition [57]. 

1.4.2. Conjugation of iNP and AMP 

Although inorganic nanoparticles (iNPs) gained significant attention in modern 

science, it has been used by ancient human civilization prior to the discovery of antibiotics. 

This is used in the form of metals, metallic oxides, and salts against pathogenic infections. 

This changed over the last few decades when several iNPs showed promising activity 

against MDR pathogens alone and in combination with antimicrobial drugs. Stimuli-

responsive and carrier nanoparticles are also being considered for biomedical applications 

due to their efficiency in target cell killing in a localized area. However, prolonged use of 

iNPs have been associated with adverse effects [58]. 

Recent research has shown that conjugation of AMPs with iNPs may reduce 

systemic toxicity and may increase antimicrobial efficacy in addition to enhancement of 

proteolytic stability in vivo (Figure 1.3 and Table 1.3). Vignoni, M. et al. conjugated the 

human keratinocyte derived cathelicidin LL37 peptides with AgNP via thiol group (-SH) 

conjugation chemistry. The process resulted in enhanced activity of the system against 

Gram-positive and Gram-negative bacteria against P. aeruginosa biofilm while mitigating 

the anti-proliferative or toxic effects of ionic AgNPs [59]. Atreya and co-workers also 

attached AgNP to a potent AMP OA1 via cysteine residue, which exhibited significantly 

higher stability and activity of the conjugated system compared to that of the peptide alone 

[60]. Wadhwani et al. described that the conjugation of potent cationic AMPs to AuNP via 
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cysteine residue at the N-terminus does not change the antimicrobial activity and 

biologically active structure of the peptides but improved its proteolytic stability, solubility 

and lifetime in the in vitro system [61].  

 

Figure 1.3. Advantages and disadvantages of AMPs and NPs as a drug in biological 

system. 

Another study by Casciaro et al. has shown that a frog skin-derived AMP Esculentin 

(1-21) showed more than 15-fold increased activity than its free counterpart when 

conjugated with AuNP via poly (ethylene glycol) (PEG) linker. They also described that 

the system was highly stable against enzymatic degradation and showed no adverse effect 

on the human keratinocyte cell line while promoted wound healing in an ex vivo system 

[62]. Immobilization of cecropin-melittin (CM) via covalent bond on superparamagnetic 

FeO NP showed ten times lower MIC than free CM as depicted by Maleki et al [63]. This 

novel system can internalize itself by endothelial and macrophage cells and kills 
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intracellular pathogens while keeping low cytotoxic profile [63]. Finally, there are evidences 

supporting the fact where AMPs and NPs have been portrayed as a potent new generation 

drug where each member has complemented their limitations [64-66]. 

Table 1.3. Describes an overview of potent AMPs conjugated with different organic and inorganic 

nanoparticles for various purposes ranging from antimicrobial therapies to food contamination 

detection and wound healing. 

AMPS AND 

SEQUENCE 

NPS USED CONJUGATION 

METHOD 

TARGET 

ORGANISMS 

MODE OF 

ACTION 

REF. 

INDOLICIDIN 

ILPWKWPWW

PWRR-NH2 

Colloidal gold 

NP (AuNP) 

Chemisorption via thiol 

group of 2-

marcaptoethanol 

Fluconazole 

resistant Candida 

albicans 

Fungicidal, 

Suppresses iNOS 

gene in 

macrophages 

[67] 

PBP10 

DERIVATIVES 

QRLFQVKGR

R 

Magnetic NP 

(MNP) 

Iron oxide core 

functionalized with 

gold via K-gold process 

Staphylococcus 

aureus, MRSA 

Xen30, 

Pseudomonas 

aeruginosa Xen5 

Candida albicans, 

Candida glabrata, 

Candida tropicalis. 

Membranolytic for 

both planktonic cells 

and biofilms, 

Inhibition of 

microbial cell 

division. 

[68] 

DAPTOMYCIN Gold 

nanocluster 

(AuNC) 

Covalent (amide) bond 

via 4,6-diamino-2-

mercaptopyrimidine 

(DAMP) on AuNC 

Methicillin-resistant 

Staphylococcus 

aureus (MRSA) 

Disruption of the 

bacterial membrane 

via pore formation, 

Targets intracellular 

organelles and 

breaks the DNA of 

the Bactria. 

[69] 

BACITRACIN 

A (BA) AND 

POLYMYXIN 

E (PE) 

Silver NP 

(AgNP) 

Reduction of AgNO3 

was made via NaBH4 in 

presence of BA and PE 

Escherichia coli, 

Pseudomonas 

aeruginosa, 

Staphylococcus 

aureus, Bacillus 

amyloliquefaciens 

Bactericidal activity 

via membranolysis 

and shows wound 

healing property 

[70] 

BP100 

(KKLFKKILK

YL-NH2), 

Alumina NP Disulfide-linked 

peptide-alumina 

nanoparticle via thiol 

group of cysteine and 

Escherichia coli 

(ATCC 25922), 

Salmonella 

typhimurium (ATCC 

14028) 

It interacts with 

microbial inner 

membrane. 

 

[71] 
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CAAA-BP100 

(CAAAKKLFK

KILKYL-NH2) 

[PRA]GAAA-

BP100 

([PRA]GAAAK

KLFKKILKYL

-NH2) 

DERMADISTI

NCTIN K 

(GLWSKIKAA

GKEAAKAAA

KAAGKAALN

AVSEAV-NH2) 

Triazole linked peptide-

alumina nanoparticle 

via a 

copper(I)-catalyzed 

azide-alkyne 

cycloaddition reaction 

(CuAAC) 

Staphylococcus 

aureus (ATCC 

29313) 

Candida krusei 

(ATCC 34135) and 

Candida 

parapsilosis (ATCC 

22019) 

CERAGENIN 

CSA-13 

Magnetic NP Firstly, MNPs were 

treated with 3-

aminopropyl 

trimethoxysilane 

(APTMS) to build the 

amine group linked 

with silica. Then 

aldehyde 

functionalization was 

done using 

glutaraldehyde. Lastly, 

imine bond was formed 

between aldehyde 

group and C3 of CSA-

13 

Pseudomonas 

aeruginosa PAO14 

Disruption of the 

plasma membrane. 

[72] 

ANDERSONIN-

Y1 (AY1) 

[FLPKLFAKIT

KKNMAHIR], 

CAY1 

[CFLPKLFAKI

TKKNMAHIR] 

AND AY1C 

[FLPKLFAKIT

KKNMAHIRC] 

AgNP Mixing of aqueous or 

buffer solution of 

peptides (450 µL of 0.3 

mM) and AgNP (50 µL 

of 50 µg/mL) at 298K. 

Escherichia coli 

DH5α, 

Pseudomonas 

aeruginosa (ATCC 

27853), Salmonella 

typhi (ATCC 

14028), Klebsiella 

pneumoniae (ATCC 

13883) 

Lysis of bacterial 

cells. 

[45] 
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PEP-H OF 

HUMAN 

NEUTROPHIL 

PEPTIDE-1 

(HNP-1) 

(RRYGTCIYQ

GRLWAF) 

Chitosan NP 

(CSNP) and 

AuNP 

Pep-H was mixed in 

CSNP in solution, and 

sodium 

tripolyphosphate 

(STPP) was added to 

form the NPs. 

AuNP-Pep-H conjugate 

was prepared by mixing 

of peptide and AuNP 

solution at 298K and 

incubated for 30 min. 

Mycobacterium 

tuberculosis (M. tb) 

H37Rv 

Antimycobacterial 

activity 

[73] 

1018K6 

(VRLIVKVRI

WRR) (A 

MUTATED 

PEPTIDE 

DERIVATIVE 

OF 

BACTENECIN) 

polyethylene 

glycol (PEG)-

stabilized 

AuNP (hybrid 

AuNP) 

Covalent conjugation of 

1018K6 peptide to 

hybrid AuNP via the 

standard 1-ethyl-3-[3- 

(dimethylamino)propyl] 

carbodiimide 

hydrochloride (EDC)/ 

N-hydroxysuccinimide 

(NHS) reaction. 

Listeria 

monocytogenes 

(LM2 

food-isolated strain), 

Salmonella 

typhimurium (ATCC 

13311) 

Alteration of the 

bacterial cell 

membrane 

[74] 

ESC(1-21) 

(GIFSKLAGK

KIKNLLISGL

KG-CONH2), 

ESC(1-21)-1C 

(GIFSKLAGK

KIKNLLISGL

KG-CONH2) 

poly(lactide-

co-glycolide) 

(PLGA) NP 

Emulsion/solvent 

diffusion method. 

Pseudomonas 

aeruginosa PAO1 

Kills and eradicates 

planktonic and 

sessile form of 

Pseudomonas 

aeruginosa. Cures 

lung infection 

[62] 

FLUPEP 

(WLVFFVIFYF

FRRRKK), 

FLUPEP 

LIGAND 

(CVVVTAAAW

LVFFVIFYFFR

RRKK) 

AuNP & 

AgNP 

A ligand shell matrix 

peptidol (CVVVT-ol) 

containing peptide 

solution was mixed to 

the AuNP/AgNP 

solution at a particular 

molar fraction and 

vortexed at room 

temperature. 

Influenza virus 

(A/WSN/33 H1N1 

subtype) 

Inhibition of viral 

plaque formation 

and reduce the 

infectivity of virus 

particles outside the 

cells. 

[75] 

DAPTOMYCIN CSNP Daptomycin solution 

was either mixed with 

Chitosan solution at 

methicillin-resistant 

S. aureus (MRSA) 

ATCC 43300, 

Disruption of the 

membrane which 

subsequently leads 

[76] 
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different mass ratios, 

and tripolyphosphate 

(TPP) was added 

dropwise to form CSNP 

or the peptide was 

mixed to TPP solution 

and dropped into 

Chitosan solution. 

methicillin-

susceptible S. 

aureus 

(MSSA) ATCC 

25923, S. 

epidermidis ATCC 

14990, 

Staphylococcus 

lugdunensis ATCC 

43809, 

Staphylococcus 

haemolyticus ATCC 

29970, 

Staphylococcus 

hominis 

ATCC 27844, 

Staphylococcus 

warneri ATCC 

27836, and 

Enterococcus 

faecalis ATCC 

29212 

to microbial cell 

death 

INDOLICIDIN 

(AC-

CILPWKWPW

WPWRR-

CONH2) 

AuNP Covalently conjugated 

with AuNP via thiol 

group of cysteine 

present at the N-

terminus of the peptide 

sequence. 

Candida albicans 

ATCC 90028, 

Candida albicans 

ATCC 14053, 

Candida albicans 

ATCC 10231, 

Clinical isolates of 

Candida albicans 

C1-C8, and Candida 

tropicalis 

Fungicidal activity, 

Anti-biofilm 

activity. Suppression 

of biofilm-forming 

and transporter 

encoding genes 

[77] 

OH30 

(KFFKKLKNS

VKKRAKKFF

KKPRVIGVSIP

F) 

Carboxymeth

yl chitosan 

nanoparticles 

Mild ionic gelation 

method. 

Escherichia coli 

ATCC 25922 

Antibacterial 

activity and nonscar 

wound healing 

[78] 

BUFORIN II 

(BUF2) 

(TRSSRAGLQ

Magnetic NP Firstly, Silanization was 

done using APTES to 

produce free amine 

Escherichia coli 

ATCC 25922 

Loss of 

antimicrobial 

activity due to 

[79] 
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FPVGRVHRLL

RK) 

groups on the MNPs. 

Then The C-terminal 

group of the peptides 

was covalently 

conjugated with the 

MNPs 

immobilization of 

the C-terminal but 

enhanced cell-

penetrating ability 

and targeted drug 

delivery 

PEPTIDE K4 

(KKKKPLFGL

FFGLF) 

poly (lactic-

co-glycolic 

acid) 

(PLGA) NP 

Peptide and PLGA NP 

was conjugated via 

carbodiimide chemistry 

(EDC/NHS coupling). 

Staphylococcus 

aureus MTCC 9542 

Pseudomonas 

aeruginosa MTCC 

8076 

Antimicrobial and 

wound healing 

activity 

[80] 

SHORT 

LIPOPEPTIDE 

(PALMITIC 

ACID/LAURIC 

ACID/OCTAN

OIC ACID 

LINKED WITH 

RWR/WRR) 

AuNP Self-assembly of 1-

dodecanethiol-anchored 

gold nanoparticles (Au- 

DT NPs) with 

Lipopeptide via 

hydrophobic 

interactions 

Escherichia coli (E. 

coli ATCC 25922) 

(E. coli DC2), 

Staphylococcus 

aureus (S. aureus 

ATCC 29213), 

methicillin-resistant 

Staphylococcus 

aureus (MRSA 

ATCC 43300), 

Staphylococcus 

epidermidis (S. 

epidermidis ATCC 

14990), 

Pseudomonas 

aeruginosa (P. 

aeruginosa ATCC 

27853), and 

Candida albicans 

(C. albicans ATCC 

10231) 

Disruption of the 

cytoplasmic 

membrane and cell 

lysis. 

[81] 

MELITTIN 

(MLT) 

(GIGAVLKVL

TTGLPALISW

IKRKRQQ) 

Magnetic NP Mixing of carboxylated 

MNPs with MLT 

solution at 0.5:1 mass 

ratio. 

Salmonella typhi 

(ATCC 14028), 

Staphylococcus 

aureus (ATCC 

27217), and 

Escherichia coli 

(ATCC 25922) 

Screening of 

contaminated foods 

and water 

[82] 
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NZX PEPTIDE Mesoporous 

silica NP 

(MSNP) 

Peptides were strongly 

adsorbed on the MSNP 

surface. 

Mycobacterium 

bovis (BCG) 

Montreal strain 

The killing of 

primary macrophage 

residing 

mycobacteria and 

enhanced targeted 

drug delivery 

[83] 

 

1.5. Application in Therapy and Diagnostics 

1.5.1. Drug delivery 

Delivery of a drug to its specific and particular target site in the human body system 

is still a significant challenge. Peptide-based drugs have an advantage over this problem, 

and it emerged as a potential candidate having modular selectivity and enhanced activity 

against a range of severe health problems, including cancer. Being composed of mainly 

natural amino acids, peptides can easily interact with different cellular and subcellular 

systems, which in turn allow them to be used against broad aspects to get effective results. 

Application of this peptide-based system as drug delivery vehicle, however, gets hindered 

due to several reasons, including short half-life, poor biodistribution, low diffusivity and 

partition coefficients against the biological barrier in the in vivo system and high production 

cost as discussed previously. 

Conjugation of peptides with nanoparticle is the simplest way to solve these 

problems in case of drug delivery also. Nanoparticles can be tuned in ingenious ways for 

successful drug delivery at specific sites as well as protecting the drug from several 

enzymes via encapsulation and remarkably increases its plasma circulation time. The main 

advantage is that both the peptides and nanoparticles have a tuneable property, which 

renders a limitless opportunity to the researchers for designing more and more robust 

delivery system. 

Involvement of nanotechnology in the delivery of AMPs follows two different 

ways. The passive or non-directed pathway refers to the NP-conjugated system, which 

mainly controlled by size or shape and possesses no surface modification to guide the 

molecule to a particular site [84]. The active or directed pathway involves the application 

of functional groups to the surface of the NPs for specific binding with the receptor sites 

which provides a successfully targeted delivery [85]. 
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1.5.1.1. Non-directed pathway 

Here we discussed a few selected AMPs that are well studied in terms of drug 

delivery via the passive way in both in vitro and in vivo systems. 

Cyclosporine A is a non-ribosomal, highly lipophilic, fungus-derived cyclic AMP, 

comprised of 11 amino acid residues [86]. It has an excellent activity against a vast range 

of microbes and also includes immunosuppressive property. Romero et. al. made a stable 

amorphous nanoparticle of Cyclosporine A (CyA) by mixing 5% of CyA in water along 

with tocopherol polyethylene glycol succinate. They further incorporated the nano-system 

inside a hydrogel and applied it on a fresh pig ear skin and found 6.3 fold higher penetrating 

efficiency compared to its free particles [87]. To increase the bioavailability of CyA, 

chitosan and gelatin-based nanoparticles were used by El-Shabouri where he got 73% and 

18% increment, respectively, in an in-vivo system [88].  

Nisin is a polycyclic, broad-spectrum lantibiotic isolated from Lactococcus lactis and made 

of 34 amino acids residues including some unnatural amino acids like didehydroalanine 

(DHA) and didehydroaminobutyric acid (DHB). Nisin is extensively used as a food 

preservative and in food packaging but few groups have also explored its anti-cancerous 

properties in both in-vitro and in-vivo [89]. To obtain an alternative application of nisin in 

antifungal therapies with stable and prolonged release of drug at a particular infection site, 

de Abreu, et. al. encapsulated it using biodegradable polymeric nanoparticles. They 

demonstrated the permeation capacity of polycaprolactone (PCL) coated nisin by Franz 

diffusion cells in an in vitro model and concluded that the system could be used as a 

prophylactic agent against candidiasis [90]. Polyvinyl alcohol-based nanofiber encapsulated 

nisin has also shown promising activity against S. aureus for a prolonged time with 

controlled drug release [91]. 

Vancomycin is a highly potent, broad-spectrum, branched-chain tricyclic 

glycopeptide isolated from Amycolatopsis orientalis. The primary mode of action of this 

peptide is to prevent bacterial cell wall synthesis and reproduction. However, it has several 

severe side effects including ototoxicity and nephrotoxicity [92]. Conjugation and 

encapsulation of vancomycin by biodegradable polymeric nanoparticles like PLGA, 

EUDRAGIT or PCL showed reduced toxicity with prolonged drug release at high efficacy 

[93,94]. Yang et. al. reported that vancomycin loaded liposomes coated with chitosan 

nanoparticles prevents the uncontrolled release of the drug and increases its local 
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bioavailability in lungs, which in turn solves the nephrotoxicity problem and cures lung 

infection [95]. 

Polymyxins (B and E) are a non-ribosomal, branched-chain, cyclic peptides which 

have a broad range of activity against drug-resistant Gram-negative and Gram-positive 

bacteria. It is also known as colistin and isolated from Paenibacillus polymyxa. Despite 

having high potency, polymyxin also shows neuro and nephrotoxicity in patients. To 

overcome this limitation, Severino et. al. formulated a solid lipid nanoparticle (SLN) loaded 

with polymyxin and treated against resistant P. aeruginosa strains in vitro [96]. The results 

showed complete inhibition at very less concentration than its free form, which was active 

at 10 mg/ml. Liposome containing polymyxin B was developed by Alipour et. al., showed 

lower MIC values than its unloaded counterpart and had higher penetrability against P. 

aeruginosa strains as obtained from immunohistochemistry and electron microscopy 

studies [97].  

There are also several AMPs conjugated nanocarrier systems reported in various 

articles which follow the indirect pathway of drug delivery besides the list mentioned 

above. For example, Peng et. al. devised an integrated gold nanoparticle system that can 

carry DNA and AMPs simultaneously to inhibit cancer cells and pathogenic microbes, 

respectively [98].  

1.5.1.2. Directed pathway 

Modification of nano-carrier via attachment of a particular chemical moiety or 

peptide sequence onto the surface to achieve site-directed drug delivery is called targeted 

or active pathway [99]. There are several biological barriers that hinder specific drug release 

at intended sites. This includes low pH of the gastrointestinal tract, abundance proteases in 

serum, selective permeability of cell membranes and lysosomal pathway of cells for foreign 

molecules. Here also we have mentioned a few selected articles among hundreds of 

publications to understand the mechanism. 

Cell-penetrating peptides (CPPs) have been used by several groups to deliver 

siRNA, plasmid DNA, and oligomers into different cell lines and in vivo system for targeted 

drug delivery. One of such CPP which has been widely used is Transactivated-transcription 

or TAT which is an arginine-rich peptide isolated from HIV [100]. Bi et. al. worked with a 

designed cationic AMP modified by combining TAT-sequence at C-terminus and palmitic 

acid at N-terminus [101]. The unique design helped individual monomers to form self-
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assembled peptide nanoparticle of 150 nm diameter which was active against a series of 

gram-positive and gram-negative bacteria including drug-resistant strains. The TAT-

sequence helped the nano-system to cross the blood-brain barrier and target infected sites 

in the rat brain to cure bacterial meningitis [101]. Therefore, modification of nanoparticles 

with CPP helps to mediate specific delivery. Our group also showed that a CPP, namely 

DK17, isolated from Drosophila can breach the tight endothelial network of BBB and can 

be used as a potential drug delivery vehicle in different neurodegenerative disorders [102]. 

In another study, mesoporous silica nanoparticles (pSiNPs) were used as a 

biodegradable carrier where Lactoferrin-dKK peptide was loaded inside the porous 

chamber of the vehicle via phosphonate surface chemistry [103]. The results showed 

remarkably reduced P. aeruginosa cells in the lungs of treated mice compared to untreated 

sets, which subsequently improved the survival rate. Thus, it showed an exciting way for 

specific treatment of a particular organ. 

In a different study, PLGA nanoparticle was used for encapsulation of plectasin 

peptide, which is a member of defensin AMPs to target persistent S. aureus infection in 

host airway epithelium [104]. S. aureus resides inside the epithelial cells and thus blocks 

antibiotic actions. The PLGA encapsulated plectasin went into the Calu-3 and THP-1 cells 

and subsequently reduced the infection in a monolayer model while cell viability was 

unaffected at the treated concentration. A different approach was taken by Yeom et. al. to 

eliminate intracellular Salmonella enterice serovar Typhimurium in both ex vivo and mice 

infection model [105]. They designed an AuNP conjugated DNA aptamer system to 

precisely deliver A3-APO AMP into S. typhi infected HeLa cells and injected the same into 

mice model. The results showed complete elimination of S. typhi in the HeLa cell line and 

mice organ leading to 100% survival of the mice. These reports showed novel mechanisms 

to treat persistent intracellular organisms with high specificity. 

1.5.2. Imaging and Diagnostics 

Molecular or cellular imaging via different microscopic or computer-aided 

machinery enables us to visualize and analyse complex biological phenomena at high 

resolution. It gives quick and real-time access to researcher and clinicians to monitor and 

track a particular disease progression or output of a treated sample, which subsequently 

helps in diagnosis. There are different probes available in the market to mark a specific 

cellular or subcellular material or drug for tracking purposes. Though peptides have been 

successfully used as nanoprobes in different experimental setup for high-resolution 
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imaging, however, due to their several limitations in biological systems, peptides are often 

conjugated with varying types of nanoparticles to get a better signal to noise ratio and 

improved pharmacokinetics. This strategy not only provides good imaging quality but also 

helps in rapid diagnosis. This section highlights some recent reports where peptide and 

nanoparticle conjugated system has been used for imaging and diagnostic purposes in 

different infection systems.  

 

Figure 1.4. Application of NP-AMP conjugates in drug delivery, imaging and diagnostics. 

Zhao et. Al. have uniquely designed a bacteria activated nanoprobes to monitor MRSA 

infection in the in vivo model [106]. The probe is composed of silicon oxide NP coated with 

vancomycin. The system was further modified with polyelectrolyte cypate complexes 

which are mainly responsible for the detection of bacteria via dissociation from silicon NP. 

The whole complex (SiO2-Cy-Van) is nonfluorescent in aqueous solvents, but when it 

comes in contact with MRSA, then the Cy-Van complex gets attached to the bacterial 
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surface, leading to the change of the state of cypate from aggregation to free form and thus 

it produces near-infrared fluorescence (NIRF) in in vitro condition [106]. In vivo 

experiments in mice model also demonstrated that the complex enables rapid NIRF 

imaging after injecting it into the mice, and the MRSA colonies can be eliminated via 

photothermal therapy (PTT). One can monitor the infection site for long term (16 days) to 

check resurgence of the infections [106]. The whole idea is very novel, and the platform can 

be used in other detection or diagnosis model to combat MDR strains. 

Porous silicon NP (PsiNps) with intrinsic photoluminescence (PL) property was used to 

monitor the release of an AMP D[KLAKLAK]2 by Jin et. Al. in both ex vivo and in vivo 

mice model [107]. The PL lifetime of the NP-complex gets decreased as it dissolves in an 

aqueous environment, which also indicates the release of payload to the infection site. The 

PL signal can be used as a probe to track the PsiNP molecules inside the mice via 

Continuous-wave images (CWI) and time‐gated images (TGI) after the injection with high 

resolution. Being biodegradable by its nature, PSiNPs also get cleared from the organs of 

the treated animals easily [107]. Thus, it can be used as a self-reporting, non-toxic, non-

invasive drug carrier and molecular imaging probe with an accurate assessment of drug 

distribution. 

Multifunctional superparamagnetic iron-oxide nanoparticles (SPION) have been 

used in different aspects like drug delivery vehicles, imaging probe, or in the diagnostic 

system used to detect cancer. SPIONs are non-toxic and show excellent biocompatibility 

in the mammalian system. However, it is non-specific towards a particular drug delivery 

site. Yu et. al. has designed a short linear peptide (3-Methylbutyryl-VV-Sta-A-Sta-C) 

namely Pepstatin A (PA), which has a high affinity towards multidrug transporter P-

glycoprotein (P-gp) situated in the epileptic brain. Overexpression of P-gp protein on BBB 

is mainly responsible for reduced uptake of anti-epileptic drug in the brain, subsequently 

leading to drug-refractory epilepsy [108]. They conjugated the PA on SPIONs with near IR 

probe to target the P-gp proteins on the brain of epileptic mice model. The results showed 

that the nano-complex can specifically interact with P-gp proteins and can modulate the 

expression of it [108]. The near IR probe on SPION enabled to detect the signals from the 

nano-complex via both magnetic resonance imaging (MRI) and ex vivo optical imaging 

without applying any invasive procedure [108]. 
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A recent trend of using luminescent semiconductor nanoparticle or quantum dots 

(QDs) in cellular or molecular imaging has attracted many researchers for their various 

tuneable properties. QDs are tiny size nanoparticles with high inherent fluorescence 

properties at a broad range of wavelengths along with chemical stabilities, which makes it 

a multidimensional useful nano-system. Conjugation of different peptides including CPP 

on QDs has shown promising results in cancer therapy and imaging. Walther et. al. 

designed a nanosystem using multicolour QDs and conjugated it with hCT CPP peptide to 

accurately deliver a siRNA cargo to a particular cell line. Fluorescence microscopic 

analysis have showed that the system could enter into the cells via an endosomal pathway 

and then get released from it via the action of chloroquine and thus get diffused into the 

cytoplasm [109] for targeted delivery. Our group has also reported two hybrid AMPs (KG18 

– KNKSRVARGWGRKCPLFG and, VR18 – VARGWGRKCPLFGKNKSR) conjugated 

with tungsten disulfide (WS2) QD nanoparticle that can attach to two AMPs (either KG18 

or VR18) at a time via thiol group interaction [110]. Thus, it increases the local concentration 

of AMP on the QD surface which helps the peptide to target bacterial and fungal pathogens 

at a low micromolar level. At the same time, the inherent fluorescence property of WS2 QD 

can be used to track the system inside a cell by using confocal microscopy [110]. These 

systems can further be used in different approaches for rapid detection and elimination of 

pathogenic microbes. 

The application of NP-AMP conjugates, as discussed above, have been portrayed 

in Figure 1.4 where a schematic illustration has been given to provide a general idea about 

this novel theranostics tool. 

1.6. Understanding and unveiling the de-novo designed AMP-membrane 

interactions by employing biophysical techniques 
Antimicrobial peptides that occur naturally are an evolutionarily conserved 

component of the innate immune system. The primary disadvantages of such natural and 

powerful cationic AMPs like pardaxin, melittin, and gramicidin include their cytotoxicity 

against mammalian RBC, which limits their use to topical treatment, limited absorption, 

and high production cost. In light of this, de-novo designed and chemically synthesized 

peptides based on naturally occurring AMPs have received huge attention recently. They 

are rationally created with an antibacterial pharmacophore while providing a chemical 

structural flexibility to modify for desirable features such as enhanced activity, decreased 

cytotoxicity, and proteolysis. To circumvent the problems of producing non-canonical 
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amino acids and complicated structural motifs, synthetic mimics are utilized. Solid-phase 

peptide synthesis is utilized to generate a variety of antimicrobial peptides with the capacity 

of facile changes of certain moieties. Chemically produced peptide mimics are also more 

cost-effective than traditional approaches. These peptides have been shown to have similar 

or several folds higher broad-spectrum antibacterial activity and lower toxicity when 

compared to their native counterparts against drug-resistant pathogens and removal of 

preformed biofilms. 

To understand the method of action of AMPs, we must first comprehend the structure and 

physical features of the bacterial membrane, which is the primary target of AMPs. Bacteria 

are categorised as Gram-positive or Gram-negative based on major changes in their cell 

envelopes. Both types of bacteria have comparable inner or cytoplasmic membranes; 

however, the outer cell envelopes differ greatly. A layer of crosslinked peptidoglycan 

adorned with negatively charged teichoic acid surrounds the cytoplasmic membrane in 

Gram-positive bacteria, providing a thick matrix that preserves the bacterial cell's stiffness. 

AMPs can diffuse through nano-sized holes that permeate the peptidoglycan layers. In 

Gram-negative bacteria, the peptidoglycan layer is substantially thinner and less cross-

linked. Furthermore, Gram-negative bacteria have an extra outer membrane that exists 

outside of the peptidoglycan layer. The inner leaflet is entirely composed of phosphate 

lipids, whereas the outside leaflet is predominantly composed of a special type of glycolipid 

known as lipopolysaccharide (LPS). LPS molecules have a large number of negatively 

charged phosphate groups that form salt bridges with divalent cations (e.g., Ca2+ and Mg2+), 

resulting in an electrostatic network. Most hydrophobic antibiotics are blocked by this 

electrostatic area, resulting in limited permeability. Therefore, the details as to how AMPs 

penetrate into Gram-positive and Gram-negative bacteria certainly vary in their atomistic 

interactions. The complexity of biological membrane makes it always difficult or 

impractical in a lot of case to study the membrane intact. A variety of membrane mimicking 

models such as vesicles (liposomes), micelles and bicelles have been developed over 

decades to overcome the obstacles. These mimics come in a variety of shapes and sizes, 

and they're made by combining existing synthetic lipids with or without detergents. A key 

concern here is the use of a model system that not only closely replicates the microbial 

membrane under research, but also depicts their natural environment while being 

compatible with the biophysical approaches used to investigate them.  
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Vesicles (liposomes) are the most often utilized biological membrane mimics 

because they are relatively easy to prepare, handle and, manipulate. The liposomal sphere 

is made up of self-assembled circular lipid-bilayers that imitate the plasma membrane. An 

enclosed aqueous compartment that replicates cytoplasm can be utilized to integrate a 

variety of interesting items (including drugs). A vesicle can be small unilamellar (SUV), 

large unilamellar (LUV), giant unilamellar (GUV) or multilamellar (MLV), depending on 

its size and shape. A wide range of biophysical techniques such as fluorescence dye leakage 

assay, phase contrast microscopic analysis and confocal laser scanning microscopy 

(CLSM) have been used to investigate the interaction between AMPs and membrane 

replicated by lipid vesicles. Micelles are liquid-dispersed clusters of surfactant molecules. 

The repulsive forces between hydrophobic surfactant tails and hydrophilic solvent 

molecules determined the stability of colloid solution. In structural research by employing 

solution or solid-state nuclear magnetic resonance (NMR) spectroscopy, lipid or detergent 

molecules can be utilized as a surfactant to produce micelles and study the micelle bound 

form of the AMPs. When bioactive peptides interact with detergent micelles, isotropic 

bicelles, unilamellar vesicles, and even living microbial cells, solution NMR methods are 

effectively employed to determine their three-dimensional structures. The distance 

constraints for structure computations are mainly determined using the transferred NOESY 

(trNOESY) approach. The transferred NOESY (trNOESY, also known as exchange-

transferred NOE, et-NOE) experiment is a version of the NOESY experiment that is aimed 

to offer information on the structure of an excess receptor-bound ligand that is in quick 

exchange between free and bound states. It is often detected utilizing a NOESY experiment 

that incorporates a relaxation filter to eliminate interfering receptor signals. NOEs form on 

the bound ligand but appear on the spectrum of the free ligand after dissociation from the 

complex. Furthermore, the dynamics of interaction between any AMP and membrane 

mimic can be more precisely deduce from magnetization relaxation NMR (spin-lattice or 

T1 and spin-spin or T2) experiments. Additionally, solid-state NMR techniques help to 

probe the interaction between the AMPs in anisotropic micelles or bicelles or liposomes 

that are aligned spontaneously in magnetic fields. 

Recent study from multiple groups has determined that AMPs are a specific class 

of molecules with diverse features. These peptides possess several ideal qualities for further 

drug development, such as the capacity to permeabilize and rupture the bacterial 

membrane, the ability to regulate the immune system, broad-spectrum antibiofilm action, 
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and reduced propensity to select for bacterial resistance. This means that AMPs can adopt 

a variety of conformations and topologies governed by their structural flexibility; each of 

which confers diverse biological functions. Such discoveries found to be extremely 

promising in the present race to produce better and more sophisticated peptide-based 

therapeutics to fight against infectious diseases like microbial keratitis. 

With this context in mind, the work in this thesis aims to - 

(A) Describe, investigate, and overcome the limits of peptide-based treatment by 

employing the approach of de-novo antimicrobial peptide design to create peptides that are 

effective against corneal keratitis-causing microorganisms. The structural insights gained 

from AMP interactions with bacterial outer and inner membrane components will also pave 

the path for the development of new antimicrobial peptides.  

(B) Application of the de-novo designed peptide against real infection models in mice and 

human cadaveric corneas to check the therapeutic potential of the peptides.  

(C) Additionally, potential nano-material has been employed and studied in conjunction 

with the designed AMP to be used as a drug-delivery system, tracking of biomolecule and 

potential anti-biofilm agent. 

(D) Finally, the interaction of rationally designed and chemically synthesized small 

molecules to inhibit the amyloidogenic aggregation of lysozyme was deciphered by using 

biophysical studies. 
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Chapter II 

2. De-novo Designing and Biophysical Characterization of Different 

Antimicrobial Peptides 

2.1. Design, Synthesis, Antibacterial Potential and Structural 

Characterization of N-acylated Derivatives of Human Autophagy 16 

Polypeptide  
 

This chapter has been adapted from the following publication:  

Varnava, K.G., Mohid, S.A., Calligari, P., Stella, L., Reynison, J., Bhunia, A. and Sarojini, V., 

2019. Design, synthesis, antibacterial potential, and structural characterization of N-acylated 

derivatives of the human autophagy 16 polypeptide. Bioconjugate chemistry, 30(7), 1998-2010. 

2.1.1. Introduction 
Increased morbidity and mortality from bacterial infections and the ability of 

bacteria to mutate and become resistant to successive generations of antibiotics necessitates 

the development of novel antibacterial drugs [111]. Novel platforms that help to deepen our 

current understanding of antibacterial drug discovery and create drugs that can be used as 

weapons against lethal bacterial infections are urgently needed. Pseudomonas aeruginosa, 

Staphylococcus aureus and Escherichia coli are bacterial pathogens implicated in 

numerous severe health conditions and infections [112]. 

Antimicrobial peptides (AMPs) are widely distributed in humans, plants and 

animals and play crucial roles in protecting the host from bacterial infections [113]. AMPs 

primarily target the bacterial cell membrane and either create pores or cover the membrane 

like a carpet ultimately causing bacterial cell lysis [114]. Pore forming AMPs insert part of 

the peptide into bacterial phospholipid bilayer membranes, bind to a component of the 

membrane causing membrane lysis, or enter the cells and bind to intracellular targets such 

as DNA, enzymes or proteins [115]. The overall net positive charge possessed by many 

AMPs facilitates the interactions with the negatively charged bacterial membrane [115]. The 

design of a library of peptide antibiotics is usually done using a parent peptide (naturally 

occurring or designed in the laboratory) followed by structure-activity relationship (SAR) 

studies and fine tuning the activity of the peptide. Conjugation of fatty acids is often used 

to enhance the activity and serum stability of AMPs and is a strategy inspired from 

lipopeptide antibiotics such as polymyxin [116]. N-acylated derivatives of other AMPs have 

been reported in the literature and have generally led to enhancements in antibacterial 
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activity [117]. Our ongoing work in this area has led to fine tuning the structure and length 

of the fatty acid component of the antimicrobial lipopeptide battacin [118]. 

The work reported in this chapter continues on from a published report on the 

antibacterial activity of the human autophagy 16 polypeptide (Atg16, K5) [119]. The effect 

of different N-terminal fatty acids on the activity of a truncated analogue of the human 

Atg16 has been investigated in this study. An analogue with the best therapeutic index was 

selected for in-depth biophysical studies to further probe and prove the peptide’s ability to 

insert into and interact with the bacterial membrane. The association between chain length 

and activity, as well as the accompanying chain length to hemolysis relationship, has been 

demonstrated through systematic studies. For structural studies Sodium dodecyl-d25 sulfate 

(d25-SDS) and Dioctanoyl phosphatidylglycerol (D8PG) were used to mimic the anionic 

environment of bacterial membranes. D8PG was used as an anionic membrane model 

because the bacterial membranes possess abundant phosphatidylglycerol (PGs) moieties 

which are mainly targeted by several membrane active proteins and peptides. Interestingly, 

the peptide shows drastic conformational change from random coil in aqueous solution to 

helix-loop-helix structure in D8PG micelles, which mimics the bacterial inner membrane. 

The helical hairpin or helix-loop-helix structure is stabilized through several side chain-

side chain and side chain-backbone hydrogen bonds as well as compact hydrophobic 

interactions by aromatic and hydrophobic residues that play crucial roles in maintaining an 

amphipathic nature. More importantly, it was possible to delineate the atomistic 

information about the location of the peptide in the micelle bound form by analysing the 

intermolecular NOE contacts. The position of the peptide was further supported by 

paramagnetic relaxation enhancement (PRE) NMR experiments using two different 

paramagnetic probes, MnCl2 and 16-doxyl stearic acid (16-DSA). Collectively, all the 

information proves that this peptide interacts with bacterial membranes, subsequently 

leading to cell death by membrane disruption. 

2.1.2. Materials and methods 

2.1.2.1. Chemicals 

All Fmoc-protected amino acids and coupling reagents were purchased from 

Protein Technologies Inc. 2-Nal (3-(2-naphthyl)-L-alanine) was purchased from ChemPep 

and OxymaPure, piperidine, trifluoroacetic acid (TFA), triisopropyl silane (TIS), 2,2′-

(ethylenedioxy) - diethanethiol (EDDT), and N, N-diisopropylethylamine (DIPEA) were 

purchased from Sigma-Aldrich.  
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2.1.2.2. Synthesis and Purification of Peptides 

All peptides were manually synthesized in University of Auckland, New Zealand 

by solid-phase peptide synthesis following standard Fmoc protocols using capping steps 

with acetic anhydride [120]. The peptides were assembled on 2- chlorotrityl chloride resin, 

on either a 0.1 or 0.2 mmol scale in N, N-dimethylformamide (DMF) as C-terminal acids. 

The C-terminal amide peptides were assembled on Tentagel S NH2 resin (substitution level 

of 0.29 mmol/g) using the Rink amide linker on either the 0.1 or 0.2 mmol scale. A 4-fold 

excess of each amino acid, 3.9 equivalent of coupling reagent (HCTU), and OxymaPure 

(3.9 equivalent) as a suppressor of racemization were used. COMU (3.9 equivalent) was 

used as the coupling reagent for the conjugation of caprylic and palmitic acids only. N, N 

Diisopropylethylamine (DIPEA) was used as the base for couplings. Fmoc deprotection 

was performed using 20% piperidine in DMF. Cleavage from the resin was accomplished 

using 10 ml of the trifluoroacetic acid (TFA) cocktail mixture (TFA−TIS−H2O 95:2.5:2.5 

v/v/v) per gram of the resin. Upon evaporation of TFA, diethyl ether was added to 

precipitate the crude peptides. The crude peptides were lyophilized and purified using 

reverse-phase high-performance liquid chromatography (RP-HPLC) on a GE Pharmacia 

ÄKTA purifier 10 system or a Thermo Scientific Dionex VWD 3x00 system using a 

Phenomenex Luna 5 μm C18 100 Å (250 mm × 10 mm) column. Solvent A was 0.1% TFA 

in water, and solvent B was 0.1% TFA and 0.09% water in 99% acetonitrile at a flow rate 

of 10 ml per min. Analytical RP-HPLC was performed using a Phenomenex Luna 5 μm 

C18 100 Å (250 mm × 4.6 mm) column with the same solvent system as above at a flow 

rate of 1 ml per min. Electrospray ionization mass spectrometry (ESI-MS) recorded on a 

Bruker micro-TOF-Q mass spectrometer and matrix-assisted laser desorption/ 

ionization−time-of-flight mass spectrometry (MALDI-TOF MS) recorded on a Bruker 

UltrafleXtreme MALDI/TOF were used to characterize the peptides. 

2.1.2.3. Antibacterial Assays 

The minimal inhibitory concentration (MIC) and minimal bactericidal 

concentration (MBC) were performed in the University of Auckland, New Zealand, by 

following previously published protocols.[121] Briefly, bacterial strains (P. aeruginosa, E. 

coli DH5α, and S. aureus 16207) were plated in Mueller Hinton (MH) plates and grown 

overnight. From the overnight cultures, single colonies were diluted in fresh MH broth and 

further incubated to grow to an OD625 of 0.1 (approximately 1 × 108 CFU/ml). To prepare 

the bacterial inoculum, further dilutions according to the above-mentioned protocol were 

made. The peptide stock solutions were dissolved in type 1 water and serially diluted in the 
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96-well plates. Then bacterial inoculum was added to each well, and the plates were 

incubated at 37 °C for 24 h and the absorbance at 625 nm was measured using an EnSpire 

Multimode Multiskan Go (Thermo). The MIC was considered to be the lowest 

concentration that showed growth inhibition after 24 h, as observed visually and through 

absorbance. For MBC determination, 20 μl from each well of the MIC experiment 

containing peptide K30 and bacteria were plated on Mueller Hinton agar plates in triplicate, 

and the plates were incubated at 37 °C for overnight. MBC was determined to be the 

concentration where no bacterial growth occurred on the plates after this overnight 

incubation.  

2.1.2.4. Antifungal Assays 

The antifungal activity of the designed peptides was determined in the University 

of Auckland, New Zealand, according to a standardized broth microdilution method 

(Clinical and Laboratory Standards Institute (CLSI) document M27-A2).[122] Briefly, the 

yeast colonies from 24 h cultures of Candida albicans were picked and resuspended in 5 

ml of sterile 0.145 mol/l saline and adjusted to a cell density of 1 × 106 to 5 × 106 cells/ml. 

The yeast stock suspension was then diluted to obtain a starting inoculum of 5.0 × 102 to 

2.5 × 103 cells/ml. Conventional antifungal drug amphotericin B (Sigma, USA) was 

included in this study as the control and to compare the antifungal activity with the designed 

peptides. Peptide and amphotericin B stock solutions were serially diluted in RPMI 

medium, which was further supplemented with glucose to a final volume of 50 μl per well, 

giving final concentrations ranging from 120 to 0.235 μM in sterile 96-well polypropylene 

microplates. Standardized yeast suspensions (50 μl) were then added to each well. Plates 

were incubated for 48 h at 37 °C. The minimal inhibitory concentration (MIC) was defined 

as the lowest concentration that inhibited the growth of the fungus as confirmed by visual 

inspection. The MICs were determined in triplicate, and results were taken at both 24 and 

48 h. Hemolysis of Mouse Blood Cells. The Vernon Jensen Unit, Faculty of Medical and 

Health Sciences, University of Auckland provided us with mouse blood cell that were used 

fresh for this assay. Several washes of the cells with Tris buffer (10 mM Tris, 150 mM 

NaCl, pH 7.4) upon centrifugation at 1000g for 5 min were performed, and finally the cells 

were resuspended in 2% (v/v) Tris buffer. The same buffer was used to dissolve the 

peptides, which were then serially diluted in 96- well plates. The resuspended blood cells 

were added to each well, and the plates were left to incubate for 1 h at 37 °C without 

agitation. Neat buffer was used as the negative control, and 0.25% Triton X-100 was used 
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as the positive control. The assay was done in triplicate. After incubation, the plates were 

centrifuged (3500g for 10 min) and the supernatant from each well (100 μl) was transferred 

to new 96-well plates and absorbance at 540 nm was measured (Enspire Plate Reader). The 

percentage of hemolysis, at each peptide concentration, was calculated using the following 

equation (1): 

% hemolysis = (
𝐴𝑒𝑥𝑝−𝐴𝑇𝑟𝑖𝑠

𝐴100%−𝐴𝑇𝑟𝑖𝑠
) × 100 (1) 

Aexp is the experimental absorbance at 540 nm measurement, ATris is the absorbance of the 

negative control, where only Tris buffer was added to mouse blood cells, and A100% is the 

absorbance of the positive control, where 0.25% Triton X-100 was used to cause the lysis 

of 100% mouse blood cells present.  

2.1.2.5. Circular Dichroism (CD) in SDS, D8PG and DPC Micelles 

CD spectra of K30 were recorded in negatively charged (SDS and D8PG) micelles 

following a previously reported protocol.[123] The spectra were recorded in a Jasco J-815 

spectrophotometer (Jasco International Co., Ltd. Tokyo, Japan) equipped with a Peltier cell 

holder and temperature controller unit accessory. Stock solutions of the peptide and 

detergents were prepared in 10 mM phosphate buffer (pH 7.4). The CD data was obtained 

at 37 °C in a 0.2 cm quartz cuvette at a final peptide concentration set at 25μM and titrating 

with increasing concentration of SDS (2-50 mM) and D8PG (2-10 mM) micelles. The far 

UV spectral range was set at 190 to 260 nm with 1 nm data pitch and averaging 5 

accumulations. The buffer subtracted spectral data obtained in millidegree was converted 

to molar ellipticity (θ) (deg cm2 dmol-1), using equation (2), where m0 is millidegrees, M is 

the molecular weight (g mol-1), L is the path length of the cuvette (cm) and C is the 

concentration (g l-1). 

Molar ellipticity (θ) = 
𝑚0𝑀

10×𝐿×𝐶
 (2) 

 

2.1.2.6. Calcein Dye Leakage Assay 

All fluorescence experiments were performed in Jasco FP-8500 spectrophotometer 

using path length of 0.1 cm quartz cuvette at 37 C. The anionic bacterial membrane and 

zwitterionic mammalian membrane mimicking model was prepared by using 1,2-dioleoyl-

sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-
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glycerol) (DOPG), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and cholesterol 

lipids in 3:1 DOPE/DOPG, 7:3 DOPE/DOPG and 6:4 DOPC/cholesterol, respectively, at a 

final concentration of 2 mg/ml The lipid mixture was dissolved in chloroform and then a 

lipid film was prepared by passing N2 gas over it and lyophilized overnight. The films were 

subsequently hydrated with 70 mM calcein prepared in 10 mM Tris-HCl buffer (pH 7.4) 

and then subjected to five freeze-thaw cycles by using liquid nitrogen for freezing and hot 

water (60 °C) for thawing. Large unilamellar vesicles (LUVs) were obtained by extruding 

the calcein containing solution for 27 times through a polycarbonate filter (Avanti Polar 

Lipids, Inc.) of 100 nm diameter. Free calcein was removed via gel filtration using a 

Sephadex G-50 column (GE Healthcare, Uppsala, Sweden) previously saturated with same 

buffer. Calcein leakage experiment was done by adding K30 peptide using a series of 

concentrations starting from 1 to 20 μM into the fixed concentration of LUVs (20 μM) 

suspended into 10 mM Tris-HCl buffer with 100 mM NaCl. Measurement was done using 

the emitted fluorescence of calcein (515 nm) that leaked from LUVs via the interaction of 

K30 peptide. 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, USA) was added as positive 

control and only LUVs were added as negative control. Measurement of calcein leakage 

(C) was calculated using equation (3): 

C = (
𝐹𝑒𝑥𝑝−𝐹0

𝐹𝑇−𝐹0
) × 100 (3) 

where F0 is the initial calcein fluorescence intensity, Fexp is the final fluorescence 

intensity 5 min after addition of the peptide and FT is the highest fluorescence intensity 

after addition of Triton X-100. 

2.1.2.7. Isothermal Titration Calorimetry (ITC) 

Isothermal Titration Calorimetry (ITC) was performed to determine the 

thermodynamic parameters of binding of K30 peptide with D8PG and DPC micelles using 

a VP-ITC microcal calorimeter (Malvern PANalytical Inc, Westborough, MA, USA) and 

TA-affinity ITC (TA instruments, Lukens Drive, New Castle, DE, USA). All detergents 

and peptide were dissolved in 10 mM phosphate buffer at pH 7.4 and degassed. A sample 

cell (volume 200 μl) containing 0.5 mM K30 was titrated against D8PG and DPC from a 

stock solution of 25 mM at 308 K. A total of 20 injections were carried out at an interval 

of 3 min with 2 μl of detergent aliquots per injection. The raw data were plotted using 

Origin v9 software supplied with the instrument. The data was fitted using a single site 

binding model. The fitting was done in the same software which produced the dissociation 
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constant (KD), change in heat of enthalpy of reaction (ΔH°), free energy of binding (ΔG°) 

and entropy (ΔS°). All these parameters were evaluated using the equations ΔG° = -RT ln 

KD and ΔG° = ΔH° - TΔS°, respectively. Binding affinity KA (M-1) = 1/ KD (M). 

2.1.2.8. NMR Spectroscopic Analysis 

All NMR experiments were performed at 310 K on a Bruker Avance III 500 MHz 

equipped with a 5 mm SMART probe spectrometer and 600 MHz equipped with RT probe. 

NMR samples were prepared in 10% deuterated water (pH 4.5) and 3-(Trimethylsilyl) 

propanoic acid (TSP) was used as an internal standard (0.00 ppm). Two-dimensional (2D) 

1H-1H total correlation spectroscopy (2D TOCSY), and 2D 1H-1H Nuclear Overhauser 

effect spectroscopy (2D NOESY) was recorded for the peptide with a mixing time of 80 

ms and 150 ms respectively keeping a spectral width of 12 ppm in both directions. Next, 

the interaction of the K30 / K22 / K22.2 peptide (1mM) upon successive titration with 

D8PG and predeuterated d25-SDS (200 mM) was monitored by 1D proton NMR acquired 

using excitation-sculpting scheme for water suppression and the States-TPPI for quadrature 

detection in the t1 dimension. Consequently, 2D NOESY spectra of the peptide in the 

context of D8PG and d25-SDS were acquired with 150 ms mixing time.  

Paramagnetic relaxation enhancement (PRE) NMR experiments were performed to 

measure the depth of insertion of K30 peptide in D8PG/d25-SDS micelles. The experiment 

was done by titrating with surface paramagnetic quencher, manganese chloride (MnCl2) 

dissolved in water and in-depth paramagnetic quencher 16-doxyl-stearic acid (16-DSA) 

dissolved in deuterated methanol (d4-MeOH), into the NMR samples containing peptide 

and micelles. The sample was allowed to equilibrate for few min before the acquisition of 

2D TOCSY spectra with the same acquisition parameters as mentioned above. NMR data 

processing and analysis were carried out using TopspinTM v3.1 (Bruker Biospin, 

Switzerland) and SPARKY [124] (Goddard, T. D., and Kneller, D. G., University of 

California, San Francisco) programs, respectively.  

2.1.2.9. NMR Derived Structure Calculations 

The three-dimensional NMR derived structures were first calculated using the 

CYANA program (version 2.1) as reported previously[125] without the N- and C- terminal 

4-methayl hexanoyl and 3- (2-naphthyl) -L- alanine residues, respectively. Briefly, on the 

basis of cross-peak intensities obtained from the NOESY spectra recorded in presence of 

D8PG and d25-SDS micelles at a mixing time of 150 ms, the NOE intensities were 

qualitatively categorized into strong, medium and weak and then translated to upper bound 
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distance limits to 2.5, 3.5 and 5.0 Å, respectively. The lower bound distance constraint was 

fixed at 2.0 Å. The backbone dihedral angle phi (Ф) and psi (ψ) were restrained (-30° to – 

120° and 120° to -120°, respectively) for all non-glycine residues of the peptide to minimize 

the conformational space. No hydrogen bond constraints were used in the structure 

calculation. Several rounds of structure calculations were carried out and depending on 

NOE violations, the distance constraints were adjusted. Out of the 100 structures, 20 lowest 

energy structures were used for further analysis. 

The peptide structure obtained from CYANA was completed with the N-terminal 

4-methylhaxanol and the C-terminal 3-(2-naphthyl)-L-alanine (2Nal). The resulting 

structure was then refined in the University of Rome, Italy, by all-atom molecular dynamics 

(MD) simulation with NOE-derived distance restraints. The AMBER03 force field was 

used to model all atomic interactions. Calculation of the partial atomic charges for the 

terminal groups was performed by calculating the electrostatic potential at the HF/6-31G 

(d) level of theory using R.E.D. Server Development. MD was performed with GROMACS 

software applying ensemble-averaged NOE distance restraints as flat-bottomed harmonic 

potential terms with a force constant of 2000 kJ/mol. The initial structure was first refined 

with energy minimization and a short-simulated annealing run (temperature range 300−500 

K) of 500 pS in a periodic simulation box filled with 1600 explicit water molecules 

(modelled by the TIP3P force field). The particle mesh Ewald algorithm was applied to 

calculate electrostatic forces, while range-limited nonbonded interactions were calculated 

with a 10 Å cut-off. During these steps, only the terminal residues were free to move 

without additional position restraints. After equilibration, four replica production runs of 

30 ns were performed and a set of 20 lowest-energy structures were extracted from the 

resulting trajectories. For comparison, the peptide structure was also modelled by in vacuo 

MD simulations; the resulting structures were very similar to the solvated ones (backbone 

RMSD ∼1 Å between the lowest-energy conformers obtained by the two approaches). 
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2.1.3. Results and discussion 

2.1.3.1. Design and Synthesis of the Peptide Library 

 

Figure 2.1.1. Sequence and motif of human Atg16 (K5). The position of the synthetic truncated 

peptides is indicated in the diagram. 

The crystal structure of Atg16 bound to Atg5 shows that the peptide (Atg16, K5) adopts a 

helix-loop-helix motif when bound to its target protein (Atg5). A library of truncated forms 

corresponding to the two helices, the loop and several fragments of the helix-loop-helix 

motif of Atg16 has been synthesised. All peptides in this library have significantly lower 

positive charge than K5, two are neutral and one is anionic. (Figure 2.1.1 and Table 2.1.1).  

Table 2.1.1. Library of Truncated Analogues of the Human Atg 16 (K5) 

Peptide Sequence 
Net charge 

at pH=7 

K5 MPRWKRHISEQLRRRDRLQRQAFEEIILQYNKLL 5 

K6 DRLQRQAFEEIILQYNK 0 

K6.1 DRLQRQAJEEIILQYNK 0 

K7 ILQYNKLL 1 

K8 MPRWKRHISEQLR 3 

K11 RDRLQRQAFEEIILQYNKLL 1 

K13 RDRLQRQAJEEIILQYNKLL 1 

K14 EEIILQYNKLL -1 

 

All peptides in the current library have the Phe residue, where present, substituted 

with 2-napthyl alanine (2-Nal), based on our previous observation that this substitution is 
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beneficial to the antibacterial activity of the peptide. Unfortunately, none of the peptides 

exhibited antibacterial or antifungal activity, which reiterates the charge-dependent mode 

of action of the Atg-16 peptide family, as has been recently reported by us.[126] 

Additionally, the length of the peptide chain can also be a determining factor for 

antimicrobial activity. 

Therefore, peptide K17, which is the shortest possible fragment (residues 3-20) with 

the highest net positive charge, was synthesized. This peptide also showed only moderate 

activity against bacterial strains (Table 2.1.2). The sequence of K17 was also extended by 

three more residues in order to include Phe 23, resulting in K18. A further analogue of K17 

substituting Phe to 2-Nal (K22) was also synthesised. As compared to K5, both K18 and 

K22 showed moderate enhancement in potency against bacterial strains, indicating that the 

aromatic residue at position 23 is also crucial for antibacterial activity in this peptide family. 

Table 2.1.2. Antibacterial Activity of Peptides and Peptide Conjugates 

No Code Sequence C. albicans P. 

aeruginosa 

E. coli S. aureus Net 

charge 

at ph=7 

24hr 48 hr 

1 K17 RWKRHISEQLRRRDRLQR 

 

>120.0 >120.0 >120.0 >120 45.5-91 6 

2 K18 RWKRHISEQLRRRDRLQRQA

F 

>120.0 >120.0 60.0-120.0 60-

120 

28.8-57.6 6 

3 K22 RWKRHISEQLRRRDRLQRQA

J  

60.0-

120.0 

>120.0 60.0-120.0 30-60 14.4-28.8 6 

4 K24 R1 -

RWKRHISEQLRRRDRLQRQA

J  

60.0-

120.0 

>120.0 60.0-120.0 32-64 7.2-14.4 5 

5 K28 R2 -

RWKRHISEQLRRRDRLQRQA

J 

3.7-7.5 7.5-15.0 4.5-9.5 6.4-

12.8 

1.8-3.2 5 

6 K30 R1 –

RWKRHISEQLRRRDRLQRQA

J-NH2 

30.0-

60.0 

60.0-

120.0 

13.5-27 6.4-

12.8 

0.9-1.8 6 

7 K31 R2 –

RWKRHISEQLRRRDRLQRQA

J-NH2 

3.2-6.4 7.5-15.0 3.2-6.4 3.2-

6.4 

1.8-3.2 6 
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8 K33 R3 –

RWKRHISEQLRRRDRLQRQA

J-NH2 

1.8-3.7 3.7-7.5 6.4-12.8 3.2-

6.4 

1.8-3.2 6 

9 K34 R2 –

RWKRHISEQLRRRDRLQRQA

F-NH2 

1.8-3.7 3.7-7.5 6.4-12.8 3.2-

6.4 

1.8-3.2 6 

10 K36 R5 –

RWKRHISEQLRRRDRLQRQA

J-NH2 

15.0-

30.0 

15.0-

30.0 

6.4-12.8 3.2-

6.4 

0.9-1.8 6 

11 K46 R4–

RWKRHISEQLRRRDRLQRQA

J-NH2 

30.0-

60.0 

30.0-

60.0 

3.2-6.4 3.2-

6.4 

1.8-3.2 6 

11 Streptomycin NT NT NT NT 1.8-3.2 NA 

12 Polymyxin NT NT <0.9 <0.9 NT 5 

13 Amphotericin 0.9-1.8 0.9-1.8 NT NT NT NA 

 

aThe assays were carried out three times, in triplicate each time. J = 2-Nal. The MBC and MIC 

values for the lead peptide (K30) are identical. 

2.1.3.2. Fatty Acid Conjugates 

A small library of fatty acid conjugates of K22 was generated (K24-K34 and K46), 

where linear fatty acids ranging in length from 10-16 carbon atoms, as well as a branched 

chain fatty acid, were conjugated to the N-terminus of K22 (Figure 2.1.2). All these 

analogues carry C-terminal amidation, to retain the overall net positive charge of K22. Our 

previous studies on the battacin peptides showed that the presence of Fmoc protecting 

group may also increase the activity of the peptides. Therefore, the Fmoc protected 

analogue of K22 in the amidated form (K36) was also included in the library (Figure 2.1.2).  

Palmitic and caprylic acid precipitated out during the activation step when HCTU was used 

as the coupling reagent. However, use of COMU as the coupling reagent helped to address 

this issue. COMU, a morpholonium-uronium coupling reagent, can be found only in O-

form, the most reactive uronium species, when coupling. In contrast HCTU, an ammonium 

uronium-based coupling reagent can be found in both O- and N-forms but the most 

predominant form is the less reactive N-form. The two active forms present during coupling 

may be the reason for the solubility issues of the fatty acids. 
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Figure 2.1.2. Chemical structures of the N-acyl chains used to synthesize the peptide conjugates. 

2.1.3.3. Antimicrobial Assays  

All of the fatty acid-conjugated peptides have shown a remarkable increase in 

activity against both bacterial and fungal strains as compared to the nonconjugated peptides 

(Table 2.1.2 and Figure 2.1.2). Even though fatty acid conjugation to peptides is known to 

increase their antimicrobial potential, in many cases the activity−toxicity relationship was 

not examined thoroughly or data were not presented. In the current Atg16 peptide library, 

this increase in activity coincided with an increase in hemolysis (Figure 2.1.3). The 

significant increase in the hemolysis of the fatty acid conjugates compared to K22 (Figure 

2.1.3) can be attributed to the loss of selectivity against bacterial membranes upon fatty 

acid conjugation and an interaction of the fatty acid chain with bacterial and mammalian 

cell membranes in general. Interestingly, even though K30, the peptide conjugated to 4- 

methyl hexanoic acid, showed negligible activity against the tested fungal strain, to our 

delight it showed increased potency against all bacterial strains, particularly nanomolar 

activity against S. aureus, while retaining very low hemolysis even at high concentrations 

(5% at 1 mM) (Table 2.1.2 and Figure 2.1.3). The minimal bactericidal concentration 

(MBC) of K30 was the same as the minimal inhibitory concentration (MIC), indicating a 

bactericidal rather than a bacteriostatic effect of the peptide, further highlighting the 

importance of our findings. When taken together, the activity of the peptide against 

bacterial cells and the low hemolysis indicate that peptide K30 binds and interacts 

selectively with bacterial and not mammalian membranes. To investigate this hypothesis 

further, we have performed a series of biophysical experiments using bacterial and 

mammalian cell membrane mimics. It is not surprising that the peptide has comparatively 

higher potency against the Gram-positive strain (S. aureus) than against the two Gram-

negative strains (P. aeruginosa and E. coli) tested. The presence of the lipopolysaccharide 

in Gram negative bacteria is known to create an additional barrier which minimizes the 

access of antibiotics to the outer membrane, which would necessitate a higher drug 

concentration to elicit antibacterial activity. Nevertheless, results from the dye-leakage 

experiments (showed later) prove that the peptide indeed does damage the membranes of 

both Gram-positive and Gram-negative bacteria, even though higher peptide concentrations 

were needed against the Gram-negative strains.  
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Figure 2.1.3. Percentage of hemolysis of mouse blood cells at various peptide concentrations. The 

experiment was done in triplicates and results averaged out. 

2.1.3.4. Circular Dichroism (CD) 

Figure 2.1.4 (A) shows the far UV region of the CD spectrum of K30 in phosphate 

buffer, SDS and D8PG micelles. The peptide adopted a random coil conformation in 10 

mM phosphate buffer (pH 7.4), as evidenced from the characteristic single negative 

minimum at 201 nm in the CD spectrum. In the presence of SDS micelles (2 to 50 mM), 

K30 showed a weak positive band at ~190 nm and a weak negative band at 203 nm; no 

other peaks were observed, suggesting that the peptide does not adopt a well-defined 

secondary structure in SDS micelles. In contrast, for K30 in D8PG micelles, the positive 

band at 190 nm increased its intensity more than two-fold and the negative band shifted 

towards ~206 nm. Another negative shallow peak was also observed at ~220 nm, indicating 

a shift from random coil to folded conformations, with resemblance to alpha-helical 

conformation in the D8PG micellar environment.  
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Figure 2.1.4. (A) CD spectra of K30 (25 μM) in 10 mM sodium phosphate buffer (pH 7.4) (black 

line), 5 mM SDS (red line) and 2 mM D8PG (blue line) micelles. The experiment was repeated 

twice. (B) Bar diagram showing the leakage, in percentage, of calcein entrapped in membrane 

vesicles, in the presence of increasing concentrations of K30. The experiment was performed in 

three different model systems viz. 7:3 DOPE/DOPG (blue bars), 3:1 DOPE/DOPG (red bars) and 

DOPC containing 40% cholesterol (black bars). All experiments were repeated three times and the 

data were averaged (±S. D). (C) Upper panel shows the heat of reaction (cal) in time (sec) for K30 

– D8PG (black) and D8PG-buffer (red) interaction. Lower panel shows the corresponding enthalpy 

change of the reaction per mole of K30 where the heat of dilution was subtracted. The experiment 

was performed by injecting 2 µl aliquots of D8PG from a 25 mM stock into the sample cell 

containing the 500 µM K30 peptide dissolved in 10 mM sodium phosphate buffer (pH-7.4). 

2.1.3.5. Calcein Dye Leakage Assay 

In order to assess the membrane perturbing potential and membrane specificity of 

K30, we evaluated the leakage of calcein dye entrapped in liposomes made of 3:1 

DOPE/DOPG, 7:3 DOPE/DOPG and DOPC with 40% cholesterol as shown in Figure 2.1.4 

(B). The DOPE/DOPG combination facilitates unilamellar, stable and perfect liposomes 

due to the presence of symmetric, long and unsaturated acyl chains of these phospholipids. 
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The fluorescence intensity of calcein is very low when it is entrapped in large unilamellar 

vesicles (LUV) at a self-quenching concentration of 70 mM. However, administration of a 

membrane perturbing peptide destabilizes the vesicles leading to concomitant calcein 

release, which gets diluted in the outer volume hence increasing its fluorescence intensity. 

K30 was tested at a concentration of 1-20 μM in 3:1 and 7:3 DOPE/DOPG liposomes, 

which mimics the inner membrane of all bacterial species and outer membrane of Gram-

negative bacteria, respectively.[127] It is worth mentioning that the membrane composition 

of bacteria varies depending on the strain but the major lipids are phosphatidylethanolamine 

(PE) and phosphatidylglycerol (PG) and are identical for the plasma membrane of Gram 

positive and Gram-negative bacteria respectively. After addition to the anionic lipid 

vesicles, K30 gave rise to 46% leakage at 1 μM in case of 3:1 DOPE/DOPG LUVs and 

gradually increased to 58% and 63% at 2.5 and 5 μM, respectively, within 15 min; no 

further increase was observed till 20 μM. Additionally, time kinetics experiment was 

performed using the same LUVs at 1 μM and 10 μM concentration for 1 h to understand 

the effect of K30 peptides on the 3:1 DOPE/DOPG LUVs. Figure S2.1.1 showed that the 

peptide is capable to release the same amount of calcein at 1 μM concentration within 

approximately 15 min.  In case of the LUVs made of 7:3 DOPE/DOPG, a concentration 

dependent calcein release was observed which started from 13% at 1 μM and finally 

reached up to 55% at 20 μM. Interestingly, in case of LUV composed of DOPC and 40% 

cholesterol, which mimics the eukaryotic cell membrane, only 12% leakage was observed 

at 1 μM concentration of K30 peptide with saturation observed at 15 μM showing 

maximum of 23% leakage. These results, taken together, indicate that the peptide is 

particularly selective to bacterial membranes but not toxic to eukaryotic cell membranes. 

This finding also correlates well with our MIC and hemolysis assays and further establishes 

the membrane specific activity of the peptide. 

Table 2.1.3 Thermodynamic parameters of K30, K22 and, K22.2 binding to D8PG micelle. The 

experiment was performed in 10 mM sodium phosphate buffer (pH 7.4) and at 35°C. 

Peptide n (number of binding sites) ΔH° (kcal/mol) 

K30 4 -0.21 ± 0.006 

K22 6 -2.31 ± 0.052 

K22.2 7 -2.44 ± 0.040 
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2.1.3.6. Isothermal Titration Calorimetry (ITC) Analysis of K30 in D8PG and DPC 

Micelles 

Isothermal titration calorimetry (ITC) provides thermodynamic parameters such as 

changes in enthalpy (ΔH°), entropy (ΔS°) and Gibbs free energy of binding (ΔGb°) along 

with binding affinity (KD) allowing to investigate the receptor-ligand binding phenomenon. 

The ITC experiments were performed to identify the crucial thermodynamic forces 

underlying the binding of K30 to the D8PG and DPC micelles. Figure 2.1.4 (C) shows the 

thermogram and the corresponding titration curve of the peptide in D8PG micelles. The 

integrated heat, shown in the thermogram indicates the total heat of each injection after 

subtracting the heat of dilution of the lipid in the same buffer. A single site binding model 

provided information such as the number of binding sites (n) and the change in standard 

enthalpy (ΔH°) (Table 2.1.3). The dissociation constant from the fitted curve was much 

lower than the concentration of peptide K30. The experiment was also repeated with a 

lower peptide concentration (24 μM); however, the signal followed an unphysical trend, 

which made it difficult to reliably determine the thermodynamic parameters (Appendix II, 

Figure S2.1.3A). It was interesting to observe from Table 2.1.3 that one K30 molecule 

interacts with three to four molecules of D8PG. Additionally, ΔH° for the K30−D8PG 

micellar interaction was found to be −0.21 ± 0.006 kcal/mol, suggesting that the reaction is 

mainly driven by entropy rather than enthalpy (Appendix II, Figure S2.1.2). Because the 

standard enthalpy (ΔH°) is fairly small for the K30−D8PG interaction, electrostatic forces 

do not play an important role in this reaction. In contrast, for the K30−DPC interaction no 

saturation was observed in the ITC thermogram (Appendix II, Figure S2.1.3 (B)), and the 

heat of dilution of DPC in the buffer was more intense than for the peptide, which indicates 

that the peptide does not interact with zwitterionic micelles. Furthermore, to understand the 

roles of acylation and amidation of the peptide sequence, we also performed the ITC 

experiments for K22−D8PG and K22.2−D8PG interactions (Appendix II, Figure S2.1.4). 

Apart from the fact that one peptide molecule interacts with six to seven molecules of D8PG 

(Table 2.1.3), the major difference we observed was that the ΔH° values for both 

K22−D8PG and K22.2−D8PG are 10 times higher than that for K30−D8PG, suggesting 

that the interactions of K22 and K22.2 with D8PG are mostly electrostatic. 

2.1.3.7. Solution Structure of K30 peptide 

A comparison of 1H NMR spectra of the K30 in free and bound form with both 

D8PG and d25-SDS micelles showed an overall change in chemical shifts as well as line 

broadening when bound to micelles, indicating that the peptide interacts with both micelles 
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(Appendix II, Figure S2.1.5). Two dimensional (2D) homonuclear 1H-1H TOCSY and 

NOESY experiments were conducted in aqueous buffer and both d25-SDS and D8PG 

micelles to gain insight into the three-dimensional structure of K30. The NOESY spectrum 

of K30 in aqueous solution showed only a limited number of intra- and inter-residue NOEs 

between backbone and side chain protons. Though the NOESY spectrum of K30 in d25-

SDS micelles was dispersed with distinct peptide signals, neither medium range N (i, 

i+2/3/4) nor long-range side chain/side chain or side chain/aromatic NOEs were observed 

(Appendix II, Figure S2.1.6), correlating well with the CD spectrum that the peptide K30 

did not adopt any particular folded conformation in the presence of SDS. Strikingly, K30 

in the presence of D8PG micelles showed several intra, sequential and long range NOEs 

(Figure Figure 2.1.5 (A-B)) which primarily suggests that the peptide adopts some folded 

conformation upon interaction with D8PG. Additionally, a large number of medium range 

N (i,i+2/3/4) NOEs were observed at the N-terminal region of K30 in D8PG micelles 

(Figure 2.1.5 (B)). The marked chemical shift deviation of CH resonances of K30 from 

the random coil values also supports a folded conformation of the peptide K30 in D8PG 

micelles (Figure 2.1.5 (C)). Generally, H values for four continuous residues with 

upfield shifts indicate -helical conformation. The NOE connectivity diagram for K30 in 

D8PG micelles is shown in Figure 2.1.5 (C). A combination of strong sequential (i to i+1), 

medium (Hα
i–HN

i + 1, Hα
i–HN

i + 3, Hα
i–Hβ

i + 3), and weak (Hα
i–HN

i+4) NOE cross peaks 

indicate a helix-loop-helix structure where helical folding is evident for the stretch between 

R4 to R11 and L16 to A20. Figure 2.1.5 (A) shows the long-range NOEs between the 

aliphatic side chains of I6, L10, L16 and A20 with the aromatic ring protons of W2. 

Surprisingly, the indole ring proton (NH) of W2 did not show any long-range NOEs with 

the aliphatic side chain of any amino acids (Appendix II, Figure S2.1.7). In contrast, we 

observed a larger number of NOEs between aromatic ring protons of W2 and aliphatic 

CHs of A20 and CHs/CHs of L16, depicting that these long-range NOEs could be 

instrumental in forming a hydrophobic hub at the central region to stabilize K30 in D8PG 

micelles. To further understand the role of acylation and amidation, two-dimensional 

TOCSY and NOESY experiment was also performed using K22 and K22.2 peptide in 

D8PG micelle. However, due to huge precipitation of the peptides in D8PG micelle we 

could not observe any NOEs and hence no structure could be determined (Appendix II, 

Figure S2.1.8 and S2.1.9). 
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Figure 2.1.5. (A) Long range NOEs between the side chains of I6, L10, L16, A20 and aromatic 

protons of W2. (B) Medium range N (i to i+3/i+4) NOEs of K30 in D8PG micelles. The 

experiment was performed at 310K on Bruker Avance III 500 MHz NMR spectrometer, equipped 

with a SMART probe. (C) The sequence of K30 where helical regions are denoted by ‘h’ and loop 

regions are denoted by ‘---’. Chemical shift index (CSI) showing upfield shifts for most of the 

amino acid residues. Bar diagram showing the sequential and medium range NOEs. 

The three-dimensional solution structure of K30 bound to D8PG was first 

calculated using CYANA program using 132 NOE-derived distance restrains and 18 

backbone angle restraints (see materials and method for details). Backbone angle restraints 

were derived from PREDITOR,43 based on H protons of the amino acids. An ensemble of 

20 backbone structures of D8PG bound to K30 peptide is shown in Figure 2.1.6 (A). The 

average backbone RMSD of the 20 lowest energy structures (excluding the N-terminal 4-

methyl hexanoyl and C-terminal 2-Nal as they are very flexible in nature) is 0.740.22 Å 

whereas the RMSD values for heavy atoms are found to be 1.740.34 Å (Table 2.1.4). 
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PROCHECK analysis of the peptide shows that 95% of the residues are in favoured region 

of the Ramachandran plot. Table 2.1.4 shows a detailed statistic of the structures. 

Subsequently, an MD simulation in water was performed including 4-methylhexanoyl and 

3-(2-napthyl)-L-alanine) at the N- and C-termini of K30, respectively. The backbone 

RMSD is 0.89 Å in the absence and presence of capping at both terminals. 

Table 2.1.4. Summary of statistical analysis of the 20 lowest energy structures of peptide K30 in 

D8PG micelles. 

Distance restraints 

Intra residue (i – j = 0) 

Sequential (|i – j| = 1) 

Medium range (2 ≤ |i – j| ≤ 4) 

Long range (|i – j| ≥ 5) 

Total 

 

46 

59 

19 

8 

132 

Angular restraints 

Φ 

ψ 

 

20 

20 

Distance restraints from violation (≥0.4 Å) 0 

Deviation from mean structure (Å) 

Average backbone to mean structure 

Average heavy atom to mean structure 

 

0.74 ± 0.22 

1.74 ± 0.34 

Ramachandran plot* 

% Residues in the most favoured regions 

% Residues in the additional allowed region 

% Residues in the generously allowed region 

% Residues in the disallowed region 

 

88.9% 

11.1% 

0% 

0% 

*Obtained from PROCHECK NMR.  



 
 

 
 

Chapter II 48 

The solution structure of K30, bound to D8PG was characterized by helical hairpin or helix-

loop-helix conformation, resembling several other antimicrobial peptides such as MSI-594, 

paradaxin and KYE28. The architecture of the D8PG bound K30 is tuned by the N-terminal 

helix W2-R11 followed by a loop involving residues R12-R15 and then a short helix L16-

A20 (Figure 2.1.6 (B)). Close inspection suggests that the peptide adopts an amphipathic 

structure. The folded conformation was stabilized by the hydrophobic interactions between 

W2, I6, L10, L16, A20 and 2-Nal residues, which created a compact hydrophobic hub 

opposite to the charged residues (Figure 2.1.6 (C)). The interesting feature of this peptide 

sequence is that it has only 25% hydrophobic/aromatic amino acid residues and all of them 

are involved in forming the hydrophobic hub, governing the structural stabilization. In 

addition, the N-terminal helix is stabilized either by salt bridge or hydrogen bond 

interactions between side chains of R4-E8 or E8-R11 or S7-R11 (Figure 2.1.6 (D)). The 

hydrophobicity and charge distribution on the surface of the peptide is also shown in Figure 

2.1.6 (E) which clearly depicts that the cationic residues are present on one side and 

hydrophobic residues are present on the opposite side which makes the peptide amphipathic 

in nature. The amphipathic composition of K30 helps in stabilizing the loop region to a 

great extent. Since D14 is juxtaposed with R13 and R18, it can easily form a triad unit R13-

D14-R18 by side chain-side chain electrostatic interactions (Figure 2.1.6 (D)). 

Additionally, the backbone-side chain hydrogen bond was also observed between L16-

D14, which subsequently stabilizes the folded loop structure of the K30 (Appendix II, 

Figure S2.1.10).The presence of positively charged microenvironment throughout the 

peptide sequence, supported by potential electrostatic map (Figure 2.1.6 (E)), helps in the 

initial interaction with negatively charged bacterial membranes which, we believe, in turn 

helps the membranolytic property of the peptide towards microbial cells.  
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Figure 2.1.6. (A) An ensemble showing the superposition of twenty lowest energy backbone (N, 

Cα and C´) structures of K30 peptide in D8PG micelle. The PDB acquisition code is 5ZYX.pdb. 

(B) A representative structure of K30 peptide bound to D8PG, showing the orientation of the side 

chains. The peptide K30 adopts amphipathic structure in D8PG micelles. (C) Hydrophobic hub of 

K30 peptide comprising of aromatic (W2) and non-polar residues such as I6, L10, L16 and A20. 

(D) The black dotted line represents the plausible electrostatic interactions and/or hydrogen bonds 

for further stabilization of K30 in micelle bound form. (E) Electrostatic potential surface of K30 in 

D8PG micelles. Blue, white and red color denotes the positively charged, neutral and negatively 

charged amino acid residues (the average electrostatic surface potential energy is ± 82.76 

Kcal/mol.ec). The images were prepared by MOLMOL, PyMOL and Chimera software. 

2.1.3.8. Orientation of K30 Peptide in D8PG Micelles  

The orientation of K30 in D8PG micelles, was further established by investigation 

of the intermolecular NOEs between the peptide and lipid from the NOESY spectra. As the 

peptide K30 and D8PG possess unique chemical shifts, it is possible to probe the 

intermolecular NOEs between the two different molecules. Figure 2.1.7 (A) shows the 

chemical structure of the D8PG and Figure 2.1.7 (B-E) and S2.1.11 show several 1D slices 

taken from the 2D spectral regions, corresponding to D8PG signals e.g., 1.23 ppm (C3–C7 

H), 2.34 ppm (C2H), and 5.25 ppm (Hβ). These unique chemical shifts of the D8PG lipid 

molecule do not mix with the peptide signals.  They also cover the entire peptide signals 
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providing crucial intermolecular NOEs, which help us to map the location of the peptide in 

the lipid environment. The observed distinct sharp peaks shown in Figure 2.1.7 (C) reveal 

that majorly of hydrophobic and aromatic residues are interacting with the C3-C7 acyl 

chain of the lipid molecule. In contrast, charged and polar residues such as E8, Q9 and 

Q17/Q19 are in close proximity to C2 of D8PG (Figure 2.1.7 (D)), suggesting that the 

hydrophobic and aromatic residues are in close proximity to the hydrophobic acyl chain 

and the charged residues are in closer proximity towards more polar C2 carbon. 

Surprisingly, the aromatic ring protons of W2 did not show any intermolecular NOEs with 

the backbone glycerol CβH proton of D8PG while the aliphatic side chain of I6 and L10/L16 

showed strong peaks with CβH proton. Taken together these data show that K30 binds and 

interacts at the interface of the lipid molecule. 

This finding was further supported by the paramagnetic relaxation enhancement 

(PRE) experiment. To obtain atomistic information about the depth of insertion and to 

probe the position of the peptide within the D8PG lipid micelle, two different paramagnetic 

probes (MnCl2 and 16-doxyl stearic acid (16-DSA)) were used. MnCl2 was used as a 

surface quencher because Mn2+ ions possess paramagnetic properties and thus are able to 

quench the diamagnetic signals coming from the residues that are exposed at the surface of 

the peptide. The 2D TOCSY spectra of peptide K30 in the presence of D8PG micelles 

titrated with MnCl2 (Figure 2.1.8 (A)) revealed a signal perturbation of the side chains of 

charged residues like R1, H5, S7, R11, R13, and D14. Additionally, significant resonance 

broadening was observed for all the charged residues including Q17 and Q19 in presence 

of 0.4 mM MnCl2 (Appendix II, Figure S2.1.12). 16-doxyl stearic acid (16-DSA) was used 

as a transversal paramagnetic quencher. The paramagnetic doxyl moiety present at the 16th 

carbon position of 16-DSA, can perturb the signals either coming from those residues 

which are inserted deeply inside the micelle or the residues stays at the interfaces because 

it can flip the doxyl moiety towards the more polar region of the bicelle or micellar 

aggregates and thus can quench signals from both sides. In the presence of 0.2 mM 16-

DSA only few residues of K30 were affected like H5β and R18α/β but these two are placed 

just opposite of each other as evidenced from the structure. Titration with 0.4 mM 16-DSA 

showed that the signals of I6γ and L16β were perturbed. According to the pdb structure it 

can be seen that the charged residues like R1, K3, H5, R11 and R13 are placed in the N-

terminal helical portion and their signal get quenched by MnCl2 which has already been 

discussed above. The R18 residue is just at the opposite side of this helical portion and only 
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get affected by 16DSA. Thus, it can be concluded that 16DSA affects both the interfacial 

and distant protons to some extent but the overall spectra do not get affected too much due 

to its longer fatty acyl chain (Appendix II, Figure S2.1.12). These titration data taken 

together (using MnCl2 and 16-DSA) suggest that the peptide is oriented in a way that it is 

neither totally outside nor inside but rather inserted into the interface of the micelles, where 

the side chains of the charged residues are exposed towards the surface keeping the 

backbone and mostly Hα inaccessible to both the quencher molecules. 

A diagrammatic representation of these observations is shown in the Figure 2.1.8 

(B) where the residues affected by MnCl2 and 16-DSA are coloured red and blue, 

respectively. Thus, we can hypothesize that the peptide initially anchors on the negatively 

charged membrane and then folds due to the interactions of hydrophobic residues. 

Subsequently the folded structure inserts into the non-polar acyl chain of the lipid 

molecules and destabilizes the integrity of the membrane. 
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Figure 2.1.7 (A) Chemical structure of D8PG molecule. (B) A portion of the NOESY spectrum 

(mixing time 150 ms) of K30 in complex with D8PG. The dotted lines show the unique chemical 

shifts of D8PG where the 1D slice analysis was done. 1D slices taken at (C) 1.23, (D) 2.34, and (E) 

5.25 ppm (well-resolved lipid signals) of the indirect dimension of the 2D NOESY spectrum. The 

residues that are in close proximity to micelles are shown (R-CH3 stands for 4-methyl hexanoyl). 

The experiment was performed at 310K on Bruker Avance III 600 MHz NMR spectrometer. 
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Figure 2.1.8. (A) Comparison of 2D TOCSY NMR profile of K30 peptide in D8PG. Control: 

without any paramagnetic quencher showing all the intra-residual peaks. Addition of 0.2 mM 

MnCl2 and 16-DSA showing the immediate diamagnetic signal exchange of the residues that are 

present at the ‘solvent exposed region’ or ‘in depth’, respectively. (B) Schematic diagram of K30 

in D8PG, showing the residues affected by MnCl2 (red) and 16-DSA (blue). The residues that are 

not affected are marked green. The cartoon representation describes the location of the peptide in 

the D8PG micelle for a general audience and it has not been prepared according to lipid-peptide 

ratio. The area of action of the quencher molecules is shown in the box. 

2.1.4. Conclusions 
N-terminal acylation of a promising fragment from the autophagy 16 polypeptide 

(Atg 16) using 4-methyl hexanoic acid led to a lipopeptide that exhibited nanomolar activity 

against a S. aureus strain and low micromolar activity against the opportunistic pathogenic 

Gram-negative strains P. aeruginosa and E. coli. Biophysical studies indicate that the 

peptide adopts a random coil conformation in aqueous buffer, but folds into an  helix in 

the presence of D8PG micelles. The ability of the peptide to insert into and destabilize the 
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membrane has been established using dye leakage experiments as well. The ITC 

experiments identified the crucial thermodynamic forces underlying the binding of K30 to 

the D8PG and DPC micelles. Data from the ITC experiment showed that the binding of the 

peptide is stronger in D8PG micelles (and therefore negatively charged membranes) rather 

than DPC micelles (zwitterionic membranes). The standard enthalpy and entropy values 

also suggest that the K30-D8PG interaction is mainly electrostatically driven, which further 

gets stabilized by hydrophobic and Vander Waal interactions. The solution NMR structure 

of K30 in D8PG micelles shows that the peptide adopts a helix-loop-helix structure and 

maintains the crucial amphipathicity in the PG rich membrane. The probing of the 

localization of K30 in the micelles by 1D slice analysis from NOESY spectrum as well as 

PRE NMR experiment proves that the peptide fits into the interface area of the membrane. 

Moreover, 2D TOCSY experiment using two different paramagnetic probes (MnCl2 and 

16-DSA) in the presence of D8PG lipid revealed the exact orientation of the peptide upon 

interaction with the lipid and showed the side chains of the charged residues exposed to the 

surface. These findings are helpful in correlating the membrane active property of K30 

peptide towards the bacterial membranes. Based on these observations we envision that the 

negatively charged membrane becomes an anchor point for the peptide. The subsequent 

interactions with the hydrophobic residues of the peptide force the peptide to fold. The 

folded structure is able to penetrate into the non-polar acyl chain of the lipid molecules 

where it subsequently causes membrane disintegration leading to cell lysis.   
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2.1.5. Appendix II 

 

Figure S2.1.1. Time kinetics experiment of calcein dye leakage assay using K30 peptide 

in presence of 3:1 PE/PG LUVs.  

 

 

Figure S2.1.2. The binding signature (binding enthalpy, entropy factor and free energy) of 

all the three peptides in D8PG. 
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Figure S2.1.3. This figure shows binding isotherm of K30 in presence of D8PG (A) and 

DPC (B), where the heat of dilution of D8PG or DPC was subtracted. The experiment was 

performed in 10 mM sodium phosphate buffer (pH-7.4). Data acquisition was done in a TA 

affinity ITC calorimeter. 
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Figure S2.1.4. This figure shows binding isotherm of K22 and K22.2 in presence of D8PG, 

where the heat of dilution of D8PG was subtracted. The experiment was performed by 

injecting 2 µL aliquots of D8PG from a 25 mM stock into the sample cell containing the 

500 µM of either K22 or K22.2 peptide dissolved in 10 mM sodium phosphate buffer (pH-

7.4). Data acquisition was done in a TA affinity ITC calorimeter. 

 

Figure S2.1.5. One-dimensional 1H NMR spectra of K30 in aqueous solution, d25-SDS or 

D8PG micelles. All experiments were performed at 37 °C and at Bruker Avance III 500 

MHz NMR spectrometer, equipped with SMART probe. 
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Figure S2.1.6. The NOEs of the signature region of K30 in aqueous solution and d25-SDS 

bound state. In free solution there are very few intra residue NOEs indicating a very flexible 

conformation. When bound to d25-SDS only intra and sequential NOEs but no medium and 

long-range NOEs were observed. All experiments were performed at 37 °C on Bruker 

Avance III 500 MHz NMR spectrometer, equipped with a SMART probe.  

 

Figure S2.1.7. NOESY spectrum of K30 peptide in D8PG micelle. The W2 indole ring 

proton showed only intramolecular NOE cross peaks and no other intermolecular or long-

range NOEs were observed with any other aliphatic proton of the peptide.   
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Figure S2.1.8. One-dimensional 1H NMR spectra of K22 and K22.2 in aqueous solution 

and D8PG micelles. White opaque solution was found upon addition of 10mM D8PG in 

the peptide solution (inset). All experiments were performed at 37 °C and at Bruker Avance 

III 600 MHz NMR spectrometer, equipped with RT probe. 
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Figure S2.1.9. Two-dimensional 1H-1H TOCSY and NOESY NMR spectra overlay of K22 

(above) and K22.2 (below) in D8PG micelles. All experiments were performed at 37 °C 

and at Bruker Avance III 600 MHz NMR spectrometer, equipped with RT probe. 
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Figure S2.1.10. Backbone (L16)-side chain (D14) H-bond in the K30 peptide in presence 

of D8PG micelle. 

 

Figure S2.1.11 Partial 2D NOESY spectrum (150 ms mixing time) of K30 peptide in 

D8PG. The experiment was performed using Bruker Avance III 500 MHz NMR 

spectrometer and at 310K. 
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Figure S2.1.12. 2D TOCSY profile of PRE NMR of D8PG bound K30 peptide in 0.4 mM 

MnCl2 and 16-DSA respectively compared with control (no quencher molecule). All the 

experiments were performed at 37 °C and at Bruker Avance III 600 MHz NMR 

spectrometer. 
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2.2. Synthesis and antibacterial study of cell-penetrating peptide 

conjugated trifluoroacetyl and thioacetyl lysine modified peptides 
 

This chapter has been adapted from the following publication:  

Patel, K.D., Mohid, S.A., Dutta, A., Arichthota, S., Bhunia, A., Haldar, D. and Sarojini, 

V., 2021. Synthesis and antibacterial study of cell-penetrating peptide conjugated 

trifluoroacetyl and thioacetyl lysine modified peptides. European Journal of Medicinal 

Chemistry, 219, p.113447. 

2.2.1. Introduction 
Antimicrobial peptides (AMPs), also known as host defence peptides (HDPs) hold 

a prominent place as current and future broad-spectrum antibiotics in light of the emergence 

of multidrug resistance of pathogens towards conventional antibiotics [128]. AMPs have 

found use against various infections caused by Gram-positive and Gram-negative bacteria, 

viruses and fungal pathogens [129]. AMPs acts either by forming pores in membranes, 

causing membrane lysis or by acting on intracellular targets like enzymes or nucleic acids 

[130,131]. However, after the emergence of methicillin-resistant S. aureus (MRSA), the 

peptide antibiotics vancomycin and polymyxin B are used only for serious infections as the 

last line of defence [129,132]. Innovative research ideas can help develop new AMPs which 

act on novel targets that could also help address bacterial resistance issues.  

Histone deacetylases (HDACs) identified in eukaryotes are broadly classified into 

four classes. Classes 1, 2, and 4 are called zinc-dependent HDACs. Class 3 also called as 

sirtuins (Sirt1-Sirt7) are NAD+ dependent enzymes. The intracellular target of these 

enzymes are histone proteins [133,134]. These positively charged proteins play a role in 

imparting compactness and rigidity to negatively charged DNA. The negatively charged 

DNA wraps around histone proteins resulting in transcription silencing. Acetylation of the 

lysine residues by histone acetyltransferases (HATs) neutralise the positively charged 

histone protein and thus results in the unwrapping of DNA from histone resulting in 

chromatin and gene transcription activation. HDACs catalyse the reverse reaction 

instigated by HATs, removal of acetate from histones, increasing the overall positive 

charge of histones and reinstating their interactions with DNA, thereby arresting 

transcription and cell division [135,136]. 
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Sirtuins are HDACs that regulate metabolic homeostasis, genomic integrity, 

longevity and, are highly conserved among various forms of life.  Thus, substrate-based 

sirtuin inhibitors hold promise as potential anti-bacterial agents with the potential to interact 

with bacterial genome and RNA. There is evidence of presence of these enzymes in 

procaryotes [137-140]. In Staphylococcus aureus and Streptococcus pyogens, sirtuins 

possess ADP-ribosyl transferase activity [141], and in E. coli, sirtuin CobB deacetylates 

acetyl-CoA synthetase (AcS) at the active site lysine to stimulate its enzymatic activity 

[142]. Cob is a bacterial sirtuin that deacetylates lysine residues of acetyl CoA synthetase 

to stimulate its enzyme activity [143]. Studies also showed that sirtuins exhibit robust 

protein ADP-ribosylation activity in Staphylococcus aureus and Streptococcus pyogenes 

[143,144].  

In this context, the anti-bacterial properties of trifluoroacetyl and thioacetyl lysine 

modified peptides KP 13, KP 15 and KP 24 has been investigated (Figure 2.2.1). The 

sequences of these inhibitors are based on the structures of the substrates recognised by 

mammalian and bacterial sirtuins. These linear peptides showed anti-bacterial activity at 

low micromolar concentrations against Gram-positive S. aureus. Cell-penetrating peptide 

conjugated derivatives TAT KP 13, TAT KP 15 and TAT KP 23 are more potent in killing 

S. aureus and E. coli compared to their non-conjugated derivatives. These peptides showed 

promising signs of DNA binding by their ability to inhibit transcription in in vitro, could 

be possible mechanism of bacterial cell death. Advanced biophysical studies like fluorine 

(19F) NMR and fluorescence-based dye leakage assay in presence of bacterial and 

eukaryotic model membranes also exhibited the membrane specificity and activity of the 

peptides towards bacterial membranes. 

2.2.2. Materials and methods 

2.2.2.1. Chemicals and reagents 

Fmoc-protected amino acids, 2-chlorotrityl chloride resin, and Fmoc-rink amide 

linker were purchased from GL Biochem. Fmoc Lys-OH-HCl was purchased from 

ChemPep Inc. Ethyl dithioacetate was purchased from Sigma Aldrich. Tentagel S NH2 was 

purchased from Peptide International. 

2.2.2.2. Synthesis and purification of peptides 

All peptides were synthesized and characterized in University of Auckland, New 

Zealand using conventional Fmoc/ tBu SPPS methodology and mass spectrometry, 

respectively. The amino acids were attached to Tentagel S NH2 resin. Rink amide linker 
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(0.1 mmol scale) was used at the C-terminus resulting in peptide amides upon cleavage. 

Amino acids were coupled to Rink amide linked resin in DMF using HCTU as the coupling 

reagent, HOAt as additive and DIPEA as the base. The N-terminal was acetylated using 

acetic anhydride/pyridine/DMF (1:2:3). The final peptides were cleaved from the resin 

using 10 ml of the TFA cocktail mixture (TFA/TIS/H2O 9.5/0.25/0.25). The cleavage 

solution was filtered and concentrated under nitrogen and the crude peptides were 

precipitated using an excess of cold diethyl ether. The solid was centrifuged and the pellet 

obtained was dissolved in water and lyophilized to obtain the crude peptide. The crude 

peptides were purified using RP-HPLC on C18 100 Å column, following gradient elution 

using 0.1% TFA in water as solvent A and acetonitrile/water/TFA mixture (99/1/0.1) as 

solvent B. Linear gradient of 10-60% of solvent B over a period of 35 min was followed. 

The identity of the peptides was confirmed using Bruker MALDI-TOF and ESI-MS. 

2.2.2.3. Determination of minimal inhibitory concentration (MIC) 

S. aureus, E. coli and P. aeruginosa strains were obtained from School of Biological 

Sciences, microbial culture collection, University of Auckland, New Zealand. The strains 

were stored at 80 and 20 ºC. For routine use, bacteria were plated on agar plates containing 

Mueller Hinton Broth (MHB). The assays were also done in the University of Auckland, 

New Zealand, using 96 well polypropylene plates following standard literature procedures. 

Overnight grown cultures of S. aureus, E. coli and P. aeruginosa were cultured at 37 °C in 

MHB media until the turbidity of 0.08-0.13 at 625 nm (1×108 CFU/ml) was obtained. 

Peptide stock solution was prepared in MHB media and was then further diluted to get a 

range of concentrations (1000 - 1.9 M) in polypropylene coated 96-well plates. The 

antimicrobial assay was performed by adding 50 ml of diluted S. aureus, E. coli and P. 

aeruginosa to 50 l of peptide solution and 50 l of the media in each well of the plates. 

The plates, also with wells containing suitable growth and sterility controls, were then 

incubated at 35 °C for 24 h to determine MIC. Streptomycin and polymyxin were used as 

positive control for Gram positive and Gram-negative bacteria respectively. Optical density 

measurements at 600 nm (O.D600) for determination of MIC was done using EnSpire 

multimode plate reader. Three concordant experiments each with three replicates were used 

to determine the average MIC values. 

2.2.2.4. Fluorescence-Based in vitro Transcription Assay 

Purified E. coli RNA Polymerase at 400 nM concentration and σ70 (determinants 

interacting with DNA) at 800 nM were incubated in 4 µl of transcription buffer consisting 
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of 50 mM Tris-HCl (pH 8.0), 100 mM KCL, 10 mM MgCl2, 1 ml DTT, 50 nM BSA and 

5% glycerol at 25oC for 20 min. This incubation essentially forms holoenzyme. Peptides in 

the concentration range from 0 µM to 50 µM in 6 µl transcription buffer were incubated 

with 500 ng Puc 19-lacCONS plasmid DNA samples at 25 oC for 20 min to allow the 

interactions between peptides and RNA, followed by a further incubation at 37 oC for 15 

min to allow the formation of an open complex. Initiation of transcription reaction was 

done by adding 250 µM of NTP. After incubation for about 30 min, the reaction was 

stopped by adding 0.5 U RNase-free DNase. Samples were then diluted 10-fold with TE 

buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA). Fluorescence at excitation/emission 

wavelength 495/535 nm was measured using a spectrofluorometer (Photon Technology 

International, HORIBA Scientific, Edison, NJ) after adding 100 µl of RiboGreen 

(Invitrogen, Carlsbad, CA) dye and incubating for 5 min for each sample. 

2.2.2.5. Calcein dye leakage assay using model membrane LUVs 

Membrane liposome model prepared by different composition of lipids depending 

on target membrane are widely used in medicine and pharmaceutical research to understand 

the interaction between lipid membrane and molecule of interest. In this study, the bacterial 

and mammalian membrane mimicking model was prepared by using 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine (DOPE) and 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-

glycerol) (DOPG) lipids at 3:1 ratio and 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) with 40% Cholesterol, respectively.[126] The lipid mixtures were dissolved in 

chloroform, and a lipid film was prepared by passing Nitrogen gas over it and then 

subjected to freeze-drying for overnight to remove residual solvents. Next day, the films 

were subsequently hydrated with 70 mM calcein prepared in 10 mM Phosphate buffer (pH 

7.4) and then subjected to five freeze-thaw cycles by using liquid nitrogen for freezing and 

hot water (60 °C) for thawing. Large Unilamellar vesicles (LUVs) were obtained by 

extruding the calcein containing solution 21 times through a polycarbonate filter (Avanti 

Polar Lipids, Inc.) of 100 nm diameter. Free calcein was removed via gel filtration using a 

Sephadex G-50 column (GE Healthcare, Uppsala, Sweden) previously saturated with the 

same buffer. The final concentrations of the vesicles were 2mg/ml. The concentration-

dependent experiments were performed by increasing the peptide concentrations from 1 to 

20 M while keeping the fixed concentration of LUVs (20 μM) suspended in 10 mM Tris-

HCl buffer with 100 mM NaCl. The emitted fluorescence of free calcein (515 nm) that got 

released from the compromised LUVs via the interaction of peptides was measured by 
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using a Hitachi F-7000 fluorometer (Hitachi, Ltd, Tokyo, Japan) at 37℃ in a 0.1 cm quartz 

cuvette. 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, USA) was added as positive control 

and only LUVs were treated as a negative control. The percentage of calcein leakage was 

calculated by following equation (3) as previously described. 

2.2.2.6. 19F NMR with bacterial model membrane 

The 19F NMR data was collected by using a Bruker 500MHz NMR spectrometer equipped 

with 5 mm RT probe at 298 K. The large unilamellar vesicles (LUVs) mimicking the 

bacterial inner membrane system was made following the same protocol as described in 

the dye leakage analysis without filling the vesicles with the calcein dye. A series of one 

dimensional (1D) 19F NMR spectra were obtained by using the 1H-decoupled 19F pulse 

program (zgfhigqn.2). The number of scans for each spectrum was 32, and the size of the 

FID was set to 131072. Trifluoroacetic acid (TFA) was added as an external standard, with 

chemical shift set at -75.48 ppm. 

2.2.2.7. Hemolytic and cytotoxicity assay 

Hemolysis assays were conducted according to our previously reported protocols 

in the University of Auckland, New Zealand.[126] Mouse blood cells were centrifuged at 

1000 g for 5 min to remove the buffy coat. The cells were then washed thrice in Tris buffer 

(10 mM Tris, 150 mM NaCl, pH 7.4) and resuspended in 2% (V/V) of Tris biffer. A stock 

solution of the peptide inhibitors at 1 mM concentration was prepared in Tris buffer. A 2-

fold dilution series of the peptide solution was made in the 12- well plate. To 100 ml of the 

inhibitor solutions in wells 1 to 10, 100 ml of the resuspended blood cells were added. 

Triton X (100 ml of 0.5%) was used as positive control. Plates were incubated for 1 h at 37 

°C without shaking. Plates were centrifuged at 3500 g for 10 min. Supernatant from each 

well (100 ml) was transferred to new plates and absorbance at 540 nm was measured. 

Percentage of hemolysis was calculated by using the equation (1) as previously described. 

Cytotoxicity studies were done in the Centre for DNA Fingerprinting and 

Diagnostics (CDFD), Hyderabad, India, on human cervical carcinoma (HeLa) cells and 

human neuroblastoma cells (BE(2)-C) cells. HeLa cells were cultured in DMEM media. 

(BE(2)-C) cells were cultured in DMEM media with the addition of Ham’s F12 nutrient 

mixture for neuroblastoma cells. Media was supplemented with PSG mixture (100 units/ml 

penicillin, 100 mg/ml streptomycin, 2 mg/ml L-glutamine, and 10% fetal bovine serum 

(FBS). Cells were maintained at 37 °C in a 5% CO2 incubator in T-25 flasks. IC50 values 

were determined using standard MTT assays. Briefly, the cells were seeded at the seeding 
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density of 5×104 cells/ml in 96- well tissue culture plates for 24 h at 37 °C/5% CO2 after 

which time, the media was carefully pipetted out, and the cells treated with a range of 

concentrations of the peptides, each at 2-fold dilution from the previous concentration, for 

48 h at 37 °C/5% CO2. At the end of the incubation period, 20 ml of MTT (0.5 mg/ml in 

each well) was added and the samples incubated for 2-4 h. MTT was then removed carefully 

and 100 ml of DMSO was added to solubilize formazan crystals. The absorbance was then 

measured at 570 nm, and IC50 values were calculated with Sigma Plot 11.0. 

2.2.3. Results and discussion 

2.2.3.1. Peptide design 

Deacetylase proteins like HDAC8 and sirtuins like Sirt1, Sirt2 and Sirt3 act on H4 

histone’s acetyl lysine. In particular, amino acid residues corresponding to positions 8-19 

of H4 and having the KRHR sequence (residues 16-19) are important for substrate 

recognition by deacetylase enzymes. CobB is a Sirt2 homolog protein deacetylase found in 

E. coli and studies have shown interaction of CobB with the histone H4 peptide (12-

KGGAKAcRHRKIL-22), pointing to the importance of KRHR sequence in recognition by 

prokaryotic and eukaryotic deacetylase enzymes. Similar enzymes (SAV0325) are found 

in S. aureus and also in Candida called as Sirt2 and Hst proteins. Previously, 

trifluoromethyl ketone based eukaryotic HDAC inhibitors have shown interactions with 

bacterial class 2 histone deacetylases. Based on the above understanding, peptides with the 

sequence KGLRKFGAKRHRC were designed (Figure 2.2.1). Lysine residues marked in 

red were modified as thioacetyl (TAC) and trifluoroacetyl (TFA) derivatives (Figure 2.2.1). 

Considering the potential applications of such inhibitors against bacterial species, TFA and 

TAC modified peptides were tested for their antibacterial properties. 

Because of its membrane permeability properties, conjugation to TAT 

(YGRKKRRQRRR) is generally used to enhance the cell penetrating properties of 

intracellular inhibitors. A triglycine linker is often made use of in such cases as simple 

amino acids like glycine do not affect peptide secondary structure and can additionally 

impart flexibility to the overall peptide chain. 
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Figure 2.2.1. Sequence of KP 13, KP 24 and KP 15 and their TAT conjugated derivatives. 

X represents TFA-Lys and Y represents TAC-Lys. Chemical structure of TAT is also 

shown. 

Table 2.2.1. Anti-bacterial activity of the peptides and antibiotic controls. 

Peptides                            MIC (µM) 

S. aureus E. coli P. aeruginosa 

KP 13 1.5-3 125-250 >250 

TAT KP 13 0.2-0.4 1.5-3 25-50 

KP 24 1.5-3 125-250 >250 

TAT KP 24 0.2-0.4 1.5-3 25-50 

KP 15 1.5-3 125-250 >250 

TAT KP 15 0.2-0.4 1.5-3 25-50 

TAT 1.5-3.1 50-100 >100 

Streptomycin 2.2-4.3 - - 

Polymyxin B - 0.09-0.19 0.15-0.3 

                 *MIC was done in triplicate repeated on three individual days. 

2.2.3.2. Antibacterial activity against S. aureus and E. coli 

The antimicrobial potency of all the synthesized peptides against Gram-positive 

bacteria S. aureus and Gram-negative bacteria E. coli and P. aeruginosa was studied by 

determining the minimal inhibitory concentration (MIC) following standard protocols 

(Table 2.2.1). Compared to non-conjugated sequences KP 13, KP 24 and KP 15, TAT 

TAT KP 13 

TAT KP 24 

TAT KP 15 
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conjugated peptides TAT KP 13, TAT KP24 and TAT KP 15 were approximately 8-times 

more active against S. aureus with MICs in the range of 0.2 - 0.4 M and more than 40 

times potent against E. coli with MICs in the range of 1.5 - 3 M (Table 2.2.1). TAT on its 

own showed same potency as the non-conjugated peptides against S. aureus and was about 

3 times more potent than the nonconjugated peptides against E. coli. Both TFA and TAC 

derivatives showed similar potency against all bacteria tested. TAT KP 13, TAT KP 24 and 

TAT KP 15 peptides showed moderate activity against P. aeruginosa. Even though TAT 

conjugation significantly enhanced activity against S. aureus and E. coli, the effect of 

conjugation was slightly less pronounced against P. aeruginosa. 

2.2.3.3. Fluorescence-based in vitro Transcription Assay 

Drugs targeting protein synthesis and the bacterial genome [145] such as 

streptomycin and rifampicin provide alternatives to membrane lytic drugs [146]. The 

possibility of peptides to interact with RNA was investigated through an in vitro 

transcription assay using the bacterial model of transcription. Transcription inhibition assay 

using E. coli RNAP-sigma 70 holoenzyme and TAT conjugated peptides TAT KP 13 and 

TAT KP 24 showed complete inhibition of transcription at 10 μM concentration. However, 

non-conjugated peptides were unable to completely inhibit transcription, even at 40 μM 

concentration (Figure 2.2.2). These observations suggest that the TAT conjugated peptides 

have a secondary mode of actions to kill the bacterial cells via intracellular targeting 

pathways, specifically by inhibiting the DNA transcription machinery. Thus, it supports 

that the conjugation of TAT with the trifluoroacetyl and thioacetyl lysine modified peptides 

enhances the potencies to kill bacterial cells via several mechanisms.   
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Figure 2.2.2. Plot of fluorescence intensity of ribogreen showing RNA yield versus 

peptides KP 13, TAT KP 13, KP 24 and AT KP 24 up to 40 μM concentration. Error bars 

represent standard deviation. 

2.2.3.4. 19F NMR with Bacterial Model Membrane 

The one-dimensional 19F NMR spectra of each peptide showed distinct interactions 

with the bacterial inner membrane mimicking liposomes. The initial intensities of the free 

peptides were almost the same in the absence of the 3:1 PE/PG LUVs, as shown in Figure 

2.2.3. Addition of the vesicles from 30 μg/ml to 180 μg/ml resulted in broadening of the 

peaks in the case KP 13 and KP 24 although the KP 13 showed a slight increase in intensity 

after 90 μg/ml all the way to 180 μg/ml. On the other hand, the TAT KP 13 and TAT KP 

24 showed completely different behaviour in the presence of LUVs (Figure 2.2.3). TAT 

KP 13 showed a stepwise increment of its intensity with increasing concentrations of the 

LUVs. On the other hand, TAT KP 24 showed a broad peak in its free form and then after 

addition of 30 μg/ml LUV it showed maximum intensity which later started decreasing 

with increasing concentrations. 

The results suggest that the 19F nucleus attached to the lysine residues of the 

unconjugated peptides (KP 13 and KP 24) showed a sharp peak because its T2 relaxation 

was slow as we know that the nuclear spin of a small molecule rotates at higher speed 

compared to a bigger molecule, which results in a longer decay time for transverse 

magnetization. Addition of LUVs with increasing concentration resulted in the broadening 

of the peaks which suggests that the lysine residues interact with the negatively charged 

head groups of phosphatidylglycerol (PG) lipids, that is bulk in size as a part of vesicle, 

which resulted in faster T2 relaxations because the rate of transverse relaxation rate of a 

LUV is faster. On the contrary, the TAT conjugated peptides might have been self-

assembled as previously reported by Zhang, P et al [147] because the amphipathic nature of 

the peptide and the TAT assembly probably promoted a micellar type of aggregation, which 

caused broader peaks in their free forms because of the bulkier size. Addition of negatively 

charged lipid vesicles caused immediate isolation/separation of the peptide assemblies via 

electrostatic interactions, which caused sharp intensities. Increasing the concentration of 

the vesicles caused an increase in the T2 relaxation of the lysine residues resulting from the 

firm binding with the model membrane mimics. 



 
 

 
 

Chapter II 72 

 

Figure 2.2.3. The 19F NMR spectra of the trifluoroacetyl lysine and thioacetyl lysine 

peptides (A-D) in the absence and presence of 3:1 POPE/POPG LUVs at different 

concentrations. The relative intensities of the peptides were plotted with the respective 

concentration of the LUVs to show the stepwise change of the spectra (E). The experiments 

were done in a Bruker 500 MHz spectrometer at 298 K. 

2.2.3.5. Calcein dye leakage assay 

Calcein, a slightly water-soluble green fluorescent dye that gets self-quenched 

above 70 mM concentration. Synthetic liposomes filled with calcein above self-quenched 

concentration shows lower fluorescence, but the release of the entrapped calcein is a 

signature of vesicle disruption, transient pore formation or vesicle fusion which 

subsequently increases the fluorescence intensity. The calcein leakage assay using the lipid 

vesicles of 3:1 DOPE/DOPG LUV, mimicking the bacterial inner membrane showed a 90% 
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leakage at 2.5 M and showed little change till 20 μM concentration by TAT conjugated 

peptides. On the contrary, the non-conjugated peptides showed a stepwise increment at 

each concentration and showed a maximum 70% leakage at 20 μM concentration which is 

depicted in Figure 2.2.4 (A). However, when treated on vesicles composed of DOPC and 

40% cholesterol, that mimics mammalian membranes, less than 20% leakage was observed 

until 20 M concentration for all TAT conjugated and non-conjugated peptides (Figure 

2.2.4 (B)). The overall leakage fashion was almost similar for mammalian membrane 

mimetics which indicates that the peptides are highly selective and interacts strongly with 

negatively charged phosphate head groups where the TAT conjugated peptides have more 

efficient interaction with those vesicles than the non-conjugated peptides.   

 

Figure 2.2.4.  Percentage (%) of calcein leakage (A) in the presence of DOPE: DOPG 3:1 

LUVs, which mimics bacterial inner membrane and (B) The vesicles made of DOPC with 

40% cholesterol which mimics mammalian membrane. 

 



 
 

 
 

Chapter II 74 

Figure 2.2.5. Effect of peptides KP 13, TAT KP 13, KP 24 and TAT KP 24 on the mouse 

blood cells. The experiment was done in triplicate and the results averaged out. 

These results prove the higher susceptibility of these peptides towards microbial 

membranes compared to the mammalian membranes. All experiments were performed at 

least three times, and the data were averaged (±SD). 

2.2.3.6. Hemolysis and cytotoxicity study 

Zwitterionic phospholipids such as phosphatidyl choline and sphingomyelin in red 

blood cell (RBC) membranes causes an increase in the affinity of cationic and hydrophobic 

peptides towards RBC. Hemolysis assays provide insight into a compound’s toxicity 

profile. For a compound to be a suitable drug candidate, it is necessary to have a high 

potency without significant toxicity. The inhibitors KP 13, TAT KP 13, KP 24 and TAT 

KP 24 which showed high potency against both Gram-positive and Gram-negative 

pathogens were tested for hemolytic activity against mouse red blood cells. All peptides 

showed less than 5% hemolysis at 1000 M concentration (Figure 2.2.5). The designed 

peptides were also tested for cytotoxicity against HeLa and BE (2)-C cells (Figure 2.2.6 

(A-B)). Peptides KP 13 and KP 15 were non-cytotoxic toward these cell lines (IC50 94.6 

M, and 84.4 M against HeLa cells, IC50 77.9 M and 81.6 M against BE (2)-C cells). 

The TAT conjugated derivatives TAT KP 13 and TAT KP 24 were cytotoxic against HeLa 

cells at IC50 20.2 M and 31.6 M respectively and against BE (2)-C cells at IC50 of 17.4 

M and 23.4 M respectively. The significantly lower concentrations of the TAT 

conjugates to induce cytotoxicity can be attributed to increased absorption and cell 

permeability by TAT because of its cationic nature. Comparison of the IC50 values to MICs 

in Table 2.2.1 clearly show that the peptides by themselves as well as the TAT-conjugates 

are much more potent against and selective towards S. aureus and E. coli. However, their 

IC50 values are not significantly different to the MICs observed against P. aeruginosa. 

These results thus prove that these peptides have the potential to be developed as 

antibacterial agents. 
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Figure 2.2.6. IC50 of TAT conjugated and non-conjugated derivatives against (A) HeLa 

and (B) BE (2)-C cell lines. Experiments were done in triplicates. 

2.2.4. Conclusions 
The designed peptides reported here exert potent antimicrobial activity via 

membrane lysis and via acting on internal targets such as RNA. This is the first report of 

TAT conjugated trifluoro acetyl lysine and thioacetyl lysine modified peptides designed to 

inhibit eukaryotic histone deacetylase enzymes. Evidence of NƐ-lysine acetylation in 

bacteria, prokaryotic origin of histone proteins and sirtuins acting on them were the main 

inspiration to test these peptides on model Gram-positive and Gram-negative bacterial 

strains such as S. aureus, E. coli and P. aeruginosa. The antibacterial properties of non-

conjugated peptides KP 13, KP 15 and KP 24 were significantly improved upon 

conjugation to the cell penetrating peptide, TAT. Overall results show that conjugation to 

TAT facilitates selective and more efficient internalisation of the peptides resulting in 

transcription inhibition. Thus, we concluded that the TAT-conjugated peptides can be used 

as a potent therapeutic agent against Gram-positive and Gram-negative bacterial infections. 
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Chapter III 

3. Structural Insights into the Interaction of Antifungal peptides and 

Fungal Membrane-specific Ergosterol 
 

This chapter has been adapted from the following publication:  

Mohid, S.A.; Biswas, K.; Won, TJ; Mallela, L.S.; Gucchait, A.; Butzke, L.; Sarkar, R.; 

Barkham, T.; Reif, B.; Leipold, E.; Roy, S.; Misra, A.K.; Lakshminarayanan, R.; Lee, D. 

K.; Bhunia, A.; 2022, Structural insights into the interaction of antifungal peptides and 

ergosterol containing fungal membrane; BBA - Biomembranes (doi: 

10.1016/j.bbamem.2022.183996). 

3.1. Introduction 
Membrane-active antimicrobial peptides (AMPs), which selectively disrupt the 

structural integrity of microbial membranes, are considered a new generation of antibiotics 

to combat multidrug-resistant pathogenic fungi [148-150]. A precise understanding of the 

interaction between membrane-active drugs with the components of biomembranes is a 

prerequisite to unravel their molecular mechanisms on one hand and to optimise their target 

specificity and thus reduce potential side effects on the other [40]. In a bilayer structure, 

membrane-active medicines or toxins may target the membrane lipids directly [151]. 

Naturally occurring and de novo designed AMPs are predominantly cationic, but also 

contain hydrophobic residues [152]. Hence, they interact via electrostatic and hydrophobic 

interactions with negatively charged lipid headgroups and the hydrophobic acyl chains of 

their target membranes, respectively [153-156]. 

Microbial membranes are inherently anionic in composition and spatial geometry, 

making them structurally and functionally distinct from the host membranes [157-159]. On 

the other hand, fungal and mammalian cells share a similar membrane surface chemistry, 

which complicates the development of effective membrane-targeted antimicrobial 

therapeutics [158,159]. The need to develop new antimicrobial therapeutics is particularly 

evident in the global increase in antibiotic-resistant fungal infections. Apart from this, most 

antifungals available today show only limited target specificity and thus are associated with 

severe systemic toxicity in humans, which is observed especially in deep fungal infections 

that require prolonged pharmacotherapy [160-163]. 

One major difference between mammalian and fungal cell membranes lies in the 

presence of membrane sterols: while cholesterol (CHL) is the principal sterol component 
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in the membranes of higher mammals, fungi utilize ergosterol (ERG) instead. Both CHL 

and ERG modulate the physicochemical properties of biomembranes such as the fluidity, 

the packing density or the lipid ordering states differently [164]. Polyene macrolide 

antibiotics such as amphotericin B (AMB) induce fungal cell death by forming cation 

selective pores in fungal membranes in a process that requires the presence of ERG 

[165,166]. Although substances such as AMB represent the gold standard in the treatment of 

severe systemic fungal infections, they are considered last resort therapeutics, because their 

application is associated with severe side effects, including neuro- and nephrotoxicity, 

particularly in cases that require prolonged treatment periods [167]. However, considering 

the importance of CHL and ERG for the selectivity and efficacy of available antifungal 

therapies, it appears plausible to exploit their structural and chemical differences to develop 

new ERG-selective antibiotics such as AMPs that combine broad antifungal activity with 

reduced host toxicity[168] . 

Previously, we reported the design of the broad-spectrum AMP VG16KRKP 

(VARGWKRKCPLFGKGG), targets bacterial membranes with greater affinity than 

mammalian plasma membranes.[169-171] In this work, we probe in detail the antifungal 

properties of VG16KRKP and determine its membrane sterol specificity in mammalian and 

fungal model membranes. By combining in vitro activity assays with low- and high-

resolution spectroscopic techniques and microscopic analysis, we demonstrate that the 

antifungal activity of VG16KRKP is based on its selective interaction with the sterol moiety 

as well as the phosphatidylethanolamine (PE) lipid in fungal membranes. 

3.2. Materials and methods 

3.2.1. Strains and media.  

A total of 24 fungal strains were used, of which only one type strain was obtained 

from ATCC. Candida albicans ATCC 24433 was purchased from HiMedia Laboratories 

Pvt. Ltd (India). Candida albicans SC5314 as well as Cryptococcus neoformans var. grubii 

were a humble gift from Prof. Kaustav Sanyal, JNCASR, Bangalore. Clinical strains were 

obtained from Tan Tock Seng Hospital, Singapore. The fungal strains were grown and 

maintained in yeast extract peptone dextrose (YPD) media containing 1% yeast extract, 2% 

peptone, 2% dextrose, and 1.5% agar. 

3.2.2. Peptide synthesis, purification and characterization 

VG16KRKP was purchased from Genscript, USA while VG16PA, VG16CA, 

VG16WA, VG16FA, VG16WFA were purchased from GL Biochem (Shanghai) Ltd., 
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China. VG16WLFA and VG16KRKA were synthesized using a conventional F-moc 

chemistry-based solid-phase peptide synthesis[172] protocol and MBHA-Rink amide resin 

(0.1 mmol scale) was used for this purpose. After washing the resin in dry 

Dimethylformamide (DMF), sequential coupling of F-moc protected amino acids followed 

by subsequent F-moc deprotection using 20% piperidine solution was performed for 1 h 

and 40 min, respectively. N, N-Diisopropylethylamine (DIPEA) and benzotriazole-1-

yloxytripyrrolidinophosphonium-hexafluorophosphate (PyBOP) served as base and 

peptide coupling reagent, respectively. The peptides attached to the resin were cleaved 

using standard resin cleavage cocktail containing a mixture of Trifluoroacetic acid (82.5 

%, v/v), milli-Q water (5 %, v/v), 1,1-Ethanedithiol (2.5 %, v/v), anisole (5 %, v/v), and 

phenol (5%, v/v). The filtrate containing the cleaved peptide was precipitated in chilled 

diethyl ether and subsequently collected by centrifugation. After removing the residual 

ether from the filtrate, reverse-phase HPLC was carried out on a Phenomenix C18 column 

using dual UV detection at 220 nm and 280 nm and a binary acetonitrile (1100 % gradient) 

solvent system at a flow rate of 3.8 ml/min. The purified peptides were finally analyzed 

using MALDI-TOF mass spectroscopy. 

3.2.3. Peptide susceptibility assay 

Fungal cells were grown in YPD medium at 28 °C under shaking conditions for 24-

48 h. Conventional micro-broth dilution assay with a single-step modification [171]  was 

performed to assess the anti-fungal activity of the designed peptides. Briefly, the fungal 

cultures were centrifuged and pellets were washed with and resuspended in 10 mM 

Phosphate buffered saline (PBS) (pH 7.4). Subsequently, cell suspensions containing 104 

CFU/ml were supplemented with the designed peptides. Negative controls containing cells 

only and positive controls containing cells treated with Amphotericin B were maintained 

simultaneously. After overnight incubation of both the control as well as the treated 

samples, OD630 was recorded to monitor viability of Candida spp. All experiments were 

performed in triplicates. The viability of Pythium insidiosum was detected by MTT assay 

[173]. Part of this experiment was done in the Singapore Eye Reseacrch Institute, Singapore 

and LV Prasad Eye Institute, Hyderabad, India. 

3.2.4. In vitro treatment of human corneal epithelial cells (HCEC) infected with C. 

albicans. HCECs (1×104 cells/well) were cultured overnight in 96-well plates at 37 °C in 

presence of 5% CO2. Cells were infected with C. albicans at a multiplicity of infection 

(MOI) of 10 (HCECs: fungal cells, 1:10). Viability of C. albicans was determined 24 h post 
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infection by measuring the optical density of the fungus-occupied medium at 630 nm 

(OD630). Subsequently, fungus-containing medium was removed, centrifuged and 

supernatant was used to determine the cytotoxicity by lactate dehydrogenase (LDH) assay 

[174].  This experiment was performed in the LV Prasad Eye Institute, Hyderabad, India. 

3.2.5. Chemical modification of ergosterol 

The ergosterol was modified by hydrogenolysis of the unsaturated bonds present in 

it using a modified catalytic transfer hydrogenation condition avoiding direct use of 

hydrogen gas [175]. To a solution of ergosterol (200 mg, 0.504 mmol) in CH3OH (7 ml) 

was added 10% Pd/C (40 mg) followed by drop wise addition of Et3SiH (240 µl, 1.51 

mmol) over a period of 5 min. The reaction mixture was allowed to stir at room temperature 

for 3 h, filtered through a Celite bed and washed with methanol (CH3OH) (2×15 ml). The 

filtrate was concentrated under reduced pressure to give the crude product, which was 

purified over SiO2 using hexane-EtOAc (2:1) as eluant to give pure hydrogenated 

ergosterol (hERG) (176 mg, 87%).[176]                                     

3.2.6. Liposome preparation.  

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE) cholesterol (CHL) and ergosterol (ERG) were purchased 

from Avanti Polar Lipids Inc. (AL, U.S.A). Stock solution of all the lipids were prepared 

in chloroform to obtain a concentration of 25 mg/ml. Model membrane mimics were 

created following standard protocol wherein fungal membrane was mimicked composing 

5:4:3 DOPC/DOPE/ERG and mammalian membrane mimic was formed using 6:4 

DOPC/CHL. Other model membrane mimics containing 100% DOPC, 5:4:3 

DOPC/DOPE/hERG, 5:4:3 DOPC/DOPE/CHL, 5:4 DOPC/DOPE and 5:3 DOPC/ERG 

were also prepared. These model mimics were dried in a stream of nitrogen gas and 

lyophilized overnight to create lipid films. Next day, the lipid film was hydrated with 70 

mM calcein dissolved in 10 mM Tris buffer (pH 7.4), vortexed for 30 min, followed by 

five freeze-thaw cycles in liquid nitrogen and lukewarm water to obtain the dye entrapped 

vesicles. The vesicles were then passed through a 100-nm polycarbonate membrane filter 

stacked in a mini extruder (Avanti Polar Lipids, Alabaster, AL) set up to obtain unilamellar 

vesicles (LUVs) [170]. The free calcein dye was removed by passing the extruded samples 

through a gel-filtration based hydrated Centrisep-Spin Column (Thermo Fisher Scientific, 

Waltham, MA) which was centrifuged at 3000 rpm for 2 min. The suspensions obtained 

after the centrifugation were used for subsequent experiments.            
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3.2.7. Fluorescence spectroscopy: Calcein dye leakage assay 

Dye-encapsulated liposome representing model fungal and mammalian membrane 

mimics were suspended in extra vesicular buffer containing 10 mM Tris buffer, 100 mM 

NaCl (pH 7.4). The leakage of calcein caused by liposome rupture was analyzed by 

fluorescence emission at 519 nm using a JASCO F-8500 fluorescence spectrophotometer 

(Easton, MD). The slit width for both excitation and emission were kept at 2.5 nm. Test 

peptides were added at various concentrations and enhancement in fluorescence was 

measured. 0.1% Triton X-100 served as a positive control, completely disrupting the 

calcein-encapsulated unilamellar vesicles. Percentage leakage was calculated using the 

equation (3) as described in chapter 2. In case of temperature dependent dye leakage assays, 

a water bath with temperature control connected to the fluorimeter was used to keep the 

temperature constant from 25 – 45 °C, at an interval of 5 °C during the experiments.   

3.2.8. Preparation of giant liposomes (GLs) for microscopy 

Unlabeled and fluorescently labelled GLs were prepared by following the gel-

assisted method as described by Weinberger et al. and modified as per requirement.[177] 

Briefly, a solution of 5 % (w/w) poly-vinyl alcohol (PVA) was prepared by dissolving into 

Millipore water and heated at 90 ℃ with constant stirring until the suspension formed a 

clear solution. 300 µL of the solution was then dropped in a small 30 mm Petri dish to make 

a thin even layer. The plates were then transferred into a hot air oven and kept for drying 

at 50 ℃ for 30 min. For phase contrast microscopy, stock solutions of 2 mg/ml DOPC, 

DOPE, CHL and ERG were prepared in chloroform and 20 µl of the lipid mixture (prepared 

by maintaining the particular ratios) were spread on the PVA film in a non-overlapping 

way. Then, the plates were placed in a Lyophilizer for 45 min to remove the trace amount 

of the solvents. Before using the lipid films, the plates were subjected to UV treatment for 

15 min to prevent dewetting and cleaning. To create a phase difference while observing the 

GLs under the microscope, 800 µl of 100 mM sucrose solution was added into the lipid 

film to swell and kept for 10-15 min [178]. Then the plates were gently swirled to dislodge 

the liposomes from the PVA layer and thereafter, the GLs were collected in a centrifuge 

tube within 45 min. Next, the vesicles were added into a well where a 105 mM glucose 

solution was already added with or without the peptide solution. The correct formation of  

GUVs were verified using a Nikon Microscope (model Ts2FL, Nikon, Japan) [178]. 

For Confocal microscopy, C. albicans cells were grow in YPD broth and washed 

with 10 mM PBS. Then the cells were incubated in presence of 10 µM FITC-VG16KRKP 
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and 8 µg/ml propidium iodide for 15 min at 28 ºC at 160 rpm. The cells were washed again, 

followed by 2 µl of the suspension was placed on a glass slide, covered with a coverslip 

and sealed to observe under the microscope. For the liposomal systems, the lipid mixtures 

were doped with 1 mol% rhodamine-DOPE and then the films were prepared by following 

the same protocol as detailed above. This time, the lipid films were swelled by adding 10 

mM phosphate buffer (pH 7.4) and the GLs were seen under a TCS SP8 Confocal Laser 

scanning microscope (Leica, Wetzlar, Germany) against an extra vesicular solution 

containing 10 µM FITC-VG16KRKP. The images were collected with a 488 nm band-pass 

filter for FITC excitation and a 543 nm band-pass filter for propidium iodide or rhodamine 

excitation at a magnification of 63 (oil immersion) with a numerical aperture of 1.4. 

Acquisition Suite X software (Leica) was used for capturing images and data processing. 

3.2.9. Dynamic light scattering (DLS) analysis 

The 5:4:3 PC/PE/ERG LUV was prepared as described in liposome preparation 

section without the calcein dye. The experiment was performed by using a Malvern 

Zetasizer Nano S (Malvern Instruments) device came with a 4-mW He-Ne laser (l = 633 

nm) and a backscattering angle of 173° [171]. The LUVs were taken in a disposable cuvette 

and titrated with the VG16KRKP peptide from 5 mM to 30 mM and the spectra were 

recorded for 1 h. The temperature was set to 25 °C. The refractive index and viscosity of 

the Tris buffer (pH 7.4) was set to 1.35 and 0.89, respectively. The particle size distribution, 

polydispersity index (PDI) and autocorrelation data were obtained from the Zetasizer 

Software v.7.11 (Malvern Instruments) that was provided with the instrument.      

3.2.10. Preparation of NMR sample 

For 31P solid-state NMR, 5 mg/ml and for solution state NMR, 2 mg/ml of the lipids 

from specified ratios were used as previously described [170]. The lipid samples were dried 

under a stream of nitrogen and then subjected to lyophilize for overnight to eliminate any 

residual solvent. For Solid state NMR, the lipid films were prepared in the NMR tubes but 

for solution state, the films were prepared in a small glass vial. The lipid films were then 

hydrated by adding 50 µl (solid state) or 600 µl (solution state) Tris buffer (pH 7.4 and 6.5, 

respectively) and were vortexed for 5 min at ambient temperature and freeze-thawed using 

liquid nitrogen at least five times to ensure the uniform size of the vesicles. The analogs of 

the VG16KRKP peptide solution were added to the buffered lipid solution at appropriate 

concentrations and the final volume was adjusted to 100 µl for each solid-state NMR 

experiment. For solution state NMR, the freeze-thawed samples were extruded through a 
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100 nm polycarbonate filter (Avanti Polar Lipid, AL, USA) for 21 times and a uniform 

sized LUVs were prepared for further assessment. In case of C. albicans live cell 

experiments; the cells were grown overnight in a modified YPD broth where the dextrose 

(Carbon source) was replaced with 2% 13C-labelled glucose (Sigma-Aldrich, Merck KGaA, 

Darmstadt, Germany). Overnight stationary phase C. albicans cells were sub-cultured to 

get log phase cells of C. albicans. The cells were then collected by centrifuging at 5500 

rpm for 5 min and washed twice with the same buffer and finally O.D630 =1 (i.e., 1×107 

CFU/ml), cell concentration in 600 μl volume was taken for the experiment. 

3.2.11. Solid-state NMR spectroscopy 

NMR experiments were performed on an Agilent NMR spectrometer (DD2) 

operating at the resonance frequency of 699.88 MHz for 1H and 283.31 MHz for 31P and 

equipped with a 4 mm MAS HXY Solid Probe (Agilent). 31P NMR experiments were 

performed using a single 90° pulse and 24 kHz TPPM proton decoupling. The π/2 pulse 

lengths were 7.5 μs for 31P nucleus. MLVs were kept in a 4 mm Pyrex glass tube, which 

was cut to fit into the MAS probe, and sealed with parafilm. An Agilent temperature control 

unit was used to maintain the sample temperature at 25 °C. After collecting spectra, the 

sealed samples were kept on the lab bench for the subsequent experiments. For 5:4:3 

DOPC/DOPE/ergosterol or cholesterol or hydrogenated ergosterol MLV samples, 31P 

spectra were collected with 256 scans and a recycle delay of 2 s was applied. 31P spectra 

were referenced externally to 85% phosphoric acid (0 ppm). All the spectra were processed 

with MestReNova software (Ver 8.1) with 250 Hz line broadening. 

3.2.12. Solution-state NMR spectroscopy 

All NMR experiments were done at 298 K on a Bruker Avance III 700 MHz NMR 

spectrometer equipped with a 5 mm RT probe. 10% deuterated water and 3-(trimethylsilyl)-

2,2,3,3-tetradeuteropropionic acid (TSP) was used for locking and internal standard (0.00 

ppm), respectively. First a free one-dimensional (1D) 1H NMR spectrum of the free peptide 

was recorded and next a series of 1D 1H (water suppression using excitation sculpting) and 

1H coupled 13C-NMR (zggd30, 1D sequence with gated decoupling using 30 flip angle) 

spectra were recorded after addition of the 1×107 CFU/ml cells. Appearance of new peaks 

were observed in the 1D 13C as a result of the efflux of metabolites from the cells. Two-

dimensional (2D) 1H-1H total correlation spectroscopy (2D TOCSY, mlevesgpph), and 

two-dimensional 1H-1H nuclear Overhauser effect spectroscopy (2D NOESY, 

noesyesgpph) was recorded after a series of titration using live cell and 1D 1H spectra were 
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observed to obtain a significant line broadening which indicates sufficient free to bound 

peptide ratio in presence of cells. The mixing time of 80 ms for TOCSY and 150 ms for 

NOESY was used, respectively with a spectral width of 12 ppm in both directions. Number 

of scans for TOCSY and NOESY was set to 8 and 16, respectively with 16 numbers of 

dummy scans in both the cases. 256 (t1)  2048 (t2) for TOCSY and 456 (t1)  2048 (t2) for 

NOESY experiments were performed in order to complete the data collection within 4 h 

using a Bruker Avance III 700 MHz spectrometer. Data processing and analysis were 

carried out using TopspinTM v3.1 software (Bruker Biospin, Switzerland) and Sparky 

software, respectively.[124] Live cell 1D 1H and 2D NMR experiments were done by 

suspending the cells in 10 mM phosphate buffer (pH 5.25) and 13C NMR was done using 

10 mM phosphate buffer of pH 7.4. The SWH (Hz) parameters for all the solution NMR 

experiments are as follows:1D 1H experiment (pulse program: zgesgp): 8417.509 Hz; 1D 

13C coupled/fully decoupled (pulse program: zggd30 and/or zgpg30): 42613.637 Hz; 2D 

TOCSY/NOESY: 7002.801 (F2), 7001.853 (F1) Hz, respectively. 

3.2.13. NMR derived structure calculation 

For calculation of the three-dimensional C. albicans-bound structure of the 

peptides, the volume integrals of their respective NOE cross-peaks were qualitatively 

differentiated into strong, medium and weak, depending on their intensities in the trNOESY 

spectra. This information was further transformed to inter-proton upper bound distances of 

3.0, 4.0 and 5.0 Å for strong, medium and weak peaks, respectively, while the lower bound 

distance was fixed to 2.0 Å. The backbone dihedral angles of the peptides, phi (φ) and psi 

(ψ) were kept flexible (-30° to 120º and -120º to 120°, respectively) for all non-glycine 

residues to limit the conformational space. CYANA program v2.1 was used for all structure 

calculations with iterative refinement of the structure based on distance violation [179]. 

Hydrogen bonding constraints were excluded from structure calculation. The NMR-derived 

ensemble structures were analyzed using PyMol and UCSF Chimera [180]. 

3.2.14. Electrophysiology 

HEK293 cells (CAMR, Porton Down, Salisbury, UK) were maintained in Modified 

Eagle’s Medium (MEM), supplemented with 9.5 % fetal calf serum and 1% penicillin-

streptomycin (Thermo Fisher Scientific, USA) in a 5% CO2 incubator at 37 °C. Cells were 

transiently transfected with a 5:1 ratio of a plasmid containing the coding sequence of 

KV3.4 (NP_001116248) and a construct coding for the enhanced green fluorescent protein 

(EGFP) using the Metafectene Pro transfection reagent (Biontex Laboratories GmbH, 
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München, Germany). Individual transfected cells were identified visually by their green 

fluorescence using a LED light source (CoolLED Ltd., NY, USA) and an EGFP filter set.  

Whole-cell voltage-clamp recordings were obtained using an EPC-10 patch-clamp 

amplifier operated by PatchMaster software (HEKA Elektronik, Reutlingen, Germany). 

Data were low-pass filtered at 4 kHz and sampled at an interval of 50 µs. Patch pipettes 

with a resistance of 1.52 M were fabricated from borosilicate glass and coated with 

silicone adhesive (Dow Corning GmbH, Wiesbaden, Germany) to reduce tip capacitance. 

This experiment was performed in the University of Lubeck, Germany. 

Table 3.1. MIC90% values of VG16KRKP for antagonizing various fungal strains. 

FUNGAL CELLS STRAINS MIC90% 

(µM) 

CANDIDA ALBICANS SC5314 10 

2672R 128 

ATCC 24433 10 

CRYPTOCOCCUS 

NEOFORMANS SER. GRUBII 

H99 10 

CANDIDA TROPICALIS 

 

CT 1001 8 

CT 1002 2 

CT 1003 32 

CT 1004 2 

CT 1005 2 

CT 1006 2 

CT 1007 64 

CT 1008 4 

CT 1009 16 

CT 1010 16 

CANDIDA PARAPSILOSIS CP 1001 64 

CP 1002 64 

CP 1003 32 

CP 1004 32 

CP 1005 32 

CP 1006 32 
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CP 1007 32 

CP 1008 32 

CP 1009 32 

CP 1010 32 

CANDIDA GLABRATA CG 1008  128 

 

Series resistance was corrected electronically up to 80 %. The bath solution contained 120 

mM NaCl, 3 mM KCl, 2.5 mM CaCl2, 1 MgCl2, 30 HEPES, 15 glucose (pH 7.4 with 

NaOH), and the patch pipettes 140 mM KCl, 1 mM MgCl2, 10 mM EGTA, 10 mM HEPES 

(pH 7.4 with KOH). VG16KRKP was diluted in bath solution to a final concentration of 

100 µM and locally applied using a fine-tipped glass pipette as described previously.[181] 

All recordings were performed at room temperature (22 ± 1 °C) between 2448 h after 

transfection.  Activation of KV3.4 channels was assayed with repetitive voltage pulses of 

100 mV duration, ranging from 80 to 80 mV, delivered at an interval of 4 s. Modulation 

of KV 3.4-mediated peak current amplitudes by VG16KRKP was measured with repetitive 

30 ms pulses to 50 mV, applied at an interval of 3 s. Leak currents were subtracted online 

using a p/n procedure provided by PatchMaster software. The holding potential was –80 

mV throughout. Data analysis was performed with FitMaster (HEKA Elektronik, 

Reutlingen, Germany) and IgorPro (WaveMetrics, Lake Oswego, OR, USA) Software. 

3.3. Results and discussion 

3.3.1. Evaluation of the antifungal property of the peptide 

To determine the antifungal spectrum of VG16KRKP, we assessed the impact of 

the peptide on the growth of a set of clinically relevant and widely used laboratory strains 

of the Cryptococcus neoformans and Candida family [182], including C. albicans, C. 

tropicalis, C. parapsilosis and C. glabrata. The minimum inhibitory concentration of 

VG16KRKP required to reduce fungal growth by 90% (MIC90) ranged from 2128 µM 

among the strains tested (Table 3.1), demonstrating a broad-spectrum antifungal activity of 

the peptide against these fungal strains. Despite the observed variability in MIC90 values, 

which is most likely due to the differences in the chemical composition of the cell 

membranes of the different strains, VG16KRKP yielded a promising mean MIC90 ( SEM) 

of 32.7 ± 6.9 µM (P < 0.0001). To analyze the impact of VG16KRKP on fungal cell 

viability in more detail, C. albicans cells were exposed to Fluorescein isothiocyanate 

(FITC)-labelled VG16KRKP and propidium iodide (PI), a non-specific nucleic acid stain 
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that exclusively enters non-viable cells with ruptured cell membranes to generate red 

fluorescence. As revealed by confocal laser scanning microscopy, FITC-VG16KRKP 

stained the fungal plasma membranes and triggered entry of PI into the cells (Figure 3.1 

(A)). By contrast, PI-mediated fluorescence was absent in control C. albicans cells not 

exposed to the peptide confirming that VG16KRKP destabilized the fungal membranes.  

3.3.2. Selective activity of the peptide 

Since Candida spp. is one of the leading causes of corneal infections, often 

associated with severe and permanent visual impairment [183,184], we analyzed the 

mammalian-specific cytotoxicity of VG16KRKP and its clinical potential as antimycotics 

using immortalized human corneal epithelial cells (HCECs) as a model [185,186]. To mimic 

corneal infection, in vitro HCECs (Figure 3.1 (B)) were infected with C. albicans (Figure 

3.1 (C)) in the absence or presence of the peptide (Figure 3.1 (D)). As shown in Figure 3.1 

(D), infected HCEC treated with VG16KRKP had less fungal load compared to cells not 

treated with the peptide (Figure 3.1 (C)). LDH assay was done to determine the cytotoxicity 

of the peptide towards HCEC, and significantly reduced cytotoxicity was observed in 

infected cells treated with the peptide (Appendix III, Figure S3.1). Subsequently, the 

viability of HCECs and Candida was assessed for 24 h post infection. As shown in Figure 

3.1 (C), exposure of the co-culture to increasing concentrations of VG16KRKP gradually 

reduced the fungal population by 50 ± 0.9% (P < 0.05) while viability of the HCECs was 

largely unaffected by the presence of the peptide, indicating that VG16KRKP targets 

preferentially fungal cells. 
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Figure 3.1. (A) Confocal laser scanning microscopic (CLSM) images of FITC-VG16KRKP-

untreated (ctrl, upper row) and -treated (10 µM, lower row) C. albicans cells. Propidium iodide (PI) 

was present in both conditions to monitor cell viability. FITC-VG16KRKP (green) associated with 

cell membranes disrupted membrane integrity within 15 min, leading to cell death, which triggered 

prominent PI signals (red). Phase contrast microscopic images of peptide-untreated HCECs before 

(B) and after (C) infection with C. albicans. (D) HCECs infected with C. albicans after addition of 

20 μM VG16KRKP (2× MIC). € Percent viability of HCECs co-cultured with C. albicans in 

presence of different concentrations of VG16KRKP demonstrating the antifungal activity of the 

peptide. Amphotericin B (AMB) was used as positive control. (F) Representative whole-cell current 

traces of a HEK293 cell transiently expressing KV3.4 channels before (ctrl) and after (blue) 

equilibration with 100 µM VG16KRKP (10× MIC) for 100 s. Test depolarizations ranged from 80 

to 80 mV in steps of 10 mV. (G) Time course of KV3.4 peak currents at 50 mV upon application of 

100 µM VG16KRKP. Data points are means ± Sem. With the number of experimental replicates, 

n, indicated in parentheses. (H) Percent viability of P. insidiosum cells (ctrl) treated with either 

VG16KRKP, VG16KRKA or azithromycin. While azithromycin was used as positive control, 

VG16KRKA was used as a negative control. Bars in E, F are means ± Sem. Obtained from three 

independent experimental replicates. Asterisks indicate statistical significance between pairs of data 

according to a two-sided Student’s t-test: *P < 0.05, N.S. not significant. 
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3.3.3. Interaction with ion channels 

VG16KRKP is very similar in size and positive net charge to neurotoxic cone snail 

peptides (conopeptides), which specifically target ion channels in the membranes of 

vertebrates [187,188], also raising the possibility of functional interactions between 

VG16KRKP and mammalian ion channels. Most ion channels in cornea epithelial cells are 

K+-selective, of which the voltage-gated potassium channel KV3.4 is the most abundant 

subtype.[189] These channels participate in a variety of different signaling pathways, 

including osmoregulation, cellular stress responses, control of cell cycle progression, and 

are involved in maintaining the cells resting membrane potential. To probe if KV3.4 

channels are functionally modulated by VG16KRKP, the channels were transiently 

expressed in HEK293 cells and their current responses were analyzed in absence and 

presence of VG16KRKP during single-cell patch-clamp recordings. Application of 100 µM 

VG16KRKP did not affect the shape of KV3.4-mediated current responses (Figure 3.1 (F)) 

and reduced the peak current amplitudes only marginally by 3.7 ± 2.2% (P > 0.05) (Figure 

3.1 (G)), demonstrating that KV3.4 channels are not a target of VG16KRKP. 

3.3.4. Ergosterol specific activity 

The data presented so far confirm that VG16KRKP specifically targets fungal cell 

membranes, while mammalian cell membranes are largely unaffected by the peptide. The 

chemical compositions of mammalian and fungal cell membranes are very similar; 

however, they differ considerably with respect to their sterol moieties. While mammalian 

membranes employ cholesterol, fungal membranes instead contain the chemically distinct 

ergosterol (Scheme 3.1). Since ergosterol is the only fungus-specific membrane 

component, we wondered if the antimycotic activity of VG16KRKP is ergosterol-

dependent. To test this hypothesis, we evaluated the effect of VG16KRKP and its analog 

VG16KRKA with reduced positive charge, on the growth of Pythium insidiosum, an 

oomycete lacking ergosterol in its membrane. As depicted in Figure 3.1 (H), neither 

VG16KRKP nor VG16KRKA inhibited the growth of P. insidiosum, whereas 

azithromycin, used as positive control, significantly suppressed P. insidiosum (P < 0.05) 

(Figure 3.1 (H)). 

3.3.5. Probing the sterol selectivity of the peptide 

To determine the mechanism underlying the susceptibility of fungal and ergosterol-

deficient cells to VG16KRKP, we generated calcein-filled large unilamellar vesicles and 

giant liposomes (LUVs and GLs, respectively) that mimic the membrane composition of 

fungal or mammalian cells. While the fungal membrane model mimic was composed of 
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DOPC/DOPE/ERG at a molar ratio of 5:4:3, the mammalian membrane model contained 

DOPC/CHL at a molar ratio of 6:4. As reported earlier, VG16KRKP is non-toxic against 

eukaryotic model membrane composed of 6:4 PC/CHL [170]. In this present study, 

therefore, we have used 5:4:3 PC/PE/CHL to draw closer resemblance to the fungal mimic 

5:4:3 PC/PE/ERG and also probe the role of PE, if any in the interaction. Compared to 

CHL, ERG contains two additional unsaturated bonds at positions C7 and C22 as well as 

an additional methyl group (-CH3) at C24 (Scheme 3.1 (C-D)).  

 

 

Scheme 3.1: Chemical structures of DOPC (A), DOPE (B), Cholesterol (C) and Ergosterol (D). (E) 

A modified catalytic transfer hydrogenation condition avoiding direct use of hydrogen gas was used 

to synthesize hydrogenated ergosterol (hERG). 

These differences led us to hypothesize that the packing of the acyl chain of ERG 

might affect the interaction with VG16KRKP. To test this hypothesis, we removed the 

unsaturated bonds in ERG by hydrogenation (Scheme 3.1) to generate another class of 

sterol molecule named hERG as described in the materials and methods section. As 

revealed by NMR (Appendix III, Figures S3.2 and S3.3) and mass spectroscopy (Appendix 

III, Figure S3.4), hERG contained only a single unsaturated bond at C8 (Scheme 3.1 (E)), 

indicating successful hydrogenation [175,190]. Since the peptide contains one cysteine 

residue (Cys9), a MALDI TOF/TOF analysis was further performed to ensure that the 

peptide does not form any dimeric structure. The MALDI analysis showed one single peak 

at m/Z ratio of ~1760 (Appendix III, Figure S3.5), which confirms that the peptide used in 

all the experiments are in monomeric form. Next, a model vesicle containing 5:4:3 

DOPC/DOPE/hERG was prepared for further assays to test our hypothesis. The vesicles 

were subjected to increasing concentrations of VG16KRKP, while monitoring the release 

of calcein at 25 °C by means of its intense fluorescence signal. As shown in Figure 3.2 (A), 
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VG16KRKP caused the release of calcein from 5:4:3 DOPC/DOPE/ERG vesicles in a 

concentration-dependent manner. Thus, the dye leakage increased almost linearly with 

peptide concentrations up to 20 µM showing a maximum of 60 % leakage. Titrating with 

higher concentrations of peptide did not cause any further increase in the leakage 

percentage depicting saturation. By contrast, LUVs containing CHL or hERG showed a 

rather weak response upon titration with VG16KRKP. At a concentration of 30 µM only 

15 % of the fluorescent probe was released from 5:4:3 DOPC/DOPE/CHL and < 10% from 

LUV containing 5:4:3 DOPC/DOPE/hERG (Figure 3.2 (A)), further confirming the 

preference of VG16KRKP for ergosterol over cholesterol.  

 

 

Figure 3.2. (A) Calcein dye leakage assay using either 5:4:3 DOPC/DOPE/ERG-, 

DOPC/DOPE/CHL-, or DOPC/DOPE/hERG-containing LUVs with increasing concentrations of 

VG16KRKP. For all conditions, Triton X-100 was used as positive control. (B) Phase contrast 

microscopic analysis of GUVs consisting of either 5:4:3 DOPC/DOPE/ERG or 

DOPC/DOPE/hERG result in distinguishable peptide activity. Arrows mark disrupted vesicles. (C) 

31P NMR spectra of the three model membrane vesicles as detailed above in the absence and 

presence of 4 mol% VG16KRKP. 
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Figure 3.3. Time dependent calcein dye leakage assay with 5:4:3 DOPC/DOPE/ERG (A), 

DOPC/DOPE/CHL (B) and DOPC/DOPE/hERG (C) LUVs for 1 h. The addition of peptide 

(arrows) at various concentrations triggered dye leakage exclusively in LUVs containing 

DOPC/DOPE/ERG. In all conditions, 0.1 vol% Triton X-100 was used as a positive control. 

3.3.6. Kinetics of dye release 

It is noteworthy to mention that the release of calcein from vesicles occurred almost 

instantaneously with the addition of the peptide (Figure 3.3 (A-C)) in all the three 

liposomes. However, the 5:4:3 DOPC/DOPE/ERG vesicles showed increasing intensities 

of calcein fluorescence as obtained in the dye leakage assay shown in Figure 3.2 (A). To 

confirm these findings further, we carried out phase contrast microscopy in the absence and 

presence of VG16KRKP. Addition of 10 µM peptide to GLs composed of 5:4:3 

DOPC/DOPE/ERG caused immediate membrane disruption as shown Figure 3.2 (B), 

whereas no changes in vesicular morphology were observed for hERG-containing GLs 

exposed to the same concentration of the peptide (Figure 3.2 (A-B) and 3.3 (C).  
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Figure 3.4. Confocal laser scanning microscopy (CLSM) of the GLs composed of 5:4:3 

DOPC/DOPE/ERG, 5:4:3 DOPC/DOPE/CHL and 5:4:3 DOPC/DOPE/hERG. Vesicles were 

prepared in presence of 1% Rhodamine-DOPE (red). Subsequently, rhodamine-DOPE-labeled 

vesicles were exposed to 10 µM FITC-VG16KRKP (green). 

3.3.7. Microscopic and 31P NMR analysis 

Furthermore, confocal laser scanning microscopy (CLSM) was carried out using 1 

% rhodamine-DOPE as a fluorescence probe, in the absence and presence of 10 µM FITC-

VG16KRKP (Figure 3.4). The images revealed that all control GLs are perfectly sphere-

shaped and were stable for more than 4 h. Addition of VG16KRKP into GL buffer caused 

membrane perturbation within 5-10 min only for 5:4:3 DOPC/DOPE/ERG GLs. In the 

presence of VG16KRKP, GLs became ‘leaky’, which was evident by increased green 

fluorescence inside the vesicle (Figure 3.4). Since the MIC99% of FITC-VG16KRKP is 30 
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M (Appendix III, Figure S3.6), the vesicles did not show any leakage in the presence of 

10 M concentration, rather than showing passive incorporation inside the vesicles.  

The morphology of vesicles containing hERG or CHL remained unaltered after the 

addition of the peptide FITC-VG16KRKP and no FITC fluorescence signal was found 

inside the vesicles. To investigate the effects of VG16KRKP on membrane rigidity, we 

performed 31P solid-state NMR experiments (Figure 3.2 (C)). The one-dimensional static 

31P NMR of the vesicles yielded a typical powder pattern spectrum with characteristic 

frequencies at ~30 ppm (parallel edge) and -15 ppm (perpendicular edge), suggesting that 

the lipids were distributed almost homogeneously in the multi-lamellar vesicles (MLVs). 

Addition of 4 mol% VG16KRKP into the three vesicle preparations showed no isotropic 

peak. However, vesicles composed of 5:4:3 DOPC/DOPE/ERG showed an increase of 

intensity of the parallel edge, which might resemble membrane disordering or an increased 

population of flattened vesicles (Figure 3.2 (C)). On the contrary, 5:4:3 DOPC/DOPE/CHL 

and/or DOPC/DOPE/hERG MLVs showed almost similar spectra in the absence and 

presence of the peptide (Figure 3.2 (C)), suggesting no change of liposome integrity in the 

presence of the peptide. These results further corroborate the selectivity of VG16KRKP for 

fungal membranes or mimetic fungal membranes. 

3.3.8. Temperature Dependent Dye Release Assay 

In order to understand the membrane destabilizing property of the peptide with 

increasing temperature towards the vesicles composed of 5:4:3 DOPC/DOPE/ERG, 

DOPC/DOPE/CHL and DOPC/DOPE/hERG, a series of calcein leakage assays were 

performed in a range of 30 °C to 45 °C temperature, at an interval of 5 °C. Although the 

temperature range was higher than the phase transition temperatures of the vesicles 

containing CHL or ERG or hERG [from the liquid ordered (Lo) to liquid disordered (Ld) 

state] [191,192], the percent of dye leakage for the vesicles containing ERG showed more 

destabilization compared to the CHL and hERG vesicles (Figure 3.5 (A)). Interestingly, a 

dramatic increment of dye leakage from 49 % at 30 °C to 95 % at 45 °C was observed at 

20 M concentration of VG16KRKP in case of ERG-containing 5:4:3 DOPC/DOPE/ERG 

vesicles, whereas the 5:4:3 DOPC/DOPE/CHL or DOPC/DOPE/hERG vesicles showed 

only ~20-25 % leakage at same concentration (30 M) of VG16KRKP and at the same 

temperature. This data suggests that the peptide maintains selectivity for 

DOPC/DOPE/ERG LUVs over DOPC/DOPE/CHL or DOPC/DOPE/hERG LUVs at 

higher temperatures as well (Figure 3.5 (A)).  
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3.3.9. Determination of vesicle size after peptide treatment 

In order to show the lytic action of the peptide upon the ERG containing vesicles, 

time lapse dynamic light scattering (DLS) experiment was performed (Figure 3.5 (B)) 

[193,194]. The DLS experiment was carried out by incubating the 5:4:3 DOPC/DOPE/ERG 

LUVs in the absence and presence of 5, 10 and 20 µM VG16KRKP for 1 h. The control 

vesicles were monodispersed with a hydrodynamic diameter of around 90  10 nm. By 

contrast, the LUVs that were incubated with 5, 10 and 20 µM peptide showed a decreased 

hydrodynamic diameter of approximately 74 nm, 47 nm, and 30 nm, respectively, after 20 

min. The polydispersity index (PDI) of the solutions was also increased after the addition 

of VG16KRKP, suggesting that addition of the peptide to the originally homogenous 

vesicles generated deformed lipid-peptide complex, which corroborates well with the phase 

contrast microscopic analysis.  

 

 

Figure 3.5. (A) Three-dimensional bar plot showing the percent of temperature-dependent calcein 

dye leakage of ERG- CHL- and hERG-containing vesicles. Different colour codes indicates 30 °C 

(blue), 40 °C (green) and 45 °C (red) temperatures, respectively. (B) Time-lapse dynamic light 

scattering experiment showing the decrease in size of the vesicles with time upon exposure to 

various concentrations of VG16KRKP. 

3.3.10. Comparison of other membrane systems with fungal model membranes 

As a control, we prepared other model membranes using the following ratios viz. 

100 % DOPC, 5:3 DOPC/ERG (DOPE was removed) and 5:4 DOPC/DOPE (no sterol was 

used). Surprisingly, VG16KRKP showed negligible activity against these lipid membranes, 
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as shown in Figure 3.6. Though ERG is an important component in fungal membranes, 5:3 

DOPC/ERG LUVs were still not affected by VG16KRKP. The data indicates that the 

membrane composition constituting of 5:4:3 DOPC/DOPE/ERG, corresponding to the 

more realistic fungal membrane composition, provides the optimum conditions as well as 

interface to VG16KRKP to interact with the membrane model [35,170].  Interestingly, the 

role of phosphatidylethanolamine in governing the interaction was also noteworthy (Figure 

3.6). Other membrane mimics, on the other hand, were unable to drive the interactions of 

VG16KRKP at the lipid-peptide interface. These results are in agreement/consistent with 

our previous structural studies in LPS, demonstrating the selectivity of VG16KRKP toward 

fungal membranes.    

3.3.11. Elucidation of the three-dimensional structure 

To understand the lipid-peptide interaction at atomic level, we determined the three-

dimensional solution NMR structure of VG16KRKP in the presence of live Candida spp. 

using transferred NOESY [195-197] (Table 3.2, Figures 3.7 (A) and S3.7, S3.8, Appendix 

III) before the cells released the metabolites (~ 4 h). During this time period, we observed 

only three long-range NOE cross peaks Val1H/Trp5H2, Phe12/Trp5H2 and 

Leu11/Trp5H2, in addition to © to i+1 NOEs, indicating that the 3D structure of 

VG16KRKP is loosely bound to the cells (Figure 3.7 (A)) with an average RMSD value of 

the backbone (N, C, C) 2.42 ± 0.62 Å and heavy atoms 3.44 ± 0.73 Å of 15 ensemble 

structures (Figure 3.7 (B)).  

 

Figure 3.6. Concentration dependencies of calcein dye leakage using vesicles consisting of 100% 

DOPC, 5:3 DOPC/ERG, or 5:4 DOPC/DOPE. Under all conditions, vesicles showed less than 

20% leakage compared to 0.1% Triton X-100, which served as positive control.  
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Figure 3.7. (A) Long-range (i,  i+5) NOEs of VG16KRKP obtained in presence of C. albicans 

cells (right) compared with the free peptide (left) in the same spectral region. (B) 15 lowest energy 

ensemble structures (N, C, C) of VG16KRKP; (C) Cartoon representation of the lowest energy 

structure of the peptide showing clear separation between hydrophilic and hydrophobic residues 

(right). 

This provides a highly dynamic C. albicans bound solution NMR structure within 

the NMR time frame. Further, close inspection suggested that the hydrophobic triad 

consists of Trp5-Leu11-Phe12 of C. albicans-bound VG16KRKP structure (Figure 3.7 (B) 

and, 3.7 (C)) was similar to that of peptide-lipopolysaccharide (LPS) complexes reported 

before (Figure 3.8 (A)) [169]; however, the RMSD of overlaid structure was very high 

(Figure 3.8 (B)), confirms that the overall structural arrangement differs depending on the 

membrane environment. Of note, LPS is the major component of the outer-membrane of 

Gram-negative bacteria. Though VG16KRKP is loosely bound to C. albicans at initial time 

period (before disruption of the live fungus cells), the “structural functional motif”, 

consisting of Trp5-Leu11-Phe12 supports the hydrophobic hub could be the driving force 

playing an important role for stabilizing the peptide into cells, followed by disruption of 

cells (Figure 3.8 (C-D)). In the structural model, “membrane anchoring motif” consisting 

of Arg and Lys residues (Arg3, Lys6, Arg7 and Lys8) is segregated from the hydrophobic 

face. The Cys9-Pro10 peptide bond adopts a ‘trans-’ conformation, as judged by the 

presence of the Cys9H/Pro10Hs NOE. The proline induces a kink in the peptide structure 

that assists to pull the hydrophobic residues together to form a better “structural functional 

motif”. This finding is consistent with a previous study.[35] In addition, the positively 

charged residues Arg3, Lys6, Arg7, Lys8 and Lys14 are highly dynamic  
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Table 3.2. Summary of structural statistics for the 15 lowest energy ensemble structures of 

VG16KRKP in presence of C. albicans cells.  

VG16KRKP Candida albicans 

Distance restraints (Å) 

Intra residue (i – j = 0) 

Sequential (|i – j| = 1) 

Medium range (2 ≤ |i – j| ≤ 4) 

Long range (|i – j| ≥ 5) 

Total 

 

28 

32 

0 

3 

63 

Angular restraints 

Φ 

Ψ 

 

13 

13 

Distance restraints from violation (≥0.4 Å) 0 

Deviation from mean structure (Å) 

Average backbone to mean structure 

Average heavy atom to mean structure 

2.42 ± 0.62 

3.44 ± 0.73 

% Residues in Ramachandran plot* 

most favored region  

additionally allowed region 

generously allowed region 

disallowed region 

 

20 

80 

0.0 

0.0 

* Procheck NMR based analysis (https://services.mbi.ucla.edu/PROCHECK/). 

 

file:///C:/Users/MOHID/AppData/Roaming/Microsoft/Word/(https:/services.mbi.ucla.edu/PROCHECK
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Figure 3.8. Cartoon representation of average structure of VG16KRKP conformations bound to 

either LPS (A) (PDB ID: 2MWL) or in presence of C. albicans cells (B). Positively charged residues 

are facing one side and the hydrophobic residues formed a cluster, which confers an amphipathicity 

to the peptide. (C) Superposition of backbones of both the structures. (D) Superposition of 

“structural functional motif” consisting of Trp5-Leu11-Phe12 of both the structures.   

in the bound conformation, and are responsible for recognizing or anchoring the negatively 

charged membrane surface. These residues help in docking the peptides on the fungal cell 

surface and then the hydrophobic residues interact with the acyl chain moieties of the lipid 

membranes, which eventually causes membrane lysis. Such membranolytic mechanisms 

are well depicted in case of other naturally occurring -helical amphipathic peptides like 

LL-37, magainin, melittin etc [198-200].  It is noteworthy to mention that a 12-residue long 

synthetic peptide namely YW12 also showed an amphipathic structure by adopting a -

sheet-loop fold in presence of LPS micelle [201]. The four central cationic residues (KRKR) 

played the initial docking interaction and the N- and C-terminal hydrophobic residues 

interacted with the acyl chain of LPS micelles [201]. Other modified -boomerang peptides 

(YI12F, YI12WW, YI12WY, YI12FF and GG8WF) also showed similar kind of 

conformation along with aromatic/aromatic packing interaction in presence of LPS [202]. 
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Figure 3.9. (A) Schematic representation of the VG16KRKP mutant analogs designed by alanine 

scanning. Amino acid sequences of single, double and triple mutant analogs are provided. (B) MIC 

(μM) of VG16KRKP and its mutant analogs to antagonize C. albicans and C. neoformans var. 

grubii. (C) Calcein dye leakage assay using either 5:4:3 DOPC/DOPE/ERG (left) or 

DOPC/DOPE/CHL (right) LUVs in presence of the indicated concentrations of VG16KRKP 

(black) and various mutant analogs. 

 

Figure 3.10. 31P solid-state NMR of 5:4:3 DOPC/DOPE/ERG MLVs in presence of 4 mol% of the 

indicated VG16KRKP mutant analogs revealed characteristic powder patterns that were practically 

indistinguishable from the spectrum of control vesicles (black) in the absence of peptides. 



 
 

 

101 Chapter III 

3.3.12. Characterization of the mutant analogs 

Finally, to understand the role of individual amino acid residues as well as 

“membrane anchoring motif” and/or “structural functional motif” in driving the antifungal 

activity of VG16KRKP, we generated a peptide library consisting of mutants of 

VG16KRKP as shown in Figure 3.9 (A). Single-, double-, or triple-mutations of the 

significant residues into alanine (Figure 3.9 (A)) either resulted in partial or complete loss 

of antifungal activity (Figure 3.9 (B)) as tested against C. albicans and C neoformans. 

 

Figure 3.11. 1D 1H coupled 13C NMR (pulse program: zggd30) spectra of C. albicans cells (1×107 

cells/ml) grown in YPD broth where the Dextrose (carbon source) was replaced with 13C-glucose 

to probe the metabolites that came out from the cells as a result of the peptide action. VG16KRKP 

treated cells showed several metabolite peaks which got increased with time (A) but the VG16WLF 
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showed only one peak at 160 ppm whether other peaks got broaden with time due to the 

precipitation of the C. albicans cells (B). 

 Trp5 plays an important role for the activity of VG16KRKP. While VG16WA displayed 

>2-fold diminished activity compared to the original peptide; the other substitutions 

resulted in a complete loss of antifungal activity. These results suggest that the “structural 

functional motif” consisting of Trp5, Leu11 and Phe12 is quintessential for its interaction 

with membrane-bound sterols. Mutation of the “membrane anchoring motif” such as Lys6, 

Arg7 and Lys8 (i.e., VG16KRKA) also abrogated antifungal activity. This might be due to 

the loss of surface recognition in an early stage of binding, as well as hindered docking of 

VG16KRKP by electrostatic interaction with the phosphate head groups of the fungal cells. 

To further support the above findings, the dye leakage assay was performed using the 

mutant analogs. Interestingly, all mutant peptides failed to cause significant changes in dye 

leakage (Figure 3.9 (C)). Similar, 31P solid-state NMR spectra of 5:4:3 PC/PE/ERG MLV 

(Figure 3.10) in presence of 4 mol% VG16KRKP mutant analogs showed no significant 

changes as well, corroborating the antifungal activity and dye leakage assays. A series of 

one-dimensional 1H coupled 13C NMR spectra (Figure 3.11 (A-B)) were recorded to probe 

the metabolites released from the disrupted fungal cells. The fungal cells grown in 13C 

labeled glucose media, released 13C labeled metabolites on interaction with VG16KRKP 

over time, reflecting cell lysis (Figure 3.11(A)). Using VG16WLFA, an inactive analog of 

VG16KRKP, as a negative control, similar experiments were performed (Figure 3.11(B)); 

no release of metabolite confirmed the specificity of VG16KRKP towards C. albicans. This 

observation also supports the importance of “structural functional motif”. Collectively, 

these results establish the importance of the sequence of the peptide in imparting its 

antifungal activity. To the best of our knowledge, this is the first report that unveils the 

development of an ergosterol-specific antifungal peptide.  

3.4. Conclusion 
In summary, we established a relationship between the primary sequence, structure 

and antifungal activity of VG16KRKP using C. albicans as a model system for fungal 

infections. Our data demonstrate that VG16KRKP specifically interacts with the ergosterol 

moiety of the fungal membrane. Phosphatidylethanolamine also showed to play a 

significant role in driving this interaction. The complexity of the fungal membrane due to 

its diverse lipid composition makes detailed studies extremely complicated. Studies are 

ongoing to further unravel the role of the varied lipid components of the fungal membrane 
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in interacting with VG16KRKP and imparting its activity. However, the optimised 

ergosterol specificity of VG16KRKP suggests fewer side effects in mammals as compared 

to established but largely cytotoxic antifungals, such as Amphotericin B, making 

VG16KRKP particularly interesting for clinical applications. Overall, this study provides 

a proof-of-principle that rationally designed peptides with high affinity for membrane-

associated ergosterol can be developed into effective antifungal agents with reduced side 

effects. 
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3.5. Appendix III 

 

Figure S3.1. Percent release of LDH after addition of 20M VG16KRKP to the co-culture 

infection setup. 

 

Figure S3.2. One dimensional 1H NMR spectra of hydrogenated ergosterol (hERG) (500 MHz, 

CDCl3). 
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Figure S3.3. One dimensional 13C NMR spectra of hydrogenated ergosterol (hERG) (500 MHz, 

CDCl3). 

Analytical data of hydrogenated ergosterol. 1H NMR (500 MHz, CDCl3): δ 3.63-3.58 (m, 1 H), 

2.40 (m, 1 H), 2.29-2.12 (m, 2 H), 1.95-1.90 (m, 1 H), 1.83-1.80 (m, 2 H), 1.79-1.69 (m, 2 H), 1.67-

1.50 (m, 8 H), 1.49-1.42 (m, 2 H), 1.40-1.30 (m, 4 H), 1.28-1.20 (m, 4 H), 1.24-0.9 (m, 3 H), 0.93-

0.912 (d, J = 6.5 Hz, 3 H),0.86-0.83 (m, 6 H), 0.79-0.77 (m, 6 H), 0.68 (s, 3 H); 13C NMR (125 

MHz, CDCl3): δ 142.7 (1C), 126.3 (1C), 71.2  (1C), 56.7 (1 C), 49.3 (1 C), 44.3 (1 C), 42.7 (1 C), 

39.1 (1 C), 38.3 (1 C), 37.2 (1 C), 36.8 (1 C), 36.5 (1 C), 34.8 (1 C), 33.5 (1 C), 31.6 (1 C), 31.5 (1 

C), 30.4 (1 C), 29.6 (1 C), 28.9 (1 C), 27.0 (1 C), 25.8 (1 C), 20.5 (1 C), 20.0 (1 C), 19.3 (1 C), 18.3 

(1 C), 17.7 (1 C), 15.5 (1 C), 12.9 (1 C); HRMS (ESI) calcd. for C28H48O (547.1842): [M+H]+ 

401.3778; found: 401.3754.  
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Figure S3.4. Mass spectrum of hydrogenated ergosterol (hERG) (ESI-MS, Waters Inc.). 

 

Figure S3.5. MALDI analysis of VG16KRKP peptide (Bruker ATS-00699, autoflex TOF/TOF). 
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Figure S3.6. Micro broth dilution assay showing MIC99% at 30μM concentration of FITC-

VG16KRKP against C. albicans cells. 

 

Figure S3.7. Representative 1D 1H NMR profiles of VG16KRKP (1 mM) in the absence (blue, top) 

and presence (red, top) of C. albicans cells. Presence of fungal cells (red) caused line broadening 

and intensity changes of spectral components. The lower panel shows sequential (i, i+1) NOESY 

cross peaks of VG16KRKP, obtained within 4 h of data acquisition in presence of C. albicans cells 

(lower panel).  
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Figure S3.8. (A) Bar diagram showing sequential NOEs of VG16KRKP in presence of C. albicans 

cells. The bar thickness indicates the peak intensity assigned as strong, medium, and weak. (B) 

histogram depicting the number of trNOEs of VG16KRKP in presence of C. albicans cells with 

respect to residue numbers. 
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Chapter IV 

4. A rationally designed synthetic antimicrobial peptide to treat Bacterial 

Ocular Infections 

This chapter has been adapted from the following publication:  

Mohid, S.A., Sharma, P., Alghalayini, A., Saini, T., Datta, D., Willcox, M.D., Ali, H., 

Raha, S., Singha, A., Lee, D. and Sahoo, N., 2022. A rationally designed synthetic 

antimicrobial peptide against Pseudomonas-associated corneal keratitis: Structure-function 

correlation. Biophysical Chemistry, 286, p.106802. 

4.1. Introduction 

Corneal opacity is the fifth leading cause of blindness globally, accounting for 

~3.2% of all cases [203] [204]. The recent World Health Organisation (WHO) report 

highlighted that ~6 million of the world’s population are affected by cornea-related 

blindness or moderate/ severe visual impairment, including 2 million of those who are 

affected by trachoma [205]. Infectious keratitis is considered a “silent epidemic” in the 

western world, with an annual incidence on the order of 25,000-30,000 in the US alone 

[206,207]. Being more abundant in developing countries, infectious keratitis has been 

designated as a “neglected tropical disease”. To date, antibiotics like vancomycin, 

tobramycin and amphotericin B (AmB) are the best choices for treating microbial keratitis 

[208,209]. These drugs, however, are toxic to mammalian cells and cause membrane 

disruption, interruption of physiological ion transport, neurotoxicity and nephrotoxicity 

[167,210]. On the other hand, the emergence of several multidrug-resistant bacteria is 

causing all new antibiotics to fail [64,211]. 

The last few decades have seen the rise of antimicrobial peptides (AMPs) as potent 

alternatives to the available therapeutic agents, owing to their species specificity [28]. The 

predilection for the lipid environment is a common trait of membrane-active peptides [115]. 

They are mostly unstructured in solution and, in the presence of lipid membranes, it is 

thought they will adsorb onto the surface via electrostatic interactions, alter secondary 

structure, then intrude into the hydrophobic core of the membrane bilayer and destroy 

bilayer stability [115,212,213]. The molecular process by which these membrane-active 

peptides lyse membranes is defined by several models like barrel-stave, toroidal pore, 

carpet or detergent mechanisms [28,154,214]. In previous studies, we have demonstrated the 
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feasibility of engineering short peptides that specifically disrupt the structural integrity of 

bacterial and fungal cell membranes but do not interact with mammalian cell membrane 

components [171]. The VR18 peptide is a chimera consisting of a portion of the dengue 

viral fusion peptide and a portion of the lactoferrampin peptide that includes a 

lipopolysaccharide KNKSR binding motif. Thus, VR18 was explicitly designed to interact 

with lipopolysaccharides (LPS) and then to disrupt the lipid outer membrane of bacteria 

leading to cytoplasm leakage and bacterial death [110]. 

Here, using live-cell NMR, high-end microscopy, interactions with sparsely tethered lipid 

bilayer membranes and live-cell Raman spectroscopy, we confirm that VR18’s actions are 

membrane-mediated. We then further show that VR18 reduced Pseudomonas-associated 

keratitis in mice and in ex vivo human corneal infection models. Finally, we conclude that 

the topical application of VR18 could be used as an effective therapeutic agent for 

combating Pseudomonas-associated corneal infections. 

4.2. Materials and methods 

4.2.1. Reagents 

The P. aeruginosa serotype 10 lipopolysaccharide (LPS), polymyxin B, calcein, 

and propidium iodide (PI) were purchased from Sigma Aldrich Co. (St. Louis, USA.). 

Deuterium oxide was purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, 

USA). The bacterial media was purchased from Himedia Laboratories Pvt. Ltd., Mumbai, 

India. 1-palmitoyl, 2-oleoyl-phosphatidylethanolamine (POPE) and 1-palmitoyl, 2-oleoyl-

phosphatidylglycerol (POPG), 3-(cholamido-propyl) dimethylammonio-2-hydroxy-1-

propane-sulfonate (CHAPSO) and Escherichia coli total lipid extract (E. coli TLE) were 

obtained from Avanti Polar Lipids (Alabaster, AL). 

4.2.2. Peptide synthesis 
15N labeled VR18 was synthesized by Fmoc solid-phase peptide synthesis 

chemistry, as described previously, using an automated peptide synthesizer (Aapptec 

Endeavor 90, Louisville, KY, USA) [110,215]. The Val-1, Ala-2, Gly-4, Gly-6, Leu-11 and 

Gly-13 residues were selectively labeled with 15N by using the 15N labeled Fmoc-amino 

acids, respectively. N-terminal Val-1 residue was subjected to acetylation in order to 

provide protection during the peptide cleavage step. The crude peptide was purified by a 

reverse-phase high performance liquid chromatographic system (RP-HPLC) (LC-20AT, 

SHIMADZU, Kyoto, Japan) using a Phenomenix C18 column. The peptide fraction was 

collected from the RP-HPLC elution and subjected to lyophilization to obtain the powder 
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form. The calculated and actual molecular weight obtained for the peptides was 2107.49 

and 2107.26, respectively. The purified peptide (>95% purity) was stored at -20°C. 

4.2.3. Determination of minimal inhibitory concentration 

To determine the MIC99%, a modified micro broth dilution assay was done, as 

previously described [171]. In brief, the mid-log phase cultures of P. aeruginosa 6294 was 

pelleted down by centrifuging at 8000 rpm for 10 min, washed twice with 10 mM sodium 

phosphate buffer, pH 7.4 and re-suspended in the same buffer to get a final cell suspension 

containing 106 CFU/ml. The exposure to the peptide was set with 50 μl of this cell 

suspension (i.e., 5×105 CFU/ml) being added to a series of concentrations of the VR18 

peptide (ranging from 1 to 100 μM diluted from a 1 mM stock solution) in a sterile 96-well 

micro titter polypropylene plate and incubated for 3 h at 37 ℃. A positive control 

containing only cells and a negative control containing 10 µM Polymyxin B treated cells 

were also maintained.  Following peptide exposure, 200 μl of nutrient broth was added to 

each well and incubated overnight at 37 ℃. Absorbance of each well was measured at 630 

nm to estimate MIC99% of each peptide. The MIC99% was defined as the lowest 

concentration that inhibited 99% growth of the microorganisms from initial microbial cell 

density. All experiments were set in triplicates. 

4.2.4. Zeta potential analysis 

Overnight grown log phase cultures of P. aeruginosa 6294 in nutrient broth, were 

washed twice and resuspended in 10 mM phosphate buffer of pH 7.4. 1 ml cell suspension 

of 105 cells per ml and were subsequently incubated with 1-15 µM VR18 peptide for 90 

min. The same microbial suspension without the peptide was used as the negative control 

set and a 10 µM Polymyxin B treated cell suspension was used as a positive control. All of 

these suspensions were placed in disposable zeta cells and read at 25 °C using a Nano S 

ZEN3690 (Malvern Instruments, Westborough, MA). The zeta potential for each sample 

was calculated using the Zetasizer software [216]. 

4.2.5. Propidium iodide uptake assay 

Mid-log phase of P. aeruginosa 6294 cells (O.D630 0.5) obtained from an overnight 

culture nutrient broth were pelleted by centrifugation at 8000 rpm for 10 min at 25 °C, 

washed twice with 10 mM phosphate buffer (pH 7.4) and resuspended in the same buffer. 

propidium iodide (PI), a nucleic acid binding dye, was added to 50 µl of the cells with a 

concentration of 10 µM and allowed to stabilize for 30 min. The intensity of the PI bound 

with intact cells was measured using the time kinetics mode of the spectrometer. An 
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increasing concentration of the VR18 peptide was added to the cell after 10 min and the 

increase in PI fluorescence due to outer and inner membrane permeabilization was 

measured using a Hitachi F-7000FL spectrophotometer. The excitation wavelength was set 

at 580 nm and the emission was recorded at 620 nm with a slit width of 5 nm. 

4.2.6. Raman spectroscopy 

The P. aeruginosa 6294 cells were processed in a similar way to the zeta potential 

sample preparation and treated with the peptide at 1x and 2x MIC concentrations. The cell 

suspensions were then drop-casted onto clean aluminum foil mounted on the glass 

slide.[217] Raman spectra were obtained in backscattering geometry using a LabRAM HR 

- Jobin Yvon (Horiba, Kyoto, Japan) spectrometer equipped with a Peltier-cooled CCD 

[217]. A diode laser of wavelength 785 nm was used as an excitation source, and the light 

was focused on the sample using a 50× objective. All data were recorded within a 

wavenumber range from 800 to 1800 cm−1. 

For curve fitting, the Origin program was used. First, the baseline of the Raman spectra 

was processed by asymmetric least squares (ALS) method. The parameter for the 

asymmetric factor was kept 0.001, while keeping the threshold, smoothing factor and 

number of iterations at 0.05, 4 and 10, respectively. To reduce the noise and to get a clearer 

picture of the Raman shifts, further smoothening of the data was done by using Savitzky-

Golay methods where the points of window were kept to 25 and the polynomial order was 

set at 5 without any boundary condition. The specific and significant Raman shifts of the 

different chemical groups and bonds were matched with a previously reported article by 

GB Jung et a [218]. 

4.2.7. Preparation of unilamellar vesicles 

Approximately 2 mg each of 1-palmitoyl, 2-oleoylphosphatidylethanolamine 

(POPE) and 1-palmitolyl, 2-oleoylphosphatidylglycerol (POPG) were dissolved in 

chloroform with molar ratio of 3:1 (mimicking the bacterial inner membrane composition). 

The solvent was then evaporated by passing N2 gas and then lyophilized overnight. 

Thereafter, the film was hydrated with 10 mM Tris buffer (pH-7.4) containing 70 mM 

calcein (Sigma, St. Louis, USA). Then the mixture was subjected to five freeze–thaw cycles 

in liquid N2 and heated to 60 °C along with vigorous vortexing. Large Unilamellar vesicles 

(LUV) of 100 nm were created by passing the mixture 25 times through a polycarbonate 

filter (pore size 100 nm) attached with an extruder (Avanti Polar Lipids, Alabaster, 
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Alabama) at 25 °C. Free calcein was separated by passing the solution through a Sephadex 

G-50 column (GE Healthcare, Uppsala, Sweden) at 25 °C with Tris buffer as eluent.  

4.2.8. Calcein dye leakage assay 

The leakage of calcein was monitored on a Hitachi F – 7000FL spectrophotometer 

by setting the excitation wavelength at 495 nm, and the wavelength scan showed the 

emission maxima at 517 nm from the LUV dispersion (20 μM lipid in 10 mM Tris with 

100 mM NaCl, pH 7.4) as described previously [219]. 1 % Triton X-100 was used as a 

positive control and the percentage of leakage was calculated using the equation (3) as 

mentioned in chapter 2. Each experiment was done in triplicate at 37 °C. 

4.2.9. Phase contrast microscopic analysis 

Unlabeled giant unilamellar vesicles (GUVs) were prepared by following the gel-

assisted method as described by Weinberger et al. and modified as per requirements [177]. 

Briefly, a solution of 5% (w/w) poly-vinyl alcohol (PVA) was prepared by dissolving into 

Millipore water and heated at 90 ℃ with constant stirring until the suspension become a 

clear solution. 300 µl of the solution was then dropped in a small 30 mm petri dish to make 

a thin even layer. The plates were then transferred into a hot air oven and kept for drying 

at 50 ℃ for 30 min.  

For phase contrast microscopy, stock solutions of 2 mg/ml POPE, and POPG were 

prepared in chloroform and 20 µl of the lipid mixture (prepared by maintaining the 

particular ratios) were spread on the PVA film in a non-overlapping way. Then, the plates 

were placed in a Lyophilizer for 45 min to remove the trace amount of the solvents. Before 

using the lipid films, the plates were subjected to UV treatment for 15 min to prevent 

dewetting and cleaning. To create a phase difference while observing the GUVs under the 

microscope, 800 µl of 100 mM sucrose solution was added into the lipid film to swell the 

GUVs for 10-15 min [178]. Then the plates were gently swirled to dislodge the vesicles 

from the PVA layer and thereafter, the GUVs were collected in a polypropylene 

microcentrifuge tube within 45 min. Next, the vesicles were added into a well where a 105 

mM glucose solution was already added, with or without the peptide solution. The GUVs 

were imaged using a Nikon model Ts2FL  microscope (Nikon, Japan) [178]. 

4.2.10. Sparsely tethered bilayer lipid membranes (stBLMs). 

To measure how the VR18 peptide interacts with lipid bilayers, sparsely tethered 

bilayer lipid membranes (stBLMs) in conjunction with swept frequency electrical 

impedance spectroscopy (EIS) was used [220,221]. Changes in membrane conduction and 
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membrane capacitance were measured in the presence of increasing concentrations of the 

VR18 peptide on membranes containing either three parts 1-palmitoyl-2-oleoyl-glycero-3-

phosphotidylethanolomine (POPE) with 1 part 1-palmitoyl-2-oleoyl-glycero-3-

phosphotidyleglycerol (POPG); or as a 60% palmitoyl-2-oleoyl-glycero-3-

phosphotidylcholine (POPC) mixture with 40% cholesterol (Avanti Lipids, USA) [222].  

To create the stBLMs, a first layer of anchoring lipids consisting of tethered benzyl-

disulfide (tetra-ethyleneglycol) n = 2 C20-phytanyl ‘tethers’ with benzyl-disulfide-tetra-

ethyleneglycol-OH ‘spacers’ in the ratio of 1:10 (SDx Tethered Membranes Pty Ltd, 

Australia) was incubated with gold patterned polycarbonate slides for one h. These were 

then washed with 100% ethanol and kept in sealed storage, in the presence of ethanol, until 

needed. Prior to use, these chemically coated electrode slides were attached to a 

TethaPlateTM cartridge [221]  before the addition of 8 μl of a 3 mM solution of the select 

mobile lipids in 100% ethanol. These were then incubated with the tethering chemistries 

for exactly 2 min before being solvent exchanged with 3 x 400 ml of a buffer containing 

10 mM Tris, 100 mM NaCl at pH = 7.4. EIS measures were obtained using a 50-mV peak-

to-peak swept-frequency AC excitation from 2000 Hz to 0.1 Hz with four steps per decade.  

Phase and impedance data were recorded using a TethaPod™ operated with TethaQuick™ 

software (SDx Tethered Membranes Pty Ltd, Australia).  An equivalent circuit consisting 

of a Resistor/Capacitor network to represent the lipid bilayer membrane in series with a 

Constant Phase Element (CPE), to represent the imperfect capacitance of the gold tethering 

electrode, and a resistive element to represent the electrolyte conductance, was applied to 

fit the collected impedance and phase data, as described previously [222]. A proprietary 

adaptation of a Lev Mar fitting routine was used to obtain the optimal goodness of fit. The 

data were normalized to baseline conduction and capacitance values directly before the 

addition of each compound to account for variations in basal membrane conditions due to 

the differing membrane lipid mixtures. Changes in membrane conduction were then 

measured as a result of adding 150 μl of VR18 peptide in increasing concentrations ranging 

from 1 μM – 100 μM, with a 3 x 400 μl buffer wash step between each peptide addition. 

This experiment was performed in the University of Lubeck, Germany. 

4.2.11. Isothermal titration calorimetry (ITC) analysis 

Isothermal titration calorimetry (ITC) was performed to determine the 

thermodynamic parameters of binding of VR18 peptide with P. aeruginosa LPS micelles 

using a TA-affinity ITC (TA instruments, Bangalore, IN). All reagents and peptides were 
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dissolved in 10 mM phosphate buffer at pH 7.4 and degassed. A sample cell (volume 182 

μl) containing 0.5 mM VR18 peptide was titrated against P. aeruginosa LPS from a stock 

solution of 0.025 mM at 298 K. A total of 20 injections were carried out at an interval of 2 

min with 1μl of LPS aliquots per injection. The raw data was plotted using NanoAnalyze 

3.7.5 software supplied with the instrument. An independent model was used to analyze 

the dissociation constant (Kd), and the change in the heat of enthalpy of interaction (ΔH), 

free energy of binding (ΔG) and entropy (ΔS) were evaluated using the equations ΔG = -

RT ln Kd and ΔG = ΔH – TΔS, respectively. 

4.2.12. Circular dichroism analysis 

Circular Dichroism (CD) of VR18 peptide was done in P. aeruginosa LPS. The 

spectra were recorded in a Jasco J-815 spectrophotometer (Jasco International Co., Ltd. 

Tokyo, Japan) equipped with a Peltier cell holder and temperature controller unit accessory. 

Stock solutions of peptide and LPS were prepared in 10 mM phosphate buffer (pH 7.4). 

The CD data was obtained at 28 °C in a 0.5 cm Quartz cuvette using the final concentration 

of peptide set at 25 μM and titrating with increasing concentration of LPS (12.5-50 M) 

micelles. The spectral range was set at 190 to 260 nm with 1 nm data pitch and averaging 

3 accumulations. The buffer subtracted spectral data obtained in milli degrees were 

converted to molar ellipticity (θ) (deg cm2 dmol-1), using equation (2) as described in 

chapter 2.  

4.2.13. NMR experiments 

All solution NMR experiments were done at 298 K on a Bruker Avance III 500 

MHz equipped with a 5 mm SMART probe and 700 MHz NMR spectrometer equipped 

with a 5 mm RT probe. NMR samples were prepared in 10% deuterated water (pH 4.5) and 

3-(Trimethylsilyl) propionic-2,2,3,3-d4 acid (TSP) sodium salt was used as an internal 

standard (0.00 ppm). Two-dimensional 1H-1H total correlation spectroscopy (2D TOCSY), 

and two-dimensional 1H-1H Nuclear Overhauser effect spectroscopy (2D NOESY) was 

recorded for the VR18 peptide with a mixing time of 80 ms and 150 ms, respectively and 

spectral width of 12 ppm in both directions. The number of scans were fixed to 20 and 40 

for TOCSY and NOESY experiments, respectively. The recycle delay (D1) for both the 

experiments was set to 1.5 sec with 456 increments in the t1, and 2048 data points in the t2, 

dimensions along with states time-proportional phase incrementation (TPPI) for quadrature 

detection in t1 dimension and excitation-sculpting scheme for water suppression were used 

to record both the experiments [171]. Next, the interaction of the peptides upon successive 
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titration with P. aeruginosa LPS bicelles or E. coli total lipid extract (TLE) bicelles were 

monitored by 1D proton NMR acquired using an excitation-sculpting scheme for water 

suppression and the States-TPPI for quadrature detection in the t1 dimension [223]. 

Consequently, 2D TOCSY and transferred NOESY (trNOESY) spectra of the peptide in 

the context of LPS or E. coli TLE bicelles were acquired with 80 ms and 150 ms mixing 

time, respectively. Data processing and analysis were carried out using TopspinTM v3.1 

software (Bruker Biospin, Switzerland) and Sparky[124] software, respectively. LPS and E. 

coli TLE bicelles were made as described previously [171,224]. Briefly, 2 mg of P. 

aeruginosa serotype 10 LPS or E. coli TLE were measured and mixed separately with 1.5 

mg of CHAPSO. 10 mM phosphate buffer (pH 7.4) with 150 mM NaCl was used for 

hydration and the lipid/detergent ratio (q-ratio) was kept between 0.25 to 0.3. After 3 h of 

hydration, the mixed solution was subjected to five freeze-thaw cycles and used for further 

assays. 

4.2.14. Sample preparation for solid-state NMR 

For 31P solid-state NMR, 5 mg/ml of the lipids from the specified ratio were used 

as previously described.[170] The lipid samples were dried under a stream of nitrogen and 

then subjected to lyophilization overnight to eliminate any residual solvent. The films were 

prepared in a small glass vial. The lipid films were hydrated by adding 50 µl Tris buffer 

(pH 7.4) and were vortexed for 5 min at ambient temperature and freeze-thawed using 

liquid nitrogen at least five times to ensure the uniform size of the vesicles. The VR18 

peptide was added to the buffered vesicle solution at appropriate weight (for either 2 or 4 

mol %), and the final volume was adjusted to 100 µl for each solid-state NMR experiment.  

4.2.15. Live cell NMR 

Live cell 1D 1H NMR experiments were done with 0.5 mM VR18 peptide dissolved 

in 90% 10 mM Phosphate Buffer (pH 6.5) and 10 % D2O. Overnight stationary phase P. 

aeruginosa 6294 cells were sub-cultured to get log phase cells. The cells were then 

collected by centrifuging at 5500 rpm for 5 min and washed twice with the same buffer and 

a final 600 μl of 1 O.D630 cell concentration I was taken for the experiment. First, a free 1D 

1H NMR spectrum of the VR18 peptide was obtained in a Bruker Avance III 500 MHz 

NMR spectrophotometer (equipped with smart probe). Then the peptide was added to the 

cell. A series of 1D 1H NMR spectra were obtained over 4 h. Cells in the NMR tube were 

monitored every 15 min and mixed thoroughly to stop the sedimentation. New peaks were 
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observed after 5-10 min as a result of the efflux of metabolites. The number of scans was 

48 and the recycle delay was 2 sec for every 1D spectra. 

4.2.16. 31P solid state NMR 

NMR experiments were performed on an Agilent NMR spectrometer (DD2) 

operating at the resonance frequency of 699.88 MHz for 1H and 283.31 MHz for 31P and 

equipped with a 4 mm MAS HXY Solid Probe (Agilent). 31P NMR experiments were 

performed using a single 90° pulse and 24 kHz TPPM proton decoupling. The π/2 pulse 

lengths were 6.8 μs for the 31P nucleus. MLVs were kept in a 4 mm Pyrex glass tube, which 

was cut to fit into the MAS probe, and sealed with parafilm. An Agilent temperature control 

unit was used to maintain the sample temperature at 298K. 31P spectra were collected with 

256 scans and a recycle delay of 2 s and referenced externally to 85% phosphoric acid (0 

ppm) [170]. All the spectra were processed with MestReNova software (Ver 8.1) with 250 

Hz line broadening. 

4.2.17. NMR derived structure calculation 

For calculation of the LPS bicelle-bound three-dimensional structure of the peptide, 

the volume integrals of the respective nuclear Overhauser effect (NOE) cross-peaks were 

qualitatively differentiated into strong, medium and weak, depending on their intensities in 

the trNOESY spectra. This information was further transformed to inter-proton upper 

bound distances of 3.0, 4.0 and 5.0 Å for strong, medium and weak, respectively, while the 

lower bound distance was fixed to 2.0 Å. The backbone dihedral angles of the peptides, phi 

(φ) and psi (ψ) were kept flexible (-30° to 120º and 120 º to -120°, respectively) for all non-

glycine residues to limit the conformational space. CYANA program v2.1 was used for all 

structure calculations with iterative refinement of the structure based on distance violation 

[179]. Hydrogen bonding constraints were excluded from structure calculation. The NMR-

derived ensemble structures were analyzed using PyMOL and their stereochemistry was 

checked using Procheck [225]. 

4.2.18. Calculation of dynamics of the NMR derived structure 

The 15N relaxation parameters R1, R2 and [1H]-15N steady-state heteronuclear NOE 

(hetNOE) were measured on the Bruker Avance III 700 MHz NMR spectrometer using 1.0 

mM solution of the selectively 15N-labelled VR18 peptide prepared in 90% H20 and 10% 

D2O solution (pH 4.5) [215]. Following this, the relaxation experiments were carried out 

using the 1H-15N two-dimensional sensitivity-enhanced heteronuclear single quantum 

correlation (HSQC) based pulse sequences. The complete set of R1, R2 and hetNOE data 
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sets were recorded at 298 K with 1024 (t2) and 256 (t1) complex data points, respectively, 

along the 1H (SW = 12 ppm, offset = 4.701 ppm) and 15N (SW = 22 ppm, offset = 117.5 

ppm) dimensions. All these spectra were processed and analyzed using TopspinTM software 

suite. Each R1 and R2 data sets were collected using 8 scans and a recycle delay of 2.5 sec. 

For R1 measurements, the following relaxation delays were used: 10, 50, 90, 150, 250, 350, 

550, 770, 990 and 1100 ms. For R2 measurements the following relaxation delays were 

used: 0.00, 16.96, 33.92, 50.88, 67.84, 101.76, 135.68, 169.60, and 237.44 ms. The R1 and 

R2 values with their errors were extracted using MATLAB program “Relaxation Decay” 

developed in MathWorks Inc. Steady-state [1H]-15N hetNOE measurements were carried 

out with a proton saturation time of 3 s and a relaxation delay of 3 s. For the experiment 

without proton saturation, the relaxation delay was set to 6 s. The NOE intensities for every 

residue were calculated as Isat/Iref, where Isat and Iref are intensities of the peaks in the HSQC 

spectra, with and without proton saturation, respectively. 

4.2.19. In vitro treatment of human corneal epithelial cells infected with P. aeruginosa 

PAO1. 

Human corneal epithelial cells (HCECs) (1x104 cells/well) were cultured overnight 

in 96-well plates at 37 °C and in the presence of 5% CO2. Cells were infected with P. 

aeruginosa PAO1 at a multiplicity of infection of 10 (Cells: bacteria, 1:10) and incubated 

in presence or absence of VR18 for 4 h. The viability of P. aeruginosa PAO1 was 

determined by measuring the absorbance at OD600. The bacterial supernatant was then 

removed, cells were washed twice with 1x PBS and the viability of HCECs were 

determined by MTT assay [226]. This assay was done in LV Prasad Eye Institute, 

Hyderabad, India 

4.2.20. Ex vivo treatment of human cornea infected with P. aeruginosa PAO1. 

Ex vivo corneas were cleaned and kept in antibiotic-free media for 24 h. Corneas 

were scratched with a scalpel and infected with 105 CFU/ml of PAO1 (n = 3). 50 µM VR18 

peptide was added at the time of infection in 3 other corneas. 24 h post-infection, corneas 

were washed with PBS and homogenized and plated by serial dilutions and colonies were 

counted after overnight incubation. This experiment was performed in the LV Prasad Eye 

Institute, Hyderabad, India. 

4.2.21. Murine models of corneal infection. 

The Institutional Animal Ethics Committee approved this study, which was carried 

out at the LV Prasad Eye Institute in Hyderabad (Institutional Animal Ethics Committee, 

Vivo Bio Tech Ltd.; Study Number: 18/0077). C57BL/6 mice (6-8 weeks old) were 
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anesthetized by intraperitoneal injection of ketamine (8.7 mg/ml) and xylazine (0.5 mg/ml) 

at a dose of 0.01 ml/g body weight and the corneal epithelium was abraded with three 

parallel 1 mm scratches using a 26-gauge needle and separated in two random groups. An 

aliquot of 3 μl containing approximately 1x105 PAO1 was added topically to one eye, and 

1x PBS was added to the fellow eye of one group. To the second group, 5 μl of 50 μM of 

VR18 was added immediately after the addition of PAO1. The second dose of VR18 was 

added topically 6 h post-infection to the second group. Mice were euthanized and examined 

for corneal opacification, ulceration, or perforation 24 h post-infection. Clinical scores for 

the opacity were determined in a blinded fashion according to a scale earlier reported.[185] 

To measure colony forming units (CFUs), whole eyes were homogenized in sterile 1x PBS 

using a tissue homogenizer (Genetix Biotech, Hyderabad, India) and serial dilutions were 

plated on LB agar plates, and cfu was counted manually. All animals were housed in 

pathogen-free conditions in microisolator cages and were treated in accordance with the 

guidelines provided in the ARVO Statement for the Use of Animals in Ophthalmic and 

Vision research.  

4.2.22. Reactive oxygen species (ROS) measurements from VR18 treated P. aeruginosa. 

Bacteria and reagents: P. aeruginosa 15692GFP strain was grown aerobically in Luria-

Bertani (LB) broth at 37 °C overnight. ROS-sensing dye, CM-H2DCFDA (2',7'- 

dichlorodihydrofluorescein diacetate) was obtained from Invitrogen™ Molecular 

Probes™, oxidant, terbutyl hydrogen peroxide (tbH2O2) was obtained from Fischer 

scientific, and VR18 peptide was obtained from Genscript [227]. 

Measurement method: ROS measurement was performed in the University of Texas Rio 

Grande Valley, TX, USA, at room temperature with the PTI EasyRatioPro system 

(HORIBA Scientific). Log-phase cultures of P. aeruginosa were incubated with 10 µM 

ROS-sensing dye, CM-H2DCFDA in Tyrode’s solution (145 mM NaCl, 5 mM KCl, 2 mM 

CaCl2, 1 mM MgCl2, 10 mM Glucose, and 20 mM HEPES, pH 7.4) for 1 h in the dark. 

Following incubation, the bacteria were washed twice to remove the excess dye. A small 

drop of ~30 µl of the bacterial suspension was placed on a glass coverslip and 0.5% agarose 

pad of 0.7 x 0.7 cm was placed on top of the bacteria. The imaging was performed on an 

Olympus IX71 inverted microscope attached to PTI EasyRatioPro system. A change in 

fluorescence was recorded with EasyRatioPro software with an excitation wavelength at 

494 nm and an emission wavelength at 520 nm. All the chemicals such as VR18, tbH2O2 
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(1 M) of 5 µl were dropped into the side of the agarose pad during the live measurements 

to test their effect on the intracellular ROS generation [228]. 

4.3. Results and discussion 

4.3.1. Peptide designing 

Previous studies on a dengue viral fusion peptide, VG16 

(VDRGWGNGCGLFGKGG), chiefly responsible for host endosomal membrane fusion 

with viral envelope and subsequent progress of infection, led to the identification of 

VG16KRKP (VARGWKRKCPLFGKGG) as a potent antimicrobial peptide [169]. 

Structural insights into the three-dimensional LPS-bound structure of VG16KRKP 

revealed a hydrophobic triad formed by Trp5, Leu11, and Phe12, stabilizing a loop or turn-

type structure with a fairly flexible C-terminal end that was not seen to participate in the 

stabilizing interactions. Based on this, a second-generation peptide, VG13P 

(VARGWGRKCPLFG) [215] was subsequently designed by removing the last three 

residues. In addition, Lys6 was replaced with a Gly to enhance the hydrophobic interactions 

stabilizing the structure. Simultaneously, previous reports of structural studies on Bovine 

Lactoferrin-derived AMP (residues 265 to 284), named WR17 

(WKLLSKAQEKFGKNKSR), revealed that its N-terminal ‘KNKSR’ motif was chiefly 

responsible for anchoring to LPS [229]. The detailed structural information depicting the 

incorporation of this peptide into LPS was chiefly driven by the K13xK15xR17 motif at 

the N-terminus that acted as an anchor. This novel anchoring “K13NK15SR17” motif was 

fused with VG13P at the N- or C-terminal end to give rise to two peptides, namely KG18 

(KNKSRVARGWGRKCPLFG) and VR18 (VARGWGRKCPLFGKNKSR) respectively, 

with a view to achieve enhanced antimicrobial properties (Scheme 4.1). The MIC analysis 

with P. aeruginosa (ATCC 27853) and C. albicans (SC5314) showed that both the peptides 

have similar activity (Table 4.1). 



 
 

 

121 Chapter IV 

 

Scheme 4.1. (A) The virus fusion peptide VG16 (highlighted by box) from in the X-ray crystal 

structure of Dengue virus envelope protein (1OAN.pdb). (B) VG16 was further modified by the 

addition of ‘KRK’ stretch in the loop region to generate 16-residues VG16KRKP that had an overall 

amphipathic structure and showed potent antimicrobial activities. In order to generate a shorter and 

more potent analogue, the C-terminal ‘KGG’ residues were removed to give (C) 13-residues 

VG13P peptide, which showed higher endotoxin effects compared to its precursors. A parallel study 

on a second 17-residues peptide, WR17 (D), led to the identification of a key motif form by the 

‘KNKSR’ stretch, which was responsible for its potent activity. Therefore, this KNKSR stretch was 

incorporated at the N- and C- terminal of VG13P, giving rise to two highly potent 18-residues 

peptide, namely KG18 and VR18. (E) The amino acid sequences of the respective peptides are 

shown. 

Table 4.1. MIC99% (M) values against P. aeruginosa (ATCC 27853) and C. albicans 

(SC5314).  

Organism VG16KRKP VG13P WR17 KG18 
WS2-

KG18 
VR18 

WS2-

VR18 

P. aeruginosa > 100 M >100 M 9.5 M 5 M 2.5 M 5 M 2.5 M 

C. albicans 2 M 5 M 25 M 5 M 2.5 M 5 M 2.5 M 

 

4.3.2. Interaction of VR18 with invasive Pseudomonas aeruginosa 

Since both KG18 and VR18 peptides showed similar activity (5M) against P. 

aeruginosa (ATCC 27853), we continued with only VR18 in the subsequent experiments 

for this chapter. We explored the efficiency of VR18 against two invasive P. aeruginosa 

strains (6294 and PAO1) which are widely used for the model organisms for bacterial 
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keratitis studies [230,231]. In the next chapter, the complete biophysical analysis is done 

using P. aeruginosa (ATCC 27853) and C. albicans (SC5314). 

In order to check the in vitro activity of VR18, a micro broth dilution assay was 

prepared by using P. aeruginosa 6294. This showed that the VR18 killed the pathogen in 

a dose-dependent manner with ~80% and 99% bacterial cell death at 5 M and 10 M 

concentrations, respectively (Figure 4.1 (A)).  

 Next, to understand the interaction between the peptide with the P. aeruginosa 6294 

strain, several biophysical approaches were taken to understand the mechanism of action 

of VR18. Firstly, the zeta potential of the bacterial membrane was checked in the absence 

and presence of the peptide to observe any alterations on the bacterial cell surface. Zeta 

potential is defined by the electrical potential difference between solid surfaces that are 

submerged in a colloidal suspension [216]. The surface potential of the bacterial cells play 

a significant role in the maintenance of the cellular function and also provides useful 

information about cell surface characteristics [232]. It has been reported that the membrane 

targeting agents that alter the membrane integrity also changes the zeta potential of the cell 

surface [232]. This technique can identify the microbial surface targeting agents that act via 

neutralizing the membrane potential. Previous studies have shown that the Gram-negative 

microbial cells have a higher negative zeta potential value due to the presence of LPS 

molecules on their outer membrane [216]. Figure 4.1 (B) showed the live-cell zeta potential 

analysis of the P. aeruginosa 6294 cells at different concentrations of the VR18 peptide. 

The average surface charge of the bacterial cells in phosphate buffer was around -32 mV 

in the absence of the peptide. This negativity of the surface potential was decreased 

sequentially with increasing concentration of the VR18 peptide and became -17.2 mV at 

15 μM (1.5x MIC) concentration, which suggests that the peptide actually neutralizes the 

negatively charged LPS molecules via electrostatic interactions between positively charged 

Lys and Arg residues.  
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Figure 4.1. (A) Micro broth dilution assay showing MIC99% at 10μM concentration of VR18 against 

P. aeruginosa 6294. (B) Measurement of zeta potential of the bacterial cells in presence of different 

concentration of VR18. (C) Cell membrane permeabilization assay by using propidium iodide (PI) 

as a probe. The fluorescence spectra showed immediate increment after the addition of VR18 at 2.5 

M, 5 M and 10 M concentrations. 10 M polymyxin B was used as a positive control. (D) Live 

cell NMR analysis of the P. aeruginosa 6294 cells in absence and presence of 1 mM VR18 peptide. 

(E) the averaged Raman spectra of the free bacteria, free VR18 and the bacteria treated with 1x and 

2x MIC of VR18, respectively, showing several peaks which originated from the lysed bacterial 
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cell after the treatment of the peptide. (F) MTT assay of HCEC cells at 2x, 5x and 10x MIC of 

VR18. The error bars represent the ±SD. N.S- Not significant. 

This finding also suggests that the initial binding of the peptide occurs on the 

bacterial cell surface and not via any passive insertion or ion-channel mediated 

incorporation into the microbial cells. Of note, 10 μM polymyxin B was used as a positive 

control because it kills 99% of the microbial cells at this concentration, but it showed -25.8 

mV zeta potential, which is less compared to the zeta potential value (-19.8 mV) of VR18 

at its 1x MIC concentration. This suggests that the mode of action of polymyxin B and the 

VR18 peptide are different in the presence of Gram-negative bacterial cells. 

 To probe the target of the VR18 on the microbial cell surface and to understand the 

mode of action, propidium iodide (PI) uptake assay was performed [233]. PI, a membrane-

impermeable nucleic acid (DNA/RNA) binding fluorescent dye, generally used to 

differentiate between apoptotic, necrotic, and healthy cells based on membrane integrity 

[234]. The time-dependent PI uptake assay with live P. aeruginosa 6294 cells treated with 

different concentrations of VR18 (0.25x, 0.5x and 1x MIC) showed a stepwise increment 

of PI fluorescence intensity which was compared with a positive control, 10 μM polymyxin 

B (Figure 4.1 (C)). These data indicate that the outer and inner cell membranes of the 

bacterial cells were compromised. The polymyxin B, showed a sigmoidal increment of the 

graph, whereas the peptide exhibited an exponential graph pattern which indicates that the 

rate of activity of the VR18 peptide is instant and much faster compared to the polymyxin 

B. 

In order to correlate this data, live-cell one dimensional proton (1H) NMR 

experiment was done by using a 1 mM peptide solution against 1x108 number of P. 

aeruginosa 6294 cells in 10 mM phosphate buffer (pH 6.5) at 25 °C. The high concentration 

of the peptide (1 mM) caused immediate lysis of the bacterial cells, as shown previsouly 

[169], which results in an increasing concentration of cellular metabolite release into the 

peptide solution. The metabolite peaks of the compromised cells have been observed within 

5-10 min as compared to the control spectrum of bacterial cell suspension as well as the 

spectrum of the free peptide, as shown in Figure 4.1 (D). The new peaks from the lysed 

bacterial cells increased gradually with time (Figure 4.1 (D)). The above observations 

indicate that the microbial cell membrane is the primary target for the peptide. 
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Table 4.2. The peaks developed in the Raman spectra after the treatment of VR18 on P. aeruginosa 

cells. 

Peak  

(cm-1) 

Assignment* 

Cell DNA/RNA Proteins Lipids Carbohydrates Carotenoids 

780 U, C, T 

ring br. 

Ring br. Trp    

878   C-C-N+ sym. 

str. 

C-O-C ring  

933  C-C bk. Str. 

a-helix 

 C-O-C glycos  

1002  Sym. Ring 

br. Phe 

  C-CH3 def 

1039  C-H in plane 

Phe 

   

1095 DNA PO2
- 

back 

    

1104 PO2
- str. 

Sym. 

  C-C str. C-O-C 

skeletal str. 

Glycosidic link of 

saccharides 

 

1124    C-C str. C-O-C 

skeletal str. 

Glycosidic link of 

saccharides 

 

1212  Amide III, C-

C6H5 str. 

Phe, Trp 

   

1313   CH def. CH def.  

1449 G, A CH def. CH def. CH def.  

1530     C=C str. 

1580 DNA Amide II  COO- str. Asym.  

1658  Amide I    
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Since the one dimensional NMR experiments suggested that the P. aeruginosa cells are 

getting disrupted in the presence of a higher concentration (1 mM) of VR18 peptide, we 

further showed that the lytic effect of the VR18 peptide also occurs at its MIC concentration 

(10 M). Live cell Raman spectroscopy was utilized in this case to understand this 

phenomena. Raman spectroscopy identifies changes in the vibrational and rotational 

spectra of large molecules [235]. In this study, the effect of the VR18 peptide was 

investigated against the P. aeruginosa 6294 strain.  

 Figure 4.1 (E) showed the averaged Raman spectra of the free cells, VR18 and the 

cells treated with 1x and 2x MIC of VR18, respectively. The vibrational bands typical for 

nucleic acids, proteins, lipids, and carbohydrates are detailed in Table 4 [218]. The spectrum 

of the free peptide did not overlap with the spectrum of the untreated bacterial cells, and 

peaks of the treated sets were independent of the individual peptide peaks. Several 

prominent peaks in the VR18 treated cells matched with the vibrational modes of 

phenylalanine (1002 cm−1) and amide I (1658 cm−1) in proteins. The sharp band at 1449 

cm−1 which shows CH deformations can be assigned to polysaccharides, lipids as well as 

proteins, which are all components of bacterial cell membranes. The Raman spectrum 

obtained from the nucleus of P. aeruginosa 6294 cells is characterized by bands at 780 

cm−1 (uracil, cytosine and thymine), 1095 cm−1 (DNA, PO4
3- stretching), and 1574 cm−1 

(guanine and adenine). The peak at 1124 cm−1 could be associated with the stretching 

vibration from symmetric glycosidic linkages (C-O-C) and the ring breathing mode of 

polysaccharides or C-C stretching vibrations. The increment of the above-mentioned peak 

intensities with increasing concentration of the peptide further suggest that the cellular 

compartment of the bacterial cells is compromised, and the molecules have been released 

from the microbial cells. 

The subsequent concern was to check any adverse effect of the peptide against 

human corneal epithelial cells (HCEC). An MTT dye reduction assay[44] was done to check 

the toxicity of the peptide on HCEC in the presence of 2x, 5x and 10x MIC of the VR18 

[226]. The results show there are 90% viable HCEC cells at 10x MIC after 4 h exposure, 

which indicates that the peptide acts selectively on bacterial cells but is not active against 

human corneal epithelial cells (Figure 4.1 (F)). 
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Figure 4.2. (A) (i) Solid state 31P NMR of the 3:1 POPE/POPG LUVs show immediate thickening 

of the spectrum at around 0 ppm (marked area). All the 31P NMR spectra were normalized to 1 for 

the highest peak intensity. (ii) On the contrary, LUVs made of POPC with 40% Cholesterol 

mimicking the eukaryotic membrane showed no changes. (B) (i-ii) Phase contrast microscopy of 

GUVs in absence and presence of the VR18 showed bursting of the vesicles with time. (C) Bar 

graph showing calcein dye leakage assay using the bacterial inner membrane mimicking vesicles. 

(D) Time-dependent ionic conduction responses in sparsely tethered bilayer lipid membranes 

composed of 3:1 POPE/POPG and 6:4 POPC/Cholesterol membranes in presence of VR18 peptide. 

The error bars represent the ±SD of n=3 membranes. 
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Figure 4.3. (A) ITC analysis of VR18 peptide in the presence of P. aeruginosa LPS. ITC 

thermogram obtained at 25°C. A total of 20 injections of P. aeruginosa LPS were made, at an 

interval of 2 min, into VR18 solution and the heat exchange was measured. The data were fitted by 

the non-linear least-squares minimization method subsequent to the correction for the heats of 

dilution for P. aeruginosa LPS. (B) CD analysis of VR18 in the presence of the P. aeruginosa LPS 

showed the change of the spectra from random coil to a folded conformation. 

4.3.3. Probing the membrane specificity of the VR18 peptide 

To further demonstrate the selective membranolytic nature of the VR18 peptide, 

model bacterial and eukaryotic membranes were prepared by using 3:1 POPE/POPG and 

6:4 POPC/Cholesterol (CHL), respectively (described in the experimental section).[126] 

Solid-state NMR spectroscopy was employed to monitor the interactions between lipid 

bilayers and the VR18 peptide by using the 31P nucleus on the phospholipid headgroup. 

Solid-state 31P NMR spectroscopy is an important technique for studying the different 

phases formed by model phospholipid membranes [170]. The form of 31P NMR spectrum 

has different characteristics for different lipid phases, such as gel and liquid crystal lamellar 

phase, inverted hexagonal phase and isotropic phase (such as small vesicles or micelles) 

[236]. The vesicles composed of 3:1 POPE/POPG and POPC with 40% cholesterol (6:4 

POPC/CHL) showed a typical powder pattern of liquid crystal lamellar phase (parallel edge 

at ~30 ppm and perpendicular edge around -15 ppm) of 31P spectra, as shown in Figure 4.2 

(A) (i-ii) in black line. There was no liquid domain separation, suggesting that the lipids 

are distributed almost homogeneously in the vesicles of liquid-crystalline L phase. 

Compared to the peptide free spectrum, the spectra of the 3:1 POPE/POPG vesicles with 
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VR18 showed changes in the relative intensities at the parallel edges (~30 ppm) and 

perpendicular edges (~-15 ppm). This indicates that the peptide interacted with lipids and 

changed the shape of the vesicles to flattened shape, having an increased number of the 

lipid molecules of parallel orientation relative to the external magnetic field (Figure 4.2 (A- 

(i)). However, no disruption of the vesicle into small vesicles or micelles was observed as 

there was no isotropic peak obtained at this concentration of the peptide. Surprisingly, the 

addition of the peptide caused immediate precipitation of the vesicles in the NMR tube as 

shown in the inset image (Figure 4.2(A)), which resulted from increased electrostatic 

interaction between the peptide and the POPG lipid molecules. This might be the reason to 

change the 31P spectral shape. On the other hand, the vesicles containing 40% cholesterol 

showed negligible changes with 2 and 4 mol% peptide as shown in Figure 4.2 (A- (ii)), 

since the zwitterionic POPC lipid does not interact with the charged peptide. It is 

noteworthy that the presence of cholesterol molecules also increases the acyl chain order 

of the vesicles, which subsequently increases its endurance against different AMPs [158]. 

These observations suggest that the peptide selectively interacted between POPE and 

POPG lipids due to the electrostatic interaction with oppositely charged headgroups of PG 

lipids. 

The activity of VR18 peptide towards the bacterial model membrane was further 

examined by the dye release assay and the phase contrast microscopy using large 

unilamellar vesicles (LUVs) and giant unilamellar vesicles (GUVs), respectively, while 

keeping the same lipid composition as described above. To visualize the lytic action, GUVs 

filled with 100 mM sucrose solution were employed inside of 105 mM glucose solution to 

create the phase difference of the incident light in the phase contrast microscope that helps 

to visualize the vesicles [178]. The addition of VR18 peptide results in a time-dependent 

burst of the GUVs within 15 min of the treatment as compared to the control GUVs (Figure 

4.2 (B) (i-ii)). Likewise, LUVs filled with calcein dye were used to check the dye leakage 

by using fluorometric analysis. Figure 4.2 (C) showed a concentration-dependent intensity 

increment of the calcein dye with 10% to 60% leakage at 1 M and 50 M, respectively. 

This indicates that the peptide is capable of interacting with negatively charged membranes 

and subsequent disruption increases the free calcein molecules outside the vesicles that 

increases the intensity of the spectrum. These biophysical studies using model lipid vesicles 

suggests that the VR18 peptide specifically interacts with the lipid bilayer that mimics the 

microbial membrane. 
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Table 4.3. The thermodynamic parameters obtained in the ITC analysis of VR18 in presence of 

LPS. 

Thermodynamic parameters VR18 – P. aeruginosa LPS 

KD (M) 2.65 × 10-6 ± 6.46 × 10-7 

KA (M-1) 3.77 × 105 

n (number of binding sites) 1.36 ± 0.037 

∆H (kJ/mol) -71.89 ± 2.97 

∆S (J/mol. K) -134.3 

∆G (kJ/mol) -31.83 

 

In order to gain insight of the lipid-peptide interaction from the electrical properties 

of the two different membrane models with the VR18, a further analysis was done using 

sparsely tethered bilayer lipid membranes (stBLMs) in conjunction with electrical 

impedance spectroscopy [221,222]. Figure 4.2 (D) shows a time-course of membrane 

interactions of the VR18 peptide at increasing concentrations, with subesquent wash steps 

between each incresaing dose. Relatively small increases in membrane conduction, typical 

of an alteration in membrane packing, can be seen in both 3:1 POPE/POPG and 6:4 

POPC/CHL model membranes in response to the peptide. The membrane conduction does 

not return to a baseline following each wash step which suggests that the peptide has a slow 

off-rate – a sign that it has the potential to accumulate at lipid membrane surfaces. It is 

feasible that this accumulation could be responsible for the lytic activity of the peptide seen 

in the GUV experiments. At lower concentrations of the peptide (2 – 5 μM), relative 

conductance changes are greater in the bacterial membrane mimic (3:1 POPE/POPG), 

suggesting an attraction to these negatively charged lipid headgroups which correlate with 

the previous findings. 

As a Gram-negative bacterium, P. aeruginosa has a cytoplasmic membrane with a 

symmetric phospholipid bilayer and an asymmetric outer membrane with an inner surface 

of phospholipids and an outer layer that incorporates lipopolysaccharide (LPS), creating a 

permeation barrier. Since the peptide first interacts with this macromolecule on the 

microbial cell, isothermal titration calorimetry was done at room temperature to gain insight 

about the thermodynamic parameters of the interaction between the VR18 and the P. 

aeruginosa LPS. The results shown in Figure 4.3 (A) and Table 4.3 suggests that the 

binding of the peptide with LPS molecules is at micromolar concentration (KD = 2.65 × 10-
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6 ± 6.46 × 10-7 mol/L) and the process is an enthalpy (ΔH) driven mechanism, favouring a 

spontaneous interaction (-ΔG) (Figure 4.3 (B)). 

 

Figure 4.4. (A-B) Bar and histogram plot of VR18 showing intra, sequential, medium- and long-

range NOEs in P. aeruginosa LPS (i) and E. Coli TLE bicelle (ii) bound form of the peptide. 

 

Figure 4.5. (A-C) Left and right panel shows the LPS bicelle or TLE bicelle bound solution NMR 

structures of VR18 (PDB IDs: 7VQI and 7VQH). (A) Backbone (Blue) and all states of the 20 

ensemble lowest energy structures showing rigid structure with tight backbone packing. (B) 

Cartoon representation of the single structures showing the separation between charged (blue lines) 
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and hydrophobic (ball and stick model) residues. The positively charged residues maintained a clear 

separation of 12-15 Å or <10 Å between their hydrophilic head groups, which was comparable to 

the distance between LPS phosphate head group or PG headgroups (TLE). (C) the electrostatic 

surface potential of the complex bound to LPS or TLE at an angle of 180° also showed the clear 

delineation of the surface charge distribution, which was generated with MOLMOL software. (D) 

Overlaid structures of LPS bicelle and TLE bicelle bound VR18 peptide. 

4.3.4. Deciphering the atomistic information of the peptide-membrane interaction 

To gain insight into structural aspects of the VR18 peptide, high-resolution NMR 

spectroscopies were performed [237,238]. Since the KD value obtained from the ITC 

experiment was in the micromolar range (KD ~ 2.65 M), transferred NOESY (trNOESY) 

experiments were performed in the presence of bicelles made of P. aeruginosa LPS and E. 

coli total lipid extract (TLE). trNOESY is a widely used experiment to determine the 

conformation and orientation of a ligand bound to a macromolecule [239]. Although the 

methodology applied may be used to determine the three-dimensional structure of the 

peptide in the context of a live cell, the release of metabolites within a few min of treatment 

restricted us from employing it in the presence of live P. aeruginosa 6294 cells. Instead, 

bicelles made of P. aeruginosa LPS and E. coli TLE (Appendix IV, composition shown in 

Table S4.1) were used to mimic the outer and inner membrane of the bacterial cell, 

respectively. The NOESY spectra of the free peptide did not exhibit pronounced NOEs 

except for certain intra- (i, i) or sequential (i, i+1) NOEs, indicating that the free peptide 

remains highly dynamic (Appendix IV, Figure S4.1 (A)). This was also confirmed by CD 

spectroscopy (Figure 4.3 (C)). Addition of 1-15 l bicelles to the peptide resulted in 

concentration-dependent line broadening, without affecting the chemical shift in its one 

dimensional (1D) proton NMR spectra (Appendix IV, Figure S4.1 (B)). Similarly, the CD 

spectra also showed changes in the far UV absorbance, indicating adaptation of the 

secondary structure in presence of LPS (Figure 4.3 (C)). Thus, when the free peptide 

interacts with macromolecules (here bicelles), they undergo a fast to intermediate exchange 

with the bicelle-bound form under the NMR time-scale. Such a situation is ideal for 

trNOESY experiments to determine the three-dimensional structure of the peptide in the 

presence of the bicelles. The trNOESY spectra of the VR18 peptide in presence of the 

bicelles are summarized in Table 4.4 and Figure 4.4. A large number of intra- and sequential 

(i, i+1) NOEs were observed in both the cases. Several unambiguous medium range (i, 

i+2/i+3/i+4) NOEs were also observed in between Gly-4/Arg-7, Trp-5/Cys-9, Gly-13/Asn-

15 and Gly-13/Lys-16 in the presence of both bicellar systems, except the NOEs between 
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Gly-4/Gly-6 was observed in case of P. aeruginosa LPS bicelle (Figure 4.4 and S4.2, 

Appendix IV) and Ala-2/Gly-4 was observed in case of E. Coli TLE bicelles (Figure 4.4). 

This indicates that the peptide gets a folded conformation from random coil structures in 

presence of the bacterial outer- and inner-membrane environment. Moreover, several long-

range NOEs (i, i+5) between Trp-5/Phe-12 and Arg-7/Lys-16 also suggests that the 

peptide VR18 adopts an amphiphilic structure in the presence of negatively charged 

membranes (Figure 4.4 and S4.2, Appendix IV).  

Table 4.4. The E. coli Total Extract Phospholipid Profile derived from the website of Avanti 

polar Lipids. 

VR18 P. aeruginosa LPS E. coli TLE 

Distance restraints 

Intra residue (i – j = 0) 

Sequential (|i – j| = 1) 

Medium range (2 ≤ |i – j| ≤ 4) 

Long range (|i – j| ≥ 5) 

Total 

 

29 

36 

5 

6 

76 

 

31 

50 

5 

5 

91 

Angular restraints 

Φ 

Ψ 

 

15 

15 

 

15 

15 

Distance restraints from violation (≥0.4 Å) 0 0 

Deviation from mean structure (Å) 

Average backbone to mean structure 

Average heavy atom to mean structure 

0.48 ± 0.14 

1.23 ± 0.23 

0.80 ± 0.19 

1.51 ± 0.13 

% residues in Ramachandran plot* 

most favored and additionally allowed region 

generously allowed region 

disallowed region 

 

83.3 

16.7 

0.0 

 

58.3 

41.7 

0.0 
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Using NOE-based distance constraints, we generated 20 ensemble structures of VR18 in P. 

aeruginosa LPS bicelle and E. coli TLE bicelle (Figure 4.5 (A) (i-ii)), demonstrating that 

the peptide adopts an amphipathic structure by clearly separating positively charged Lys 

and Arg residues from hydrophobic residues such as Val, Leu, and Phe (Figure 4.4). Closer 

inspection between the structures highlighted a marked difference between the position of 

the positively charged residues. The N-terminal Arg-3, Arg-7 and Lys-8 and the C-terminal 

K14xK16xR18 moiety of the LPS bound structure maintained a distance of 10-15 Å which 

closely correlates with the distance between two terminal phosphate groups of LPS (Figure 

4.5 (B) (i)). On the other hand, the C-terminal K14xK16xR18 moiety only maintained a 

certain distance while the N-terminal Arg-3, Arg-7 and Lys-8 residues stayed closely within 

10 Å (Figure 4.5 (B) (ii)). The E. coli TLE is mainly composed of PE (57.5 wt/wt %) and 

PG (15.1 wt/wt %) lipids which is why the positively charged residues rearranged 

themselves in such a way that facilitates the initial electrostatic interaction between the 

oppositely charged head groups on the bicelle. Of note, two aromatic residues, Trp-5 and 

Phe-12, maintained a distance of 4.5 - 7 Å while adopting an energetically favourable T-

shaped geometry that stabilized both the structures in the bound form.[171] Apart from 

that, the non-polar residues consisting of Val-1, Ala-2, Trp-5, Leu-11 and Phe-12 formed a 

hydrophobic cluster, which is further stabilized by interacting with the acyl chain moieties 

of the LPS or the lipid molecules in the bicelles. A similar structural propensity was found 

in presence of LPS micelles in the case of the synthetically designed -boomerang peptide 

YI12 and the MSI-594 peptide, which is an -helical peptide designed from magainin and 

melittin [202,240]. The three active analogs of YI12 peptides (YI12WF, YI12WY, and 

YI12WW) formed a hydrophobic hub between Trp4 and Phe9/Tyr9/Trp9, but the inactive 

YI12AA peptide showed a deficiency in hydrophobic-aromatic packing in the presence of 

LPS [202]. The importance of amphipathic structure and hydrophobic packing via the 

phenylalanine residue was also reported in case of MSI-594 and its mutant analog MSI-

594F5A peptide where the F5A mutation completely disturbed the helical hairpin structure 

of MSI-594 in LPS micelles [240,241]. The electrostatic potential map shown in Figure 

4.5(C) supported both the amphipathicity as well as the compact bioactive conformation of 

the peptide. It is evident from the above two structures that how the peptide changes its 

random coil conformation to a defined amphipathic shape in the presence of bacterial outer 

and inner membrane environments as depicted by the overlaid structures shown in Figure 
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4.5 (D), that subsequently destabilizes the whole plasma membrane of this unicellular 

organism.  

 

Figure 4.6. RP-HPLC profile of unlabeled (A) and selectively 15N-labeled VR18 (B) shows a 

retention time of 14.269 and 14.805 min, respectively. The peak that was collected to analyze the 

mass is highlighted with saffron box. The MALDI-TOF analysis of unlabeled (C) and selectively 

15N-labeled VR18 (D) shows single major peak intensity at m/Z ratio of 2060.342 and 2107.255, 

respectively. Since the selectively 15N-labeled VR18 was acetylated at the N-terminus and amidated 

at the C-terminus, it showed higher mass compared to the purchased unlabeled VR18. 
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Figure 4.7. (A) Overlay of 2D 1H-15N-HSQC spectra of 1.0 mM 15N-labelled VR18 peptide (at 298 

K, pH 4.5) recorded upon titration with increasing concentrations of LPS (ranging from 0 to 0.6 

µM). Residue specific assignment for each peak is marked on the spectrum. The amino acid 

sequence of the peptide is shown at the top of the HSQC spectrum with selectively 15N-labelled 

residues (Val-1, Ala-2, Gly-4, Gly-6, Leu-11 and Gly-13) highlighted in blue. Except for Leu-11 

residue, the exchange peaks for all other 15N labelled residues were broadened and overlapping with 

the major conformational peak, whereas Leu11 clearly showed two cross peaks signifying largely 

different conformations exchanging slowly. The HSQC cross-peak of Leu-11 corresponding to 

minor conformational state have been highlighted in the spectrum by an asterisk (*). (B) The 

heteronuclear NOE plot of LPS bound VR18. (C) The R2 values of free and LPS bound VR18 

peptide is shown in the bar plot. (D) The R2/R1 vs R1R2 plot of LPS bound VR18 depicting the level 

of molecular anisotropy and chemical exchange of each residue. The Gly-13 marked in the red 

circle is going through chemical exchange with LPS molecule. The error bars represent the ±SD. 
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Figure 4.8. The residue-specific correlation time (A) and R1 relaxation rates (B) of VR18 has been 

shown in the bar plot. (C-D) The residue-specific R2/R1 plot of free and LPS bound VR18. (E-F) 

The R1R2 vs residue plot of free and LPS bound VR18, respectively. (G) The R2/R1 vs R1R2 plot of 

free VR18 showing high dynamic and anisotropic values of the Glycine residues. 

Heteronuclear spin relaxation rates have been shown to be powerful probes of the 

general and internal dynamics of macromolecules [242,243]. To gain insight into the 
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backbone dynamics of the LPS micelle bound VR18, the measurement of 1H-15N 

heteronuclear NOE (hetNOE), 15N longitudinal (R1 = 1/T1) and transverse (R2 = 1/T2) 

relaxation rates were studied at 298 K. Out of 18 amino acid residues, six residues (Val-1, 

Ala-2, Gly-4, Gly-6, Leu-11, and Gly-13) were selectively labelled with 15N via Fmoc 

chemistry and subsequent purification and mass was observed and compared with 

unlabeled VR18 via RP-HPLC and MALDI TOF analysis as shown in Figure 4.6 (A-D) 

[120]. The peptide-LPS interaction was observed by titrating 1 mM VR18 aqueous solution 

with increasing concentration of LPS (0.3, 0.45, 0.6 M) from 1 mM stock solution, which 

resulted in a concentration-dependent broadening to the amide signals as shown in Figure 

4.7 (A). Close inspection revealed that Leu-11 exhibited multiple amide cross-peaks in the 

HSQC spectrum (showed in inset of Figure 4.7 (A)), suggesting that there is a slow 

conformational exchange (<<103 sec-1) between multiple conformations at the NMR time 

scale. This is probably due to the presence of Pro-10. The overlayed HSQC spectra of VR18 

in the free state (black) and at increasing concentrations of LPS (red, green, and blue) 

(Figure 4.7 (A)) revealed no significant chemical shift perturbation, implying that the 

peptide binding to LPS involves a rapid conformational exchange between the free and 

bound states on the NMR time scale. The intensity vs LPS concentration plot in Figure S4.3 

(Appendix IV) revealed that the amide peak broadening of Gly-4 and Gly-13 is maximum, 

followed by Ala-2, Val-1, Gly-6, and Leu-11. The bulky LPS molecule interacts with the 

positively charged C-terminal KNKSR moiety and other Arg, Lys residues, so the close 

proximity of Gly-13 to KNKSR moiety and the Ala-2 and Gly-4 to Arg-3 resulted in an 

increased T2 relaxation similar to LPS. Leu-11 might not be involved in an immediate 

association with LPS compared to the Gly-13/Gly-4/Ala-2. In other words, Leu-11 comes 

close to LPS after the peptide adopts a folded conformation in LPS. Collectively, these 

results represent the systematic folding of VR18 in LPS micelles at an atomic resolution.  

The flexibility of folded VR18 was estimated by measuring the hetNOE. The NOE 

value determined for each residue is plotted in Figure 4.7 (B). All the residues showed 

negative NOE with gradually increasing value from Val-1 (-1.27) to Gly-13 (-0.1). It 

suggests that the N-terminal end is more flexible than the C-terminal end in an overall 

dynamic structure. In parallel with the hetNOE, conformational flexibility of the individual 

residues is indicated by R2 values. The non-polar residues (Val-1, Ala-2, and Leu-11) that 

took part in the hydrophobic cluster formation, and interacted with the acyl chains of the 

lipids, showed higher R2 values than the free peptide as depicted in Figure 4.7 (C). The 
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rotational correlation time of the individual residues corroborates with this finding, as 

shown in Figure 4.8 (A). Notwithstanding, the R1 relaxation rates for most of the residues 

do not show significant changes (Figure 4.8 (B)). Thus, to differentiate between the effects 

of residue-specific chemical exchange from the motional anisotropy in the complex 

formation, we plotted the product of the longitudinal and transverse relaxation rates that 

helped to accentuate the effect of the chemical exchange alone (Figure 4.8 (E-G)). This 

difference with the R2/R1 plots (Figure 4.8 (C-D)) corresponding to the rotational 

correlation time is particularly noteworthy in the free form with a high degree of molecular 

anisotropy. This, however, is largely abolished in the LPS-bound values. A significant 

difference was observed for Gly-13 in the LPS-bound complex [215,244]. This suggests the 

contribution of chemical exchange over the rotational anisotropy. Thus, the plot of R2.R1 

vs R2/R1 (Figure 4.7 (D)) helps represent the partitioning between residues directly affected 

by chemical exchange at the interaction interface. The data reinstates the direct involvement 

of the C-terminal KNKSR moiety in binding firmly to the LPS phosphate head groups. 

4.3.5. Evaluation of the in vitro, ex vivo and in vivo efficacy of VR18 peptide 

In order to find the structure-function correlation, and study the protective effect of 

the peptide against P. aeruginosa, HCEC were infected with PAO1 for 4 h in presence or 

absence of the peptide. Microscopic images in Figure 4.9 (A) showed that the VR18-treated 

HCEC cells were more viable than the untreated cells in presence of PAO1, which was 

correlated with the bacterial vaibility as obtained from optical density measurement (OD600) 

(Figure 4.9 (B)). The reduced cell death of HCEC was evident from the lowered LDH 

release in presence of increasing concentration of VR18 (Figure 4.9 (C)) which suggests 

that VR18 renders protection to the HCEC cells infected with PAO1.   
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Figure 4.9. (A) The microscopic study showed that the Control HCEC cells along with PAO1 

infected cells in DIC and PI channel. The addition of 10 and 20 M VR18 had little impact on the 

viability of the HCEC cells. (B) The percentage of the viable PAO1 population was decreased with 

increasing concentration of VR18. (C) Percentage release of LDH enzyme from PAO1 infected and 

VR18 treated cells compared with positive control. (D) (i-iii) The ex vivo infection model of PAO1 

was performed using the human corneas where the infected cornea showed an opaque condition but 

the VR18 treated cornea showed quite transparent appearance similar to the control set. (D) (iv) 

The CFU/ml count showed a drastic change in presence of VR18. (E) (i-iii) in vivo keratitis 

infection model where P. aeruginosa PAO1 was used as the causative agent. The control untreated 

eye showed clear cornea (i), the PAO1 infected eye showed severely opaque cornea (ii), The iris 

and lens and the VR18 (50M) treated eye showed moderately opaque cornea where iris and lens 

are still detectable (iii). (E) (iv) The CFU of PAO1 cells obtained after the treatment. (*P < 0.01.  

**P < 0.001. N.S- Not significant). 

The efficacy of the peptide was further determined using our ex vivo infection model 

[226,245] using human cadaveric corneas. The corneas were scratched and infected with 105 

CFU/ml of PAO1 in presence or absence of 50 M VR18 peptide (n=3). 24 h post infection, 

corneas were washed with PBS, imaged and homogenized and bacterial load was 
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determined by serial dilutions. There were reduced corneal opacity in corneas treated with 

the peptide along with significantly reduced bacterial colony forming units (CFU) (Figure 

4.9 (D) (i-iv)).  

 

Figure 4.10. The multiplex ELISA profile of the cells infected with PAO1. The chemokines and 

signaling markers (IL-8, CXCL5, VEGF and CCL5) show downregulation of expression after 

PAO1 infection which were upregulated in presence of the VR18 peptide. 

The effect of VR18 was further determined in in vivo using the established murine 

model of keratitis [226,245] in which corneas of C57BL/6 mice were scratched and infected 

with PAO1 and treated topically with VR18 (50 μM) at 0, and 6 h post-infection. Animals 

were euthanized after 24 h and corneas were imaged for opacification, and viable P. 

aeruginosa in whole eyes were quantified by CFU after enucleation. Increased corneal 

opacity was detected in mice infected with PAO1 (Figure 4.9 (E) (ii)), but significantly less 

opacity was observed in infected mice treated with VR18 (Figure 4.9 (E) (iii)). Consistent 

with this data, CFU per eye obtained from VR18 treated corneas were lower than the ones 

infected with PAO1 (Figure 4.9 (E) (iv)). The efficacy of the peptide was also tested against 

P. aeruginsa 6294 strain in vivo, and similar results were obtained (Appendix IV, Figure 

S4.4,). In the next step, a multiplex ELISA assay was performed to check the effect of the 

peptide on the inflammatory cytokines or chemokines. Increased secretion of IL-8, CXCL5, 

CCL5 and VEGF were observed in cells infected with PAO1 in the presence of VR18, 

indicating its immunomodulatory role (Figure 4.10). This is an interesting finding which 
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needs to be explored further to reveal the role of the peptide with expression of cell 

signalling factors in HCEC.  

4.3.6. VR18 induces generation of reactive oxygen species (ROS)  

The results, thus far, indicate that VR18 interacts with P. aeruginsa cells which 

induces bacterial cell death. However, little is known about how VR18 induces toxicity in 

P. aeruginsa. Previous studies have shown that antimicrobial stress in the presence of 

antibiotics or AMPs stimulates the generation of intracellular reactive oxygen species 

(ROS), resulting in bacterial cell death. Hydroxyl radicals, superoxide, hydrogen peroxide, 

which make up the majority of reactive oxygen species (ROS), cause intracellular damage 

by oxidizing GTP and CTP pools, as well as causing double-stranded DNA breaks. ROS-

induced damage is secondary to the main stress-mediated injury, and this could activate 

subsequent ROS deposition rounds, resulting in stress-induced bacterial cell death.[228,246] 

Based on these studies, we hypothesized that VR18 induced toxic effects on P. aeruginosa 

trigger oxidative stress and ROS generation in bacterial cells. To test this hypothesis, we 

measured the ROS generation in P. aeruginosa in the presence of VR18. Interestingly, we 

found that the application of the VR18 to P. aeruginosa loaded with the ROS-sensing dye, 

CM-H2DCFDA produced a drastic increase in ROS production (Figure 4.11 (A-D)). To 

further validate this finding, as a control, the membrane-permeable oxidant “tertbutyl 

hydrogen peroxide (tbH2O2)” was applied. This showed an increase in intracellular ROS 

levels in P. aeruginosa while the application of buffer alone did not display any sensitivity 

towards ROS generation (Appendix IV, Figure S4.5). This observation suggests that the 

generation of ROS may be the secondary mechanism by which VR18 contributes to the 

VR18 mediated killing of P. aeruginosa. Further, our study showed that topical application 

of VR18 can significantly reduce keratitis in in vivo animal model. This applies that the in 

vitro observations are in direct agreement with clinical observations. Thus, VR18 can be 

considered as a highly potent therapeutic agent for treatment and management for 

Pseudomonas associated keratitis. 
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Figure 4.11. VR18 induces ROS generation in Pseudomonas aeruginosa. (A) Representative 

fluorescence microscopy image of P. aeruginosa at 100x magnification. P. aeruginosa was loaded 

with ROS sensing dye CM-H2DCFDA before (left) and after 450 s of VR18 application. (B-C) 

Representative ROS imaging trace showing an increase in ROS level upon application of VR18 (B) 

and tbH2O2 (C). Each ROS imaging trace shown in (B, C) represents average fluorescence intensity 

of ~20-50 P. aeruginosa bacteria (D) Bar graph analysis of data shown in (B) and (C) depicting the 

maximum ROS generation after VR18 and tbH2O2 application. Statistical indicators reflect the t-

test, measuring for an effect of VR18 and tbH2O2 on ROS production: ***P < 0.0001. The 

parentheses number in (D) represents the ROS imaging trace obtained from 2-3 independent 

measurements. Scale bar: 10 µm. 

4.4. Conclusion 
In summary, the hybrid antimicrobial peptide VR18 has high potency against 

Pseudomonas aeruginosa clinical isolates supported by in vitro experiments. The results 

of the in vivo studies are in agreement with the in vitro measurements. The biophysical 

analysis and the dynamics of the VR18 peptide indicate membrane specificity towards the 

microbial membrane over the mammalian membrane. Together with our previous report, it 

can be concluded that the mode of action of the VR18 peptide is through membrane lysis 

via an electrostatic interaction with negatively charged lipids and subsequent hydrophobic 

interactions. This mediates pore formation in the microbial cells as observed in the dye 

leakage assay and vesicle disruption in phase contrast microscopic analysis. We further 

tested its modes of action using live-cell NMR, Raman spectroscopy and sparsely tethered 

bilayer lipid membranes. We have also shown that VR18 has little toxicity against human 
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corneal epithelial cells. As VR18 has high potency against Pseudomonas aeruginosa, as 

shown by in vitro, ex vivo and in vivo experiments, we conclude it has the potential to be 

used clinically for the treatment and prevention of corneal keratitis. 
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4.5. Appendix IV 
Table S4.1. The E. coli Total Extract Phospholipid Profile derived from the website of Avanti 

polar Lipids. 

 https://avantilipids.com/product/100500  

E. coli Total Extract Phospholipid Profile 

Component wt/wt % 

PE 57.5 

PG 15.1 

CA 9.8 

Unknown 17.6 

Total 100.0 

 

 

https://avantilipids.com/product/100500
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Figure S4.1. Free NOESY spectrum of VR18 peptide (A). The one-dimensional proton NMR (1D 

1H) spectrum of 0.5 mM free VR18 (blue) peptide and the final peak broadening (red) of the 

spectrum after addition of P. aeruginosa LPS bicelle.  

 

 

Figure S4.2. Two-dimensional medium range cross peaks in the trNOESY spectrum of VR18 in 

presence of the LPS bicelles.  

 

Figure S4.3. 2D 1H-15N sofast-HSQC amide peak intensities of 15N labeled amino acids vs 

concentration of LPS plot showing concentration-dependent broadening of the cross-peaks. Leu-

11* indicates the minor HSQC cross-peak of Leu-11. 
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Figure S4.4. in vivo keratitis infection model where P. aeruginosa 6294 was used as the causative 

agent. The control untreated eye showed clear cornea (A), the 6294 infected eye showed severely 

opaque cornea (B-D), The iris and lens of the VR18 (10M) treated eye showed mild improved and 

opaque cornea where iris and lens are still detectable (F-L). 

 

Figure S4.5. Tyrode’s solution did not induce ROS generation in Pseudomonas aeruginosa. 

Representative ROS imaging trace showing no change in ROS level upon application of buffer 

(Tyrode’s solution). 
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Chapter V 

5. Application of Tungsten Disulfide Quantum Dot-Conjugated 

Antimicrobial Peptides in Bio-Imaging and Antimicrobial Therapy 
 

This chapter has been adapted from the following publication:  

Mohid, S.A., Ghorai, A., Ilyas, H., Mroue, K.H., Narayanan, G., Sarkar, A., Ray, S.K., 

Biswas, K., Bera, A.K., Malmsten, M. and Midya, A., 2019. Application of tungsten 

disulfide quantum dot-conjugated antimicrobial peptides in bio-imaging and antimicrobial 

therapy. Colloids and Surfaces B: Biointerfaces, 176, pp.360-370. 

5.1. Introduction 
Fluorescence and photoluminenscence are powerful techniques, widely used in 

biological and biochemical experiments via microscopy and spectroscopy [247-249]. Key 

advantages of these techniques include typically high sensitivity, as well as compatibility 

with non-invasive and non-destrucive protocols, the latter key for live cell and in vivo 

imaging [250]. Unfortunately, numerous fluorophores are prone to photobleaching [251], 

while others have quantum yields sensitive to quenching [252,253], and/or to ambient 

dielectric properties [254,255]. Fluorescent proteins, such as Green Fluorescence Protein 

(GFP), on the other hand, suffer from disadvantages related to their bulky size [256,257]. 

Considering advantages relating to high sensitivity and photostability, optical 

nanomaterials have received considerable attention in material science and nanomedicine, 

e.g., in diagnostics and drug delivery, as well as in their theranostic combinations [258-260]. 

Among such nanomaterials, quantum dots (QDs) prepared from II/VI and IIIA/V 

semiconductors have received particular recent attention [261]. In this context, low-

dimensional inorganic transition metal dichalcogenides (TMDC), consisting of triatomic 

building blocks (MX2, where M = Mo or W, and X = S or Se), represent a new and 

promising class of semiconducting materials, which are environmentally benign, highly 

fluorescent, and optically stable [262]. MoS2 and WS2 QDs are two members of TMDCs, 

sharing key properties such as small size (1-6 nm), high fluorescence intensity (20-30 times 

higher than organic dyes), and size-tunable emission. The broad range of excitation 

wavelength and the narrow emission of these QDs permit large Stokes shifts, which are 

advantageous in tissue imaging and for increased signal-to-noise ratio [263]. 
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The aim of the present study was to investigate the use of such QDs as microbe-targeting 

fluorescent probes in conjugation with rationally designed antimicrobial peptides (AMPs) 

for potential use in antimicrobial therapy and diagnostics. The upsurge in multidrug 

resistance (MDR) against conventional antibiotics, during the last few decades in particular, 

has considerably enhanced the interest in AMPs [24,264-268], as well as in the use of various 

inorganic nanomaterials as antimicrobial agents [258]. As a result of this, efforts have been 

undertaken to design AMPs with enhanced potency, improved selectivity, and increased 

chemical and proteolytic stability [269-272]. Extending on such previous studies, we  

designed two hybrid AMPs, KG18 (KNKSRVARGWGRKCPLFG) and VR18 

(VARGWGRKCPLFGKNKSR) from the parent peptides VG13P (VARGWGRKCPLFG) 

and WR17 (WKLLSKAQEKFGKNKSR) (Scheme 4.1), respectively, as previously 

described in the chapter 4. These chimeric third generation peptides display increased and 

broad-spectrum activity compared to their parents [215,229]. Conjugation of ultra-small WS2 

QD to these peptides was here performed in an effort to further increase their potency. The 

conformational arrangement of the conjugated peptides was investigated in detail by 

solution NMR, and linked to the interaction of the conjugates with both model lipid and 

bacterial membranes. Studies further addressed biological consequences of such 

interactions in terms of cell toxicity, as well as antimicrobial effects against both planktonic 

and biofilm pathogens, Pseudomonas aeruginosa (P. aeruginosa) and Candida albicans 

(C. Albicans). These two opportunistic pathogens are responsible for causing deadly 

infections, e.g., at  intensive care units, for surgical patients, and for immunocompromised 

individuals suffering from AIDS, cancer, and cystic fibrosis [273,274]. From these combines 

studies, atomistics details were elucidated, which correlate with the functional attributes of 

the conjugated peptides. Furthermore, localization of the conjugates inside microbial cells 

was demonstrated, allowing imaging of the same.  

5.2. Materials and methods 

5.2.1. Reagents  

P. aeruginosa serotype-10 lipopolysaccharide (LPS), Polymyxin B (95% pure) and 

Triton X-100 (95% pure), were obtained from Sigma Aldrich Co. (St. Louis, USA), while 

deuterium oxide (D, 99.9% with 99.5% purity) was from Cambridge Isotope Laboratories, 

Inc. (Tewksbury, USA). All bacterial and fungal media were obtained from Himedia 

Laboratories Pvt. Ltd., Mumbai, India.  
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5.2.2. Microbial Strains 

P. aeruginosa (ATCC 27853) was obtained from ATCC (USA), while the fungus 

Candida albicans (C. albicans) SC5314 was provided by Prof. Kaustuv Sanyal, JNCASR, 

India. 

5.2.3. Media Composition and Culture Condition 

P. aeruginosa was grown and maintained in nutrient broth by incubating overnight 

at 37 °C under gentle shaking conditions (180 rpm). C. albicans was grown and maintained 

in YPD broth (1% yeast extract, 1% peptone, and 2% dextrose) by incubating overnight at 

28 °C under gentle shaking. M63 minimal media (2.0 g (NH4)2SO4, 13.6 g KH2PO4, 0.5 

mg FeSO4.7H2O, 1 ml 1 M MgSO4, and 10 ml 20% glycerol in 1.0 liter of MilliQ H2O, to 

which 5 ml 20% Casamino acid was added) was used to produce P. aeruginosa biofilm, 

while RPMI 1640 media, without fetal bovine serum (FBS), and antibiotic was used for the 

formation of C. albicans biofilm, following the same culture condition and temperature 

[275,276]. 

5.2.4. Synthesis Protocol 

5.2.4.1. Antimicrobial peptides synthesis 

KG18 (KNKSRVARGWGRKCPLFG) and VR18 

(VARGWGRKCPLFGKNKSR) peptides were initially obtained from GL Biochem 

(Shanghai, China) with 95% purity.  Later they were synthesized by Fmoc solid-phase 

peptide synthesis chemistry [120] using an automated peptide synthesizer (Aapptec 

Endeavor 90, Louisville, KY, USA). The crude peptides were purified by reverse phase 

HPLC system (LC-20AT, SHIMADZU, Kyoto, Japan) using Phenomenix C18 column. The 

respective peptide fractions were collected and lyophilized. The molecular weight and 

purity of the peptides were confirmed by MALDI-TOF and NMR analysis, respectively. 

The calculated and actual molecular weight obtained for both the peptides was 2060.44 and 

2060.47, respectively. The purified peptides (>98% purity) were dissolved either in 

sterilized Millipore water or in phosphate buffer (pH 7.4) and filter sterilized.  

5.2.4.2. Synthesis of tungsten disulfide (WS2) quantum dots 

WS2 quantum dots were synthesized in IIT Kharagpur, India, using lithium 

intercalated WS2 nanosheet in dimethylformamide (DMF) solution, as described in detail 

elsewhere [277]. After bath sonication for 6 h, WS2 nanosheet samples were centrifuged at 

14,000 rpm for 10 min at 25 °C and the supernatant containing WS2 quantum dots was 

collected. The WS2 quantum dots thus obtained were of 2-3 nm in average size.  
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Scheme 5.1: Schematic illustration showing WS2 interaction with KG18 through 

sulfhydryl group, confirmed by 2D 1H-13C HSQC or mass spectrometry (Figure 5.1). VR18 

interacts with WS2-QD in a similar manner via the sulfhydryl group of Cys9 residue.  

5.2.4.3. Conjugation of WS2 with AMPs 

WS2 QD was dissolved in DMF and then exchanged with water by centrifugation 

at 20,000 rpm for 10 min and at 25 °C. The precipitate containing WS2 QD was collected 

and re-dispersed in 5% methanol-water. This process was repeated several times until DMF 

was removed completely, followed by filter sterilization using 0.2 μm filter to obtain 

particles of uniform size. Finally, a 2 mM solution of the respective AMP (KG18 / VR18) 

was incubated with filter sterilized WS2 QD (0.2 mg/ml) in a 1:1 vol/vol ratio and incubated 

at 37 °C for overnight under mild shaking to give a 1 mM stock solution of WS2-peptide 

conjugate (Scheme 5.1). The final concentration of the mixture was calculated by the 

following equation: 

Final concentration (mg/ml) = (MAVA+MBVB)/ (VA+VB)  

Where, M stands for concentration and V stands for volume. 

5.2.5. Physical Characterization of WS2 

5.2.5.1. Dynamic Light Scattering (DLS) Analysis 

DLS analysis was performed using a Malvern Zetasizer, series-Nano S (Malvern 

Instruments, Malvern, UK) equipped with 4 mW He-Ne laser of 633 nm wavelength and a 
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fixed back scattering angle of 173°. 100 μM of the respective WS2-AMP conjugated sample 

was dissolved either in filtered degassed water (Refractive Index: 1.33, Viscosity (cP): 

0.88) or in 10 mM Tris-HCl buffer with 150 mM NaCl. The DLS experiment was 

performed for 10 scans after 120 sec equilibration time. The refractive index and absorption 

were set to 1.45 and 0.001, respectively.  

5.2.5.2. Matrix-Assisted Laser Desorption Ionization (MALDI) analysis 

MALDI analysis was performed on a Bruker MALDI TOF instrument (Model–

Autoflex speed, Bruker Daltonics GmbH, MA, USA) equipped with Smart beam II laser 

technology (2 KHz solid state laser). 100 μM solution of the respective WS2-AMP 

conjugate was mixed with α-Cyano-4-hydroxycinnamic acid (α-HCCA) in 1:1 (vol/vol) 

ratio and air dried. The data was collected and analyzed with POLYTOOLS v2.0 software 

(Bruker Daltonics GmbH, MA, USA). 

5.2.5.3. High-Resolution Transmission Electron Microscopy (HR-TEM) 

Samples containing 100 μM solution of the respective free AMPs, WS2-AMP 

conjugates, or 0.2 mg/ml WS2 QD were placed on a carbon coated copper TEM grid (TED 

PELLA Incorporation, Redding, CA, USA) and air dried overnight in a laminar airflow 

workstation. Samples were then observed under a high-resolution TEM (HR-TEM) 

instrument (JEOL Inc., MA, USA) at 200kV voltage. 

5.2.5.4. Photoluminescence (PL) and PL Decay 

Photoluminescence (PL) spectroscopy of WS2 QD and WS2-AMP conjugates were 

performed under the illumination of 376.6 nm laser light. For WS2 quantum dot solution, a 

single strong peak at 478 nm was observed due to strong quantum confinement, whereas 

the peak intensity was lower for WS2-AMP conjugates. Additionally, a slight blue shift was 

observed, indicating a charge transfer from WS2 QD to the peptides, also supporting 

conjugate formation. Further, for better understanding the charge transfer mechanism, we 

performed time-resolved PL decay of the samples at 470 nm. The experimental data were 

fitted exponentially, and decay times calculated for both free WS2 QD and WS2-conjugated 

AMPs using Origin software (Origin Pro. V8.0, MA, USA).  

5.2.5.5. Fluorescence quantum yield calculation 

The photoluminescence quantum yield (PLQY) of WS2, WS2-KG18 and, WS2-

VR18 was calculated using the following equation: 

Φ𝑥  =  Φ𝑆𝑇(
𝐺𝑟𝑎𝑑𝑥

𝐺𝑟𝑎𝑑𝑆𝑇
)(

η𝑥
2

η𝑆𝑇
2 ) 
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Where, Φx is the PLQY of the sample and ΦST is the PLQY of Rhodamine B (RhB; 31% 

in water). Gradx and GradST are the gradient of the absorbance versus area under the curve 

of PL measurement of all the samples and RhB, respectively. Ηx and ηST are the surface 

tension of the solvent, where WS2 QDs, WS2-AMPs and RhB (standard) are dissolved, 

respectively. 

5.2.5.6. Thermal analysis 

Composition of the WS2-conjugated peptides were calculated using Thermo-

Gravimetric and Differential Thermal Analyzer (TG-DTA) equipment (Perkin Elmer Pyris 

Diamond TG-DTA, US). The analysis was done using alumina pans under inert N2 

atmosphere (flow rate 50 ml/min). The analyses were performed from 30 to 700 °C with a 

heating rate of 10 °C/ min. 

5.2.6. Biological Assays 

5.2.6.1. Broth microdilution assay with AMPs, WS2 QD and WS2-AMP conjugates 

To determine the minimum inhibitory concentration (MIC99%), a modified broth 

microdilution assay was employed, as previously described [215]. In brief, mid-log phase 

cultures of the respective strains were pelleted down by centrifuging at 8,000 rpm for 10 

min, washed twice with 10 mM sodium phosphate buffer, pH 7.4, and re-suspended in the 

same to obtain a final cell suspension of 106 cells/ml. 50 μl of this cell suspension (5×105 

CFU/ml) was added to a series of dilutions of the respective free and WS2-conjugated 

peptides (ranging from 1 to 100 μM) in a sterile 96-well micro titer polypropylene plate 

(Tarsons Products Pvt. Ltd., Kolkata, India) and incubated for 3 h at 37°C and 28°C for P. 

aeruginosa for C. albicans, respectively. A negative control containing only cells and a 

positive control containing 100 µM Polymyxin B, were also included. After incubation, 

200 μl of the respective media was added to each well and incubated overnight to allow 

cell growth. Absorbance at 630 nm was used to estimate the MIC99%, defined as the lowest 

concentration of peptide that inhibits 99% growth of the microorganisms from initial 

microbial cell density. MIC99% of free WS2 QD was also determined against C. albicans 

and P. aeruginosa cells for 24 h and 48 h. All reactions were performed in triplicate.  

5.2.6.2. Minimal Hemolytic Concentration Assay 

Fresh human blood was collected in an EDTA vial and centrifuged at 8000g for 

10 min at 25°C to obtain red blood cell (RBC) pellets. The Bose Institute Research Ethics 

Committee approved this study and a certified medical professional was present during the 

blood collection. The pellets were washed thrice with 10 mM phosphate buffer saline (PBS, 
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pH 7.4) and serially diluted to obtain a final suspension containing 2108 RBC/ml. 50 μl 

of the cell suspension was incubated with equal volume of increasing concentrations of 

either free peptides, WS2-AMP conjugates, or free WS2 QD (up to 100µM) and incubated 

at 37 °C for 1 h under shaking. The samples were then centrifuged at 8000g for 10 min at 

25°C and the absorbance of the supernatant read at 414 nm to quantify RBC lysis and heme 

release. A positive control containing RBC treated with 2% Triton X-100 was also 

included, against which data from all other samples were normalized.  All experiments 

were performed in triplicate. 

5.2.6.3. Cytotoxicity Assay 

Cell cytotoxicity was measured in the Division of Molecular Medicine, Bose 

Institute, India, using the MTT cell proliferation assay reagent (Himedia Laboratories Pvt. 

Ltd., Mumbai, India) according to the manufacturer’s protocol. Briefly, WI38 cells (5×104 

cells per well) were treated for 24 h with varying concentrations of the respective peptides 

in serum-free media, following which cells were processed for MTT assay and incubated 

for 3 h with 0.5 mg/ml of MTT at 37 °C. Cells were then washed with 1× PBS, followed 

by addition of 1ml DMSO to dissolve the formazan crystal, and absorbance was measured 

at 570 nm. Doxorubicin was used a positive control for all the experiments, which were all 

performed in triplicate. 

5.2.6.4. Scanning Electron Microscopy (SEM) 

Cultures of P. aeruginosa and C. albicans cells, grown overnight, were used to 

obtain mid-log phase cultures. The cell suspension was pelleted at 8000 rpm for 10 min. 

Cell pellets were washed twice with 10 mM phosphate buffer, pH 7.4, and re-suspended in 

the same buffer to a final O.D630 of 0.01. The cell suspensions were treated with KG18 and 

WS2-KG18 peptide at their MIC99% concentration determined for different time periods 

between 5 min and 60 min at 37 °C. Next, the cells were fixed with 4% (v/v) glutaraldehyde, 

and 15 μl of the respective cell suspension spotted on 0.1% (v/v) poly L-lysine-coated glass 

slides and kept overnight at 4 °C. The smears were washed twice with phosphate buffer 

and dehydrated by washing with a graded ethanol series (30%, 50%, 70%, 90% and 100%) 

for 15 min each. The slides were subsequently air dried, followed by gold coating, and 

observed by SEM (FEI, QUANTA 200, Oregon, USA). 

5.2.6.5. Confocal Microscopic Analysis 

Overnight cultures of C. albicans SC5314 were harvested by centrifugation, washed 

twice with 10 mM phosphate buffer, pH 7.4, and re-suspended in the same buffer to obtain 
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a suspension of 106 cells/ml. 100 μl of this suspension was incubated with a sub-lethal dose 

(2 μM) of FITC-KG18 and WS2-KG18 at 37 °C for 1 h. At different time points, 20 μl of 

the treated cells were removed, processed by washing, loaded on a glass slide, and mounted 

with DPX (Sigma-Aldrich, St. Louis, MO). Samples containing only WS2 suspension were 

included as control. Fluorescent and differential interference contrast images were captured 

with a 488 nm band-pass filter corresponding to the excitation wavelength of FITC and a 

405 nm band-pass filter for excitation of WS2 QD using a TCS SP8 confocal microscope 

(Leica, Wetzlar, Germany) at a magnification of 63 (oil immersion). Acquisition Suite X 

software (Leica, Wetzlar, Germany) was used for capturing and analysis of images. 

5.2.6.6. Time-kill kinetics assay by spread plate method 

To determine the time required for killing the fungal cells, a kinetic assay using 

spread plate technique was employed [278]. Mid-log phase cultures of C. albicans cells were 

pelleted down by centrifuging at 8000 rpm for 10 min, washed twice with 10 mM sodium 

phosphate buffer, pH 7.4, and re-suspended to obtain a final cell suspension of 105 CFU/ml. 

100 μl of total reaction volume was set in a 96 well plate where cells were treated with MIC 

concentration at different time points with 5 min interval (starting from 0 min to 60 min). 

After every time point, all cells were centrifuged at same rpm mentioned above. The 

supernatant was removed, and the pellet was re-suspended in 5 μl buffer. Subsequently, the 

whole volume was taken and spread plating was done on YPD agar containing petri dishes 

(Tarsons Products Pvt. Ltd., Kolkata, India). All plates were incubated for overnight at 28 

°C. Next day the number of single colonies was counted to calculate the kinetics. 

Measurements were performed in triplicate. 

5.2.6.7. Minimum Biofilm Eradication Concentration (MBEC) Assay 

5.2.6.7.1. MBEC for P. aeruginosa biofilm 

MBEC assay for P. aeruginosa biofilms was carried out as previously reported 

[279,280]. Briefly, mid-log phase culture of P. aeruginosa cells (O. D630= 0.5), obtained 

from an overnight culture of stationary phase cells were used in this assay. Cells were pellet 

down by centrifuging at 8000 rpm for 10 min, washed twice with 10 mM phosphate buffer, 

pH 7.4, and re-suspended in the same buffer to obtain a final concentration of 105 CFU/ml. 

2 ml M63 minimal media was added to each well of a sterile 6-well plate, covered by 

grease-free coverslips. Next, the cells were added in each well and left overnight at 37 °C 

under mild shaking to allow biofilm formation. After mature biofilm formation, the 

coverslips were washed thoroughly with 10 mM sodium phosphate buffer, pH 7.4, to 
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remove the planktonic cells and placed in a new sterilized 6-well plate. Free peptide and 

their WS2-AMP conjugates were added with increasing concentration up to 200 μM and 

incubated for 4 h at 37 °C under shaking condition. Next, the cells were allowed to 

regenerate in presence of 1× M63 media, subsequently maintaining them under the same 

culture conditions. Positive and negative controls were prepared by adding 200 μM 

Polymyxin B and 10 mM Phosphate buffer (pH 7.4), respectively to same concentrated 

cells. The experiments were performed in triplicate. 

5.2.6.7.2. MBEC for C. albicans biofilm 

Minimum biofilm eradication concentration (MBEC) assay for C. albicans biofilms 

was carried out as described in the literature [276]. Briefly, mid-log phase C. albicans cells 

(O.D630= 0.5) obtained from an overnight culture of stationary phase cells in YPD media 

were pellet down by centrifuging at 8000 rpm for 10 min, washed twice with 10 mM 

sodium phosphate buffer, pH 7.4, and re-suspended in the same buffer to obtain a final 

concentration of 107 cells/ml. 400 μl total reaction volume was set in a sterile 24-well plate. 

After treatment, equal volume of RPMI 1640 was added to each well and incubated at 28 

°C under shaking condition for 96 h to obtain mature C. albicans biofilm. The mature 

biofilm was treated with increasing concentration of WS2-AMP conjugates and incubated 

for 4 h at 28 °C. Positive and negative controls were prepared by adding 200 μM Polymyxin 

B and 10 mM phosphate buffer, pH 7.4, respectively. The experiments were performed in 

triplicate. 

Coverslips with both biofilms were washed gently for five times to remove any non-

adherent cells. The cells were then stained using 0.1% crystal violet solution for 10 min 

and washed thoroughly with water before observing under an optical microscope (Leica 

Microsystems, Wetzlar, Germany) at 400 magnifications. Quantification of both P. 

aeruginosa and C. albicans biofilms was performed in sterile 96-well plates. Matured 

biofilms were obtained using the above-mentioned protocol. A series of dilution (25-400 

µM) of peptides and WS2 QD was evaluated, using 200 μM Polymyxin B as positive 

control. The Conjugate-treated biofilms were then quantified using crystal violet staining 

[281] to measure the biofilm biomass. Crystal violet stain taken up by the mature biofilm 

was solubilized using 30% acetic acid and its absorbance measured at 550 nm. To evaluate 

the viability of C. albicans biofilm, MTT-based cell proliferation assay was performed as 

described earlier [282]. Measurements were performed in triplicate. 
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5.2.7. Circular Dichroism (CD) Analysis 

Circular dichroism (CD) analysis of the free peptides and their WS2 conjugates 

(final concentration of 25 μM) in P. aeruginosa LPS (at 1:1, 1:2, and 1:3 ratios) was 

performed with a JASCO 815 spectrophotometer (Jasco, MD, USA) by dissolving the 

samples in 10 mM phosphate buffer (pH 7.4). Spectra were scanned from 190 to 260 nm, 

recorded thrice at 25 °C for each experiment in a cuvette of 0.1 cm path length.  

5.2.8. NMR Spectroscopy  

5.2.8.1. Sample Preparation and Data Acquisition 

All NMR experiments were carried out at 298K either on a Bruker Avance III 500 

MHz NMR spectrometer (equipped with a 5 mm SMART probe) or Bruker Avance III 700 

MHz NMR spectrometer (equipped with a 5 mm cryoprobe). NMR samples were prepared 

in 10% deuterated water, pH 4.5, using 3-(trimethylsilyl)-2,2,3,3-tetradeuteropropionic 

acid (TSP) as an internal standard (0.00 ppm). Two-dimensional 1H-1H total correlation 

spectroscopy (2D TOCSY) and two-dimensional 1H-1H Nuclear Over Hauser Spectroscopy 

(2D NOESY) were recorded for the free peptides and their WS2 conjugates, with a mixing 

time of 80 ms and 150ms, respectively, and a spectral width of 11 ppm in both dimensions. 

Next, the interaction of the peptides upon successive titration with P. aeruginosa LPS was 

monitored by 1D proton NMR, acquired using excitation-sculpting scheme for water 

suppression and the States-TPPI for quadrature detection in the t1 dimension [283]. 

Consequently, 2D transferred NOESY (trNOESY) spectra of the peptides in the context of 

LPS were acquired with two different mixing times 100 and 150 ms. Data processing and 

analysis were carried out using TopspinTM v3.1 software (Bruker Biospin GmbH) and 

Sparky software, respectively [124]. 

One-dimensional (1D) live cell 1H NMR experiments were performed with 1 mM 

WS2-conjugate peptides dissolved in 10 mM phosphate buffer, pH 6.5, containing 10% 

D2O. Overnight stationary phase C. albicans cells were sub-cultured to obtain log-phase 

cells of C. albicans. The cells were collected by pelleting at 5500 rpm for 5 min and then 

washed twice with the same buffer to obtain a final cell concentration of O.D630 =1. For 

these, 1D 1H NMR spectra of the WS2 peptide conjugates and the cell suspension in 

phosphate buffer (pH 6.5) were recorded separately as control 

A series of 1D 1H NMR spectra were also recorded after addition of the peptide 

solution to the cell suspension. Cells in the NMR tube were monitored every 15 min for 
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precipitation and mixed thoroughly to prevent sedimentation. New peaks were instantly 

observed as early as 5 min of incubation due to metabolites efflux from the cells.  

Two-dimensional 1H-13C heteronuclear single quantum coherence (HSQC) NMR 

analysis was performed using the standard pulse sequences, using a spectral width of 12 

ppm (1H) and 236 ppm (13C). The peptides and their WS2 conjugates were dissolved in 

100% D2O at 25 °C. 1H was referenced to TSP and 13C was referenced by using the indirect 

referencing procedure [284]. 

31P NMR experiments were conducted to observe the interactions between WS2-

conjugated KG18 and VR18 with P. aeruginosa LPS. A series of one-dimensional 31P 

NMR spectra of LPS were collected using 0.2 mM of LPS in water at pH 4.5, along with 

QD-conjugated peptides, using concentrations that of 0.05, 0.1, 0.2, and 0.4 mM. The data 

was recorded at 298K on a Bruker Avance III 500 MHz spectrometer. 

5.2.8.2. NMR-Derived Structure Calculation 

Three-dimensional solution structure of the WS2-conjugated peptides in LPS were 

determined by following the procedures described previously [44]. Briefly, the volume 

integrals of their respective NOE cross-peaks were qualitatively differentiated into strong, 

medium, and weak, depending on their intensities in the trNOESY spectra [125]. This 

information was further transformed to inter-proton upper bound distances of 3.0, 4.0, and 

5.0 Å for strong, medium, and weak peaks, respectively, while the lower bound distance 

was fixed to 2.0 Å. The backbone dihedral angles of the peptides, phi (φ) and psi (ψ) were 

kept flexible (-30° to 120° and 120° to -120°, respectively) for all non-glycine residues to 

limit the conformational space. CYANA v2.1 was used for all structure calculations with 

iterative refinement of the structure based on distance violation [179]. Hydrogen bonding 

constraints were excluded from structure calculation. NMR-derived ensemble structures 

were analyzed using PyMol and Chimera. PROCHECK NMR was used to check the 

stereochemistry of the structures [225]. 

5.2.9. Ion channel formation assay using patch clamp technique 

Bilayer membrane (BLM) was formed using diphytanoylphosphatidylcholine 

(DPhPC; Avanti Polar Lipids, AL, USA) and cholesterol (Sigma-Aldrich, St. Louis, USA), 

10:1 wt/wt. The lipids, dissolved in chloroform, were taken in a glass Eppendorf tube. The 

solvent was removed completely by flushing with nitrogen gas. N-decane was added to 

obtain a lipid concentration 20 mg/ml. The membrane was formed on the aperture (150 m 

diameter) of a polystyrene bilayer cup (Warner Instruments, CT, USA) by panting the lipid, 
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as described before [285]. Both trans- and cis-compartments had a symmetric solution of 1 

M KCl, 5 mM MgCl2, 10 mM HEPES (pH 7.4). Cis- and trans- chambers were connected 

with the ground electrode and recording electrode, respectively. Patch clamp amplifier PC-

501A (Warner Instruments, CT, USA) was used. The thinning of the membrane was 

monitored by following the capacitance change. 50-60 μg of peptide or QD or QD-

conjugated peptide (dissolved in water) was added to the cis- chamber (volume 1.5 ml) and 

stirred. Channel incorporation in the BLM was monitored using membrane current in 

response to different applied voltages. Currents were low-pass filtered at 1 kHz and 

digitized at 5 kHz using Digidata 1322A (Molecular Probes, USA).  pClamp 10.1 software 

(Molecular devices, CA, USA) was used for data acquisition and analysis. This experiment 

was done in IIT Madras, India. 

5.2.10. Statistics 

Experiments were repeated as indicated in each method description above. Origin 

Pro v8.0 (OriginLab Corporation, Northampton, MA, USA), SigmaPlot v11.0 (Systat 

Software, Inc., CA, USA), and Kyplot v2.0 beta (KyensLab Inc. Japan) were used for data 

analysis. Student’s t-test for parametric paired values (two sided) was calculated for 

determination of significance in values where ns, non-significant; *, p≤0.05; **, p≤0.01; 

***, p≤0.001. 

5.3. Results and Discussion 

5.3.1. Preparation of WS2-AMP conjugates 

WS2 QD were synthesized using lithium-intercalated WS2 nanosheets in 

dimethylformamide (DMF) solution [277]. The resulting nanoparticles were then 

transferred to water containing 5% methanol via solvent exchange and their retained 

structure confirmed by the appearance of fringe-like pattern in high-resolution 

Transmission Electron Microscopy (HR-TEM), with a fringe distance of 0.27 nm [263]. The 

average size of the individual nanoparticles was ~2-3 nm [263,286], obtained from HR-TEM 

(Figure 5.1 (A)). The QDs were subsequently incubated with the designed antimicrobial 

peptides, KG18 or VR18, to obtain the peptide-QD conjugates (Scheme 5.1). 

5.3.2. Physical characterization of the conjugates 

Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS) of 

free KG18 and WS2-QD conjugated KG18 showed distinct sharp peaks near m/z ratio of 

2064 and 4442 respectively. MALDI analysis of free WS2-QD showed several peaks at 

very low m/z ratio depicting its low molecular weight due to ultrasmall size. The MALDI 
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spectra of free KG18 showed one major peak at 2064 correlating its theoretical mass value 

and one minor peak at 4135 which corresponds either two peptides or a dimer reached to 

the MS detector at a time. The WS2-QD conjugated KG18 peptide showed one single peak 

at 4442 which is greater than the mass of a dimer. Thus, it can be inferred that two peptide 

can attach to a single WS2 QD at a time as shown in Figure 5.1 (B), where the QD-

conjugated peptide resulted a more than two-fold mass increase compared to its 

unconjugated form. In the inset of Figure 5.1 (B) the HR-TEM image of WS2-QD 

conjugated KG18 is shown where the fringe pattern of WS2 remained un-altered before and 

after conjugation, demonstrating that the internal structure of the QDs does not change on 

peptide conjugation. In line with the MALDI results, DLS analysis showed that the 

hydrodynamic radius of free KG18, free WS2-QD and WS2-QD conjugated KG18 was 

0.7±0.15, 8.44±2.23 and 18.51±6.59 d.nm respectively. In case of VR18 and WS2-QD 

conjugated VR18 the hydrodynamic radius was 0.68±0.47 and 8.76±4.63 d.nm 

respectively. These findings suggests that the conjugation of the peptides with WS2-QD 

results in an increased hydrodynamic size in case of WS2-KG18 but not for WS2-VR18 as 

shown in Figure 5.1 (C) and Figure S5.1 (A), Appendix V. Further, thermogravimetric 

analysis (TGA) supports that the inorganic WS2 part is found to be 64.35% in WS2-KG18 

and that of 55.70% in WS2-VR18 (Appendix V, Figure S5.2).  
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Figure 5.1. Physical characterization of peptide-QD conjugates: (A) Schematic illustration of the 

synthesis of WS2-QD, displaying a fringe width of 0.27 nm (inset) in HR-TEM. (B-C) MALDI 

(normalized plot) and DLS analysis confirmed the formation of QD-KG18 conjugates., while TEM 

showed WS2 QD diameters of ~2-3 nm, shown in inset of C. (D) The 2D heteronuclear 1H-13C 

NMR spectra show chemical shift perturbation in the presence of AMP, suggesting the conjugate 

formation through Cys14 and Pro15 residues of KG18. € Photoluminescence (PL) and (F) PL decay 

time also confirmed QD-peptide conjugation via charge transfer from QD to peptide.  

In order to better understand the interactions of WS2 QD with KG18 or VR18, two-

dimensional 1H-13C heteronuclear single quantum coherence (HSQC) NMR experiments 

were next performed. From these, specific chemical shift perturbations were observed for 

13CβHs of Cys14 (for KG18) or Cys9 (for VR18) and 13CδHs of Pro15 (for KG18) or Pro10 

(for VR18) for both peptides upon interaction with WS2 QD (Figure 5.1 (D) and Figure 

S5.1 (B) (Appendix V). This clearly demonstrated that the interaction is quite specific, 

whereby the thiol group (-SH) of the Cys residue remained in a favorable position for such 

conjugation to occur [60]. This was further supported by a slight blue shift and the 

concomitant intensity decrease observed for WS2 QD after peptide conjugation, as 

evidenced by photoluminescence (PL). This indicated charge transfer from WS2 QD to the 
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aromatic peptides (Figure 5.1 (E) and Figure S5.1 (C) (Appendix V). The fluorescence 

quantum yield was calculated for WS2, WS2-KG18 and WS2-VR18 and found to be 3.62%, 

2.44% and 2.22%, respectively Additionally, time-resolved photoluminescence (PL) decay 

for WS2 QD, WS2-KG18, and WS2-VR18 showed the decay time of free WS2-QD to be 

3.00±0.17 ns, suppressed after conjugation with KG18 and VR18 to 1.39±0.05, and 

1.64±0.05 ns, respectively (Figure 5.1 (F) and Figure S5.1 (D) (Appendix V), reporting on 

the formation of stable QD-AMP conjugates. 

 

Figure 5.2. Biological activity of peptide-QD conjugates: (A) Histogram plot showing MIC99% 

values of WS2-KG18 against P. aeruginosa; Polymyxin B (100 μM) and WS2-QD were used as 

positive and negative control, respectively. (B) The conjugated peptides WS2-KG18/ WS2-VR18 

are stable in physiological condition, supported by the single size distribution pattern over time (t 

= 384 h). (C) The WS2-KG18/VR18 displayed low toxicity against WI38 cells at their MIC99% 

concentration. (D) One-dimensional 1H NMR spectra of (i) C. albicans (after 120 min of 

incubation); (ii) WS2-KG18 and (iii) WS2-KG18 in presence of C. albicans cells, demonstrating the 

occurrence of metabolite peaks (indicated by arrows) as early as 10 min after incubation. (E) The 

intensity of the metabolite peaks in the one-dimensional 1H NMR spectra, increases with increasing 

incubation time, illustrating time-dependent membrane disruption and release of intracellular 

metabolites. 

5.3.3. Biological assays 

Next, a series of biological assays were performed with  KG18 and VR18 peptides 

along with their WS2-QD conjugates. Both KG18 and VR18 were potent (MIC99%=5 M) 

against P. aeruginosa and C. albicans (Table 4.1 in chapter 4). In contrast, the parent 
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VG16KRKP peptide was inactive against P. aeruginosa [169]. However, the antimicrobial 

potency of QD-conjugated KG18 or VR18 was two times stronger than their free peptide 

counterparts (Figure 5.2 (A) and S5.3 (A), (Appendix V), also against P. aseruginosa. In 

contrast, non-conjugated WS2 QDs displayed no antimicrobial activity of its own (Figure  

5.2 (A)). It is also noteworthy that the WS2-peptide conjugates and the free counterparts 

(KG18 or VR18) displayed high selectivity against bacteria and fungi (Figure 5.2 (A) and 

S5.3 (A) (Appendix V). Of note, the peptides KG18 and VR18 as well as their WS2 

conjugates are not only stable in physiological condition (Figure 5.2 (B) and S5.5, 

Appendix V), but also, they are non-hemolytic and non-cytotoxic in nature. Figure S5.4, 

(Appendix V) shows that 5-8% hemolysis was observed using peptide and its QD-

conjugates, whereas cell viability assay (Figure 5.2 (C) and S5.3 (B), Appendix V) against 

normal human lung epithelial cells (WI38) shows that the compounds display low toxicity 

against human cells at the MIC99% concentration (2.5-5 μM). 

 

Figure 5.3. (A) The 1D 1H NMR spectra of (i) free WS2-VR18 and in (ii) presence of 1 O.D630 C. 

albicans cells colored in blue and red respectively. New peaks (marked by arrows) appeared within 

10 min of treatment indicating potent antimicrobial activity of WS2-VR18. (B) Time kinetics plates 

of WS2-VR18 after 0 min and 5 min treatment is compared with Negative (no treatment) and 

positive (100 μM Polymyxin B) control plates. Clear cell killing was observed in WS2-VR18 treated 

plates after 5 min of incubation. 

Addressing the molecular mechanisms underlying these effects, real-time NMR 

experiments were performed in the presence of live fungal cells. Such experiments revealed 

immediate line broadening for all peptide residues due to longer T2 relaxation times (Figure 

5.2 (D)). Additionally, metabolite release was observed from dead or wounded cells as 

early as 5-10 min after incubation (Figure 5.2 (D), 5.3 (A) and S5.6, Appendix V). The 

intensity of metabolites increased with increasing incubation time (Figure 5.2 (E)). Under 

similar conditions, untreated control cells did not show any metabolite release (Figure 5.2 

(D) and S5.6, Appendix V). Further information on the time-kill kinetics for C. albicans 
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was provided by spread plate techniques, where the cells were initially incubated for 

different time points in the presence of WS2 QD-conjugated peptide from which 5 μl 

suspensions were plated on YPD agar plates. No fungal colonies appeared after 5 min of 

incubation (Figure 5.3 (B)), confirming the results of the live cell NMR experiments. Also, 

in line with the live-cell NMR experiments, scanning electron microscopy (SEM) was 

performed using P. aeruginosa and C. albicans cells treated with KG18 and WS2 QD-

conjugated peptide (WS2–KG18 and/or WS2–VR18), demonstrating membrane 

perturbation and leakage of the intracellular constituents as early as 15 min after incubation 

with the peptides (Figure 5.4 (A-B)). In contrast, untreated control cells remained 

unaffected even up to 90 min as shown in Figure 5.4 (A-B, (i)). 

 

Figure 5.4. SEM images of (A) P. aeruginosa and (B) C. albicans cells. (i) Untreated cells showing 

no change in cell morphology after 90 min. In contrast, pronounced membrane perturbation was 

observed after exposure to with KG18 (ii) or WS2-conjugated KG18 (iii) for 15 min. The 

morphological changes were more pronounced for WS2-conjugated KG18 than for free KG18 

peptide. Shown also are representative confocal microscopy images along the z-axis cross-section 

of C. albicans cells in the presence of (C) WS2 QD or (D) WS2-KG18. While WS2-KG18 

permeabilizes the C. albicans cell (yellow arrow) as early as 10 min of incubation (D), WS2 QD 

alone remained at the surface of the C. albicans cells after the same time point (Scale - 2m). (E) 
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A similar effect was observed for FITC-KG18 peptide, which remained on the surface of the C. 

albicans cells even after 60 min of incubation. 

 Next, we investigated the localization of QD-conjugated peptide in P. aeruginosa 

and C. albicans cells, utilizing the intrinsic fluorescence property of QD [287]. Figure 5.4 

(D) and 5.5 (A) show confocal images where cross-sections across the z-axis of the fungal 

cells clearly depict the localization of the peptide-QD conjugates inside the fungal cells 

within 10 min of treatment, again illustrating the membrane permeabilizing activity of the 

QD-conjugated peptide. In contrast, WS2-QD and FITC-KG18/VR18 (FITC-tagged at the 

N-terminal of respective peptide), used as controls, remained at the cell surface (Figure 5.4 

(C-E) and 5.5 (B)) upon incubation with the cells for 60 min under similar conditions. 

Collectively, our results show that the antimicrobial activity of QD-conjugated peptides 

relies on direct membrane disruption, and that QD conjugation promotes membrane 

destabilization. 

 

Figure 5.5. Confocal laser scanning microscopy images of the cells treated with either (A) WS2-

VR18 or (B) FITC-VR18. Left panel shows the overall 2D image of the cells, and the right panel 

shows the cross section along the z-axis to visualize the localization of the fluorophore attached 

peptides at a particular plane of the cells (Scale - 2m). The arrow head show that WS2-VR18 

resides inside the cells, while FITC-VR18 remains localized in the cell membrane at same time 

scale. 

5.3.4. Interaction of Microbial model membranes with QD-AMP conjugates 

In order to provide deeper mechanistic insights into the origin of these effects, 

notably the difference between free and QD-conjugated peptides, the interaction between 

peptide and model membranes was next investigated at an atomic resolution using NMR 

spectroscopy. Since lipopolysaccharide (LPS) is the major component of the outer 

membrane of Gram-negative bacteria [288], 31P NMR experiments were performed for P. 

aeruginosa LPS in the presence of increasing concentrations of peptide conjugates (Figure 

5.6 (A-B)). LPS forms heterogeneous aggregates in solution but in the presence of 
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conjugated peptides, a drastic conformational change was observed for the phosphate head 

groups of LPS (Figure 5.6 (A)). Apart from the small chemical shift change at one of the 

monophosphate residues of P. aeruginosa LPS resonating at -1.00 ppm, significant 

broadening at a second monophosphate group of LPS (resonating at -1.29 ppm) was also 

obtained upon increasing the concentration of conjugated peptides (Figure 5.6 (A)). The 

phosphate head group dynamics using real-time NMR experiments further suggested 

structural re-arrangement of LPS micelle through conformational changes, and/or 

dissociation of LPS aggregates into smaller fragments (Figure 5.6 (B)), in line with 

previous findings on the molecular rearrangement and/or disruption of Escherichia coli 

LPS by paradaxin [125]. In order to investigate membrane defect formation induced by the 

presently investigated peptides and their QD-conjugates, membrane destabilization effects 

were also investigated. It was observed that KG18 can readily form ion channels (Figure 

5.6 (C) (i)) in model bilayer membranes (BLM). The channels exhibited clear transitions 

between closed (0 pA) and different open states (C1 and C2). The major conductance states 

observed were ~ 91 pS (C1) and 385 pS in 1 M KCl and 80 mV. QD-conjugated KG18 

also formed channels with conductance of ~62 and 816 pS (Figure 5.6 (C) (ii)). 

Interestingly, channels formed by the QD-conjugated peptide exhibited initial rapid 

fluctuation between the open and closed states before stabilizing at higher conductance 

state (Figure 5.6 (C) (ii)). Additionally, QD-KG18 causes rupturing of BLM frequently, in 

contrast to unmodified QD, which did not show any channel forming activity (Figure 5.6 

(C) (iii)). Similar observations were made for WS2-VR18 (data not shown). Taken together, 

these results not only demonstrate the boosted membrane disruptive capacity of the QD-

peptide conjugate, but also that the type and/or number of defects differ between free and 

QD-conjugated peptides. 
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Figure 5.6. (A) One-dimensional 31P NMR spectra of 200 μM LPS in the presence of different 

concentrations of WS2-conjugated KG18 (left panel) or WS2-VR18 (right panel), showing chemical 

shift changes as well as line broadening of 31P resonances (arrowhead) of LPS. (B) Difference of 

31P NMR peak intensity with increasing concentrations of WS2-peptide conjugates. (C) Current 

traces at 80 mV, exhibited by (i) KG18, (ii) QD-KG18, and (iii) WS2 QD in BLM. Red broken lines 

indicate the baselines (0 pA, closed state), while different conductance states are represented as C1 

and C2. While WS2 QD alone did not form any channels, WS2 QD-KG18 formed larger channels 

compared to the free peptide, which were stabilized at higher conductance states for longer time. 

5.3.5. Three-dimensional structure determination using solution state NMR 

To gain insight into structural aspects of WS2 QD-conjugated peptides, high-

resolution NMR spectroscopy of LPS-bound WS2–KG18, and WS2–VR18 was performed. 

Although the methodology applied may be used to determine the three-dimensional 

structure of the QD-conjugated peptides in live cell experiments, the release of metabolites 

within few min of treatment restricted us from employing this methodology in the presence 

of live P. aeruginosa and C. albicans cells. Instead, P. aeruginosa LPS was used for 

structural characterization of QD-conjugated peptides. The NOESY NMR spectra of 

conjugated peptides did not exhibit pronounced NOEs except for certain intra N (i,i) or 

sequential N (i,i+1) NOEs, indicating that QD-conjugated peptides remain highly 

dynamic in solution (Appendix V, Figure S5.7 (A-B)). In contrast, LPS forms large 
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molecular weight micelle at very low concentration (critical “micelle” concentration of LPS 

is <1 M) [289], hence, addition of LPS to the QD-conjugated peptides resulted in a 

concentration-dependent line broadening, without affecting chemical shifts in the 1D 1H 

NMR spectra (Appendix V, Figure S5.8 (A-B)). When the free peptides interact with LPS 

micelles they undergo a fast -intermediate exchange with the LPS-bound form under the 

NMR time-scale, creating an ideal situation for transferred NOESY (trNOESY) 

experiments [215], to determine the three-dimensional structure of the conjugated peptides 

in the presence of LPS.  

Interestingly, 2D trNOESY spectra of KG18 and WS2 QD-conjugated KG18 were 

almost identical in the presence of LPS, indicating that WS2 QDs do not substantially affect 

the conformation of the peptide in the LPS-bound form (Figure 5.7 (A-B)). This result was 

further supported by CD spectra (Figure 5.7, inset), demonstrating free and WS2-

conjugated peptides to show similar secondary structure in absence and presence of LPS. 

The statistical analysis of the NOEs, as well as the structures in presence of LPS, are 

summarized in Table 5.1, which shows several medium (i, i+2/i+3/i+4) and long-range 

(i,i+5) NOEs, in addition to sequential N (i, i+1) NOEs (Figure 5.8 (A-D) and Table 

5.1). Interestingly, N (i, i+3) NOEs were observed between A7-W10 for WS2-KG18 or 

W5-K8 for WS2-VR18 (Figure 5.9 (A-B)). This confirms the formation of a well-folded 

conformation by both peptides in presence of LPS molecules. Additionally, several 

aromatic/aromatic, aromatic/aliphatic, and side chain/side chain NOEs were observed for 

QD-conjugated KG18/VR18 in LPS micelles (Figure 5.9 (A-B)). The 20-ensemble 

structure of WS2-KG18 (Figure 5.10 (A)) shows a satisfactory superimposition with a root 

mean square deviation (RMSD) value of 0.2 Å (Table 5.1), whereas in case of WS2-VR18 

(Figure 5.10 (A)) the RMSD value remained comparably high (1.28 Å) due to insufficient 

medium- and long-range NOEs obtained (Table 5.1). The three-dimensional solution NMR 

structure of the WS2 conjugated KG18 and VR18 (Figure 5.10 (B)) shows an amphipathic 

ordering with a clear separation of the orientation of charged and hydrophobic residues 

towards the polar and non-polar sides, respectively. Most strikingly, Trp5 (for VR18) and 

Trp10 (for KG18), as well as their indole ring protons (NεH), played crucial roles in the 

stabilization of the QD-conjugated peptides in the presence of LPS through the 

hydrophobic triad composed of “Trp-Leu-Phe” (Figure 5.10 (C)). This packing was also 

supported by other hydrophobic residues (Ala, Val, and Pro), which contributed to maintain 

the amphipathicity of the peptides in LPS micelle. In contrast, the positively charged 
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residues Lys and Arg were highly dynamic and faced the solvent, maintaining a distance 

of 10-15 Å between their head groups (Figure 5.10 (D)). This distance closely correlates 

with the distance between two terminal phosphate groups of LPS [229]. Furthermore, the 

presence of Cys CαH/ Pro CδH NOE established the occurrence of Cys-Pro bond in a trans- 

conformation.  

 

Figure 5.7. Overlay of signature NOE regions of (A) KG18, WS2-KG18 and (B) VR18, WS2-VR18 

in the context of LPS, obtained from the trNOESY spectra suggesting no spectral change. The CD 

spectra of the peptides and their WS2 conjugates (inset) also showed similar profiles. All the NMR 

experiments were performed using Bruker Avance III 700 MHz, equipped with cryoprobe and at 

298K. 
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Figure 5.8. Bar diagram showing sequential and medium-range NOEs of WS2-QD conjugated 

KG18 (A) and VR18 (B) in presence of P. aeruginosa LPS. The thickness of the bars indicates 

relative intensities of the NOE cross peaks, which are assigned as strong, medium, and weak. Amino 

acid sequences of both the peptides are shown at the top. (C-D) Histogram plots showing the 

number of tr-NOEs of the QD-conjugated peptides as a function of residue number in complex with 

LPS micelles. 

 

Figure 5.9. Two-dimensional 1H-1H trNOESY spectra of (A) WS2-KG18 and (B) WS2-VR18 in 

the presence of LPS. Several side chain/side chain, aliphatic/aromatic and aromatic/aromatic NOEs 

between Val6, Ala7, Arg8, Gly9, Leu16, Trp10 and Phe17 were observed for WS2-KG18 in LPS 

(A). In case of WS2-VR18, the number of such NOEs were suppressed in comparison to WS2-

KG18.  

The overlaid PDB structures of WS2-KG18 and WS2-VR18 showed that the VG13 region 

forms a folded loop type structure in presence of LPS micelle in both the peptides (Figure 

5.10 (E)). This fold occurs due to the presence of proline residue in the primary sequence 

of the peptides. Based on these results, we infer that the “KNKSR” moiety of KG18/VR18 

forms an initial anchoring to the membrane through electrostatic interactions, subsequently 

translocating the rest of the peptide into the outer leaflet, using hydrophobic interactions 

with acyl chains of the membrane, thereby inducing membrane defects (Figure 5.10 (F)). 

Since two molecules of the peptide are attached to each WS2 QD, a larger surface area 

perturbation is generated compared to free peptides, promoting membrane disruption, 

resulting in higher membrane disruptive capacity and antimicrobial activity than the 

corresponding non-conjugated peptides.  
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Figure 5.10. (A) Twenty ensemble structures of QD-conjugated KG18 and VR18 in LPS. The LPS-

bound structure of WS2 QD-KG18 (PDB acquisition codes 5Z31 and 5Z32 for WS2-KG18 and 

WS2-VR18, respectively) showed a rigid backbone conformation but (B) adopt an amphipathic 

structure displaying pronounced charge separation. (C) Aromatic-aromatic packing formed by W10 

and F17 for WS2-KG18 and W5-F12 for WS2-VR18 , which was further assisted by Val, Ala and 

Leu residues, forming a hydrophobic hub shown in yellow colour. (D) The distance between two 

positive charge residues of KG18 or VR18 is almost identical to the distance between head groups 

of LPS (~ 13-15 Å). (E) Overlaid single PDB structures of WS2-KG18 and WS2-VR18. (F) Initially, 

the "KNKSR" moiety anchors the membrane, binding through electrostatic interaction with the 

negatively charged phosphate head groups, followed by the hydrophobic interaction between acyl 

chain of lipids and "hydrophobic hub" of QD-conjugated peptide. Larger surface area pertubation 
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caused by QD-conjugated peptide results in more efficient membrane disruption and microbial 

killing. 

Table 5.1. Summary of structural statistics for the 20 lowest energy ensemble structures of WS2-

conjugated KG18 and VR18 peptides in LPS. 

Distance restraints 

Intra residue  (i – j = 0) 

Sequential (|i – j| = 1) 

Medium range (2 ≤ |i – j| ≤ 4) 

Long range (|i – j| ≥ 5) 

Total 

WS2-KG18 WS2-VR18 

44 

41 

7 

31 

123 

43 

42 

6 

18 

109 

Angular restraints 

Φ 

ψ 

15 

15 

 

15 

15 

Distance restraints from violation (≥ 0.4 Å) 0 0 

Deviation from mean structure (Å) 

Average backbone to mean structure 

Average heavy atom to mean structure 

0.20 ± 0.05 

0.95 ± 0.17 

1.28 ± 0.42 

2.30 ± 0.60 

Ramachandran plot* 

% residues in the most favoured regions and 

additionally allowed region 

% residues in the generously allowed region 

% residues in the disallowed region 

61.5 

38.5 

0.0 

41.7 

58.3 

0.0 

 

5.3.6. Anti-biofilm activity 

Apart from exhibiting increasing resistance to various antimicrobials, P. aeruginosa 

and C. albicans cells are able to form biofilms (Figure 5.11 (A) and 5.12 (A-C)), rendering 

them largely non-susceptible to conventional antimicrobial agents and antimicrobial 

peptides alike.[290] This motivated us to investigate potential anti-biofilm properties of 

WS2 QD-conjugated KG18 and VR18 (Figure 5.11 (B) and 5.12 (A-C)). Strikingly, both 

peptide conjugates showed complete removal of preformed matured Pseudomonas and 

Candida biofilms at 200 μM concentration (which is almost 2 lower than for the free 

peptides) when assayed using MBEC assay, comparable to 100 µM Polymyxin-B or 

Amphotericin B (20 g/ml) treated as a positive control (Figure 5.11 (C) and 5.12 (A-C)). 

Further quantification using MTT-based viability assay and biomass measurement using 
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crystal violet staining supported the microscopic data (Figure 5.11 (D-E), and 5.12 (D-G)). 

This illustrated another potentially important venue for peptide-conjugated WS2 QD.  

 

Figure 5.11. Matured C. albicans biofilm before (A) and after treatment with either (B) WS2-

conjugated peptide or (C) Amphotericin B (20 μg/ml). Bar graph of crystal violet staining of 

biofilms and (D) MTT assay showing potent anti-biofilm activity of KG18/WS2-conjugated KG18 

against matured C. albicans biofilms as compared with negative (no AMP conjugates) and positive 

(200 μM polymyxin B) controls (ns, non significant; *, p≤0.05; **, p≤0.01; ***, p≤0.001). 

Complementing classical drug delivery approaches, nanoparticles have attracted strongly 

increasing interest as drug delivery agents in the last decade in particular as reported by 

several reviews by Malmsten M, Elzoghby et al., Rai et al., Tonga et al. and many more 

[291-294]. There is also several research articles published which explained about the 

application of such nanomaterials as antimicrobial agents, either on their own, or in 

combination with antibiotics [258]. For example, Brown et al., reported upon the 

functionalization of ampicillin with silver and gold nanoparticles (AgNPs and AuNPs, 

respectively), and found the latter to display increased activity against a broad spectrum of 

pathogens compared to non-conjugated nanoparticles [295]. Similarly, Payne et al showed 

that the conjugation of Kanamycin to AuNP enhanced its activity against a series of gram-

postive and gram-negative bacteria including Kanamycin resistant Staphylococcus 

epidermidis, Streptococcus bovis, Enterobacter aerogenes, Pseudomonas 

aeruginosa PA01, P. aeruginosa UNC-D and Yersinia pestis [296]. Vancomycin-

conjugated porous silicon nanoparticles also showed targeted healing of Staphylococcus 

aureus infections in-vivo as reported by Hussain et al [297]. Expanding such studies to 
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AMPs, our group conjugated AuNPs with a 16 residue AMP, VG16KRKP, and reported 

upon its anti-Salmonella activity and enhanced stability via structure functional 

correlation.[44]  

 

Figure 5.12. Images (A-C) showing the matured biofilm in the absence of presence of WS2-

conjugated AMPs. The biofilm was prepared either from P. aeruginosa or C. albicans and MBEC 

assay performed. Amphotericin B (20 μg/ml) was used as negative control. Histogram plot of (D) 

MTT assay against C. albicans biofilm and (E-G) crystal violet staining of C. albicans and P. 

aeruginosa biofilms. The potent anti-biofilm activity was compared between free and WS2-

conjugated KG18 or VR18 peptides. The negative and positive control of the experiments were 
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cells without peptide and in the presence of Amphotericin B (20 μg/ml), respectively (ns, non 

significant; *, p≤0.05; **, p≤0.01; ***, p≤0.001). 

Various QDs have been reported to display antimicrobial properties, including 

CdTe, CdSe/ZnS, and ZnO QDs. Furthermore, QDs have been combined with antibiotics 

or antimicrobial peptides for improved performance [61,297-299]. For example, Luo et al. 

studied antibacterial effects of Rocephin in combination with CdTe QDs against E. coli 

[300]. It was found that CdTe QDs and Rocephin form a stable complex, which display 

more potent antimicrobial effects than expected for the combination of the individual 

compounds. Importantly, however, many QDs, especially those containing Cd2+ and other 

heavy metal ions, have been found to display high toxicity against human cells [301-305]. 

Recently, several groups have therefore focused their attention on QDs displaying lower 

toxicity, including, InAs/InP/ZnSe, InAs/ZnSe, and MoS2 [306-308]. In our pursuit of 

designing nanoparticles that could be used for selective targeting of bacteria and fungi 

through AMP conjugation, we here extend on the latter studies by investigating a special 

class of transition metal quantum dots, displaying advantages of highly efficient fluorescent 

properties, very small size (~2 nm), straightforward AMP conjugation, and low toxicity 

against human cells.  

As with other inorganic nanoparticles, membrane interactions of QDs are highly 

influenced by their surface properties. While membrane composition effects such as 

presence of anionic phospholipids (enriched in bacteria) and sterols (cholesterol and 

ergosterol in mammalian and fungal cells, respectively) [309-312], designing bare 

nanoparticles displaying good selectivity for pathogens, with potent antimicrobial effects 

and low toxicity against human cells, is difficult. Considering this, conjugating such 

nanoparticles with selective AMPs presents a promising alternative, since AMPs allow a 

wider range of approaches for reaching such selectivity, including quantitative structure-

activity relationship approaches as shown by Pasupuleti et al and Fjell et al [40,313], AMPs 

generated from endogenous proteins [314,315], and Trp/Phe-tagged AMPs [41,127], to 

mention a few. Indeed, both the conjugated peptides investigated in our study displayed 

low toxicity against human cells, yet simultaneously a two-fold higher activity due to 

peptide clustering when compared to their free counterparts, the latter demonstrated by 

NMR-based live cell experiment and SEM micrographs to result from membrane rupture, 

loss of morphology, and metabolite release within few min of treatment. From this, 

conjugation of the WS2 QDs with selective AMPs seems to represent a viable approach for 
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effectively ‘targeting’ such nanoparticles to bacteria and fungi, either for antimicrobial 

effects in a therapeutic setting, or for monitoring infections in diagnostics. A similar 

approach was previously used by coating fluorescent polymer nanoparticles with the Trp-

tagged antimicrobial peptide GRR10W4 for selective uptake of these particles in melanoma 

cells [316]. 

In addition to such functional ‘targeting’ resulting in potent antimicrobial effects 

against both planktonic and biofilm-forming pathogens, the present study provides novel 

insight into the mechanisms, by which such effects are reached. Thus, detailed comparative 

analysis of the structures of free and conjugated peptides showed adoption of an 

amphipathic orientation with clear charge separation. Furthermore, the conformation of the 

peptides remained unaltered before and after conjugation with WS2-QD, as evidenced from 

trNOESY spectra, whereas MALDI demonstrated each WS2 QD to bind two AMP 

molecules. As the structure of a membrane active peptide plays important role for its 

activity, the unaltered conformation of our peptides, as well as the effectively bi-dentate 

formation, provides an added advantage of using such ultra-small nanoparticles, resulting 

in enhance membrane lysis and antimicrobial/antibiofilm activities.  

This approach for combining low-toxic ultra-small QDs with potent and selective 

AMPs represents a promising tool not only for suppression of infections caused by bacterial 

and fungal pathogens, but also a probe for localization of such conjugates inside live cells., 

and for monitoring of treatment outcome. Here, it should also be noted that the ability to 

conjugate WS2 QD with peptides containing thiol group allows a broad range of AMPs and 

other peptides to be conjugated, thus potentially supporting a broad range of applications 

within infection treatment and imaging.  

5.4. Conclusion 
In conclusion, this study demonstrates the successful design of two potent 18-

residue antimicrobial peptides, as well as their conjugation to highly fluorescent, 

photostable and ultrasmall tungsten disulfide QD. Such peptide conjugation opens up a new 

platform for fluorescent tagging of bioactive molecules, notably AMPs. Our findings 

highlight a new powerful antimicrobial system, the favourable toxicity profile of which 

allows their usage as antimicrobial agents against challenging pathogens, both in planktonic 

form and in biofilms. Based on a series of detailed NMR studies, QD conjugation was 

demonstrated to result in enhanced interactions with both model lipid membranes, key 

membrane components (LPS), and pathogen cell membranes through a bi-dendate 
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configuration. Together with the favourable imaging properties of WS2 QDs, these results 

demonstrate that conjugation of AMPs with such QDs represent a promising approach for 

boosting their antimicrobial effects, and for modification of such QDs with AMPs for 

selective pathogen imaging.  
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5.5. Appendix V 

 

Figure S5.1. Physical characterization of WS2-VR18: (A) Hydrodynamic size, obtained from 

dynamic light scattering (DLS), confirms the WS2-VR18 conjugation. (B) The 2D heteronuclear 

1H-13C NMR spectra show chemical shift perturbation in the presence of WS2-QD, demonstrating 

conjugate formation through Cys9 and Pro10 residues of VR18. (C-D) Photoluminescence (PL) 

and PL decay also confirmed conjugation of QD to the respective peptide via charge transfer. 

 

Figure S5.2. Thermogravimetric analysis (TGA) of WS2 and its conjugated peptides. The weight 

loss of WS2 QD was 5.8% at 470 C. We assume that the composite has only inorganic residues at 

470°C and the compositions of inorganic parts were calculated based on this. 
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Figure S5.3. (A) Histogram plot showing MIC99% values of WS2-KG18 and WS2-VR18 against C. 

albicans SC5314. Furthermore, as shown for KG18 (B) and VR18 (C), the free peptides did not 

exhibit any cytotoxicity against normal human WI38 cell line. Doxorubicin (dox) (3 M) was used 

as a positive control. 

 

Figure S5.4. Free KG18, VR18 as well as WS2-KG18 and WS2-VR18 displayed low toxicity 

against human erythrocytes as obtained from hemolysis assay. The experiment was done in 

triplicate ans the error bar represents ±SD. 
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Figure S5.5. DLS analysis of WS2-KG18 either in aqueous solution (pH 7.4) or in 10mM Tris-HCl 

(pH 7.4) with different salt concentration after t=16 days. 

 

Figure S5.6. (A) One-dimensional 1H NMR spectrum of WS2-VR18 (i) in the presence of live C. 

albicans (O.D630=1) cells; (ii) in the absence of cells, and (iii) with only cells in the absence of 

peptide. New peaks (marked by arrows) with sharp signal appeared within 10 min after treatment, 

indicating potent antimicrobial activity of WS2-VR18. In contrast, no such peaks were obtained 

from the cells even after 120 min of incubation.  
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Figure S5.7. Free NOESY spectrum of WS2-KG18 and WS2-VR18 in H2O (pH- 4.5, 298 K). The 

data was obstained in a Bruker 700 MHz spectrometer. 

 

Figure S5.8. One-dimensional 1H NMR spectrum of WS2-KG18 (A) and WS2-VR18 (B) in aqueous 

solution (blue colour) and in the presence of P. aeruginosa LPS (red colour) (stock concentration=1 

mM). Peak broadening and change of intensities were observed after addition of P. aeruginosa 

LPS, suggesting a conformational exchange between free and bound form at NMR time scale.  
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Chapter VI 

6. 7-Methoxytacrine and 2-Aminobenzothiazole Heterodimers: 

Structure-Mechanism Relationship of Amyloid Inhibitors Based on 

Rational Design 
 

This chapter has been adapted from the following publication:  

Gancar, M., Ho, K., Mohid, S.A., Thai, N.Q., Bednarikova, Z., Nguyen, H.L., Bhunia, A., 

Nepovimova, E., Li, M.S. and Gazova, Z., 2020. 7-Methoxytacrine and 2-

Aminobenzothiazole Heterodimers: Structure–Mechanism Relationship of Amyloid 

Inhibitors Based on Rational Design. ACS Chemical Neuroscience, 11(5), pp.715-729. 

6.1. Introduction 
All living things and viruses include the universally present enzyme lysozyme, which has 

a wide range of origin, amount, structural, chemical, and enzymatic characteristics [317]. It 

is a 14 kDa protein that is found in several mucosal secretions, including tissues from 

animals and plants as well as tears, saliva, and mucus. It is crucial for innate immunity since 

it protects against bacteria, viruses, and fungus [318]. It is also known as N-acetylmuramic 

acid hydrolase or muramidase (E.C. 3.2.1.17). The enzymatic activity of lysozyme is 

mediated by the hydrolysis of β-1,4-glycosidic linkages between N-acetylglucosamide 

(NAG) and N-acetylmuramic acid (NAM), which are found in the polysaccharide backbone 

of the peptidoglycans of Gram-positive bacteria [319]. Since its discovery by A. Fleming in 

1921, lysozyme has been regarded as an endogenous antibiotic, intrinsically vital in the 

fight against microorganisms due to its ability to destroy the bacterial cell wall. 

Human lysozyme is associated with lysozyme hereditary systemic non-neuropathic 

amyloidosis. It has been reported that amyloidogenic variants of the human lysozyme are 

encoded by six different mutations of the lysozyme gene. The phenotype of lysozyme 

systemic amyloidosis is heterogeneous and includes gastrointestinal symptoms, sicca 

syndrome, hepatic rupture, petechiae and purpura, renal failure, and lymphadenopathy 

[320]. Hen egg white lysozyme (HEWL) represents an interesting model system to 

investigate formation of amyloid aggregates and identify novel inhibitors with potential to 

deal with this disease [321]. This 129- residue-long anti-bacterial protein has been 

extensively used in studies as its structure and folding properties are well known and it is 
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highly homologous to human lysozyme. In vitro, it undergoes amyloid aggregation when 

exposed to high temperatures in acidic conditions [322].  

After decades of research, protein amyloid aggregation remains one of the biggest 

challenges for the scientific community because of its association with amyloid-related 

diseases as well as recently obtained knowledge that protein amyloids also play 

physiological roles in organisms. Now, it is believed all peptide and polypeptide sequences 

can adopt the amyloid state under appropriate conditions [323]. Although the precise 

molecular mechanism of amyloid aggregation in vivo is still unknown, there are a lot of 

factors affecting the propensity of peptides and proteins to be transformed from a soluble 

state into almost insoluble amyloid structures [193]. They include genetic mutations, post-

translational modifications, high protein concentration, and the presence of metal ions [324]. 

In vitro exposure of proteins to amyloid-inducing conditions such as high temperature or 

protein concentration, pH, and the presence of salts or denaturants results in the formation 

of amyloid fibrils with cross-β architecture common to amyloid aggregates formed in vivo  

[323]. 

It is generally accepted that the formation and accumulation of amyloid deposits in various 

tissues can have a toxic effect on different cell types, leading to cell dysfunction. 

Amyloidosis can represent a serious health problem leading to life-threatening organ failure 

and finally, death [325]. Alzheimer’s and Parkinson’s diseases, the most common forms of 

dementia, as well as diabetes mellitus are some of the more than 50 currently known 

amyloid diseases.  

Currently, there is no cure for amyloid diseases. Treatment is mainly focused on alleviating 

symptoms, thus improving the quality of the patient’s life. Therefore, a great emphasis is 

placed on the development of effective strategies for their successful treatment. One of the 

prospective therapeutic approaches involves inhibition of amyloid fibrillization or 

clearance of amyloid aggregates.  

Many small molecules have proved to be capable of inhibition of amyloid aggregation. 

Most of the studied compounds possess structural features known to be important for their 

interaction with core regions of early-formed amyloid species and mature amyloid fibrils. 

These characteristics include the presence of aromatic rings, the substitution pattern of 

these aromatics, and the length and flexibility of the linker connecting the functional groups 

[326]. Curcumin and its derivatives exhibit the ability to interfere with β-amyloid fibrils and 
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aggregates. Derreumaux et al. reported the effects of many drugs targeting mainly Aβ 

peptide obtained from in vitro and in vivo experiments and clinical trials [327]. Glyco-

acridines inhibit amyloid aggregation of human insulin as well as HEWL [328]. Siddiqi et 

al. showed that capreomycin effectively suppresses the insulin amyloid fibrillization [329]. 

The ability of polyphenols to affect the amyloid aggregation of HEWL in vitro has been 

reported [330].  

Tacrine was the first cholinesterase inhibitor approved by the U.S. FDA and also one of the 

most popular aromatic structures tested for possible anti-amyloid properties. However, its 

use has been restricted due to its hepatotoxicity [330]. Therefore, the search for more 

effective, secure, and multifunctional tacrine derivatives is still of interest [326]. It has been 

demonstrated that the tacrine analogue 7-methoxytacrine (7- MEOTA) and its derivatives 

have the ability to inhibit the amyloid formation of Aβ1−40 peptide while being less toxic 

than but having pharmacological activity equal to that of tacrine. The other interesting 

molecule is benzothiazole, one of the most important chemical structures featured in a 

variety of natural and pharmaceutical agents and, its derivatives [331].  

Heterodimerization remains an attractive concept leading to preservation, combination, or 

improvement of beneficial biological properties of parent compounds. It is believed that it 

is a valid concept when dealing with diseases as complex as amyloidosis. Furthermore, it 

provides an opportunity to take advantage of the active linker region which connects parent 

molecules and, thus, enhance the effects of uniquely designed anti-amyloid compounds 

[332]. 

In this chapter, the main focus is to investigate into the effects of hybrid heterodimers on 

amyloid aggregation of HEWL. A novel series of heterodimers (HK compounds) was 

prepared through linkage of functional molecules 7-MEOTA and 2-aminobenzothiazole 

(BTZ) using aliphatic linkers varying in length. The results obtained using various in vitro 

and biophysical methods to show that HK compounds are capable of effective dose 

dependent inhibition of HEWL amyloid aggregation at acceptable toxicity levels. It was 

found that heterodimerization greatly improves the anti-amyloid ability of the parent 

compounds. Moreover, we investigated the structure−activity relationships of the studied 

molecules. Binding of heterodimers to HEWL mostly depends on a compound’s aromatic 

groups and leads to blocking of the interaction between the β-domain and C-helix regions 

essential for formation of amyloid cross-β structure. Despite this fact, the length of the 
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linker is a decisive factor among the HK compounds in terms of their affinity to HEWL as 

well as their inhibitory activity. 

6.2 Materials and methods 

6.2.1 Chemicals and reagents 

HEWL (L6876, activity ∼40,000 units/mg protein, E.C. number 3.2.1.17), 

thioflavin T (ThT), dimethyl sulfoxide (DMSO), glycine, NaCl, and Dulbecco’s Modified 

Eagle Medium (DMEM) were purchased from the Sigma-Aldrich Chemical Co. (St. Louis, 

MO, USA). SH-SY5Y human neuroblastoma cell line was purchased from German 

Collection of Microorganisms and Cell Culture, DSMZ (Braunschweig, Germany), and 

WST-1 Cell Proliferation Assay Kit (WST-1) from Roche Diagnostics GmbH (Mannheim, 

Germany). 4,4-Dimethyl-4-silapentane-5-sulfonate sodium salt (DSS), d6-DMSO, and D2O 

were obtained from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA). Citrate 

was purchased from Merck Millipore (Burlington, MA, USA), and disodium hydrogen 

phosphate was purchased from HiMedia Laboratories Pvt. Ltd. (Mumbai, India). All 

chemicals were of analytical reagent grade. Studied 7-MEOTA−2-aminobenzothiazole 

(BTZ) heterodimers (HK compounds) (Table 6.1) were synthesized at the Department of 

Chemistry, Faculty of Science, University of Hradec Kralove, Hradec Kralove, Czech 

Republic. All chemical reagents used for synthesis were purchased from Sigma-Aldrich. 

Solvents for synthesis were obtained from Penta Chemicals (Prague, Czech Republic). 

 

Scheme 6.1. aReagents and conditions: (a) toluene, H2O, diphenyl ether, EtOH, Dean−Stark trap; 

(b) POCl3; (c) α, ω-diaminoalkane, phenol; (d) DIPEA, DMF. 

6.2.2 Synthesis of HK Compounds 

Novel 7-MEOTA-BTZ heterodimers (HK 1066, HK 1068, HK 1070, and HK 1072) 

were obtained as depicted in Scheme 6.1. 7-Methoxy-1,3,4,10-tetrahydroacridin- 9(2H)-

one, 9-chloro-7-methoxy-1,2,3,4-tetrahydroacridine, and N- (7-methoxy-1,2,3,4-

tetrahydroacridin-9-yl) alkane diamines were synthesized according to the procedures 

already reported in the literature [333]. Subsequent coupling with 2-chloro-1,3-

benzothiazole in the presence of N, N-diisopropylethylamine (DIPEA) in 

dimethylformamide (DMF) at 110 °C for 2 h provided target compounds in moderate 
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yields. All new hybrids were finally structurally characterized in the form of hydrochloride 

salts by their analytical and spectroscopic data. Round-bottom flask with 2-

chlorobenzothiazole (1 equiv.) was purged with argon and treated with DMF (5 ml). 

Thereafter, N, N diisopropylethylamine (2 equiv.) was added to the mixture. Finally, 

appropriate α, ω-diaminotacrine derivative (1 equiv.) dissolved in a small amount of DMF 

was added to the flask. Formed solution was then heated to 110 °C and stirred for 2 h. After 

cooling to room temperature, the mixture was dissolved in CH2Cl2 (3 × 100 ml) and 

extracted with water (100 ml). Collected organic layers were dried over Na2SO4, filtered, 

and evaporated to give crude product. Purification by column chromatography using ethyl 

acetate/MeOH/26% aqueous ammonia solution (60/1/0.2) as eluent provided a pure base. 

Obtained base was dissolved in MeOH and saturated with gaseous HCl. Solvent removal 

afforded an oily residue which was subsequently washed with acetonitrile to give the final 

product in the form of hydrochloride salt. The course of the reactions was monitored by 

thin-layer chromatography on aluminium plates precoated with silica gel 60 F254 (Merck, 

Czech Republic) and then visualized by UV 254. Melting points were determined on a 

melting point apparatus M-565 (Büchi, Switzerland) and are uncorrected. Uncalibrated 

purity was ascertained by LC-UV (at the wavelength of 254 nm) using a reverse phase C18 

chromatographic column. All the biologically tested compounds exhibited purity 99% at a 

wavelength 254 nm. NMR spectra of target compounds were recorded on Varian S500 

spectrometer (operating at 500 MHz for 1H and 126 MHz for 13C; Varian Corp., Palo Alto, 

CA, USA). Chemical shifts are reported in parts per million (ppm). Spin multiplicities are 

given as s (singlet), d (doublet), dd (doublet of doublets), t (triplet), p (pentet), or m 

(multiplet). The coupling constants (J) are reported in hertz (Hz). High-resolution mass 

spectra (HRMS) were determined by Q Exactive Plus hybrid quadrupole-orbitrap 

spectrometer. All the synthesis and characterization of the HK compounds, 7-MEOTA and 

BTZ, was done in the Slovak Academy of Sciences, Slovakia.  

Table 6.1. The structures of studied HK compounds and 7–MEOTA and BTZ molecules. 

Name 2D Structure 3D Structure 

HK 1066 
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6.2.3 In vitro Lysozyme Amyloid Aggregation: ThT Fluorescence Assay 

HEWL was dissolved in 70 mM glycine buffer with an addition of 80 mM NaCl at 

pH 2.7 to a final concentration of 10 μM. The HEWL solution was incubated at 65 °C for 

2 h and stirred at 1200 rpm in thermomixer. After the incubation, the amyloid-specific dye 

ThT was added, and samples were incubated for another 60 min at 37 °C in dark. The 

formation of HEWL amyloid fibrils was confirmed by a significant increase in the ThT 

fluorescence. Measurements were performed in a 96-well plate using a Synergy MX 

(BioTek) spectrofluorometer. The excitation wavelength was set at 440 nm and the 

emission recorded at 485 nm. The excitation and emission slits were adjusted to 9.0/9.0 

HK 1068 
 

 

 

HK 1070 
 

 

 

HK 1072 
 

 

 

7-MEOTA 

  

  

BTZ 
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nm, and the top probe vertical offset was 6 mm. This experiment was done in the Slovak 

Academy of Sciences, Slovakia. 

6.2.4 Effect of Compounds on HEWL Amyloid Fibrillization: Determination of IC50 

Values 

Interference of BTZ, 7-MEOTA, and HK compounds with an amyloid aggregation 

of HEWL was studied using ThT fluorescence assay in the concentration range of 100 pM 

to 1 mM at the fixed 10 μM protein concentration. All compounds were dissolved in 

DMSO. The recorded ThT fluorescence intensities were normalized to the ThT 

fluorescence of lysozyme amyloid fibrils in the absence of studied compounds. This 

analysis was performed in the Slovak Academy of Sciences, Slovakia. 

6.2.5 Atomic Force Microscopy (AFM) 

  The sample preparation, data acquisition and analysis was done in the Slovak 

Academy of Sciences, Slovakia. Samples for AFM were applied on freshly cleaved mica. 

After 5 min adsorption period the surface of mica was rinsed several times with ultrapure 

water and left to dry. AFM images were obtained using a scanning probe microscope 

(Veeco di Innova) in a tapping mode using the NCHV cantilever with a specific resistance 

0.01−0.025 Ω·cm−1. All images are unfiltered.  

6.2.6 Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) 

Spectroscopy 

ATR-FTIR spectra were recorded using a Nicolet 8700 Fourier transform infrared 

spectrometer (Thermo Fisher Scientific) equipped with Smart OMNI-Sampler (diamond 

crystal). 5 μl of the sample (50 μM HEWL, 500 μM compound) was spread on the diamond 

surface. Each spectrum represents an average of 254 repetitions, recorded at the resolution 

of 2 cm−1 in amide I region (1700−1600 cm−1). Recorded spectra were smoothed using 

OMNIC 8 software (Thermo Fisher Scientific) to achieve the quality of spectra adequate 

for deconvolution. 11-point Savitzky−Golay filter (10.607 cm−1) followed by 7-point 

Savitzky−Golay filter (6.750 cm−1) was applied. Spectra were subsequently deconvoluted 

by peak analyzer in OriginPro 8 softwware (OiriginLab Corp.). Baseline was subtracted, 

and the positions of peaks in amide I region were added manually in correlation with the 

raw data. To assign peak positions to the secondary structures, measurements were 

compared against the published literature.[334] Gaussian peak function was used to fit the 

data, and particular secondary structures content was obtained by Gaussian curves area 

integration. This experiment was done in the Slovak Academy of Sciences, Slovakia. 
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6.2.7 Nuclear Magnetic Resonance (NMR) 

All NMR experiments were done at 25 °C either on a Bruker Avance III 500 MHz 

equipped with a 5 mm SMART probe or 700 MHz NMR spectrometer equipped with the 

RT probe. HEWL samples (500 μM) were prepared using 10 mM citrate−phosphate buffer 

with 100 mM NaCl (pH 2.8), and 10% D2O was added for locking purpose. DSS was used 

as an internal standard (0.00 ppm). HK 1066 and HK 1072 were first dissolved in d6-DMSO 

and then diluted into the same buffer for all the experiments. Two-dimensional (1H) total 

correlation spectroscopy (2D TOCSY) and nuclear Overhauser spectroscopy (2D NOESY) 

were recorded for HEWL in free and bound (1:1 HEWL and ligand) forms with a mixing 

time of 80 and 150 ms, respectively, and the spectral width was set to 15 ppm in both 

directions. One dimensional STD NMR was performed using 1 mM concentration of ligand 

molecules. The chemical shifts of the HEWL from 2D 1H-1H TOCSY (mixing time 80 ms) 

and NOESY (mixing time 150 ms) experiments were assessed and compared with the 

reference chemical shift, deposited in BMRB [318]. The identity of the chemical shifts of 

the HEWL residues interacting with HK compounds obtained from MD simulation study 

has been also subsequently cross validated. STD NMR spectra were acquired at a 

ligand/HEWL mixture ratio of 300:1. Selective irradiation of HEWL was achieved by a 

train of Gaussian-shaped pulses with a 1% truncation and each of 49 ms in duration and 

separated by a 1 ms delay. A total of 40 selected pulses were applied, leading to a total time 

of saturation of 2 s. The so-called on resonance for HEWL was fixed at 0.2 ppm, and off-

resonance was at 40 ppm, where neither protein nor the ligand resonances were present. 

Subtraction of the two spectra (on-resonance−off-resonance) by phase cycling leads to the 

difference spectrum that contains signals arising from the saturation transfer. The reference 

spectrum was recorded with 640 scans, while the difference spectrum was obtained with 

1280 scans. Data processing was performed using TOPSPIN program suite for all the 

spectra, and peak assignment was done using the SPARKY software. 

6.3 Results and discussion 
Heterodimerization of small molecules represents a novel approach allowing 

researchers to improve anti-amyloid activities of compounds. We synthesized 

heterodimeric 7- MEOTA−BTZ molecules (HK compounds 1066, 1068, 1070, and 1072) 

by linking parent molecules 7-MEOTA and BTZ using variable length aliphatic linkers 

(Cn; n = 2, 4, 6, or 8). The chemical structures of the compounds are displayed in Table 6.1. 

The parent molecules (7-MEOTA and BTZ) as well as four heterodimers were investigated 

to determine whether they are able to inhibit HEWL amyloid aggregation. In vitro 
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experiments were used to examine their mechanism of action and to identify relationships 

between the molecular structure of heterodimers and their inhibitory activity.  

6.3.1 Inhibition of HEWL Amyloid Fibrils Formation and Determination of IC50 Values.  

The ability of the studied compounds to inhibit amyloid aggregation of HEWL was 

examined using the Thioflavin T (ThT) based fluorescence assay. The extent of inhibition 

of amyloid fibrillization was studied for all six compounds individually and an equimolar 

mixture of 7-MEOTA and BTZ at concentration gradients ranging from 100 pM to 1 mM 

and fixed 10 μM HEWL concentration. The relative fluorescence intensities normalized to 

the fluorescence signal of HEWL amyloid fibrils alone (taken as 100%) are presented in 

Figure 6.1. As a decrease in fluorescence indicates the ability of compounds to inhibit the 

amyloid fibrils’ formation, we could conclude that all of the studied compounds inhibit 

HEWL amyloid fibrillization to some extent. The efficiency is affected by the compound’s 

concentration, heterodimerization, and structure.  

 

Figure 6.1. ThT fluorescence intensities of HEWL fibrillization in presence of increasing 

concentration of (A) 7-MEOTA (black triangles), BTZ (orange circles) and their equimolar mixture 

(dark yellow squares); (B) HK 1066 (blue circles), HK 1068 (red circles), HK 1070 (green prisms) 

and HK 1072 (magenta triangles). ThT fluorescence intensities were normalized to fluorescence of 

10 μM HEWL fibrils without added compounds (taken as 100 %). Experiments were performed as 

triplicates; error bars represent the average deviation of three separate samples. 

A concentration gradient of 7-MEOTA resulted in a steady decline of ThT fluorescence 

intensity starting at 100 nM concentration (Figure 6.1 (A), black triangles). Regarding BTZ 

(Figure 6.1 (A), orange circles) and an equimolar mixture of parent molecules (Figure 6.1 

(A), dark yellow squares), we observed a steep decline of ThT fluorescence intensity 

starting from ∼80 μM concentration. Moreover, the efficiency of the equimolar mixture 
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was worse than 7-MEOTA alone, suggesting a competitive binding of parent molecules. 

At the highest used concentration (1 mM) the fluorescence intensity reached ∼15% for 7-

MEOTA, ∼40% for BTZ, and ∼30% for their mixture, relative to the signal observed for 

untreated HEWL amyloid fibrils. That corresponds to ∼85%, ∼60%, and 70% inhibitory 

activity for 7-MEOTA, BTZ, and their mixture, respectively. On the other hand, data 

collected for heterodimer HK 1072 (Figure 6.1 (B), magenta triangles) showed a steady 

decline of the ThT fluorescence with increasing compound concentration starting from the 

picomolar region. At the highest (1 mM) concentration only ∼10% fluorescence signal was 

observed in comparison to fluorescence detected for untreated lysozyme fibrils. That 

corresponds to ∼90% inhibition of HEWL amyloid aggregation. The inhibitory activity of 

compounds with shorter linker slightly decreased, namely ∼80% inhibition for HK 1070 

(Figure 6.1 (B), green diamonds) and ∼75% inhibition for HK 1068 (Figure 6.1 (B), red 

circles), respectively. The heterodimer with the shortest linker, HK 1066 (Figure 6.1 (B), 

blue squares), inhibited the HEWL amyloid aggregation by roughly 60%. Overall, the 

obtained data suggest that the inhibitory activity of parent molecules 7-MEOTA, BTZ, and 

their mixture without heterodimerization is significantly lower in comparison to that of the 

heterodimers. Moreover, an effect of linker length on the inhibitory activity of amyloid 

aggregation of HEWL was observed. The data presented in Figure 6.1 (B) suggest that 

elongation of the linker had a positive effect on a compound’s capability to suppress 

amyloid aggregation of HEWL. The highest inhibition was observed for compound HK 

1072 with the longest linker, eight carbons long. The gradual decline in inhibitory activity 

was observed for heterodimers with a shorter linker length. For better quantification of 

inhibitory properties of studied compounds, the fluorescence intensity values were fitted. 

The obtained curves were used for calculation of IC50 values (half-maximal inhibitory 

concentrations of compounds), which are summarized in Table 6.2. BTZ showed the lowest 

inhibitory potential, with the highest IC50 value equal to 871 μM. The second parent 

molecule, 7-MEOTA, exhibited better anti-amyloid properties with an IC50 ≈ 67 μM. Their 

equimolar mixture had a higher IC50 value than all the heterodimers, equal to 196.7 μM. 

Importantly, all heterodimers with the exception of HK 1066 were more effective at 

inhibiting HEWL amyloid aggregation than parent molecules BTZ and 7-MEOTA or their 

equimolar mixture. 



 
 

 

193 Chapter VI 

Table 6.2. IC50 values of 7-MEOTA, BTZ, HK compounds corresponding to their ability to inhibit 

amyloid aggregation of HEWL. Data represent the mean value obtained from three independent 

measurements and an average deviation. 

Compound IC50 [μM] 

7-MEOTA 66.8 ± 4.4 

BTZ 871.4 ± 64.3 

eq. mixture 196.7 ± 16.5 

HK 1066 115.6 ± 11.3 

HK 1068 48.7 ± 7.6 

HK 1070 15.4 ± 0.9 

HK 1072 1.6 ± 0.3 

 

Moreover, it was found that, with longer aliphatic linker of heterodimers, the inhibitory 

efficiency of the compounds increased in correspondence to the decline of their IC50 values. 

The most effective compound was the heterodimer HK 1072 with an IC50 ≈ 1.6 μM, which 

is 2 orders of magnitude better than that of BTZ and 1 order enhancement in comparison 

to 7- MEOTA. The obtained results suggest that both the heterodimerization and linker 

length are important factors determining a compound’s inhibitory ability. 

6.3.2 Morphology of Amyloid Aggregates. 

Atomic force microscopy (AFM) was used to visualize morphological changes of 

HEWL amyloid fibrils forming in the presence of the studied compounds (Figure 6.2). For 

BTZ (Figure 6.2 (C)) the quantity and morphology of the amyloid fibrils were comparable 

to those of HEWL amyloid aggregates formed alone, confirming very low inhibitory 

activity of this compound (Figure 6.2 (A)). A reduction of the number of amyloid 

aggregates was detected for lysozyme fibrillization in the presence of compound 7-

MEOTA (Figure 6.2 (B)). Among the heterodimers, the lowest amount reduction of the 

amyloid fibrils was observed for HEWL fibrillization in the presence of HK 1066 (Figure 

6.2 (D)) corresponding to its higher IC50 value. Addition of HK 1068 (Figure 6.2 (E)) 

caused morphology and quantity changes similar to those observed for 7-MEOTA. 

Considerably fewer aggregates were formed in the presence of compound HK 1070 (Figure 

6.2 (F)), and aggregates formed in the presence of HK 1072 (Figure 6.2 (G)) in particular 
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appeared much shorter and more amorphous compared to other samples. AFM images of 

formed aggregates are in a very good correlation with calculated IC50 values and support 

results obtained from ThT fluorescent assay.  

6.3.3 Secondary Structure Determination: ATR FTIR Spectroscopy.  

In order to analyse differences in the content of secondary structure of HEWL 

amyloid fibrils formed alone and in the presence of studied compounds, samples were 

examined using ATR FTIR spectroscopy. The FTIR spectra recorded for native and 

untreated HEWL amyloid fibrils as well as for lysozyme aggregates formed in the presence 

of parent molecules BTZ, 7-MEOTA, and heterodimers HK 1068 (representing compounds 

with the short linker) and HK 1072 (compound with the longest linker and the best 

inhibitory activity) are presented in Figure 6.3 (A). 

 

Figure 6.2. AFM images of HEWL fibrils formed alone (A) or in a presence of studied compounds 

7-MEOTA (B), BTZ (C), HK 1066 (D), HK 1068 (E), HK 1070 (F) and HK 1072 (E). The 

concentration of HEWL was 10 μM and the concentration of added compounds was 500 μM. Bars 

represent 1 μm. 

 The spectra were deconvoluted to calculate the particular protein secondary structures 

(Table 6.3). The α-helical and β- sheet content has been determined for all samples and is 

presented in Figure 6.3 (B). The absorption spectrum of native HEWL in the amide I region 

(Figure 6.3 (A), green dashed line) shows wide bands at 1653 and 1661 cm−1 corresponding 

to ∼41% α-helical content (Figure 6.3 (B), green patterned column), which is in agreement 

with other studies. Bands at 1625 and 1636 cm−1 represent ∼24% β-sheet content (Figure 

6.3 (B), green full-colour column). In contrast, HEWL amyloid fibrils formed alone (Figure 

6.3 (A), blue dotted line) have bands at 1624 and 1636 cm−1, indicating a significant 
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increase in β-sheet content, characteristic for HEWL amyloid fibrils. Calculated β-sheet 

content for HEWL amyloid fibrils was ∼46% (Figure 6.3 (B), blue full-colour column). 

This significant increase was mainly at the expense of lower α-helical content in HEWL 

amyloid fibrils (∼15%) (Figure 6.3 (B), blue patterned column). Addition of studied parent 

molecules BTZ (Figure 6.3 (A), orange line) and 7-MEOTA (Figure 6.3 (A), black line) 

led to slight changes in the spectra compared to the ones detected for HEWL fibrils; 

interestingly, the β-sheet content was higher (58% for 7-MEOTA and 52% for BTZ) 

(Figure 6.3 (B), black and orange full-colour columns) than we observed for lysozyme 

fibrils alone (46%). An effect of HK 1068 and HK 1072 heterodimers on the secondary 

structure content of HEWL amyloid aggregates was significantly different. Bands at 1623 

and 1636 cm−1 (Figure 6.3 (A), red and magenta lines) related to the β-sheet secondary 

structure were still observed, however at much lower intensity. The spectral deconvolution 

(Figure 6.3 (B), red and magenta full-coloured columns) determined ∼29% and ∼22% β-

sheet content for HK 1068 and HK 1072, respectively. Interestingly, the observed decrease 

in β-sheet content in comparison to HEWL amyloid fibrils prepared alone was mostly at 

the cost of an extensive increase of random coil (∼10%), β-turn content (∼4−10%), and a 

minor increase of the α-helical structures (∼5%). These results indicate that the 

heterodimers HK 1068 and HK 1072 were able to prevent the formation of cross-β 

structures unique for amyloid fibrils, while also conserving part of α-helical structure. The 

content of secondary structures is shown in Table 6.3. 

 

Figure 6.3. (A) ATR FTIR spectra of native 50 μM HEWL (green dashed line) and 50 μM HEWL 

amyloid fibrils after fibrillization without added compound (blue dotted line) or in presence of 500 

μM compound BTZ (orange line), 7-MEOTA (black line), HK 1068 (red line) and HK 1072 

(magenta line). (B) α-helical (patterned columns) and β-sheet (full-colour columns) content 
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determined for native HEWL, HEWL fibrils and HEWL fibrillized in presence of compounds BTZ, 

7-MEOTA, HK 1068 and HK 1072. 

6.3.4 Binding Epitope of HEWL: Small Molecule Interaction. 

Two-dimensional homonuclear NOESY experiment was done to elucidate the 

structural perturbation of HEWL in the presence of HK 1066 and HK 1072 at an equimolar 

ratio. Figure 6.4 depicts the superimposed spectra of HEWL in the absence and presence 

of ligands (HK 1066 and HK 1072). After careful investigation, several chemical shift 

perturbations (CSPs) were observed in both cases, but HK 1066 showed peak broadening 

effect against several amino acid residues such as Asp48, Asp52, Asn59, and Trp108 

(Figure 6.4 (A)). The same effect was also observed for CαH of Ile98 and CβHs of Gln57. 

On the contrary, in the presence of HK 1072 residues, Asn59 and Trp108 showed a 

downfield CSP of ∼0.06 and 0.02 ppm, respectively (Figure 6.4 (B)).  

Table 6.3. Secondary structure percentage distributions of samples measured by FTIR with 

corresponding peak positions. 

HEWL Native Fibrils +7-MEOTA +BTZ +HK 1068 +HK 1072 

Secondary 

structure 

Peak 

[cm-1] 

 

% 

Peak 

[cm-1] 

 

% 

Peak 

[cm-1] 

 

% 

Peak 

[cm-1] 

 

% 

Peak 

[cm-1] 

 

% 

Peak 

[cm-1] 

 

% 

-helical 
1653 

1661 
41 

1653 

1661 
15 

1653 

1662 
12 

1653 

1662 
15 1653 20 1654 19 

-sheet 
1625 

1636 
24 

1624 

1636 
46 

1625 

1636 
58 

1625 

1636 
52 

1623 

1636 
29 

1623 

1636 
22 

-turn 
1670 

1683 
17 

1669 

1684 
23 

1771 

1683 
12 

1670 

1684 
10 

1670 

1684 
27 

1670 

1684 
33 

Side chain 1617 3 1616 8 1616 7 1617 8 1616 7 1617 7 

Random coil 1646 14 1645 8 1646 11 1646 14 1648 18 1648 18 

 

Other amino acid residues responsible for binding to HK 1072 remained unchanged in the 

NOESY spectrum. Additionally, the remarkable CSPs were observed for the indole (NεH) 

ring protons of Trp62 and Trp111 of HEWL in the presence of the ligands HK 1066 and 
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HK 1072 (Figure 6.5). Trp62 showed ∼0.13 and 0.08 ppm downfield CSP for HK 1066 

and HK 1072, respectively, while Trp111 showed ∼0.07 and 0.04 upfield CSPs after 

addition of equimolar concentrations of HK 1066 (Figure 6.5 (A)) and HK 1072 (Figure 

6.5 (B)), respectively. It is noteworthy that the Trp63 and Trp108 of HEWL have been 

shown to interact with the HK compounds in molecular docking analysis (Appendix VI, 

Figure S6.1), but these residues showed minimal (in presence of HK 1066) to no (in 

presence of HK 1072) CSPs in the NOESY spectrum. Surprisingly, their neighbouring 

residues, such as Trp62 and Trp111, showed significant chemical shift perturbation upon 

addition of the equimolar concentration of the HK ligands. Generally, aromatic−aromatic 

interactions along with hydrophobic stacking plays a crucial role to halt the amyloid 

aggregation of HEWL molecules. Next, saturation transfer difference (STD) NMR was 

performed to define the epitope of the ligands, binding to HEWL. In this study, the ligand 

to HEWL concentration was kept at 300:1 ratio to enhance the “STD amplification factor”. 

Careful analysis of the data suggests that both HK compounds interact with HEWL as 

evidenced by strong STD peaks of the −CH2/−CH3 groups along with comparatively low 

signals from aromatic ring protons (Figure 6.6). Interestingly, the acyl chain protons (linker 

protons) of HK 1072 have shown comparatively stronger interaction than those associated 

with HK 1066 (as shown in inset), correlating well with the previous observations like ThT 

assays. One of the generally accepted therapeutic strategies for amyloidosis is the inhibition 

of amyloid aggregation of peptides and polypeptides and/or removal of insoluble amyloid 

fibrils from the affected tissue.  
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Figure 6.4. 2D NOESY spectra of free HEWL (red) and in the presence of either (A) HK1066 

(blue) or (B) HK1072 (black). The superimposed spectra confirm the residue-specific chemical 

shift changes. CSPs were obtained for several residues that are involved in binding with the ligands 

that were obtained by the molecular docking and are marked by arrows. The experiment was 

performed using Bruker Avance III 700 MHz spectrometer and at 25 C. 

There are many reports documenting a great potential of small molecules to interfere with 

amyloid fibrillization of peptides and polypeptides leading to decreasing of the amount of 

the amyloid aggregates [335,336]. It was found that small molecules interfere with amyloid 

fibrillization through interaction with various amyloidogenic species produced in the 

aggregation process, and several mechanisms of action were suggested concerning their 

anti-amyloid activity [337]. Re et al. suggested that intercalation of a small molecule within 

grooves created by β-sheets in both soluble oligomeric forms as well as in the mature 

amyloid fibrils leads to inhibitory activity [338]. Another proposed mode of action rests on 

the binding of a small molecule into the hydrophobic region of peptides and polypeptides 

and interaction with neighbouring amyloidogenic residues, subsequently leading to 

inhibition of self-assembly process and amyloid polymerization [332]. In 2014, Takai et al. 

discussed the effects of amino acids on the amyloid aggregation of lysozyme showing that 

the presence of cysteine significantly contributes to the inhibition of amyloid formation by 

noncovalent interaction between the thiol group of cysteine and the core sequence of 

lysozyme [339]. Ascorbic acid inhibited amyloid fibrillization of lysozyme. Proposed 
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mechanism of action suggests binding to the aggregation-prone region of lysozyme, 

stabilizing its partially unfolded state, and thus preventing further conformational changes 

leading to fibrillization [335].  

 

Figure 6.5. Chemical shift perturbation of indole (NεH) ring proton belonging to tryptophan 

residues of HEWL in the presence of either HK 1066 (A) or HK 1072 (B), indicating that these 

moieties play a crucial role during binding of the ligand molecules. 

Structure−activity relationship study of several small molecules toward the amyloid 

aggregation of peptides and polypeptides has been performed. It was found that presence 

of aromatic structures in small molecules represents important factor for anti-amyloid 

properties of many compounds. To improve the effectivity of small compounds to influence 

amyloid aggregation the accumulation of cyclic structures into one multiple cyclic 

compounds was suggested. Lieu et al. demonstrated that the formation of lysozyme 

amyloid fibrils was markedly inhibited by the presence of rifampicin and its analogue p-

benzoquinone in a dose-dependent fashion [340,341]. Phenolic and polyphenolic compounds 

have been reported to inhibit the amyloid formation of peptides and polypeptides [335,336]. 

Catechol and hydroquinone inhibited lysozyme amyloid aggregation by covalent binding 

to the peptide chain, forming quinoproteins [335]. A number of acridine derivatives have 

shown the ability to inhibit lysozyme amyloid aggregation [337]. Many other small 

polycyclic compounds have been tested and acknowledged as potential drug candidate 

prototypes for the treatment of amyloidosis [342]. Based on this knowledge, we decided to 

study the effect of two compounds 7-MEOTA and BTZ on the amyloid aggregation of 
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HEWL. Both molecules consist of two (BTZ) or three (7-MEOTA) cyclic structures. 

Moreover, 7-MEOTA belongs to tacrine analogues for which the anti-amyloid activities 

have already been reported. We have found that these molecules were able to affect 

lysozyme amyloid fibrillization to some extent. The 7-MEOTA is quite effective with an 

IC50 value of 66.8 μM. Surprisingly, the efficiency of BTZ to inhibit HEWL fibrillization 

is significantly lower corresponding to an IC50 value of 871.4 μM. We suggest that the 

reason behind this difference is lack of vdW interaction leading to lower total affinity. 

Overall, our data support finding that small molecules containing multiple cycles are able 

to interfere with amyloid aggregation. Currently, there is a new strategy to improve the 

inhibitory efficiency of small compounds based on combining multiple cyclic functional 

molecules into one heterodimeric compound. The aim is an enhancement of anti-

aggregation capabilities due to the synergy of two or more active structures. Besides the 

aromatic multicycles, a linker connecting two functional molecules has proven to be 

another promising structure to optimize and modulate the effects of heterodimers. The 

relationship between inhibitory potency of heterodimers designed against amyloid 

aggregation, the structure of functional molecules and properties of the linker has been 

already reported [321]. In 2007, Reinke and Gestwicki defined a narrow region of optimal 

linker length and flexibility in case of curcumin derivatives [326]. Both these parameters 

strongly influenced the potency of studied compounds against amyloid-beta aggregation. 

In 2018, Ulicna et al. described a series of tacrine−coumarine heterodimers effective 

against amyloid aggregation of lysozyme [337]. These derivatives differed in linker length 

as well as its structure. Compounds containing plain aliphatic linker have shown the 

greatest inhibition efficiency. It has been demonstrated that linker longer than ∼9 Å 

inhibited the formation of lysozyme amyloid fibrils at lower potency, suggesting an upper 

limit to the effective length of linker region. 

Our results obtained for the studied heterodimers consisting of 7-MEOTA and BTZ 

functional molecules connected by aliphatic linker point to their significantly higher 

inhibitory activity compared to separate parent molecules. The IC50 values of studied 

heterodimers were lower (HK 1068, 48.7 μM; HK 1070, 15.4 μM; HK 1072, 1.6 μM) than 

the IC50 of functional molecules (BTZ, 871.4 μM; 7-MEOTA, 66.8 μM) with exception of 

derivative HK 1066 (115.6 μM). These results indicate that heterodimerization improves 

the anti-amyloid properties of the parent molecules. The detailed analysis of the obtained 

results suggests that elongating the linker region increased the efficiency of the 
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heterodimers. Considering the functional molecules in heterodimers were identical, we 

suggest that the length of the linker region plays an important role in compounds anti-

amyloid potency. The data obtained using ThT fluorescence assay were confirmed by 

microscopy, namely by AFM. Negligible changes in the amount and morphology of 

amyloid fibrils were observed after treatment of HEWL fibrillization with BTZ alone. 

Moderate inhibitory efficiency was detected for the second parent molecule 7-MEOTA. 

The effect of heterodimerization and elongation of the linker was evident as changes in the 

amount and also morphology got more apparent in the presence of the heterodimers HK 

1070 and HK 1072. 

 

Figure 6.6. 1D STD NMR analysis of free and bound HK 1066 and HK 1072 in the presence of 

HEWL. The aliphatic (CH2/CH3) and aromatic ring protons of HK compounds are in close 
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proximity to the HEWL; however, relatively stronger STD signal was observed for methylene 

protons of HK 1072 in comparison to HK 1066. 

ATR FTIR data supported the previous results since HEWL fibrillization in the presence 

of parent molecules, BTZ and 7- MEOTA, leads to subtle changes in the protein secondary 

structure and notable β-sheet content increase. On the other hand, the inhibitory activity of 

the heterodimers HK 1068 and HK 1072 resulted in an extensive decrease in the β-sheet 

content and minor preservation of the α-helical structure in produced HEWL amyloid 

fibrils. The two dimensional NMR analysis revealed the atomistic details of the interactions 

between the HK compounds and HEWL. The chemical shift perturbations indicates that 

the specific residues directily interact with the HK compounds in the solution. Furthermore, 

The STD analysis shed more light into the binding mechanisms. The results indicates that 

the linker region interacts with residues in close proximity to the C-helix domain (residue 

98-109). The presence of heterodimer in binding site possibly inhibits the interaction 

between b-domain and C-helix, halting the formation of the cross-beta structure. Elongation 

of the linker ultimately enhances a compound’s ability to prevent this interaction by greater 

steric obstruction.  

6.4 Conclusion 
Combining multiple functional moieties while conserving their fundamental 

properties in one molecule with enhanced activity is a novel approach to target 

amyloidoses. In this study, the activity of 7-MEOTA−BTZ heterodimers, HK compounds, 

toward amyloid aggregation of lysozyme was investigated. Using several in vitro 

techniques, it is showed that heterodimerization has a substantial impact on the 

effectiveness of the compounds. As a result, HK compounds exhibited a much higher 

ability to inhibit amyloid aggregation of HEWL in comparison to their parent molecules. 

When certain conditions are met, namely the linker length, inhibitory efficacy improvement 

was observed. We suggest that this dependency is connected to the interaction of the 

aliphatic linker with residues in the C-helix sequence (98−109) of the HEWL molecule. It 

has been demonstrated that elongation of the linker leads to the higher affinity of HK 

compounds. As the Vander Waal’s interaction of the linker region increases, it helps the 

BTZ moiety to bind more effectively with HEWL. We also suggest that their anti-amyloid 

activity is related to the steric obstruction between the β-sheet-rich and C-helix regions of 

the HEWL molecule, which are considered essential for the formation of the amyloid 

structures. 
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The obtained results represent an important contribution for the recent rational design of 

potential lead small molecules with anti-amyloid properties, and the studied heterodimers 

are prospective candidates for the treatment of systemic lysozyme amyloidosis and other 

amyloid-related diseases. 
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6.5. Appendix VI 

 

Figure S6.1. Contact networks of four compounds HK 1066, HK 1068, HK 1070, and HK 

1072 in the best docking mode. Red “eyes” refer to non-bonded contacts, while the green 

dashed line denotes hydrogen bonds. The plots were created by using LigPlot+ version 

1.4.4.  
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Summary and future outlook 
Quick and powerful actions are urgently needed to combat the continuous uprising 

of MDR pathogens otherwise we will be helpless in the forthcoming antimicrobial crisis. 

AMPs have already proven their potency to be used as an alternative arsenal against a broad 

range of pathogens including viruses, bacteria, fungus and protozoa. Despite past failures, 

in recent years a steady increase of both AMPs and AMP mimicked antimicrobial in clinical 

trials is highly encouraging. Failures of AMPs in clinical trials could be attributed to less 

clear efficacy, inappropriate study design or inferiority over conventional antibiotics. As a 

result, in future clinical testing of AMPs, practical techniques should be addressed, as we 

have gained the following lessons: (1) The use of AMPs may go beyond FDA-approved 

clinical indications; (2) determining the most effective dose and administration regimen 

may reduce cytotoxicity of AMPs; (3) molecules efficacy can be demonstrated in 

equivalence or non-inferiority trials with an antibiotic as a comparator; (4) bacterial 

resistance development should be included as one of the primary outcome parameters in 

clinical trials of AMPs; (5) bioavailability and effectiveness need to be increased by 

employing appropriate delivery methods and, (6) clinical trials may include combinations 

of AMPs with conventional antibiotics or other drug modalities for enhanced antibacterial 

activity. Taking these lessons into account, a growing number of AMPs may enter into the 

market as multi-functional, powerful, and long-lasting antimicrobial agents against a 

variety of infectious disorders.  

Incorporation of nanotechnology in the AMP field has opened endless opportunities 

starting from potent antimicrobial drug against MDR strains to targeted drug delivery, 

multimodal imaging, and rapid diagnostics as discussed in this thesis. However, these kinds 

of nanoparticle conjugated peptide-based drugs are still stuck in clinical trials and not 

available in the market to date. The following reasons are the main obstacles that mainly 

hinder the pathway. (1) The physical and chemical interaction of such AMP-NP conjugates 

in biological systems like bloodstream and intracellular regions, is not fully explored. (2) 

AMPs are not adequately protected even after conjugation with NPs and often the whole 

system either gets entrapped in the lysosomal pathway, or the peptides get degraded after 

unloading from carrier molecules. (3) The extent of immunogenicity of the designed AMP-

NP complex should be addressed, which is one of the main reasons for the failure of such 

drugs in clinical trials. (4) Conjugation of AMPs with NPs via covalent bonds often 

compromises with its activity and changes the three-dimensional structure. Lastly, (5) the 
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production cost of both AMPs and NPs at industrial scale is still a significant problem, 

rendering them commercially non-viable. 

After proper addressing the above concerns, the AMP-NP system will also 

undoubtedly provide a new arsenal to fight against MDR and XDR pathogens in clinical 

and healthcare systems along with AMPs itself. Furthermore, with the advancement in 

nanotechnology, one day, it will be possible to diagnose any disease very quickly and 

accurately, which will lead to rapid treatment at an early stage of a particular disease.  

 

 

The above theme is mainly based on ancient Chinese philosophical concept of dualism termed as 

‘yin & yang’, which stands for negative and positive, respectively. Some bacteria and fungus are 

good and beneficial but on the other side some are bad for human health. Similarly, some traditional 

antibiotics have severe side effects but at the same time they save lives. The major focus of this 

thesis was to study some efficient peptide-based antibiotics that have lower toxicity but have higher 

antimicrobial activity. The quantum dot conjugated system provided additional features to be used 

as a diagnostic tool for imaging purposes. 
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