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აბსტრაქტი 

 

ანტიმიკრობული პეპტიდები (ამპ) პერსპექტიულ კანდიდატებად მოიაზრებიან 
ანტიბიოტიკებისადმი რეზისტენტობის წინააღმდეგ საბრძოლველად, რომელიც 21-ე 
საუკუნის ერთ-ერთ უდიდეს გამოწვევას წარმოადგენს. ტრადიციული 
ანტიბიოტიკებისგან განსხვავებით, ამპ-ები კლავენ ბაქტერიებს ერთდროულად 
მრავალი ბაქტერიული სამიზნესთან ურთიერთქმედებით, რაც ბაქტერიებისთვის 
რეზისტენტობის განვითარებას ართულებს. ამპ-ებს ასევე შეუძლიათ გამოავლინონ 
ანტისიმსივნური, ანტივირუსული, სოკოს საწინააღმდეგო, პარაზიტების 
საწინააღმდეგო, იმუნომოდულატორული და ბიოფირის საწინააღმდეგო 
აქტივობები. 

თუმცა, მიუხედავად ამგვარი ღირებული ბიოლოგიური პოტენციალისა, არსებული 
ამპ-ების ფართო გამოყენება ანტიბიოტიკებისადმი მდგრადი ინფექციების 
სამკურნალოდ შეზღუდულია მათი ტოქსიკურობისა და ფიზიოლოგიურ პირობებში 
არასტაბილურობის გამო. სხვადასხვა მიდგომას შორის, რომელიც გამოიყენება  
ზემოთ აღნიშნული შეზღუდვების დასაძლევად და სასურველი ბიოლოგიური 
თვისებების მქონე ამპ-ის შესაქმნელად, პრედიქციის ალგორითმებზე 
დაფუძნებული, მიზან-მიმართული de novo  დიზაინი  წარმოადგენს ერთ-ერთ 
ყველაზე სწრაფ და ეკონომიურ მეთოდს.  

In silico  შექმნილი ამპ-ების ბიოლოგიური აქტივობები და მოქმედების მექანიზმები 
ნაკლებად  არის შესწავლილი. მოცემულ ნაშრომში ჩვენ გამოვიკვლიეთ in silico 
დიზაინით შექმნილი 13 ხაზოვანი კათიონური ანტიმიკრობული პეპტიდი, კერძოდ, 
მათი ანტიბაქტერიული აქტივობა (დამოუკიდებლად ან კომერციულ 
ანტიბიოტიკებთან კომბინაციაში), ტოქსიკურობა და პროტეაზების მიმართ 
სტაბილურობა. 

შერჩეულ იქნა 4 პეპტიდი, რომელმაც გამოავლინა ყველაზე პერსპექტიული 
თერაპიული თვისებები, როგორიცაა მაღალი ანტიბაქტერიული აქტივობა, დაბალი 
ტოქსიკურობა, სტაბილურობა პროტეაზების მიმართ. შერჩეული ოთხი კამპ-დან 
სამმა (24L, L1L და L1D) აჩვენა სინერგია კომერციულ ანტიბიოტიკებთან. 
ამავდროულად,  იწვევდნენ  ბაქტერიული მებრანის დესტაბილიზაციას/დაზიანებას 
რაც გამოიხატებოდა  ფოსფოლიპიდების ინტენსიურ გადანაწილებაში და 
ვეზიკულიზაციაში. ხოლო  24D-პეპტიდი  (რომელიც ავლენდა უმაღალეს 
ანტიბაქტერიულ აქტივობას, მაგრამ არ აჩვენებდა სინერგიას არც ერთ შესწავლილ 
ანტიბიოტიკთან) აფერხებდა ბაქტერიული უჯრედის დაყოფის პროცესს. 

ჯამში, ეს ნაშრომი წარმოადგენს მრავალმხვრივ კვლევას, რომელიც აღრმავებს  
ცოდნას de novo შექმნილ კათიონური ანტიმიკრობული პეპტიდების უნიკალურ 
თვისებებზე. 
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Abstract 
 

Antimicrobial peptides (AMPs) have emerged as promising candidates in combating antibiotic 

resistance – a growing issue in healthcare. In contrast to conventional antibiotics, AMPs kill 

bacteria through simultaneous interaction with multiple bacterial targets thus, making it harder 

for bacteria to develop resistance. Together with this attractive feature, AMPs can also exhibit 

anti-cancer, anti-viral, anti-fungal, anti-parasite, immunomodulatory, and anti-biofilm activities. 

However, despite such valuable biological potential, a wide-range application of existing AMPs 

for the treatment of antibiotic-resistant infections is limited due to their toxicity and instability 

under physiological conditions. Among various approaches that have been employed to 

overcome the above-mentioned limitations and generate AMPs with desired biological 

properties, the de novo design, based on target-specific prediction tools, represents one of the 

fastest and most cost-effective methods. Yet, biological activities and mechanisms of action of 

in silico generated AMPs are not being intensively studied. In the present work, we investigated 

13 in silico designed linear cationic antimicrobial peptides (LCAMPs) for their antibacterial 

activities (alone or in combination with commercial antibiotics), toxicity, and stability toward 

proteases. 4 LCAMPs showing the most promising therapeutic properties, such as high 

antibacterial activity, low cytotoxicity, and stability towards proteases, were selected and further 

studied for their modes of action on bacterial outer and inner targets.  

Three out of these four LCAMPs revealed synergy with commercial antibiotics and appear to be 

membrane-active, inducing intensive phospholipid redistribution, blebbing and disruption of 

cytoplasmic bacterial membrane, while one LCAMP (showing the highest antibacterial activity 

but not showing synergy with any of the tested antibiotics) impairs bacterial cell division.  

Overall, this work represents a comprehensive study providing insights into the unique 

characteristics of cationic AMPs. 
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Chapter 1 : Introduction. 
 

1.1. Antibiotic resistance as a global threat to human health. 

Bacterial antimicrobial resistance (AMR) is a global phenomenon associated with the resistance 

of bacteria towards the action of antibiotics, caused by excessive and/or uncontrolled usage of 

broad-spectrum antimicrobials in medicine, animal-related practices, and the release of 

antibiotics into the environment [1–4]. AMR has emerged as a public health problem of the 21st 

century. 

 The increasing spread of AMR among microbe populations is largely attributed to the spread of 

antibiotic resistance genes (ARGs), which bacteria can acquire to develop resistance towards 

antibiotics [3]. ARGs ( conferring resistance to most commercially available antibiotics such as 

aminoglycosides, macrolides, quinolones, and others ) are present in the environment and can be 

horizontally and vertically transferred within the microbial community, thus facilitating the 

spread of AMR [5–8].  

According to predictive statistical models, an estimated 4.95 million deaths were linked to 

bacterial AMR in 2019, with 1.27 million directly attributable to bacterial AMR [9]. Six major 

pathogens have been listed to be responsible for 70% of AMR attributable death cases half of 

which were caused by Escherichia coli (25%) and Staphylococcus aureus (26%), the rest 4 

pathogens include Klebsiella pneumoniae, Streptococcus pneumoniae, Acinetobacter 

baumannii, and Pseudomonas aeruginosa (Fig. 1). Resistance to fluoroquinolones and β-lactam 

antibiotics (ie, carbapenems, cephalosporins, and penicillins) accounted to 70% of AMR death 

cases. 
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Figure 1.Global deaths (counts) attributable to and associated with bacterial antimicrobial 
resistance by pathogens in 2019. Estimates were aggregated across drugs, accounting for the co-
occurrence of resistance to multiple drugs. Error bars show 95% uncertainty intervals. (From 
Lancet, 2022). 

Tracking of antimicrobial resistance has significantly slowed during the COVID-19 pandemic. 

In the US, during the period from 2019 to 2020, according to the Centers for Disease Control 

and Prevention (CDC), the rate of hospital-onset resistant infections increased by at least 15% 

[10]. The newest data of July 2024 from the CDC states that in total the rate for six bacterial 

antimicrobial-resistant infections (Carbapenem-resistant Enterobacterales (CRE),  Carbapenem-

resistant Acinetobacter, Candida auris, Methicillin-resistant S. aureus (MRSA), Vancomycin-

resistant Enterococcus (VRE), Extended-spectrum β-lactamase (ESBL) - producing 

Enterobacterales, Multidrug-resistant (MDR) P. aeruginosa) increased by a combined 20% 

during the COVID-19 pandemic compared to the pre-pandemic period, peaking in 2021, and 

remaining above pre-pandemic levels in 2022. 

The 2024 WHO Bacterial Priority Pathogens List (BPPL)  includes 15 families of antibiotic 

resistant (ABR) pathogens [11]. The critical priority group is represented by Gram-negative 

bacteria such as Acinetobacter baumannii, various pathogens in the Enterobacterales order that 

are resistant to last-resort antibiotics, and rifampicin-resistant (RR) Mycobacterium tuberculosis 

[11].  
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Despite the rise of antibiotic-resistant strains, antibiotics are still an indispensable part of modern 

medicine. It can’t be denied that the use of antibiotics to treat and prevent numerous infections 

induced by non-resistant strains is still effective. Thus, it is unlikely that humanity will be able 

to get completely rid of antibiotics in the next few decades. However, understanding the mode 

of action of antibiotics and the mechanisms underlying the development of antibiotic resistance 

will substantially contribute to the development of new antimicrobial agents and help to reduce 

the use of commercial antibiotics. 
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Chapter 2 : Literature overview. 
 

2.1. Historical overview of antibiotics 

According to a modern definition, an antibiotic is a substance that inhibits the growth and 

replication of a bacterium or kills it outright. Antibiotics target bacterial infections within (or on) 

the body [12].  

Antibiotics have been an indispensable part of human life through the centuries. According to 

Eber’s papyrus, in 1550 B.C., moldy bread and medicinal soils were used for the treatment of 

infected wounds and burns in ancient Egypt, Greece, China, and, Serbia [13,14]. Traces of 

tetracycline were found in human bones (350-550 A.D.) collected during archeological 

excavations in Sudan [15].  In 1871, Joseph Lister discovered the inhibitory effects of Penicillium 

glaucum on bacterial growth. At the same time, Louis Pasteur noticed that the growth of Bacillus 

anthracis was inhibited when co-cultivated with "common" aerobic bacteria. Despite several 

observations of antagonisms between microorganisms, no antimicrobial molecule was 

purified. In 1909, Paul Ehrlich synthesized arsphenamine, an arsenic derivative active against 

the Treponema pallidum spirochaete bacterium, which causes syphilis. This antibiotic was 

commercialized in 1911 under the name Salvarsan® .  In 1928, while working on St. aureus, 

Alexander Fleming discovered that the growth of St.aureus was inhibited by a fungus in 

contaminated culture plates exposed to air [16]. After culturing the mould - Penicillium notatum, 

a molecule called penicillin had been purified [13,16]. In 40s, several major antibiotics and 

antifungals, such as actinomycin (from Streptomyces spp.) [17], streptomycin (from 

Streptomyces griseus) [18], neomycin (from Streptomyces fradiae) [19], fumigacin (from 

Aspergillus fumigatus) and clavacin (from Aspergillus clavatus) [20]  were discovered by Selman 

A. Waksman. The period between the 1940s and the 1970s is known as a “golden age” of 

antibiotic discoveries since the majority of currently used antibiotics were discovered during this 

time [13].  The major classes of clinically approved antibiotics [21] and the chemical structures 

of their representatives are listed in Table 1. Currently, the speed of discovery of new classes of 

antibiotics has substantially slowed down due to financial and technical difficulties. 

 

  

Class Discovery 

reported 

Introduced 

clinically 

Example (and producing organism) Molecular target 
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Antibiotics from actinomycetes 

Aminoglycosides 1944 1946 Kanamycin A (Streptomyces 

kanamyceticus) 

 

Protein synthesis: 

30S ribosome 

subunit 

Tetracyclines 1948 1948 Tetracycline (Streptomyces aureofaciens) 

 

Protein synthesis: 

30S ribosome 

subunit 

Amphenicols 1947 1949 Chloramphenicol (Streptomyces 

venezuelae) 

 

Protein synthesis: 

50S ribosome 

subunit 
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Macrolides 1952 1952 Erythromycin (Saccharopolyspora 

erythraea) 

 

Protein synthesis: 

50S ribosome 

subunit 

Carbapenems 1976 1985 Meropenem 

Synthetic molecule based on thienamycin 

(Streptomyces cattleya) 

 

Protein synthesis: 

30S and 50S 

ribosome subunits 

(binds to the 

intersubunit bridge 

B2a) 

Lincosamides 1962 1963 Clindamycin 

Semi-synthetic derivative of lincomycin 

(Streptomyces lincolnensis) 

Protein synthesis: 

50S ribosomal 

subunit 
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Ansamycins 1959 1963 Rifamycin SV 

Semi-synthetic derivative of rifamycin 

(Amycolatopsis rifamycinica) 

 

Nucleic acid 

synthesis: RNA 

polymerase 

Phosphonates 1969 1971 Fosfomycin (Streptomyces fradiae) 

 

Cell wall synthesis: 

MurA (UDP-

GlcNAc-3-

enolpyruvyltransfera

se) inhibition 

Lipiarmycins 1975 2011 Fidaxomicin 

(Dactylosporangium 

aurantiacum subsp. hamdenesis) 

Cell wall synthesis: 

penicillin-binding 

proteins 
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Antibiotics from fungi 

Penicillins 1929 1943 Amoxicillin 

Semi-synthetic derivative of penicillin 

(Penicillium chrysogenum) 

 

Cell wall synthesis: 

penicillin-binding 

proteins 

Fusidic acid 1958 1962 Fusidic acid (Fusidium coccineum) 

 

Protein synthesis: 

elongation factor G 
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Cephalosporins 1948 1964 Cefacetrile 

Semi-synthetic derivative of 

cephalosporin 

C (Acremonium chrysogenum) 

 
 

Cell wall synthesis: 

penicillin-binding 

proteins 

Pleuromutilins 1951 2007 Retapamulin 

Semi-synthetic derivative of 

pleuromutilin 

(Pleurotus mutilus) 

 

Protein synthesis: 

50S ribosomal 

subunit 

 

Synthetic antibiotics 

Sulfonamides 1932 1936 Mafenide Folate synthesis: 

inhibition of 

dihydropteroate 

synthetase 
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Salicylates 1902 1943 4-Aminosalicylic acid 

 

Folate synthesis: 

prodrug that inhibits 

dihydrofolate 

reductase 

Sulfones 1908 1945 Dapsone 

 

Folate synthesis: 

inhibition of 

dihydropteroate 

synthetase 

Pyrazinamides 1952 1952 Isoniazid Cell wall: prodrug 

that inhibits the 

synthesis of mycolic 

acids 
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Nitrofurans 1945 1953 Nitrofurantoin 

 

DNA synthesis: 

DNA damage 

Azoles 1959 1960 Metronidazole 

 

DNA synthesis: 

DNA damage 

(Fluoro)quinolone

s 

1962 1962 Ciprofloxacin DNA synthesis: 

inhibition of DNA 

gyrase, and 

topoisomerase IV 
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Diaminopyrimidin

es 

1950 1962 Trimethroprim 

 

Folate synthesis: 

inhibition of 

dihydrofolate 

reductase 

Ethambutol 1962 1962 Ethambutol 

 

Cell wall: arabinosyl 

transferase 

inhibition 

Thioamides 1956 1965 Ethionamide Cell wall: prodrug 

that inhibits the 

synthesis of mycolic 

acids 
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Oxazolidinones 1987 2000 Linezolid 

 

Protein synthesis: 

50S ribosomal 

subunit 

Diarylquinolines 2004 2012 Bedaquiline 

 

ATP synthesis: 

proton pump 

inhibition 

 

Table 1. Major classes of clinically used antibiotics, their sources and targets. 
 a Classes are defined by origin, structure, and/or mechanism of action. (Modified from 

Hutchings et al. 2019). 
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2.2. Characteristics of the main components of bacterial cells affected by 
antimicrobial agents. 

2.2.1. Bacterial envelope. 

The bacterial envelope (comprising the cell wall and cytoplasmic membrane) is an essential 

component, defining the shape, promoting cell-cell signaling, protecting the cell from the 

environmental stress, and/or allowing the cell to quickly adapt to it. Based on cell wall 

composition, bacteria are divided into two major groups: Gram-positive and Gram-negative 

bacteria. Gram-positive bacteria (often mentioned as monoderms) have a thick peptidoglycan 

(PGN) layer (which retains the crystal violate dye during Gram staining) and a single layer 

of cytoplasmic membrane [22,23], while Gram-negative bacteria (diderms) possess a thin 

layer of PGN  (unable to retain Gram-stain) and the second, outer layer of phospholipid 

membrane, containing lipopolysaccharides (LPS) (Fig. 2 A,B) [24]. Below, the main 

structural and functional peculiarities of Gram-negative and Gram-positive bacterial 

envelopes will be discussed. 

 

 

 
 

Figure 2. An illustration of bacterial cell envelope. 

A. Chemical structures of the main components of the outer bacterial membrane. B. The structure 
of Gram-positive and Gram-negative bacterial envelopes: CAP = covalently attached protein; 
IMP, integral membrane protein; LP, lipoprotein; LPS, lipopolysaccharide; LTA, lipoteichoic 
acid; OMP, outer membrane protein; WTA, wall teichoic acid. (From Silhavy et al. 2010) [23]. 

2.2.1.1. The envelope of Gram-negative bacteria. 
The envelope of Gram-negative bacteria is composed of an outer membrane (OM), PGN mesh, 

periplasmic space, and inner membrane [25–27]. 
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The OM is composed of lipopolysaccharides (LPS) (Fig. 2 A), lipoproteins, and β-barrel proteins 

(Fig. 2 B).   

LPS  plays a critical role in the barrier function of the OM and typically consists of a hydrophobic 

domain known as lipid A (or endotoxin), a “core” oligosaccharide, and a distal polysaccharide 

(or O-antigen) [23,28]. LPS is responsible for the endotoxic shock associated with septicemia 

caused by Gram-negative organisms [28]. The human innate immune system is sensitized to this 

molecule because it is a sure indicator of infection [23]. 

Most of β-barrel proteins also known as Outer membrane proteins (Omps) are porins through 

which small molecules such as mono- and disaccharides, amino acids, maltose, maltodextrins 

and phosphates passively diffuse across the OM. Additionally, there are Omps, that serve as gated 

channels in the high affinity transport of large ligands such as Fe-chelates or vitamins such as 

vitamin B-12 [29].  

OM is anchored to the underlying PGN layer by lipoproteins (Lpp, Pal) (Fig. 3) [30]. Lpp-

dependent OM–PGN connection plays an important role in controlling the stiffness of the cell 

envelope and its sensitivity to drugs [30]. 

 

 

Figure 3. The envelope showing the presence of OM proteins connected to the PGN. 

Lpp- lipoprotein; mDap - diaminopimelic acid; OmpA- outer membrane protein A; Pal- PGN-
asscociated lipoprotein. The Lpp (PDB: 1EQ7) is the only OM lipoprotein covalently crosslinked 
to PGN while being inserted in the OM by a lipid moiety. Pal (PDB: 1OAP) interacts 
noncovalently with the PGN. OmpA is a representative of β- barrel protein inserted in the OM 
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(predicted structure represented in blue) and a periplasmic domain that interacts noncovalently 
with the PGN (represented in red: PDB: 4ERH). (Image from Mathelié-Guinlet et al. 2020). 

 

PGN - the main determinant of bacterial cell shape is made up of repeating linear glycan 

strands composed of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) 

residues linked by glycosidic bond (Fig. 4). Each molecule of MurNAc contains a peptide stem 

through which crosslinking between glycan strands takes place [25].  Peptidoglycan fine 

structure (the types of peptide stem, glycan strands, or crosslinking between them)  may vary 

depending on the strain, growth phase and the presence of nutrients [31]. It was shown that cells 

grown in the absence of some PGN synthesis precursors reduce the amount of peptidoglycan per 

surface unit down to one half the normal value, maintaining a typical morphology and growth 

parameters [31,32].  

  

Figure 4. Schematic view of glycan strands united by peptide bridges. (From Kale et al. 2014) 
[33]. 

The OM and IM are divided by inner periplasmic space (Fig. 2 B). Periplasm accommodates 

peptidoglycan-remodeling enzymes, efflux pumps, nutrient transport proteins, 

and osmoprotectants, reflecting its roles in maintaining structural stability, cell wall integrity, 

and osmotic balance [27]. Periplasm also participates in scavenging and degradation of harmful 

degradative enzymes such as RNAse and alkaline phosphatase [23]. It also contains periplasmic 

binding proteins, which function in sugar and amino acid transport and chemotaxis, and 

chaperone-like molecules that function in envelope biogenesis [23,27].  

IM is mainly composed of phospholipid bilayer, where most of the membrane proteins that 

function in energy production, lipid biosynthesis, protein secretion, and transport are located. 

[23]. IM is composed of glycerophospholipids i.e., phosphatidylethanolamine (PE) (~80%),  
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phosphatidylglycerol (PG) (~15%),  and cardiolipin (CL) (~5%) [34–36], (Fig. 5). By using dyes 

with different lipid specificities it was demonstrated that different phospholipid species are not 

homogeneously distributed in the bilayer. For bacterial cytoplasmic membranes, it was observed 

that PE and CL preferentially occupy the inner leaflet, while PG is found on the outer face of the 

lipid bilayer  [35,37,38]. Also, it was noticed that PG and CL are both localized at bacterial poles 

[35,39]. Such distribution of anionic phospholipids is supposed to be related to bacterial cell 

negative curvature at poles and septal regions (during bacterial division) [36,38,40]. 

Interestingly, a relatively small head group and a relatively large tail group give the CL molecule 

an intrinsic negative curvature, which can explain its localization at bacterial poles [36,40]. It 

was demonstrated that CL and PG were found to be associated with, and stabilize a variety of 

vitally important membrane proteins (ion channels, transporter, division proteins, and others) 

[40–42].  

 

 

 

Figure 5.Chemical structures of three major classes of phospholipids found in cytoplasmic 
bacterial membrane. (From Lin et al. 2016) [43]. 

2.2.1.2. The envelope of Gram-positive bacteria. 
The major difference between Gram-positive bacteria and Gram-negative is the absence of 

OM. The cell wall of Gram-positive bacteria is made of many PGN layers of about 40–80 nm 

[23,44]. Another peculiarity for Gram-positive bacteria is the occurrence of teichoic acid in the 

cell wall that can be linked to PGN (WTA) or via a glycolipid anchor with the plasma membrane 

(LTA) [44] (Fig. 2 B). Teichoic acids and surface proteins (CAP), which are attached to teichoic 

acids or PGN participate in the recognition and adherence to host tissues, resulting in the 

initiation of infection [45]. 
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The IM is composed of phospholipids. Their types, headgroups and fatty acid moieties vary 

among species. Also, Gram-positive bacteria havea larger fraction of negatively charged PG 

compared to Gram-negative bacteria [23,44]. 

2.2.2 Bacterial cytoplasm. 

Bacterial cytoplasm is a gel-like matrix composed of water, nutrients, wastes, gases and generally 

contains a nucleoid, plasmids (optional) and ribosomes. 

2.2.2.1. Nucleoiod 
Nucleoid is represented by a bacterial chromosome (single, topologically constrained, covalently 

closed circular DNA) and is usually complexed with RNA polymerase (RNAP), topoisomerases, 

and  nucleoid-associated proteins (NAPs). The E. coli nucleoid (Fig. 6 A, B) is composed of two 

parts: a core consisting of a dense network of DNA and an outer periphery that extends into the 

cytoplasm and is associated with numerous soluble proteins [46]. Replication, transcription and 

translation are thought to occur in the outer periphery of the nucleoid [46–48]. 

 

 

Figure 6. The E.coli nucleoid. 

A. The overall illustration of nucleoid architecture. B. Schematic representation of the main 
nucleoid components. The origin of replication (oriC) is indicated by a black dot. OBM – outer 
bacterial membrane, IBM – inner bacterial membrane. DNA is shown as black strands; RNA as 
green strands. Yellow circles- represent several nucleoid-associated proteins (NAPs), green 
circles- RNAP, red ellipses represent ribosomes. (From Ambro et al. 2012) [46]. 

2.2.2.2.Topoisomerases 
Topoisomerases are ubiquitous enzymes that control the topological state of DNA in the cell 

[49].  The four known topoisomerases of E. coli can be classified into two groups based on 

mechanisms of action. Type I topoisomerases, represented by E. coli topoisomerase I and 
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topoisomerase III, break single strands of duplex DNA, pass another single DNA strand through 

the break, and then reseal the break [50,51]. In contrast, type II topoisomerases, represented by 

E. coli DNA gyrase (also referred to as topoisomerase II) and topoisomerase IV, break both 

strands of duplex DNA, pass another DNA duplex through the break, and reseal both breaks 

coordinately [50,51].  Among four topoisomerases, DNA gyrase is the only known 

topoisomerase able to generate negative supercoils  in the bacterial chromosome, which 

are essential for chromosome condensation, leading to proper chromosome segregation during 

cell division [52]. Topoisomerase I functions as a counterpart of DNA gyrase by removing 

negative superhelical twists from circular DNA.  Both topoisomerase I and topoisomerase III 

have the ability to unlink or decatenate interlocked DNA circles during DNA replication 

[53]. Deletion of topB gene encoding Topoisomerase III  although leaves the mutants viable, 

increases the rates of spontaneous deletions in chromosomal DNA [54].  

Within the bacterial cell, topoisomerase IV appears to be the principal enzyme that resolves 

interlocked daughter DNA circles occurring at the completion of a round of DNA replication, 

allowing segregation of daughter chromosomes into daughter cells [40, 41]. Under special 

circumstances, hyperexpression of DNA gyrase may complement defects in Topoisomerase IV 

[55], and hyperexpression of Topoisomerase IV may complement defects in Topoisomerase I 

[50]. Both of the type II Topoisomerases of E. coli are essential for cell survival, as evidenced 

by conditional lethal mutations in their genes [56], and thus are promising targets for the 

development of antimicrobial drugs. The overview of reactions catalyzed by Topoisomerase IV 

and DNA gyrase is presented in Fig. 7. 

 

 

Figure 7. Reactions catalyzed by DNA gyrase and topoisomerase IV. 

Gyrase (green arrows) relaxes positive supercoils and introduces negative supercoils to maintain 
bacterial genomes in a slightly underwound state. Topoisomerase IV (blue arrows) removes 
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positive supercoils, catenanes, and knots, and can also relax negative supercoils to a modest 
extent (dotted arrow) (From Corbett et al. 2005) [57]. 

2.2.2.3.NAPs and RNAP. 
Together with topoisomerases, NAPs, and RNAP participate in the maintenance of DNA 

topological state through all major bacterial events.  

NAPs (HU, H-NS (H1), H, HLP1, IHF, and FIS) are small, basic bacterial proteins involved in 

maintaining DNA architecture (Fig 6), [58] and play important roles in gene regulation [59–61]. 

They show minor similarities with eukaryotic histones at the sequence or the structural level 

[62]. Each of these proteins  contributes to bacterial DNA folding into a compact structure by 

bridging, bending, or wrapping depending on the cell growth phase. Additionally, NAPs maintain 

genomic stability by protecting DNAs from DNAase I-mediated degradation (HU) and reactive 

oxygen intermediates (HLP) [63–65].  

RNA polymerase (RNAP) is tightly associated with nucleoid and plays an important role in its 

remodeling and influences global gene expression. Multisubunit RNAP is responsible for the 

synthesis of all RNAs in the cell [66].   

2.2.2.4. Ribosomes. 
Translation of the mRNA-encoded genetic information into proteins is catalyzed by the intricate 

ribonucleoprotein machine, the ribosome. The bacterial ribosome (70S) is composed of two 

asymmetric subunits, the 30S and the 50S subunit, which assemble at the ribosome binding site 

on the mRNA during translation initiation. Each subunit contributes to specific functions in 

protein synthesis. In E. coli the small 30S subunit is composed of the 16S rRNA consisting of 

and 21 proteins [67]. It mediates the step of initiation and contains the binding sites for the three 

initiation factors as well as the messenger decoding center, where the respective codons of the 

mRNA are base-paired with the anticodon of the cognate tRNA [67]. The large 50S subunit 

consists of two different rRNAs, the 23S rRNA and the 5S rRNA and 34 proteins. It catalyzes 

peptide bond formation at the peptidyl transferase center, provides the binding sites for the 

elongation factors, and comprises the exit tunnel for the nascent peptide chain [68]. 

2.3. Mechanisms of action of conventional antibiotics 

Antibiotics are commonly classified based on their mechanism of action. Four major antibiotic 

targets are: bacterial cell wall synthesis, protein synthesis, DNA and RNA synthesis, and folic 

acid (vitamin B9) metabolism (Fig. 8) [69]. 
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Figure 8. Main antibiotic drug targets. (Image from Coates et.al.2002) [70]. 

2.3.1 Inhibition of cell wall synthesis. 

A major example of antibiotics targeting bacterial cell wall synthesis is represented by β-lactam 

antibiotics. β-lactam antibiotics contain β-ring in their structure, and the most common group is 

represented by penicillin derivatives, cephalosporins, and carbapenems [71]. They easily 

translocate to bacterial periplasm through membrane OmpF porin, where they covalently bind to 

penicillin-binding proteins (PBPs) (Fig. 9)- the enzymes that are involved in the terminal steps 

of peptidoglycan cross-linking in both Gram-negative and Gram-positive bacteria [72]. As a 

result, prevention of cell wall formation leads to the activation of autolytic enzymes and, 

subsequently, bacterial lysis [73,74].  
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Figure 9. Crystal structure of penicillin-binding protein 4 (dacB) from E. coli, complexed with 
ampicillin.PDB entry: 2EX6. 

2.3.2 Inhibition of protein synthesis. 

Among antibiotics targeting protein synthesis are tetracyclines, chloramphenicol, 

aminoglycosides and others. All of them target either 50S or 30S subunits of bacterial ribosome 

(Fig. 10). 

For example, aminoglycoside antibiotics (such as streptomycin and gentamicin (GEN) 

containing amino-modified glycoside in their structure impair bacterial protein synthesis by 

interaction with 30S ribosomal subunit [75]. GEN, for instance, binds to a conserved sequence 

of rRNA located near the codon-anticodon recognition site (A site) of 30S subunit. 

Aminoglycoside binding stabilizes the tRNA–mRNA interaction in the A site by decreasing 

tRNA dissociation rates, which interferes with proofreading steps that ensure translational 

fidelity [76,77]. Other classes of ribosome targeting antibiotics, such as macrolides 

and chloramphenicol, bind 50S subunit of 70S of bacterial ribosome and prevent the recognition 

of A site by tRNA [78,79]. 
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Figure 10. Major binding sites on the 30S (a) and 50S (b) subunits for ribosome-targeting 
antibiotics. Image from Lin et al. 2018 [80].  

2.3.3 Inhibition of DNA replication. 
The group of antibiotics targeting DNA replication is represented by quinolones sharing bicyclic 

aromatic core structure  [81]. Quinolones only became widely used after the introduction of 

fluorine in their structure by chemical modification [82]. These second-generation compounds, 

fluoroquinolones (norfloxacin, ciprofloxacin, levofloxacin), displayed considerably improved 

activity due to better cell penetration and longer half-life [83]. Quinolones act by inhibiting the 

activity of two essential bacterial type II Topoisomerases: DNA gyrase and topoisomerase IV, 

which are involved in the modulation of the chromosomal supercoiling required for DNA 

synthesis, transcription and cell division [81,82]. Quinolones bind to DNA-Topoisomerase IV 

/gyrase and generate cleavage complexes (Fig. 11) physically blocking DNA strand religation, 

resulting in inhibition of DNA synthesis, which immediately leads to bacteriostasis (at low 

quinolone concentrations) and eventually to cell death (at lethal concentrations) [79,84]. 
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Figure 11. Topoisomerase IV cleavage complexed with levofloxacin. (From Veselkov et al. 2016) 
[85]. 

2.3.4 Inhibition of DNA transcription. 

RNA polymerase (RNAP) is the key enzyme in bacterial gene expression [86]. The fact that 

bacterial RNAP subunit sequences are highly conserved among bacterial strains, less conserved 

eukaryotic RNAP I, RNAP II, and RNAP III represent an attractive target for antibiotics. Among 

commercially available antibiotics targeting bacterial RNAP, rifamycin (a product of 

fermentation from the gram-positive bacterium Amycolatopsis mediterranei) is the most studied 

representative [87]. Rifamycins bind within the cleft close to the active center of RNAP (Fig. 

12), which sterically hinders the growth of the RNA product rather than DNA binding or RNA 

synthesis sites [88]. Rifampicin is effective against a broad range of bacteria, 

including Mycobacterium tuberculosis, making it a key drug in tuberculosis (TB) treatment 

[86,88]. 
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Figure 12. RNAP in complex with DNA, rifampin (a representative of rifamycin class 
antibiotics) and RNA transcript. (From Vedithi et al. 2018) [89]. 

2.3.5 Inhibition of folate synthesis. 

 Although folate is vital for humans and animals [90], only plants, fungi, and some bacteria 

(including pathogenic strains) have an elaborate folate biosynthesis pathway [91,92]. Synthesis 

of folate is crucial for bacterial growth and proliferation, in particular, folate cofactors are 

required for the formation of methionine, purines and thymine [91,92]. It has also been observed 

that E. coli with either genetically or pharmacologically impaired folate metabolism generated a 

lowered number of antibiotic-resistant cells [92], which is why folate biosynthesis represents a 

promising target for antibacterial drug design. Sulfa drugs act as competitive inhibitors 

mimicking the structure of a substrate (p-aminobenzoic acid) for folate synthesis and bind the 

active site of a corresponding enzyme (dihydropteroate synthase), preventing the production of 

folate precursors [91,93]. Antibiotic trimethoprim inhibits dihydrofolate reductase (DHFR), 

another key enzyme in the folate synthesis pathway which is required to generate an active form 

of folate involved in one-carbon transfer reactions necessary for the synthesis of nucleotides and 

amino acids [93] (Fig. 13). 
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Figure 13. Folate synthesis inhibitors. 

2.4. Mechanisms of antibiotic resistance. 

Antibiotic resistance is the evolutionary response to the strong selective pressure that results 

from exposure to these antimicrobials [69]. Antibiotic resistance is not a modern phenomenon 

[94]. Recent studies conducted on ancient environmental and human samples have uncovered 

numerous antibiotic-resistance genes [95]. The analysis of bacterial DNA extracted from dental 

plaques of ancient human skeletons has shown the presence of resistance genes coding for multi-

drug efflux pumps and resistance towards aminoglycosides, β-lactams and other antibiotics 

[94,96,97].  Susceptibility and resistance are usually measured as a function of minimum 

inhibitory concentration (MIC), the minimal concentration of a drug that inhibits the growth of 

the bacteria [98]. Prolonged exposure to sub-inhibitory concentrations of antimicrobials can lead 

to a selection of high-level resistance in successive bacterial generations and increase their ability 

to acquire resistance toward other antimicrobial agents [99]. The main mechanisms of 

antimicrobial resistance include limited uptake and drug efflux, drug target modification, and 

drug inactivation (Fig. 14) [98]. 
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Figure 14. Schematic representation of main mechanisms of antibiotic resistance. (From Liu et 
al. 2021) [100]. 

2.4.1. Limited Antibiotic Uptake and Efflux.  

Bacteria have developed mechanisms to prevent the antibiotic from reaching its intracellular or 

periplasmic target by decreasing the uptake of the antimicrobial molecule.  

The decreased uptake of drugs is usually achieved by modification of porins, by regulation of 

porin expression, impairment of the porin function, and point mutations in genes encoding for 

porins [29,101,102]. Hydrophilic molecules such as β-lactams, tetracyclines, and some 

fluoroquinolones are particularly affected by changes in the permeability of the outer membrane 

since they generally use these water-filled diffusion channels to pass through the membrane of 

Gram-negative bacteria [103].  

However, changes in porin permeability are frequently not enough to generate high resistance 

and are often combined with other mechanisms of resistance, such as increased expression of 

efflux pumps [29].  

 Efflux pumps are transmembrane proteins present ubiquitously in plasma membranes of bacteria 

(and other living organisms). Two major classes of bacterial efflux pumps are Major Facilitator 

Superfamily (MFS)   Resistance Nodulation Division (RND) pumps and ATP binding cassette 

(ABC) transport proteins [104]. MFS and RNDs pumps act as secondary active transporters since 

they use proton motive force or sodium ion gradient as their energy source, while ABC 

pumps utilize ATP hydrolysis as the energy source for drug extrusion [105,106].  
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Figure 15. Structures of representatives of each of the transporter families. 

ATP-binding cassette (ABC), major facilitator superfamily (MFS), multidrug and toxin 
extrusion (MATE), small multidrug resistance (SMR), and resistance-nodulation (RND) 
families.The ligands for the MFS, MATE and SMR representatives are indicated. The RND 
superfamily bind substrates at the outer leaflet of the inner membrane and periplasm and efflux 
them to the cell exterior. Members of the other families of transporters translocate substrates 
across the membrane bilayer [107]. 

The description of an efflux system (MFS)  able to pump tetracycline out of the cytoplasm of E. 

coli dates back to 1980s and was among the first to be described [108]. Since then, many classes 

of efflux pumps have been characterized in both Gram-negative and Gram-positive pathogens 

(Fig.15). These systems may be antibiotic specific (for tetracycline and macrolides) or have 

broad substrate specificity, which is usually found in MDR bacteria [109]. The described 

mechanism of resistance applies to a wide range of antimicrobial classes including 

aminoglycosides, fluoroquinolones, β-lactams, carbapenems, and polymyxins [105]. 

2.4.2 Drug Target Modification 

There are multiple components in the bacterial cell that may be modified by the bacteria to enable 

resistance to antibacterial agents. For example, alteration of structure and/or number of PBPs 

(the key players of bacterial cell wall synthesis [110]), is used by Gram-positive bacteria against 

β-lactam drugs [111]. This results in a decreased affinity for the antibiotic or a decrease in the 

total number of PBPs [98,110,112].  

Resistance towards drugs targeting ribosomal subunits may occur via mutations in ribosomal 

proteins (aminoglycosides, oxazolidinones) or ribosomal subunit methylation (aminoglycosides, 

macrolide, oxazolidinones, streptogramins) [80]. Both of these mechanisms interfere with the 

ability of the drug to bind the ribosome. The level of drug interference varies greatly among 

antibiotics [80,98]. 
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For drugs that target nucleic acid synthesis (fluoroquinolones), resistance is achieved via 

modifications in DNA gyrase (Gram-negative bacteria) or Topoisomerase IV (Gram-positive 

bacteria). These mutations cause changes in the structure of gyrase and topoisomerase which 

decrease or eliminate the ability of the drug to bind the target sites [82,98,113] . 

2.4.3. Drug inactivation. 

 There are two main ways in which bacteria inactivate drugs: by actual degradation of the drug 

or by transfer of a chemical group to the drug [98]. The β-lactamases (originally called 

penicillinases and cephalosporinases) inactivate β-lactam drugs by hydrolyzing a specific site in 

the β-lactam ring structure, causing the ring to open and prevent the binding to PBP proteins  

[114–116]. The production of β-lactamases is the most common resistance mechanism used by 

Gram-negative bacteria against β-lactam drugs [98,117]. 

Drug inactivation is accomplished by tranferases, which transfer acetyl, phosphoryl, and adenyl 

groups to the target antibiotic. For example, aminoglycoside modifying enzymes 

(nucleotidyltranferases, phosphotransferases, or acetyltransferases) catalyze the modification at 

−OH or −NH2 groups, preventing the antibiotic from interacting with A site of bacterial 16S 

rRNA [118–120]. Interestingly, some aminoglycoside acetyltransferases have adapted to modify 

fluoroquinolones by N-acetylation of nitrogen of their aromatic core [120] resulting in their 

reduced affinity to their target. 

2.5. Alternatives to conventional antibiotics.  
 Intense dissemination of antibiotic resistance mechanisms brought the necessity of the 

development of alternative approaches to combat bacterial infections. Below are discussed the 

existing alternatives to commercially available antibiotics. Some of them have already been 

approved for clinical use (for example, phages and antibodies), while others, such as the 

CRISPR-CAS system, are still under laboratory studies. 

2.5.1 Phage therapy. 

Phage therapy relies on the use of naturally occurring phages to infect and lyse bacteria at the 

site of infection. Most phages are infectious only to the bacteria that carry their complementary 

receptor [121,122]. Host specificity varies among phages, some of which are strain-specific, 

whereas others have demonstrated the capability of infection across a range of bacterial strains 

[123]. Human trials for phage therapy have taken place at several institutes in Eastern Europe, 

one of which is the Eliava Institute of Bacteriophage. The Eliava Institute has extensively used 

phages (and phage mixtures) in the treatment of common bacterial pathogens such as S. 
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aureus, E. coli, Streptococcus spp., P. aeruginosa, Proteus spp., S. dysenteriae, Salmonella spp., 

and Enterococcus spp.[124,125]. 

Among the most promising advances in phage therapy is the isolation of phage-encoded lytic 

enzymes - endolysins (discussed later in this chapter), which are functionally similar to the 

antimicrobial enzyme lysozyme [126]. Recently, endolysin ABgp46 was reported  to have the 

ability to lyse several Gram-negative and multidrug-resistant pathogens, including A. baumannii, 

P. aeruginosa, and Salmonella typhimurium [127]. However, despite successful examples of 

phage therapy for the treatment of pathogen-induced infections, immunogenicity induced by the 

release of bacterial endotoxins [128,129] hampers its broad clinical application [130]. 

2.5.2. Probiotics. 
Antibiotic treatment usually perturbs the composition of the human gut microbiota, and as a 

consequence, drug-resistant pathogens provoke secondary infections [131]. Probiotics and 

prebiotics have been used for the treatment of various gastrointestinal infections such as 

pseudomembranous colitis caused by Clostridium difficile and Helicobacter pylori 

[132,133]. Lactobacillus and Bifidobacterium have been used for the treatment of various 

gastrointestinal infections. The concept governing the use of probiotics is that, upon restoration 

of balance in the gut microbial flora, the commensal bacteria can outgrow and competitively 

exclude pathogenic strains [129]. 

2.5.3. Antibodies. 
Antibodies could be used to treat bacterial infections either by directly targeting the bacterial 

surface or indirectly by neutralizing the bacterial toxins and the virulence factors that are 

responsible for infection [134,135]. A major drawback of using antibodies for antibacterial 

therapy is the cost of production and poor shelf life [129]. 

2.5.4. Lysins. 

Similar to phage endolysins bacterial exolysins (produced by bacteria to kill cells of other strains 

or species) and autolysins (functional during remodeling of peptidoglycans during cell growth 

and division) might be considered as antibiotic alternatives [136,137]. Since these enzymes are 

genetically encoded, they can be produced using genetic engineering [129,138]. 

2.5.5. CRISPR-Cas 9. 
CRISPR (clustered, regularly interspaced, short palindromic repeats) - Cas9 (CRISP-associated 

protein 9) system, which serves as a part of bacterial defense mechanism from viruses, is viewed 

as a promising approach to combat the resistance[139]. Several reports have shown a successful 

delivery of CRISPR-Cas9 in carbapenem-resistant strains of E.coli and St. aureus strains and 

prevented horizontal gene transfer by targeting drug-resistance genes [140,141]. 
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2.5.6. Antimicrobial peptides (AMPs).   

Due to their diverse properties AMPs represent one of the most promising alternatives to modern 

antibiotics.  Natural AMPs (ribosomal and non-ribosomal) exhibit activities ranging from 

antibacterial, antifungal, antiviral, anticancer, antiplasmodial, antiprotozoal, insecticidal to 

antibiofilm,  immunomodulatory, and anti-inflammatory [142]. AMPs attack multiple bacterial 

targets simultaneously, which makes the development of resistance complicated. Although 

natural  AMPs – such as polymyxin B and colistin (lipopeptide obtained from Bacillus 

polymyxa), gramicidin (a linear polypeptide derived from Bacillus brevis), daptomycin (from 

Streptomyces roseosporus) – are being used in the clinic [143,144], they have not yet had full 

clinical success [145] due to high production cost, short half-life and degradation by proteases. 

To circumvent the latter, synthetic mimics  (peptidomimetics) of natural peptides are being 

developed. Some examples include β-peptides, oligoureas, peptoids, oligoacyl-lysines and others 

[146]. AMPs under clinical trial are listed in Table 2. 

The diversity and biological properties of AMPs will be reviewed in more details in the following 

section. 

 

Table 2. Antimicrobial Peptides, Synthetic Mimics and Lysins in Clinical Trials. (From Ghosh 
et al. 2019) [129]. 



 

 33 

2.6.  Diversity and biological properties of AMPs.  

2.6.1. Discovery of antimicrobial peptides. 
The history of antimicrobial peptides goes in hand with the history of antibiotics. In 1922 (a few 

years earlier than penicillin was discovered), Alexander Fleming discovered lysozyme - a typical 

antimicrobial peptide [147]. However, due to toxicity and difficulties/high costs in production, 

this and other AMP compounds identified later were left without much attention, while 

penicillins found in the same period were put into production and use [147,148].  In 1939, René 

Dubos reported another AMP gramicidin, which was isolated from the soil bacterium (Gram-

positive) Bacillus brevis [149]. Gramicidin was a heterogeneous mixture of six AMPs consisting 

of N-formylated polypeptides with alternating L - and D-amino acids [150]. It exhibited both 

bactericidal and bacteriostatic activities against a wide range of Gram-positive bacteria and was 

the first AMP to be commercially produced as an antibiotic despite its high cytotoxicity [151]. 

Subsequently, AMPs were gradually isolated from bacteria, fungi, animals, and plants. The first 

reported animal-originated AMP is defensin isolated from rabbit leukocytes in 1956 [152]. In 

the following years, bombinin from epithelia [153] and lactoferrin from cow milk [154] were 

described. During the same time, it was also proven that human leukocytes contain AMPs in 

their lysosomes [155]. In 1981, cecropin - the first insect AMP in history, was isolated from the 

hemolymph (plasma and blood) of the silk moth, which was cationic, 𝛼-helical peptide, active 

against many types of Gram-positive and Gram-negative bacteria and fungi  [156]. Another 

important advance occurred when Zasloff and colleagues in 1987 isolated and characterized 

cationic AMPs, named ‘magainins’ from the African clawed frog Xenopus laevis. Afterwards, 

peptides of structure similar to cecropin and magainin were isolated from bovine neutrophils 

[157]. These AMPs were later united in a peptide family named “cathelicidins.” The 

name derived from the similarity of their highly conserved domain to that of cathelin, a protease 

cathepsin L inhibitor [158]. About 30 cathelicidin family members have been identified in 

mammalian species. Cathelicidins and defensins represent two major families of vertebrate 

antimicrobial host defense peptides (HDP) [159]. 

In the mid-1990s, the antimicrobial role of AMPs was confirmed for the fruit fly Drosophila 

melanogaster, where deletion of a gene encoding an AMP rendered the insect susceptible to a 

massive fungal infection [160].  

Due to the spread of  MDR strains, the discovery of AMPs has been substantially scaled up 

during the last decades. Currently, more than 15,000 of AMPs of different structures and origins 
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have been discovered or synthesized as reported in the Database of Antimicrobial Activity and 

Structure of Peptides - DBAASP [161]. 

2.6.2. Natural Sources of antimicrobial peptides. 

Depending on their origin, AMPs can be divided into natural or synthetically produced. Natural 

AMPs can be found in almost all kingdoms of life, ranging from viruses to mammals. 

Synthetic/semisynthetic  AMPs are generated either by modifications mimicking natural AMPs 

or by the design of novel sequences on bases on various bioinformatical approaches discussed 

later in this chapter. 

2.6.2.1. Bacteriophage/Viral AMPs. 
Endolysins and virion-associated peptidoglycan hydrolases (VAPGHs) are two main groups of 

phage/viral proteins showing antibacterial activity [130,162,163].  

Endolysins (already mentioned above) ranging from 25 to 40 kDa in size are fast-acting phage-

encoded peptidoglycan-hydrolyzing enzymes targeting microbial cell wall and permitting 

bacteriophage progeny to release [164].  Endolysins have a characteristic modular structure, 

often with multiple lytic and/or cell wall-binding domains (CBDs). They degrade the PGN with 

glycosidase, amidase, endopeptidase, or lytic transglycosylase activities and have been shown to 

synergize with other antimicrobials [126]. 

VAPGHs are released from phage tail tips at the initial stage of PGN penetration and have a C-

terminal cell-wall-binding domain, which can link them to receptors on the bacterial cell surface 

[163]. Due to the high specificity of VAPGHs, remarkable thermostability, and modular 

organization, these proteins are potential candidates for new antibacterial agents against MDR 

pathogens [165,166]. 

2.6.2.2. Bacterial AMPs.  
Bacterial AMPs are of ribosomal or non-ribosomal origin [167]. Ribosomally synthesized 

bacterial AMPs from Gram-positive bacteria include: lantibiotics (< 5kDa translationally 

modified (PTM) peptides containing unusual amino acids), non-lantibiotics (<10kDa, heat stable 

disulfide-containing linear peptides and small cyclic peptides whose N- and C-termini are 

covalently linked), bacteriocins (> 30 kDa heat labile peptides possessing endopeptidase-like 

activity against peptidoglycan and uniquely structured bacteriocins susceptible to lipolyitc 

enzymes [168,169]. Non-ribosomal AMPs from Gram-positive bacteria include cyclic 

lipopeptides (heptapeptides with a tripeptide side chain linked to an N-terminal fatty acyl tail 

and linear peptides (13 amino acids tridecaptins possessing non-proteinogenic residues and 

having a chiral lipid tail [168,170]). 
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Bacteriocins isolated from Gram-negative bacteria include colicins (>10kDa peptides produced 

predominantly by E.coli, colicin-like microcins - structurally and functionally similar to E. coli 

colicins but are produced by several other species, including P. aeruginosa and Klebsiella genus, 

microcins  (small peptides <10 kDa ) and phage tail-like bacteriocins high molecular weight 

cylindrical peptides, so named due to their high similarity to the phage tail structure [171], Table 

3. 

The mechanisms of action exerted by bacterial AMPs include; interference with cell wall 

synthesis (nisin and epidermin [172,173]), inhibition of crucial enzymes of the targeted 

bacteria (lacticin 481, cytolysin, and salivaricins [174]) targeting DNA and RNA synthesis 

(colicins E2, E7, E8, cloacin DF13, and E9, microcin J25 )[175,176], formation of pores in 

bacterial membranes leading to efflux of small molecules and dissipation of membrane 

potential (such as nisin,  AS-48, Pep5 [177–179]). 

 

 

 

A. 
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B. 

  

 

Table 3. Classification of bacteriocins. (Аdapted from Hafeez et al. 2021) [168]. 

2.6.2.3. Fungal AMPs. 
Fungal AMPs can be divided into peptaibols  and fungal defensins [168,180]. The most widely 

studied peptaibol alamethicin is active against Gram-positive and Gram-negative bacteria [181] 

and fungi [182]. The primary mechanism of action of all peptaibols is similar and primarily 

involves membrane disruption [183], however some of them (for example plestasin) act by 

binding directly to the bacterial cell-wall precursors and inhibiting cell wall biosynthesis 

[168,184]. 

2.6.2.4. Plant derived AMPs. 
Plant antimicrobial peptides (thionins, hevein-likes peptides, snakins and others) have been 

isolated from roots, seeds, flowers, stems, and leaves from a wide variety of species and have 

demonstrated antifungal and antibacterial activities  [168,185]. The mechanism of action of most 

plant AMPs involves interaction with outer membrane of pathogenic fungi due to a chitin-

binding domain, which can damage the fungal cell wall. Some of them (α-hairpinins) bind to 

DNA, inhibit RNA and protein synthesis by inhibiting trypsin and inactivating ribosome activity 

[186,187].  

2.6.2.5. Invertebrate AMPs. 
Defensins and cecropins are two major types of AMPs in invertebrates (insects, molluscs, 

nematodes, crabs) [188]. The invertebrate defensins are up to 52 amino acid long cationic 
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peptides and are structurally and phylogenetically related to the vertebrate β-defensins [189,190]. 

The antibacterial mechanism of insect defensins is mainly the disorganization of bacterial 

membranes via the formation of oligomerization surface, causing membrane permeabilization 

and cell disruption [191]. 

Another class of invertebrate AMPs is represented by cecropins ∼40 residue long, cationic 

linear  antimicrobial peptides which aggregate on bacterial lipid bilayer membranes causing 

membrane disruption and subsequent bacterial cell death via a carpet-like model (discussed in 

the following section) [192,193]. 

2.6.2.6. Vertebrate AMPs. 
More than 1000 AMPs have been purified from frogs and toads and include bombinins, buforin, 

cathelicidin, dermaseptins, esculentins, fallaxin, magainins, temporins and others [194]. In 

general, more than 50% of the amino acid residues form the hydrophobic part of the molecule 

and there are no conserved structural motifs responsible for activity [195]. The vast majority of 

the AMPs are cationic [195]. 

Another major group of vertebrate AMPs is represented by mammalian AMPs - cathelicidins and 

defensins [168]. All mature mammalian cathelicidin peptides are cationic with an amphipathic 

structure that assumes α-helical, β-hairpin, or elongated conformations [159,196]. The first 

cathelicidin precursor to be described was rabbit CAP18 which has shown a broad-spectrum 

bactericidal activity [197,198]. 

LL-37, the most well-studied cathelicidin, is active against a variety of Gram-positive and Gram-

negative pathogens [196,199]. The antibacterial activity of LL-37 is due to either pore formation 

or interference with cell wall formation [200,201]. 

Vertebrate defensins sharing several common features, including a cationic net charge (+1 to 

+11), short polypeptide sequences (18–45 amino acids), are secreted by neutrophils (HNP1–4) 

[202,203], and Paneth cells located in the intestinal epithelium [204,205] (HD-5 and HD-6). 

Most of them are active against St. aureus, B. subtilis, Staphylococcus epidermis, and E. coli 

[323], resulting from the inhibition of DNA and protein synthesis [206]. 

2.6.3 Structural properties of AMPs. 

 Ribosomally synthesized AMPs contain only natural amino acids [142] and are divided into 

three distinct groups based on the types of secondary structures present, namely 1) α-helical, 2) 

β-sheets, 4) extended coils (Table 4, Fig.16) [168,207]. 
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2.6.3.1. 𝛼-helical AMPs. 
Cationic α-helical AMPs are the most studied structures, with cecropin, pleurocidin, melittin, 

magainin, and moricin being the best described [188,208]. The α-helices are often rich in Phe, 

Ala and Val [208]. 

 Most α-helical peptides are unstructured in an aqueous solution and fold into an amphiphilic α-

helix structure upon the interaction with membranes by separating the hydrophilic and 

hydrophobic residues [209,210]. 

Another feature of α-helical peptides is that the C-terminus is mostly amidated, which enhances 

the electrostatic interaction between positively charged peptide and the negatively charged 

bacterial membrane. Stabilization of the helical structure on the membrane interface contributes 

to antibacterial activity and prevents a peptide from enzymatic degradation [211].  

2.6.3.2. β-sheet AMPs. 
AMPs adopting β-sheet structure are composed of at least two β-stands with linear structures 

adopting β-hairpin-like conformations [188]. This group of peptides is often Arg-rich and Cys-

rich. While cysteines can form disulfide bonds to stabilize the β-sheet structure, Arg-s are critical 

for antimicrobial activities [208,209]. Unlike α-helix AMPs, β-sheet AMPs appear structured in 

an aqueous solution and do not undergo significant structural changes upon the interaction with 

the membrane [212,213].  

2.6.3.3. Extented coils.  
Some AMPs adopt a structure, which is often referred to as non-αβ AMPs or loop AMPs [214]. 

Most of these types of AMPs are rich in Proline, Glycine, and Tryptophan in the sequence. 

Proline-rich AMPs act on intracellular targets and have strong activity against Gram-negative 

bacteria [168,208]. Due to their short length, a simple residue substitution can lead to broad 

changes in both their structural and functional properties. 

Together with AMP structure, net charge, hydrophobicity, amphipathicity, and solubility are the 

main and crucial physiochemical properties for the antimicrobial activities of AMPs [215]. 
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Table 4. Class of AMPs based on structure. (From Kumar et al. 2023) [209].  

 

Figure 16. Structural diversity of AMPs. (A) 𝛼-helical magainin, B.  β-sheet human defensin 5, 
C. extended coil indolicidin. Positively charged residues are colored blue. Hydrophobic 
residues are red. (From Chen et al. 2023) [207]. 

 

2.6.4. Physico-chemical properties of AMPs. 

2.6.4.1. Net charge. 
Most AMPs are positively charged (+2 to +13 net positive charges) [208,209]. The positive 

charges are derived primarily from Lys and Arg which form a specific cationic domain in the 

sequence [216]. Studies have demonstrated the correlation between charge and antimicrobial 

activity of AMPs [217,218]. For example, increasing the charge of magainin from +3 to +5 
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improved the antibacterial activity against both Gram-positive and Gram-negative bacteria, but 

an increase to +6 or +7 resulted in high hemolytic activity and loss of antimicrobial activity 

[219,220]. 

Although most AMPs are positively charged, negatively charged, anionic AMPs (AAMPs) also 

have been reported [221,222]. AAMPs come from various sources; humans (Fibrinopeptide A/B, 

thymosin-β4), insects (MD pep5, Gm anionic peptide 1) amphibia (AA-2-5, Temporin-1Ja), 

plants (Mi AMP2a, hevein) [223].  AAMPs have a net charge range of − 1 to − 8 and contain 

from 5 to 70 amino acid residues [224]. Most of these peptides are fragments of proteolysis, 

however a few anionic AMPs are the small molecules encoded by genes [213,224]. 

2.6.4.2. Helicity. 
Helicity represents the ability of an AMP to form spin structure and determines the toxicity 

against eukaryotic cells [225]. Reducing helicity by incorporating D-amino acids into the 

primary sequence has been shown to lower the hemolytic effect, while the antimicrobial effect 

was retained [226]. For example, some α-helical peptides were modified by replacing 35% of 

the L-amino acids with D-amino acids, and it was found that this modification eliminated the 

hemolytic activity [227]. 

2.6.4.3.Hydrophobicity.  
Hydrophobicity has also been shown to influence the activity and selectivity of AMP molecules. 

Almost 50% of amino acids in the primary sequence of natural AMPs are hydrophobic residues 

[213]. In most cases, an increase in hydrophobicity increases antimicrobial activity, while 

decreasing hydrophobicity can reduce antimicrobial activity [228]. The hydrophobicity of the 

peptides determines to a great extent, the ability to penetrate the lipid bilayer [229]. However, 

excessive hydrophobicity can also lead to decreased antibacterial activity and increased 

mammalian toxicity. Due to poor solubility in aqueous solutions, highly hydrophobic peptides 

are more prone to bind and destroy eukaryotic cell membrane [207,230,231]. 

2.6.4.4. Amphipathicity.  
An amphipathicity that segregates basic and hydrophobic residues into a polar and a nonpolar 

face is recognized as a prerequisite for α-helical AMP activity [207]. The presence of 

amphiphilicity makes peptide conformations largely flexible, able to form α-helices, β-sheets, or 

a mixture of both when interacting with target microbial membranes [228]. In general, at least 

7–8 amino acids are required to form an amphiphilic structure [232]. 

2.6.4.5. Solubility.  
Another important feature of AMPs is solubility. Aggregation of AMP molecules might impair 

interaction with bacterial membrane [215]. For example, a hybrid synthetic AMP composed of 
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cecropin and melittin has a tendency to form dimers. Substituting a Lys residue on the non-polar 

face of this AMP hybrid prevents dimerization, leads to reduced hemolytic activity and enhances 

its ability to incorporate into microbial membranes [233]. 

2.6.5  Mechanism of action of AMPs.  

In contrast to traditional antibiotics that accomplish their function by targeting specific bacterial 

proteins or pathways, AMPs don’t act via any particular mechanism but rather exert their 

antibacterial activity by simultaneous disruption of several bacterial targets. Thus the 

development resistance against AMPs becomes more complicated [142,207,209]. 

Also, compared with conventional antibiotics, the killing is extremely rapid (less than 1 hour in 

vitro [234]. In contrast, most traditional antibiotics such as ampicillin, need from 4 h to 24 h to 

kill bacteria [235,236]. 

The antimicrobial activity of AMPs is extremely broad (Gram-negative and Gram-positive 

bacteria, viruses, fungi, and protozoa) [237] and can be displayed at micromolar and sub-

micromolar concentrations [188]. 

2.6.5.1. Interaction with bacterial membrane. 
Molecular dynamics simulations and experimental results indicate that some random coil peptide 

CM15 [238], helical LL-37 [239] and mellitin pass through OM without disrupting it and kill 

bacterial cell by lysing the inner phospholipid membrane [34,238]. 

On the other hand, polymixins have been shown to bind to OM lipopolysaccharides and 

permeabilize the outer membrane to self-promote uptake into Gram-negative bacteria. Because 

cationic peptides have higher LPS affinities compared to the native divalent cations Ca2+ and 

Mg2+, they competitively displace these ions and disrupt the normal barrier property of the outer 

membrane [240] finding their way to inner bacterial membrane. The disrupted OM is visualized 

as surface blebbing [241] (discussed later in this chapter). 

2.6.5.2.Proposed models of action of membrane-active AMPs at high concentrations. 
As mentioned above, the interaction of AMPs with inner bacterial membrane is greatly explained 

by their cationicity and hydrophobicity. This feature ensures the initial electrostatic interaction 

with the negatively charged cell membrane and the insertion into the membrane interior. Several 

models explain how AMPs exert the disruption on the inner bacterial membrane (Fig. 17). 

 Carpet-Like Model  

In this model AMPs arrange parallel to the cell membrane. Their hydrophilic end faces the 

extramembrane space, and their hydrophobic end faces the phospholipid bilayer [242]. AMPs 
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cover the membrane surface similar to a carpet and at a high peptide:lipid ratio destroy the cell 

membrane in a ‘detergent’-like manner (Fig. 17 A) [242,243]. Human cathelicidin LL-37 and 

several 𝛽-sheet proteins exhibit their activity through this mechanism [244,245]. 

Barrel-Stave 

According to this model antimicrobial peptides aggregate into a barrel-like structure in which a 

central aqueous pore surrounded by peptides is formed (Fig. 17 B). Hydrophobic peptide regions 

face lipid core while hydrophilic parts face the interior region of the pore [243]. This pore 

increases in diameter through the progressive recruitment of additional monomers and results in 

cytoplasm leakage [192,225]. In severe cases, AMPs can induce cell membrane collapse and lead 

to cell death [246]. For instance, alamethicin and protegrin-1 perform their pore-forming activity 

by this mode [182,247].  

The Toroidal Pore Model  

The toroidal pore model is also known as the wormhole model, according to which AMPs 

accumulate and get vertically embedded in the cell membrane and then bend the membrane to 

form a ring hole with a diameter of 1–2 nm (Fig. 17 C) [248]. The typical examples of this model 

are magainin 2, TC19, TC84, and BP2 [248,249].  

These three models do not exhaust the types of membrane disruptions that have been observed 

for membrane active antimicrobials [250]. 

 

Figure 17. Models of AMPs’ membrane activity. (From Y. Huan et al. 2020) [242]. 

2.6.5.3. Proposed models of action of membrane-active AMPs at low concentrations. 
At low peptide concentrations, most peptides are believed to bind to the bacterial membrane 

surface and induce blebbing/vesiculation, phospholipid redistribution, and/or interact with inner 

targets. 
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2.6.5.3.1. Blebbing/vesiculization and phospholipid redistribution. 
Bacterial membrane vesicles are membrane-derived vesicles discharged by both Gram-positive 

and Gram-negative bacteria in response to stress (high temperature, osmotic dysregulation, 

antibiotic or AMP treatment [251]. Membrane vesicles (MVs) were first found to be produced 

through controlled blebbing of the outer membrane of Gram-negative bacteria and are, therefore, 

often referred to as outer membrane vesicles (OMVs) [252]. During outer membrane blebbing, 

Gram-negative bacterial cells continue their physiologic activities, while vesiculation helps the 

cells to maintain homeostasis [251].  

Later it was reported that MVs from P. aeruginosa contain DNA, confirming earlier studies 

demonstrating the presence of DNA and RNA in Gram-negative MVs [253,254]. It was proposed 

that the PGN layer of the bacterial cell is weakened by autolysins so that the inner membrane 

protrudes into the periplasm, allowing cytoplasmic contents such as DNA to enter the vesicle, 

which is eventually pinched off from the cell surface together with a surrounding outer 

membrane. [252,255]. The existence of double bilayer vesicles (termed Outer Inner Membrane 

Vesicle -OIMV) was later proved by transmission electron microscopy [256]. 

 ‘Explosive cell lysis’ is another possible route for the formation of MVs containing 

chromosomal DNA [257]. Cell lysis is triggered by DNA damage and results in cell envelope 

fragments that recircularize and thereby enclose the released DNA [252,258]. In support of this, 

a recent study showed that treatment of MDR bacteria Stenotrophomonas maltophilia with 

ciprofloxacin not only induces the SOS response and, consequently, cell lysis but also stimulates 

the production of OIMVs [259] (Fig. 18). 

 

 

Figure 18.Types of bacterial membrane vesicles.(From M.Toyofuku et al.2019)[252]. 
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Recently B22 and B22a (derivatives of cathecilidin) were reported to induce disruption in 

membrane-bound aerobic respiratory electron transport chain and release O2- from the complex 

[260], leading to the accumulation of ROS and disruption of PGN biosynthesis, 

which subsequently caused membrane-bound blebs containing displaced cytoplasmic material 

in St. aureus [260]. Together with blebbing, several AMPs were reported to induce perturbation 

in phospholipid bilayers of bacterial membranes. Antimicrobial fragment of LL-37 was shown 

to perturb bacterial membrane by segregation of anionic and zwitterionic lipids in lipid films 

[261,262]. Lactoferricin-derived N-acylated lipopeptides (6-MO-LF11-322 and O-LF11-215) 

were shown to induce the redistribution of CL-domains on the whole cell surface from septum 

and poles in E.coli [263]. Since phospholipid domains play a significant role in bacterial 

physiology, their dislocations and redistributions impair bacterial growth and division [36,263].  

2.6.5.3.2. Interaction with inner bacterial targets.  
Since the discovery of AMPs and their membrane targeting mechanisms of action, it was 

proposed that they should have intracellular targets [264] (Fig. 19). Indeed, later, it was revealed 

that some AMPs at their minimal effective concentrations translocate through bacterial 

membrane (without causing its permeabilization) and form complexes with anionic 

macromolecules (DNA, RNA, proteins, LPS and others) leading to the inhibition of DNA 

replication, protein synthesis, cell division, cell wall metabolism, etc.) [209,213,265].  

2.6.5.3.2.1 AMPs acting on nucleic acids. 
 The best studied examples of peptides that interact with DNA are buforin II and indolicidin.  

Buforin II is a 21-amino acid derivative of the 39-amino acid buforin I, isolated from the Asian 

toad Bufo bufo gargarizans [266].  Fluorescein isothiocyanate  (FITC)-labeled buforin II was 

found to penetrate the E. coli cytoplasmic membrane and accumulate inside, even below its MIC  

without membrane disruption or cell lysis [267].  Through gel retardation studies it was shown 

that buforin II was able to form complexes with DNA which might be explained by 37/39 amino 

acids of homology with the N-terminal region of the DNA-binding nuclear protein histone H2A 

from Xenopus [266,267].  

Indolicidin - a 13-amino acid linear tryptophan-rich (39%) peptide from bovine neutrophils, a 

member of the cathlecidin group is another example of DNA targeting LCAMP [268]. It has been 

revealed that indolicidin induces filamentation of E.coli cells (pointing to inhibition of cell 

division) and inhibits DNA synthesis (as indicated by reduced incorporation of thymidine into 

the cell) [269]. Other study has shown that indolicidin is able to form covalent complexes with 

viral DNA and inhibit human topoisomerase I mediated DNA relaxation [270]. 
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2.6.5.3.2.2.AMPs that target proteins. 
Insect-derived proline-rich antimicrobial peptides (PrAMPs) (Pyrrhocoricin 

[271],  Apidaecin [272], Oncocin [273] , and others) are reported to bind heat shock proteins, 

DnaK and/or GroEL, impair their folding and inhibit ATPase activities (Pyrrhocoricin, 

Apidaecin) [274–276]. By using E. coil proteome microarray, it was revealed that Lfcin B (an 

AMP derived from pepsin digestion of lactoferrin)  targets proteins related to the metabolism of 

pyruvate, leading to the accumulation of the latter in E.coli cells [277,278].  

2.6.5.3.2.3. AMPs, acting on protein synthesis. 
Bacterial ribosomal subunits are another targets for LCAMPs [265]. For example, together with 

DnaK targeting (described above), PrAMPs - Onc112 interacts with  70S subunit of a ribosome 

and blocks the binding site for an incoming aminoacyl-tRNA, thus effectively trapping the 

ribosome in an inactive initiation complex on the mRNA [279,280].  

 

Figure 19. Major pathways targeted by AMPs in bacterial cells. (From  Cheng-Foh et al. 2017). 

2.6.5.3.2.4.  AMPs impairing bacterila cell division. 
The cell division process of bacteria is a new and attractive target to find antibacterial drugs 

[281]. The impairment of cell division was first associated with a number of filament-forming 

temperature-sensitive (fts) genes found in the mutated E. coli strain [282]. Proteins encoded by 

these genes participate in the formation of the septum and initiation of the division [283]. Among 

fts -encoded proteins, filamentous thermosensitive protein Z (FtsZ), possessing guanosine 

triphosphatase (GTPase) activity essential for its polymerization and formation of  Z-ring, - (a 
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structure acting as a matrix for the recruitment of other cell division proteins) is involved in 

septum formation and subsequent cell division (Fig. 20) [284–286]. Mutants lacking FtsZ cannot 

divide but continue to elongate into filaments, eventually resulting in bacterial death [287]. 

A variety of FtsZ-targeting AMPs have been described to be effective against different 

pathogens, including MRSA and E. coli [285]. Most of these peptides target GTP-ase activity of 

FtsZ by blocking the assembly (for example MciZ, cathelin-related antimicrobial peptide 

(CRAMP)) or disassembly (PC190723, Temporin L and its analogs) of the Z-ring [288,289].  

 

 

  

Figure 20. Representation of Z-ring formation and cell division. 

(A) Bacterial cell prior to the onset of cell division with FtsZ protofilaments dispersed in the cell 
and undergoing continuous nucleotide exchange between GTP-bound FtsZ and GDP-bound FtsZ 
with rapid equilibrium, favoring GTP-bound FtsZ (B) Polymerization begins, cell elongation 
and, localization of FtsZ protofilaments at the mid-cell. (C) Generation of Z-ring: the ‘steady-
state turnover’-GTP hydrolysis in continuous competition with protofilament growth during 
polymerization. (D) Formation of septum (E) Contraction of the Z-ring followed by membrane 
alteration to bring about cell division. (From S.Tripathy et al. 2019). 

2.6.5.4. Antibiofilm Activity of AMPs. 
According to recent data, biofilms are responsible for 70% of all microorganism-induced 

infections in humans [290]. Biofilms are composed of complex microbial communities attached 

to biological or abiotic surfaces and embedded in the matrix of extracellular polysaccharides, 

proteins, nucleic acids, and other small cellular molecules [291].  
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Microorganisms in biofilms are capable of tolerating high concentrations of antimicrobials even 

though they are totally sensitive in planktonic conditions [292]. It has been shown that some 

AMPs can inhibit the adhesion of bacteria to surfaces by reducing bacterial motilities [293,294].  

For example, synthetic AMP 1037 has been shown to stimulate “swarming”, a type of motility 

known to promote the disassembly of biofilm [295]. Interestingly another AMP- human β-

defensin 3 can down-regulate certain genes involved in cell signaling and quorum sensing, the 

latter being known to play a role in biofilm formation and/or in the organization and 

communication of bacteria within the biofilm in Staphylococcus epidermis [294,296].  

2.7 Limitations of natural AMPs. 

While several natural lipo- and glycopeptides (e.g. colistin, vancomycin, daptomycin) have been 

approved by the Food and Drug Administration (FDA) (Table 5) as antibiotics, most natural 

AMPs have not been proven to be suitable for the treatment of drug-resistant bacterial and fungal 

infections mainly due to their cytotoxicity, low stability towards proteases and high 

manufacturing costs [142,144].  

 

Table 5. List of natural AMPs in clinical practice. (From Moretta et al. 2021) [297]. 

2.7.1. Cytotoxicity.  

An AMP can be considered an effective antibiotic only if it is highly selective towards bacterial 

cells and, at the same time, is not cytotoxic towards eukaryotic cells [143,156,298]. Many 

membrane active AMPs are not completely selective towards microbial cells and may present 

potential toxicity [178,299] to eukaryotic cells due to higher hydrophobicity [228,300]. For 

example, gramicidin S, alamethicin, and melittin, despite their potent activity, have significant 

hemolytic toxicity, restricting their clinical use to topical applications [299,301,302]. 
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2.7.2. Low stability.  

The activity of many AMPs appears to be inhibited under physiological salt and serum conditions 

[303,304]. In addition, these peptides are readily degraded by both endogenous human proteases 

and proteases secreted by invading microbes [305].  Among the endogenous human proteases, 

trypsin and chymotrypsin are the greatest threats to AMPs. Both attack peptides at basic (Lys 

and Arg) and hydrophobic (Trp and Phe) residues. It has also been reported that LL-37 is 

destroyed by St. aureus aureolysin [306].  

2.7.3 High manufacturing costs.  

 Screening of new natural AMPs requires high-throughput experimental research, which is labor-

intensive and time-consuming. The cost of chemical synthesis of peptides is generally 

much higher than that for ‘conventional’ antibiotics and requires a complex purification step to 

isolate the desired peptide from its contaminants [307].  

2.8. Approaches implemented to improve the efficacy of AMPs. 

 To overcome these problems, researchers try to develop synthetic and semi-synthetic peptide 

analogs (peptidomimetics) with improved biological properties of known natural AMPs [207], 

combine natural/synthetic LCAMPs with each other or other antimicrobials or develop new 

sequences (ab initio) with desired features using computer-assisted approaches [308].  

2.8.1. Chemical modifications improve the protease stability of AMPs. 

 In order to improve the stability of peptides against proteolytic digestion, various chemical 

modifications of AMPs have been introduced. Among them, the most common are: caping 

(amidation/acetylation), cyclization, truncation and substitution of natural amino acids with D-

amino acids, β-amino acids, and others) (Fig. 21), [242,309].  

Capping involves the modification or addition of specific motifs to the terminal or side chains of 

AMPs and is an effective strategy for enhancing the stability and efficacy of AMPs [310]. 

Common AMP capping techniques include C-terminal modification (amidation) and N-terminal 

modification (acetylation, methylation, and lipidation) (Fig. 22-23), [242,310–312].  

In the process of amidation, the C- terminal end of a peptide —the carboxyl group (–COOH) is 

converted into a carboxamide group (–CONH2) by replacing a hydroxyl group with a nitrogen 

atom [313]. This improves the antimicrobial potency of peptides in two ways: by increasing the 

net charge of the peptide and by enhancing proteolytic stability, thus improving half-life times 

in vivo [314,315].  
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 For example, C-terminal carboxyl-amidated aurein 2.5 (GLFDIVKKVVGAFGSL- CONH2) 

exhibits increased antimicrobial potency against K. pneumoniae compared to its C-terminal 

carboxylated (GLFDIVKKVVGAFGSL-COOH) analog [316].  

Acetylation of the N-terminus also increases the proteolytic stability of peptides as it blocks the 

activity of aminopeptidases however, this leads to the removal of a positive charge which in most 

cases decreases the antimicrobial activity  (as reported for β-defensin-3) [317].  

The functions of N-terminal lipidation include: increasing LPS neutralization,  increasing 

stability to proteases and peptidases, and reducing cytotoxicity [312]. N-terminal lipidated 

analog C4VG16KRKP shows enhanced antibacterial activity against various Gram-negative 

bacteria [242]. 

Substitution is another commonly applied technique in the modification of AMPs [221]. Native 

amino acids can be substituted with non-natural amino acids to introduce unique chemical and 

structural properties into the peptide. For example, replacing a native amino acid with a non-

natural amino acid, such as a halogen (fluoride) N-methyl amino acid, or β-amino acid, can affect 

peptide conformation and resistance to enzymatic degradation [318,319]. 

Similarly,  incorporation of non-natural D-amino acids into AMP sequences reverses the 

stereochemistry of the peptide and hence prevents protease degradation  [318,320]. For example 

in order to reduce trypsin proteolytic digestion of MPI  (Lys rich AMP from the venom of the 

social wasp (Polybia paulista) [321], two peptides were designed: one with all the amino acids 

replaced with D-amino acids (D-MPI), and the other peptide with only the Lys residues 

substituted with  D-amino acid, (D-lys-MPI) (since trypsin cleaves after positively charged 

amino acids such as Lys [209,322]). Both the peptides, D-MPI and D-lys-MPI were resistant to 

trypsin digestion, however only D-MPI was equipotent in terms of activity when compared to 

MPI [322]. Effective D-amino acid substitutes were also reported for D-BMAP28, (a peptide 

from bovine myeloid) [209,323]. Interestingly, it was found that the D-form of 

KLKLLLLLKLK-NH2 peptide exhibited enhanced membrane permeability in  S. 

aureus through showing higher affinity towards peptidoglycan compared to its L-form [320].  
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Figure 21. Chemical modifications of AMPs. (From Kumar P. 2018) [209]. 

 

 

Figure 22. Lipidation of AMPs.(From B. Albada et al.)[324]. 

 

 

 

Figure 23. Schematic of N-/C-terminal modifications of peptides. (From Y.Han 2021) [325]. 

2.8.2 Semi-synthesis reduces the toxicity of AMPs. 

Although chemical synthesis partially tackles the problem of cytotoxicity, another approach to 

reduce the toxicity and enhanced antibacterial activity of  AMPs is to isolate them from natural 

sources and subsequently chemically modify them [221]. 

In order to achieve more specificity towards negatively charged bacterial membrane, inclusion 

of lipophilic substituents and/or the installation of cationic moieties, elimination of sugar  N-

terminal acylation or alkylation [326,327] are the most common approaches. These 

modifications were used to obtain semi-synthetic analogs of glycopeptides eremomycin, 

vancomycin, and teicoplanin. Several semi-synthetic glycopeptides such as such as oritavancin, 
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telavancin, and dalbavancin are [328] (Fig. 24).  Another frequently semi-synthetically modified 

AMP is the lanthipeptide nisin. Its modifications often include proteolytic digestion followed by 

attachment of other constructs such as vancomycin, lipophilic chains, or pore-forming peptides 

[221,329]. 

 

 

Figure 24. Structure of two FDA-approved semi-synthetic lipoglycopeptides (derivatives of 
vancomycin). 

 Structural differences of telavancin and oritavancin compared to vancomycin are indicated in 
blue. Structural differences of dalbavancin compared to teicoplanin are indicated in green. The 
amino acids of the peptides are numbered in orange, starting at the N-terminus. (From Van 
Groesen 2022) [327]. 

2.8.3 Peptidomimetics reduce the costs of AMPs. 

 The observation that the key requirement for antibacterial activity are defined by sufficient 

cationic charge balanced by hydrophobic elements has recently allowed the design of diverse 

AMP mimics (peptidomimetics) with maintained and even improved bioactivity over their native 

counterparts [330]. Generally, the term peptidomimetic is used in a broad sense, referring to 

essentially any oligomeric sequence designed to mimic a peptide’s structure, physico-chemical 

properties and/or function but whose backbone is not solely based on α-amino acids. One 

advantage of peptidomimetics over typical 𝛼 -peptides (i.e., peptides made exclusively from 𝛼 -

amino acids) is that they can be structurally simpler and, therefore, cheaper and easier to 

synthesize [221].  Peptidomimetics display improved antimicrobial activity, improved stability 

(both metabolic and proteolytic), and reduced toxicity compared to unmodified 𝛼-peptides [219]. 

Two most prominent examples of peptidomimetics are peptoids and ceragenins - cationic 

steroid antimicrobials (CSA) [221,331]. 
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Peptoids - isomers of peptides in which the side chain is bonded to the backbone nitrogen instead 

of the α	-carbon, making them resistant to protease degradation (Fig.25)  [332]. Peptoids derived 

from pexiganan (synthetic analog of magainin) [333] have been shown to mimic structure, 

function and mechanism of action of pexiganan. Circular dichroism (CD) studies confirmed that 

peptoids adopt α helical structure in the presence of phospholipids, whereas X-ray analysis 

showed peptoids bind to the membrane and are membrane-active [332,334]. 

 

Figure 25. Representatives of peptidomimetic oligomers. (From Patch et al. 2002) [335]. 

 Ceragenins - synthetic non-peptide moleculеs were designed to mimic the properties of 

naturally occurring cationic antimicrobial peptides (LCAMPs). This class of AMPs mimics has 

been developed by the synthesis of steroids (derivatives of bile acids) with covalently attached 

amine groups [331,336].  

CSA-13 (a mimic of LL-37) (Fig.26) was demonstrated to have potential for treatment of H. 

pylori infections. Contrary to LL-37 it maintained strong bactericidal activity in the presence of 

pepsin at low pH (conditions optimal for H.pylori) [337].  

 

Figure 26. Structure of LL-37 derived ceraginine CSA-13. 

2.8.4. Synergy as approach to reduce AMP toxicity and lower costs.                      

It is well established that AMPs act synergistically with other AMPs and antibiotics. If two drugs 

act synergistically, lower doses of each drug could potentially be used, which allows to preserve 
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the desired effects of drugs and reduce the unfavorable ones [338]. Lowering the effective 

concentrations of antimicrobial would directly translate into decreased toxicity and lower drug 

costs.  

Since synergy studies constitute a substantial part of the present work, the mechanisms 

underlying synergistic properties of AMPs will be discussed briefly. 

Synergy is a phenomenon when the effect of the two antimicrobials is greater than the sum of 

their individual activities [339].  

Substantial deviations from synergy are defined either as additivity or antagonism [338]. An 

additive interaction has a combined activity no greater than the sum of the activities of each 

component, while antagonism shows lower activity of agents in combination than that of the 

most active component [340]. 

The most widely used technique employed to evaluate the combination of two antimicrobials for 

the presence or absence of synergy is the Checkerboard Assay [341]. Serially diluted compounds 

are combined in 96-well plates at different concentrations and incubated with bacterial culture. 

Synergistic combinations are assessed on the basis of calculations of Fractional Inhibitory 

Concentration indices (FICi) -s, which represent the sum of the FICs for AMP-AMP or AMP- 

antibiotic combinations.  

 In order for the combination to be considered synergistic, equal or >4-fold reductions in the 

MICs of both compounds in combination, compared to the MICs of the compounds alone, are 

needed. 

General mechanisms by which antibacterial synergy can arise include enhancement of the uptake 

of one of the compounds,  inhibition of common or different biochemical pathways, inhibition 

of protective bacterial enzymes and cell wall synthesis [342,343]. Antagonism could arise as a 

result of competition of compounds for binding sites or interaction between compounds leading 

to their inactivation [344,345]. 

2.8.4.1. Synergy between natural antimicrobial peptides. 
In vivo, studies have shown that during immune response, multiple antimicrobials are released 

at the same time [346–348]. It has been long hypothesized that combinations of two or more 

types of AMPs may generate synergism however, only a few examples of synergistic AMPs have 

been identified [349–351] so far.  Synergistic antibacterial combinations of AMPs could enable 

bacterial pores to stay open for longer durations, prevent pore repair, increase perturbation of 

bacterial intracellular functions, or convey other independent but complementary bacterial 
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killing mechanisms [349]. These mechanisms may potentially increase antimicrobial efficacy, 

decrease resistance, and reduce host toxicity if only low concentrations of each antimicrobial 

component are needed to carry out a large antimicrobial effect [346,352].  

The most studied example of AMP-AMP synergy is the combination of PGLa and magainin 

2 (MAG2), both of which are found in the skin of the African frog Xenopus laevis [353,354]. 

According to the proposed molecular model PGLa and MAG2 form functionally active self-

assebled PGLa-MAG2 complex, consisting of a membrane-spanning antiparallel PGLa dimer 

that is stabilized by Gly-Gly contacts, and where each PGLa monomer is in contact with one 

MAG2 molecule at its C-terminus [355]. The synergistic effect is revealed in form of membrane 

potential dissipation [356] and membrane permeabilization [355].  

Another evidence of AMP-AMP synergy was observed for MAG2 and Tachyplesin 1 (TP1). It 

was shown that these two AMPs similar in molecular mass but distinct in sequence and 

structure at an optimal concentration and ratio form membrane pore-forming heterooligomers in 

which the orientation of TP1 and MG2 within the aggregate structure can stabilize 

transmembrane pores [347]. A similar mechanism of synergism has been described for Temporin 

B and TemporinL [357]. 

2.8.4.2. Synergy between antimicrobial peptides and antibiotics. 
AMPs can also synergize with antibiotics, and in some cases, overcome antibiotic dose-relayed 

and bacterial resistance [346].  One of the mechanisms by which AMPs improve antibiotic 

function is disrupting bacterial membranes to aid in the delivery of antibiotics into the bacterial 

cytoplasm, where antibiotics can act on intracellular targets [346] depending on their mechanism 

of action. 

For example enhancing effect of the cathelicidin BMAP-28 on vancomycin activity observed 

against Gram-positive cocci has been attributed to the increased access of the antibiotic through 

the cytoplasmic membrane [358]. A number of in vitro studies have shown that combinations of 

several AMPs and broad-spectrum antibiotics are synergistic against  MDR P. aeruginosa strains.  

Cathecilidin LL-37 (known to act via carpet-like mode [359]) was shown to act synergistically 

with azithromycin (AZM) which is known to bind the 50S large ribosomal subunit at the 

polypeptide exit tunnel, blocking protein synthesis [360]. 

The linear variant of  bactenecin- Bac2A shown to interact with DnaK, and DNA polymerase 

[361] has revealed synergy with five different antibiotics including membrane-targeted 

polymixin B, protein synthesis targeted kanamicin, erythromycin, tetracyclines, and DNA 

synthesis inhibitor - ciprofloxacin [362].   
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Similarly to Bac2A, indolicidin known for multiple modes of action [363]  reveals synergy with 

kanamicin and ciprofloxacin [349].  

Another short in silico generated peptide LOP3 exhibits synergistic interactions with, 

meropenem, gentamicin, and erythromycin [362]. The exact mechanisms of this synergy are not 

yet fully understood. 

Recently a hydrophobic arenicin-1, a 21- residue AMP,  isolated from lugworm Arenicola marina 

[364] and reported to exhibit broad-spectrum antimicrobial activity in yeast and bacteria via 

membrane disruption and oxidative stress [365,366] was shown to synergize with ampicillin  

(cell wall synthesis disrupting antibiotic) against St. aureus, Staphylococcus epidermidis, P. 

aeruginosa and E. coli O-157 [344]. The observed synergy is largely attributed to the enhanced 

formation of hydroxyl radicals by arenicin-1 in combination with ampicillin. This was proved 

by the fact that thiourea reduced the death of bacterial cells treated with arenicin-1 alone and in 

combination with ampicillin [344]. 

Considering the above-mentioned, exploration of the ability of AMPs to synergize with other 

AMPS or antibiotics represents a promising approach to enhance the antimicrobial effectiveness 

of both agents and minimize the chances of resistance development. 

2.8.5. Computer-aided design of AMPs. 

 Whereas finding new potent AMPs and/or evaluating chemically modified AMPs and their 

mimics through an experimental approach is still a long and expensive process, various 

computer-aided methods (such as machine learning (ML), linguistic models, pattern insertion 

methods, and genetic algorithms) can be useful for rapid generation and preliminary evaluation 

of potential antimicrobial properties of a given sequence [367]. ML allows the generation of 

novel AMP sequences with specific properties based on amino acid position preference, 

composition, and frequency [318,368]. It utilizes the strategy of quantitative structure-activity 

relationship (QSAR) [369], which uses physicochemical descriptors (such as hydrophobicity, 

charge, isoelectric moment, etc.) to predict the biological activity of peptides from their amino 

acid sequences [370–372]. Screening millions of available peptide sequences and identifying 

similar functional motifs and properties enables the training of ML models to predict the potential 

antimicrobial activity of a given amino acid sequence against a specific pathogen [368–370] 

(Fig. 27). 
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Figure 27. General overview of AMP design using ML. (From J.Mwangi et al. 2021). 

 In order to generate successful prediction models diverse AMP datasets are required [318]. 

These datasets are usually extracted from AMP databases. Databases contain extensive 

information on the peptide structure, chemical modifications, bioactivities and 

classification. The AMP databases are classified into two main groups: general databases and 

specific databases. General databases contain different types of AMPs irrespective of a given 

peptide class, while specific databases cover information related to a certain class of AMPs (e.g. 

only defensins or cyclotides) [373]. Among general databases, DBAASP v.3 - developed by 

the Laboratory of Bioinformatics at the I. Beritashvili Center for Experimental Biomedicine is 

one of the biggest repositories of peptides [161]. Currently, it contains more than 21000 entries 

and provides information on ribosomal, non-ribosomal, and synthetic peptides that show 

antimicrobial activity as monomers, multimers, and multi-peptides. The database also comprises 

the records with data on synergistic activities. Among the tools introduced in DBAASP v3 that 

differentiate it from other AMP databases is an application to make predictions of peptide activity 

against selected microbial strains. These features have made DBAASP a widely used resource 

to develop predictive models of AMPs and to facilitate the de novo design of novel bioactive 

peptides. 

2.9 Aims and objectives of the present study. 

Standard antibiotics are becoming less effective for clinical use due to the emergence and spread 

of antimicrobial resistance. LCAMPs might potentially represent new therapeutic agents in the 

fight against this global healthcare problem. Since naturaly available LCAMPs have several 

draw-backs (instability, toxicity, high production costs) hampering their use in clinical 

application, the in silico development of new antimicrobial peptides on the basis of the computer-
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aided design represents a high through-output, less time-consuming approach to combat the 

problem of antimicrobial resistance. 

The aim of the present study was to experimentally evaluate the biological properties of in silico 

generated LCAMPs (predicted by the Antibacterial Peptide Prediction algorithm (APP) of 

DBAASP) to be active against E.coli ATCC 25922 and have low hemolytic activities.  

The objectives of this study were: 

1. Investigate the antibacterial properties of de novo LCAMPs. 

2. Investigate hemolytic activity and cytotoxicity of de novo LCAMPs. 

3. Investigate the stability of de novo LCAMPs towards proteases. 

4. Investigate the properties of de novo LCAMPs to act synergistically with commercial 

antibiotics of different mechanisms of action. 

5. Select several promising de novo LCAMPs on the basis of favorable therapeutic 

potentials (antimicrobial activity, low toxicity, stability to proteolytic degradation, and 

the ability to synergize with antibiotics) 

6. Investigate mechanisms underlying the antibacterial activity of the promising de novo 

LCAMPs. In particular, to evaluate their membrane-active properties and the ability to 

interact with inner bacterial targets. 
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Chapter 3 : Materials and Methods. 
 

3.1. De novo LCAMPs used in these studies. 

13 Linear Cationic Antimicrobial Peptides (LCAMPs) -13 amino acids (aa) long, were de novo 

designed using the target-specific APP tool of DBAASP [374]. The length of 13 aa was chosen 

on the basis of the fact that most short, natural (ribosomal) peptides have a length of 13 aa (Fig. 

28).  Also, 13 aa long peptides have enough resources to adopt the 𝛼-helical structure, which is 

crucial for the activity of many AMPs [375,376].  De novo designed LCAMPs were predicted to 

be active against Gram-negative E. coli ATCC 25922 and have low hemolytic activity against 

human erythrocytes. Peptides’ aa sequences and their physico-chemical features are presented in 

Table 6. 

 

 

  

Figure 28. Distribution of length for ribosomal peptides. (From DBAASP v.3) [161]. 
https://dbaasp.org/statistics?page=general-statistics). 

 

 

https://dbaasp.org/statistics?page=general-statistics
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Table 6. Amino acid sequences and physicochemical properties of LCAMPs used in this study. 

*NHM- normalized hydrophobic moment. 

De novo designed peptides were purchased through the custom peptide synthesis service of 

GenScript Biotech Corporation. All peptides are C-terminally amidated and the labeled versions 

of 24L, 24D, L1L and L1D have fluorescein isothiocyanate (FITC)-Ahx tag on their N-terminal 

end. Peptides were HPLC-purified and MS-verified (MALDI) were delivered  as lyophilized 

salts of hydrochloride. All peptides were dissolved in sterile ddH2O to 2 mg/mL stock solutions 

and stored at −80 ℃. 

3.2 Reagents. 

Temporin-L was purchased from CRB Discovery; ampicillin sodium salt and kanamycin 

sulphate were purchased from Carl Roth; N-(3-Triethylammoniumpropyl)-4-(6-(4-

(Diethylamino) Phenyl) Hexatrienyl) Pyridinium Dibromide (FM-4-64) was purchased from 

Thermo Fisher Scientific, rabbit polyclonal anti-FtsZ antibody – from Agrisera, secondary 

mouse anti-goat FITC-conjugated antibodies were from Santa Cruz Biosciences, 3,6-

bis(dimethylamino)-10-nonyl-acridinium bromide (NAO), gentamicin, penicillin G, 

levofloxacin, nalidixic acid, bacteriological agar and Lisogeny- Broth (LB) medium components 

(Trypton and Yeast Extract)  were purchased from Sigma Aldrich. All other reagents were of 

molecular biology grade. 

Antibiotic stocks were dissolved in distilled water at a concentration of 100 μg/mL and filter-

sterilised using a 0.2 µm pore syringe filter (Nalgene), with the exception of gentamicin which 

was provided in form of liquid 50 mg/mL. Temporin-L was dissolved in DMSO to a 

concentration of 1 mg/mL. 

3.3 Plasmids. 

3.3.1 Plasmids used in this work. 

Plasmids: pBbE8k-RFP – containing (Red fluorescent protein (RFP) insert under arabinose 

inducable BAD promotore and bearing kanamycin resistance gene) was a gift from Jay Keasling 

(Fig. 29A) and pUC18 (29B).  
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A.                                                                         B. 

Figure 29. Plasmid maps. 

A - a map of pUC18; B – a map of pBbE8k-RFP. Figures taken from https://www.addgene.org 

[377]. 

3.3.2 Plasmid DNA purification. 

Plasmid E.coli DH5alfa was grown overnight (O/N) in 3 mL of LB-medium supplemented with 

ampicillin (100 μg/mL). Plasmid DNA was isolated by Fast-n-Easy Plasmid Mini-Prep Kit (Jena 

Bioscience) according to manufacturer’s instructions. Briefly, 1 mL of bacterial culture was 

harvested by centrifugation at 5000g for 3 min at room temperature (RT) and the pellet was 

resuspended for in 300 μL of Lysis Buffer. After vortexing 300 μL of RNase containing 

Neutralization Buffer was added and the sample was centrifuged at 10000g for 5 min at RT. The 

supernatant was applied into the activated Binding column and centrifuged at 10000g for 30 sec. 

After washing the column with 500 μL of Washing Buffer, plasmid DNA was eluted with 30 μL 

sterile ddH2O. 

The purified plasmid DNA concentration was determined using NanoDrop 1000 

spectrophotometer.  

3.3.3 Plasmid transformation experiments. 

3.3.3.1.Preparation of competent cells E.coli DH5𝛼 cells. 
E.coli DH5𝛼 cells from glycerol stocks were streaked on fresh LB-agar plates. A day before the 

experiment single colony was inoculated into 3 mL of fresh LB medium and left for O/N 

incubation at 37℃ at 250 rpm. The obtained O/N culture was diluted 1:100 in 10 mL of LB 

medium and incubated at 37℃ at 250 rpm for 3-4 hours till OD600=0.4. The culture was then 

placed on ice for 10 minutes (min) and then centrifuged at 5000 rpm for 5 min at 4℃. The 

supernatant was removed and the pellet was resuspended in 10 mL of cold 0.1 M CaCl. The 
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suspension was left on ice for 20 min and centrifuged at 5000 rpm for 3 min at 4℃. The 

competent cells were either resuspended in 5 mL of cold 0.1 M CaCl and used straight away for 

transformation or resuspended in 0.1 M CaCl supplemented in 15% glycerol, aliquoted and 

stored at -80 ℃. 

3.3.3.2. Transformation. 
E.coli DH5𝛼 competent cells ( 100 µL ) were placed on ice, and 100 ng of pBbE8k-RFP plasmid 

was added. The mixture was left on ice for 15 min and then transferred at 42℃ for 1.5 min and 

returned to ice for 5 min. After that, 1 mL of LB medium was added and the cells were incubated 

for 1h at 37 ℃ in a thermomixer with shaking at 1010 rpm. The cells were centrifuged at 4000 

rpm for 5 min. The pellets were resuspended in 1 mL of LB medium and plated on LB-agar 

plates containing 50 μg/mL of KAN. A single colony of transformed cells was picked with a loop 

and inoculated in 3 mL of LB-medium supplemented with 50 μg/mL of KAN and 0,2% arabinose 

to verify the expression of RFP. From this culture 500 µL was removed, mixed with 

50%glycerol/LB and stored at -80℃. 

3.4. Antibacterial activity studies. 

3.4.1.Culturing and quantification of E.coli ATCC 25922 cells. Generation of bacterial cell 
number calibration curve. 

E.coli ATCC 25922 strains were streaked on Petri LB-agar plates from glycerol stocks and left 

at 37℃ O/N. Bacterial liquid cultures were prepared by picking 3-5 colonies from fresh LB-agar 

plates with a sterile loop and inoculated in 3 mL of LB-medium (per Liter -10 g Tryptone, 5g 

Yeast Extract, 10 g NaCl.) The culture was grown at 37℃ at 250 rotations per minute (rpm) in a 

shaking incubator for 6 hours and subsequently split for Optical Density (OD) measurement and 

colony counting.  

For OD measurements, the initial culture was 2-fold serially diluted in fresh medium and for 

each dilution absorbance at 600 nm (OD600) was measured in a spectrophotometer using 2 mL 

glass cuvettes. LB media was used as blank. 

For plate counting the initial culture was 10 fold serially diluted and 50 μL of each dilution (from 

10-5 to 10-9) was spread over LB-agar plates. The plates were left at 37℃ O/N. Petris containing 

30-50 colony forming units (CFU) were counted and the number of bacteria per mL (CFU/mL) 

was estimated using the following formula:  

N = C * 20/10-D 

where, N = CFU/mL; C = number of colonies per plate; D = number of the 1:10 dilution. 
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The value of OD600 measurements and the estimated bacterial count were used to build OD600 vs 

CFU/mL calibration curve (Fig. 30), which was used to determine bacterial load in antibacterial 

activity experiments. 

 

 

Figure 30. Calibration curve for determination of bacterial count. 

After each antimicrobial susceptibility experiment described below, in order to monitor/verify 

bacterial inoculum load, the bacterial cultures were further 10-fold serially diluted to 103 

CFU/mL from which 50 μL was spread on LB-agar plates. The plates were incubated at 37℃ 

and the colonies were counted the next day. 

3.4.2 Determination of Minimal Inhibitory Concentration (MIC). 

Antimicrobial susceptibility testing for antibiotics and de novo LCAMPs was carried out using 

broth microdilution assay which is the most commonly used technique to determine the minimal 

inhibitory concentration (MIC) of antimicrobial agents, including antibiotics and other 

substances that inhibit the growth of bacteria [378]. MICs for de novo LCAMPs as well as 

commercially available antibiotics were determined at two bacterial densities: 5 × 105 CFU/mL 

and 5x103 CFU/mL. 

A range of 2-fold serial dilutions of antimicrobials (200-0,098 μg/mL) in LB medium were 

prepared, and 100 μL of each dilution was transferred into each well of 96-well microtiter flat 

bottom polypropylene plate (Greiner-Bio). Priority to polypropylene over polystyrene was given 

since cationic peptides were reported to bind polystyrene surfaces) [379]. The OD600 of E.coli 

ATCC 25922 exponential culture (grown as described for calibration curve) was measured and 

the equation was used to estimate bacterial concentration CFU/mL. Bacterial culture was 

adjusted to 106 CFU/mL or 104 CFU/mL and aliquotes of 100 μL of a corresponding culture was 

added to the wells containing serially diluted antimicrobials. For positive control 100 μL of 
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bacterial culture was added to 100 μL of LB medium, while for the sterility control, wells were 

filled with 200  μL of LB medium. The plates were incubated in a plate-shaking incubator at 

1000 rpm at 37℃ O/N.  

 The percentage of bacterial growth was calculated based on OD600 readings obtained from 

Biotek ELX800 microplate reader. Growth in positive control wells was considered as 

100%. The MIC was defined as the minimal concentration of antimicrobial with less than 10% 

bacterial growth. Each test was reproduced at least three times. 

3.4.3 Determination of MICs for dividing and non-dividing bacterial cultures. 

E.coli cells were grown in LB-medium at 37℃  at 250 rpm O/N. The culture was harvested by 

centrifugation at 1500 g and bacterial cells were brought to 106 CFU/mL by diluting the pellet in 

fresh LB (for dividing bacteria experiments) or 1xPBS(for non-dividing bacteria experiments).  

The bacterial suspensions (100 μL ) were aliquoted in 1.5 mL Eppendorf tubes (Roth) and mixed 

with an equal volume of antimicrobials that had been twofold serially diluted in LB medium (for 

dividing bacteria) or 1xPBS(for non-dividing bacteria) with concentrations ranging from 100 to 

1.56 μg/ mL. All samples were incubated for 1 h at 37 ℃ in a shaking incubator at 1000 rpm and 

then centrifuged at 1500 g for 5 min to remove antimicrobials. Subsequently, the pellets were 

resuspended in fresh LB and left at 37 ℃ at 1000 rpm in a shaking incubator O/N. The MIC 

values were determined as described above. Each test was reproduced at least three times. 

3.4.4. Checkerboard Assay.  Determination of Fractional Inhibitory Concentration Indices 
(FICi). 

The antimicrobial effect of AMPs in combination with commercially available antibiotics was 

determined by two-dimensional broth microdilution checkerboard assay [380] (Fig. 31 A,B) 

against E.coli ATCC 25922 at two inoculum densities of  5 × 105 CFU/mL and 5x103 CFU/mL. 

Three antibiotics having different mechanisms of action were selected: ampicillin (cell wall 

synthesis inhibitor), gentamicin (protein synthesis inhibitor), and levofloxacin (DNA gyrase 

inhibitor).  

Bacterial exponential culture was grown in fresh LB medium for 6 h and resuspended in fresh 

LB medium to reach  106 CFU/mL. LCAMPs and conventional antibiotics were twofold serially 

diluted in LB medium in polypropylene 96-well plates to a final volume of 100 μL in each well. 

Subsequently, bacterial suspension at final concentrations of 5 × 105 CFU/mL or 5 × 103 CFU/mL 

was applied to each well. Rows containing only AMP or only antibiotic were used to confirm the 

MICs of the individual compounds. Additionally, one row contained only LB-medium (for 
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sterility control) and one row for positive control (bacterial culture without antimicrobial). The 

plates were incubated at 37 ℃ in a shaking incubator O/N at 1000 rpm.   

Synergistic interactions between LCAMPs and NAO were evaluated against E. coli ATCC 25922 

at 5 × 105 CFU/mL as described above for LCAMPs and antibiotics. 

OD600 measurements were obtained from Biotek ELX800 microplate reader. MICs were 

determined as described above. FICi were determined using the following formula: 

FICi = FIC A + FIC B = (MIC AB/MIC A) + (MIC BA/MIC B),  

where MIC A and MIC B are individual MICs of LCAMPs and antibiotics, respectively,  

MIC AB and MIC BA are the MICs of LCAMPs and antibiotics in combination.  

The following types of interaction were defined: 

FICi ≤0.5 (Synergy).  

0.5 < FICi ≤0.625 (Potentiation)  

0.625 < FICi ≤1.0 (Additivity).  

1.0 < FICi ≤4.0 (Indifference)  

FICi >4.0 (Antagonism). 

Each test was reproduced at least three times. 

 

A. 

 

B. 
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Figure 31. Illustration of Checkerboard assay. 

A. 96-well plate setup scheme. B. Representation of Checkerboard assay results. 
 

3.5. Toxicity studies of de novo LCAMPs. 

3.5.1. Evaluation of toxicity of de novo LCAMPs against human erythrocytes. Hemolytic 
activity assay. 

Since the erythrocyte membrane is considered to be a generalized model of the mammalian cell 

membrane, hemolysis (a release of hemoglobin in response to the destruction of membrane 

integrity of red blood cells (RBC)  is a universal approach to rapidly assess the initial toxicity of 

LCAMPs.  

Fresh human blood (500 µL) was collected into 2 mL microcentrifuge tubes containing heparin 

(30 units) and immediately centrifuged at 1200 × g for 5 min at RT. The pellet containing 

erythrocytes was washed 3 × 5 min in 1x PBS at 1200 g, and the pellet containing red blood cells 

(RBC) was diluted with 1x PBS to obtain 2% RBC suspension. 250 µL of this suspension was 

added to equal amounts of serially diluted (100 -3.125 µg/mL) LCAMPs in 2 mL polypropylene 

microfuge tubes (Deltalab). The microtubes were incubated in thermomixer at 37 ℃, 300 rpm 

for 1 h . The samples were centrifuged at 1200× g for 5 min and the supernatant (200 µL) was 

removed from each microtube and transferred into 96-well polystyrene (Deltalab) microplate.  

0.1% Triton X-100/1xPBS (SantaCruz) was used as a positive control, while 1x PBS used as a 

negative control (NC). The degree of hemolysis was determined by measuring the absorbance of 

released hemoglobin at 450 nm in Biotek ELX800 microplate reader. The following formula was 

used to calculate the percentage of hemolysis. 

% hemolysis = OD450 (LCAMP) – OD450 (NC) / OD450 (0,1% Triton X-100) – OD450(NC) 

Hemolytic activity was defined as a concentration of LCAMP at which at least 10% RBC are 

lysed.  
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Each experiment was repeated three times. 

3.5.2. Evaluation of cytotoxicity of LCAMPs against mammalian cell culture. 

3.5.2.1.Culturing of Hepa 1-6 cells.  
Hepa 1-6 (murine hepatic carcinoma cells) were stored at -80℃ in freezing medium containing 

50% Fetal Bovine Serum (FBS, Gibco), 40% Dulbecco's Modified Eagle Medium (DMEM) and 

10% dimethyl sulfoxide (DMSO). The cells were thawed at RT, dispensed in microfuge tubes 

and resuspended 1:1 in DMEM containing (1% penicillin, 1% streptomycin and 1% glutamine). 

The cells were centrifuged at 1500 rpm for 5 min, resuspended in complete DMEM (10% FBS, 

1% penicillin, 1% streptomycin, and 10% glutamine), and transferred for culturing in 25 cm2 

culture flasks at 37℃  under 5% CO2. After reaching 70-80 % confluency the cell culture 

medium was carefully aspirated and a solution of 0,25% trypsin/ 0,53 mM EDTA/1xPBS (pH 

7,8) was added for 3-4 min at 37℃ to allow the cells to detach. After incubation, 2 mL of fresh 

DMEM was added to the flasks, resuspended with Pasteur pipette, and transferred into a 15 mL 

tube. The cells were counted in a hemocytometer,  brought to a concentration of 106 cells/mL 

with a complete DMEM, and seeded in a 96-well cell-culture plate at a density of 105 cells per 

well. The cells were incubated for 24 h at 37℃ under 5% CO2.  

3.5.2.2. 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide (MTT) assay. 
MTT reagent is able to translocate through the cytoplasmic membrane of cells and interact with 

various components (including the components of glycolytic pathways) of metabolically active 

cells. As a result MTT gets reduced and accumulated in intracellular organelles and/or on cell 

membrane in the form purple formazan crystals [381]. 

After the aspiration of DMEM the cells were washed with 1xPBS. A solution of LCAMPs in 

DMEM (without FBS and antibiotics) was added to the wells at final concentrations ranging 

from 100 to 3,125 µg/mL. To the wells serving as a negative control, only DMEM was added. 

The cells were incubated O/N as described above. LCAMP-containing media was removed and 

MTT reagent at a concentration of 0.5 mg/mL /1xPBS  was added to the cells and left for 4 h 

incubation at 37℃ under 5% CO2  in the dark (to allow viable cells to reduce the yellow 

tetrazolium salt (MTT) into formazan crystals).  100 µL of DMSO was added to each well to 

dissolve the crystals and the plates were incubated at RT for 15 min with shaking.  The 

absorbance (OD490) was measured in a plate reader BioTek ELx800.  

 The following formula was used to calculate cell viability:  

Viability (%) = (OD490 value of treated cells / OD490 value of negative control) × 100. 

The peptide was considered toxic if cell viability was reduced by more than 80%. 
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Each experiment was repeated three times. 

3.6. The proteolytic stability towards proteases. 

The resistance of LCAMPs to α-chymotrypsin (a bovine serine protease catalyzing the hydrolysis 

of peptide bonds on the C-terminal side of tyrosine, phenylalanine, tryptophan, and leucine) and 

proteinase K (a serine protease derived from mold, cleaving the peptide bond adjacent to the 

carboxylic group of aliphatic and aromatic amino acids) was analyzed with 16% Tricin SDS-

PAGE which provides the optimal resolution for peptides in the range of 1-7-kDa [382]. 10 µg 

of each peptide was incubated with, α-chymotrypsin or Proteinase K at a starting peptide:enzyme 

molar ratio of 1000:1 or  500:1 in Digestion Buffer (50 mM Tris–HCl, pH 7.4, 5 mM CaCl2), the 

latter molar ratio was tested only for LCAMPs which remained undigested when treated at 

1000:1. Bovine Serum albumin (BSA) (diluted in ddH2O at a concentration of 1 mg/mL and 

filtered through 0.22 μm syringe filter) at a corresponding correspond molar ratios was used as 

a negative control. 

The reaction mixture (60µL) was incubated at 37 ℃ for 16 h. The reaction was stopped by 

incubating the samples at 95 ℃ for 3 min and 12.5 µl of 5x LaemmLi loading buffer (0.05% 

Coomassie Brilliant blue G 250 (VWR), 150 mM Tris-HCl, pH 7.0, 12% SDS, 30% glycerol) 

was added. 10 µl of each sample was loaded in 16.5 % Acrylamide-Bisacrylamide (AB), (4% 

stacking gel, 10% spacer gel and 16% separating gel) gel mounted in the vertical electrophoresis 

apparatus. Anode Buffer (0.1 M Tris-HCl, pH=8.9) was used as lower electrode buffer and 

Cathode Buffer (0.1 Tris-HCl, 0.1 Tricine, 0.1% SDS, pH=8.25) was used an upper buffer. 

Initially, the electrophoresis started at 30 V. After the samples entered 10% gel voltage was 

increased to 80V and finally, the constant voltage of 120 V was applied. After the run was 

complete the gel was transferred to Fixing solution (100mM ammonium acetate, (VWR) 10% 

acetic acid, 50% methanol) for 1 h and then stained O/N in a solution containing  0.15% 

Coomassie Brilliant Blue G 250 (VWR) and 10% acetic acid. The gel was destained with 10% 

acetic acid for 3 h. Peptide degradation was considered positive if the peptide bands disappeared 

from the gel after protease treatment. 

3.7. Fluorescence microscopy studies. 

3.7.1. Determination of the antimicrobial activity of FITC-labeled LCAMPs by 
microcolony technique.  

RFP-expressing E. coli K12 DH5α culture from glycerol stock was streaked on LB-agar plates 

containing 50 μg/mL KAN. A few colonies were transferred into a fresh LB-medium 

(supplemented with 50 μg/mL KAN and 0.2% arabinose) and grown O/N at 37℃ at 250 

rpm. The grown culture was diluted 100-fold with fresh LB medium and mixed with 1% low 
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melting point agarose (LMA) at a ratio of 1:3 (v/v). 20 μL of this suspension was immediately 

applied onto 1% agarose pre-coated microscope slides, covered with coverslips (18x18 mm) and 

left at RT for 5 min to allow agarose to solidify. Coverslips were then removed and the slides 

were transferred onto a slide moat at 30℃. Twofold serial dilutions ( ranging from 100 to 3.125 

μg/mL) of FITC-labeled LCAMPs in 1× PBS were pipetted on top of agarose-encapsulated 

bacterial cells and incubated for 1 h. The slides were rinsed 3 times with 1xPBSand left in LB at 

30 ℃ for O/N incubation. Before the observations LB was removed and a coverslip (22x22mm) 

was placed onto an agarose area. The presence of microcolonies was viewed under 100x oil 

objective using brightfield microscopy and with TRIC filter cube of Olympus BX41 fluorescence 

microscope. 

3.7.2 Quantification of blebbed bacterial cells.  

RFP-expressing E. coli K12 DH5α was grown O/N as described above. Since quantification of 

bacterial blebbing in liquid is challenging due to the fact that most blebbs rapidly detach from 

bacterial cell surface and move away from bacterial vicinity, the cells were encapsulated in 1% 

LMA, where the agarose matrix limited the motility of bacteria and kept the detached blebs in 

close proximity to the bacterial cell. This, in turn, made the quantification more accurate.  

The slides containing LMA encapsulated cells (prepared as described above) were washed in 

1xPBSand incubated at RT for 30 min to remove the traces of the medium. Subsequently, the 

slides were placed onto a slide moat, and LCAMPs (in the presence or absence of 100 mM 

thiourea (TU)) diluted in 1xPBSto their ½ MIC concentrations, were added to agarose-

encapsulated bacterial cells and left at 30℃ for 10 min. The slides were then washed in 1xPBSfor 

30 min and observed under Olympus BX41 fluorescence microscope. The percentage of blebbed 

cells was determined by counting 50 cells on each slide. Each test was reproduced at least three 

times. Statistical significance between groups was determined by two-tailed, unpaired Student’s 

T-Test. 

3.7.3 . Induction of aggregate formation in E.coli ATCC 25922. 

To induce the formation of aggregates inside the bacterial cell, E. coli ATCC 25922 was grown 

O/N (as described above), diluted 1:100 in fresh LB medium and incubated at 47℃  for 15 min 

[383]. The presence of aggregates was verified under the brightfield. The cells were then 

encapsulated in 1% LMA and incubated with FITC-labeled LCAMPs as described below for E. 

coli K12 DH5α and  E. coli ATCC 25922 strains. 

3.7.4. Localization of FITC-labeled LCAMPs in the bacterial cell. 

(RFP)-expressing E. coli K12 DH5α or E. coli ATCC 25922 were grown O/N in LB medium, 

encapsulated in 1% LMA (as described above), and incubated with FITC-labeled LCAMPs at 
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their MIC concentrations for 1 h on a slide moat at 30 ℃. The slides were briefly rinsed in 1 × 

PBS, covered with coverslips and observed with FITC filter cube under 100x oil immersion 

objective of Olympus BX41 fluorescence microscope. All the images were captured with CCD 

camera and processed using FIJI software. 

3.7.5. NAO staining. 

NAO is a green fluorescent dye extensively used for location and quantitative studies of 

cardiolipin (CL) in living bacterial and eukaryotic cells. A more recent study found the most 

important factor for targeting NAO to CL to be the insertion of the nonyl chain into the bilayer 

at the hydrophobic surface created by the four fatty acid chains [384].  

An O/N culture of E. coli ATCC 25222 was diluted with fresh LB medium to final OD600 = 0.5. 

Bacteria were then incubated with LCAMPs at their ½ MIC concentrations in the presence of 

NAO at a concentration of 0.235 μg/mL for 1 h at 37℃ with shaking at 1000 rpm. The samples 

were harvested by centrifugation at 5000g for 3 min. The pellets were washed twice with 

1xPBSand resuspended in 100 μL of fresh LB. 5 μL of the resulting suspension was spotted onto 

1% agarose pre-coated microscope slides, covered with coverslips (22x22mm), and examined 

under  Olympus BX41 fluorescence microscope. Images were captured and processed as 

described above. 

3.7.6. FM-4-64 staining. 

FM4-64 – a lipophilic red fluorescent dye reported to be used  to track changes in bacterial cell 

morphology and dynamics of membrane lipids [39].  

E. coli ATCC 25222 was grown O/N and diluted with fresh LB to a final OD600 = 0.5 and 

incubated with LCAMPs at their ½ MIC concentrations in the presence of FM4-64 at a 

concentration of 10 μg/mL for 1 h at 37℃ with shaking at 1000 rpm. The samples were 

immediately spotted onto 1%  agarose pre-coated microscope slides and examined under an 

Olympus BX41 fluorescence microscope. Images were captured with CCD camera and 

processed using FIJI software. 

The percentage of bacterial cells with visible lipid domain redistributions and the measurements 

of cell length and circularity were performed for at least 50 cells per slide. 

 Statistical significance between groups was determined by a two-tailed, unpaired Student’s T-

Test. Each experiment was reproduced at least three times. 
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3.7.7. In situ immunofluorescence studies. 

For coating with poly-L-lysin, coverslips 18x18 mm were cleaned by washing in Alkaline buffer 

(10% NaOH, 60% ethanol) for 2 h, thoroughly rinsed with water and left in pure ethanol for 30 

min. Each slide was then picked with tweezers and flame sterilized. 250-300 μL of 0.1 mg/mL 

poly-L-lysine (70 000 kDa (Sigma) was applied on top of each coverslip and left at RT for 2 h. 

Poly-L-lysine was removed and the coverslips were rinsed with sterile ddH2O and dried O/N in 

Biosafety Cabinet. 

E. coli ATCC 25922 were grown O/N and diluted with fresh LB medium 1:100 and incubated 

with LCAMPs at ½ MIC concentrations for 30 min at 37℃ and immediately fixed with 2% 

paraformaldehyde (PFA)/1xPBS (10 mM Na3PO4, 150 mM NaCl, 15 mM KCl (pH 7.4)) for 10 

min at RT and then transferred on ice for another 20 min. To remove PFA the samples were 

centrifuged at 4000g for 5 min at 4℃ and the pellets were resuspended in 1xPBS and washed 2 

x 5 min. Finally, the pellet was resuspened in 300 μL of GTE buffer (50 mM glucose, 10 mM 

ethylenediaminetetraacetic acid (EDTA), 20 mM Tris-HCl pH 7.5) and pipetted onto a poly-L-

lysine coated coverslips (18x18mm) and left for attachment at RT for 15 min. The liquid was 

gently aspirated and 300 μL of 0,1% Triton X-100/1xPBS was added. The samples were left at 

RT for 10 min, washed with 1xPBS, and then blocked with 2% (BSA)/1xPBS for 30 min at RT. 

The blocking solution was aspirated and the cells were incubated with primary anti-FtsZ 

antibody diluted 1:100 in 2% BSA O/N at 4℃. Subsequently, the cells were washed with 0.01% 

Tween-20/1xPBS and incubated with secondary FITC-conjugated antibodies for 1 h at RT. The 

samples were washed with 0.01% Tween-20/1xPBS and mounted onto a drop of anti-fade 

mounting medium Fluoroshield (Sigma) on microscope glass slides. The edges were sealed with 

nail polish.  The samples were observed under Olympus BX41 fluorescence microscope. Images 

were captured with CCD camera and processed using FIJI software. The percentage of cells 

revealing disrupted Z-rings was estimated by counting at least 150 cells on each slide. Each 

experiment was performed three times. Statistical significance between groups was determined 

by two-tailed, unpaired Student’s T-Test. 

3.8. Interaction of LCAMPs with DNA. 

3.8.1. Electrophoretic mobility shift-assay (EMSA).  

 600 ng of pUC18 DNA in 10 mM Tris-HCl buffer (pH 7.4) was mixed with LCAMPs at a molar 

ratio of 1:1000 or 1:500 to a final volume of 60 μL and incubated at 37 ℃ for 1 h. Subsequently, 

6 × loading buffer (30% glycerol, 1 mM EDTA, 0.25% bromphenol) was added and aliquots of 

15 μL were loaded into 1% agarose gel. The gel was run in 1×TAE buffer (40 mM Tris, 20 mM 

acetic acid, 1 mM EDTA) at 0.6 V/cm. The gel was stained with ethidium bromide (10 μg/mL) 
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and visualized under ultraviolet illumination. Only peptides showing full retardation of plasmid 

DNA at 1:1000 DNA : LCAMP molar ratio were tested at a molar ratio of 1:500. 

3.8.2. Determination of DNA double-strand brakes (DSBs) by pulsed-field gel 
electrophoresis (PFGE). 

A bacterial culture of E. coli ATCC 25922  grown for in LB (as described above) (OD600 = 0.8) 

was pelleted at 1500 g for 5 min and diluted in 1xPBS to 1.5× 109 CFU/mL. The bacterial 

suspension was then mixed with 1.5% LMA at a ratio of 1:2 and approximately 80 μL of the 

solution was dispensed into each slot of a plastic plug mold (Bio-Rad) and left to solidify at RT. 

The blocks containing bacterial cells were then transferred into 2 mL tubes (one block per tube) 

containing 500 μL of solutions of peptides (100 μg/mL), levofloxacin (0.5 μg/mL), or ampicillin 

(50 μg/mL) in 1xPBS and incubated at 37 ℃ for 2 h (peptides and ampicillin) or 1 h 

(levofloxacin) in the presence or absence of 100 mM TU without agitation. Following the 

exposure to antimicrobial agents, the solutions were removed and the blocks were treated with 

proteinase K (1 mg/mL) in digestion buffer (100 mM EDTA, 50 mM Tris-HCl, 1% sodium lauryl 

sarcosine, pH 8) and incubated O/N at 50 ℃ without agitation. The blocks were then washed 4 

× 45 min in 1×TE (10 mM Tris-HCl, 10 mM EDTA, pH 8.0) and stored at 4 ℃ in TE buffer until 

PFGE. The plugs containing bacterial chromosomal DNA were loaded into wells of 1% agarose 

gel. Electrophoresis was run in 0.5×TBE buffer (45 mM TRIS, 45 mM boric acid, 1 mM EDTA, 

pH 8.3) at 300 V for 6 h at 12 ℃ with a pulse time of 25 s using Gene Navigator Pulsed Field 

Gel Electrophoresis System (Amersham Biosciences). The gel was stained with ethidium 

bromide and visualized under ultraviolet illumination. 
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Chapter 4 : Results. 
 

4.1. Biological Activity Studies. 

4.1.1. All de novo designed LCAMPs reveal antibacterial activity against E.coli ATCC 
25922. 

The MICs of 10 de novo designed LCAMPs, D-enantiomers of three of these LCAMPs (24L, 

L1L and ST1L), 6 commercially available antibiotics (ampicillin, kanamycin, levofloxacin, 

penicillin G, nalidixic acid, gentamicin) and Temporin-L (a natural AMP, sharing some 

similarities with our de novo peptides in terms of cationicity, the number of amino acids and 

linearity) [15,16], were determined. It has been reported that the antibacterial activity of several 

AMPs and peptidomimetics, was significantly affected by bacterial inoculum density [385]. In 

our studies, the antibacterial properties of de novo LCAMPs against E. coli ATCC 25922 were 

determined at two bacterial inoculum densities 5 × 105 CFU/mL (an inoculum density 

recommended by the Clinical and Laboratory Standards Institute (CLSI) for in vitro testing of 

antimicrobial agents) and 5 × 103 CFU/mL) in LB medium as described in Materials and 

Methods section. 

A 4-fold or greater change in the MIC of antimicrobials resulting from a 100-fold change in 

bacterial concentration was considered as an inoculum effect (IE) [386,387]. At lower cell 

densities compared to a standard inoculum density of 5 × 105 CFU/mL, only the MIC of peptide 

L1L decreased 8-fold, while most of the tested LCAMPs showed 2- to 4-fold decrease in their 

MIC values. In contrast, the MIC values of only one of the 6 tested antibiotics gentamicin  

changed in response to the changes in the bacterial concentration (see Table 7). Surprisingly, 

Temporin-L did not show antimicrobial activity at any tested concentrations at either inoculum 

density (Table 7.) 
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Table 7. Minimal inhibitory concentrations (MIC) of antimicrobials against E. coli ATCC 
25922 at two bacterial concentrations. 

4.1.2. Antibacterial activity of de novo LCAMPs does not dramatically depend on bacterial 
division state. 

Since there is plenty of data reporting that bacterial susceptibility toward antimicrobial agents 

might depend on the metabolic state of a bacterial culture [40,41], we decided to assess the MIC 

values of de novo designed LCAMPs against dividing and non-dividing cells of E. coli ATCC 

25922. Since it was observed that the MICs of LCAMPs did not significantly differ between 1 h 

and O/N incubation in LB medium (compare Tables 7 and 8), in this set of experiments, O/N 

culture of bacteria was pre-incubated with LCAMPs in 1xPBS or LB for 1 h at 37 ℃ and then 

recovered in fresh medium O/N. As shown in Table 8, at a standard inoculum density, MIC values 

against dividing and non-dividing cells were not significantly different for the majority of the 

tested LCAMPs. However, in 1×PBS, MIC values markedly decreased for LCAPL14 (>32-fold), 

and Temporin-L (being inactive in LB) exhibited antimicrobial activity at 12.5–25 μg/mL. The 

revival of the antimicrobial properties of Temporin-L and the lowered MIC for LCAPL14 in 

1xPBS might most probably be attributed to their antagonistic interactions with some 

components of the LB. Overall, the obtained results indicate that all the tested de novo LCAMPs 

retain their antibacterial activity regardless of the division state of the bacteria.  
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Table 8. Minimal inhibitory concentrations (MIC) of antimicrobials against dividing (LB) and 
non-dividing (PBS) cells of E. coli ATCC 25922. Bacterial cell density – 5 × 105 CFU/mL.  

4.1.3. Only D-enantiomers of de novo LCAMPs are stable against proteases. 

It’s widely known that proteolytic instability of AMPs often diminishes their antimicrobial 

properties. Therefore, the stability of de novo LCAMPs against proteases was evaluated. 

 De novo LCAMPs were exposed to Proteinase K and α-chymotrypsin (as described in the 

Methods section). As expected, D-variants of 24 L and L1L were not subjected to protease 

cleavage by any enzyme at any tested molar ratios (Table 9, Fig 32). 

At a peptide/enzyme molar ratio of 1000:1, 6 out of 11 LCAMPs were fully digested by both 𝛼-

chymotrypsin and Proteinase K. 24L was partially digested with both proteases at both (1000:1 

and 500:1 peptide:enzyme) molar ratios. LCAPL 4 was partially digested by proteinase K but 

fully digested with 𝛼-chymotrypsin, while LCAPL14 was partially digested by 𝛼-chymotrypsin 

and fully cleaved by proteinase K at a ratio of 500:1. Antibacterial properties of partially digested 

peptides were further tested by MIC assay, however none of them was able to inhibit bacterial 

growth of E.coli ATCC 25922 at any tested concentration (up to 100 μg/mL, data not shown). 
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Table 9. Proteolytic stability for the de novo designed peptides. 

D—Digested; NT—not tested (if a peptide digested by a protease in a lower concentration of 
the protease, the experiment for the higher concentration was not carried out); PD—Partially 
digested; ND—not digested. 

                      

 
Figure 32. A representative image of Coomassie-stained SDS-PAGE gel of proteolytic analysis 
of LCAMPs. 

  (-) LCAMP non treated  

  (+) LCAMP treated with either protease K or 𝛼-chymotrypsin. 

4.1.4. Toxicity of de novo LCAMPs. 

Toxicity of de novo LCAMPs was assessed by Hemolysis and MTT assays. Hemolytic activity 

of LCAMPs was evaluated by their ability to induce hemolysis of human erythrocytes. The 

cytotoxicity of LCAMPs on the viability of murine 1-6 Hepa cells was assessed by MTT assay. 

4.1.4.1. Several de novo LCAMPs reveal hemolytic activity against human erythrocytes. 
In this work, LCAMP was considered hemolytic if it produced more than 10% hemolysis at its 

MIC concentration (at a standard inoculum density).   

Among the tested de novo LCAMPs, L8, L9, L10, L14, and ST1L appeared hemolytic at their 

MIC concentrations (Table 10). Interestingly, L1D LCAMP appeared to be hemolytic at its 2x 
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MIC concentration, compared to its non-hemolytic L1L variant. At the same time, for 24D, the 

substitution of L-amino acids with D variants didn’t result in increased hemolytic activity. 

Overall, more than half tested de novo LCAMPs revealed low (less than 5%) or no hemolysis at 

their MIC concentrations against standard inoculum density and thus were considered as non-

hemolytic in this work. 

  

Table 10. Mean hemolytic activities of de novo LCAMPs represented as a percentage of total 
hemolysis of human erythrocytes caused by 0.1% Tritonx-100. The hemolytic concentrations 
corresponding to MICs are framed. Each experiment was repeated three times.  

4.1.4.2. The majority of de novo LCAMPs are not cytotoxic at their MIC concentrations.  
In this work, an LCAMP was considered non-cytotoxic if its MIC concentration did not 

compromise the viability of more than 80% of cells after treatment. 

As shown in Table 11, the only LCAMP showing cytotoxicity at its MIC concentration against 

murine 1-6 Hepa cells was L8. The rest of de novo were considered non-cytotoxic. 

 

 

Table 11.Cytotoxicity of de novo LCAMPs evaluated by MTT assay. 
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Mean percentage viabilities of Hepa 1-6 cells treated with LCAMPs compared to non-treated 
cells. Cytotoxic concentration corresponding to MIC is framed. Each experiment was repeated 
three times.  

4.1.4.3. Synergy between LCAMPs and conventional antibiotics depends on bacterial cell 
density. 
Since there is no data regarding the effect of IE on AMP-antibiotic synergy, it was decided to 

conduct synergy studies between 11 de novo LCAMPs and 3 conventional antibiotics (having 

different mechanisms of action) against E. coli ATCC 25922 at two bacterial inoculum densities 

using a Checkerboard assay. At a standard cell density, peptides 24L, L1L, and L1D showed 

synergistic effects with all the tested antibiotics (Fig. 33 and Table 13). The highest number of 

synergistic combinations were obtained for gentamicin, which, apart from 24L, L1L, and L1D, 

showed synergy with LCAPL2 and LCAPL10. In all synergistic combinations, the MICs of 

LCAMPs decreased 4 times, while the MIC values of some antibiotics decreased more 

significantly. For example, the MIC value of gentamicin in combination with L1D decreased 16-

fold. At a cell density of 5 × 103 CFU/mL, synergy was observed only in combination with 

ampicillin for two LCAMPs (LCAPL2 and ST1L) with the 8-fold decreased MICs of both 

antimicrobial agents. At both inoculum densities, peptide-antibiotic combinations with FICi 

values of 0.5 < FICI ≤0.625 were labeled as potentiation. 

The maximum decrease in peptide MIC (16-fold) was observed for LCAPL15 in combination 

with ampicillin at a standard inoculum density, while the rest of the LCAMPs showed a less 

significant decrease in their MIC values (2–8 fold). The changes in the MIC values of ampicillin 

were mostly in the same range as those of LCAMPs. However, levofloxacin and gentamicin 

showed a more prominent decrease in their MICs. For example, the MIC of levofloxacin 

decreased 32-fold in combinations with LCAPL2 and LCAPL10 at 5 × 103 CFU/mL and 5 × 105 

CFU/mL, respectively, while the maximum (64-fold) decrease of MIC was revealed for 

gentamicin in combinations with ST1D and ST1L at 5 × 103 CFU/mL and 5 × 105 CFU/mL, 

respectively. No antagonistic interactions were observed in any antibiotic-peptide combinations. 
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Figure 33. Synergistic interactions between peptides and antibiotics against E. coli ATCC 
25922 at two bacterial concentrations. Inner circle – 5 × 103 CFU/mL, outer circle – 5 × 105 
CFU/mL; Colors: blue– indifference; green – additivity; orange – potentiation; pink – synergy. 
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Table 12. Synergistic interactions between peptides and antibiotics against E. coli ATCC 25922 
at two bacterial concentrations. 

MIC A – MIC of peptide alone; MIC B – MIC of antibiotic alone; MIC AB – MIC of peptide 
in combination with antibiotic; MIC BA – MIC of antibiotic in combination with peptide; FICi 
– fractional inhibitory concentration index. 

 

4.2. Mechanism of action studies. 

Four non-hemolytic and non-cytotoxic de novo LCAMPs, three of which (L1L, 24L, and L1D) 

revealed synergy with all tested antibiotics, and 24D - the enantiomer of 24L (having the highest 

antimicrobial activity) were selected to further study their effects on bacterial cell.  
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4.2.1. Localization of de novo LCAMPs in live bacterial cells. 

Prior to the investigation of peptide localization in the bacterial cell, effective concentrations of 

the selected FITC-labeled LCAMPs were determined using the microcolony technique. Multiple 

microcolonies were observed for FITC-24L, FITC-24D, and FITC-L1L at concentrations lower 

than 25 μg/mL, while for FITC-L1D, the colonies appeared at concentrations lower than 12.5 

μg/mL. Thus, 25 μg/ mL or 12.5 μg/mL were considered as their MIC values in this system and 

were used for the evaluation of LCAMP localization patterns in live bacteria. The treatment of 

E. coli ATCC 25922 with FITC-labeled LCAMPs showed that the FITC signal was localized 

predominantly along the membrane surface of treated cells with slightly enhanced fluorescence 

at the bacterial poles and septal regions (Fig. 34 A). Similar results were obtained for E. coli K12 

DH5α (data not shown). A different distribution pattern of LCAMPs was observed for RFP-

expressing E. coli K12 DH5α (bearing inclusion bodies (IB)) (Fig. 34 B), where, as shown in 

Fig. 34C, FITC signal was predominantly localized in IBs. IBs are submicron proteinaceous 

aggregates (usually ranging from 50 to 800 nm), accumulated in cells as a result of stress or 

overexpression of recombinant proteins [388,389]. Under bright field microscope, IBs are 

visualized as dense dark areas in the cytoplasm at the poles and septal regions [390]. To define 

whether the accumulation of LCAMPs in IBs could be attributed to the presence of recombinant 

proteins or caused by the attraction and accumulation of LCAMPs by endogenously produced 

protein aggregates, we subjected E. coli K12 DH5α to heat shock at 47 ℃. As shown in Fig. 34 

D, heat shock promoted the generation of multiple aggregates inside the bacterial cells and the 

localization of FITC-labeled LCAMPs corresponded to the exact location of these aggregates. 
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Figure 34. Presence or absence of IBs results in the different distribution patterns of FITC-
labeled LCAMPs in E. coli cells. 

(A) Representative images of LMA-encapsulated E. coli ATCC 25922 cells treated with FITC-
labeled LCAMPs at their MIC concentrations (as described in Materials and Methods). (B) 
Bright field and fluorescent images of RFP-expressing E. coli K12 DH5α cells bearing IBs. (C) 
Representative images of LMA-encapsulated RFP- expressing E. coli K12 DH5α cells treated 
with FITC-labeled LCAMPs at their MIC concentrations. (D) Representative images of heat-
shocked E. coli DH5α cells treated with FITC-labeled peptide 24D. All images were captured 
with CCD camera of Olympus fluorescent microscope equipped with 100× oil-immersion 
objective lens. Scale bar – 2 μm. Arrows are pointing at IBs. 

 

4.2.2. De novo LCAMPs induce redistribution of anionic phospholipids in bacterial 
membrane. 

NAO is known to specifically bind to anionic phospholipids (preferentially cardiolipin) by an 

interaction between its quaternary amine and the phosphate residue of the phospholipids and by 

intercalation of its hydrophobic acridine moiety into the lipid bilayer [384,391]. Since higher cell 

densities were required for microscopy studies MICs for 24L/D and L1L/L1D against E.coli 

ATCC 25922 at 5x107 CFU/mL were defined (Fig. 35 A.). Also, before starting NAO staining 

experiments, the MIC of NAO against E. coli ATCC 25922 was determined. An antibacterial 

effect of NAO was detected at 3.125 μg/mL, thus a 13-fold lower concentration in subsequent 
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experiments was used. In our experiments, untreated bacterial cells had an NAO-staining pattern 

similar to what has been observed in E. coli ATCC 25922 cells treated with FITC-labeled 

LCAMPs. However, non-fluorescent LCAMPs and Temporin-L at their ½ MIC concentrations 

induced a significant redistribution of anionic phospholipids observed as discrete green 

fluorescent domains along the bacterial cell envelope (Fig. 35 B). Interestingly, when incubated 

with RPF-expressing E. coli cells, NAO was predominantly localized in IBs as it was observed 

for FITC-labeled LCAMPs (Fig. 35 C). Overall, the cells treated with LCAMPs were 

characterized by brighter staining due to better NAO uptake. These results led to the investigation 

of a potential synergy between NAO and LCAMPs. As shown in (Fig. 35 D), NAO indeed 

exhibited synergy when in combination with 24L, L1L, and L1D. Also, we noticed that all tested 

LCAMPs induced blebbing with intense NAO fluorescence at bleb origination sites (Fig. 35 E). 

Phospholipid redistribution noticed in NAO staining experiments could be attributed to the 

synergy between de novo LCAMPs and NAO, therefore it was decided to continue observations 

with a non-toxic lipophilic dye FM-4-64, which didn’t reveal synergy with any of the four tested 

LCAMPs (data not shown). This allowed us to quantify the percentage of cells showing lipid 

redistribution. The experiments have shown that all four LCAMPs at their ½ and ¼ MIC 

concentrations induced lipid perturbations visible as red, bright fluorescent foci on the bacterial 

membrane. The highest percentage of cells with lipid redistribution was observed for L1L and 

L1D (∼80%), while the lowest percentage (6%) was shown for 24D (Fig. 35 F). 
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Figure 35. LCAMPs induce the redistribution of negatively charged phospholipids in E. coli 
ATCC 25922 cells. 

 (A) MICs for 24L/D and L1L/D against 5x107 CFU/mL. (B) Representative images of E. coli 
ATCC 25922 cells treated with NAO alone (control) or in combination with LCAMPs at their ½ 
MICs. Arrows are pointing at NAO accumulation sites. (C) Representative images of NAO 
distribution in RFP-expressing E. coli K12 DH5α cells. (D) Synergy analysis against E. coli 
ATCC 25922 between LCAMPs and NAO was performed by checkerboard method. MIC A and 
MIC B are the individual MICs of LCAMPs and NAO, respectively, and MIC AB and MIC BA 
are the MICs of LCAMPs and NAO in combination, respectively. (E) Representative images of 
LCAMP-induced blebbing of E. coli ATCC 25922 cells stained with NAO. Arrows pointing at 
bleb origination sites. 
(F) Quantification and representative images of FM 4-64 stained E.coli ATCC 25922 cells 
showing phospholipid redistributions. *P value <0.05; ** P value < 0.01. ½ MIC (black) and ¼ 
MIC (grey) 
All images were captured with a CCD camera of an Olympus fluorescent microscope equipped 
with a 100× oil- immersion objective lens. Scale bar – 2 μm. 
 

4.2.3. De novo LCAMPs induce shape changes of E.coli ATCC 25922 cells.  

Together with phospholipid redistribution treatment with de novo LCAMPs resulted in 

morphological changes of bacterial cells. The shape and size of bacterial cells varied, depending 

on the LCAMP and their concentration (Fig. 36 A,B). The length of bacterial cells treated with 

24L at ½ MIC increased 1.58 times compared to control cells (Fig. 36 A). The same effect, less 

prominent but statistically significant, was observed for its D-enantiomer at ¼ MIC 
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concentration. Opposite to 24L, cells treated with L1L appeared circular at both concentrations, 

while L1D did not induce any significant changes in cell shape (Fig. 36 B). 

  

 

Figure 36. The effect of de novo LCAMPs on E.coli ATCC 25922 cell shape. 

½ MIC (black) and ¼ MIC (grey). (A). Length of bacterial cells treated with LCAMPs. (B). 
Circularity of bacterial cells treated with LCAMPs. * P value <0.05. 

 

4.2.4. De novo LCAMPs promotes blebbing and inner membrane perturbations in RFP – 
expressing E. coli cells. 

Since bacterial blebs detach from the cell surface in a time-dependent manner, bacterial cells 

were immobilized by encapsulating in LMA (as described in the Materials and Methods section). 

This approach allows newly formed vesicles to remain in the vicinity of the bacterial cells even 

after detachment. For these experiments, E. coli K12 DH5α with a cytoplasmic expression of 

RFP was used. Therefore, vesicles (if any) produced as a result of inner membrane disruption 

could be detected under a fluorescent microscope as the red fluorescence of cytoplasmic RFP 

leaked into vesicles. As shown in Fig. 37 A,B, all the tested LCAMPs (L1L, L1D, 24L and 24D) 

and Temporin-L induced blebs with strong red fluorescence. The maximum percentage of 

blebbed cells −53% was observed for L1D, while the minimum – 12%, was observed for 

Temporin-L. In untreated cells, the percentage of blebbed cells never exceeded 1%. Blebbing 

was accompanied with the overall decreased fluorescence intensity of E. coli cells pointing to 

the leakage of cytoplasmic content. In order to test whether ROS was involved in the generation 

of blebs, bacterial cells were treated with LCAMPs in the presence of TU, which is known to 

possess a radical scavenging activity [392]. As shown in Fig. 37 A, TU significantly reduced the 

percentage of blebbed cells for all the tested LCAMPs but not for Temporin-L. 
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Figure 37. LCAMPs promote ROS-dependent blebbing of RFP-expressing E. coli K12 DH5α 
cells, accompanied by the leakage of cytoplasmic content. 

(A) Percentage of blebbed cells after 10 min treatment with LCAMPs or Temporin-L in the 
absence (back) or presence (gray) of TU. The results are the means of at least 3 independent 
experiments. Error bars indicate the standard error of the mean. * (p < 0.05). (B) Representative 
image of blebbed RFP-expressing E. coli K12 DH5α cell. 

4.2.5. De novo LCAMP - 24D impairs bacterial cell division.  

Anti-FtsZ antibody was used to monitor the formation of the Z-ring, the structure indispensable 

for septum synthesis and post-divisional separation of newly formed bacteria. The cells treated 

with 24D at ½ MIC lacked an assembled FtsZ-ring and showed dispersed FtsZ signals inside the 

bacterial cell (Fig. 38 A,B). The rest of the LCAMPs didn’t induce any significant impairments 

in the Z-ring compared to control cells. 

 

Figure 38. The effect LCAMPs on FtsZ ring formation in E.coli ATCC 25922 cells. 

A. Percentage of cells showing intact Z-ring after treatment with LCAMPs at their ½ 
MICs. ** P value < 0.01. 

B. Representative image of normal and impaired Z-ring ( an arrow pointing Z-ring). 
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4.2.6. Interaction of peptides with the plasmid DNA. 

Since recent evidence suggests that LCAMPs have a multi-target mechanism of action [142] and 

can interact with multiple anionic targets, such as DNA [267,363,393,394], we examined the 

ability of de novo LCAMPs to interact with DNA by employing EMSA. As shown in Table 13 

and Fig. 39, peptides 24L, 24D, and L1L completely inhibited the migration of pUC18 plasmid 

DNA through the agarose gel at a molar ratio of 1:1000, while at a molar ratio of 1:500, these 

AMPs only partially retarded DNA migration. The majority of the rest of the LCAMPs partially 

retarded DNA migration through the gel at a molar ratio of 1:1000. 

 

Table 13. Electro-mobility shift assay (EMSA) results of LCAMPs at two different DNA: 
peptide molar ratios. 

 F – full retardation; P – partial retardation; N – no retardation. 

 

 
 

Figure 39. Representative image of EMSA gel for pUC 18 DNA incubated with LCAMPs at 
different molar ratios. 

4.2.7. LCAMPs induce DSB formation in E. coli genomic DNA. 

To study the ability of LCAMPs to induce DSBs in bacterial genomic DNA, we selected 

LCAMPs with different DNA-binding properties. 
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Live E. coli ATCC 25922 cells encapsulated in 1% LMA blocks were treated with peptides (24L, 

24D, L1L, L1D, ST1L, LCAPL2, and LCAPL8) or conventional antibiotics (levofloxacin and 

ampicillin) as described in the Materials and Methods section. As shown in Fig. 40 A, the pattern 

of background DNA damage in the cells treated with ampicillin did not differ from that of control 

samples, however, levofloxacin induced the generation of DNA fragments of approximately 50 

kbp. A similar but less intense DNA damage pattern was noticed for peptides 24L, L1D, and 

ST1L. For 24D, L1L, LCAPL2, and LCAPL8 ~50 kbp fragments were barely detected. To 

determine whether the generation of ROS was responsible for observed DSB formation, we 

compared DNA fragmentation patterns of LCAMP-treated samples in the presence or absence 

of TU. As depicted in Fig. 40 B, TU did not significantly affect the formation of DNA fragments. 

  

 Figure 40.LCAMPs induce ROS-independent DSBs in genomic DNA of E. coli ATCC 25922. 

(A) LMA-encapsulated cells were treated with LCAMPs (100 μg/mL), levofloxacin (0.5 
μg/mL), or ampicillin (50 μg/mL) (see Materials and Methods section). (B) LMA-encapsulated 
cells were treated with 24L and L1D, in the absence or presence of 100 mM TU. Lv- 
levofloxacin; Am - ampicillin; TU-thiourea; UC- untreated cells. DSB formation was 
monitored by PFGE. 
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Chapter 5 : Discussion. 
 

Antibiotic resistance represents one of the major threats to humanity. Among numerous strategies 

applied to tackle this problem, AMPs have the leading role due to their rapid and diverse 

mechanisms of action and low probability of resistance development. However, their broad 

clinical application is limited due to low stability, toxicity, and high manufacturing costs. With 

the development of QSAR computational models, it became possible to design novel AMPs with 

desired/improved biological properties in order to circumvent the above-listed 

problems. However, there is limited data regarding the mechanisms of action of in silico-

designed de novo AMPs.  Extensive in vitro testing is needed to explore and understand their 

mechanisms of action against target bacterial species. This, in turn, will contribute to the 

optimization of AMP predictive algorithms and force the development of effective AMPs.  

In this work, we studied the biological properties of in silico generated de novo LCAMPs 

predicted to be active against E.coli ATCC 25922 strain and to possess low hemolytic activity.  

At the initial stages of research antibacterial activity (alone or in combination with conventional 

antibiotics), toxicity, and stability to proteases were evaluated. De novo LCAMPs revealing the 

most promising therapeutic qualities such as antibacterial activity, low toxicity, and stability 

towards proteases) were further investigated for the mechanisms of action underlying their 

antibacterial properties. 

Antibacterial susceptibility experiments have shown that all 10 in silico generated de novo 

LCAMPs and D-enantiomers of 3 of them, are able to inhibit the growth E.coli ATCC 25922 

strain. Almost all tested de novo LCAMPs reveal their full antimicrobial potency after 1 hour of 

incubation with bacterial cells. This can be explained by the fact that at MIC concentrations, the 

mechanisms of action of de novo LCAMPs mostly involve the direct disruption of bacterial 

membrane integrity [142,395,396], while for commercial antibiotics it takes time to reach and 

interact with their targets. As expected, all D-enantiomers of the tested de novo LCAMPs have 

shown lower MICs compared to their L-variants, explained by the protease stability of D-

variants.  

In our experiments, almost all LCAMPs have shown similar efficacy to inhibit the growth of 

dividing and non-dividing E.coli ATCC 25922 cells. These results provide evidence that de novo, 

LCAMPs target cellular structures that are not significantly altered depending on the bacterial 

cell division state and/or are membrane-active compounds. Previously it was shown that 

conventional antibiotics are most effective when bacteria are actively dividing [397], while 

AMPs reveal similar activities against both dividing and non-dividing bacteria [398].  
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Interestingly, 24D was the only de novo LCAMP showing decreased antimicrobial activity 

against non-dividing bacteria. It was therefore proposed that 24D might be exerting its 

antimicrobial potential (at least partially) through targets available only in actively dividing cells. 

Together with having antibacterial potency de novo LCAMPs used in this study were also 

predicted to be non-toxic against human erythrocytes.  However, five (L8, L9, L10, L14, and ST-

1L) de novo LCAMPs out of 12 appeared to be hemolytic at their MICs (at a standard inoculum 

density). One possible reason behind the relatively high discrepancy between predicted and 

experimentally obtained results can be explained by the limited amount of data on hemolytic 

activity against human erythrocytes. The development of predictive models requires a large 

collection of data. Since the amount of data for antimicrobial activity of AMPs is prevailing over 

the amount of data regarding the hemolytic activity of AMPs, the antimicrobial activity of de 

novo LCAMPs predicted by APP was more accurate in comparison to hemolytic activity. 

Interestingly, most de novo LCAMPs (except L8) at their MICs appeared non-cytotoxic against 

mammalian cell culture. The discrepancies between hemolytic and cytotoxic activities might be 

explained by the difference in membrane compositions of erythrocytes and murine Hepa 1-6 

cells.  It is known that, compared to the tissue cells, the erythrocyte membrane is characterized 

by a higher content of negatively charged glycoproteins [399], which might result in better 

adhesion of positively charged LCAMPs.   

Synergy of AMPs with commercially available antibiotics represents a promising approach to 

lower AMPs' toxicity and reduce effective concentrations of antibiotics.  Although numerous 

papers have described the ability of AMPs to synergize with conventional antibiotics 

[277,400,401], to the best of our knowledge, there is no data describing the effect of bacterial 

inoculum density on the combinatorial activity of both types of these antimicrobials. In our 

experiments, bacterial inoculum density had little effect on the activity of de novo LCAMPs, 

however we observed a more prominent effect of bacterial cell density on the ability of LCAMPs 

to synergize with antibiotics. Most synergistic interactions in this study were observed at a 

standard inoculum density of 5x105 CFU/mL, while at low inoculum, synergy was only observed 

for ampicillin in combination with LCAPL2 or ST1L. The mechanisms underlying this 

phenomenon are yet to be uncovered. Overall, three de novo LCAMPs (24L, L1, and L1D) 

revealed synergy with ampicillin, gentamicin, and levofloxacin, suggesting that these LCAMPs 

might possess similar modes of action, most probably involving the distortion of the bacterial 

cell envelope, making it easier for antibiotics to reach their targets.  

This assumption is in line with our finding that, out of 22 peptide-antibiotic combinations that 

showed a potentiation effect, in about 82% of cases, the activity of the antibiotic was potentiated 
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by the peptide. Interestingly, all tested LCAMPs showed the ability to potentiate an antibiotic in 

at least one combination. Earlier the potentiating properties of antimicrobial peptides were 

reported for several peptide/ peptidomimetic-antibiotic combinations (e.g. a combination of 

daptomycin with ampicillin) [401,402]. It can be concluded that de novo peptides used in this 

work have the potential to enhance the activity of ampicillin, gentamicin, and levofloxacin 

against E. coli ATCC 25922 strain depending on particular favorable conditions, such as bacterial 

cell density.  

In order to investigate the mechanism of action of LCAMPs on the bacterial envelope, we 

selected 3 LCAMPs (24L, L1L, L1D), revealing synergy with commercial antibiotics and D-

enantiomer of 24L (showing low activity against non-dividing bacteria as discussed above).   

FITC-labeled variants of all selected de novo LCAMPs were used to study their localization in 

bacterial cells. All de novo LCAMPs were shown to preferentially localize along bacterial cell 

surface, however the presence of IBs substantially changes this localization pattern. Since IBs 

are localized in the proximity of the regions with altered membrane curvature [59,60], the uptake 

of LCAMPs might be easier at these specific sites, allowing IBs to absorb harmful substances 

(peptides, in this case) and lower their overall concentration for the rest of the cells thus 

promoting their survival. Indeed, recent reports suggest that protein aggregates help bacteria to 

cope with proteotoxic stresses and improve survival during antibiotic exposure [383,403]. 

Further research is needed to understand the mechanisms and outcomes of IB-

LCAMP interactions. Also, all the selected de novo LCAMPs were able to induce bacterial cell 

blebbing. The highest percentage of blebbed cells was observed for L1D-treated samples. It 

should be noted that bacterial blebbing is often the result of structural changes in a bacterial 

envelope and does not necessarily always lead to bacterial death but helps bacteria to cope with 

stressful conditions [251]. Bacterial cell blebbing was previously described for several natural 

antimicrobial peptides [251,260]. For example, synthetic cathelicidin BM 22 was reported to 

induce the generation of reactive oxygen species by disrupting the membrane-bound aerobic 

respiratory electron transport chain, leading to the accumulation of ROS and bleb formation. 

ROS scavenger TU reduced cellular ROS levels and overcame these bactericidal effects [260]. 

In our experiments, treatment with TU indeed resulted in a partially decreased percentage of 

blebbed cells indicating that mechanisms (other than ROS) might also be involved in the 

generation of blebbs. 

Although all four selected de novo LCAMPs have shown the same pattern of interaction with 

bacterial membranes, differences in their abilities to induce anionic phospholipid redistributions 

in bacterial envelope were observed. Among four de novo LCAMPs, the lowest percentage of 
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cells with phospholipid redistribution was observed for 24D (6%), indicating that these de novo 

LCAMP is less membrane active compared to 24L (~25%) L1L (~76%) and L1D (~80%).  

Apart from bacterial envelope destabilization, the selected de novo LCAMPs were shown to 

induce changes in bacterial cell shapes. Elongated phenotypes were observed for 24 L and 24D 

but not for L1L and L1D. 

Elongated phenotypes often indicating on the disruption of cell division were previously reported 

for several antimicrobials (including AMPs) [284], therefore it was decided to study the ability 

of de novo LCAMPs to impair this process. In our immunochemistry experiments we 

investigated the effect of de novo LCAMPs on the formation of Z-ring -a key structure for 

bacterial cytokinesis [284]. It was shown that 24 D was the only peptide impacting the formation 

of Z-ring in E.coli ATCC 25922 pointing to its alternative mechanisms of inhibiting bacterial cell 

growth compared to 24L, L1L and L1D. Several other observations confirm this suggestion. 

Firstly, 24 D has revealed the lowest MIC (3.125μg/mL) among all tested de novo LCAMPs. It 

is possible that such low concentration may not be enough to induce dramatic membrane 

disruption but rather be enough to allow the peptide pass through the bacterial membrane, 

inducing minimal perturbations and then interact with inner targets. Secondly, (in contrast to the 

rest tested de no LCAMPs) 24D showed reduced antimicrobial activity against non-dividing cells 

– indicating the absence of its target. Thirdly, 24D does not reveal synergy with commercial 

antibiotics, which is in agreement with the hypothesis that preferentially membrane-active AMPs 

are able to potentiate antibiotics by enhancing their uptake through bacterial membrane 

perturbations. Indeed, synergy was observed only for 24L, L1L, and L1D, showing more 

prominent membrane perturbations compared to 24D. Finally, in contrast to L1D, 24D didn’t 

show hemolytic activity, (at any tested concentrations) which is often directly linked to 

membrane perturbing properties of AMPs [404].  

Altogether, these observations suggest that 24D, is a less membrane-active peptide and most 

likely exerts its antimicrobial activity through the disruption of inner bacterial targets (such as 

Z-ring), while 24L, L1L and L1D being membrane-active, reveal antimicrobial activity through 

the direct distortions in bacterial membrane resulting in synergistic interactions with commercial 

antibiotics (Table 14).  

The reasons underlying changes in the mode of action of 24D compared to its L-variant require 

further investigations. However, it can be proposed that stability to proteases and stereochemistry 

are among the factors affecting the mechanism of action of this peptide. Previously, an 
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observation that AMPs containing D-amino acids may act on bacterial cells differently from their 

L-forms was reported [405,406].  

In the subsequent experiments, it was shown that 24L, 24D, L1L, and L1D form complexes with 

plasmid DNA however only 24L and L1D induce DSBs in bacterial chromosomal DNA, 

resulting in the generation of DNA fragments of a similar length as those produced by gyrase 

inhibitor levofloxacin [407]. However, the formation of ~50 kbp DNA fragments was not 

affected by the presence of TU and, also, it did not show any correlation with the ability of 

LCAMPs to form complexes with DNA. Our results propose that the DSBs are neither a result 

of a direct peptide-DNA interaction nor the consequence of ROS. Instead, the observed DSB 

formation may be due to either the direct inhibition of DNA replication machinery leading to the 

formation of DSBs or the impaired osmoregulatory capacity of E. coli cells, resulting in 

structural changes to the genome that hinder DNA replication [408]in a manner similar to the 

mechanism of action of the replication-targeting antibiotic levofloxacin [407].  

Overall, all four de novo LCAMPs, with their differences and similarities, undoubtedly show 

remarkable antibacterial properties that require further research in order to fully evaluate their 

antibacterial potential. 

 

 

Table 14. Summary of de novo LCAMP-induced effects on bacterial cell. 
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Chapter 6 : Conclusion. 
 

The present study aimed to investigate the biological properties of in silico generated de novo 

LCAMPs in the context of exploring potential alternatives to commercial antibiotics to fight 

antimicrobial resistance. 

All de novo LCAMPs used in this work are fast-acting antimicrobial agents with low 

cytotoxicity and moderate hemolytic activity. Their antimicrobial potency is not dramatically 

affected by a 100-fold change in bacterial cell densities or the ability of bacteria to divide. The 

latter represents a promising advantage of de novo LCAPMs over commercially available 

antibiotics, becoming less effective against slow-growing/dormant bacterial cells present 

during persistent infections.  

De novo LCAMPs are able to synergize with commercial antibiotics, thus showing a promising 

strategy to reduce effective concentrations of both antimicrobials. However, we have also 

shown that this ability is strongly affected by bacterial inoculum density. More studies are 

needed to shed light on this phenomenon. 

 The substitution of L-amino acids with D-variants not only leads to increased protease stability 

but might also impact the ability of de novo LCAMPs to synergize with antibiotics and also 

affect their mechanisms of action. This work represents a comprehensive analysis of the 

biological properties of de novo LCAMPs, however each aspect of their properties needs 

further detailed investigation.  

Altogether these findings will contribute to a better understanding of the unique properties of 

LCAMPs and help the research community in this field to optimize future investigations of 

antibacterial activity of LCAMPs alone or in combination with commercially available 

antibiotics and thus develop optimal strategies to combat antibiotic resistance. 

 

 

 

 

 



 

 94 

References 
 

[1] W. Wang, M.I. Arshad, M. Khurshid, M.H. Rasool, M.A. Nisar, M.A. Aslam, M.U. 
Qamar, Antibiotic resistance : a rundown of a global crisis, Infect Drug Resist 11 (2018) 
1645–1658. 

[2] I. Roca, M. Akova, F. Baquero, J. Carlet, M. Cavaleri, S. Coenen, J. Cohen, D. Findlay, 
I. Gyssens, O.E. Heure, G. Kahlmeter, H. Kruse, R. Laxminarayan, E. Liébana, L. 
López-Cerero, A. MacGowan, M. Martins, J. Rodríguez-Baño, J.M. Rolain, C. Segovia, 
B. Sigauque, E. Taconelli, E. Wellington, J. Vila, The global threat of antimicrobial 
resistance: Science for intervention, New Microbes New Infect 6 (2015) 22–29. 
https://doi.org/10.1016/j.nmni.2015.02.007. 

[3] R.L. Finley, P. Collignon, D.G.J. Larsson, S.A. Mcewen, X.Z. Li, W.H. Gaze, R. Reid-
Smith, M. Timinouni, D.W. Graham, E. Topp, The scourge of antibiotic resistance: The 
important role of the environment, Clinical Infectious Diseases 57 (2013) 704–710. 
https://doi.org/10.1093/cid/cit355. 

[4] K. Kaur Sodhi, C.K. Singh, Recent development in the sustainable remediation of 
antibiotics: A review, Total Environment Research Themes 3–4 (2022) 100008. 
https://doi.org/10.1016/j.totert.2022.100008. 

[5] D.G.J. Larsson, C.F. Flach, Antibiotic resistance in the environment, Nat Rev Microbiol 
20 (2022) 257–269. https://doi.org/10.1038/s41579-021-00649-x. 

[6] J.W. Wilson, Bacterial pathogens, Cancer Treat Res 161 (2015) 91–128. 
https://doi.org/10.1007/978-3-319-04220-6_3. 

[7] W. Xu, Z. Pan, Y. Wu, X.L. An, W. Wang, B. Adamovich, Y.G. Zhu, J.Q. Su, Q. Huang, 
A database on the abundance of environmental antibiotic resistance genes, Sci Data 11 
(2024) 1–9. https://doi.org/10.1038/s41597-024-03084-8. 

[8] R. Singh, A.P. Singh, S. Kumar, B.S. Giri, K.H. Kim, Antibiotic resistance in major 
rivers in the world: A systematic review on occurrence, emergence, and management 
strategies, J Clean Prod 234 (2019) 1484–1505. 
https://doi.org/10.1016/j.jclepro.2019.06.243. 

[9] Anmicrobial Resistance Collaborators, Global burden of bacterial antimicrobial 
resistance in 2019: a systematic analysis, The Lancet 399 (2022) 629–655. 
https://doi.org/10.1016/S0140-6736(21)02724-0. 

[10] CDC, Antimicrobial Resistance Threats in the United States, 2021-2022, (2022) 2021–
2022. https://www.cdc.gov/antimicrobial-resistance/data-research/threats/update-
2022.html. 

[11] WHO, WHO bacterial priority pathogens list, 2024, 2024. 
https://www.who.int/publications/i/item/9789240093461. 

[12] R. Bentley, J.W. Bennett, What is an antibiotic? Revisited, Adv Appl Microbiol 52 
(2003) 303–331. https://doi.org/10.1016/S0065-2164(03)01012-8. 



 

 95 

[13] G.A. Durand, D. Raoult, G. Dubourg, Antibiotic discovery: history, methods and 
perspectives, Int J Antimicrob Agents 53 (2019) 371–382. 
https://doi.org/10.1016/j.ijantimicag.2018.11.010. 

[14] L. Opekotina, U.D. Vremena, Burns Treatment in Ancient Times, Hist Med 65 (2013) 
263–267. 

[15] S.N.A. D, Tetracycline-Labeled Human Bone, 367 (1980) 94–95. 

[16] Fleming Alexander, ON THE ANTIBACTERIAL ACTION OF CULTURES OF A 
PENICILLIUM, WITH SPECIAL REFERENCE TO THEIR USE IN THE ISOLATION 
OF B. INFLUENZAE, Br J Exp Pathol 10 (1929) 226–236. 

[17] W.A. Selman, G.B. Walton, D.M. Reynolds, National Academy of Sciences, STRAIN 
SPECIFICITY ANVD PRODUCT1ON OF ANTIBIOTIC SUBSTANCES. VII. 
PRODUCTION OF ACTINOMYCIN BY DIFFERENT A CTINOMYCETES* 5 (1946) 
117–120. https://doi.org/10.1063/1.3066543. 

[18] W.SA. Jones D, Metzger HJ, Schatz A, CONTROL OF GRAM-NEGATIVE 
BACTERIA IN EXPERIMENTAL ANIMALS BY STREPTOMYCIN, Science (1979) 
100 (1944) 103–105. https://doi.org/10.1016/S0140-6736(58)90176-4. 

[19] S.A. Waksman, H.A. Lechevalier, Neomycin, a new antibiotic active against 
streptomycin-resistant bacteria, including tuberculosis organisms, Science (1979) 109 
(1949) 305–307. https://doi.org/10.1126/science.109.2830.305. 

[20] SELMAN A. WAKSMAN, ELIZABETH S. HORNING, ERNEST L. SPENCER, The 
Production of Two Antibacterial Substances, Fumigacin and Clavacin, Science (1979) 
96 (1942) 202–203. 

[21] M. Hutchings, A. Truman, B. Wilkinson, Antibiotics: past, present and future, Curr Opin 
Microbiol 51 (2019) 72–80. https://doi.org/10.1016/j.mib.2019.10.008. 

[22] N. Malanovic, K. Lohner, Gram-positive bacterial cell envelopes: The impact on the 
activity of antimicrobial peptides, Biochim Biophys Acta Biomembr 1858 (2016) 936–
946. https://doi.org/10.1016/j.bbamem.2015.11.004. 

[23] T.J. Silhavy, D. Kahne, S. Walker, The bacterial cell envelope., Cold Spring Harb 
Perspect Biol 2 (2010) 1–16. https://doi.org/10.1101/cshperspect.a000414. 

[24] D. Miklavčič, Handbook of Electroporation, Handbook of Electroporation 1–4 (2017) 
1–2998. https://doi.org/10.1007/978-3-319-32886-7. 

[25] W. Vollmer, D. Blanot, M.A. De Pedro, Peptidoglycan structure and architecture, FEMS 
Microbiol Rev 32 (2008) 149–167. https://doi.org/10.1111/j.1574-6976.2007.00094.x. 

[26] S. Garde, P.K. Chodisetti, M. Reddy, Peptidoglycan: Structure, Synthesis, and 
Regulation, EcoSal Plus 9 (2021). https://doi.org/10.1128/ecosalplus.esp-0010-2020. 

[27] S.I. Miller, N.R. Salama, The gram-negative bacterial periplasm: Size matters, PLoS 
Biol 16 (2018) 1–7. https://doi.org/10.1371/journal.pbio.2004935. 



 

 96 

[28] C.R.H. Raetz, C. Whitfield, Lipopolysaccharide endotoxins, Annu Rev Biochem 71 
(2002) 635–700. https://doi.org/10.1146/annurev.biochem.71.110601.135414. 

[29] H. Nikaido, Molecular Basis of Bacterial Outer Membrane Permeability Revisited, 
Microbiology and Molecular Biology Reviews 67 (2003) 593–656. 
https://doi.org/10.1128/mmbr.67.4.593-656.2003. 

[30] M. Mathelié-Guinlet, A.T. Asmar, J.F. Collet, Y.F. Dufrêne, Lipoprotein Lpp regulates 
the mechanical properties of the E. coli cell envelope, Nat Commun 11 (2020) 1–11. 
https://doi.org/10.1038/s41467-020-15489-1. 

[31] W. Vollmer, D. Blanot, M.A. De Pedro, Peptidoglycan structure and architecture, FEMS 
Microbiol Rev 32 (2008) 149–167. https://doi.org/10.1111/j.1574-6976.2007.00094.x. 

[32] R. Prats, M.A. De Pedro, Normal Growth and Division of Escherichia coli with a 
Reduced Amount of Murein, J Bacteriol 171 (1989) 3740–3745. 

[33] M. Kale, M.S. Shaikh, Drug discovery of newer analogs of anti-microbials through 
enzyme-inhibition: A review, Int J Pharm Pharm Sci 6 (2014) 27–35. 

[34] J.C. Stephani, L. Gerhards, B. Khairalla, I.A. Solov’yov, I. Brand, How do 
Antimicrobial Peptides Interact with the Outer Membrane of Gram-Negative Bacteria? 
Role of Lipopolysaccharides in Peptide Binding, Anchoring, and Penetration, ACS 
Infect Dis 10 (2024) 763–778. https://doi.org/10.1021/acsinfecdis.3c00673. 

[35] A.F. Alvarez, D. Georgellis, Bacterial Lipid Domains and Their Role in Cell Processes, 
Biogenesis of Fatty Acids, Lipids and Membranes (2019) 575–592. 
https://doi.org/10.1007/978-3-319-50430-8_39. 

[36] P.M. Oliver, J.A. Crooks, M. Leidl, E.J. Yoon, A. Saghatelian, D.B. Weibel, Localization 
of anionic phospholipids in Escherichia coli cells, J Bacteriol 196 (2014) 3386–3398. 
https://doi.org/10.1128/JB.01877-14. 

[37] K.E. McAuley, P.K. Fyfe, J.P. Ridge, N.W. Isaacs, R.J. Cogdell, M.R. Jones, Structural 
details of an interaction between cardiolipin and an integral membrane protein, Proc 
Natl Acad Sci U S A 96 (1999) 14706–14711. https://doi.org/10.1073/pnas.96.26.14706. 

[38] K. Huang, K. Ramamurthi, Macromolecules that prefer their membranes curvy, Mol 
Microbiol 76 (2010) 822–832. https://doi.org/10.1111/j.1365-
2958.2010.07168.x.Macromolecules. 

[39] I. Fishov, C.L. Woldringh, Visualization of membrane domains in Escherichia coli, Mol 
Microbiol 32 (1999) 1166–1172. https://doi.org/10.1046/j.1365-2958.1999.01425.x. 

[40] L.D. Renner, D.B. Weibel, Cardiolipin microdomains localize to negatively curved 
regions of Escherichia coli membranes, Proc Natl Acad Sci U S A 108 (2011) 6264–
6269. https://doi.org/10.1073/pnas.1015757108. 

[41] S. Subramani, H. Perdreau-Dahl, J.P. Morth, The magnesium transporter A is activated 
by cardiolipin and is highly sensitive to free magnesium in vitro, Elife 5 (2016) 1–17. 
https://doi.org/10.7554/elife.11407. 



 

 97 

[42] V.A.M. Gold, A. Robson, H. Bao, T. Romantsov, F. Duong, I. Collinson, The action of 
cardiolipin on the bacterial translocon, Proc Natl Acad Sci U S A 107 (2010) 10044–
10049. https://doi.org/10.1073/pnas.0914680107. 

[43] T.Y. Lin, D.B. Weibel, Organization and function of anionic phospholipids in bacteria, 
Appl Microbiol Biotechnol 100 (2016) 4255–4267. https://doi.org/10.1007/s00253-016-
7468-x. 

[44] L. Pasquina-Lemonche, J. Burns, R.D. Turner, S. Kumar, R. Tank, N. Mullin, J.S. 
Wilson, B. Chakrabarti, P.A. Bullough, S.J. Foster, J.K. Hobbs, The architecture of the 
Gram-positive bacterial cell wall, Nature 582 (2020) 294–297. 
https://doi.org/10.1038/s41586-020-2236-6. 

[45] S.R. Clarke, S.J. Foster, Surface Adhesins of Staphylococcus aureus, 2006. 
https://doi.org/10.1016/S0065-2911(06)51004-5. 

[46] L. Ambro, V. Pevala, J. Bauer, E. Kutejová, The influence of ATP-dependent proteases 
on a variety of nucleoid-associated processes, J Struct Biol 179 (2012) 181–192. 
https://doi.org/10.1016/j.jsb.2012.05.018. 

[47] S. Yang, S. Kim, D.K. Kim, H. Jeon An, J. Bae Son, A. Hedén Gynnå, N. Ki Lee, 
Transcription and translation contribute to gene locus relocation to the nucleoid 
periphery in E. coli, Nat Commun 10 (2019) 1–12. https://doi.org/10.1038/s41467-019-
13152-y. 

[48] J.C. Meile, R. Mercier, M. Stouf, C. Pages, J.Y. Bouet, F. Cornet, The terminal region of 
the E. coli chromosome localises at the periphery of the nucleoid, BMC Microbiol 11 
(2011) 28. https://doi.org/10.1186/1471-2180-11-28. 

[49] J.J. Champoux, DNA Topoisomerases : Structure, Function, and Mechanism Champoux, 
J. J. (2001). 369–413., Annu Rev Biochem 70 (2001) 369–413. 

[50] J. ichi Kato, Y. Nishimura, R. Imamura, H. Niki, S. Hiraga, H. Suzuki, New 
topoisomerase essential for chromosome segregation in E. coli, Cell 63 (1990) 393–404. 
https://doi.org/10.1016/0092-8674(90)90172-B. 

[51] J.C. Wang, DNA topoisomerases: Why so many?, Journal of Biological Chemistry 266 
(1991) 6659–6662. https://doi.org/10.1016/s0021-9258(20)89545-3. 

[52] M. Gellert, K. Mizuuchi, M.H. O’Dea, H.A. Nash, DNA gyrase: an enzyme that 
introduces superhelical turns into DNA, Proc Natl Acad Sci U S A 73 (1976) 3872–
3876. https://doi.org/10.1073/pnas.73.11.3872. 

[53] K. Terekhova, K.H. Gunn, J.F. Marko, A. Mondragón, Bacterial topoisomerase i and 
topoisomerase III relax supercoiled DNA via distinct pathways, Nucleic Acids Res 40 
(2012) 10432–10440. https://doi.org/10.1093/nar/gks780. 

[54] M.A. Schofield, R. Agbunag, M.L. Michaels, J.H. Miller, Cloning and sequencing of 
Escherichia coli mutR shows its identity to topB, encoding topoisomerase III, J 
Bacteriol 174 (1992) 5168–5170. https://doi.org/10.1128/jb.174.15.5168-5170.1992. 



 

 98 

[55] J.I. Kato, H. Suzuki, H. Ikeda, Purification and characterization of DNA topoisomerase 
IV in Escherichia coli, Journal of Biological Chemistry 267 (1992) 25676–25684. 
https://doi.org/10.1016/s0021-9258(18)35660-6. 

[56] M. Oram, R. Kuroda, L.M. Fisher, Escherichia coli DNA gyrase: Genetic analysis of gyr 
A and gyr B mutations responsible for thermosensitive enzyme activity, FEBS Lett 312 
(1992) 61–65. https://doi.org/10.1016/0014-5793(92)81410-N. 

[57] K.D. Corbett, A.J. Schoeffler, N.D. Thomsen, J.M. Berger, The structural basis for 
substrate specificity in DNA topoisomerase IV, J Mol Biol 351 (2005) 545–561. 
https://doi.org/10.1016/j.jmb.2005.06.029. 

[58] M.S. Luijsterburg, M.C. Noom, G.J.L. Wuite, R.T. Dame, The architectural role of 
nucleoid-associated proteins in the organization of bacterial chromatin: A molecular 
perspective, J Struct Biol 156 (2006) 262–272. https://doi.org/10.1016/j.jsb.2006.05.006. 

[59] M.W. Mangan, S. Lucchini, V. Danino, T.Ó. Cróinín, J.C.D. Hinton, C.J. Dorman, The 
integration host factor (IHF) integrates stationary-phase and virulence gene expression 
in Salmonella enterica serovar Typhimurium, Mol Microbiol 59 (2006) 1831–1847. 
https://doi.org/10.1111/j.1365-2958.2006.05062.x. 

[60] M.W. Mangan, S. Lucchini, T.Ó. Cróinín, S. Fitzgerald, J.C.D. Hinton, C.J. Dorman, 
Nucleoid-associated protein HU controls three regulons that coordinate virulence, 
response to stress and general physiology in Salmonella enterica serovar Typhimurium, 
Microbiology (N Y) 157 (2011) 1075–1087. https://doi.org/10.1099/mic.0.046359-0. 

[61] J. Oberto, S. Nabti, V. Jooste, H. Mignot, J. Rouviere-Yaniv, The HU regulon is 
composed of genes responding to anaerobiosis, acid stress, high osmolarity and SOS 
induction, PLoS One 4 (2009). https://doi.org/10.1371/journal.pone.0004367. 

[62] S.C. Dillon, C.J. Dorman, Bacterial nucleoid-associated proteins, nucleoid structure and 
gene expression, Nat Rev Microbiol 8 (2010) 185–195. 
https://doi.org/10.1038/nrmicro2261. 

[63] G. Wang, R.J. Maier, Bacterial histone-like proteins: roles in stress resistance, Curr 
Genet 61 (2015) 489–492. https://doi.org/10.1007/s00294-015-0478-x. 

[64] R. Colangeli, A. Haq, V.L. Arcus, E. Summers, R.S. Magliozzo, A. McBride, A.K. 
Mitra, M. Radjainia, A. Khajo, W.R. Jacobs, P. Salgame, D. Alland, The multifunctional 
histone-like protein Lsr2 protects mycobacteria against reactive oxygen intermediates, 
Proc Natl Acad Sci U S A 106 (2009) 4414–4418. 
https://doi.org/10.1073/pnas.0810126106. 

[65] A. Mukherjee, A.O. Sokunbi, A. Grove, DNA protection by histone-like protein HU 
from the hyperthermophilic eubacterium Thermotoga maritima, Nucleic Acids Res 36 
(2008) 3956–3968. https://doi.org/10.1093/nar/gkn348. 

[66] S. Borukhov, E. Nudler, RNA polymerase: the vehicle of transcription, Trends Microbiol 
16 (2008) 126–134. https://doi.org/10.1016/j.tim.2007.12.006. 



 

 99 

[67] H.J. Weber, Stoichiometric measurements of 30S and 50S ribosomal proteins from 
Escherichia coli, MGG Molecular & General Genetics 119 (1972) 233–248. 
https://doi.org/10.1007/BF00333861. 

[68] K. Byrgazov, O. Vesper, I. Moll, Ribosome heterogeneity: Another level of complexity 
in bacterial translation regulation, Curr Opin Microbiol 16 (2013) 133–139. 
https://doi.org/10.1016/j.mib.2013.01.009. 

[69] Q&A: Antibiotic resistance: where does it come from and what can we do about it?, 
(2010). http://www.biomedcentral.com/1741-7007/8/123. 

[70] A. Coates, Y. Hu, R. Bax, C. Page, The future challenges facing the development of new 
antimicrobial drugs, Nat Rev Drug Discov 1 (2002) 895–910. 
https://doi.org/10.1038/nrd940. 

[71] D. Kim, S. Kim, Y. Kwon, Y. Kim, H. Park, K. Kwak, H. Lee, J.H. Lee, K.M. Jang, D. 
Kim, S.H. Lee, L.W. Kang, Structural Insights for β-Lactam Antibiotics, Biomol Ther 
(Seoul) 31 (2023) 141–147. https://doi.org/10.4062/biomolther.2023.008. 

[72] A.H. Delcour, Outer Membrane Permeability and Antibiotic Resistance, Biochim 
Biophys Acta 1794 (2010) 808–816. 
https://doi.org/10.1016/j.bbapap.2008.11.005.Outer. 

[73] K. Kitano, A. Tomasz, Triggering of autolytic cell wall degradation in Escherichia coli 
by beta-lactam antibiotics, Antimicrob Agents Chemother 16 (1979) 838–848. 
https://doi.org/10.1128/AAC.16.6.838. 

[74] T.U. and T.G.B. Hongbaek Cho, Beta-lactam antibiotics induce a lethal malfunctioning 
of the bacterial cell wall synthesis machinery, Cell 159 (2014) 1300–1311. 
https://doi.org/10.1016/j.coph.2007.10.002.Taste. 

[75] F. TANGY, M. MOUKKADEM, E. VINDIMIAN, M. ‐L CAPMAU, F. LE GOFFIC, 
Mechanism of action of gentamicin components: Characteristics of their binding to 
Escherichia coli ribosomes, Eur J Biochem 147 (1985) 381–386. 
https://doi.org/10.1111/j.1432-1033.1985.tb08761.x. 

[76] S. Yoshizawa, D. Fourmy, J.D. Puglisi, Structural origins of gentamicin antibiotic action, 
EMBO Journal 17 (1998) 6437–6448. https://doi.org/10.1093/emboj/17.22.6437. 

[77] R. Karimi, M. Ehrenberg, Dissociation Rate of Cognate Peptidyl‐tRNA from the A‐Site 
of Hyper‐Accurate and Error‐Prone Ribosomes, Eur J Biochem 226 (1994) 355–360. 
https://doi.org/10.1111/j.1432-1033.1994.tb20059.x. 

[78] T. Mazzei, E. Mini, A. Novelli, P. Periti, Chemistry and mode of action of macrolides, 
Journal of Antimicrobial Chemotherapy 31 (1993) 1–9. 
https://doi.org/10.1093/jac/31.suppl_C.1. 

[79] M.A. Kohanski, D.J. Dwyer, J.J. Collins, How antibiotics kill bacteria: From targets to 
networks, Nat Rev Microbiol 8 (2010) 423–435. https://doi.org/10.1038/nrmicro2333. 

[80] J. Lin, D. Zhou, T.A. Steitz, Y.S. Polikanov, M.G. Gagnon, Ribosome-Targeting 
Antibiotics: Modes of Action, Mechanisms of Resistance, and Implications for Drug 



 

 100 

Design, Annu Rev Biochem 87 (2018) 451–478. https://doi.org/10.1146/annurev-
biochem-062917-011942. 

[81] T.D.M. Pham, Z.M. Ziora, M.A.T. Blaskovich, Quinolone antibiotics, Medchemcomm 
10 (2019) 1719–1739. https://doi.org/10.1039/c9md00120d. 

[82] S. Correia, P. Poeta, M. Hébraud, J.L. Capelo, G. Igrejas, Mechanisms of quinolone 
action and resistance: where do we stand?, J Med Microbiol 66 (2017) 551–559. 
https://doi.org/10.1099/jmm.0.000475. 

[83] J.M. Domagala, Structure-activity and structure-side-effect relationships for the 
quinolone antibacterials, Journal of Antimicrobial Chemotherapy 33 (1994) 685–706. 

[84] L.S. Redgrave, S.B. Sutton, M.A. Webber, L.J.V. Piddock, Fluoroquinolone resistance: 
Mechanisms, impact on bacteria, and role in evolutionary success, Trends Microbiol 22 
(2014) 438–445. https://doi.org/10.1016/j.tim.2014.04.007. 

[85] D.A. Veselkov, I. Laponogov, X.S. Pan, J. Selvarajah, G.B. Skamrova, A. Branstrom, J. 
Narasimhan, J.V.N.V. Prasad, L.M. Fisher, M.R. Sanderson, Structure of a quinolone-
stabilized cleavage complex of topoisomerase IV from Klebsiella pneumoniae and 
comparison with a related Streptococcus pneumoniae complex, Acta Crystallogr D 
Struct Biol 72 (2016) 488–496. https://doi.org/10.1107/S2059798316001212. 

[86] J. Lee, S. Borukhov, Bacterial RNA polymerase-DNA interaction-The driving force of 
gene expression and the target for drug action, Front Mol Biosci 3 (2016) 1–15. 
https://doi.org/10.3389/fmolb.2016.00073. 

[87] E. V. Keogh, R.J. Walsh, Effect of Rifamycin on Protein Synthesis, Nature Publishing 
Group 208 (1965) 239–241. 

[88] C. Ma, X. Yang, P.J. Lewis, Bacterial Transcription as a Target for Antibacterial Drug 
Development, Microbiology and Molecular Biology Reviews 80 (2016) 139–160. 
https://doi.org/10.1128/mmbr.00055-15. 

[89] S.C. Vedithi, S. Malhotra, M. Das, S. Daniel, N. Kishore, A. George, S. Arumugam, L. 
Rajan, M. Ebenezer, D.B. Ascher, E. Arnold, T.L. Blundell, Structural Implications of 
Mutations Conferring Rifampin Resistance in Mycobacterium leprae, Sci Rep 8 (2018) 
1–12. https://doi.org/10.1038/s41598-018-23423-1. 

[90] M. Rossi, A. Amaretti, S. Raimondi, Folate production by probiotic bacteria, Nutrients 3 
(2011) 118–134. https://doi.org/10.3390/nu3010118. 

[91] A. Bermingham, J.P. Derrick, The folic acid biosynthesis pathway in bacteria: 
Evaluation of potential for antibacterial drug discovery, BioEssays 24 (2002) 637–648. 
https://doi.org/10.1002/bies.10114. 

[92] J. Morgan, M. Smith, M.T. Mc Auley, J.E. Salcedo-Sora, Disrupting folate metabolism 
reduces the capacity of bacteria in exponential growth to develop persisters to 
antibiotics, Microbiology (United Kingdom) 164 (2018) 1432–1445. 
https://doi.org/10.1099/mic.0.000722. 



 

 101 

[93] C. Capasso, C.T. Supuran, Sulfa and trimethoprim-like drugs-antimetabolites acting as 
carbonic anhydrase, dihydropteroate synthase and dihydrofolate reductase inhibitors, J 
Enzyme Inhib Med Chem 29 (2014) 379–387. 
https://doi.org/10.3109/14756366.2013.787422. 

[94] V.M. Dcosta, C.E. King, L. Kalan, M. Morar, W.W.L. Sung, C. Schwarz, D. Froese, G. 
Zazula, F. Calmels, R. Debruyne, G.B. Golding, H.N. Poinar, G.D. Wright, Antibiotic 
resistance is ancient, Nature 477 (2011) 457–461. https://doi.org/10.1038/nature10388. 

[95] C. Warinner, J.F.M. Rodrigues, R. Vyas, C. Trachsel, N. Shved, J. Grossmann, A. Radini, 
Y. Hancock, R.Y. Tito, S. Fiddyment, C. Speller, J. Hendy, S. Charlton, H.U. Luder, D.C. 
Salazar-García, E. Eppler, R. Seiler, L.H. Hansen, J.A.S. Castruita, S. Barkow-
Oesterreicher, K.Y. Teoh, C.D. Kelstrup, J. V. Olsen, P. Nanni, T. Kawai, E. Willerslev, 
C. Von Mering, C.M. Lewis, M.J. Collins, M.T.P. Gilbert, F. Rühli, E. Cappellini, 
Pathogens and host immunity in the ancient human oral cavity, Nat Genet 46 (2014) 
336–344. https://doi.org/10.1038/ng.2906. 

[96] A.O. Olaitan, J.-M. Rolain, Ancient Resistome, Microbiol Spectr 4 (2016) 6–9. 
https://doi.org/10.1128/microbiolspec.poh-0008-2015. 

[97] C.G. Marshall, I.A.D. Lessard, I.S. Park, G.D. Wright, Glycopeptide antibiotic 
resistance genes in glycopeptide-producing organisms, Antimicrob Agents Chemother 
42 (1998) 2215–2220. https://doi.org/10.1128/aac.42.9.2215. 

[98] W. C Reygaert, An overview of the antimicrobial resistance mechanisms of bacteria, 
AIMS Microbiol 4 (2018) 482–501. https://doi.org/10.3934/microbiol.2018.3.482. 

[99] J. Blázquez, A. Couce, J. Rodríguez-Beltrán, A. Rodríguez-Rojas, Antimicrobials as 
promoters of genetic variation, Curr Opin Microbiol 15 (2012) 561–569. 
https://doi.org/10.1016/j.mib.2012.07.007. 

[100] Y. Liu, Z. Tong, J. Shi, R. Li, M. Upton, Z. Wang, Drug repurposing for next-generation 
combination therapies against multidrug-resistant bacteria, Theranostics 11 (2021) 
4910–4928. https://doi.org/10.7150/thno.56205. 

[101] R.E.W. Hancock, F.S.L. Brinkman, Function of Pseudomonas porins in uptake and 
efflux, Annu Rev Microbiol 56 (2002) 17–38. 
https://doi.org/10.1146/annurev.micro.56.012302.160310. 

[102] J. Vergalli, I. V. Bodrenko, M. Masi, L. Moynié, S. Acosta-Gutiérrez, J.H. Naismith, A. 
Davin-Regli, M. Ceccarelli, B. van den Berg, M. Winterhalter, J.M. Pagès, Porins and 
small-molecule translocation across the outer membrane of Gram-negative bacteria, Nat 
Rev Microbiol 18 (2020) 164–176. https://doi.org/10.1038/s41579-019-0294-2. 

[103] J.M. Pagès, C.E. James, M. Winterhalter, The porin and the permeating antibiotic: A 
selective diffusion barrier in Gram-negative bacteria, Nat Rev Microbiol 6 (2008) 893–
903. https://doi.org/10.1038/nrmicro1994. 

[104] R. Kabra, N. Chauhan, A. Kumar, P. Ingale, S. Singh, Efflux pumps and antimicrobial 
resistance: Paradoxical components in systems genomics, Prog Biophys Mol Biol 141 
(2019) 15–24. https://doi.org/10.1016/j.pbiomolbio.2018.07.008. 



 

 102 

[105] J.M. Munita, C.A. Arias, Mechanisms of antibiotic resistance, Virulence Mechanisms of 
Bacterial Pathogens 4 (2016) 481–511. https://doi.org/10.1128/9781555819286.ch17. 

[106] G. Spengler, A. Kincses, M. Gajdács, L. Amaral, New roads leading to old destinations: 
Efflux pumps as targets to reverse multidrug resistance in bacteria, Molecules 22 (2017). 
https://doi.org/10.3390/molecules22030468. 

[107] D. Du, X. Wang-Kan, A. Neuberger, H.W. van Veen, K.M. Pos, L.J.V. Piddock, B.F. 
Luisi, Multidrug efflux pumps: structure, function and regulation, Nat Rev Microbiol 16 
(2018) 523–539. https://doi.org/10.1038/s41579-018-0048-6. 

[108] L. McMurry, R.E. Petrucci, S.B. Levy, Active efflux of tetracycline encoded by four 
genetically different tetracyline resistance determinants in Escherichia coli, Proc Natl 
Acad Sci U S A 77 (1980) 3974–3977. https://doi.org/10.1073/pnas.77.7.3974. 

[109] K. Poole, Efflux-mediated antimicrobial resistance, 2005. 
https://doi.org/10.1093/jac/dki171. 

[110] E. Sauvage, F. Kerff, M. Terrak, J.A. Ayala, P. Charlier, The penicillin-binding proteins: 
Structure and role in peptidoglycan biosynthesis, FEMS Microbiol Rev 32 (2008) 234–
258. https://doi.org/10.1111/j.1574-6976.2008.00105.x. 

[111] H. Cho, T. Uehara, T.G. Bernhardt, Beta-lactam antibiotics induce a lethal 
malfunctioning of the bacterial cell wall synthesis machinery, Cell 159 (2014) 1300–
1311. https://doi.org/10.1016/j.cell.2014.11.017. 

[112] A. Beceiro, M. Tomás, G. Bou, Antimicrobial resistance and virulence: A successful or 
deleterious association in the bacterial world?, Clin Microbiol Rev 26 (2013) 185–230. 
https://doi.org/10.1128/CMR.00059-12. 

[113] N.G. Bush, I. Diez-Santos, L.R. Abbott, A. Maxwell, Quinolones: Mechanism, lethality 
and their contributions to antibiotic resistance, Molecules 25 (2020). 
https://doi.org/10.3390/molecules25235662. 

[114] A. Matagne, A.M. Misselyn-Bauduin, B. Joris, T. Erpicum, B. Granier, J.M. Frere, The 
diversity of the catalytic properties of class A β-lactamases, Biochemical Journal 265 
(1990) 131–146. https://doi.org/10.1042/bj2650131. 

[115] C.L. Tooke, P. Hinchliffe, E.C. Bragginton, C.K. Colenso, V.H.A. Hirvonen, Y. 
Takebayashi, J. Spencer, β-Lactamases and β-Lactamase Inhibitors in the 21st Century, J 
Mol Biol 431 (2019) 3472–3500. https://doi.org/10.1016/j.jmb.2019.04.002. 

[116] E.P. Abraham, E. Chain, An Enzyme from Bacteria able to Destroy Penicillin, Nature 
146 (1940) 837. 

[117] E.M. Halawa, M. Fadel, M.W. Al-Rabia, A. Behairy, N.A. Nouh, M. Abdo, R. Olga, L. 
Fericean, A.M. Atwa, M. El-Nablaway, A. Abdeen, Antibiotic action and resistance: 
updated review of mechanisms, spread, influencing factors, and alternative approaches 
for combating resistance, Front Pharmacol 14 (2023) 1–17. 
https://doi.org/10.3389/fphar.2023.1305294. 



 

 103 

[118] B. Llano-Sotelo, E.F. Azucena, L.P. Kotra, S. Mobashery, C.S. Chow, Aminoglycosides 
modified by resistance enzymes display diminished binding to the bacterial ribosomal 
aminoacyl-tRNA site, Chem Biol 9 (2002) 455–463. https://doi.org/10.1016/S1074-
5521(02)00125-4. 

[119] J. Yeo, L. Zhou, Y. Ratnasabapathy, Aminoglycoside Modifying Enzymes, Drug Resist 
Updat. 13 (2010) 151–171. https://doi.org/10.1016/j.drup.2010.08.003.Aminoglycoside. 

[120] A. Robicsek, J. Strahilevitz, G.A. Jacoby, M. Macielag, D. Abbanat, H.P. Chi, K. Bush, 
D.C. Hooper, Fluoroquinolone-modifying enzyme: A new adaptation of a common 
aminoglycoside acetyltransferase, Nat Med 12 (2006) 83–88. 
https://doi.org/10.1038/nm1347. 

[121] J. Klumpp, M. Dunne, M.J. Loessner, A perfect fit: Bacteriophage receptor-binding 
proteins for diagnostic and therapeutic applications, Curr Opin Microbiol 71 (2023) 
102240. https://doi.org/10.1016/j.mib.2022.102240. 

[122] J.R. Clark, J.B. March, Bacteriophages and biotechnology: vaccines, gene therapy and 
antibacterials, Trends Biotechnol 24 (2006) 212–218. 
https://doi.org/10.1016/j.tibtech.2006.03.003. 

[123] B. Koskella, S. Meaden, Understanding bacteriophage specificity in natural microbial 
communities, Viruses 5 (2013) 806–823. https://doi.org/10.3390/v5030806. 

[124] M. Kutateladze, R. Adamia, Phage therapy experience at the Eliava Institute, Med Mal 
Infect 38 (2008) 426–430. https://doi.org/10.1016/j.medmal.2008.06.023. 

[125] D.M. Lin, B. Koskella, H.C. Lin, Phage therapy: An alternative to antibiotics in the age 
of multi-drug resistance, World J Gastrointest Pharmacol Ther 8 (2017) 162. 
https://doi.org/10.4292/wjgpt.v8.i3.162. 

[126] D.C. Nelson, M. Schmelcher, L. Rodriguez-Rubio, J. Klumpp, D.G. Pritchard, S. Dong, 
D.M. Donovan, Endolysins as Antimicrobials, Adv Virus Res 83 (2012) 299–365. 
https://doi.org/10.1016/B978-0-12-394438-2.00007-4. 

[127] H. Oliveira, D.V. Boas, S. Mesnage, L.D. Kluskens, R. Lavigne, S. Sillankorva, F. 
Secundo, J. Azeredo, Structural and enzymatic characterization of ABgp46, a novel 
phage endolysin with broad anti-gram-negative bacterial activity, Front Microbiol 7 
(2016) 1–9. https://doi.org/10.3389/fmicb.2016.00208. 

[128] S.T. Abedon, S.J. Kuhl, B.G. Blasdel, E.M. Kutter, Phage treatment of human infections, 
Bacteriophage 1 (2011) 66–85. https://doi.org/10.4161/bact.1.2.15845. 

[129] C. Ghosh, P. Sarkar, R. Issa, J. Haldar, Alternatives to Conventional Antibiotics in the 
Era of Antimicrobial Resistance, Trends Microbiol 27 (2019) 323–338. 
https://doi.org/10.1016/j.tim.2018.12.010. 

[130] A. Parisien, B. Allain, J. Zhang, R. Mandeville, C.Q. Lan, Novel alternatives to 
antibiotics: Bacteriophages, bacterial cell wall hydrolases, and antimicrobial peptides, J 
Appl Microbiol 104 (2008) 1–13. https://doi.org/10.1111/j.1365-2672.2007.03498.x. 



 

 104 

[131] J. Ramirez, F. Guarner, L. Bustos Fernandez, A. Maruy, V.L. Sdepanian, H. Cohen, 
Antibiotics as Major Disruptors of Gut Microbiota, Front Cell Infect Microbiol 10 
(2020) 1–10. https://doi.org/10.3389/fcimb.2020.572912. 

[132] B.B. Lewis, E.G. Pamer, Microbiota-Based Therapies for Clostridium difficile and 
Antibiotic-Resistant Enteric Infections, Annu Rev Microbiol 71 (2017) 157–178. 
https://doi.org/10.1146/annurev-micro-090816-093549. 

[133] J.M.T. Hamilton-Miller, The role of probiotics in the treatment and prevention of 
Helicobacter pylori infection, Int J Antimicrob Agents 22 (2003) 360–366. 
https://doi.org/10.1016/S0924-8579(03)00153-5. 

[134] C. Saylor, E. Dadachova, A. Casadevall, Monoclonal antibody-based therapies for 
microbial diseases, Vaccine 27 (2009) 38–46. 
https://doi.org/10.1016/j.vaccine.2009.09.105. 

[135] C. Bebbington, G. Yarranton, Antibodies for the treatment of bacterial infections: current 
experience and future prospects, Curr Opin Biotechnol 19 (2008) 613–619. 
https://doi.org/10.1016/j.copbio.2008.10.002. 

[136] M. Asadi, M. Taheri-Anganeh, M. Ranjbar, S.H. Khatami, A. Maleksabet, Z. Mostafavi-
Pour, Y. Ghasemi, A. Keshavarzi, A. Savardashtaki, LYZ2-SH3b as a novel and efficient 
enzybiotic against methicillin-resistant Staphylococcus aureus, BMC Microbiol 23 
(2023) 1–9. https://doi.org/10.1186/s12866-023-03002-9. 

[137] H.J. Rogers, H.R. Perkins, J.B. Ward, The bacterial autolysins, Microbial Cell Walls and 
Membranes (1980) 437–460. 

[138] C. Lee, H. Kim, S. Ryu, Bacteriophage and endolysin engineering for biocontrol of food 
pathogens/pathogens in the food: recent advances and future trends, Crit Rev Food Sci 
Nutr 63 (2023) 8919–8938. https://doi.org/10.1080/10408398.2022.2059442. 

[139] M.A. Hossain, CRISPR-Cas9: A fascinating journey from bacterial immune system to 
human gene editing, 1st ed., Elsevier Inc., 2021. 
https://doi.org/10.1016/bs.pmbts.2021.01.001. 

[140] M.S. Rafiq, M.A.B. Shabbir, A. Raza, S. Irshad, A. Asghar, M.K. Maan, M.A. Gondal, 
H. Hao, CRISPR-Cas System: A New Dawn to Combat Antibiotic Resistance, BioDrugs 
38 (2024) 387–404. https://doi.org/10.1007/s40259-024-00656-3. 

[141] D. Bikard, C.W. Euler, W. Jiang, P.M. Nussenzweig, G.W. Goldberg, X. Duportet, V.A. 
Fischetti, L.A. Marraffini, Exploiting CRISPR-cas nucleases to produce sequence-
specific antimicrobials, Nat Biotechnol 32 (2014) 1146–1150. 
https://doi.org/10.1038/nbt.3043. 

[142] J. Talapko, T. Meštrović, M. Juzbašić, M. Tomas, S. Erić, L. Horvat Aleksijević, S. 
Bekić, D. Schwarz, S. Matić, M. Neuberg, I. Škrlec, Antimicrobial Peptides—
Mechanisms of Action, Antimicrobial Effects and Clinical Applications, Antibiotics 11 
(2022) 1–17. https://doi.org/10.3390/antibiotics11101417. 



 

 105 

[143] M.E. Falagas, M. Kyriakidou, G.L. Voulgaris, F. Vokos, S. Politi, K.S. Kechagias, 
Clinical use of intravenous polymyxin B for the treatment of patients with multidrug-
resistant Gram-negative bacterial infections: An evaluation of the current evidence, J 
Glob Antimicrob Resist 24 (2021) 342–359. https://doi.org/10.1016/j.jgar.2020.12.026. 

[144] C.H. Chen, T.K. Lu, Development and challenges of antimicrobial peptides for 
therapeutic applications, Antibiotics 9 (2020) 1–20. 
https://doi.org/10.3390/antibiotics9010024. 

[145] Y.J. Gordon, E.G. Romanowski, A.M. McDermott, Mini review: A review of 
antimicrobial peptides and their therapeutic potential as anti-infective drugs, Curr Eye 
Res 30 (2005) 505–515. https://doi.org/10.1080/02713680590968637. 

[146] M. Pelay-Gimeno, A. Glas, O. Koch, T.N. Grossmann, Structure-Based Design of 
Inhibitors of Protein-Protein Interactions: Mimicking Peptide Binding Epitopes, 
Angewandte Chemie - International Edition 54 (2015) 8896–8927. 
https://doi.org/10.1002/anie.201412070. 

[147] A. Fleming, On a Remarkable Bacteriolytic Element found in Tissues and Secretions, 
Proc. R. Soc. Lond. - Ser. B Contain. Pap. a Biol. Character 93 (1922) 306–317. 

[148] N. Chen, C. Jiang, European Journal of Medicinal Chemistry Antimicrobial peptides : 
Structure , mechanism , and modification, 255 (2023) 115377. 

[149] R.J. Dubos, Studies on a bactericidal agent extracted from a soil bacillus: II. Protective 
effect of the bactericidal agent against experimental pieuococcus infections in mice, 
Journal of Experimental Medicine 70 (1939) 11–18. https://doi.org/10.1084/jem.70.1.11. 

[150] Y. Takada, H. Itoh, A. Paudel, S. Panthee, H. Hamamoto, K. Sekimizu, M. Inoue, 
Discovery of gramicidin A analogues with altered activities by multidimensional 
screening of a one-bead-one-compound library, Nat Commun 11 (2020) 1–10. 
https://doi.org/10.1038/s41467-020-18711-2. 

[151] T. Nakatsuji, R.L. Gallo, Antimicrobial peptides: Old molecules with new ideas, Journal 
of Investigative Dermatology 132 (2012) 887–895. https://doi.org/10.1038/jid.2011.387. 

[152] B.Y.J.G. Hirsch, PHAGOCYTIN: A BACTERICIDAL SUBSTANCE FROM 
POLYMORPHONUCLEAR LEUCOCYTES, J. Exp. Med 103 (1956) 589–611. 

[153] M. Simmaco, G. Kreil, D. Barra, Bombinins, antimicrobial peptides from Bombina 
species, Biochim Biophys Acta Biomembr 1788 (2009) 1551–1555. 
https://doi.org/10.1016/j.bbamem.2009.01.004. 

[154] E. V. Keogh, R.J. Walsh, Polymorphism in the Red Protein Isolated from Milk of 
Individual Cows, Nature 208 (1965) 239–241. 

[155] H.I. Zeya John K Spitznagel, R.C. Skarnes, D.W. Watson, H.C. McAllister, Antibacterial 
and Enzymic Basic Proteins from Leukocyte Lysosomes: Separation and Identification, 
J. K. Spitznagel, J. Exptl. Med 142 (1963) 1085–1087. 



 

 106 

[156] D. Brady, A. Grapputo, O. Romoli, F. Sandrelli, Insect cecropins, antimicrobial peptides 
with potential therapeutic applications, Int J Mol Sci 20 (2019). 
https://doi.org/10.3390/ijms20235862. 

[157] M. Zanetti, R. Gennaro, D. Romeo, Cathelicidins: a novel protein family with a common 
proregion and a variable C-terminal antimicrobial domain, FEBS Lett 374 (1995) 1–5. 
https://doi.org/10.1016/0014-5793(95)01050-O. 

[158] I. Zelezetsky, A. Pontillo, L. Puzzi, N. Antcheva, L. Segat, S. Pacor, S. Crovella, A. 
Tossi, Evolution of the primate cathelicidin: Correlation between structural variations 
and antimicrobial activity, Journal of Biological Chemistry 281 (2006) 19861–19871. 
https://doi.org/10.1074/jbc.M511108200. 

[159] E.M. Kościuczuk, P. Lisowski, J. Jarczak, N. Strzałkowska, A. Jóźwik, J. Horbańczuk, J. 
Krzyżewski, L. Zwierzchowski, E. Bagnicka, Cathelicidins: family of antimicrobial 
peptides. A review., Mol Biol Rep 39 (2012) 10957–10970. 
https://doi.org/10.1007/s11033-012-1997-x. 

[160] H. Moravej, Z. Moravej, M. Yazdanparast, M. Heiat, A. Mirhosseini, M. Moosazadeh 
Moghaddam, R. Mirnejad, Antimicrobial Peptides: Features, Action, and Their 
Resistance Mechanisms in Bacteria, Microbial Drug Resistance 24 (2018) 747–767. 
https://doi.org/10.1089/mdr.2017.0392. 

[161] M. Pirtskhalava, A.A. Amstrong, M. Grigolava, M. Chubinidze, E. Alimbarashvili, B. 
Vishnepolsky, A. Gabrielian, A. Rosenthal, D.E. Hurt, M. Tartakovsky, DBAASP v3: 
Database of antimicrobial/cytotoxic activity and structure of peptides as a resource for 
development of new therapeutics, Nucleic Acids Res 49 (2021) D288–D297. 
https://doi.org/10.1093/nar/gkaa991. 

[162] M. Schmelcher, D.M. Donovan, M.J. Loessner, Bacteriophage endolysins as novel 
antimicrobials, Future Microbiol 7 (2012) 1147–1171. 
https://doi.org/10.2217/fmb.12.97. 

[163] L. Rodríguez-Rubio, B. Martínez, D.M. Donovan, A. Rodríguez, P. García, 
Bacteriophage virion-associated peptidoglycan hydrolases: Potential new enzybiotics, 
Crit Rev Microbiol 39 (2013) 427–434. https://doi.org/10.3109/1040841X.2012.723675. 

[164] J. Yan, J. Mao, J. Xie, Bacteriophage polysaccharide depolymerases and biomedical 
applications, BioDrugs 28 (2014) 265–274. https://doi.org/10.1007/s40259-013-0081-y. 

[165] L. Rodríguez-Rubio, N. Quiles-Puchalt, B. Martínez, A. Rodríguez, J.R. Penadés, P. 
García, The peptidoglycan hydrolase of staphylococcus aureus bacteriophage Ψ11 plays 
a structural role in the viral particle, Appl Environ Microbiol 79 (2013) 6187–6190. 
https://doi.org/10.1128/AEM.01388-13. 

[166] Y. Yang, S. Le, W. Shen, Q. Chen, Y. Huang, S. Lu, Y. Tan, M. Li, F. Hu, Y. Li, 
Antibacterial activity of a lytic enzyme encoded by Pseudomonas aeruginosa double 
stranded RNA Bacteriophage phiYY, Front Microbiol 9 (2018) 1–7. 
https://doi.org/10.3389/fmicb.2018.01778. 



 

 107 

[167] Y. Huan, Q. Kong, H. Mou, H. Yi, Antimicrobial Peptides: Classification, Design, 
Application and Research Progress in Multiple Fields, Front Microbiol 11 (2020) 1–21. 
https://doi.org/10.3389/fmicb.2020.582779. 

[168] A. Bin Hafeez, X. Jiang, P.J. Bergen, Y. Zhu, Antimicrobial peptides: An update on 
classifications and databases, Int J Mol Sci 22 (2021) 1–52. 
https://doi.org/10.3390/ijms222111691. 

[169] T.G. Villa, M. Viñas, Antimicrobial Peptides Produced by Bacteria: The Bacteriocins, 
New Weapons to Control Bacterial Growth (2016) 1–556. https://doi.org/10.1007/978-3-
319-28368-5. 

[170] S.J. Bann, R.D. Ballantine, S.A. Cochrane, The tridecaptins: non-ribosomal peptides that 
selectively target Gram-negative bacteria, RSC Med Chem 12 (2021) 538–551. 
https://doi.org/10.1039/d0md00413h. 

[171] D. Scholl, Phage Tail – Like Bacteriocins, Annual Review OfVirology Phage 4 (2017) 
453–467. 

[172] H.E. Hasper, N.E. Kramer, J.L. Smith, J.D. Hillman, C. Zachariah, O.P. Kuipers, B. De 
Kruijff, E. Breukink, An alternative bactericidal mechanism of action for lantibiotic 
peptides that target lipid II, Science (1979) 313 (2006) 1636–1637. 
https://doi.org/10.1126/science.1129818. 

[173] R.R. Bonelli, T. Schneider, H.G. Sahl, I. Wiedemann, Insights into in vivo activities of 
lantibiotics from gallidermin and epidermin mode-of-action studies, Antimicrob Agents 
Chemother 50 (2006) 1449–1457. https://doi.org/10.1128/AAC.50.4.1449-1457.2006. 

[174] A. Simons, K. Alhanout, R.E. Duval, Bacteriocins, antimicrobial peptides from bacterial 
origin: Overview of their biology and their impact against multidrug-resistant bacteria, 
Microorganisms 8 (2020) 1–31. https://doi.org/10.3390/microorganisms8050639. 

[175] J. Šmarda, J. Šmarda, Z. Vrbická, Colicins E7 and E8 degrade DNA in sensitive 
bacteria, Folia Microbiol (Praha) 35 (1990) 348–352. 
https://doi.org/10.1007/BF02821286. 

[176] E. Cascales, S.K. Buchanan, D. Duché, C. Kleanthous, R. Lloubès, K. Postle, M. Riley, 
S. Slatin, D. Cavard, Colicin Biology, Microbiology and Molecular Biology Reviews 71 
(2007) 158–229. https://doi.org/10.1128/mmbr.00036-06. 

[177] T. Zendo, Screening and characterization of novel bacteriocins from lactic acid bacteria, 
Biosci Biotechnol Biochem 77 (2013) 893–899. https://doi.org/10.1271/bbb.130014. 

[178] R. Cebrián, M.E. Rodríguez-Cabezas, R. Martín-Escolano, S. Rubiño, M. Garrido-
Barros, M. Montalbán-López, M.J. Rosales, M. Sánchez-Moreno, E. Valdivia, M. 
Martínez-Bueno, C. Marín, J. Gálvez, M. Maqueda, Preclinical studies of toxicity and 
safety of the AS-48 bacteriocin, J Adv Res 20 (2019) 129–139. 
https://doi.org/10.1016/j.jare.2019.06.003. 



 

 108 

[179] R.L. Price, L. Bugeon, S. Mostowy, C. Makendi, B.W. Wren, H.D. Williams, S.J. 
Willcocks, In vitro and in vivo properties of the bovine antimicrobial peptide, 
Bactenecin 5, PLoS One 14 (2019). https://doi.org/10.1371/journal.pone.0210508. 

[180] H. Duclohier, Antimicrobial Peptides and Peptaibols, Substitutes for Conventional 
Antibiotics, Curr Pharm Des 16 (2010) 3212–3223. 
https://doi.org/10.2174/138161210793292500. 

[181] C.E. Meyer, F. Reusser, A polypeptide antibacterial agent isolated from Trichoderma 
viride, Experientia 23 (1967) 85–86. https://doi.org/10.1007/BF02135929. 

[182] B. Leitgeb, A. Szekeres, L. Manczinger, C. Vágvölgyi, L. Kredics, The history of 
Alamethicin: A review of the most extensively studied peptaibol, Chem Biodivers 4 
(2007) 1027–1051. https://doi.org/10.1002/cbdv.200790095. 

[183] J.K. Chugh, B.A. Wallace, Peptaibols: Models for ion channels, Biochem Soc Trans 29 
(2001) 565–570. https://doi.org/10.1042/BST0290565. 

[184] R. Loewith, M.N. Hall, D.M. Sabatini, M.N. Hall, M. Colombi, C. Moroni, M.N. Hall, 
K.L. Guan, D. Stracka, W. Oppliger, M.N. Hall, V. Zinzalla, M.N. Hall, J.M. Buchanan, 
Y. Li, T. Zhu, J. Wu, K.L. Guan, D.G. Campbell, D.G. Hardie, R.E. Kelly, D.R. Evans, 
N.J. Hoogenraad, Plectasin, a fungal defensin, targets the bacterial cell wall precursor 
Lipid II., Science (1979) (2013). 

[185] R. Nawrot, J. Barylski, G. Nowicki, J. Broniarczyk, W. Buchwald, A. Goździcka-
Józefiak, Plant antimicrobial peptides, Folia Microbiol (Praha) 59 (2014) 181–196. 
https://doi.org/10.1007/s12223-013-0280-4. 

[186] I. Dini, M.G. De Biasi, A. Mancusi, An Overview of the Potentialities of Antimicrobial 
Peptides Derived from Natural Sources, Antibiotics 11 (2022) 1–22. 
https://doi.org/10.3390/antibiotics11111483. 

[187] A.A. Slavokhotova, E.A. Rogozhin, Defense Peptides From the α-Hairpinin Family Are 
Components of Plant Innate Immunity, Front Plant Sci 11 (2020) 1–12. 
https://doi.org/10.3389/fpls.2020.00465. 

[188] P. Bulet, R. Stöcklin, L. Menin, Anti-microbial peptides: From invertebrates to 
vertebrates, Immunol Rev 198 (2004) 169–184. https://doi.org/10.1111/j.0105-
2896.2004.0124.x. 

[189] R.D. Rosa, A. Santini, J. Fievet, P. Bulet, D. Destoumieux-Garzón, E. Bachère, Big 
defensins, a diverse family of antimicrobial peptides that follows different patterns of 
expression in hemocytes of the oyster crassostrea gigas, PLoS One 6 (2011). 
https://doi.org/10.1371/journal.pone.0025594. 

[190] M. Gerdol, G. De Moro, C. Manfrin, P. Venier, A. Pallavicini, Big defensins and 
mytimacins, new AMP families of the Mediterranean mussel Mytilus galloprovincialis, 
Dev Comp Immunol 36 (2012) 390–399. https://doi.org/10.1016/j.dci.2011.08.003. 

[191] K. Takeuchi, H. Takahashi, M. Sugai, H. Iwai, T. Kohno, K. Sekimizu, S. Natori, I. 
Shimada, Channel-forming membrane permeabilization by an antibacterial protein, 



 

 109 

sapecin. Determination of membrane-buried and oligomerization surfaces by NMR, 
Journal of Biological Chemistry 279 (2004) 4981–4987. 
https://doi.org/10.1074/jbc.M307815200. 

[192] E. Gazit, Y. Shai, W.J. Lee, P.T. Brey, Mode of Action of the Antibacterial Cecropin B2: 
A Spectrofluorometric Study, Biochemistry 33 (1994) 10681–10692. 
https://doi.org/10.1021/bi00201a016. 

[193] E. Lee, K.W. Jeong, J. Lee, A. Shin, J.K. Kim, J. Lee, D.G. Lee, Y. Kim, Structure-
activity relationships of cecropin-like peptides and their interactions with phospholipid 
membrane, BMB Rep 46 (2013) 282–287. 
https://doi.org/10.5483/BMBRep.2013.46.5.252. 

[194] Y. Xiao, C. Liu, R. Lai, Antimicrobial peptides from amphibians, Biomol Concepts 2 
(2011) 27–38. https://doi.org/10.1515/bmc.2011.006. 

[195] X. Xu, R. Lai, The chemistry and biological activities of peptides from amphibian skin 
secretions, Chem Rev 115 (2015) 1760–1846. https://doi.org/10.1021/cr4006704. 

[196] L. Tomasinsig, M. Zanetti, The Cathelicidins - Structure, Function and Evolution, Curr 
Protein Pept Sci 6 (2005) 23–34. https://doi.org/10.2174/1389203053027520. 

[197] S.M. Travis, N.N. Anderson, W.R. Forsyth, C. Espiritu, B.D. Conway, E.P. Greenberg, 
P.B. McCray, R.I. Lehrer, M.J. Welsh, B.F. Tack, Bactericidal activity of mammalian 
cathelicidin-derived peptides, Infect Immun 68 (2000) 2748–2755. 
https://doi.org/10.1128/IAI.68.5.2748-2755.2000. 

[198] J.W. Larrick, M. Hirata, R.F. Balint, J. Lee, J. Zhong, S.C. Wright, Human CAP18: A 
novel antimicrobial lipopolysaccharide-binding protein, Infect Immun 63 (1995) 1291–
1297. https://doi.org/10.1128/iai.63.4.1291-1297.1995. 

[199] S.N. Dean, B.M. Bishop, M.L. van Hoek, Natural and synthetic cathelicidin peptides 
with anti-microbial and anti-biofilm activity against Staphylococcus aureus., BMC 
Microbiol 11 (2011) 114. https://doi.org/10.1186/1471-2180-11-114. 

[200] K.A. Sochacki, K.J. Barns, R. Bucki, J.C. Weisshaar, Real-time attack on single 
Escherichia coli cells by the human antimicrobial peptide LL-37, Proc Natl Acad Sci U 
S A 108 (2011). https://doi.org/10.1073/pnas.1101130108. 

[201] A.P. Ll-, K.A. Henzler-wildman, G. V Martinez, M.F. Brown, A. Ramamoorthy, 
Perturbation of the Hydrophobic Core of Lipid Bilayers by the Human, Society (2004) 
8459–8469. 

[202] C.G. Wilde, J.E. Griffith, M.N. Marra, J.L. Snable, R.W. Scott, Purification and 
characterization of human neutrophil peptide 4, a novel member of the defensin family, 
Journal of Biological Chemistry 264 (1989) 11200–11203. 
https://doi.org/10.1016/s0021-9258(18)60449-1. 

[203] S. Van Wetering, S.P.G. Mannesse-Lazeroms, J.H. Dijkman, P.S. Hiemstra, Effect of 
neutrophil serine proteinases and defensins on lung epithelial cells: Modulation of 



 

 110 

cytotoxicity and IL-8 production, J Leukoc Biol 62 (1997) 217–226. 
https://doi.org/10.1002/jlb.62.2.217. 

[204] D.E. Jones, C.L. Bevins, Defensin-6 mRNA in human Paneth cells: implications for 
antimicrobia peptides in host defense of the human bowel, FEBS Lett 315 (1993) 187–
192. https://doi.org/10.1016/0014-5793(93)81160-2. 

[205] D.E. Jones, C.L. Bevins, Paneth cells of the human small intestine express an 
antimicrobial peptide gene, Journal of Biological Chemistry 267 (1992) 23216–23225. 
https://doi.org/10.1016/s0021-9258(18)50079-x. 

[206] R.I. Lehrer, A. Barton, K.A. Daher, S.S.L. Harwig, T. Ganz, M.E. Selsted, Interaction of 
human defensins with Escherichia coli. Mechanism of bactericidal activity, Journal of 
Clinical Investigation 84 (1989) 553–561. https://doi.org/10.1172/JCI114198. 

[207] N. Chen, C. Jiang, Antimicrobial peptides: Structure, mechanism, and modification, Eur 
J Med Chem 255 (2023) 115377. https://doi.org/10.1016/j.ejmech.2023.115377. 

[208] A.P. Decker, A.F. Mechesso, G. Wang, Expanding the Landscape of Amino Acid-Rich 
Antimicrobial Peptides: Definition, Deployment in Nature, Implications for Peptide 
Design and Therapeutic Potential, Int J Mol Sci 23 (2022). 
https://doi.org/10.3390/ijms232112874. 

[209] P. Kumar, J.N. Kizhakkedathu, S.K. Straus, Antimicrobial peptides: Diversity, 
mechanism of action and strategies to improve the activity and biocompatibility in vivo, 
Biomolecules 8 (2018) 1–24. https://doi.org/10.3390/biom8010004. 

[210] Renato Gennaro1 Margherita Zanetti, Structural Features and Biological Activities of 
the Cathelicidin-Derived Antimicrobial Peptides, Peptide Science 55 (2000) 31–49. 

[211] E. Strandberg, D. Tiltak, M. Ieronimo, N. Kanithasen, P. Wadhwani, A.S. Ulrich, 
Influence of C-terminal amidation on the antimicrobial and hemolytic activities of 
cationic α-helical peptides, Pure and Applied Chemistry 79 (2007) 717–728. 
https://doi.org/10.1351/pac200779040717. 

[212] T.-H. Lee, K. N. Hall, M.-I. Aguilar, Antimicrobial Peptide Structure and Mechanism of 
Action: A Focus on the Role of Membrane Structure, Curr Top Med Chem 16 (2015) 
25–39. https://doi.org/10.2174/1568026615666150703121700. 

[213] Q.Y. Zhang, Z. Bin Yan, Y.M. Meng, X.Y. Hong, G. Shao, J.J. Ma, X.R. Cheng, J. Liu, J. 
Kang, C.Y. Fu, Antimicrobial peptides: mechanism of action, activity and clinical 
potential, Mil Med Res 8 (2021) 1–25. https://doi.org/10.1186/s40779-021-00343-2. 

[214] J. Koehbach, D.J. Craik, The Vast Structural Diversity of Antimicrobial Peptides, Trends 
Pharmacol Sci 40 (2019) 517–528. https://doi.org/10.1016/j.tips.2019.04.012. 

[215] A.A. Bahar, D. Ren, Antimicrobial peptides, Pharmaceuticals 6 (2013) 1543–1575. 
https://doi.org/10.3390/ph6121543. 

[216] K.J. Cutrona, B.A. Kaufman, D.M. Figueroa, D.E. Elmore, Role of arginine and lysine 
in the antimicrobial mechanism of histone-derived antimicrobial peptides, FEBS Lett 
589 (2015) 3915–3920. https://doi.org/10.1016/j.febslet.2015.11.002. 



 

 111 

[217] S. Yu, T. Gwan, K. Lee, The effect of charge increase on the specificity and activity of a 
short.pdf, 22 (2001) 1669–1674. 

[218] M.M. Islam, F. Asif, S.U. Zaman, M.K.H. Arnab, M.M. Rahman, M. Hasan, Effect of 
charge on the antimicrobial activity of alpha-helical amphibian antimicrobial peptide, 
Curr Res Microb Sci 4 (2023) 100182. https://doi.org/10.1016/j.crmicr.2023.100182. 

[219] T. Sarkar, M. Chetia, S. Chatterjee, Antimicrobial Peptides and Proteins: From Nature’s 
Reservoir to the Laboratory and Beyond, Front Chem 9 (2021) 1–40. 
https://doi.org/10.3389/fchem.2021.691532. 

[220] M. Dathe, H. Nikolenko, J. Meyer, M. Beyermann, M. Bienert, Optimization of the 
antimicrobial activity of magainin peptides by modification of charge, FEBS Lett 501 
(2001) 146–150. https://doi.org/10.1016/s0014-5793(01)02648-5. 

[221] B.H. Gan, J. Gaynord, S.M. Rowe, T. Deingruber, D.R. Spring, The multifaceted nature 
of antimicrobial peptides: Current synthetic chemistry approaches and future directions, 
Chem Soc Rev 50 (2021) 7820–7880. https://doi.org/10.1039/d0cs00729c. 

[222] M. Paulmann, T. Arnold, D. Linke, S. Özdirekcan, A. Kopp, T. Gutsmann, H. Kalbacher, 
I. Wanke, V.J. Schuenemann, M. Habeck, J. Bürck, A.S. Ulrich, B. Schittek, Structure-
activity analysis of the dermcidin-derived peptide DCD-1L, an anionic antimicrobial 
peptide present in human sweat, Journal of Biological Chemistry 287 (2012) 8434–
8443. https://doi.org/10.1074/jbc.M111.332270. 

[223] F. Harris, S. Dennison, D. Phoenix, Anionic Antimicrobial Peptides from Eukaryotic 
Organisms, Curr Protein Pept Sci 10 (2009) 585–606. 
https://doi.org/10.2174/138920309789630589. 

[224] S.R. Dennison, F. Harris, M. Mura, D.A. Phoenix, An Atlas of Anionic Antimicrobial 
Peptides from Amphibians, Curr Protein Pept Sci 19 (2018) 823–838. 
https://doi.org/10.2174/1389203719666180226155035. 

[225] Y. Huang, J. Huang, Y. Chen, Alpha-helical cationic antimicrobial peptides: 
Relationships of structure and function, Protein Cell 1 (2010) 143–152. 
https://doi.org/10.1007/s13238-010-0004-3. 

[226] Z. Oren, Y. Shai, A class of highly potent antibacterial peptides derived from pardaxin, a 
pore-forming peptide isolated from Moses sole fish Pardachirus marmoratus, Eur J 
Biochem 237 (1996) 303–310. https://doi.org/10.1111/j.1432-1033.1996.0303n.x. 

[227] N. Papo, Z. Oren, U. Pag, H.G. Sahl, Y. Shai, The consequence of sequence alteration of 
an amphipathic α-helical antimicrobial peptide and its diastereomers, Journal of 
Biological Chemistry 277 (2002) 33913–33921. 
https://doi.org/10.1074/jbc.M204928200. 

[228] Y. Chen, M.T. Guarnieri, A.I. Vasil, M.L. Vasil, C.T. Mant, R.S. Hodges, Role of peptide 
hydrophobicity in the mechanism of action of α-helical antimicrobial peptides, 
Antimicrob Agents Chemother 51 (2007) 1398–1406. 
https://doi.org/10.1128/AAC.00925-06. 



 

 112 

[229] M. Oba, S. Nakajima, K. Misao, H. Yokoo, M. Tanaka, Effect of helicity and 
hydrophobicity on cell-penetrating ability of arginine-rich peptides, Bioorg Med Chem 
91 (2023) 117409. https://doi.org/10.1016/j.bmc.2023.117409. 

[230] N. Yount, M. Yeaman, Immunocontinuum: Perspectives in Antimicrobial Peptide 
Mechanisms of Action and Resistance, Protein Pept Lett 12 (2005) 49–67. 
https://doi.org/10.2174/0929866053405959. 

[231] S. Dennison, F. Harris, D. Phoenix, Are Oblique Orientated &#945;-Helices Used by 
Antimicrobial Peptides for Membrane Invasion?, Protein Pept Lett 12 (2005) 27–29. 
https://doi.org/10.2174/0929866053406039. 

[232]  and S.H.W. Mónica Fernández-Vidal, Sajith Jayasinghe Alexey S. Ladokhin, 
FOLDING AMPHIPATHIC HELICES INTO MEMBRANES: AMPHIPHILICITY 
TRUMPS HYDROPHOBICITY Mónica, J Mol Biol 370 (2007) 459–470. 
https://doi.org/10.1016/j.coph.2007.10.002.Taste. 

[233] M.L.V. and R.S.H. Yuxin Chen, Colin T. Mant, Susan W. Farmer, Robert E. W. Hancock, 
Rational Design of α-Helical Antimicrobial Peptides with Enhanced Activities and 
Specificity/Therapeutic Index, J Biol Chem 280 (2005) 12316–12329. 
https://doi.org/10.1103/PhysRevC.49.324. 

[234] H.G. Boman, Antibacterial peptides: Basic facts and emerging concepts, J Intern Med 
254 (2003) 197–215. https://doi.org/10.1046/j.1365-2796.2003.01228.x. 

[235] S.R. Singh, A.E. Bacon, D.C. Young, K.A. Couch, In vitro 24-hour time-kill studies of 
vancomycin and linezolid in combination versus methicillin-resistant Staphylococcus 
aureus, Antimicrob Agents Chemother 53 (2009) 4495–4497. 
https://doi.org/10.1128/AAC.00237-09. 

[236] D.B. Hoellman, M.A. Visalli, M.R. Jacobs, P.C. Appelbaum, Activities and time-kill 
studies of selected penicillins, β-lactamase inhibitor combinations, and glycopeptides 
against Enterococcus faecalis, Antimicrob Agents Chemother 42 (1998) 857–861. 
https://doi.org/10.1128/aac.42.4.857. 

[237] K. Splith, I. Neundorf, Antimicrobial peptides with cell-penetrating peptide properties 
and vice versa, European Biophysics Journal 40 (2011) 387–397. 
https://doi.org/10.1007/s00249-011-0682-7. 

[238] P. Sharma, K.G. Ayappa, A Molecular Dynamics Study of Antimicrobial Peptide 
Interactions with the Lipopolysaccharides of the Outer Bacterial Membrane, Journal of 
Membrane Biology 255 (2022) 665–675. https://doi.org/10.1007/s00232-022-00258-6. 

[239] M.W. Martynowycz, A. Rice, K. Andreev, T.M. Nobre, I. Kuzmenko, J. Wereszczynski, 
D. Gidalevitz, Salmonella Membrane Structural Remodeling Increases Resistance to 
Antimicrobial Peptide LL-37, ACS Infect Dis 5 (2019) 1214–1222. 
https://doi.org/10.1021/acsinfecdis.9b00066. 

[240] R.E.W. Hancock, D.S. Chapple, Peptide antibiotics, Antimicrob Agents Chemother 43 
(1999) 1317–1323. https://doi.org/10.1128/aac.43.6.1317. 



 

 113 

[241] R.E.W. Hancock, M.G. Scott, The role of antimicrobial peptides in animal defenses, 
Proc Natl Acad Sci U S A 97 (2000) 8856–8861. 
https://doi.org/10.1073/pnas.97.16.8856. 

[242] Y. Huan, Q. Kong, H. Mou, H. Yi, Antimicrobial Peptides: Classification, Design, 
Application and Research Progress in Multiple Fields, Front Microbiol 11 (2020). 
https://doi.org/10.3389/fmicb.2020.582779. 

[243] K.A. Brogden, Antimicrobial peptides: pore formers or metabolic inhibitors in bacteria?, 
Nat Rev Microbiol 3 (2005) 238–50. https://doi.org/10.1038/nrmicro1098. 

[244] D. Xhindoli, S. Pacor, M. Benincasa, M. Scocchi, R. Gennaro, A. Tossi, The human 
cathelicidin LL-37 - A pore-forming antibacterial peptide and host-cell modulator, 
Biochim Biophys Acta Biomembr 1858 (2016) 546–566. 
https://doi.org/10.1016/j.bbamem.2015.11.003. 

[245] Z.O. Shenkarev, S. V. Balandin, K.I. Trunov, A.S. Paramonov, S. V. Sukhanov, L.I. 
Barsukov, A.S. Arseniev, T. V. Ovchinnikova, Molecular mechanism of action of β-
Hairpin antimicrobial peptide arenicin: Oligomeric structure in dodecylphosphocholine 
micelles and pore formation in planar lipid bilayers, Biochemistry 50 (2011) 6255–6265. 
https://doi.org/10.1021/bi200746t. 

[246] K. Lohner, F. Prossnigg, Biological activity and structural aspects of PGLa interaction 
with membrane mimetic systems, Biochim Biophys Acta Biomembr 1788 (2009) 1656–
1666. https://doi.org/10.1016/j.bbamem.2009.05.012. 

[247] R.B. Lipkin, T. Lazaridis, Implicit Membrane Investigation of the Stability of 
Antimicrobial Peptide β-Barrels and Arcs, Journal of Membrane Biology 248 (2015) 
469–486. https://doi.org/10.1007/s00232-014-9759-4. 

[248]  and K.M. Katsumi Matsuzaki, Osamu Murase, Nobutaka Fujii, Translocation of a 
Channel-Forming Antimicrobial Peptide, Magainin 2, across Lipid Bilayers by Forming 
a Pore, Biochemistry 34 (1995) 6521–6526. https://doi.org/10.5731/pdajpst.2012.00892. 

[249] S. Omardien, J.W. Drijfhout, F.M. Vaz, M. Wenzel, L.W. Hamoen, S.A.J. Zaat, S. Brul, 
Bactericidal activity of amphipathic cationic antimicrobial peptides involves altering the 
membrane fluidity when interacting with the phospholipid bilayer, Biochim Biophys 
Acta Biomembr 1860 (2018) 2404–2415. 
https://doi.org/10.1016/j.bbamem.2018.06.004. 

[250] M. El Khoury, J. Swain, G. Sautrey, L. Zimmermann, P. Van Der Smissen, J.L. Décout, 
M.P. Mingeot-Leclercq, Targeting Bacterial Cardiolipin Enriched Microdomains: An 
Antimicrobial Strategy Used by Amphiphilic Aminoglycoside Antibiotics, Sci Rep 7 
(2017) 1–12. https://doi.org/10.1038/s41598-017-10543-3. 

[251] N. Mozaheb, M.P. Mingeot-Leclercq, Membrane Vesicle Production as a Bacterial 
Defense Against Stress, Front Microbiol 11 (2020). 
https://doi.org/10.3389/fmicb.2020.600221. 

[252] M. Toyofuku, N. Nomura, L. Eberl, Types and origins of bacterial membrane vesicles, 
Nat Rev Microbiol 17 (2019) 13–24. https://doi.org/10.1038/s41579-018-0112-2. 



 

 114 

[253] D.W. Dorward, C.F. Garon, DNA is packaged within membrane-derived vesicles of 
gram-negative but not gram-positive bacteria, Appl Environ Microbiol 56 (1990) 1960–
1962. https://doi.org/10.1128/aem.56.6.1960-1962.1990. 

[254] D.W. Dorward, C.F. Garon, R.C. Judd, Export and intercellular transfer of DNA via 
membrane blebs of Neisseria gonorrhoeae, J Bacteriol 171 (1989) 2499–2505. 
https://doi.org/10.1128/jb.171.5.2499-2505.1989. 

[255] J.L. Kadurugamuwa, T.J. Beveridge, Virulence factors are released from Pseudomonas 
aeruginosa in association with membrane vesicles during normal growth and exposure to 
gentamicin: A novel mechanism of enzyme secretion, J Bacteriol 177 (1995) 3998–
4008. https://doi.org/10.1128/jb.177.14.3998-4008.1995. 

[256] C. Pérez-Cruz, O. Carrión, L. Delgado, G. Martinez, C. López-Iglesias, E. Mercade, 
New type of outer membrane vesicle produced by the gram-negative bacterium 
Shewanella vesiculosa M7T: Implications for DNA content, Appl Environ Microbiol 79 
(2013) 1874–1881. https://doi.org/10.1128/AEM.03657-12. 

[257] L. Turnbull, M. Toyofuku, A.L. Hynen, M. Kurosawa, G. Pessi, N.K. Petty, S.R. Osvath, 
G. Cárcamo-Oyarce, E.S. Gloag, R. Shimoni, U. Omasits, S. Ito, X. Yap, L.G. Monahan, 
R. Cavaliere, C.H. Ahrens, I.G. Charles, N. Nomura, L. Eberl, C.B. Whitchurch, 
Explosive cell lysis as a mechanism for the biogenesis of bacterial membrane vesicles 
and biofilms, Nat Commun 7 (2016) 1–13. https://doi.org/10.1038/ncomms11220. 

[258] J L Kadurugamuwa, T J Beveridge, Natural release of virulence factors in membrane 
vesicles by Pseudomonas aeruginosa and the effect of aminoglycoside antibiotics on 
their release., Journal of Antimicrobial Chemotherapy 40 (1997) 615–621. 

[259] S. Devos, W. Van Putte, J. Vitse, G. Van Driessche, S. Stremersch, W. Van Den Broek, 
K. Raemdonck, K. Braeckmans, H. Stahlberg, M. Kudryashev, S.N. Savvides, B. 
Devreese, Membrane vesicle secretion and prophage induction in multidrug-resistant 
Stenotrophomonas maltophilia in response to ciprofloxacin stress, Environ Microbiol 19 
(2017) 3930–3937. https://doi.org/10.1111/1462-2920.13793. 

[260] D.A. Rowe-Magnus, A.Y. Kao, A.C. Prieto, M. Pu, C. Kao, Cathelicidin Peptides 
Restrict Bacterial Growth via Membrane Perturbation and Induction of Reactive Oxygen 
Species, (2019). https://doi.org/10.1128/mBio. 

[261] R.M. Epand, S. Rotem, A. Mor, B. Berno, R.F. Epand, Bacterial membranes as 
predictors of antimicrobial potency, J Am Chem Soc 130 (2008) 14346–14352. 
https://doi.org/10.1021/ja8062327. 

[262] R.F. Epand, G. Wang, B. Berno, R.M. Epand, Lipid segregation explains selective 
toxicity of a series of fragments derived from the human cathelicidin LL-37, Antimicrob 
Agents Chemother 53 (2009) 3705–3714. https://doi.org/10.1128/AAC.00321-09. 

[263] D. Zweytick, B. Japelj, E. Mileykovskaya, M. Zorko, W. Dowhan, S.E. Blondelle, S. 
Riedl, R. Jerala, K. Lohner, N-acylated peptides derived from human lactoferricin 
perturb organization of cardiolipin and phosphatidylethanolamine in cell membranes and 



 

 115 

induce defects in Escherichia coli cell division, PLoS One 9 (2014). 
https://doi.org/10.1371/journal.pone.0090228. 

[264] R.M. Epand, H.J. Vogel, Diversity of antimicrobial peptides and their mechanisms of 
action, Biochim Biophys Acta Biomembr 1462 (1999) 11–28. 
https://doi.org/10.1016/S0005-2736(99)00198-4. 

[265] J.D. Hale, R.E. Hancock, Alternative mechanisms of action of cationic antimicrobial 
peptides on bacteria, Expert Rev. Anti Infect. Ther 5 (2007) 951–959. 
https://doi.org/10.1586/14787210.5.6.951. 

[266] C.B. Park, M.S. Kim, S.C. Kim, A novel antimicrobial peptide from Bufo bufo 
gargarizans, Biochem Biophys Res Commun 218 (1996) 408–413. 
https://doi.org/10.1006/bbrc.1996.0071. 

[267] C.B. Park, H.S. Kim, S.C. Kim, Mechanism of action of the antimicrobial peptide 
buforin II: Buforin II kills microorganisms by penetrating the cell membrane and 
inhibiting cellular functions, Biochem Biophys Res Commun 244 (1998) 253–257. 
https://doi.org/10.1006/bbrc.1998.8159. 

[268] M.E. Selsted, M.J. Novotny, W.L. Morris, Y.Q. Tang, W. Smith, J.S. Cullor, Indolicidin, 
a novel bactericidal tridecapeptide amide from neutrophils, Journal of Biological 
Chemistry 267 (1992) 4292–4295. https://doi.org/10.1016/s0021-9258(18)42830-x. 

[269] C. Subbalakshmi, N. Sitaram, Mechanism of antimicrobial action of indolicidin, FEMS 
Microbiol Lett 160 (1998) 91–96. https://doi.org/10.1111/j.1574-6968.1998.tb12896.x. 

[270] C. Marchand, K. Krajewski, H.F. Lee, S. Antony, A.A. Johnson, R. Amin, P. Roller, M. 
Kvaratskhelia, Y. Pommier, Covalent binding of the natural antimicrobial peptide 
indolicidin to DNA abasic sites, Nucleic Acids Res 34 (2006) 5157–5165. 
https://doi.org/10.1093/nar/gkl667. 

[271] S. Cociancich, A. Dupont, G. Hegy, R. Lanot, F. Holder, C. Hetru, J.A. Hoffmann, P. 
Bulet, Novel inducible antibacterial peptides from a hemipteran insect, the sap-sucking 
bug Pyrrhocoris apterus, Biochemical Journal 300 (1994) 567–575. 
https://doi.org/10.1042/bj3000567. 

[272] P. Casteels, C. Ampe, F. Jacobs, M. Vaeck, P. Tempst, Apidaecins: Antibacterial peptides 
from honeybees, EMBO Journal 8 (1989) 2387–2391. https://doi.org/10.1002/j.1460-
2075.1989.tb08368.x. 

[273] D. Knappe, S. Piantavigna, A. Hansen, A. Mechler, A. Binas, O. Nolte, L.L. Martin, R. 
Hoffmann, Oncocin (VDKPPYLPRPRPPRRIYNR-NH2): A novel antibacterial peptide 
optimized against gram-negative human pathogens, J Med Chem 53 (2010) 5240–5247. 
https://doi.org/10.1021/jm100378b. 

[274] L. Otvos, O. Insug, M.E. Rogers, P.J. Consolvo, B.A. Condie, S. Lovas, P. Bulet, M. 
Blaszczyk-Thurin, Interaction between heat shock proteins and antimicrobial peptides, 
Biochemistry 39 (2000) 14150–14159. https://doi.org/10.1021/bi0012843. 



 

 116 

[275] G. Kragol, S. Lovas, G. Varadi, B.A. Condie, R. Hoffmann, L. Otvos, The antibacterial 
peptide pyrrhocoricin inhibits the ATPase actions of DnaK and prevents chaperone-
assisted protein folding, Biochemistry 40 (2001) 3016–3026. 
https://doi.org/10.1021/bi002656a. 

[276] D. Knappe, M. Zahn, U. Sauer, G. Schiffer, N. Sträter, R. Hoffmann, Rational Design of 
Oncocin Derivatives with Superior Protease Stabilities and Antibacterial Activities 
Based on the High-Resolution Structure of the Oncocin-DnaK Complex, ChemBioChem 
12 (2011) 874–876. https://doi.org/10.1002/cbic.201000792. 

[277] P. Shah, F.S.H. Hsiao, Y.H. Ho, C.S. Chen, The proteome targets of intracellular 
targeting antimicrobial peptides, Proteomics 16 (2016) 1225–1237. 
https://doi.org/10.1002/pmic.201500380. 

[278] Y.H. Tu, Y.H. Ho, Y.C. Chuang, P.C. Chen, C.S. Chen, Identification of lactoferricin B 
intracellular targets using an escherichia coli proteome chip, PLoS One 6 (2011) 1–11. 
https://doi.org/10.1371/journal.pone.0028197. 

[279] D.N. Wilson, G. Guichard, C. Axel Innis, Antimicrobial peptides target ribosomes, 
Oncotarget 6 (2015) 16826–16827. https://doi.org/10.18632/oncotarget.4839. 

[280] A.C. Seefeldt, M. Graf, N. Pérébaskine, F. Nguyen, S. Arenz, M. Mardirossian, M. 
Scocchi, D.N. Wilson, C.A. Innis, Structure of the mammalian antimicrobial peptide 
Bac7(1-16) bound within the exit tunnel of a bacterial ribosome, Nucleic Acids Res 44 
(2016) 2429–2438. https://doi.org/10.1093/nar/gkv1545. 

[281] J.M. Andreu, S. Huecas, L. Araújo-Bazán, H. Vázquez-Villa, M. Martín-Fontecha, The 
Search for Antibacterial Inhibitors Targeting Cell Division Protein FtsZ at Its Nucleotide 
and Allosteric Binding Sites, Biomedicines 10 (2022) 1–18. 
https://doi.org/10.3390/biomedicines10081825. 

[282] G.P.C. Salmond, J.F. Lutkenhaus, W.D. Donachie, Identification of new genes in a cell 
envelope-cell division gene cluster of Escherichia coli: Cell envelope gene murG, J 
Bacteriol 144 (1980) 438–440. https://doi.org/10.1128/jb.144.1.438-440.1980. 

[283] E. Bi, J. Lutkenhaus, FtsZ regulates frequency of cell division in Escherichia coli, J 
Bacteriol 172 (1990) 2765–2768. https://doi.org/10.1128/jb.172.5.2765-2768.1990. 

[284] N. Silber, C.L. Matos De Opitz, C. Mayer, P. Sass, Cell division protein FtsZ: From 
structure and mechanism to antibiotic target, Future Microbiol 15 (2020) 801–831. 
https://doi.org/10.2217/fmb-2019-0348. 

[285] K.A. Hurley, T.M.A. Santos, G.M. Nepomuceno, V. Huynh, J.T. Shaw, D.B. Weibel, 
Targeting the Bacterial Division Protein FtsZ, J Med Chem 59 (2016) 6975–6998. 
https://doi.org/10.1021/acs.jmedchem.5b01098. 

[286] R.R. Battaje, D. Panda, Lessons from bacterial homolog of tubulin, FtsZ for microtubule 
dynamics, Endocr Relat Cancer 24 (2017) T1–T21. https://doi.org/10.1530/ERC-17-
0118. 



 

 117 

[287] A. Feucht, J. Errington, FtsZ mutations affecting cell division frequency, placement and 
morphology in Bacillus subtilis, Microbiology (N Y) 151 (2005) 2053–2064. 
https://doi.org/10.1099/mic.0.27899-0. 

[288] J.M. Andreu, C. Schaffner-Barbero, S. Huecas, D. Alonso, M.L. Lopez-Rodriguez, L.B. 
Ruiz-Avila, R. Núñez-Ramírez, O. Llorca, A.J. Martín-Galiano, The antibacterial cell 
division inhibitor PC190723 is an FtsZ polymer-stabilizing agent that induces filament 
assembly and condensation, Journal of Biological Chemistry 285 (2010) 14239–14246. 
https://doi.org/10.1074/jbc.M109.094722. 

[289] A. Di Somma, C. Canè, A. Moretta, A. Duilio, Interaction of temporin-l analogues with 
the E. Coli ftsz protein, Antibiotics 10 (2021) 1–16. 
https://doi.org/10.3390/antibiotics10060704. 

[290] S. Sharma, J. Mohler, S.D. Mahajan, S.A. Schwartz, L. Bruggemann, R. Aalinkeel, 
Microbial Biofilm: A Review on Formation, Infection, Antibiotic Resistance, Control 
Measures, and Innovative Treatment, 2023. 
https://doi.org/10.3390/microorganisms11061614. 

[291] T. Seviour, N. Derlon, M.S. Dueholm, H.C. Flemming, E. Girbal-Neuhauser, H. Horn, S. 
Kjelleberg, M.C.M. van Loosdrecht, T. Lotti, M.F. Malpei, R. Nerenberg, T.R. Neu, E. 
Paul, H. Yu, Y. Lin, Extracellular polymeric substances of biofilms: Suffering from an 
identity crisis, Water Res 151 (2019) 1–7. https://doi.org/10.1016/j.watres.2018.11.020. 

[292] P.S. Stewart, Antimicrobial tolerance in biofilms, Microbial Biofilms 3 (2015) 269–285. 
https://doi.org/10.1128/9781555817466.ch13. 

[293] A. Di Somma, A. Moretta, C. Canè, A. Cirillo, A. Duilio, Antimicrobial and antibiofilm 
peptides, Biomolecules 10 (2020) 1–15. https://doi.org/10.3390/biom10040652. 

[294] M. Yasir, M.D.P. Willcox, D. Dutta, Action of antimicrobial peptides against bacterial 
biofilms, Materials 11 (2018) 1–15. https://doi.org/10.3390/ma11122468. 

[295] C. De La Fuente-Núñez, V. Korolik, M. Bains, U. Nguyen, E.B.M. Breidenstein, S. 
Horsman, S. Lewenza, L. Burrows, R.E.W. Hancock, Inhibition of bacterial biofilm 
formation and swarming motility by a small synthetic cationic peptide, Antimicrob 
Agents Chemother 56 (2012) 2696–2704. https://doi.org/10.1128/AAC.00064-12. 

[296] Y. Luo, Y. Song, Mechanism of antimicrobial peptides: Antimicrobial, anti-inflammatory 
and antibiofilm activities, Int J Mol Sci 22 (2021). 
https://doi.org/10.3390/ijms222111401. 

[297] A. Moretta, C. Scieuzo, A.M. Petrone, R. Salvia, M.D. Manniello, A. Franco, D. 
Lucchetti, A. Vassallo, H. Vogel, A. Sgambato, P. Falabella, Antimicrobial Peptides: A 
New Hope in Biomedical and Pharmaceutical Fields, Front Cell Infect Microbiol 11 
(2021) 1–26. https://doi.org/10.3389/fcimb.2021.668632. 

[298] I. Greco, N. Molchanova, E. Holmedal, H. Jenssen, B.D. Hummel, J.L. Watts, J. 
Håkansson, P.R. Hansen, J. Svenson, Correlation between hemolytic activity, 
cytotoxicity and systemic in vivo toxicity of synthetic antimicrobial peptides, Sci Rep 10 
(2020). https://doi.org/10.1038/s41598-020-69995-9. 



 

 118 

[299] P. Askari, M.H. Namaei, K. Ghazvini, M. Hosseini, In vitro and in vivo toxicity and 
antibacterial efficacy of melittin against clinical extensively drug-resistant bacteria, 
BMC Pharmacol Toxicol 22 (2021) 1–12. https://doi.org/10.1186/s40360-021-00503-z. 

[300] I.A. Edwards, A.G. Elliott, A.M. Kavanagh, J. Zuegg, M.A.T. Blaskovich, M.A. Cooper, 
Contribution of amphipathicity and hydrophobicity to the antimicrobial activity and 
cytotoxicity of β-hairpin peptides, ACS Infect Dis 2 (2016) 442–450. 
https://doi.org/10.1021/acsinfecdis.6b00045. 

[301] N. Asthana, S.P. Yadav, J.K. Ghosh, Dissection of antibacterial and toxic activity of 
melittin: A leucine zipper motif plays a crucial role in determining its hemolytic activity 
but not antibacterial activity, Journal of Biological Chemistry 279 (2004) 55042–55050. 
https://doi.org/10.1074/jbc.M408881200. 

[302] M. Dathe, C. Kaduk, E. Tachikawa, M.F. Melzig, H. Wenschuh, M. Bienert, Proline at 
position 14 of alamethicin is essential for hemolytic activity, catecholamine secretion 
from chromaffin cells and enhanced metabolic activity in endothelial cells, Biochim 
Biophys Acta Biomembr 1370 (1998) 175–183. https://doi.org/10.1016/S0005-
2736(97)00260-5. 

[303] I.N. Hee Lee, Y. Cho, R.I. Lehrer, Effects of pH and salinity on the antimicrobial 
properties of clavanins, Infect Immun 65 (1997) 2898–2903. 
https://doi.org/10.1128/iai.65.7.2898-2903.1997. 

[304] M.J. Goldman, G.M. Anderson, E.D. Stolzenberg, U.P. Kari, M. Zasloff, J.M. Wilson, 
Human β-defensin-1 is a salt-sensitive antibiotic in lung that is inactivated in cystic 
fibrosis, Cell 88 (1997) 553–560. https://doi.org/10.1016/S0092-8674(00)81895-4. 

[305] G. Maisetta, M. Di Luca, S. Esin, W. Florio, F.L. Brancatisano, D. Bottai, M. Campa, G. 
Batoni, Evaluation of the inhibitory effects of human serum components on bactericidal 
activity of human beta defensin 3, Peptides (N.Y.) 29 (2008) 1–6. 
https://doi.org/10.1016/j.peptides.2007.10.013. 

[306] M. Sieprawska-Lupa, P. Mydel, K. Krawczyk, K. Wójcik, M. Puklo, B. Lupa, P. Suder, 
J. Silberring, M. Reed, J. Pohl, W. Shafer, F. McAleese, T. Foster, J. Travis, J. Potempa, 
Degradation of human antimicrobial peptide LL-37 by Staphylococcus aureus-derived 
proteinases, Antimicrob Agents Chemother 48 (2004) 4673–4679. 
https://doi.org/10.1128/AAC.48.12.4673-4679.2004. 

[307] J.P. Bradshaw, Cationic antimicrobial peptides: Issues for potential clinical use, 
BioDrugs 17 (2003) 233–240. https://doi.org/10.2165/00063030-200317040-00002. 

[308] Y. Liu, J. Shi, Z. Tong, Y. Jia, B. Yang, Z. Wang, The revitalization of antimicrobial 
peptides in the resistance era, Pharmacol Res 163 (2021). 
https://doi.org/10.1016/j.phrs.2020.105276. 

[309] S.J. Kang, S.H. Nam, B.J. Lee, Engineering Approaches for the Development of 
Antimicrobial Peptide-Based Antibiotics, Antibiotics 11 (2022) 1–12. 
https://doi.org/10.3390/antibiotics11101338. 



 

 119 

[310] M. Shahmiri, A. Mechler, The role of C-terminal amidation in the mechanism of action 
of the antimicrobial peptide aurein 1.2, Eurobiotech Journal 4 (2020) 25–31. 
https://doi.org/10.2478/ebtj-2020-0004. 

[311] T. Liu, N. Zhu, C. Zhong, Y. Zhu, S. Gou, L. Chang, H. Bao, H. Liu, Y. Zhang, J. Ni, 
Effect of N-methylated and fatty acid conjugation on analogs of antimicrobial peptide 
Anoplin, European Journal of Pharmaceutical Sciences 152 (2020) 105453. 
https://doi.org/10.1016/j.ejps.2020.105453. 

[312] A. Datta, P. Kundu, A. Bhunia, Designing potent antimicrobial peptides by disulphide 
linked dimerization and N-terminal lipidation to increase antimicrobial activity and 
membrane perturbation: Structural insights into lipopolysaccharide binding, J Colloid 
Interface Sci 461 (2016) 335–345. https://doi.org/10.1016/j.jcis.2015.09.036. 

[313] M. Mura, J. Wang, Y. Zhou, M. Pinna, A. V. Zvelindovsky, S.R. Dennison, D.A. 
Phoenix, The effect of amidation on the behaviour of antimicrobial peptides, European 
Biophysics Journal 45 (2016) 195–207. https://doi.org/10.1007/s00249-015-1094-x. 

[314] M.L. Sforça, S. Oyama, F. Canduri, C.C.B. Lorenzi, T.A. Pertinhez, K. Konno, B.M. 
Souza, M.S. Palma, J.R. Neto, W.F. Azevedo, A. Spisni, How C-Terminal 
Carboxyamidation Alters the Biological Activity of Peptides from the Venom of the 
Eumenine Solitary Wasp, Biochemistry 43 (2004) 5608–5617. 
https://doi.org/10.1021/bi0360915. 

[315] P. Cardoso, H. Glossop, T.G. Meikle, A. Aburto-Medina, C.E. Conn, V. Sarojini, C. 
Valery, Molecular engineering of antimicrobial peptides: microbial targets, peptide 
motifs and translation opportunities, (n.d.). https://doi.org/10.1007/s12551-021-00784-
y/Published. 

[316] D.A.P. Sarah R Dennison, Leslie H G Morton, Effect of amidation on the antimicrobial 
peptide aurein 2.5 from Australian southern bell frogs, Protein Pept Lett 19 (2012) 586–
591. https://doi.org/10.2174/092986612800494110. 

[317] E.A. Papanastasiou, Q. Hua, A. Sandouk, U.H. Son, A.J. Christenson, M.L. Van Hoek, 
B.M. Bishop, Role of acetylation and charge in antimicrobial peptides based on human 
β-defensin-3, Apmis 117 (2009) 492–499. https://doi.org/10.1111/j.1600-
0463.2009.02460.x. 

[318] J. Mwangi, P.M. Kamau, R.C. Thuku, R. Lai, Design methods for antimicrobial peptides 
with improved performance, Zool Res 44 (2023) 1095–1114. 
https://doi.org/10.24272/j.issn.2095-8137.2023.246. 

[319] A.R. D’souza, M.R. Necelis, A. Kulesha, G.A. Caputo, O. V. Makhlynets, Beneficial 
impacts of incorporating the non‐natural amino acid azulenyl‐alanine into the Trp‐rich 
antimicrobial peptide buCATHL4B, Biomolecules 11 (2021) 1–18. 
https://doi.org/10.3390/biom11030421. 

[320] T. Manabe, K. Kawasaki, D-form KLKLLLLLKLK-NH2 peptide exerts higher 
antimicrobial properties than its L-form counterpart via an association with bacterial cell 
wall components, Sci Rep 7 (2017) 1–10. https://doi.org/10.1038/srep43384. 



 

 120 

[321] B.M. Souza, M.A. Mendes, L.D. Santos, M.R. Marques, L.M.M. César, R.N.A. 
Almeida, F.C. Pagnocca, K. Konno, M.S. Palma, Structural and functional 
characterization of two novel peptide toxins isolated from the venom of the social wasp 
Polybia paulista, Peptides (N.Y.) 26 (2005) 2157–2164. 
https://doi.org/10.1016/j.peptides.2005.04.026. 

[322] Y. Zhao, M. Zhang, S. Qiu, J. Wang, J. Peng, P. Zhao, R. Zhu, H. Wang, Y. Li, K. Wang, 
W. Yan, R. Wang, Antimicrobial activity and stability of the d-amino acid substituted 
derivatives of antimicrobial peptide polybia-MPI, AMB Express 6 (2016). 
https://doi.org/10.1186/s13568-016-0295-8. 

[323] J. Kindrachuk, E. Scruten, S. Attah-Poku, K. Bell, A. Potter, L.A. Babiuk, P.J. Griebel, 
S. Napper, Stability, toxicity, and biological activity of host defense peptide BMAP28 
and its inversed and retro-inversed isomers., Biopolymers 96 (2011) 14–24. 
https://doi.org/10.1002/bip.21441. 

[324] B. Albada, Tuning Activity of Antimicrobial Peptides by Lipidation, Health 
Consequences of Microbial Interactions with Hydrocarbons, Oils, and Lipids (2019) 1–
18. https://doi.org/10.1007/978-3-319-72473-7_27-1. 

[325] Y. Han, M. Zhang, R. Lai, Z. Zhang, Chemical modifications to increase the therapeutic 
potential of antimicrobial peptides, Peptides (N.Y.) 146 (2021) 170666. 
https://doi.org/10.1016/j.peptides.2021.170666. 

[326] E.N. Olsufyeva, V.S. Yankovskaya, Main trends in the design of semi-synthetic 
antibiotics of a new generation, Russian Chemical Reviews 89 (2020) 339–378. 
https://doi.org/10.1070/rcr4892. 

[327] E. Van Groesen, P. Innocenti, N.I. Martin, Recent Advances in the Development of 
Semisynthetic Glycopeptide Antibiotics: 2014-2022, ACS Infect Dis 8 (2022) 1381–
1407. https://doi.org/10.1021/acsinfecdis.2c00253. 

[328] G.G. Zhanel, D. Calic, F. Schweizer, S. Zelenitsky, H. Adam, P.R.S. Lagacé-Wiens, E. 
Rubinstein, A.S. Gin, D.J. Hoban, J.A. Karlowsky, New Lipoglycopeptides, Drugs 70 
(2010) 859–886. https://doi.org/10.2165/11534440-000000000-00000. 

[329] C.J. Arnusch, A.M.J.J. Bonvin, A.M. Verel, W.T.M. Jansen, R.M.J. Liskamp, B. De 
Kruijff, R.J. Pieters, E. Breukink, The vancomycin-nisin(1-12) hybrid restores activity 
against vancomycin resistant enterococci, Biochemistry 47 (2008) 12661–12663. 
https://doi.org/10.1021/bi801597b. 

[330] J. Svenson, R. Karstad, G.E. Flaten, B.O. Brandsdal, M. Brandl, J.S. Svendsen, Altered 
activity and physicochemical properties of short cationic antimicrobial peptides by 
incorporation of arginine analogues, Mol Pharm 6 (2009) 996–1005. 
https://doi.org/10.1021/mp900057k. 

[331] A. Giuliani, A.C. Rinaldi, Beyond natural antimicrobial peptides: Multimeric peptides 
and other peptidomimetic approaches, Cellular and Molecular Life Sciences 68 (2011) 
2255–2266. https://doi.org/10.1007/s00018-011-0717-3. 



 

 121 

[332] N.P. Chongsiriwatana, J.A. Patch, A.M. Czyzewski, M.T. Dohm, A. Ivankin, D. 
Gidalevitz, R.N. Zuckermann, A.E. Barron, Peptoids that mimic the structure, function, 
and mechanism of helical antimicrobial peptides, Proc Natl Acad Sci U S A 105 (2008) 
2794–2799. https://doi.org/10.1073/pnas.0708254105. 

[333] Y. Ge, D.L. MacDonald, K.J. Holroyd, C. Thornsberry, H. Wexler, M. Zasloff, In vitro 
antibacterial properties of pexiganan, an analog of magainin, Antimicrob Agents 
Chemother 43 (1999) 782–788. 

[334] P. Kumar, J.N. Kizhakkedathu, S.K. Straus, Antimicrobial peptides: Diversity, 
mechanism of action and strategies to improve the activity and biocompatibility in vivo, 
Biomolecules 8 (2018) 1–24. https://doi.org/10.3390/biom8010004. 

[335] J.A. Patch, A.E. Barron, Mimicry of bioactive peptides via non-natural, sequence-
specific peptidomimetic oligomers, Curr Opin Chem Biol 6 (2002) 872–877. 
https://doi.org/10.1016/S1367-5931(02)00385-X. 

[336] E. Isogai, H. Isogai, K. Takahashi, K. Okumura, P.B. Savage, Ceragenin CSA-13 
exhibits antimicrobial activity against cariogenic and periodontopathic bacteria, Oral 
Microbiol Immunol 24 (2009) 170–172. https://doi.org/10.1111/j.1399-
302X.2008.00464.x. 

[337] K. Leszczyska, A. Namiot, D.E. Fein, Q. Wen, Z. Namiot, P.B. Savage, S. Diamond, 
P.A. Janmey, R. Bucki, Bactericidal activities of the cationic steroid CSA-13 and the 
cathelicidin peptide LL-37 against Helicobacter pylori in simulated gastric juice, BMC 
Microbiol 9 (2009) 1–10. https://doi.org/10.1186/1471-2180-9-187. 

[338] K.R. Roell, D.M. Reif, A.A. Motsinger-Reif, An introduction to terminology and 
methodology of chemical synergy-perspectives from across disciplines, Front Pharmacol 
8 (2017) 1–11. https://doi.org/10.3389/fphar.2017.00158. 

[339] C.D. Doern, When does 2 plus 2 equal 5? A review of antimicrobial synergy testing, J 
Clin Microbiol 52 (2014) 4124–4128. https://doi.org/10.1128/JCM.01121-14. 

[340] D.J. Noel, C.W. Keevil, S.A. Wilks, Synergism versus Additivity: Defining the 
Interactions between Common Disinfectants, MBio 12 (2021). 
https://doi.org/10.1128/mBio.02281-21. 

[341] Martinez-lrujo Juun J., A Checkerboard Method to Evaluate Interactions Between 
Drugs, Biochem Pharmacol 51 (1996) 635–644. 

[342] A.E. Garima Kapoor, Saurabh Saigal, Action and resistance mechanisms of antibiotics: 
A guide for clinicians, J Anaesthesiol Clin Pharmacol 33 (2017) 46–50. 
https://doi.org/10.4103/joacp.JOACP. 

[343] S. Phitaktim, M. Chomnawang, K. Sirichaiwetchakoon, B. Dunkhunthod, G. Hobbs, G. 
Eumkeb, Synergism and the mechanism of action of the combination of α-mangostin 
isolated from Garcinia mangostana L. and oxacillin against an oxacillin-resistant 
Staphylococcus saprophyticus, BMC Microbiol 16 (2016) 1–14. 
https://doi.org/10.1186/s12866-016-0814-4. 



 

 122 

[344] H. Choi, D.G. Lee, Synergistic effect of antimicrobial peptide arenicin-1 in combination 
with antibiotics against pathogenic bacteria, Res Microbiol 163 (2012) 479–486. 
https://doi.org/10.1016/j.resmic.2012.06.001. 

[345] H. Ulvatne, S. Karoliussen, T. Stiberg, Ø. Rekdal, J.S. Svendsen, Short antibacterial 
peptides and erythromycin act synergically against Escherichia coli, Journal of 
Antimicrobial Chemotherapy 48 (2001) 203–208. 

[346] L. Duong, S.P. Gross, A. Siryaporn, Developing Antimicrobial Synergy With AMPs, 
Front Med Technol 3 (2021) 1–8. https://doi.org/10.3389/fmedt.2021.640981. 

[347] J.M. Remington, C. Liao, M. Sharafi, E.J. Emma, J.B. Ferrell, R.J. Hondal, M.J. Wargo, 
S.T. Schneebeli, J. Li, Aggregation State of Synergistic Antimicrobial Peptides, Journal 
of Physical Chemistry Letters 11 (2020) 9501–9506. 
https://doi.org/10.1021/acs.jpclett.0c02094. 

[348] M. Pasupuleti, A. Schmidtchen, M. Malmsten, Antimicrobial peptides: Key components 
of the innate immune system, Crit Rev Biotechnol 32 (2012) 143–171. 
https://doi.org/10.3109/07388551.2011.594423. 

[349] H. Yan, R.E.W. Hancock, Synergistic interactions between mammalian antimicrobial 
defense peptides, Antimicrob Agents Chemother 45 (2001) 1558–1560. 
https://doi.org/10.1128/AAC.45.5.1558-1560.2001. 

[350] M. Clarke, C.K. Hind, P.M. Ferguson, G. Manzo, B. Mistry, B. Yue, J. Romanopulos, M. 
Clifford, T.T. Bui, A.F. Drake, C.D. Lorenz, J.M. Sutton, A.J. Mason, Synergy between 
Winter Flounder antimicrobial peptides, Npj Antimicrobials and Resistance 1 (2023) 1–
16. https://doi.org/10.1038/s44259-023-00010-7. 

[351] G. Yu, D.Y. Baeder, R.R. Regoes, J. Rolff, Combination effects of antimicrobial 
peptides, Antimicrob Agents Chemother 60 (2016) 1717–1724. 
https://doi.org/10.1128/AAC.02434-15. 

[352] X. Xu, L. Xu, G. Yuan, Y. Wang, Y. Qu, M. Zhou, Synergistic combination of two 
antimicrobial agents closing each other’s mutant selection windows to prevent 
antimicrobial resistance, Sci Rep 8 (2018) 1–7. https://doi.org/10.1038/s41598-018-
25714-z. 

[353] M. Zasloff, Magainins, a class of antimicrobial peptides from Xenopus skin: Isolation, 
characterization of two active forms, and partial cDNA sequence of a precursor, Proc 
Natl Acad Sci U S A 84 (1987) 5449–5453. https://doi.org/10.1073/pnas.84.15.5449. 

[354] E. Strandberg, P. Tremouilhac, P. Wadhwani, A.S. Ulrich, Synergistic transmembrane 
insertion of the heterodimeric PGLa/magainin 2 complex studied by solid-state NMR, 
Biochim Biophys Acta Biomembr 1788 (2009) 1667–1679. 
https://doi.org/10.1016/j.bbamem.2008.12.018. 

[355] J. Zerweck, E. Strandberg, O. Kukharenko, J. Reichert, J. Bürck, P. Wadhwani, A.S. 
Ulrich, Molecular mechanism of synergy between the antimicrobial peptides PGLa and 
magainin 2, Sci Rep 7 (2017) 1–21. https://doi.org/10.1038/s41598-017-12599-7. 



 

 123 

[356] X. Wang, R.A.M. van Beekveld, Y. Xu, A. Parmar, S. Das, I. Singh, E. Breukink, 
Analyzing mechanisms of action of antimicrobial peptides on bacterial membranes 
requires multiple complimentary assays and different bacterial strains, Biochim Biophys 
Acta Biomembr 1865 (2023) 184160. https://doi.org/10.1016/j.bbamem.2023.184160. 

[357] P.M. Ferguson, M. Clarke, G. Manzo, C.K. Hind, M. Clifford, J.M. Sutton, C.D. Lorenz, 
D.A. Phoenix, A.J. Mason, Temporin B Forms Hetero-Oligomers with Temporin L, 
Modifies Its Membrane Activity, and Increases the Cooperativity of Its Antibacterial 
Pharmacodynamic Profile, Biochemistry 61 (2022) 1029–1040. 
https://doi.org/10.1021/acs.biochem.1c00762. 

[358] L. Grassi, G. Maisetta, S. Esin, G. Batoni, Combination strategies to enhance the 
efficacy of antimicrobial peptides against bacterial biofilms, Front Microbiol 8 (2017) 
1–8. https://doi.org/10.3389/fmicb.2017.02409. 

[359] D. Xhindoli, S. Pacor, M. Benincasa, M. Scocchi, R. Gennaro, A. Tossi, The human 
cathelicidin LL-37 - A pore-forming antibacterial peptide and host-cell modulator, 
Biochim Biophys Acta Biomembr 1858 (2016) 546–566. 
https://doi.org/10.1016/j.bbamem.2015.11.003. 

[360] L. Lin, P. Nonejuie, J. Munguia, A. Hollands, J. Olson, Q. Dam, M. Kumaraswamy, H. 
Rivera, R. Corriden, M. Rohde, M.E. Hensler, M.D. Burkart, J. Pogliano, G. Sakoulas, 
V. Nizet, Azithromycin Synergizes with Cationic Antimicrobial Peptides to Exert 
Bactericidal and Therapeutic Activity Against Highly Multidrug-Resistant Gram-
Negative Bacterial Pathogens, EBioMedicine 2 (2015) 690–698. 
https://doi.org/10.1016/j.ebiom.2015.05.021. 

[361] K. Hilpert, B. McLeod, J. Yu, M.R. Elliott, M. Rautenbach, S. Ruden, J. Bürck, C. 
Muhle-Goll, A.S. Ulrich, S. Keller, R.E.W. Hancock, Short cationic antimicrobial 
peptides interact with ATP, Antimicrob Agents Chemother 54 (2010) 4480–4483. 
https://doi.org/10.1128/AAC.01664-09. 

[362] S. Ruden, A. Rieder, I. Chis Ster, T. Schwartz, R. Mikut, K. Hilpert, Synergy Pattern of 
Short Cationic Antimicrobial Peptides Against Multidrug-Resistant Pseudomonas 
aeruginosa, Front Microbiol 10 (2019) 1–20. https://doi.org/10.3389/fmicb.2019.02740. 

[363] C. Subbalakshmi, N. Sitaram, Mechanism of antimicrobial action of indolicidin, FEMS 
Microbiol Lett 160 (1998) 91–96. 

[364] T. V. Ovchinnikova, G.M. Aleshina, S. V. Balandin, A.D. Krasnosdembskaya, M.L. 
Markelov, E.I. Frolova, Y.F. Leonova, A.A. Tagaev, E.G. Krasnodembsky, V.N. 
Kokryakov, Purification and primary structure of two isoforms of arenicin, a novel 
antimicrobial peptide from marine polychaeta Arenicola marina, FEBS Lett 577 (2004) 
209–214. https://doi.org/10.1016/j.febslet.2004.10.012. 

[365] J. Andrä, I. Jakovkin, J. Grötzinger, O. Hecht, A.D. Krasnosdembskaya, T. Goldmann, T. 
Gutsmann, M. Leippe, Structure and mode of action of the antimicrobial peptide 
arenicin, Biochemical Journal 410 (2008) 113–122. https://doi.org/10.1042/BJ20071051. 



 

 124 

[366] J. Cho, D.G. Lee, The antimicrobial peptide arenicin-1 promotes generation of reactive 
oxygen species and induction of apoptosis, Biochim Biophys Acta Gen Subj 1810 
(2011) 1246–1251. https://doi.org/10.1016/j.bbagen.2011.08.011. 

[367] C. Bournez, M. Riool, L. de Boer, R.A. Cordfunke, L. de Best, R. van Leeuwen, J.W. 
Drijfhout, S.A.J. Zaat, G.J.P. van Westen, CalcAMP: A New Machine Learning Model 
for the Accurate Prediction of Antimicrobial Activity of Peptides, Antibiotics 12 (2023). 
https://doi.org/10.3390/antibiotics12040725. 

[368] V.D. Mouchlis, A. Afantitis, A. Serra, M. Fratello, A.G. Papadiamantis, V. Aidinis, I. 
Lynch, D. Greco, G. Melagraki, Advances in de novo drug design: From conventional to 
machine learning methods, Int J Mol Sci 22 (2021) 1–22. 
https://doi.org/10.3390/ijms22041676. 

[369] J.B.O. Mitchell B.O., Machine learning methods in chemoinformatics, Wiley Interdiscip 
Rev Comput Mol Sci 4 (2014) 468–481. https://doi.org/10.1002/wcms.1183. 

[370] K. Hilpert, C.D. Fjell, A. Cherkasov, Short linear cationic antimicrobial peptides: 
Screening, optimizing, and prediction, Methods in Molecular Biology 494 (2008) 127–
159. https://doi.org/10.1007/978-1-59745-419-3_8. 

[371] M.H. Cardoso, R.Q. Orozco, S.B. Rezende, G. Rodrigues, K.G.N. Oshiro, E.S. Cândido, 
O.L. Franco, Computer-Aided Design of Antimicrobial Peptides: Are We Generating 
Effective Drug Candidates?, Front Microbiol 10 (2020). 
https://doi.org/10.3389/fmicb.2019.03097. 

[372] M. Pirtskhalava, B. Vishnepolsky, M. Grigolava, G. Managadze, Physicochemical 
features and peculiarities of interaction of amp with the membrane, Pharmaceuticals 14 
(2021) 1–36. https://doi.org/10.3390/ph14050471. 

[373] S. Ramazi, N. Mohammadi, A. Allahverdi, E. Khalili, P. Abdolmaleki, A review on 
antimicrobial peptides databases and the computational tools, Database 2022 (2022) 1–
17. https://doi.org/10.1093/database/baac011. 

[374] B. Vishnepolsky, G. Zaalishvili, M. Karapetian, T. Nasrashvili, N. Kuljanishvili, A. 
Gabrielian, A. Rosenthal, D.E. Hurt, M. Tartakovsky, M. Grigolava, M. Pirtskhalava, De 
novo design and in vitro testing of antimicrobial peptides against gram-negative 
bacteria, Pharmaceuticals 12 (2019) 2–17. https://doi.org/10.3390/ph12020082. 

[375] M.L. Juba, D.K. Porter, E.H. Williams, C.A. Rodriguez, S.M. Barksdale, B.M. Bishop, 
Helical cationic antimicrobial peptide length and its impact on membrane disruption, 
Biochim Biophys Acta Biomembr 1848 (2015) 1081–1091. 
https://doi.org/10.1016/j.bbamem.2015.01.007. 

[376] I. Kabelka, R. Vácha, Advances in Molecular Understanding of α-Helical Membrane-
Active Peptides, Acc Chem Res 54 (2021) 2196–2204. 
https://doi.org/10.1021/acs.accounts.1c00047. 

[377] T.S. Lee, R.A. Krupa, F. Zhang, M. Hajimorad, W.J. Holtz, N. Prasad, S.K. Lee, J.D. 
Keasling, BglBrick vectors and datasheets: A synthetic biology platform for gene 
expression, J Biol Eng 5 (2011). https://doi.org/10.1186/1754-1611-5-12. 



 

 125 

[378] I. Wiegand, K. Hilpert, R.E.W. Hancock, Agar and broth dilution methods to determine 
the minimal inhibitory concentration (MIC) of antimicrobial substances, Nat Protoc 3 
(2008) 163–175. https://doi.org/10.1038/nprot.2007.521. 

[379] A. Giacometti, O. Cirioni, F. Barchiesi, M.S. Del Prete, F. Caselli, G. Scalise, In Vitro 
Susceptibility Tests for Cationic Peptides : Comparison of Broth Microdilution Methods 
for Bacteria That Grow Aerobically In Vitro Susceptibility Tests for Cationic Peptides : 
Comparison of Broth Microdilution Methods for Bacteria That, 44 (2000) 1–4. 
https://doi.org/10.1128/AAC.44.6.1694-1696.2000.Updated. 

[380] Synergism Testing: Broth Microdilution Checkerboard and Broth Macrodilution 
Methods, in: Clinical Microbiology Procedures Handbook, ASM Press, 2016: pp. 
5.16.1-5.16.23. https://doi.org/10.1128/9781555818814.ch5.16. 

[381] M. Ghasemi, T. Turnbull, S. Sebastian, I. Kempson, The MTT assay: Utility, limitations, 
pitfalls, and interpretation in bulk and single-cell analysis, Int J Mol Sci 22 (2021) 1–30. 
https://doi.org/10.3390/ijms222312827. 

[382] H. Schägger, Tricine-SDS-PAGE, Nat Protoc 1 (2006) 16–22. 
https://doi.org/10.1038/nprot.2006.4. 

[383] S.K. Govers, J. Mortier, A. Adam, A. Aertsen, Protein aggregates encode epigenetic 
memory of stressful encounters in individual escherichia coli cells, PLoS Biol 16 (2018) 
1–40. https://doi.org/10.1371/JOURNAL.PBIO.2003853. 

[384] E. Mileykovskaya, W. Dowhan, R.L. Birke, D. Zheng, L. Lutterodt, T.H. Haines, 
Cardiolipin binds nonyl acridine orange by aggregating the dye at exposed hydrophobic 
domains on bilayer surfaces, FEBS Lett 507 (2001) 187–190. 
https://doi.org/10.1016/S0014-5793(01)02948-9. 

[385] M.R. Loffredo, F. Savini, S. Bobone, B. Casciaro, H. Franzyk, M.L. Mangoni, L. Stella, 
Inoculum effect of antimicrobial peptides, Proc Natl Acad Sci U S A 118 (2021). 
https://doi.org/10.1073/PNAS.2014364118. 

[386] A. Adler, M. Ben-Dalak, I. Chmelnitsky, Y. Carmeli, Effect of resistance mechanisms on 
the inoculum effect of carbapenem in Klebsiella pneumoniae isolates with borderline 
carbapenem resistance, Antimicrob Agents Chemother 59 (2015) 5014–5017. 
https://doi.org/10.1128/AAC.00533-15. 

[387] K.S. Thomson, E.S. Moland, Cefepime, piperacillin-tazobactam, and the inoculum effect 
in tests with extended-spectrum β-lactamase-producing Enterobacteriaceae, Antimicrob 
Agents Chemother 45 (2001) 3548–3554. https://doi.org/10.1128/AAC.45.12.3548-
3554.2001. 

[388] U. Rinas, E. Garcia-Fruitós, J.L. Corchero, E. Vázquez, J. Seras-Franzoso, A. 
Villaverde, Bacterial Inclusion Bodies: Discovering Their Better Half, Trends Biochem 
Sci 42 (2017) 726–737. https://doi.org/10.1016/j.tibs.2017.01.005. 

[389] E. García-Fruitõs, R. Sabate, N.S. De Groot, A. Villaverde, S. Ventura, Biological role of 
bacterial inclusion bodies: A model for amyloid aggregation, FEBS Journal 278 (2011) 
2419–2427. https://doi.org/10.1111/j.1742-4658.2011.08165.x. 



 

 126 

[390] U. Rinas, E. Garcia-Fruitós, J.L. Corchero, E. Vázquez, J. Seras-Franzoso, A. 
Villaverde, Bacterial Inclusion Bodies: Discovering Their Better Half, Trends Biochem 
Sci 42 (2017) 726–737. https://doi.org/10.1016/j.tibs.2017.01.005. 

[391] E. Mileykovskaya, W. Dowhan, Visualization of Phospholipid Domains in Escherichia 
coli by Using the Cardiolipin-Specific Fluorescent Dye 10-N-Nonyl Acridine Orange, J 
Bacteriol 182 (2000) 1172–1175. https://doi.org/10.1128/JB.182.4.1172-1175.2000. 

[392] Y. Liu, J.A. Imlay, Cell death from antibiotics without the involvement of reactive 
oxygen species, Science (1979) 339 (2013) 1210–1213. 
https://doi.org/10.1126/science.1232751. 

[393] F. Collin, S. Karkare, A. Maxwell, Exploiting bacterial DNA gyrase as a drug target: 
Current state and perspectives, Appl Microbiol Biotechnol 92 (2011) 479–497. 
https://doi.org/10.1007/s00253-011-3557-z. 

[394] J. Yan, K. Wang, W. Dang, R. Chen, J. Xie, B. Zhang, J. Song, R. Wang, Two hits are 
better than one: Membrane-active and DNA binding-related double-action mechanism of 
NK-18, a novel antimicrobial peptide derived from mammalian NK-lysin, Antimicrob 
Agents Chemother 57 (2013) 220–228. https://doi.org/10.1128/AAC.01619-12. 

[395] J. Lei, L.C. Sun, S. Huang, C. Zhu, P. Li, J. He, V. Mackey, D.H. Coy, Q.Y. He, The 
antimicrobial peptides and their potential clinical applications, Am J Transl Res 11 
(2019) 3919–3931. 

[396] J. Talapko, T. Meštrović, M. Juzbašić, M. Tomas, S. Erić, L. Horvat Aleksijević, S. 
Bekić, D. Schwarz, S. Matić, M. Neuberg, I. Škrlec, Antimicrobial Peptides—
Mechanisms of Action, Antimicrobial Effects and Clinical Applications, Antibiotics 11 
(2022) 1–17. https://doi.org/10.3390/antibiotics11101417. 

[397] A. Gutierrez, S. Jain, P. Bhargava, M. Hamblin, M.A. Lobritz, J.J. Collins, 
Understanding and Sensitizing Density-Dependent Persistence to Quinolone Antibiotics, 
Mol Cell 68 (2017) 1147-1154.e3. https://doi.org/10.1016/j.molcel.2017.11.012. 

[398] A. Rodríguez-Rojas, J. Rolff, Antimicrobial activity of cationic antimicrobial peptides 
against stationary phase bacteria, Front Microbiol 13 (2022). 
https://doi.org/10.3389/fmicb.2022.1029084. 

[399] E.H. EYLAR, M.A. MADOFF, O. V. BRODY, J.L. ONCLEY, The contribution of sialic 
acid to the surface charge of the erythrocyte., J Biol Chem 237 (1962) 1992–2000. 
https://doi.org/10.1016/s0021-9258(19)73972-6. 

[400] J. Li, P. Fernández-Millán, E. Boix, Synergism between Host Defence Peptides and 
Antibiotics Against Bacterial Infections, Curr Top Med Chem 20 (2020) 1238–1263. 
https://doi.org/10.2174/1568026620666200303122626. 

[401] E.H. Mood, L. Goltermann, C. Brolin, L.M. Cavaco, A.J. Nejad, N. Yavari, N. 
Frederiksen, H. Franzyk, P.E. Nielsen, Antibiotic Potentiation in Multidrug-Resistant 
Gram-Negative Pathogenic Bacteria by a Synthetic Peptidomimetic, ACS Infect Dis 7 
(2021) 2152–2163. https://doi.org/10.1021/acsinfecdis.1c00147. 



 

 127 

[402] D.A. Gray, M. Wenzel, Multitarget Approaches against Multiresistant Superbugs, ACS 
Infect Dis 6 (2020) 1346–1365. https://doi.org/10.1021/acsinfecdis.0c00001. 

[403] K.K. Lee, C.S. Jang, J.Y. Yoon, S.Y. Kim, T.H. Kim, K.H. Ryu, W. Kim, Abnormal cell 
division caused by inclusion bodies in E. coli; increased resistance against external 
stress, Microbiol Res 163 (2008) 394–402. https://doi.org/10.1016/j.micres.2008.03.004. 

[404] J. Xuan, W. Feng, J. Wang, R. Wang, B. Zhang, L. Bo, Z.S. Chen, H. Yang, L. Sun, 
Antimicrobial peptides for combating drug-resistant bacterial infections, Drug 
Resistance Updates 68 (2023) 1–12. https://doi.org/10.1016/j.drup.2023.100954. 

[405] Z.Y. Ong, J. Cheng, Y. Huang, K. Xu, Z. Ji, W. Fan, Y.Y. Yang, Effect of 
stereochemistry, chain length and sequence pattern on antimicrobial properties of short 
synthetic β-sheet forming peptide amphiphiles, Biomaterials 35 (2014) 1315–1325. 
https://doi.org/10.1016/j.biomaterials.2013.10.053. 

[406] M.L. Mangoni, N. Papo, D. Barra, Y. Shai, M. Simmaco, L. Rivas, Effect of Natural L-
to D-Amino Acid Conversion on the Organization, Membrane Binding, and Biological 
Function of the Antimicrobial Peptides Bombinins H, Biochemistry 45 (2006) 4266–
4276. 

[407] Y. Hsu, M. Chung, T. Li, Distribution of gyrase and topoisomerase IV on bacterial 
nucleoid : implications for nucleoid organization, 34 (2006) 29–31. 
https://doi.org/10.1093/nar/gkl392. 

[408] M. Hartmann, M. Berditsch, J. Hawecker, M.F. Ardakani, D. Gerthsen, A.S. Ulrich, 
Damage of the bacterial cell envelope by antimicrobial peptides gramicidin S and PGLa 
as revealed by transmission and scanning electron microscopy, Antimicrob Agents 
Chemother 54 (2010) 3132–3142. https://doi.org/10.1128/AAC.00124-10. 

  

 

 

 

 

 

 

 

 

 

 



 

 128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 


