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Chapter 1 

Introduction 

Sir Alexander Fleming’s discovery of Penicillin in 1928 marked the initial breakthrough in 

the development of antibiotics for the prevention and treatment of bacterial infections. 

Subsequently, antibiotics have found widespread application in various medical treatments. The 

most significant percentage is the intestines, the heaviest organ in the body. Five antibiotic classes 

are widely used to generate successive generations of antibiotics: penicillins, cephalosporins, 

quinolones, macrolides, and tetracyclines. Only quinolone is synthetic among this group, whereas 

the other scaffolds are natural product derivatives1. Antibiotics have also been used in agriculture, 

animal farming, and veterinary medicine to produce healthier and more productive farm animals 

and warrant the well-being and health of humans and animals2. In addition, antibiotics can be 

found in cleaning products as additives3. 

The extensive use of antibiotics subsequently raised a new threat called antimicrobial 

resistance (AMR), a condition in which microorganisms, such as bacteria, fungi, and viruses, are 

developing the ability to fight against the drugs initially designed to extinguish them. Another 

crucial factor that enhanced the progression of AMR was antibiotics over-prescription, in which 

antibiotics in some countries can easily be purchased without a doctor’s recipe4. In contrast, in the 

countries that assign antibiotics as prescription-only drugs, most of the antibiotics’ prescriptions 

are misguided5,6.  

According to the U.S. Centers for disease control and Prevention report in 2013, at least 

2,049,442 illnesses and 23,000 deaths were related to AMR7,8. In 2017, AMR was causing the 

death of nearly 700,000 per year, which may increase to 10 million deaths by 2050, close to the 

overall mortality caused by all significant diseases (Figure 1.1 A)7. Moreover, it is predicted that 

the number of deaths prompted by AMR would decrease in the continents with better economic 

climates and stricter antibiotic regulations (Figure 1. B)9. 
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Figure 1.1 Prediction of Antimicrobial Resistance Impact in 2050. A). AMR mortality rate contrasted with other 

leading causes of death nowadays. B) Projection of mortality rate attributed to AMR throughout the world. It is 

predicted to decline immortality number in prospering continents like North America and Europe.9 

Infection with AMR leads to increases in terms of healthcare costs, second-line drugs, and 

treatment failures10. Above nine billion euros per year is estimated in Europe, which is correlated 

with AMR8,11. At the same time, in the United States, the number is a 20 billion dollars surplus in 

healthcare costs directly caused by AMR12. It is predicted that around 100 trillion US dollars of 

gross domestic product (GDP) will be lost between the period 2014 to 2050 for battling AMR9. 
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Figure 1.2 Projection of AMR’s Impact on the Global Economy from 2014-20509. 

The World Health Organization (WHO) declared AMR as one of the top 10 international 

public health threats and, together with authorities all around the globe, initiated a program called 

GLASS (global antimicrobial resistance and use surveillance system) in 2015 as a response to this 

phenomenon13.  WHO lists global priority pathogens, whereas some bacterial strains, including 

Enterococcus faecalis, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, and Escherichia coli, are on the top of the list as priority bacteria. This 

bacteria group is called the ESKAPE group since they can “escape” conventional antibiotics and 

medication, causing multi-drug resistance (MDR)14,15. The mechanism of drug resistance, 

specifically in the ESKAPE pathogens group, could be specified into several broad categories, 

namely drug inactivation/alteration, drug binding sites/targets modification, changes in cell 

permeability which then decreased the accumulation of intracellular drug, and formation of 

biofilm16–18. 

The development of new antibiotics is crucial to combat bacterial pathogens. A promising 

type of antimicrobial agent is antimicrobial peptides (AMPs). AMPs retain some plus points 

because they are less likely to create resistance towards bacteria due to their favorable action at 

the membrane level compared to conventional antibiotics19. AMPs, such as colistin, can also be 

fused with other antimicrobial agents to gain a better synergistic impacts20. Other advantages of 

AMPs are a broad spectrum of targets, excellent chemical and biological diversity, and lesser 

toxicity compared to small molecules21. However, AMPs possess several drawbacks, such as 
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inadequate metabolic stability/short half-life, membrane permeability issues, low activity in 

physiological salts, bewildering biological roles, and high costs of  productions21,22.  

Some approaches have been conducted to tackle the issues related to AMPs, such as activity, 

production cost, and resistance. One of these strategies is generating shorter AMPs since it is 

believed to be more economical and enhances the activity of the peptides. For instance, bovine 

lactoferricin (LfcinB) is more active in its “shorter form” than full version of it23. Few shorter 

analogs of human β-defensins-3 showcased better activity against E. coli contrasted with the longer 

analogs24. Hence, this dissertation focuses on synthesizing plant-derived AMP and its shorter 

fragment to enhance the activity against pathogens microorganisms. In addition, the investigation 

would also incorporate modification of peptide sequences with unnatural amino acids, such as D-

amino acids, as well as modified amino acids. 
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Chapter 2 

Literature Review 

2.1 Antimicrobial Peptides 

Antimicrobial peptides (AMPs) are natural antibiotics synthesized in ribosomes of nearly all 

organisms, from bacteria to animals and plants. AMPs can be defined as peptides that can terminate 

microbes, but not the enzymes that eradicate microbes through hydrolytic activities25. AMPs have 

been known as evolutionary primordial arsenals that delivered a vital function in the successful 

evolution of complex multicellular organisms26. AMPs also acted as host defense peptides, leading 

them as the front runners’ drug candidates for infectious disease treatment and novel 

immunomodulatory therapies27. A unique feature of AMPs that distinguishes them from other 

antimicrobial agents is their capability to attack multiple low-affinity targets, such as bacterial 

membranes, which is considered to abbreviate the development of antimicrobial resistance27. 

AMPs are also responsive to mutagenesis and peptide engineering, properties that have developed 

in the production of numerous compounds with improved bioactivity and reduced cytotoxicity28,29. 

More than 3000 AMPs from diverse sources have been reported and characterized; however, 

only a small amount of these peptides can pass the clinical trial to be approved as an acceptable 

drug for humans30. From the U.S. FDA Therapeutic Protein Database (THPdb), 852 peptide drugs 

have been reported31, and only six small AMPs have been successfully approved by the FDA30. 

Those peptides are gramicidin, daptomycin, vancomycin, oritavancin, and telavancin (these 

peptides will be discussed thoroughly in the current AMPs drugs in the market section).  The 

antimicrobial peptide database (APD) has 3156 AMPs, whereas most are natural peptides with 

different structures and sequence motifs32. The mean length of peptides in the APD is 33 amino 

acids, and above 90% of the peptides have less than 50 amino acids in their sequences30. 

2.2 Antimicrobial Peptides Classification 

AMPs can be found ubiquitously in living organisms. Based on their sources, AMPs can be 

classified into five major groups33–35. Those groups are:  
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i. Bacteriophage or viral AMPs. This group consists of viruses that demonstrate antibacterial 

activity, such as endolysins, depolymerase, virion-associated peptidoglycan hydrolases 

(VAPGHs), and holins36–38. There are two bacteriophage/phage AMPs: phage-tail complexes 

and phage-encoded lytic factors, ranging from 25 to 40 kDa39. The first type of viral AMPs 

has a cylindrical structure similar to a phage tail with high-molecular weight33, whereas the 

second type is smaller (25-40 kDa) and known as peptidoglycan-hydrolyzing enzyme38. In 

addition, this enzyme can hydrolyze the wall of microbial cells, enabling the discharge of 

progeny40. 

ii. Bacterial AMPs. This broad group can be further divided into AMPs from Gram-positive 

bacteria and AMPs from Gram-negative bacteria. The AMPs from Gram-positive can be 

synthesized in ribosomes (ribosomal AMPs) or via an enzymatic process (non-ribosomal 

AMPs)35,41. There are four classes of Gram-positive bacteria AMPs: class I (lantibiotics); class 

II (non-lantibiotics); class III (large-sized bacteriocins); IV (uniquely structured 

bacteriocins)42,43, whereas the AMPs from Gram-negative bacteria can be classified into 

colicins, colicin-like bacteriocins, phage-tail-like bacteriocins, and microcins43. 

iii. Fungal AMPs, divided into fungal defensins and peptaibols33,35,44, are part of the cysteine-rich 

AMPs family. These peptides are characterized by short, cationic disulfide bridges45. The 

fungal defensins are grouped into defensins-like peptides because of their structural 

resemblances and high sequence46. Furthermore, the “peptaibol” term is created from the 

combination of three names “peptide,” “α-amino isobutyrate,” and “amino alcohol”47. The 

peptaibols are short peptides (5-21 amino acids) with a high percentage of non-proteinogenic 

amino acids and stereotypically comprise an acylated N-terminal residue and an amino 

alcohol (i.e., leucenol or phenylalaninol) attached to the C-terminal48. These peptides are 

mostly produced by the soil fungi Trichoderma49.   

iv. Plant-derived AMPs are the vanguard of plant defense versus infections caused by pathogenic 

microorganisms. The plant defense system primarily forms from cysteine-rich AMPs. 

Therefore, this group could develop several disulfide bridges, creating a dense configuration 

and maintaining stability against thermal, proteolytic, and chemical degradation50. The 

classification of plant AMPs is as follows: 

a. Thionins, cationic peptides with 45-48 amino acids and 3-4 disulfide bridges. This group 

has antibacterial and antifungal activities50,51.  
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b. Hevein-like peptides, a basic peptides group containing 29-45 amino acids, with 3-5 

disulfide bridges in charge of stabilizing the antiparallel β-sheets and short α-helix52 and 

plentiful glycine, cysteine, and aromatic residues. This group has antifungal activity due 

to the presence of a chitin-binding domain53. 

c. Defensins, cationic peptides comprise 45-54 amino acids and 4-5 disulfide bridges. The 

secondary structure of defensins consists of an antiparallel β-sheet which is surrounded 

by an α-helix and is constrained by intramolecular disulfide bonds54, so-called cysteine-

stabilized αβ (CSαβ) motifs55. Defensins are unaffected by proteolysis and unchangeable 

in varied temperatures and pH. Moreover, these peptides inhibit microbial growth and 

trypsin and lessen abiotic stress56. Defensins are known for their antibacterial and 

antifungal activities57,58. 

d. Knottin-type peptides, known as cysteine-know peptides, are amphipathic peptides 

containing around 30-39 amino acids, conserved cysteine residues, and disulfide bridges. 

This group has two conformations: linear and cyclic50,59, stable at high temperatures, 

inhibitor of several enzymes (i.e., trypsin, carboxypeptidase, α-amylase, cysteine 

protease), and withstand proteolytic action60,61. Knottins exhibit antiviral and 

antibacterial activities50,62. However, this group is not selective regarding contact with 

membranes, which generate toxic properties in human cells33. 

e. Stable-like peptides or known as α-hairpins due to their helix-loop-helix secondary 

structure. Lysine and arginine are abundant in this group, with a typical cysteine motif of 

XnC1X3C2XnC3X3C4Xn, whereas -X is an amino acid residue of cysteine. The three-

dimensional structure of these peptides is conserved even though their amino acid 

sequence is varied. These peptides can act as antifungal, antibacterial, and ribosome-

inactivating agents, plus trypsin inhibitors50,63. Their biological activities correlate with 

the loop region that connects the two α-helices64. 

f. Lipid transfer proteins (LTPs) are cationic peptides rich in cysteine residue and consist 

of 70-90 amino acids in their sequence. In their secondary structure, 4 to 5 helices are 

present and steadied by hydrogen bonds. There are five types of LTPs based on the 

conserved location, the distance between the cysteine residues, and the characteristics of 

the amino acid sequence. Those types are LTP1, LTP2, LTPc, LTPd, and LTPg59. These 
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peptides are known as lipids distributors among membranes33 and act as antibacterial and 

antifungal agents50,65,66.  

g. Snakins are small-sized cationic proteins with the unique characteristic of 12 conserved 

residues. This group has antimicrobial, antinematode, and antifungal properties67, 

although its mechanism of action is still debatable. Some publications claimed snakins 

could stimulate immune responses by disrupting the active site via interaction with the 

negatively charged constituent67,68. At the same time, another paper stated that snakins 

take action on the biosynthesis of phytohormone and transduction processes69. 

a. Cyclotides are macrocyclic peptides characterized by their structural motif of cyclic 

cystine knot (CCK)70 and can be categorized into two sub-type, mobius, and bracelets71. 

Cyclotides’ mode of action is controlled by the cystine knot motif, which advocates 

contact with the surface of hydrophobic residues. They possess anticancer, antibacterial, 

and anti-HIV properties33. 

i. Animal-derived AMPs are the most abundant AMPs group from natural resources. By far, 

more than 2500 AMPs have been identified from this kingdom72. Animal-based AMPs have 

four sub-divisions such as following:  

a. Invertebrates. AMPs are synthesized in invertebrate organisms as part of their humoral 

defense due to their shortage of adaptive immune response. The major AMPs in 

invertebrates are defensins, cationic peptides, with 6 or 8 cysteine residues and display 

an αβ/ cysteine-stabilized motif73. Based on the abundance of cysteine, invertebrate 

defensins are categorized into two groups, in which the largest group comprises six 

cysteine residues (mainly from arthropods, insects, and mollusks). The smaller group is 

mostly found in nematodes and mollusks and has eight cysteine residues74. The 

invertebrate AMPs mode of action is similar to the vertebrate defensins, involving the 

target bacteria’s cytoplasmic or inner mitochondrial membrane permeabilization. 

However, these two defensins share no sequence homology or structural resemblance35,75. 

Several members of invertebrate defensins have various biological activities, such as ‘big 

defensin,’ originally isolated from the Horseshoe crab (Trachypleus tridentatus), which 

displayed antibacterial and antifungal activity35.  

b. Fish and Amphibian AMPs. The sequence in vertebrates AMPs is from 15 to 200 amino 

acids. As part of vertebrates’ AMPs, fish AMPs are vital in the instant defense response 
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to microorganisms35,76. Cathelicidins, β-defensins, piscidins, hepicidins, and histone-

derived peptides are examples of peptides produced by fish33,77 Cathelicidins are cationic 

peptides initiated by elastase and other proteases78, and able to combat bacteria, fungi, 

parasites and enveloped viruses79–82. Fish defensins are part of the β-defensin-like 

proteins family with six conserved cysteine motifs83,84, which are potential antibacterial 

and fish-specific viruses agents77,85,86. Piscidins are amphipathic linear AMPs containing 

histidine residues and an α-helix similar to magainins and cecropins87,88. The piscidin 

leurocidin, a member of the piscidin group, is known as an active antibacterial peptide89.  

Amphibians are the richest source of AMPs according to APD, in which 1117 registered 

peptides were from frogs and toads35. Cancrin, magainin, buforin, and phylloxin are some 

of the amphibians AMPs reported for their chemical properties and biological activities90. 

c. Reptile- and Avian-Derived Peptides are part of the cathelicidin and defensin families. 

An example of reptile AMPs is OH-CATH peptide, isolated from king cobra, containing 

34 amino acids and active against several pathogen bacteria91. In addition, fowlicidins 

and chCATH B1 are avian AMPs isolated from chicken that demonstrated activity 

against some Gram-positive and Gram-negative bacteria81,92,93. 

d. Mammalian-Derived AMPs mainly belong to the defensins and cathelicidin groups, 

although not all mammalian AMPs are in both groups, such as platelet antimicrobial 

proteins, dermcidin, and hepcidins94. The only cathelicidin found in humans is LL-37, an 

amphipathic peptide that shaped an α-helical structure during membrane interaction and 

interestingly disheveled it in an aqueous solution95. There are three sub-classes of 

vertebrate defensins: α, β, θ, which are synthesized as ‘prepropeptides,’ and the mature 

peptides revealing numerous typical features such as short polypeptide sequences 

(between 18 to 45 residues), a cationic net charge (+1 - +10) and no glycosyl or acyl side-

chain modification35. Several vertebrate defensins peptides showcased antimicrobial 

activity, such as human α-defensins HNP1, lingual AMP, and tracheal AMP96–98. 

There are four structural classes of AMPs (Figure 2.1), namely (a) extended peptide chain 

forming amphipathic α-helical structures; (b) peptide chain arranged in β-sheet structure with 

internal two or more disulfide bonds; (c) extended linear peptide chain structure; (d) hybrid peptide 

chain structure in a loop structure that is formed via a single internal disulfide bond33,99. Numerous 
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AMPs in these groups would lose their structure in free solution and regain their original 

conformation through the partitioning into the membranes of the host cell99.  

 

Figure 2.1. Structure-based AMPs. (A) AMPs with α-helix structure; (B) AMPs with β-sheet structure; (C) AMPs 

with linear extension structure; (D) AMPs with α-helix and β-sheet mix structure99. 

Another way to classify AMPs is by their sequence abundance of certain amino acids. The 

amount and characteristics of amino acids would define the pharmacological appliances of AMPs. 

For example, the glycine-rich peptides group can be considered a versatile therapeutic agent for 

its antimicrobial, antimycotic, and anticancer activities, and it also has excellent selectivity100–102. 

In addition, cysteine-rich peptides initiate the pores forming in membranes103 and can enhance the 

antimicrobial activity of AMP by steadying the β-hairpin structures or sheet104. Normally, amino 

acids with an excessive helical propensity, like alanine, arginine, lysine, and leucine, could 

generate novel antimicrobial peptides because α-helical structure stimulates interaction with 

membranes and regulates the cellular disruption105–107. Other properties that influence AMP 

activity are hydrophobicity and amphipathicity. AMPs with high hydrophobicity possess 

antimicrobial and hemolytic activities. The antimicrobial activity of high hydrophobicity AMP 

improves by the blockage of peptide passage through the microbial cell wall because of the self-

association of peptides108. 

Nevertheless, AMPs with low hydrophobicity could also have antimicrobial activity due to 

the peptide self-association that inhibits peptide passage through the cell wall109. Furthermore, 

amphipathic AMPs have bactericidal and cytotoxic activities related to their capacity to construct 
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an α-helix110. These peptides can interact with intracellular targets, ravaging the membrane 

structure and shaping transient pores109. 

Finally, AMPs can be classified based on their biological activities. In this category, there are 

4 broad groups of AMPs34. Firstly, antibacterial AMPs, such as AMPs P5 and P9, could inhibit 

methicillin resistance Staphylococcus aureus (MRSA). Secondly is antifungal AMPs, like AurH1, 

which can treat the infection of C. albicans. Thirdly, anticancer AMPs. For example, indolicidin 

and puroindoline A. Lastly, antiviral AMPs, for instance, AMP EPI-1, trigger the virus particles’ 

inactivation and display good inhibition activity towards the food-and-mouth disease virus.  

2.3 Antimicrobial Peptides Mechanisms 

Numerous AMPs from varied sources have been identified successfully, and several studies 

have already been conducted to investigate their mechanisms of action. Despite all these efforts, 

the wide gap in details of how AMPs interrupt the membrane needs to be unraveled. Understanding 

the behavior of peptides toward the targeted cells would make the design of effective peptide-

based drugs more convenient. AMPs’ modes of action are classified into two broad classes: direct 

killing and immune modulation (Figure 2.2). The first class can be further divided into membrane-

disrupting and non-membrane targeting groups35. Nevertheless, several AMPs might perform in 

both paths.   

 

Figure 2.2. Assorted AMPs mode of actions111. ADP: adenosine diphosphate; ATP: adenosine triphosphate; PMNs: 

polymorphonuclear neutrophils. 
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2.3.1.1 Direct Killing: Membrane Disrupting Mechanisms 

Initially, AMPs are considered to play a role merely by disordering the bacterial layer integrity 

through several modes of action. Those modes of action are: 

1. Barrel-stave model. This model has a “barrel-like” ring construction inside the membrane 

channels by the AMPs, and each transmembrane in the barrel is suggested as a “stave”112. In 

this mode, the AMPs are initially parallel to the membrane. The parallel position caused the 

membrane surface to become stiff and reedy, which enabled the peptides to enter the lipid 

bilayer perpendicularly. The insertion of peptides into the membrane ultimately will create 

pore formation (Figure 2.3 A)41,113. Some AMPs demonstrating the barrel-stave model are 

alamethicin, pardaxin, and protegrins111,114. 

2. Toroidal pore model. The AMPs in this toroidal model are placed vertically intersect a lipid 

layer with no peptide-peptide interactions in the lipid membrane (Figure 2.3 B)115. The pores 

formed through this model are transitory and less firm compared to the previous model116. 

Magainin, aurein 2.2, lacticin Q, and melittin are a few of the AMPs that displayed toroidal 

pore model111,117,118. 

3. Carpet model. Unlike the previous models, the AMPs in the carpet model do not require to 

be inserted into the hydrophobic core of the membrane nor assemble their hydrophilic 

surfaces against each other. The permeation of the membrane transpires only when a high 

local concentration of membrane-bound peptide is present. This condition can be achieved 

if the peptide monomers are enclosed in the entire membrane surface or, instead, after there 

is a connection between membrane-bound peptides, constructing a confined ‘carpet’(Figure 

2.3 C)119. Furthermore, it is continued with a detergent-like action stimulated by the peptides 

that trigger the pores conformation120. Examples of AMPs that act following the carpet model 

are indolicidin, aurein 1.2, and LL-37111,121. 

4. Molecular electroporation model. This model was proposed for cationic AMPs that bonded 

to cell membranes and generated electrical potential differences throughout the membrane. 

When the value of potential difference expands to 0.2 V, it initiates the formation of pores in 

the membrane(Figure 2.3 D)122. NK-lysin is a peptide that displays molecular electroporation 

mechanism123. 
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5. Sinking raft model. This model advised that the amphipathic AMPs binding creates a mass 

imbalance and subsequently boasts local curvature of the membrane. Upon the peptides’ self-

association, they sink into the cell membrane, forming transient pores(Figure 2.3 E); hence 

the sinking raft model122. An example of AMPs with a sinking raft mode of action is δ-

lysin124.  

6. Channel forming or aggregate model. According to this model, the binding of AMPs to the 

anionic cytoplasmic membrane drives the lipids and peptides to develop a lipid-peptide 

micelle-like complex. Moreover, lipid-peptide aggregation creates ion leakage inside the 

membrane, consequently leading to cell termination(Figure 2.3 F)125. Polyphemusin and 

indolicidin are AMPs that operate with channel-forming model126. 

 

Figure 2.3. Membrane Disruption Mechanisms. (A) Barel-Stavel Model; (B) Toroidal Pore Model; (C) Carpet Model; 

(D) Molecular Electroporation Model; (E) Sinking Raft Model; (F) Aggregate Model112 

2.3.1.2. Direct Killing: Non-Membrane Disrupting Mechanisms 

Several AMPs have been reported to constrain protein folding (i.e., droscosin and 

pyrrhocoricin)127 or enzyme activity (i.e., PrAMP pyrrhocoricin, microcin J25, and NP-6)127–130 or 

to target some intracellular components such as mitochondria, protein synthesis, DNA/RNA, or 

essential enzymes. Buforin II is an example of AMP that acts on nucleic acids131. It is suggested 

that buforin II entered the lipid vesicles without disrupting membrane permeability. Instead, it 

binds directly to DNA and RNA. A few papers have shown that besides this motif, AMPs can 

inhibit DNA replication or transcription indirectly132,133. PR-39, an AMP rich with proline and 

arginine, hinders protein synthesis and initiates protein degradations needed for DNA synthesis, 
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which ultimately interrupts DNA synthesis134. Other AMPs that stunt protein synthesis are 

oncocin-type peptide, an apidaecin-derived peptide APi137, and proline-rich AMP Bac572,135,136. 

2.3.2. Immune Modulation Mechanisms 

In conjunction with the direct killing mechanism, several AMPs can augment microbial 

extermination and regulate inflammation by recruiting and activating immune cells137–139. For 

example, IDR-1002, a host defense peptide derived from bovine bactenecin, has the potency to 

diminish the production of nitric oxide, TNF-α, and IL-8140–142. Moreover, β-defensin human 

endogenous peptide (hBD-2) and its derivative A-hBD2 are AMPs that have been described to 

enhance the keratinocytes proliferation and movement of keratinocytes in vitro, as well as 

recuperate lesion recovery in vivo143. 

Alongside their direct killing mechanism, several antimicrobial peptides (AMPs) can enhance 

microbial eradication and control inflammation by attracting and activating immune cells137–139. 

For example, IDR-1002, a host defense peptide derived from bovine bactenecin, has the potency 

to diminish the production of nitric oxide, TNF-α, and IL-8140–142. Moreover, β-defensin human 

endogenous peptide (hBD-2) and its derivative A-hBD2 are AMPs that have been described to 

enhance the keratinocytes proliferation and movement of keratinocytes in vitro, as well as 

recuperate lesion recovery in vivo143. 

2.4 Existing Antimicrobial Peptides Drugs 

As mentioned above, 6 FDA-approved AMP drugs are listed in the THPdb: gramicidin, 

daptomycin, vancomycin, dalbavancin, oritavancin, and telavancin. A few commercial AMP drugs 

not listed in THPdb are teicoplanin, colistin, and polymyxin B144. 

✓ The FDA approved Gramicidin D (Figure 2.4) in 1955 as a constituent in Neosporin ®, a 

drug for bacterial conjunctivitis treatment145. This peptide was first isolated from Bacillus 

brevis and characterized in 1941 as a heterogenous mixture of three pentadeca peptides, 

which were gramicidins A (~80%), B(~6%), and C(~14%)30,146. The mechanism of action of 

this linear AMP is through forming a dimeric channel straddling the bilayer and accelerating 

the uncontrolled transmission of sodium cations (Na+) amongst the intra- and extracellular 

environment, which in turn causes cell termination146. 
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Figure 2.4. Chemical structure of Gramicidin 

✓ Daptomycin (Figure 2.5) is a cyclic lipopeptide antibiotic with 13 amino acids in a sequence 

that connects to the bacterial cell membrane, aggregates, and disturbs the membrane. 

Daptomycin was synthesized by Streptomyces roseoporus, a soil bacterium with a half-life 

(T1/2) of 8-9 hours. The FDA accepted this AMP and its derivative, Cubicin, in 2003 for 

clinical use specifically for infectious disease treatment or prevention147. 

 

Figure 2.5. Chemical Structure of Daptomycin 

✓ Vancomycin (Figure 2.6) is one of the oldest antibiotics still on the market for clinical 

purposes nowadays. It was isolated from Streptomyces orientalis, a fungus from Borneo 

jungles, in 1957 and accepted by FDA in 1958, although the original version of vancomycin 
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was contaminated by impurities148. Over the years, the contaminations have been 

successfully removed, leading to fewer vestibular side effects. However, this antibiotic is 

still lethal if dispensed at higher doses or administered for extended periods of time149. 

Vancomycin remains the leading agent for methicillin-resistant coagulase-negative and 

coagulase-positive staphylococcal infections such as bacteremia, pneumonia, and 

osteomyelitis. Moreover, this AMP drug is also administered for semi-synthetic penicillins 

or cephalosporins allergic patients150. 

 

Figure 2.6. Chemical Structure of Vancomycin 

✓ Dalbavancin (Figure 2.7), also known by trade names Dalvancan and Xydalba, is a 

semisynthetic glycopeptide vancomycin-derivative that has antimicrobial activity against 

Gram-positive bacteria151,152 and long elimination half-life (T1/2 = 14 days)30. This antibiotic 

blocks the formation of bacteria cell walls as well as the interrupts cell membrane and 

influences membrane permeability152–154. Dalbavancin was approved by the FDA in 2014 as 

an intravenous drug for severe bacterial skin infection treatment151. 
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Figure 2.7. Chemical Structure of Dalbavancin 

✓ Oritavancin is a small vancomycin-derived lipoglycopeptide (Figure 2.8), along with 

dalbavancin and telavancin. Orbactiv is the trade name of oritavancin, and it was accepted 

by the FDA in 2014 as an injection drug against Staphylococcus aureus infection30. As part 

of the second generation of glycopeptides, oritavancin is a semisynthetic derivative with 

outstanding pharmacokinetic and target engagement profiles to combat infection caused by 

vancomycin-resistant bacteria155. 
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Figure 2.8. Chemical Structure of Oritavancin 

✓ Telavancin is another lipoglycopeptide derived from vancomycin (Figure 2.9). Telavancin 

acts in a dual mode of action. Firstly, connect to the peptidoglycan precursor lipid-linked N-

acetyl-glucosamine-N-muramylpentapeptide of the D-Ala-D-Ala terminus. This interaction 

inhibits the polymerization of peptidoglycan, followed by cross-linking (transpeptidation) 

phases. Telavancin is a powerful peptidoglycan synthesis inhibitor at the transglycosylase 

stage. The activity of telavancin is ten times better than its precursor, vancomycin156. 

Secondly, telavancin can initiate prompt concentration-dependent dissipation of cell 

membrane potential through bonding with lipid intermediate II molecules, creating 

membrane pores. Potassium ions and cytoplasmic adenosine triphosphate leakage then 

follow depolarization of the membrane. This second mechanism is specifically for bacterial 

membranes and seems to promote the speedy bacterial activity of telavancin, in contrast with 

vancomycin154. The FDA approved telavancin in September 2009 as an intravenous drug for 

patients with complicated skin and skin structure infections. This antibiotic is also suggested 

for susceptible or highly suspected Gram-positive bacterial infection patients157. Telavancin 
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demonstrates a serum half-life of 7 to 9 hours. Therefore it can be administered in once-a-

day dosage158,159.  

 

Figure 2.9. Chemical Structure of Telavancin 

✓ Teicoplanin (Figure 2.10), a glycopeptide synthesized by the bacterium Actinoplanes 

teichomyceticus, has six major elements and a similar mechanism of action with vancomycin 

through inhibition of cell wall synthesis. However, it has different pharmacokinetic 

characteristics160. For instance, teicoplanin has a longer serum half-life (88-182 hours) and 

can be administered intravenously or intramuscularly. This antibiotic target some Gram-

positive bacteria, specifically against methicillin-resistant Staphylococcus aureus.  
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Figure 2.10. Chemical Structure of Teicoplanin 

✓ Colistin or polymyxin E is a cyclic lipopeptide antibiotic containing ten residues and a fatty 

acid, 6-methyl octanoic acid (Figure 2.11). This peptide is generated by P. polymyxa var. 

colistinus and is active against some Gram-negative bacteria such as Klebsiella pneumoniae 

and Pseudomonas aeruginosa30. It was accepted by the FDA in 1959 as an antimicrobial 

drug for treating several forms of diseases caused by Gram-negative bacteria, such as 

diarrhea and infections in the urinary system161.  This antibiotic is considered the ultimate 

resource to fight against infections of carbapenem-resistant Enterobacteriaceae9, even 

though the use of colistin has been limited due to its antagonistic toxic effects and resistance 

matter161.To solve the resistance issue, an alternative approach of endolysin-antibiotics 

combination for bacterial treatment has been recommended40. For instance, the combination 

of endolysin from Acinetobacter baumanii (Lys-ABP-01) and colistin in the therapy of multi-

drug resistant strains of Acinetobacter baumanii improved the antimicrobial activity 

compared to either of the treatments alone162.  
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Figure 2.11. Chemical Structure of Colistin 

✓ Polymyxin B is a cyclic lipopeptide like colistin containing diamino butyric acid and D-

phenylalanine liable for its planar ring structure (Figure 2.12)163. This antibiotic was 

synthesized by Paenibacillus polymyxa and had six different isoforms that varied in the 

primary fatty acid and in one of the amino acids that shape the planar ring. Polymyxin B is 

lethal to a wide array of Gram-negative bacteria, including the Enterobacteriaceae family, 

by acting as a surfactant that penetrates the bacterial cell membrane35. 

 

Figure 2.12. Chemical Structure of Polymyxin B 
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2.5 Nodule-Cysteine-Rich Peptides 

Many cysteine-rich peptides (CRPs) are plant-based 164–166, and most have antimicrobial 

activity50,167,168. One interesting member of the CRPs group is the NCR peptides, which are 

generated through the nitrogen-fixing symbiosis between legumes and rhizobia in nodule cells and 

then exhilarate rhizobia into terminal differentiation169,170. A unique characteristic of the NCR 

peptides is that they contain four or six cysteine residues, which the cysteines are vital for the 

symbiotic functions of the legume plants171. One well-known model legume that establishes 

symbioses with Sinorhizobium meliloti as a symbiotic partner is Medicago truncatula, an inverted 

repeat-lacking clade (IRLC) legume. From this model, 639 NCR peptides have been encoded from 

over 700 NCR genes172,173. These are secretory peptides expressed specifically in the nodules and 

played a significant role in symbiosomes to generate suitable bacteroid differentiation174,175.  

NCR peptides contain conserved cysteine residues, categorizing them into defensin-like 

families. Several publications have validated that some members of the NCRs family (NCR247 

and NCR335) possessed antimicrobial activity, like defensins176,177. Moreover, extensive research 

utilizing 19 NCR peptides discovered that NCR peptides with high isoelectric points property 

(pI >9), such as NCR044, NCR147, and NCR247, possess in vitro antimicrobial activity against 

Candida albicans178. Hence, the NCR net charge is supposed to be a crucial component of 

antimicrobial activity.  

NCR044 is a well-known NCR member that has been reported for its three-dimensional 

structure. This peptide has 36 amino acids in its sequence, a net charge of +9, pI of 10.32, and 38% 

of hydrophobic residues178,179. A report from Velivelli et al. revealed the secondary structure of 

NCR044, which displayed an antiparallel β-sheet between A23 to R25, and G28 to C30 at the C-

terminal region and a short α-helix (S11 to E14). At the same time, half of the N-terminal was 

disordered and dynamic (Figure 2.13)179. In addition, the disulfide bridges formed at C1 – C4 and 

C2 – C3 corresponded to conformational stability. The synthetic NCR044 displayed activity 

against some plant fungal pathogens, such as Candida albicans, Botrytis cinerea, Fusarium 

graminearum, F. virguliforme, and F. oxysporum178,179. 
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Figure 2.13. The secondary structure of NCR044 with four cysteine side chains is colored in yellow, β-strand 

highlighted in blue, and α-helix is tinted in red179. 

NCR 169 peptide is a member of the NCR family comprised of 38 amino acids, including four 

cysteine residues, and is crucial for bacteroid differentiation171. NCR 169 is usually located in the 

peribacteroid space between the symbiosome membrane and bacteroid, hence the function of NCR 

169 in bacteroid differentiation171,180,181. Nonetheless, it is also believed that NCR 169 might have 

other functions besides bacteroid differentiation, such as in nitrogen fixation and bacterial survival 

in the symbiotic cell since it has been discovered in isolated bacteroid extracts, and the mutant 

form of NCR 169 provokes early senescence of the nodule182–184. A recent publication by the 

Isozumi group in 2021 revealed the structure of NCR 169 in two oxidized forms, NCR169-ox 1 

and -ox2, utilizing 1H-15N heteronuclear single quantum coherence (HSQC) NMR technique 

(Figure 2.14)185. The NCR169-ox1 has one anti-parallel β-sheet at the C-terminal. This secondary 

structure was similar to the NCR169-ox2 even though their disulfide bridge motifs were diverse, 

in which NCR169-ox1 comprises two disulfide bridges at C1-C2 and C3-C4, and NCR169-ox2 

has C1-C3 and C2-C4 disulfide patterns.  Furthermore, the investigated peptides in this study have 

also been tested for their antimicrobial activity against Escherichia coli K12 and Sinorhizobium 

meliloti, in which NCR 169-ox 1 has slightly better activity against both bacterial strains compared 

to NCR 169-ox 2.  
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Figure 2.14. Secondary Structure of NCR169-ox 1 (left) and -ox2 (right)185 

2.6 Solid-Phase Peptide Synthesis 

The isolation and introduction of insulin as a therapeutic agent in 1923 were pioneering 

peptides as potential drug sources. However, the interest in peptide synthesis was depleted in the 

second half of the 20th century because “small molecules” were favored as biologically active 

agents, considering their advantages, such as the simplicity of the synthesis process, which enabled 

to obtain more products in less budget compared to the production of peptide-based drugs. 

Nevertheless, peptide synthesis has gained more attention over the last two decades, propelled by 

some genetic engineering and molecular biology inventions that enabled a simpler polypeptide 

synthesis186. 

Solid-phase peptide synthesis (SPPS) is a well-known procedure that can be carried out on 

solid support to formulate an expansive scope of synthetic compounds. Bruce Merrifield developed 

this method in 1963, simplifying the peptide synthesis process. Merrifield was awarded the Nobel 

Prize in 1984 for this innovation. SPPS became a popular choice in many peptides synthesis 

research due to several advantages: all reactions in SPPS are conducted in one single container; an 

excessive amount of amino acid and reagents can be used to drive the reactions until completed 

and consequently can be removed by washing and lacking intermediates purification in each step; 

high yields can be achieved; shorter and faster-reacting cycles compared to other methods; and 

application of repetitive steps which allowed to automatize the whole process187,188.  

The SPPS was conducted linearly from the C-terminus to the N-terminus (the C → N strategy). 

The carboxyl group of the amino acid to be integrated reacts with the Nα-amino group of the 

peptidyl chain anchored to the solid support. The success of SPPS is determined by the proper 
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selection of the solid support, the linker, the coupling reagents, and the protecting groups. 

Furthermore, there are four main phases in SPPS (Figure 2.15)189. Those phases are: 

1) The first amino acid (appropriately protected) is coupled to the solid support. This process 

typically utilizes a linker to assist in releasing the peptide at the end of the synthesis. 

2) Scrupulous deprotection of the Nα-amino group of the first amino acid coupled to the solid 

support. 

3) Cycles of coupling and deprotection steps of the related protected amino acids until the 

coveted peptide sequence is attained. 

4) Deprotection and discharge of the peptide from the solid support to yield the desired product. 

2.6.1. The Solid Support 

A solid support is frequently used to designate the matrix in which peptide synthesis is staged. 

Specific physical and chemical requirements for solid support to be beneficial in the SPPS process 

are as follows: have a good swelling capacity and display low cross-linking for a good 

approachability, and the distribution of reagents must be inert in all environments used in the whole 

synthesis; must display great mechanical constancy, must be insoluble in all solvents utilized in 

the synthesis, and must comprise functional groups so that a linker might be attached to it110.  
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Figure 2.15. A general protocol for SPPS 

At present, two foremost groups of supports are utilized for SPPS, namely polystyrene (PS), 

a slightly cross-linked with divinylbenzene, and polyethylene glycol. Based on the strategy used 

in solid-phase peptide synthesis, TentaGel® resin, a member of the polyethylene glycol group, was 

selected in this research. 

2.6.2. The Linker 

The linker is a bifunctional molecule with two sides, one side is bonded to the first amino acid 

via a bond labile to cleavage conditions, and another is connected to the solid support. The linker 

denotes the reversible bond between the peptide and the resin. Linker will affect peptide-resin 
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arrangement, resin loading, and C-terminal functionality of the synthesized peptide187,188. Various 

linkers are commercially available; nonetheless, the most used are Wang and Rink linkers (Figure 

2.16), whereas Wang linker is a peptide acid linker, and the Rink linker is an amide linker. Their 

linker commonly acknowledges the resins, hence the name Wang Resin and the Rink Amide Resin. 

As for this project, since PEG resins with polystyrene were used, only a Rink amide linker (RAM) 

was utilized188. 

 

Figure 2.16. Structures of Common Linkers Utilized in SPPS. (A) Wang Linker and (B) Rink Amide Linker  

2.6.3. Protecting Groups 

The protecting groups play a vital role in SPPS to avoid unwanted side reactions during the 

amino acid coupling process, in which the protecting groups are sheltering the functional groups 

that are not participating in the reaction. The main requirements for a good protecting group are: 

the introduction of protecting group to the functional group should be easily executed; the 

functional group should be stable in varied reaction conditions; it should be safely removed at the 

end of the synthesis or when modification in the functional group is necessary187. 

Two types of protecting groups involved in SPPS are the temporary protecting group which 

protects the Nα-amino group, and the permanent protecting group, which shields the side-chain 

functionality of trifunctional amino acids. The temporary group is removed before adding an 

amino acid, while the permanent group is detached during cleaving. The removal conditions for 

these two types of protecting groups must be different. Thus the discouragement process could be 

selectively completed.  
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The main approaches applied in SPPS are Boc/benzyl and Fmoc/tBu. The Boc/benzyl 

approach involves the tert-butyloxycarbonyl (Boc) group (Figure 2.17 A) as the protecting group 

for the α-amino group, and benzyl groups act as the side chains protecting groups. The Boc has 

acid-labile characteristics, and it can be removed with trifluoroacetic acid (TFA) in 

dichloromethane (DCM). Furthermore, the side chain protecting groups are detached with 

hydrogen fluoride (HF) treatment 187.   

 

Figure 2.17. Chemical Structure of Common Temporary Protecting Group used in SPPS. (A). Boc Group and (B) 

Fmoc Group. 

The Fmoc/tBu approach includes the use of the 9-fluorenylmethyloxycarbonyl (Fmoc) group 

(Figure 2.17 B) as the protecting group for the α-amino group and tBu (tert-Butyl) or trityl as the 

side chain protecting groups. The Fmoc group is a base labile; therefore, it can be removed in the 

presence of secondary amines (Figure 2.18), such as piperidine and piperazine in a relative polar 

solvent such as N-N-dimethylformamide (DMF) or N-methyl pirrolidone (NMP)190. In contrast, 

the side chain protecting groups are acid-labile. Consequently, acid solvents like TFA can be used 

for their removal187. 
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Figure 2.18. Mechanism of Fmoc Group Removal by Secondary Amines for the Formation of a Free-NH2 in SPPS190 

Both Boc and Fmoc approaches are equivalently acceptable. However, the Fmoc/tBu strategy 

is the most advantageous because this strategy facilitates the removal of the protecting group 

selectively under different chemical environments and cleavage procedures, which subsequently 

certifies milder total reactions187. The work reported in this dissertation utilizes Fmoc/tBu strategy. 

The type of amino acid determines the selection of side chain protecting groups; not all amino 

acids require protection. For instance, the trityl group is used for amino acids like asparagine, 

cysteine, glutamine, and histidine. In contrast, the tertiary butyl is used for aspartic acid, glutamic 

acid, serine, threonine, and tyrosine. The Boc group protects lysine and tryptophan amino acids, 

while the Pbf (2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-sulfonyl) protects arginine187. The 

amino acids used in this project were properly protected in the side chain. 

2.6.4. Coupling  

The amide bond formation between two amino acids does not occur spontaneously. The 

activation of carboxylic acids by coupling reagents is needed for this bond formation. The amide 

bond formation can precede the loss of chiral α-carbon integrity, allowing racemization. The 

activated species, such as benzotriazole ester, is mostly in ester form, affording an efficient leaving 
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group that supports the amide bond formation. At present, many coupling reagents are available, 

though the most used coupling reagents can be divided into three groups: aminium salts, for 

instance, HOBt (1-hydroxy-benzotriazole) and HOAt (1-hydroxy-7-azabenzotriazole),; 

carbodiimides, such as DCC (N-N’-dicyclohexylcarbodiimide) and DIC (N,N’-

diisopropylcarbodiimide) and phosphonium salt, like PyBOP (benzotriazole-1-

yloxytri(pyrrolidino)phosphonium hexafluorophosphate) (Figure 2.19)187,191.  

 

 

 

Figure 2.19 Examples of Coupling Reagents for SPPS 
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Chapter 3 

Objectives 

The main objective of this project was to synthesize AMPs derived from NCR169 and 

NCR147 with enhanced antimicrobial activity. Determining the active part from each parent 

peptide’s sequence is important for developing the antimicrobial profile of each peptide. Another 

key factor addressed in this study is the role of certain amino acids in the antimicrobial profiles of 

peptides. 

In the first part of our research, a full sequence of NCR169 was synthesized along with its 

derivatives, including the smaller fragments, followed by a biology assay for antimicrobial activity. 

We aimed to determine the active core fragment of NCR169 against microorganisms such as 

bacteria and fungi. Second, we utilized our findings from the first step and synthesized the active 

sequence of NCR169 with some modifications to the initial sequence to investigate the role of 

certain amino acids in the stability of the peptide and how they could affect the activity. The best 

sequence would then be the parent compound in the next phase. Third, following the result of our 

previous stage, we synthesized analogs with modification of amino acid at a specific position with 

a modified amino acid that contains D- and L- forms and an unnatural side chain. This approach 

investigates the effect of different isoforms and side chain types on antimicrobial activity.  

Lastly, we synthesized the full sequence of NCR147 and its derivatives, followed by a biology 

assay for antimicrobial activity. We aimed to determine the active core fragment of NCR147 and 

to enhance the antimicrobial activity of the peptide by conducting modifications to the lead 

sequence. 
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Chapter 4 

Experimental Methods 

4.1. Synthesis of Peptides 

4.1.1. Materials 

The Amino acids derivatives utilized in this project were bought from Bachem AG 

(Bubendorf, Switzerland), Chem-Impex (Wood Dale, IL, USA), and Irish Biotech GMBH 

(Marktredwitz, Germany). Solvents and reagents for microwave-assisted peptide synthesis were 

obtained from the following suppliers: diisopropylcarbodiimide (DIC) and Oxyma from 

Fluorochem Ltd. (Hadfield, Derbyshire, UK), dimethylformamide (DMF) from Merck KGaA 

(Darmstadt, Germany), N-methylpyrrolidone (NMP) from Iris Biotech GMBH (Marktredwitz, 

Germany). Solvents for manual SPPS were purchased from the following companies: 

dichloromethane (DCM), dimethylformamide (DMF), methanol, and piperazine from Alfa Aesar 

(Thermo Fisher Scientific GmbH, Kandel, Germany), and trifluoroacetic acid (TFA) and 

dithiothreitol (DTT) from Fluorochem Ltd. (Hadfield Derbyshire, UK). TentaGel S RAM resin 

was acquired from Rapp Polymere GmbH (Tübingen, Germany), and anhydrous 1-

hydroxybenzotriazole (HOBt) from Abcr GmbH (Karlsruhe, Germany). HPLC grade TFA and 

acetonitrile (can) were procured from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals 

used were of the highest grade available. 

4.1.2. Synthesis Procedures 

The synthesis process followed the standard protocol of SPPS (see Figure 2.21) using the 

automated peptide synthesizer CEM Liberty Blue at the Department of Medical Chemistry, 

University of Szeged, Hungary. The Fmoc-protected amino acids involved in the synthesis were 

dissolved in DMF to form a 0.2 M solution. The prepared amino acid solutions were placed in the 

reaction vessels and loaded into the CEM Liberty Blue SPPS instrument. We applied TentaGel S 

RAM (loading rate: 0.23mmol/g) as resin for this work, as well as diisopropylcarbodiimide (DIC) 

as an activator (0.5 M) and Oxyma (1 M) as a base activator in 5-fold excess of volume. A mixture 

of 10% piperazine and 0.1 mol of 1-hydroxy benzotriazole in DMF/ethanol (90:10 % v/v) was used 
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for removing the Fmoc group during the synthesis process. The removal process was conducted in 

two cycles. The ultimate peptide was cleaved out of the resin with a cleaving cocktail consisting 

of 95:5 (v/v) trifluoroacetic acid (TFA)/water, added with dithiothreitol (DTT) 3% (w/v) and 

triisopropylsilane (TIS) 3% (w/v). The cleaving cocktail and peptide-resin complex mixture were 

shaken for 3 hours at room temperature. The resin was separated through filtration followed by 

evaporation with Heidolph Rotary Evaporator, and the crude peptides were precipitated in cold 

diethyl ether. Then, the precipitate was filtered, and dissolved with water, followed by 

lyophilization in S-Biotech Christ Beta 2-8 LD to gain a white solid peptide. 

4.1.3. Analysis and Purification  

Following the synthesis process, analytical HPLC (high-performance liquid chromatography) 

and electrospray ionization mass spectroscopy (ESI-MS) were utilized to analyze the peptides. RP-

HPLC is a technique that enables the separation, identification, and quantification of the various 

constituents in a sample. This separation technique is based on the distinct affinities of each sample 

component to a mobile phase and a stationary phase. For this work, we used RP-HPLC (reverse-

phase high-performance liquid chromatography), a separation technique based on hydrophobicity. 

Several advantages of RP-HPLC for peptides analysis include the finest resolution that can be 

gained on a broad scope of chromatographic circumstances; the easiness of experiment in which 

the selectivity of the chromatography system can be adjusted by changing the mobile phase 

properties; high recoveries in general, therefore it could yield more product; and the outstanding 

reproducibility of recuring separations that conducted in a lengthy period192. In RP-HPLC, the 

mobile phase is polar, whereas water-based solutions are mainly used, and the stationary phase is 

hydrophobic, such as C8- or C18-based sorbent. Consequently, constituents with smaller 

affinity/more polar to the stationary phase will be primarily eluted, followed by a higher 

affinity/non-polar constituent. The analytical HPLC in this project was accomplished with Agilent 

1200 HPLC system on a 250 x 4.60 mm Luna 5µ C8 silica column, 220 nm wavelength, and a 

solvent system of 0.1% (v/v) TFA in water (buffer A) and 80% (v/v) acetonitrile and 0.1% TFA 

(v/v) in water (buffer B) at a flow rate of 1.0 ml/min. The studied peptide was measured around 

0.5-1 mg and dissolved in water or acetonitrile until the concentration of 0.25-1 mg/ml. It was then 

injected into the HPLC instrument to obtain a chromatogram.  



39 
 

Electrospray ionization mass spectrometry (ESI-MS) is a common technique used for peptide 

characterization. For this method, an electric field is directed to the analyte solution streaming 

through a capillary. Then, the solution is secreted toward the counter electrode at the tip of a fine 

capillary. Hence, the evaporation of the solvent caused the size of the droplets to be reduced, which 

then generated slighter droplets by Coulomb explosions and ultimately produced charged ions. 

The charged ions are then tested into the high-vacuum part of the mass spectrometer to analyze 

and detect mass193. The ESI-MS method enables multiple-charged peptide analysis. Therefore it is 

beneficial to utilize this method for peptide molecular weight analysis194–196. In this project, the 

ESI-MS used a Waters SQ detector coupled with an Agilent 1200 HPLC system, and the capillary 

voltage was 3.51 volts, in which the analytes from the analytical HPLC are transported straight to 

MS for analysis. 

In the purification step, preparative HPLC was utilized to separate pure peptide fractions. The 

methodology for preparative HPLC is the same as analytical HPLC. Nonetheless, preparative 

HPLC aims to isolate the interested compound and collect the pure fractions. The preparative 

HPLC was performed with Shimadzu LC-20AD Liquid Chromatography on a 250 x 10 mm Jupiter 

10µ C12 Proteo 90Å with the same solvents as the analytical HPLC and flow rate of 3.0 ml/min. 

In this purification step, we applied a gradient elution system until it reached the isocratic zone, 

based on the solvents system obtained from analytical HPLC. The fractions were collected based 

on their retention time. Then they were analyzed and identified with LC-MS. The pure fractions 

were combined, lyophilized, and examined for their biological activity.  

4.2. Antimicrobial Activity Assay 

4.2.1. Bacterial Strains 

In this project, we utilized bacterial strains attained from the American Type Culture 

Collection (ATCC – United States) and NCTC (National Collection of Type Cultures - England). 

Gram-negative strains were Pseudomonas aeruginosa (ATCC 27853), Escherichia coli (ATCC 

8739, ATCC 35218, and ATCC 25922), Salmonella enterica (ATCC 13076), Klebsiella 

pneumoniae (NCTC 13440), Acinetobacter baumannii (ATCC 17978) and the Gram-positive 

strains were Enterococcus faecalis (ATCC 29212), Listeria monocytogenes (ATCC 19111), and 

Staphylococcus aureus (HNCMO112011 and ATCC 25923). In the last part of this work, we 

utilized an additional 8 Gram-negative bacteria for antibacterial assay. Those bacteria are 
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Pseudomonas syringae pv. tomato, Pseudomonas syringae pv. tabaci, Pseudomonas gladioli, 

Xanthomonas campestris, Xanthomonas malvaceae, Erwinia chrysanthemi, Erwinia carotovora, 

and Agrobacterium tumefaciens. 

4.2.2. Antibacterial Activity Assay 

To investigate the antibacterial activity of our synthesized peptides, we conducted a minimum 

bactericidal concentration (MBC) assay using potassium-phosphate buffer (PPB) at pH 7.4. This 

assay was performed at the Biological Research Center, Szeged, Hungary. The bacterial cultures 

were incubated overnight in LB and then diluted and raised to OD600 = 0.20-0.60 at 37°C with 

shaking. The grown bacteria were reaped and washed in PPB, then amended to OD600 = 0.1 

(equivalent to 107 bacteria/mL). The studied peptides were diluted in sterile water and utilized 

between 25-0.125 μM in a two-fold dilution series. They were then incubated for 3 hours with ~ 

107 log-phase bacteria in PBB at pH 7.4. Furthermore, 5µ from each sample were collected and 

arranged on LB agar. The growth of bacteria was supervised after overnight incubation at 37°C. 

The lowest concentration of the peptides that eradicated viable bacteria was regarded as the MBC. 

4.2.3. Hemolysis Assay 

Human blood was purchased from the Regional Blood Centre in Szeged. The use of human 

blood for the hemolysis assay has been authorized by the Regional Hungarian Ethics Committee 

and approved by the Ethics Review Sector of DG RTD (European Commission) in connection 

with EK’s ERC AdG SymBiotics. The protocol was done as described in Lima et al. 197. Baseline 

OD560 values were determined with cells in TBS buffer, while 0.5% Triton X-100 (Serva) was 

added to the cells at the same time as NCRs represented 100% of hemolysis. The hemolytic activity 

was calculated as % of red blood cell disruption relative to the positive control sample lysed with 

detergent Triton X-100. 

4.2.4 Fungi Strains and Growth Conditions 

In this work, we utilized the fungi strain from ATCC, Centraal bureau voor Schimmelcultures 

(CBS), Squibb Institute for Medical Research (SC), New Brunswick, NJ, US, and Szeged 

Microbiological Collection (SZMC). The Candida strains are Candida albicans (ATCC 10231, 

SC 5314, and SZMC 1458), Candida auris (0381), Candida glabrata (CBS 138), Candida 

parapsilosis (CBS 604), and Candida tropicalis (CBS 94). 
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All the Candida strains utilized for the assay were grown overnight on YPD medium (1% 

peptone, 1% dextrose, 0.5% yeast extract) at 30°C in a water bath shaker before each experiment. 

The cells were harvested by centrifugation (5 min, 3000x g) followed by two times washing with 

sterile distilled water and suspended in Difco Yeast Nitrogen base w/o Amino Acids medium 

(Becton, Dickinson and Company, Sparks, MD, USA) five times excess added with1% dextrose 

(YNB).  Cells were calculated with the Burker chamber and diluted to the proper concentration. 

YNB medium was altered for eight-fold diluted AIM-V+AlbuMAX (BSA) medium (1/8AIM) 

from Gibco, Thermo Fisher Scientific, Dublin, Ireland, with the aim for induction of 

morphological change of C. albicans and C. tropicalis. 

4.2.5. Antifungal Activity Assay 

We conducted an antifungal assay to investigate the antifungal activity of our synthesized 

peptides. This assay was performed at the Biological Research Center, Szeged, Hungary. The 

growth inhibition of the studied peptides was examined in 96-well microtiter plates on Candida 

strains. The minimal inhibitory concentration (MIC) was determined with the micro-dilution 

method by adding 5 µL serially two-fold-diluted peptide solution to a YNB medium containing 95 

µL cell suspension (4 x 104 cell/mL). The optical density of the cultures was assessed at 620 nm 

in SPECTROstar Nano plate reader (BMG LabTech, Offenburg, Germany) after 48 h of incubation 

at 30°C. Minimal inhibitory concentration was defined as growth inhibition ≥90% compared to 

100% growth of the untreated control. The experiments were performed thrice through biological 

repetition, always in triplicates. 

The same primary experimental setting was applied to establish the peptides’ fungicide effect. 

After 24 h of incubation, five µL samples were acquired from the cultures and combined with 95 

µL sterile distilled water, followed by 10- and 100-fold dilution. Five µL from each dilution were 

stationed on a solid YPD medium, and after 48 h incubation at 30°C, the strains’ growth was 

measured. 
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4.2.6. Biofilm Formation Assay of C. albicans and C. tropicalis Strains 

A total of 95 µL of cell suspensions at 4 x 104 cells/mL in 1/8AIM medium were added into 

the wells of microplates and supplemented with 5 µL of two-fold dilution series of the peptides or 

5 µL of the medium as control. Plates were incubated at 37°C at a 5% CO2 level for 72 h, and the 

formed biofilms were washed twice with phosphate-buffered saline (PBS) to remove the slightly 

attached cells. The viability of the biofilm-embedded cells was measured with the XTT reduction 

assay. XTT was solved in PBS at 0.5 mg/mL concentration and supplemented with 1 µM menadion. 

After adding 100 µL XTT solution to each well, the plates were incubated for 2 h at 37°C in the 

dark. Subsequently, 80 µL of each supernatant was transferred to new 96-well plates, and the 

absorbance was measured at 490 nm using a SPECTROstar Nano plate reader (BMG LabTech, 

Offenburg, Germany). The experiments were carried out in 5 biological replicates in duplicates. 

4.2.7. Morphological Analysis  

Bright-field microscopy. The C. albicans ATCC 10231 and C. tropicalis cells morphology 

was investigated after 48 h incubation with the NCR 169C17-38 and its derivatives by Zeiss Axio 

Observer inverted microscope (Carl Zeiss AG, Jena, Germany). The concentration of NCR169C17-

38 was 1.56 or 3.12 µM, while NCR169C17-38ox was 0.78 or 3.12 µM, and the initial cell 

concentration was 4 x 104 cell/mL. The control for this test is cells cultivated without peptides.  

Scanning electron microscopy. Into the 12-well microtiter plate wells were stationed the 

polyethylene terephthalate, glycol-modified (PET-G) coverslips (Sarstedt, Nümbrecht, Germany). 

The suspension of 600 µL of C. albicans ATCC 10231 and C. tropicalis at 4 x 104 cells/mL were 

filled into the wells and processed with the tested peptides for 72 h at 37°C in 5% CO2 level. The 

cultivation medium was separated, and the samples were cleansed with PBS. Cells were then fixed 

at room temperature for 2 h with 2.5% glutaraldehyde in PBS. After completing the fixation, the 

cells of C. tropicalis were strained using poly-L-lysine-coated polycarbonate filters. Then both 

samples of C. albicans and C. tropicalis samples were desiccated in aqueous solutions of 

escalating ethanol concentrations, critical point arid, enclosed with 15 nm gold by a Quorum 

Q150T ES sputter (Quorum, Laughton, UK) and examined in a JEOL JSm-7100F/LV scanning 

electron microscope (Jeol Ltd, Tokyo, Japan). 
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4.2.8. Combined Treatment of C. auris with Fluconazole and NCR169C17-38 

The products of the varied mixtures of fluconazole, NCR16917-38, and NCR16917-38ox were 

generated via standard checkerboard titration technique. The fluconazole was assessed with a 

concentration of NCR16917-38 span from 6.25 to 75 µM and NCR16917-38ox from 0.78 to 12.50 µM. 

The initial cell concentration in every well was 4 x 104 cells/mL. The optical density of the cultures 

was identified using a SPECTROstar Nano plate reader (BMG LabTech, Offenburg, Germany) at 

620 nm after 72 h of incubation at 30°C. The inhibition concentrations were characterized for each 

compound separately and in combinations. The experiments were conducted at least three times. 

The effect of combinations was counted using the fractional inhibitory concentration index (FIC). 

FIC = FICA + FICB. FICA = (MICA in combination)/(MICA alone); FICB = (MICB in 

combination)/(MICB alone). 

4.2.9. Assessment of the Viability of Human Keratinocytes 

The human keratinocytes (HaCaT) viability was recognized once the peptide treatments were 

completed and measured towards the untreated control. A 96-well micro-plate comprising 10,000 

cells per well was embedded with HaCaT cells and then incubated at 37°C with 5% CO2 in 95% 

humidity. The cells were then treated with the NCR169C derivatives in expanding concentrations 

the following day. Furthermore, HaCaT cells were rinsed with PBS after 48 h, followed by 69 min 

incubation at 37°C with tetrazolium salt (MTT) reagents (Sigma-Aldrich, St. Louis, MO, USA) at 

0.5 mg/mL concentration diluted in the culture medium. Finally, the formazan crystals were 

dissolved in DMSO (Sigma-Aldrich, St Louis, MO, USA). The absorption was assessed at 570 nm 

using a SPECTROstar Nano plate reader (BMG Lab Tech, Offenburg, Germany). The experiments 

were conducted at least three times using four independent biological duplicates. 
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Chapter 5 

Synthesis & Antimicrobial Activity of NCR169 and Its Derivatives 

5.1.Synthesis of NCR169 and Its Derivatives. 

NCR169, a key cationic peptide (net charge at pH 7 = 1.91) in bacteroid differentiation, 

contains 38 amino acids with four cysteine residues in its sequence171. Nitrogen fixation will not 

be generated if NCR169 is absent, and an early nodule senescence will be formed182–185,198. As 

mentioned in Chapter 2, the structure of NCR169 in two oxidized forms had a short antiparallel β-

sheet in the C-terminal, while the elongated N-terminal retained different properties185. These 

results conform to our structural predictions created by the AlphaFold program (Figure 5.1). 

 

Figure 5.1 Structure Prediction of NCR169 (AlpaFold) 

In the first part of the work, we synthesized the NCR169 full sequence with its shorter 

fragments to determine the active region of the peptide (Table 5.1). We also combined a short 

fragment called StrepII, consisting of eight amino acids (WSHPQFEK), into the NCR169, as this 

fragment enhanced the activity of  NCR247199. The HPLC’s chromatograms and the MS spectra 

from each synthesized peptide are available in Appendix 1. NCR169 peptide with its derivatives 

was then subjected to the antibacterial activity test.  
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Table 5.1 NCR169 and its derivatives. (A). Amino acid sequence and molecular mass values of the short peptide fragments. (B). 

Isoelectric point (pI), hydrophobicity (%), grand average hydropathy (GRAVY), and Boman index (kcal/mol) of the synthesized 

peptides. 

A. 

Peptides Amino Acid Sequence 

Molecular 

Mass 

Calculated  

Molecular 

Mass 

Experimental1  

NCR169 EDIGHIKYCGIVDDCYKSKKPLFKIWKCVENVCVLWYK 4565.51 1522.9 

NCR169-StrepII EDIGHIKYCGIVDDCYKSKKPLFKIWKCVENVCVLWYKWSHPQFEK 5605.66 1870.7 

NCR169ox EDIGHIKYCGIVDDCYKSKKPLFKIWKCVENVCVLWYK 4565.51 1521.1 

NCR169C9,15,28,33/S EDIGHIKYSGIVDDSYKSKKPLFKIWKSVENVSVLWYK 4521.24 1125.8 

NCR169C17-38 KSKKPLFKIWKCVENVCVLWYK 2740.44 914.1 

NCR169C-StrepII KSKKPLFKIWKCVENVCVLWYKWSHPQFEK 3780.60 1260.5 

NCR169C17–38 ox KSKKPLFKIWKCVENVCVLWYK 2739.4 913.5 

NCR16921-38 PLFKIWKCVENVCVLWYK 2268.84 756.8 

NCR16927-38 KCVENVCVLWYK 1483.83 907.5 

NCR16917-28 KSKKPLFKIWK 1402.80 468.2 

1(M + 3H)3+ refers to the experimentally determined molecular mass of the triple charged peptide  

consistent with the calculated mass 
B. 

Peptides pI1 Hydrophobicity1 GRAVY1 Boman Index2 

(kcal/mol) 

NCR169 8.6 53.18 -0.14 0.87 

NCR169-StrepII 8.1 55.09 -0.43 1.17 

NCR169ox 8.6 53.18 -0.14 0.87 

NCR169C9,15,28,33/S 9.7 52.28 -0.48 1.37 

NCR169C17-38 10.2 48.27 -0.15 0.6 

NCR169C-StrepII 10.1 51.19 -0.60 1.12 

NCR16921-38 9.1 51.93 0,51 -0.38 

NCR16927-38 8.1 33.79 0.37 0.23 

NCR16917-28 11.3 28.55 -1.06 1.45 

 

1values from https://www.thermofisher.com/hu/en/home/life-science/protein-biology/peptides-proteins/custom-
peptide-synthesis-services/peptide-analyzing-tool.html 2values from https://aps.unmc.edu/prediction/predict 

5.2 Antibacterial Activity of NCR169 and Its Derivatives 

The lowest concentration that can eliminate the growth of bacteria was defined as the minimal 

bactericidal concentration (MBC). The antibacterial activities of NCR169 and its derivatives 

NCR169 are shown in Table 5.2. As for control, we tested two commercial antibiotics, 

Carbenicillin and Levofloxacin, against the same bacterial strains (Table 5.2). NCR169 and its 

derivatives are generally more effective than existing antibiotics. A concentration of 3.1 mM of 

https://www.thermofisher.com/hu/en/home/life-science/protein-biology/peptides-proteins/custom-peptide-synthesis-services/peptide-analyzing-tool.html
https://www.thermofisher.com/hu/en/home/life-science/protein-biology/peptides-proteins/custom-peptide-synthesis-services/peptide-analyzing-tool.html
https://aps.unmc.edu/prediction/predict
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NCR169 eradicated A. baumannii and showed similar effectiveness against E. coli and S. enterica. 

However, its potency against S. aureus was lower (MBC: 6.3 µM), and higher concentrations of 

12.5 mM were required to eliminate K. pneumoniae, P. aeruginosa, and L. monocytogenes. In 

contrast, it did not exhibit any activity against E. faecalis, as reported in Table 5.2. The MBC 

values presented here are the mean of four biological repeats. Still, there was significant variance 

in reproducibility, which may be attributed to the peptide's reduced solubility in PPB at pH 7.4. 

Table 5.2. The minimum bactericidal concentrations (MBC; measured in μM) of the investigated peptides against 

various pathogens following a 3-hour treatment in phosphate buffer (PPB). Gram-negative E. c., Escherichia coli 

(ATCC 8739); S. e., Salmonella enterica (ATCC 13076); K. p., Klebsiella pneumoniae (NCTC 13440); A. b., 

Acinetobacter baumannii (ATCC 17978); P. a., Pseudomonas aeruginosa (ATCC 27853). Gram-Positive: E. f., 

Enterococcus faecalis (ATCC 29212); L. m., Listeria monocytogenes (ATCC 19111); S. a., Staphylococcus aureus 

(HNCMO112011). 

Peptides 
Gram-Negative Gram-Positive 

E. c. S. e. K. p. A. b. P. a. E. f. L. m. S. a. 

NCR169  3.1* 3.1* 12.5* 3.1 12.5* - 12.5* 6.3* 

NCR169-StrepII 3.1 3.1 12.5 12.5 12.5 25 - 6.3 

NCR169ox 6.3 12.5 25 1.6 6.3 - 12.5 25 

NCR169C9,15,28,33/S 6.3 - - 3.1 25 - - - 

NCR169C17-38  1.6 3.1 3.1 3.1 3.1 6.3 3.1 3.1 

NCR169C-StrepII 1.6 3.1 3.1 3.1 3.1 3.1 3.1 3.1 

NCR16921-38 25 - - 12.5 - - - - 

NCR16927-38 25 - - - - - - - 

NCR16917-28 - - - NT - - - - 

Carbenicillin 1280 640 >10240 5120 10240 5120 80 640 

Levofloxacin 5.0 1.3 320 20 1.3 160 320 2.5 

*The best MBC value was measured, but there were more than two dilution step differences in replicate experiments. 

Using PPB at pH 5.8 resolved the solubility problem. It provoked the reproducible killing of 

S. aureus, A. baumannii, E. coli, and S. enterica at 3.1 mM and the termination of P. aeruginosa 

and L. monocytogenes at 6.3 mM (Table 5.3). The oxidized form of NCR169 at pH 7.4 did not 

improve the activity (except for A. baumannii ); at pH 5.8, it was more active, particularly on K. 

pneumoniae. Replacement of the four cysteines with serines decreased the activity except for A. 

baumannii at pH 7.4. In contrast, the activity was better at pH 5.8 due probably to the better 

solubility of the peptide. The equal or two-fold differences in the MBCs of NCR169 and its serine-
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substituted derivative indicated that cysteines are not essential for the peptide’s antimicrobial 

activity. However, NCR169 was more effective on L. monocytogenes. 

Table 5.3. The MBCs (μM) of the investigated peptides against various pathogens following a 3-hour treatment 

in PPB with modified pH. 5.8.  

Peptides 
Gram-Negative Gram-Positive 

E. c. S. e. K. p. A. b. P. a. E. f. L. m. S. a. 

NCR169 3.1 3.1 12.5 3.1 6.3 - 6.3 3.1 

NCR169ox 1.6 3.1 3.1 3.1 6.3 - 3.1 3.1 

NCR169C9,15,28,33/S 1.6 6.3 12.5 3.1 6.3 - 25 6.3 

It can be seen from this result that NCR169C17-38 is the active region of NCR169 compared to 

the full sequence of NCR169 and other shorter fragments. Therefore, we decided to explore more 

on this sequence more.  

5.3 Synthesis of NCR169C17-38 Derivatives. 

The next part of this project was to synthesize NCR169C17-38 with C-terminal amidation 

derivatives with various replacements of certain amino acids listed in Table 5.4 A 200. The HPLC 

chromatograms and MS spectra of these peptides can be found in Appendix 1. The modifications 

in the NCR169C17-38 sequence slightly influenced the physicochemical properties of the peptides 

(Table 5.4 B). Replacing the two tryptophans with two alanines led to a slight decline in 

hydrophobicity (less than 10%) and altering the two cysteines to serine or alanine led to a 0.5 

growth in the calculated pI value. The Gravy and Boman index, in all cases, have modest rates. 

Moreover, the 3D structures predictions of NCR169C17-38 and all its derivatives acquired with the 

AlphaFold program displayed a similar alpha-helical structure instead of the presence of β-sheet 

structure in the C-terminal part of the unmodified peptide (Figure 5.2).  
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Figure 5.2 Structure Prediction of NCR169C17,38 and its Derivatives (AlphaFold). A. NCR169C17-38; B.NCR169C17-

38 C12,17/S; C. NCR169C17-38 W10,20/A; D. NCR169C17-38 W10,20/A, C12,17/S; E. NCR169C17-38 W10,20C12,17/A 

Table 5.4. NCR169C17-38 substitution derivatives200. A. Amino acid sequence and molecular mass values of the 

NCR169C17-38 derivatives. Substituted amino acids are underlined. B. Isoelectric point (pI), hydrophobicity (%), grand 

average hydropathy (GRAVY), and Boman index (kcal/mol) of the NCR169C17-38 and its derivatives.  

A.  

Peptides Amino Acid Sequence 

Molecular 

Mass 

Calculated  

Molecular   Mass 

Experimental1  

NCR169C17–38C12,17/S KSKKPLFKIWKSVENVSVLWYK 2707.3 903.6  

NCR169C17–38W10,20/A KSKKPLFKIAKCVENVCVLAYK 2509.1 837.3  

NCR169C17–38W10,20/A, C12,17/S KSKKPLFKIAKSVENVSVLAYK 2477 826.8  

NCR169C17–38W10,20C12,17/A KSKKPLFKIAKAVENVAVLAYK 2445 815.6  

1(M + 3H)3+ refers to the experimentally determined molecular mass of the triple charged peptide, 

consistent with the calculated mass 
B. 

Peptides pI1 Hydrophobicity1 GRAVY1 Boman Index2 

(kcal/mol) 

NCR169C17–38C12,17/S 10.6 47.64 -0.45 1.02 

NCR169C17–38W10,20/A 10.1 38.74 0.09 0.64 

NCR169C17–38W10,20/A, C12,17/S 10.6 38.04 -0.21 1.07 

NCR169C17–38W10,20C12,17/A 10.6 41.04 0.03 0.59 
1values from https://www.thermofisher.com/hu/en/home/life-science/protein-biology/peptides-proteins/custom-
peptide-synthesis-services/peptide-analyzing-tool.html 2values from https://aps.unmc.edu/prediction/predict 

 

https://www.thermofisher.com/hu/en/home/life-science/protein-biology/peptides-proteins/custom-peptide-synthesis-services/peptide-analyzing-tool.html
https://www.thermofisher.com/hu/en/home/life-science/protein-biology/peptides-proteins/custom-peptide-synthesis-services/peptide-analyzing-tool.html
https://aps.unmc.edu/prediction/predict
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5.4 Antibacterial Activity of NCR169C17-38 and its Derivatives 

All synthesized peptides retained antimicrobial activities against ESKAPE bacteria: 

Enterococcus faecalis; Staphylococcus aureus; Klebsiella pneumoniae; Acinetobacter baumannii; 

Pseudomonas aeruginosa; Escherichia coli, as well as Listeria monocytogenes and Salmonella 

enterica (Table 5.5)200. NCR169C17-38 could terminate most tested bacteria at 3.1 µM, except E. 

faecalis and E. coli, requiring 6.3 µM and 1.6 µM, respectively. Substitution of the two cysteines 

with serine residues (NCR169C17–38C12,17/S) did not weaken. It even increased the activity in the 

case of E. faecalis, S. aureus, A. baumannii, and S. enterica, indicating that cysteines and the 

formation of a disulfide bridge are not compulsory for antimicrobial activity (Table 5.5). 

Tryptophan is suggested to play a crucial role in the activity and interaction of AMPs with bacterial 

membranes. Switching of the two tryptophan residues with alanine in NCR169C17–38 

(NCR169C17–38W10,20/A) eradicated or intensely lessened the activity against E. faecalis, S. aureus, 

S. enterica, L. monocytogenes, and K. pneumoniae whereas it continued effective against A. 

baumannii, P. aeruginosa, and E. coli. A mixture of these two kinds of replacements (NCR169C17–

38W10,20/A, C12,17/S) or substitution of both tryptophan and cysteine residues with alanine 

(NCR169C17–38W10,20C12,17/A), reserved or condensed further the activities: both peptides were 

equally effective against P. aeruginosa and L. monocytogenes at 3.1 µM, and S. aureus, E. coli, 

and S. enterica at 6.3 µM, and A. baumannii (12.5 µM), nonetheless NCR169C17–38W10,20C12,17/A 

became sedentary against K. pneumoniae (25 µM).  

Table 5.5. The MBCs (μM) of peptides against Gram-negative: E. c., Escherichia coli (ATCC 8739); S. e., Salmonella 

enterica (ATCC 13076); K. p., Klebsiella pneumoniae (NCTC 13440); A. b., Acinetobacter baumannii (ATCC 17978); 

P. a., Pseudomonas aeruginosa (ATCC 27853), and  Gram-Positive: E. f., Enterococcus faecalis (ATCC 29212); L. 

m., Listeria monocytogenes (ATCC 19111); S. a., Staphylococcus aureus (HNCMO112011)200. 

Peptides 
Gram-Negative Gram-Positive 

E. c. S. e. K. p. A. b. P. a. E. f. L. m. S. a. 

NCR169C17–38 1.6 3.1 3.1 3.1 3.1 6.3 3.1 3.1 

NCR169C17–38C12,17/S 1.6 1.6 3.1 1.6 3.1 3.1 3.1 1.6 

NCR169C17–38W10,20/A 3.1 - 12.5 3.1 3.1 - 25 - 

NCR169C17–38W10,20/A, C12,17/S 6.3 6.3 25 12.5 3.1 25 3.1 6.3 

NCR169C17–38W10,20C12,17/A 6.3 6.3 25 12.5 3.1 - 6.3 6.3 

-: inactive up to 25 μM 
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To investigate the effect of tested peptides on different strains of bacterial species, we 

measured the MBC of the two most active peptides, NCR169C17–38 and NCR169C17–38C12,17/S 

against two additional strains of E. coli (ATCC 25922 and ATCC 35218) plus S. aureus (ATCC 

25923), which are frequently used for antibiotic susceptibility assays. All these strains were 

comparably sensitive to these peptides (Table 5.6). 

Table 5.6.  MBCs (μM) of peptides against additional strains of E. coli (ATCC 25922 and ATCC 35218) and S. aureus 

(ATCC 25923)200. 

Peptides E.c. ATTC 25922 E.c. ATTC 35218 S.a. ATTC 25923 

NCR169C17–38 1.6 1.6 3.1 

NCR169C17–38C12,17/S 1.6 3.1 3.1 

 

5.5 Antifungal Activity of NCR169C17-38 and Its Derivatives 

NCR169C17-38 with its oxidized form (NCR169C17-38ox) and NCR169C17-38W10,20/A were 

tested for their antifungal activity against some human pathogen Candida species and strains in 

the Department of Microbiology, University of Szeged. The peptides' minimal inhibitory 

concentration was determined by incubating the strains in the two-fold serial dilutions of the 

peptides, resulted a MIC value between 3.12 and 25 µM201. 

 

5.6.  Synthesis of NCR169C17-38C12-17/S Derivatives 

Substituting two cysteines with the isosteric serine residues (NCR169C17–38C12,17/S) has 

proved to boost the antimicrobial effect of the NCR169C17-38. Therefore, we decided to explore 

this peptide by synthesizing the NCR169C17–38C12,17/S peptide analogs to examine their 

antimicrobial properties by integrating some modified tryptophan into the sequence at residue 

numbers 10 and 20 (Table 5.7)200. The next chemically modified tryptophans (Figure 5.3) were 

applied to evaluate whether they could cause a significant impact on the antimicrobial activities of 

the peptide: 5-methyl tryptophan (W5-Me), 5-fluoro tryptophan (W5-F), 6-fluoro (W6-F) tryptophan, 

7-aza tryptophan (W7-Aza), and 5-methoxy tryptophan (W5-MeO). 5-fluoro tryptophan was utilized 

in the L- and D- enantiomeric forms for the synthesis, hence these two peptides are named 

NCR169C17–38C12,17/S-10W5-F-L and NCR169C17–38C12,17/S-10W5-F-D. All other analogs of 

NCR169C17-38C12,17/S were synthesized utilizing modified tryptophans in racemic forms, then 

separated into two peptides, excluding NCR169C17–38C12,17/S-20W5-MeO. The separated peptides 
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were identified with codes I and II indicating either D- or L- conformations of the substituted 

tryptophan, which could be further verified if an exciting antimicrobial influence validates it200. 

The HPLC chromatograms and MS spectra of these peptides are presented in Appendix 1. 

 

Figure 5.3. Structures of Modified Tryptophans 
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Table 5.7. List of NCR169C17-38C12,17/S Derivatives200 

Peptide Analogs Amino Acid Sequence Molecular 

Mass 

Calculated  

Molecular  

Mass 

Experimental 1 

NCR169C17–38C12,17/S-10W5-Me I* KSKKPLFKIW5-MeKSVENVSVLWYK 2721.26 907.6  

NCR169C17–38C12,17/S-10W5-Me II* KSKKPLFKIW5-MeKSVENVSVLWYK 2721.26 907.9  

NCR169C17–38C12,17/S-20W5-Me I KSKKPLFKIWKSVENVSVLW5-Me YK 2721.26 908.6  

NCR169C17–38C12,17/S-20W5-Me II KSKKPLFKIWKSVENVSVLW5-Me YK 2721.26 907.8  

NCR169C17–38C12,17/S-10W5-F-L  KSKKPLFKIW5-F-L KSVENVSVLWYK 2725.47 908.9  

NCR169C17–38C12,17/S-10W5-F-D  KSKKPLFKIW5-F-D KSVENVSVLWYK 2725.47 909.7  

NCR169C17-38C12,17/S-20W5-F-L KSKKPLFKIWKSVENVSVLW5-F-LYK 2725.47 909.0 

NCR169C17-38C12,17/S-10W6-FI KSKKPLFKIW6-FKSVENVSVLWYK 2725.47 909.6  

NCR169C17-38C12,17/S-10W6-FII KSKKPLFKIW6-FKSVENVSVLWYK 2725.47 909.4  

NCR169C17–38C12,17/S-10W7-Aza I KSKKPLFKIW7-AzaKSVENVSVLWYK 2706.46 903.3  

NCR169C17–38C12,17/S-10W7-Aza II KSKKPLFKIW7-AzaKSVENVSVLWYK 2706.46 903.6  

NCR169C17–38C12,17/S-20W7-Aza I KSKKPLFKIWKSVENVSVLW7-AzaYK 2706.46 903.2  

NCR169C17–38C12,17/S-20W7-Aza II KSKKPLFKIWKSVENVSVLW7-AzaYK 2706.46 903.1  

NCR169C17–38C12,17/S-10W5-MeO I KSKKPLFKIW5-MeOKSVENVSVLWYK 2737.49 913.1  

NCR169C17–38C12,17/S-10W5-MeO II KSKKPLFKIW5-MeOKSVENVSVLWYK 2737.49 913.1  

NCR169C17–38C12,17/S-20W5-MeO  KSKKPLFKIWKSVENVSVLW5-MeOYK 2737.49 913.1  

1(M + 3H)3+ refers to the experimentally determined molecular mass of the triple charged peptide, consistent with the calculated 

mass. 

*I and II correspond to the D- or L- configurations of the tryptophan-substituted peptides, as the modified tryptophans were 

initially used in racemic forms during synthesis, with subsequent separation of the resulting peptides. 

 

5.7.  Antimicrobial Activity of NCR169C17-38C12,17/S Derivatives 

The synthesized NCR169C17-38C12,17/S derivatives were subjected to an antibacterial assay to 

define their antibacterial activity against the same bacterial strains in the previous test (Table 5.8 

A). 
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Table 5.8. MBCs (μM) of the altered peptides against various pathogens following a 3-hour treatment in PPB200. A. 

E. f., Enterococcus faecalis (ATCC 29212); S. a., Staphylococcus aureus (HNCMO112011); K. p., Klebsiella 

pneumoniae (NCTC 13440); A. b., Acinetobacter baumannii (ATCC 17978); P. a., Pseudomonas aeruginosa (ATCC 

27853); E. c., Escherichia coli (ATCC 8739); L. m., Listeria monocytogenes (ATCC 19111); S. e., Salmonella enterica 

(ATCC 13076). The two most potent peptides are in bold. B. MBCs (μM) of peptides against supplementary strains 

of E. coli (ATCC 25922 and ATCC 35218) and S. aureus (ATCC 25923). 

A.  

Peptides 
Gram-Negative Gram-Positive 

E. c. S. e. K. p. A. b. P. a. E. f. L. m. S. a. 

NCR169C17–38C12,17/S-10W5-Me I 3.1 3.1 6.3 6.3 3.1 3.1 3.1 3.1 

NCR169C17–38C12,17/S-10W5-Me II 3.1 3.1 6.3 3.1 3.1 3.1 3.1 3.1 

NCR169C17–38C12,17/S-20W5-Me I 6.3 6.3 12.5 6.3 6.3 12.5 6.3 6.3 

NCR169C17–38C12,17/S-20W5-Me II 1.6 3.1 3.1 3.1 3.1 25 3.1 3.1 

NCR169C17–38C12,17/S-10W5-F-L  1.6 1.6 3.1 1.6 1.6 1.6 1.6 1.6 

NCR169C17–38C12,17/S-10W5-F-D  1.6 3.1 3.1 1.6 3.1 1.6 6.3 3.1 

NCR169C17-38C12,17/S-20W5-F-L 3.1 3.1 3.1 3.1 6.3 3.1 3.1 1.6 

NCR169C17-38C12,17/S-10W6-F I 0.8 1.6 1.6 1.6 0.8 1.6 1.6 0.8 

NCR169C17-38C12,17/S-10W6-F II 0.8 6.3 1.6 0.8 1.6 0.8 1.6 0.8 

NCR169C17–38C12,17/S-10W7-Aza I 3.1 3.1 6.3 3.1 3.1 6.3 3.1 3.1 

NCR169C17–38C12,17/S-10W7-Aza II 3.1 3.1 6.3 6.3 3.1 3.1 3.1 3.1 

NCR169C17–38C12,17/S-20W7-Aza I 3.1 6.3 6.3 6.3 6.3 25 25 6.3 

NCR169C17–38C12,17/S-20W7-Aza II 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 

NCR169C17–38C12,17/S-10W5-MeO I 3.1 1.6 1.6 1.6 1.6 1.6 1.6 1.6 

NCR169C17–38C12,17/S-10W5-MeO II 3.1 3.1 3.1 3.1 25 3.1 3.1 3.1 

NCR169C17–38C12,17/S-20W5-MeO  3.1 3.1 3.1 3.1 0.8 3.1 3.1 3.1 

 

B. 

Peptides E.c. ATTC 25922 E.c. ATTC 35218 S.a. ATTC 25923 

NCR169C17-38C12,17/S-10W6-FI 0.8 0.8 1.6 

NCR169C17-38C12,17/S-10W6-FII_ 0.8 0.8 1.6 

 

NCR169C17–38C12,17/S-10W5-Me I and II possess similar antibacterial activities against most of 

the tested pathogen bacteria apart from A. baumannii, whereas NCR169C17–38C12,17/S-10W5-Me II 

has somewhat better activity (3.1 µM) compares to NCR169C17–38C12,17/S-10W5-Me I (6.3 µM). 

The activity of these two peptides, compared to NCR169C17–38C12,17/S, displayed that the lead 

compound had advanced antibacterial activity on S. aureus, K. pneumoniae, E. coli, and S. 

enterica. The same modification in tryptophan at residue 20 (NCR169C17–38C12,17/S-10W5-Me) had 
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a more severe effect by significantly decreasing its capacity to exterminate most tested bacteria, 

especially for form I, which had 12.5 µM MBC against E. faecalis and K. pneumonia and 6.3 µM 

against the rest of bacteria, while form II demonstrated modest activity only towards E. faecalis 

(25 µM).  

Replacement of tryptophan at position 10 with 5-fluoro-L-tryptophan enhanced the 

antibacterial activity versus several bacteria. NCR169C17–38C12,17/S-10W5-F-L could kill all tested 

pathogens with 1.6 µM, with an exemption for K. pneumoniae (MBC: 3.1 µM). The same 

alteration with another racemic form of 5-fluoro-D-tryptophan (NCR169C17–38C12,17/S-10W5-F-D) 

exhibited a general antibacterial activity like the parent peptide, the same as when the tryptophan 

at position 20 was changed to 5-fluoro-tryptophan. The finest antibacterial effects were discovered 

for those peptide analogs, whereas 6-fluoro-tryptophan was deployed at position 10. The 

NCR169C17-38C12,17/S-10W6-F I and II peptides displayed a remarkable ability to eliminate 

various pathogens, including E. faecalis, S. aureus, A. baumannii, P. aeruginosa, and E. coli, even 

at a concentration as low as 0.8 µM. This feature was unique among the tested peptide analogs. 

Additionally, these two peptides were effective against other strains, such as E. coli ATCC 25922 

and ATCC 35218, as well as S. aureus ATCC 25923 (Table 5.8 B). 

The substitution of 7-Aza tryptophan at the 10th residue of the NCR169C17–38C12,17/S peptide 

yet again developed two peptides, NCR169C17–38C12,17/S-10W7-Aza I and II, which held a similar 

antibacterial activity to one another (mostly at 3. 1 µM), and little lower than the parental peptide. 

The smallest MBC values against all tested pathogens were detected when 7-Aza-tryptophan was 

at the 20th position in the lead sequence. In this context, NCR169C17–38C12,17/S-20W7-Aza I peptide 

displayed an MBC value of 6.3 µM against most bacteria excluding E. faecalis and L. 

monocytogenes, which was only 25 µM. Nonetheless, NCR169C17–38C12,17/S-20W7-Aza II analog 

revealed an equal MBC value of 12.5 µM for all tested bacteria.  

NCR169C17-38C12,17/S analogs were also synthesized by switching to 5-methoxy tryptophan 

in either position 10 (NCR169C17–38C12,17/S-10W5-MeO I and II) or position 20 (NCR169C17–

38C12,17/S-20W5-MeO containing both racemic forms) and assessed for their antibacterial activity. 

Intriguingly, NCR169C17–38C12,17/S-10W5-MeO II and NCR169C17–38C12,17/S-20W5-MeO displayed 

identical overall activity indicated by the MBC values of 3.1 µM, while NCR169C17–38C12,17/S-

10W5-MeO I had a tad greater ability to terminate these pathogens at 1.6 µM. Nevertheless, they 
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concealed very specific activity against P. aeruginosa: NCR169C17–38C12,17/S-10W5-MeO II could 

only eradicate this bacterium with a concentration of 25 µM, though NCR169C17–38C12,17/S-10W5-

MeO I was successful in killing this pathogen at a concentration of 1.6 µM. Moreover, NCR169C17–

38C12,17/S-20W5-MeO even eliminates P. aeruginosa at a 0.8 µM. 

5.8.  Hemolysis Activity of NCR169C17-38 and Its Derivatives 

A recent publication demonstrated that when NCR169 is in its oxidized state, it has the ability 

to attach to bacterial phospholipids that carry a negative charge185. This finding suggests that 

NCR169 and its derivatives could have antimicrobial activity by causing harm to the bacterial 

membrane. However, it is important to note that the interaction between these peptides and 

bacterial membranes does not necessarily harm human cells. 

For that reason, we examined the potential hemolytic activity of NCR169C17–38, NCR169C17-

38C12,17/S, and the two most active derivatives, NCR169C17-38C12,17/S-10W6-FI and NCR169C17-

38C12,17/S-10W6-FII, against human red blood cells. None of the peptides triggered hemolysis in the 

MBCs spectrum and not even close to 100 µM concentration, excluding NCR169C17-38C12,17/S-

10W6-FII which initiated minor hemolysis at greater concentrations (Figure 5.4).  

 

Figure 5.4. Assessment of Hemolytic Activity of the NCR169C17-38 and its Most Potent Derivatives200 
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5.9. Discussion 

The expanding number of global AMR incidents, the inadequate resources, and the side 

effects of antimicrobial drugs constrain the exploration of new effective antimicrobial medicines. 

Antimicrobial peptides are potential antimicrobial agents considering that this group possessed a 

few valuable properties, such as a wide range of activity, small toxicity, adequate immunogenicity, 

excellent penetration ability, small as they have several beneficial characteristics, i.e., broad-

spectrum activity, low toxicity, moderate immunogenicity, good penetration capability, the small 

tendency of resistance development, and specific mechanism of actions151,201–203.  

Many AMPs have been isolated from natural resources, such as bacteria, fungi, plants, and 

animals. These natural peptides showcased similarities in a compact size, the positive charge in 

general, and amphipathic character204. NCR peptides are mainly isolated from plants as part of the 

cysteine-rich peptides family. Several investigated NCR peptides, like defensin, have shown 

remarkable antimicrobial activity, considering their sequences' presence of conserved cysteine 

residues. One interesting NCR peptide that became the highlight of our project is NCR169, a 

peptide consisting of 38 amino acids with four cysteine residues and involved in bacteroid 

differentiation. The first objective of this work is to determine the part of NCR169 that is essential 

for its antimicrobial potency. Our evaluation indicated that the C-terminal region of NCR169 is 

the most active part of the sequence compared to other short fragments. Our result aligns with the 

publication from Isozumi group185, which suggested that lysin residues close to the C-terminal 

have greater solvent availability and flexibility. These features are likely important factors in the 

action of the Lys-rich region. 

The second objective of this study was to investigate the antimicrobial activity of the NCR169 

active region, which is the C-terminal. Firstly, we tested the C-terminal part of the NCR169 

sequence for its anticandidal activity. The result ratified our hypothesis that NCR169C17–38 was a 

potential antifungal agent and was active against all tested Candida species and strains except for 

C. parapsilosis. The next part of this study was to investigate the antibacterial activity of the C-

terminal region of NCR169 since this short fragment displayed better activity than other short 

fragments of NCR169. Our results display that NCR169C17-38 could terminate all eight pathogenic 

bacterial species tested, indicating that the C-terminal region of NCR169 is crucial and adequate 

for bactericidal activity. The substitution of cysteine or tryptophan residues with different amino 



57 
 

acids or the utilization of various chemically modified tryptophan developed a few changes in the 

antimicrobial profile of the studied peptide. 

The substitution of cysteine residues with serines in NCR169C17-38 conserved the activity of 

the peptide. Moreover, this change even promoted the activity, signifying that the presence of 

cysteine and creating a disulfide bridge is not vital for the NCR169C17-38 antimicrobial activity. 

The production of disulfide bridges in peptide sequence was also replaceable for several AMPs, 

and dropping the disulfide bonds from the peptide sequence proved to strengthen the antimicrobial 

activity205–208. Adding serine into the mixture with some antibacterial medications improved the 

antimicrobial activity 209–211.  

Additionally, we examined the function of tryptophans in the given peptide, considering that 

they may be needed for interacting AMPs with bacterial membranes 120,212–214. In accord, the 

exchange of tryptophan residues with alanine in NCR169C17-38 weakened the antimicrobial 

activity in all three derivatives (NCR169C17–38W10,20/A, NCR169C17–38W10,20/A, C12,17/S, 

NCR169C17–38W10,20C12,17/A). The MBCs of NCR169C17-38 and NCR169C17–38C12,17/S were 

between 1.6 and 3.5 µM against most tested pathogen bacteria. NCR169C17-38 and its four 

derivatives in Table 5.4 impart identical physicochemical properties and an alpha-helical 3D 

structure unveiled by AlphaFold prediction (Figure 5.2).  

The NCR169C17-38 peptide exhibits a great ability to form an alpha-helix structure aside from 

the four N-terminal amino acids. Surprisingly, the two cysteines are not in the vicinity, as 

constructing the disulfide bridge would abolish the high helicity (Figure 5.2 A). The non-

essentialness of the disulfide bond is also advocated by the exchange of cysteines with serines, 

which developed a similar alpha-helical structure (Figure 5.2 B) and biological activity. Swapping 

the tryptophans and cysteines to alanine (NCR169C17-38W10,20C12,17/A) did not change the steric 

structure (Figure 5.2 C-E). Nonetheless, this structure diverged from the full sequence of NCR169 

peptide, which shows mostly disordered structure along with two short anti-parallel beta-pleated 

sheets at the C-terminal region predicted by AlphaFold (Figure 5.1), which then matches perfectly 

with the published NMR structures of the original conformation185. Hence, the alpha-helical 

structure might be a key factor for the antimicrobial activity of the studied peptides. Yet, the 

distinct alterations in their activities cannot be connected to variations in the 3D structure; the 

quality of individual amino acids is somewhat more significant, as presented in the previous 
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examples. While the alpha-helical 3D structure was a distinctive feature of NCR169C17-38 and 

its four derivatives, it cannot be generalized to all varied NCR peptides, for instance, in the case 

of NCR335, whereas both the N- and C-terminal part demonstrates antimicrobial activity, one part 

has β-pleated sheet structure, while the other has alpha-helical configuration201. 

We composed new NCR169C17-38C12,17/S analogs based on these results by integrating five 

modified tryptophans available in the market in racemic forms or, in the case of 5-fluoro 

tryptophan, in L- and D-forms. Introducing modified amino acids into the NCR169C17-38C12-17/S 

sequence would generate new chemical and biological properties, fulfilling our third research 

objective. 

Substitution of a normal tryptophan with 5-methyl-tryptophan at position 10 caused an 

increment of MBC (6.3 µM) towards two Gram-negative bacteria (K. pneumoniae and A. 

baumannii), as for the rest of the tested bacteria, it was active at 3.1 µM. Altering the position from 

10 to 20 significantly degraded the active concentration for NCR169C17–38C12,17/S-20W5-Me I to a 

scope of 6.3 µM to 12.5 µM. Intriguingly, the antimicrobial profile of NCR169C17–38C12,17/S-

20W5-Me II was equivalent to the lead peptide except for E. faecalis (25 µM). These data confirmed 

that changing one hydrogen substituent at the position of the indole ring with one methyl group 

vaguely decreased the antibacterial activity. It is possible because of the inability of methyl to form 

a hydrogen bond. Therefore the peptides containing 5-methyl tryptophan were not active215,216. 

Due to its distinct characteristics, such as little polarizability, and high electronegativity, 

fluorine is an attractive option for developing peptide-based drugs. Presently, above 20% of 

commercial drugs are fluorine-containing drugs217–219. Correspondingly, NCR169C17–38C12,17/S 

analogs comprised of modified fluoro tryptophan were the most effective antibacterial agents 

among all analogs. The eradicating ability of these peptides validated that the analogs containing 

6-fluoro tryptophan condensed MBCs the most. The MBC values of both NCR169C17-38C12,17/S-

10W6-F I and II span from 0.8 µM to 1.6 µM, with only one exemption (6.3 µM for S. enterica). 

Likewise, peptides with 5-fluoro tryptophan, NCR169C17-38C12,17/S-10W5-F-L, and NCR169C17-

38C12,17/S-10W5-F-D, also have MBCs of 1.6 – 6.3 µM, with the highest MBC for P. aeruginosa, 

Gram-negative bacterium and L. monocytogenes, a Gram-positive one. The antibacterial activity 

improvement of these NCR169C17–38C12,17/S analogs comprising modified fluoro tryptophan could 
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be caused by the chemical and thermal stability of the peptides, as well as grander resistance of 

the peptides towards proteolysis 217–219.  

The integration of one methoxy group to tryptophan did not influence extensively in the 

antibacterial abilities, except that it provoked remarkable changes in the peptides MBC values 

against P. aeruginosa. NCR169C17–38C12,17/S-10W5-MeO I showed an overall antimicrobial activity 

at 1.6 µM, while NCR169C17–38C12,17/S-10W5-MeO I and NCR169C17–38C12,17/S-20W5-MeO were at 

a concentration of 3.1 µM. Nonetheless, NCR169C17–38C12,17/S-10W5-MeO I had the biggest MBC 

value of 25 µM against P. aeruginosa, whereas NCR169C17–38C12,17/S-20W5-MeO owned an MBC 

of 0.8 µM, which is the smallest MBC between these analogs for this Gram-negative bacterium. 

The oxygen in the methoxy group may affect the antibacterial activity through a hydrogen bond 

formation with the targeted bacterial membrane. The influence of 5-methoxy tryptophan on 

peptide activity is published, for instance, on an argyrin analog that consisted of modified 5-

methoxy tryptophan and was active against P. aeruginosa and Proteus mirabilis 216. 

Surprisingly, the introduction of 7-Aza tryptophan in the sequence did not improve the 

biological activity of the NCR169C17–38C12,17/S analogs. This outcome is unusual since it was 

assumed that 7-Aza tryptophan, competed with unmodified tryptophan, has a better ability to 

generate hydrogen bonds 220. Nevertheless, the existence of 7-Aza tryptophan in peptides or 

proteins may weaken the activity by the intrusion of the 7-Aza with the side chain of other amino 

acids, and the replacement of one carbon at position 7 in the indole ring with nitrogen lowers the 

hydrophobicity of the amino acid, hence demotes the activity of the peptide 221,222. 

Amidst the short and chemically modified peptide derivatives of NCR169, some can terminate 

all or some of the tested bacterial species with a very small MBC (0.8 - 3.1 µM). In contrast, the 

MBCs of carbenicillin were 2-4 orders of magnitude greater, while the MBCs of levofloxacin were 

either alike or 200-fold higher for the same bacterial species199. Furthermore, none of the four 

active tested peptides displayed hemolytic activity at the MBC values, and just one showed signs 

of hemolytic activity at bigger concentrations, which is encouraging following possible future 

applications. The mechanism of action of NCR169 and its derivatives must be clarified. A 

comprehensive examination of the mechanism of active NCR169C derivatives from this series 

would be necessary to comprehend these analogs' function in peptide-microbe interactions. The 

great benefit of these peptides is that they are not cytotoxic to human cells, unlike many other 
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AMPs. This work provides highly powerful peptide antimicrobials and boosts activity by replacing 

tryptophan with mass-produced modified tryptophan at a particular position.  
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Chapter 6 

Synthesis & Antimicrobial Activity of NCR147 & Its Derivatives 

6.1 Synthesis of NCR147 and its derivatives 

NCR147 is a noncationic peptide (pI = 7) consisting of 36 amino acids and four cysteine 

residues. The matured NCR147 displayed antifungal activity against a couple of Candida albicans 

strains178. However, no publication has shown the part of this peptide responsible for its activity. 

In our preliminary investigation of the antimicrobial activity of some legume plant peptides, we 

discovered that the NCR147 with -COOH  at the C- terminus displayed good activity against E. 

coli (MBC: 25 µM), P. aeruginosa (MBC: 12.5 µM), L. monocytogenes (MBC: 12.5 µM), and A. 

baumannii (MBC: 3.125)197. We expanded our findings by synthesizing the NCR147 series with 

an amide functional group (-CONH2) at the C-terminus.  We focused on synthesizing the whole 

sequence of NCR147 along with its shorter fragments to identify its active region. The synthesized 

NCR147 peptide and its derivatives are listed in Table 6.1 below. The HPLC chromatograms and 

MS spectra of these peptides can be found in Appendix 2. 
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Table 6.1. NCR147 and its derivatives. (A). Amino acid sequence and molecular mass values of the short peptide 

fragments. (B). Isoelectric point (pI), hydrophobicity (%), grand average hydropathy (GRAVY), and Boman index 

(kcal/mol) of the synthesized peptides. 

A 

Peptides Amino Acid Sequence 

Molecular 

Mass 

Calculated  

Molecular 

Mass 

Experimental1  

NCR147 AYIECEVDDDCPKPMKNSHPDTYYKCVKHRCQWAWK 4389.05 1464.7 

NCR14713-36 KPMKNSHPDTYYKCVKHRCQWAWK 3035.60 1012.4 

NCR147C20-36 PDTYYKCVKHRCQWAWK 2212.60 738.5 

NCR14725-32 KCVKHRCQ 1001.25 501.1 

NCR14725-36 KCVKHRCQWAWK 1572.93 525.1 

NCR14728-36 KHRCQWAWK 1242.48 414.6 

NCR14725-36W11/A KCVKHRCQWAAK 1457.80 486.6 

NCR14725-36W9-11/A KCVKHRCQAAAK 1342.66 448.3 

NCR14725-36W9/A KCVKHRCQAAWK 1457.80 486.3 

1(M + 3H)3+ refers to the experimentally determined molecular mass of the triple charged peptide, consistent with 

the calculated mass. 

B 

Peptides pI1 Hydrophobicity1 GRAVY1 Boman Index2 

(kcal/mol) 

NCR147 7.0 32.35 -1.17 2.50 

NCR14713-36 10.1 28.58 -1.55 2.65 

NCR147C20-36 9.5 29.05 -1.30 2.36 

NCR14725-32 9.9 3.96 -1.23 3.70 

NCR14725-36 10.3 21.47 -1.14 2.39 

NCR14728-36 10.6 19.87 -1.83 3.16 

NCR14725-36W11/A 10.3 11.12 -0.92 2.43 

NCR14725-36W9,11/A 10.3 3.21 -0.69 2.47 

NCR14725-36W9/A 10.3 12.17 -0.92 2.43 
1values from https://www.thermofisher.com/hu/en/home/life-science/protein-biology/peptides-proteins/custom-
peptide-synthesis-services/peptide-analyzing-tool.html 2values from https://aps.unmc.edu/prediction/predict 

At present, confirmation about the structure of NCR147 is not available. Therefore, we made 

structural predictions of this peptide and its derivatives using the AlphaFold program (Figure 6.1). 

Based on these predictions, there is a short antiparallel β-sheet between T22 to V25 and R30 to 

W35 at the C-terminal of NCR147 and different properties at the elongated N-terminal, including 

a β strand between D8 to D10. The β sheet structure is still present in NCR14713-36 and 

NCR147C20-36.  

https://www.thermofisher.com/hu/en/home/life-science/protein-biology/peptides-proteins/custom-peptide-synthesis-services/peptide-analyzing-tool.html
https://www.thermofisher.com/hu/en/home/life-science/protein-biology/peptides-proteins/custom-peptide-synthesis-services/peptide-analyzing-tool.html
https://aps.unmc.edu/prediction/predict
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Figure 6.1. Structure Prediction of NCR147 and Its Derivatives 

6.2 Antimicrobial Activity of NCR147 and Its Derivatives 

The NCR147 peptide and its analogs were assessed for antimicrobial activity against the same 

bacterial strain used for the NCR169 biological evaluation. The result of this assay is presented in 

Table 6.2. 

Table 6.2. Minimal bactericidal concentrations (MBC; in μM) of the studied peptides on different pathogens after 3 

h of treatment in PPB (20 mM). Gram-negative: E. c., Escherichia coli (ATCC 8739); S. e., Salmonella enterica 

(ATCC 13076); K. p., Klebsiella pneumoniae (NCTC 13440); A. b., Acinetobacter baumannii (ATCC 17978); P. a., 

Pseudomonas aeruginosa (ATCC 27853). Gram-Positive: E. f., Enterococcus faecalis (ATCC 29212); L. m., Listeria 

monocytogenes (ATCC 19111); S. a., Staphylococcus aureus (HNCMO112011). 

Peptides 
Gram-Negative Gram-Positive 

E. c. S. e. K. p. A. b. P. a. E. f. L. m. S. a. 

NCR147 50 50 50< 50 50 50< 25 50< 

NCR14713-36 12.5 50 100< 12.5 6.25 50 12.5 50 

NCR147C20-36 50 100< 100< 12.5 25 12.5 6.25 100< 

NCR14725-32 50< 50< 50< 50< 50< 50< 50< 50< 

NCR14725-36 25 50 50< 25 25 50< 50< 50 

NCR14728-36 6.25 25 100< 6.25 12.5 100< 100< 25 

NCR14725-36W11/A 50< 50< 50< 50< 50< 50< 50< 50< 

NCR14725-36W9,11/A 50< 50< 50< 50< 50< 50< 50< 50< 

NCR14725-36W9/A 50< 50< 50< 50< 50< 50< 50< 50< 

1(M + 3H)3+ refers to the experimentally determined molecular mass of the triple charged peptide, consistent with 

the calculated mass. 
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The minimum bactericidal concentration (MBC) was used to assess the antibacterial activity 

of the NCR147 peptide and its derivatives. We utilized the same bacterial strains as the previous 

work on the NCR169 analogs. The antibacterial activities of NCR147 and its derivatives are 

presented in Table 6.2. The whole sequence of NCR147 displayed a low antimicrobial 

concentration of 50 µM against the tested bacterial strains.  Among the short fragments, NCR14725-

36 demonstrated slightly better activity than its lead compound, with an MBC concentration 

exceeding 50 µM. NCR14713-36 showed better activity against P. aeruginosa, with an MBC of 6.25 

µM, the lowest tested peptides, and 12.5 µM MBC against E. coli, A. baumannii, and L. 

monocytogenes. However, this peptide was weak against K. pneumoniae with MBC around 100 

µM and 50 µM against S. enterica, E. faecalis, and S. aureus. The C-terminal region of NCR147 

(NCR147C20-36) has better activity against Gram-positive bacteria of L. monocytogenes (MBC: 

6.25 µM), and E. faecalis (MBC: 12.5 µM), but not so good against most of the Gram-negative 

bacteria. Shorter fragments of NCR147C20-36 exhibited similar declining MBC values, except for 

the NCR14728-36. This peptide eliminated E. coli and A. baumannii with 6.25 µM, better than the 

lead peptide. Substitution of tryptophans in the sequence of NCR14725-36 with alanines weakened 

the activity.  

6.3. Synthesis of NCR14725-36 Derivatives 

Following the result of the antibacterial activity, we synthesized analogs of NCR14725-36 

incorporating a modified tryptophan. We used a fluoro-modified tryptophan in these analogs 

because, in our previous work on the NCR169 series, we discovered that this type of modified 

tryptophan could enhance the antibacterial activity. The synthesized NCR14725-36 analogs can be 

seen in Table 6.3. The HPLC chromatograms and the MS spectra are presented in Appendix 2. In 

these analogs, we substituted the tryptophan at the 9 and 11 positions separately and together with 

5-fluoro-L-tryptophan. 
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Table 6.3. List of NCR14725-36 Analogs 

Peptides Amino Acid Sequence 

Molecular 

Mass 

Calculated  

Molecular 

Mass 

Experimental1  

NCR14725-36W9/W5-F-L KCVKHRCQW5-F-LAWK 1591.15 531.3 

NCR14725-36W11/ W5-F-L KCVKHRCQWAW5-F-LK 1591.15 531.2 

NCR14725-36W9,11/ W5-F-L KCVKHRCQW5-F-LAW5-F-LK 1609.37 537.1 

1(M + 3H)3+ refers to the experimentally determined molecular mass of the triple charged peptide, consistent with 

the calculated mass. 

6.4 Antibacterial Activity of NCR14725-36 Derivatives 

The synthesized NCR14725-36 derivatives were subjected to an antibacterial evaluation to 

characterize their antibacterial assay against the same bacterial strains in the previous test (Table 

6.4). Generally, the NCR14725-36 derivatives showcased better antibacterial profiles than the initial 

peptide. The analog with double substituting modified fluoro tryptophan (NCR14725-36W9,11/W
5-F-

L) is the best among the derivatives. This peptide is the most active one from our NCR147 series, 

with an MBC value of 3.125 µM against most of the tested bacteria, except for K. pneumoniae and 

E. faecalis with MBC around 50 µM, and against P. aeruginosa with MBC of 6.25 µM. 

Substituting one tryptophan at residue number 11 (NCR14725-36W11/ W
5-F-L) demonstrated better 

antibacterial activities than substituting tryptophan at the 9th position. The best MBC value of 

NCR14725-36, W11/W
5-F-L was against E. coli, S. enterica, A. baumannii, P. aeruginosa, and S. 

aureus, with a concentration of 6.25 µM.  

Table 6.4. MBCs (μM) of the NCR14725-36 derivatives on different pathogens after 3 h of treatment in PPB (20 mM). 

Gram-negative: E. c., Escherichia coli (ATCC 8739); S. e., Salmonella enterica (ATCC 13076); K. p., Klebsiella 

pneumoniae (NCTC 13440); A. b., Acinetobacter baumannii (ATCC 17978); P. a., Pseudomonas aeruginosa (ATCC 

27853). Gram-Positive: E. f., Enterococcus faecalis (ATCC 29212); L. m., Listeria monocytogenes (ATCC 19111); 

S. a., Staphylococcus aureus (HNCMO112011). 

Peptides 
Gram-Negative Gram-Positive 

E. c. S. e. K. p. A. b. P. a. E. f. L. m. S. a. 

NCR14725-36W9/W5-F-L 12.5 12.5 50< 25 12.5 50< 50 12.5 

NCR14725-36W11/W5-F-L 6.25 6.25 50< 6.25 6.25 50< 12.5 6.25 

NCR14725-36W9,11/W5-

F-L 
3.125 3.125 50< 3.125 6.25 50< 3.125 3.125 
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We then tested these analogs along with the NCR147 and its shorter fragments against 8 

Gram-negative pathogen bacteria (Table 6.5). Those bacteria are Pseudomonas syringae pv. 

tomato, Pseudomonas syringae pv. tabaci, Pseudomonas gladioli, Xanthomonas campestris, 

Xanthomonas malvaceae, Erwinia chrysanthemi, Erwinia carotovora, and Agrobacterium 

tumefaciens. These pathogen bacteria cause some plant diseases, such as periwinkle leaf spots and 

stem lesions,  tobacco wildfire disease, potato blackleg and soft rot, and crown gall disease223–226. 

Table 6.5. MBCs (µM) of the NCR147 and its derivatives against different pathogens after 3 hr of treatment in PPB 

(20 µM). P. s. tom., Pseudomonas syringae pv. tomato; X.c., Xanthomonas campestris; E. ch., Erwinia chrysanthemi; 

A. t., Agrobacterium tumefaciens; E. ca., Erwinia carotovora; P. g., Pseudomonas gladioli; X. m., Xanthomonas 

malvaceae; P. s. tab., Pseudomonas syringae pv. tabaci. 

Peptides P. s. tom. X. c. E. ch. A. t. E. ca. P. g. X. m. P. s. tab. 

NCR147 50< 50< 50< 50< 50< 50< 25 12.5 

NCR14713-36 12.5 50< 50< 50< 12.5 50< 12.5 6.25 

NCR14725-36 12.5 50< 50< 50< 12.5 50< 25 3.125 

NCR14728-36 6.25 50< 50< 50< - 50< 6.25 6.25 

NCR14725-32 50< 50< 50< 50< 50< 50< 50< 50< 

NCR14725-36W9/W5-F-L 12.5 50< 50< 50< 12.5 50< 12.5 3.125 

NCR14725-36w11/W5-F-L 3.125 50< 50< 50< 6.25 50< 6.25 1.6 

NCR14725-36W9,11/W5-

F-L 

3.125 50< 50< 50< 12.5 50< - 1.6 

NCR14725-36W11/W
5-F-L exhibited the best antibacterial activity against most tested pathogens. 

This peptide could terminate P. syringae pv. tabaci with a concentration of 1.6 µM, and P. syringae 

pv. tomato with a concentration of 3.125 µM. These values are similar to the concentration of 

NCR14725-36W9,11/W
5-F-L. However, the later peptide has a slightly weaker concentration against 

E. carotovora (MBC: 12.5 µM). The NCR14725-36W9/ W5-F-L was less potent than NCR14725-

36W11/W
5-F-L, with an MBC value of 3.125 µM against P. syringae pv. tabaci, and MBC of 12.5 

µM against P. syringae pv. tomato and E. carotovora. The NCR147 peptide demonstrated low 

antibacterial activity against most tested pathogens, except for P. syringae pv. tabaci (MBC: 12.5 

µM). The NCR14725-36 showed better activity against P.syringae pv. tabaci, with MBC of 3.125 

µM. This peptide could terminate P. syringae pv. tomato and E. carotovora at a concentration of 

12.5 µM, slightly better than its native peptide that has MBC around 50 µM. 

6.5 Discussion 

Our in vitro studies of NCR147 peptide and its derivatives showed that the native peptide has 

poor antibacterial activity against several pathogens’ bacteria, including the ESKAPE group. This 
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peptide has a low isoelectric point (pI = 7) compared to its derivatives, which have pI between 9.5 

and 10.6. Most AMPs possess pI around 9.2 to 9.6, and it is believed that a high positive net charge 

is necessary for this peptide group227. Another key parameter for AMPs' mechanism of action is 

their structure. Many AMPs are likely to form a random coil structure in solution, whereas the 

non-AMPs have the tendency of α-helix or β-sheet formation. From our structural predictions of 

NCR147 and its derivatives, we learned that there is an antiparallel β-sheet at the C-terminal region 

of NCR147. This structure is still present in the short fragmentation of NCR147 (NCR14713-36 and 

NCR14720-36). However, if we compared it with the structure of NCR14725-36, only a random coil 

structure occurred, and this peptide is the most promising antibacterial agent among the NCR147 

short fragments. Hence, the coil structure might be an essential element for the antibacterial 

activity of the studied peptides. 

The GRAVY index of NCR147 and its derivatives are between -1.83 to -0.98, and the 

hydrophobic percentage of these peptides is below 50 %. These results indicate that the NCR147 

and its derivatives tend to be hydrophilic instead of hydrophobic. Some studies suggest that the 

peptide's hydrophobicity may increase the antimicrobial activity227,228,  although this trait could 

also enhance the hemolytic activity229. Therefore, it is vital to notice the optimum level of 

hydrophobicity since exceeding this limit may cause a reduction of antimicrobial activity and 

escalation of toxicity230. 

Replacement of tryptophans with alanines in the NCR14725-36 sequence weakened the activity 

of the peptide. The antibacterial activities of the sequence containing tryptophans against more 

than half of the tested bacteria were slightly better than the antibacterial activities of the peptides 

with substituted alanines. We concluded that the presence of tryptophan in the NCR14725-36 

sequence is crucial for its antibacterial profile. Tryptophan has been reported as an important 

amino acid for AMPs activity due to its capability to interact with bacterial membranes120,212–214, 

and it is also highly favored for interfacial regions in the lipid bilayers231. 

Following these results, we synthesized derivatives of NCR14725-36 incorporating 5-fluoro-L-

tryptophan at the 9th and 11th positions. The results of the in vitro studies against the same 

pathogens bacteria showed that the presence of fluoro-modified tryptophan could improve the 

antibacterial activities of the peptides. Substitution of two tryptophans at the 9th and 11th positions 

with 5-fluro-L-tryptophan boasted the activity against E. coli, S. enterica, A. baumannii, L. 
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monocytogenes, and S. aureus with the MBC value = 3.125 µM. This result makes NCR14725-

36W9,11/ W
5-F-L the most promising antibacterial peptide among the NCR147 series. NCR14725-

36W11/ W
5-F-L has slightly weaker antibacterial activity compared to the NCR14725-36W9,11/ W

5-F-L, 

with MBC of 6.25 µM against E. coli, S. enterica, A. baumannii, P. aeruginosa, and S. aureus. 

The shift substitution of the modified fluoro tryptophan, from the 11th to 9th position, lowered the 

antibacterial concentration against these pathogens. We conclude that substituting tryptophans at 

specific positions with fluoro-modified tryptophan could enhance the antibacterial activity of the 

NCR14725-36 peptide against the tested bacteria. 

We then evaluated the antibacterial profiles of the NCR14725-36 containing 5-fluoro-

tryptophan derivatives, along with the NCR147 peptide and its short fragments against 8 Gram-

negative bacteria that instigate several plant diseases. The results of this biological assay 

demonstrated that the native NCR147 peptide has low antibacterial activity towards the tested 

pathogens bacteria, with MBC around 50 µM, except for P. syringae pv. tabaci with concentration 

= 12.5 µM. Interestingly, two derivatives of NCR14725-36, namely NCR14725-36W11/ W
5-F-L and 

NCR14725-36W9,11/ W
5-F-L exhibit the most potential activity against this bacterium (MBC: 1.6 µM). 

These two peptides also have similar activity against P. syringae pv. tomato, with MBC = 3.125 

µM. NCR14725-36W11/ W5-F-L and NCR14728-36 could terminate X. malvaceae with the same 

concentration of 6.25 µM. From this point of view, we might conclude that NCR14725-36 peptides 

containing 5-fluoro-L-tryptophans are promising candidates for antimicrobial agents. 

Modifications of these compounds to enhance the antimicrobial activity, structure elucidations, 

and study of the mechanism of actions from these peptides are crucial and need further 

investigation. 
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Chapter 7 

Summary 

 

The present work comprises the synthesis and antimicrobial assay of two NCR peptides, 

NCR169 and NCR147. Identifying the active core region of each peptide is essential to develop 

stronger AMPs as new antimicrobial agents. The principal conclusions constructed based on the 

findings of this study can be summarized as follows. 

1) We have synthesized the full sequence of NCR169, its elongated form, and an oxidized 

form. We also have generated 6 shorter fragments of NCR169 intending to identify the 

active core fragment of this peptide responsible for the antimicrobial activity. We 

discovered that the C-terminal region of NCR169 (NCR169C17-38) is the most active 

sequence.  

In the first part of this doctoral project, we predicted the structure of NCR169 and its shorter 

fragments using the AlphaFold program. The result showed the native peptide contained 

different properties in the elongated N-terminal, and the C-terminal preserved a short 

antiparallel β-sheet. This result was aligned with the publication from Isozumi group185. 

However, the structural prediction of NCR169C17-38 displayed the absence of the β-sheet and 

was replaced by an alpha-helical structure. We then synthesized the full sequence of NCR169 

and some of its derivatives, followed by an antibacterial assay against some pathogen 

bacteria, including the ESKAPE group. The NCR169C17-38 demonstrated the highest 

antibacterial activity among a series of NCR169 derivatives, including 6 shorter fragments, 

an oxidized form, and an elongated form where a StrepII short fragment, consisting of 8 

amino acids (WSHPQFEK), was attached to the C-terminal. This peptide effectively 

terminated most tested bacteria, exhibiting a minimum bactericidal concentration (MBC) of 

3.1 µM. Notably, NCR169C17-38 outperformed the full-length NCR169 sequence and other 

derivatives regarding potency. Additionally, the antibacterial effectiveness of NCR169C17-38 

surpassed that of the control antibiotics carbenicillin and levofloxacin. 
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2) Several derivatives of NCR169C17-38 have been synthesized, and we revealed that 

replacing the cysteines with serines and preserving the tryptophans in the peptide 

(NCR169C17-38C12,17/S) enhanced the antibacterial activities. Furthermore, the oxidized 

form of NCR169C17-38 and the linear form of NCR169C17-38 and NCR169C17-38W10,20/A 

also displayed good antifungal activities against several Candida strains. 

Using the AlphaFold program for structural prediction, we demonstrated that making specific 

modifications to the NCR169C17-38 sequence, namely replacing cysteine and tryptophan 

residues with serine and alanine, had minimal impact on the native peptide's secondary 

structure. We then synthesized 5 modified NCR169C17-38 and assessed their antibacterial 

profile.  

In our in vitro antibacterial studies on the NCR169C17-38 derivatives, we found that retaining 

the tryptophans in their original positions while replacing two cysteines with serines 

(NCR169C17-38C12,17/S) led to an enhanced MBC value for the peptide. The comparison 

between the structural predictions of these peptides and their antibacterial activity revealed 

that the peptide's backbone sequence did not significantly influence its biological activity. 

Instead, it appeared that certain amino acid side chains might play a crucial role in 

determining the peptide's activity. We demonstrated that the linear and oxidized forms of 

NCR169C17-38 exhibited antifungal properties.  

3) We prepared a total of 16 derivatives of NCRC17-38C12,17/S, incorporating different 

commercially available tryptophan analogs. Our findings indicated that those 

containing modified fluoro tryptophans exhibited the most promising antibacterial 

activity among these derivatives. 

Using five commercial tryptophan derivatives, we developed new NCR169C17-38C
12,17/S 

derivatives by modifying the tryptophans at the 10th and 20th positions. These modifications 

were carried out in both racemic forms, except for 5-fluoro tryptophan, where we used D- 

and L- enantiomeric forms. As a result of our efforts, we successfully synthesized and 

purified a total of 16 novel NCR169C17-38C12,17/S derivatives. 

Our in vitro investigations found that substituting the tryptophan at the 10th position with 6-

fluoro tryptophan significantly improved the antibacterial activity against all the tested 

bacteria. For NCR169C17-38C12,17/S-10W6-FI, the minimum bactericidal concentration (MBC) 

ranged from 0.8 to 1.6 µM. Similarly, NCR169C17-38C12,17/S-10W6-FII demonstrated 
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comparable antibacterial profiles, except for Salmonella enterica, which required a slightly 

higher MBC of 6.3 µM to terminate the bacterium. Additionally, peptides containing 5-fluoro 

tryptophan exhibited notable MBC activity, ranging from 1.6 to 6.3 µM against the 

pathogenic bacteria. 

The results from our hemolysis assay provided evidence that NCR169C17-38, as well as 

NCR169C17-38C12,17/S and its two most potent derivatives (NCR169C17-38C12,17/S-10W6-FI 

and NCR169C17-38C12,17/S-10W6-FII), did not induce any hemolysis in human red blood cells. 

This result suggests these peptides are unlikely to threaten human cells during their 

interaction with bacterial membranes. 

4) The full sequence of NCR147, its 5 shorter fragments, and 3 derivatives of NCR14725-36 

have been synthesized and evaluated for their antibacterial activity. Most of these 

peptides displayed relatively low antibacterial activity.  The NCR14725-36 has a slightly 

better MBC value than the native peptide. 

Our structural prediction of NCR147 and its shorter fragments displayed that NCR147 

possesses a short antiparallel β-sheet structure at the C-terminal and various properties, 

including a β strand at the elongated N-terminal. This β-sheet structure was also observed in 

NCR14713-36 and NCR14720-36.  

During our initial research, we made a significant discovery that the NCR147 derivative with 

a -COOH group at the C-terminal exhibited activity against Escherichia coli (MBC: 25 µM), 

Pseudomonas aeruginosa (MBC: 12.5 µM), Listeria monocytogenes (MBC: 12.5 µM), and 

Acinetobacter baumannii (MBC: 3.125 µM). Subsequently, we synthesized the amidated 

NCR147 peptide, 5 shorter fragments and 3 NCR14725-36 derivatives, in which the tryptophan 

was replaced with alanine. 

The antibacterial assay of the amidated NCR147 series unveiled that NCR147 has low 

antibacterial activity, with MBC around 50 µM. The NCR14725-36 has slightly better 

antibacterial activity (MBC between 25 to 50 µM), whereas the NCR147C20-36 could 

terminate Listeria monocytogenes with MBC of 6.25 µM, Acinetobacter baumannii and 

Enterococcus faecalis with MBC of 12.5 µM. However, the later peptide was weak against 

Salmonella enterica, Klebsiella pneumoniae, and Staphylococcus aureus (MBC around 100 

µM). 
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5) A few derivatives of NCR14725-36 containing 5-fluoro-tryptophan have been synthesized. 

The antibacterial activity of NCR14725-36W9,11/W5-F-L is the most potent derivative 

against most tested bacteria. 

We synthesized some variations of NCR14725-36 by introducing 5-fluoro-L-tryptophan at 

positions 9 and 11 in the sequence. The purpose of incorporating this modified tryptophan 

was to study the impact of fluorinated tryptophan on the antibacterial activity of NCR14725-

36. We tested the synthesized peptides against the ESKAPE group plus Salmonella enterica 

and Listeria monocytogenes in the antibacterial assay. Among the NCR147 derivatives, 

NCR14725-36W9,11/W
5-F-L showed the most promising antibacterial activity. This peptide 

eradicated half of the tested pathogens, with a minimum bactericidal concentration (MBC) 

of 3.125 µM. While peptides with a single substitution of fluorinated tryptophan at the 9th or 

11th residue exhibited good antibacterial activity, it was not as potent as the double 

substitution. However, it's worth noting that these NCR14725-36 analogs displayed relatively 

weak activity against Klebsiella pneumoniae and Enterococcus faecalis, with MBC values 

around 50 µM. 

Further investigations were carried out on the antibacterial profile of NCR147 peptide and 

its shorter fragments against eight Gram-negative bacteria known to cause some plant 

diseases. The results showed consistent trends, where the full sequence of NCR147 displayed 

low MBC values, while shorter fragments like NCR14713-36 and NCR25-36 demonstrated 

activity against half of the tested bacteria. Interestingly, NCR14725-36W11/W
5-F-L exhibited 

improved activity against Pseudomonas syringae pv. tabaci (MBC: 1.6 µM), Pseudomonas 

syringae pv. tomato (MBC: 3.125 µM), Erwinia carotovora (MBC: 6.25 µM), and 

Xanthomonas malvaceae (MBC: 6.25 µM). The NCR14725-36W9,11/W
5-F-L also displayed 

comparable activity, though slightly less potent against Erwinia carotovora (MBC: 12.5 µM). 

Following these results, we are directing our research on exploring the fluorinated tryptophans 

potency on the antimicrobial profile of our active peptides. Specifically, we focus on introducing 

multiple fluorine-substituted tryptophans, such as di- and tetra-fluoro-tryptophans, into our active 

peptides’ sequences. However, using commercial multiple fluorinated tryptophan products is not 

economical; therefore, we decided to synthesize these noncanonical amino acids in our laboratory.  
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We utilized various indoles, such as 5- and 6-fluoro indole, 4,6- and 5,6-difluoro indole, and 

4,5,6,7-tetrafluoro indole, as the precursors to create tryptophan derivatives. Our first attempt for 

this work was to apply a facile method to synthesis tryptophans232. In this protocol, we reacted the 

indole with L-serine in acetic acid and acetic anhydride mixture. The product of this reaction was 

then reacted with an acylase enzyme to produce tryptophan. The final product of this reaction was 

not satisfying since it was not a pure chiral compound, and removing the acetyl group from the 

product was difficult. We then attempted to apply a hydrogen borrowing approach for indole’s 

alkylation. In this method, we alkylated indoles with alcohol, using [Cu]/ligand as catalyst233. This 

reaction was successful with indoles at 160°C but was not working at lower temperatures. 

Moreover, the final product was degraded when we used a protected serine.  

We subsequently tried to perform alkylation on indoles through the Friedel-Craft reaction 

utilizing dipeptides containing dehydroalanine and various Lewis acids234. The reaction’s 

condition was gentle (0°C), and we successfully synthesized Fmoc-Ile-dehydroAla-methylester 

dipeptide, and then the Fmoc-Ile-Trp-methylester with the addition of indole. However, the chiral 

purity can be lost here as well. We are currently investigating this reaction with Fmoc-Ser-

ethylester. Our next attempt was to apply the hydrogen borrowing method with nickel catalyst235. 

This reaction was conducted at 110°C for 12 hours. It was successful with alcohol, and we are 

currently applying Fmoc-Ile-Ser-methylester in this reaction.  

Following the enzymatic pathways, we utilized the reaction of indole and serine with the aid 

of the apotryptophanase enzyme as the catalyst. We reacted a mixture of L-Ser and pyridoxal-5-

phosphate in KH2PO4/K2HPO4 buffer (pH 8) with the solution of fluoro-indole analogs in 

methanol plus the enzyme catalyst. This reaction was conducted at 40°C for several days up to 2 

weeks. By far, we have successfully synthesized 5-6-difluoro tryptophan through this enzymatic 

method. However, we could only generate the tryptophan derivative in L- form instead of D- form.   
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Appendix 1 

HPLC Chromatograms and MS Spectra of NCR169 and Its Derivatives 
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NCR169-StrepII 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity: 99.9% 

MS 

 

9.110 Peak 1 -DH_200730_NCR169-STREPTAG#25 - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30 (Uncalibrated - 5000.0 is outside the calibration range of 200.00-2000.00 Da/sec)
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NCR169ox 

HPLC 
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3.303 Peak 1 -SZJ190215_EDYK_ox_fr. - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=Tune
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NCR169C9,15,28,33/S  

HPLC 
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1.307 Peak 1 -BZS_190424_EDYK_SSSS_fr - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=Tune
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NCR169C17-38 

HPLC 
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10.584 Peak 1 -FB180229-KSYK - SQ 1: MS Scan 1: 100.00-2000.00 ES+, Centroid, CV=Tune (Uncalibrated - 5000.0 is outside the calibration range of 333.00-1998.00 Da/sec)
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NCR169C-StrepII 

HPLC 
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NCR169C17–38 ox 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity : 97.24% 
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3.227 Peak 1 -FB181116 _KSYK_ox22h - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30 (Uncalibrated - 5000.0 is outside the calibration range of 333.00-1998.00 Da/sec)
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NCR16921-38 

HPLC 
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21.732 Peak 1 - SQ 1: MS Scan 1: 100.00-2000.00 ES+, Centroid, CV=30 (Uncalibrated - 5000.0 is outside the calibration range of 333.00-1998.00 Da/sec)
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NCR16927-38 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity : 96.4% 
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3.803 Peak 1 -FB180229-KCYK_T - SQ 1: MS Scan 1: 100.00-2000.00 ES+, Centroid, CV=Tune (Uncalibrated - 5000.0 is outside the calibration range of 333.00-1998.00 Da/sec)
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NCR16917-28 

HPLC 
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6.692 Peak 1 -FB180713_KSWK_18-28fr - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=Tune (Uncalibrated - 5000.0 is outside the calibration range of 333.00-1998.00 Da/sec)
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NCR169C17–38C12,17/S 

HPLC 

 

 

 

 

 

 

 

 

 

Purity : 95.9% 

MS 

 
6.236 Peak 1 -DH_201214_KSYK-SS#21-30 - SQ 1: MS Scan 1: 110.00-2000.00 ES+, Centroid, CV=Tune
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NCR169C17–38W10,20/A 

HPLC 
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NCR169C17–38W10,20/A, C12,17/S 

HPLC 
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0.324 Peak 1 -BZS_210415_KSYK_AASS-tiszta - SQ 1: MS Scan 1: 100.00-2000.00 ES+, Centroid, CV=Tune
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NCR169C17–38W10,20C12,17/A 

HPLC 
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15.249 Peak 1 -BZS_190213_KSYK_AAAA - SQ 1: MS Scan 1: 100.00-2000.00 ES+, Centroid, CV=Tune
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NCR169C17–38C12,17/S-10W5-Me I 

HPLC 
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4.923 Peak 1 -DH200221_KSYK-10(5-Me-W)B - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30
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NCR169C17–38C12,17/S-10W5-Me II 

HPLC 
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0.379 Peak 1 -DH_200117_KSYK-10(5-Me-W)#19 - SQ 1: MS Scan 1: 50.00-2000.00 ES+, Centroid, CV=Tune
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NCR169C17–38C12,17/S-20W5-Me I  

HPLC 
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6.207 Peak 1 -DH_190919_ksyk_3_#10 - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30
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NCR169C17–38C12,17/S-20W5-Me II 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity: 98.5% 
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9.980 Peak 1 -DH_190919_ksyk_3_#15 - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30

497.3

680.9

681.6 865.1

907.8

908.5

909.3953.9

1360.9

1362.6

In
te

ns
ity

0.0

2.0x105

4.0x105

6.0x105

8.0x105

1.0x106

1.2x106

1.4x106

1.6x106

1.8x106

2.0x106

2.2x106

2.4x106

m/z

0.00 100.00 200.00 300.00 400.00 500.00 600.00 700.00 800.00 900.00 1000.00 1100.00 1200.00 1300.00 1400.00 1500.00



112 
 

NCR169C17–38C12,17/S-10W5-F-L 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity : 93.4% 
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9.592 Extracted -DH201028_KSYK10(5-F-L-W)#13 - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30 (Uncalibrated - 5000.0 is outside the calibration range of 200.00-2000.00 Da/sec)
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NCR169C17–38C12,17/S-10W5-F-D  

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity: 94.6% 

MS 

 
6.916 Peak 1 -dh200909_ksyk-10(5-F-D-W)#17-21 - SQ 1: MS Scan 1: 100.00-2000.00 ES+, Centroid, CV=Tune (Uncalibrated - 5000.0 is outside the calibration range of 200.00-2000.00 Da/sec)
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NCR169C17-38C12,17/S-20W5-F-L 

HPLC 
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8.502 Peak 1 -DH191206_KSYK20(5-F-W)#21 - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30
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NCR169C17-38C12,17/S-10W6-F I 

 

HPLC 

 

Purity : 98.89% 

MS 
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8.683 Peak 1 -dh200930_ksyk10(6-F-DL-W)#17 - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30 (Uncalibrated - 5000.0 is outside the calibration range of 200.00-2000.00 Da/sec)
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NCR169C17-38C12,17/S-10W6-F II 

 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity : 98.77% 

MS 

 
10.961 Peak 1 -dh200930_ksyk10(6-F-DL-W)#24 - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30 (Uncalibrated - 5000.0 is outside the calibration range of 200.00-2000.00 Da/sec)
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NCR169C17–38C12,17/S-10W7-Aza I 

 

HPLC 

 

 

 

 

 

 

 

 

 

 

 

Purity: 94.4% 

MS 
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6.311 Peak 1 -DH_191115_KSYK_2_#15 - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30
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NCR169C17–38C12,17/S-10W7-Aza II 

 

HPLC 

 

 

 

 

 

 

 

 

 

Purity: 98.4% 

MS 
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7.311 Extracted -DH_191115_KSYK_2_#20 - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30
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NCR169C17–38C12,17/S-20W7-Aza I 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity: 98.3% 

MS 
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8.804 Peak 1 -DH191218_KSYK-20(7-A-W)#14 - SQ 1: MS Scan 1: 50.00-2000.00 ES+, Centroid, CV=30

59.9

78.7

115.1

141.2

201.3 333.0 484.2511.6513.3

677.8

678.8

903.2

904.1

904.8909.1 1354.5

In
te

ns
ity

0.0

1.0x105

2.0x105

3.0x105

4.0x105

5.0x105

6.0x105

7.0x105

8.0x105

9.0x105

1.0x106

1.1x106

m/z

0.00 100.00 200.00 300.00 400.00 500.00 600.00 700.00 800.00 900.00 1000.00 1100.00 1200.00 1300.00 1400.00 1500.00



120 
 

NCR169C17–38C12,17/S-20W7-Aza II 

 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity: 89.24% 

MS 
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10.246 Peak 1 -DH191218_KSYK-20(7-A-W)#18 - SQ 1: MS Scan 1: 50.00-2000.00 ES+, Centroid, CV=30
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NCR169C17–38C12,17/S-10W5-MeO I 

 

HPLC 

 

 

 

 

 

 

 

 

 

Purity: 87.5% 

MS 
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0.373 Peak 1 -DH_200130_KSYK-10(5-MeO-W)#3 - SQ 1: MS Scan 1: 50.00-2000.00 ES+, Centroid, CV=Tune
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NCR169C17–38C12,17/S-10W5-MeO II 

 

HPLC 

 

 

 

 

 

 

 

 

 

Purity: 71.1% 

MS 
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5.155 Peak 1 -DH_200131_KSYK-10(5-MeO-W)#9 - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30
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NCR169C17–38C12,17/S-20W5-MeO  

 

HPLC 

 

 

 

 

 

 

 

 

 

Purity: 97.7% 

MS 
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12.528 Peak 1 -DH_KSYK-20(5-MeO-Trp) - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30
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Appendix 2 

HPLC Chromatograms and MS Spectra of NCR147 and Its Derivatives 
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Purity: 91.4% 

MS 

 14.309 Peak 1 -FB180713_AYWK_fr - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=Tune (Uncalibrated - 5000.0 is outside the calibration range of 333.00-1998.00 Da/sec)
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NCR14713-36 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity: 91.5% 

MS 

 2.645 Peak 1 -DH_220329_KPWP#21-28 - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=Tune
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NCR147C20-36 

HPLC 

 

Purity: 95.8% 
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0.317 Peak 1 -FB180320_ PDWK_T - SQ 1: MS Scan 1: 100.00-2000.00 ES+, Centroid, CV=Tune (Uncalibrated - 5000.0 is outside the calibration range of 333.00-1998.00 Da/sec)
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NCR14725-32 

HPLC 

 

Purity: 99.35% 
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10.132 Peak 1 -MI-NCR147-25-32-T - ACQ-SQD2 1: MS Scan 1: 100.00-3000.00 ES+, Centroid, CV=30
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NCR14725-36 
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12.331 Peak 1 -DH_220324_NCR147_KCWK - SQ 1: MS Scan 1: 100.00-2000.00 ES+, Centroid, CV=30
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NCR14728-36 

HPLC 

 

Purity: 96.1% 
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15.436 Peak 1 - SQ 1: MS Scan 1: 100.00-2000.00 ES+, Centroid, CV=Tune (Uncalibrated - 5000.0 is outside the calibration range of 333.00-1998.00 Da/sec)
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NCR147 25-36W11/A 

HPLC 
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6.376 Peak 1 -MI-NCR147-25-36-A35-lapos - ACQ-SQD2 1: MS Scan 1: 200.00-3000.00 ES+, Centroid, CV=30
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NCR147 25-36W9,11/A 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity: 97.21% 

MS 
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8.449 Peak 1 -AN-NCR147-25-36-AA-T-ujra - ACQ-SQD2 1: MS Scan 1: 100.00-3000.00 ES+, Centroid, CV=30
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NCR147 25-36W9/A 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity: 99.5% 

MS 
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8.247 Peak 1 -AN-NCR147-25-36-A33-T - ACQ-SQD2 1: MS Scan 1: 200.00-3000.00 ES+, Centroid, CV=30
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NCR14725-36W9/W5-F-L 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity: 76.9% 

MS 

 8.137 Peak 1 -DH220713_NCR174,25-36 9X_24% - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30
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NCR14725-36W11/W5-F-L 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity: 90.8 % 

MS 

 

 

2.957 Peak 1 -DH220713_NCR174,25-36 11X_24% - SQ 1: MS Scan 1: 200.00-2000.00 ES+, Centroid, CV=30
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NCR14725-36W9,11/W5-F-L 

HPLC 

 

 

 

 

 

 

 

 

 

 

Purity: 93.6% 

MS 

 

 

 

 

 

 

 

2.874 Peak 1 -dh220718NCR147 25-369,11X#21-28 - SQ 1: MS Scan 1: 100.00-2000.00 ES+, Centroid, CV=Tune
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