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Presentation 

 

Biophysical and Structural Studies of Bioactive Peptides Derived 

from the Piscidin Family in Anionic Membrane Models 

 

Antimicrobial peptides (AMPs) are important biomolecules that act in several 

functions in immune system against infections. Therefore, they are present in various 

organisms, both invertebrates and vertebrates, as well as in plants(1). Among the defense 

functions, antimicrobial peptides have been highlighted due to the emerging problem related to 

the multidrug-resistant pathogens(2). 

Mechanism of action of AMPs have been widely studied focusing on the peptide-

membrane interaction, mainly involving lipopolysaccharide or phospholipids as membrane 

models(1,3). It is well known that the phospholipid composition of the bacterial membranes 

differentiates it from human membranes due to its anionic character(4). While most AMPs is 

cationic, the electrostatic attraction contributes to the targeting and selectivity of these 

membranes(5), although hydrophobic residues are also important to the interaction with the 

membrane(6). 

Despite many AMPs being unstructured in solution, most of them adopt a well-defined 

amphipathic α-helical conformation in the presence of an interaction interface(7). Thereby, the 

primary sequence, and the arrangement of the amino acid side chains in an ordered structure 

seems to be essential to the AMPs activity in bacterial membranes(8). Peptides which present 

these structural behaviors may act directly on the microbial membrane and some interaction 

models have been described for the AMPs(9–11).Therefore, it is of particular interest to analyze 

how AMPs interact with and modify the structure of the phospholipid bilayer, inducing 

membrane disruption and, consequently cell lysis. 

Another point that is important to highlight is the presence of D-amino acids in 

antimicrobial peptide sequences. Although the presence of enantiomeric amino acid was 

usually addressed as an uncommon and rare occurrence in animal sources, recently natural 

antimicrobial peptides containing D-residues have been described. Interestingly, some peptides 

containing D-amino acids showed quantitative differences in antimicrobial activities when 

compared to the L-epimeric form. Besides that, their occurrence has been associated with a 



 

 

higher resistance to peptidases than their counterparts(12). Some examples are the natural L-

Phenylseptin and D-Phenylseptin peptides (FFFDTLKNLAGKVIGALT-NH2) reported with D-

epimer showing higher activity against Staphylococcus aureus and Xanthomonas axonopodis 

in comparison with the L-epimer(13). Other peptides presenting the same characteristic are 

antimicrobial Bombinin H(14), and the opioid peptide classes Dermorphins(15), and 

Deltorphins(16), both identified in amphibian skin. 

 

In this context, the following chapters of this Thesis describes the mode of membrane 

interaction of two antimicrobial peptides originally isolated from Epinephelus coioides (orange-

spotted grouper), named piscidin-4s (ecPis-4s), piscidin-2s (ecPis-2s), and an epimeric form of 

Piscidin-2s, called D-ecPis-2s. In order to understand how the structural features such as 

positively charged, aromatic amino acids, and secondary structure may influence on the 

membrane interaction, a set of structural and biophysical techniques has been employed. 
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Chapter 1: Introduction 

 

Peptides are biomolecules with diverse biological activities and play an important role 

in the functional and physiological properties of living organisms(17,18). Similarly, peptides 

are formed by amino acid residues covalently linked through amide bonds, also known as 

peptide bonds(1,19). 

The biological activity of peptides was firstly described by Mellander in 1950(20). 

This study showed phosphorylated peptides derived from casein increased bone calcification in 

children diagnosed with rickets, even in the absence of vitamin D(20). Since then, peptides have 

been the subject of many studies that continue to the present day(21). 

Currently, there are several platforms or databases which classify bioactivity peptides 

based on their function/activity as antimicrobial, antithrombotic, antihypertensive, opioid, 

immunomodulator, antioxidant, wound healing, antidiabetic and antifilm, anticancer, among 

others(22–27). Thus, these molecules can act mainly on the immune, digestive, gastrointestinal, 

endocrine, cardiovascular, and nervous systems, as well as having preventive properties against 

infectious diseases(22,28). 

Among the classes of bioactive peptides, antimicrobial peptides (AMPs) is one that 

has been highlighted in recent years. The relevance of studying AMPs arises from the increased 

resistance of microorganisms against conventional antibiotics, mainly due to their 

indiscriminate use to combat bacterial infections(29). As a result, bacterial resistance is now 

one of the most serious public health problems with worldwide economic impact(30–32). 

AMPs act by associating with cell membranes, predominantly those negatively charged(18) 

whose interaction results in the disorganization and/or disruption of the lipid bilayer, which can 

cause cell lysis(4,24,33). This mechanism differs from the mode of action of conventional 

drugs, which act on specific targets in the pathogens' cells. Therefore, when compared to 

conventional antibiotics the development of pathogen resistance is more difficult when treated 

with AMPs(34). In this context, AMPs have emerged as promising antibiotic agents and an 

alternative in the development of new drugs to combat infections caused by super-resistant 

bacteria. 

Although many antimicrobial peptides have been studied and some mechanisms of 

action proposed, their mode of membrane interaction is difficult to analyze, and more 
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comprehensive studies are needed to answer some questions. The knowledge gained from 

structural techniques, biophysical interaction processes, and understanding of the structure-

activity relationship of antimicrobial peptides helps in the design and development of more 

specific molecules with greater biological potential, resulting in more effective antibiotics with 

lower toxicity. 

1.1 Antimicrobial resistance 

Antibiotics have effectively extended life expectancy and they are the most widely 

distributed drugs by the pharmaceutical industries and the most prescribed in hospitals 

worldwide(35–37). These drugs are essential in healthcare treatments, especially in 

underdeveloped countries, where diseases caused by microbial infections are a common cause 

of death(38). 

Bacterial resistance, also known as antibiotic resistance or antimicrobial resistance 

(AMR), is the ability of bacteria to resist the action or effects of medication previously used to 

treat them(30). In other words, antimicrobial resistance happens when a microorganism such as 

bacteria, fungi and parasites change when they are exposed to antimicrobial drugs, e.g., 

antibiotics and antifungals medicines(39). As a result, these drugs become ineffective and 

infections persist in the body, increasing the risk of spread to others(30). AMR is currently one 

of the most relevant public health problems at a global level, as it has worrying clinical and 

economic consequences, since many bacteria previously susceptible to the antibiotics usually 

used no longer respond to these same agents(31,38,40). 

Although the development of bacterial resistance to antibiotics is a natural 

phenomenon, the overuse and misuse of antibiotics in healthcare and agriculture, together with 

inappropriate waste management and environmental transmission, have led to substantially 

increased antimicrobial resistance(30,35). The antimicrobial resistance process is resulted from 

the use of medicines, and the genetic mutation of bacteria(31), in addition the development of 

superbugs bacteria is also the result of the indiscriminate use of antibiotics such as in medicine, 

agriculture and livestock(41); poor infection control in hospitals and clinics; lack of hygiene 

and basic sanitation(31,40), etc. The major problem of bacterial resistance to antibiotics is not 

only related to the development of stronger strains and their rapid proliferation, but also to the 
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limitations of treatment options for these 'new' infections(30,39). In this way, antimicrobial 

resistance is an urgent global public health threat. 

The World Health Organization (WHO) has reported that antimicrobial resistance 

(AMR) had killed at least 1.27 million people worldwide and associated with nearly 5 million 

deaths in 2019(30). In the U.S., the Centers for Disease Control and Prevention (CDC) reported 

over 2.8 million cases of antimicrobial-resistant infections annually, resulting in more than 

35,000 fatalities, as outlined in the 2019 Antibiotic Resistance Threats Report(42). A recent 

report from the United Nations Environment emphasizes the need for increased attention to 

environmental factors fostering the development of drug-resistant bacteria, commonly known 

as "superbugs." The report predicts that by 2050, superbugs and associated forms of AMR could 

lead to up to 10 million deaths annually, matching the annual global death toll of cancer(43,44). 

Besides that, a 2022 Lancet study indicates 860,000 deaths of occurred in Africa 

resulted directly from drug-resistant bacterial infections in 2019, while during the same year, 

Africa recorded 640,000 deaths from HIV(45). Addressing the economic impact, a 

collaborative CDC study reveals that the annual cost of treating infections caused by six 

frequently encountered multidrug-resistant microorganisms in healthcare settings in the United 

States exceeds $4.6 billion(32). In this way, antimicrobial resistance has been considered one 

of the top global public health challenges, posing imminent threats to animal and plant health, 

food security, and economic development. Therefore, with the emergence of pathogens that are 

super-resistant to commonly used drugs, many studies have been carried out to develop new 

drugs against infections caused by this new generation of bacteria(46–49). 

There are mainly four mechanisms by which bacteria resist antibiotics(50), as shown 

in Figure 1. They are [1] bacterial enzyme-mediated drug inactivation, where the antibiotics are 

deactivated by the enzymes produced by the bacteria, such as the β-lactamase enzyme that 

inactivates Penicillin G from penicillin-resistant bacteria(51); [2] by reducing drug uptake 

through decreased cell permeability which, for instance, the bacteria modify their cell wall 

components, such as lipopolysaccharide lipid A or peptidoglycan precursors to avoid the 

interference of antibiotics with cell wall synthesis(52); [3] structural modification of the drug 

target due to gene mutation, which this process allows bacteria to change their target binding 

sites through genetic mutations. Examples of such modifications are the changes in penicillin-

binding proteins, DNA gyrase and topoisomerase IV enzymes, and the methylation of the 30S 

and 50S ribosomal subunits(53,54); [4] drug efflux outside the bacterial cell membrane which 

is the expression of transmembrane efflux pumps. This process belongs to six major families 
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and enables bacteria to actively eject almost all classes of antibiotics from their cytoplasm(55). 

Plasmids, small mobile genetic elements composed of extrachromosomal DNA, can spread 

resistance genes between bacteria of the same or different species, with the plasmid-mediated 

quinolone resistance gene being one such example(50,53). 

 

 

 

Figure 1.  Mechanisms of antimicrobial resistance which are represented various antimicrobial resistance strategies 

utilized by ESKAPE pathogens(53). 

 

The recent advancement in addressing antimicrobial resistance encompasses a range 

of strategies, including combinatorial drug methodologies, products based on antimicrobial 

polymeric biomaterials, bio-nanotechnology approaches, and others. The treatment currently 

applied against critical superbugs as methicillin-resistant S. aureus (MRSA), carbapenem-

resistant Enterobacteriaceae (CRE), vancomycin-resistant Enterococcus (VRE), multidrug-

resistant P. aeruginosa (MRPA), and multidrug-resistant E. coli (MREC) are applied 

respectively Vancomycin(56); Polymyxin, Tigecycline, and Aminoglycosides in a drug 

combination approach against CRE(57); Daptomycin(58); Ceftazidime–avibactam and 

Ceftolozane– tazobactam(59); and Mecillinam in which it inhibits penicillin-binding protein 2 

in E. coli (MREC) strains(60). 

Among the proposals discussed above and described in the literature, AMPs isolated 

from fish, called piscidins are another class of promising biomolecules with high antimicrobial 

activity potential and a broad spectrum against resistant pathogens(61).  AMPs are a class of 
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small peptides that widely exist in nature and being an important player of the innate immune 

system of different organisms. They have been reported as presenting inhibitory effects against 

bacteria, fungi, parasites, and viruses(62). In contrast to conventional drugs, which target 

central cellular processes and cell wall metabolism, the main target of AMPs is the cell 

membrane(63,64). Although these biomolecules are highly diverse, they have several common 

properties such as [1] positive net charge, which helps them to reach the bacterial surface; [2] 

a have high hydrophobicity, and [3] amphipathicity, characteristics that together lead to a high 

partition coefficient in the lipid bilayer of the microbial membrane(65). AMPs studies are part 

of a still recent area of research that faces challenges that include searching for biomolecules in 

nature, investigating their roles in innate immunity and identifying their mechanisms of 

action(66,67). 

1.2 Antimicrobial peptides 

Antimicrobial peptides (AMPs) are biologically active molecules that can be found in 

a variety of living organisms such as bacteria, fungi, plants, amphibians, insects, mammals, 

etc(68). Generally, AMPs make part of the innate immunity system acting in the first line of 

defense against infections and elimination of invading molecules(25,69). 

AMPs identified in nature from diverse sources vary in length, composition, charge 

and secondary structure, although they can share some similarities. On the other hand, different 

types of AMPs have the following commonalities as their number of amino acid residues is 

between 10 and 60, and almost all AMPS are cationic. Although, several anionic AMPs also 

exist, as they are formed by several acidic amino acids like aspartic acid and glutamic 

acid(62,70). 

Pane and coworkers reported (71) that the inhibition potential of a peptide against 

pathogens is directly related to the presence of a positive charge and its amphipathic character.  

Commonly, AMPs present a net positive charge, i.e., they have a cationic character due to the 

presence of amino acid residues with basic and protonable side chains, such as arginine, lysine 

or histidine. The amphipathic character is associated with the conformation of the peptide in 

the cellular environment, for example, when interacting with the phospholipid bilayer(4). Thus, 
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they preferentially associate with the negatively charged cell membrane of bacteria due to 

electrostatic attraction(25,34,72). 

Ongoing advancements in AMPs research have led to the accumulation of substantial 

datasets within AMPs databases. The classification of natural AMPs is challenging due to their 

natural diversity(73). AMPs are categorized according to [1] source, [2] activity, [3] structural 

characteristics, and [4] amino acid-rich species(74). Based on APD3 statistics, AMPs can 

originate from various sources, such as mammals (with a large fraction of human host defense 

peptides), amphibians, microorganisms, or insects(62,75–78). Figure 2 presents a classification 

of antimicrobial peptides. 

 

 

Figure 2. Classification of antimicrobial peptides according to statistical data in APD3(62,74). 

 

As mentioned above, AMPs are host defense mechanisms that protect, for example, 

eukaryotes from pathogen invasion(79). They are well conserved because [1] as constituents of 

the innate immune system, the production of AMPs by host cells demands less time and energy 

compared to the synthesis of antibodies within the acquired immune system, and [2] they are 

small peptides that can reach the target faster than immunoglobulins (80); (3) they are essential 

for some eukaryotes that do not have a lymphocyte-based immune system, such as insects that 
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depend on the synthesis of a series of antibacterial compounds to eliminate invading 

microorganisms(81). 

Since then, a large number of AMPs have been widely found in various organisms, 

shown in Figure 2; including microorganisms(82), plants(83), invertebrates(84), fish(61,77,85), 

amphibians(69,86), reptiles(87), and mammals(88); a brief description of the variety of AMPs 

is presented as follows. The first antimicrobial peptide identified in bacteria is named nisin, 

which is produced by the host strain, exhibits cytotoxicity towards other bacterial strains, and 

kills bacteria in order to compete for nutrients in the environment(89). AMPs have also been 

found in fungi(82). Furthermore, Copsin, derived from Coprinopsis cinerea (Mushroom), 

exhibits bactericidal effects on various Gram-positive bacteria by interfering with the 

biosynthesis of the cell wall in pathogens such as Enterococcus faecalis and Listeria 

monocytogenes(90). 

Plants use AMPs to defend themselves from pathogenic microorganisms in the air and 

soil. There are multiple families of plants-derived AMPs, such as thionins, defensins and 

cyclotides(91). Thionins, a family of small proteins found solely in higher plants, are widely 

found in seeds, stems, roots and leaves(92), and they exert cytotoxic effects on a spectrum of 

microorganisms, including Gram-positive and Gram-negative bacteria(93), yeasts(94), and 

others. AMPs derived from plants typically exhibit a high cysteine residue content, that forms 

multiple disulfide bonds, which are crucial for structural stability(95). Invertebrates depend on 

the innate immune system as the primary host defense against pathogenic bacteria, due to the 

absence of a lymphocyte-based immune system(96). AMPs in invertebrates are widely 

distributed in hemolymph, skin mucosa, and other tissues. For example, cecropins, derived from 

the hemolymph of Hyalophora cecropia, exhibit high antibacterial effects against both Gram-

positive and Gram-negative bacteria(76). The induced expression of drosocin, a 19-residue long 

antimicrobial peptide of flies first isolated in the fruit fly Drosophila melanogaster, in the 

intestinal tract of Drosophila serves to prevent infections caused by the pathogen Pseudomonas 

entomophila, thereby preserving intestinal homeostasis(97). 

Concerning mammals, antibacterial proteins including lysozyme, azurocidin, 

cathepsin G, phospholipase A2, and lactoferrin, form the innate immune system of 

mammals(98). Currently, over 1770 species of antimicrobial peptides have been identified in 

vertebrates. The predominant classes of AMPs in most mammals are cathelicidins and 

defensins(99), while fish also have hepcidins and piscidins(100–102). Cathelicidins represent 

a class of Antimicrobial Peptides (AMPs) characterized by a highly conserved cathelin domain, 
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exhibiting distinct peptide lengths, amino acid sequences, and protein structures(103). Fish-

derived cathelicidins demonstrate potent antibacterial activity against a wide range of Gram-

positive and Gram-negative bacteria(104). In amphibians, the skin serves as a significant source 

of AMPs, for example, Cathelicidin-PV, an AMP identified in the skin of the frog Paa 

yunnanensis, exhibits strong antibacterial activity against Gram-positive and Gram-negative 

bacteria, fungi, as well as clinically isolated drug-resistant, while demonstrating low hemolytic 

activity(69,105). Additionally, cathelicidins and cathelicidin-related peptide have been 

identified in various species including for example birds(106), cattle(107), pigs(108) of South 

America which has presented antibacterial, anti-tumor and anti-fungal properties(109). 

Defensins constitute another category of AMPs, further classified into three subtypes 

based on the arrangement of disulfide bonds: α-, β-, and θ-defensins(110). In humans, only α-

defensins and β-defensins are present. Similar to cathelicidins, α-defensins are cleaved by 

elastase, metalloproteinase, or other proteolytic enzymes, ultimately producing a C-terminal 

peptide with potential antimicrobial activity(80). The first β-defensin was discovered in the 

epithelial cells of bovines(111). It was demonstrated that β-defensins derived from quail killed 

almost all of the 11 tested bacteria, including both Gram-positive and Gram-negative 

strains(112). 

The therapeutic potential of AMPs has attracted considerable attention in the last 

decades, as evidenced by over 5,000 publications in this field since 2017(113). These 

publications encompass investigations into potential clinical applications of antimicrobial 

peptides, ranging from addressing infections involving multidrug-resistant bacteria(114–116) 

to managing chronic inflammatory diseases such as arthritis(117), asthma(118), and some types 

of cancer(119). Currently, peptide-based therapeutics undergoing clinical trials are 

predominantly oriented towards treating infections such as respiratory tract, oral, and catheter-

related infections, as well as facilitating wound healing(113). 

Although ongoing advancements in the study of Antimicrobial Peptides (AMPs) have 

yielded substantial datasets accessible across diverse environments and membrane media, the 

mechanism of action of AMPs remains incompletely understood, necessitating additional 

research efforts. Further investigations are required to elucidate the relationships between 

physicochemical properties, aiming to derive cost-effective and highly safe AMPs with 

pronounced antimicrobial efficacy and specificity. Moreover, the synergistic potential of AMPs 

should also be continually enhanced, investigated, and further developed. 
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As known and described in the literature, most AMPs when in contact with the 

membrane environment can adopt a defined secondary structure as a result of an efficient 

interaction(65,120). Mostly, when interacting with the membrane environment, AMPs acquire 

secondary structures such as -helical and β-sheet, or even unusual well-defined conformations 

stabilized by loops, turns, among other structural folds(22,24,121,122). Figure 3 shows 

examples of the most commonly reported secondary structures in the literature for AMPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Secondary structures of antimicrobial peptides: -helix structure of 23-residue magainin antibiotic 

peptide (PDB – 2MAG); -sheet secondary structure of the Protegrin-1 peptide (PDB - 1PG1), and extended 

structure of the Indolicidin peptide (PDB - 1G89). 

 

In addition to the secondary structures presented above, AMPs can present cyclic 

structures due to disulfide bonds(6), distorted arrangements of helices or -sheet due to the 

presence of proline residues in the primary sequence(123). On the other hand, the secondary 

structure of extended peptides has also been described in the literature. Peptides such as 

Indolicidin (PDB - 1G89)(124) and Tritrpticin (PDB - 1D6X)(125) have had their three-
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dimensional structures elucidated using solution NMR technique. The main characteristic of 

this structure is a short sequence involving one or two amino acid residues, as Trp, Arg, and 

Pro in the sequence(126,127). Although less common for antimicrobial peptides, complex 

structures such as supercoils or superhelices(128,129), stabilized by either disulfide bonds or 

interchain interactions have been reported such as the homodimeric peptide homotarsinin(6). 

The secondary structure plays an important role for the mode of action of AMPs. Based 

on this characteristic, peptides act as a pore-forming resulting in the leakage of cytoplasmic 

content, followed by cell death(63,130). On the other hand, some antimicrobial peptides, act 

under a membrane permeation mechanism based on an amphipathic structure and target 

intracellular components, as LAH4 family peptides(131). Although the activity of AMPs has 

been widely discussed, the mechanism of action of these biomolecules is not yet fully 

understood. In addition, as AMPs can undergo conformational changes upon adsorption onto 

the bacterial membrane and evolve several mechanisms of action which further complicate the 

analysis of a structure-activity relationship (SAR), overcoming this gap in understanding may 

make antibiotic design closer to what is the common structure-based approach for drug design. 

Taking all these points into consideration, the mechanism of action is crucial to this goal(120). 

1.3 Mechanisms of action of AMPs 

AMPs have a mechanism of action that differs from the conventional antibiotics which 

are based on enzyme inhibition(132). Although AMPs can disrupt pathogenic cells in a variety 

of ways, including inhibiting cell wall, DNA, RNA, and protein synthesis, as well as enzymatic 

activity(79), the main mode of action of these molecules consists of the perturbation and 

disruption of cell membranes, leakage of cytoplasmic contents, and consequent cell 

lysis(72,133–135). Thus, AMPs can exert their antimicrobial activity by employing 

sophisticated modes of action, which involve interacting with the cell wall, cell membrane, and 

various intracellular components, as well as inhibiting biofilm formation and modulating the 

host immune system. The activity of antimicrobial peptides depends on various factors, such as 

their size, charge, hydrophobicity, secondary structure, or amphiphilic character. The 

conformation of AMPs may also play an important role in their antimicrobial efficacy. 
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Furthermore, peptides with amphipathic structures can interact more effectively with the 

pathogen’s membrane. 

The antibacterial effects of AMPs acting on the cell wall are primarily mediated by 

interfering with the synthesis of cell wall components and disrupting the cell wall integrity, for 

example AMPs that interfere with the biosynthesis of peptidoglycan (PGN)(136); AMPs which 

may play a damage cell wall integrity by inhibiting the biosynthesis of wall teichoic acid (WTA) 

or membrane teichoic acid(137), for example, in addition to inhibiting the biosynthesis of PGN 

precursors lipid I and lipid II, teixobactin - a natural undecapeptide from Eleftheria terrae that 

comprises several uncommon residues including d-amino-acids(138) - can simultaneously 

inhibit the biosynthesis of teichoic acid lipid III, the main precursor of WTA, thus exerting a 

bactericidal effect on methicillin-resistant Staphylococcus aureus (MRSA)(137). Moreover, 

some AMPs can induce the release of autolysins that degrade bacterial cell walls(139). 

Alternatively, AMPs can act on the cell membrane or on intracellular targets(122). A schematic 

representation of the antibacterial mechanism of AMPs is shown in Figure 4. 
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Figure 4. Different modes of action of antimicrobial peptides. AMPs may have direct neutralizing effects on 

bacteria e.g., by membrane disruption through pore forming or by targeting internal structures of bacteria(122). 

 

The microbial cell membrane is an important target of most AMPs as they act by 

disrupting the integrity of the pathogen’s membrane(63). Besides that, the difference from the 

mammalian cell membrane composition is a major factor in the selective killing of bacteria by 

AMPs(79). In the literature, various models have been proposed in the last 25 years that relate 

the activity of AMPs on the cell membrane to the eventual outcome of osmotic lysis(78). Figure 

5 shows different events occurring at the bacterial membrane bilayer following initial AMPs 

adsorption. The mechanisms of action for AMPs known as the carpet model, barrel model, and 

toroidal pore model are the most discussed in the literature(140). These models describe the 

mode of peptide-membrane interaction which leading to pore-formation process based on a 

common mechanism that basically takes place on a combination of hydrophobic and 

electrostatic effects(141). 
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Figure 5. Schematic presentation of the modes of action of AMPs at the bacterial membrane following initial 

peptide (AMPs) adsorption. Some antimicrobial peptides act on cell membranes through different mechanisms, 

increasing membrane permeability, leading to leakage of cell contents and cell death as in the classical models of 

membrane disruption (barrel-stave, toroidal-pore, carpet models)(141). 

 

 In the classical models of membrane disruption, the peptides lying on the membrane 

reach a threshold concentration and insert themselves across the membrane to form either 

peptide-lined pores in the barrel-stave model(130,142,143). They can also solubilize the 

membrane into micellar structures in the carpet model, or still form peptide-and-lipid-lined 

pores in the toroidal pore model. Furthermore, in the revised disordered toroidal pore model, 

pore formation is more stochastic and involves fewer peptides located near the center of the 

water-permeable pore(144). The thickness of the membrane can be affected by the presence of 

the peptides, or the membrane itself can be remodeled surrounding the cationic peptides. In this 

way, the bilayer is influenced by the AMPs’ lateral and orientational motions which affect 

membrane integrity and function, as observed for the human peptide LL-37, and antimicrobial 
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frog skin peptide PGLa(142). There are other specific cases, e.g., in which non-bilayer 

intermediates can be induced in the membrane(145); as well as when the peptide adsorption to 

anionic membranes can be achieved more strongly when they are targeted to oxidized 

phospholipids, as evidenced by peptide Temporin L, and Indolicidin peptides(146). 

In addition, a set of biophysical approaches have been used to elucidate the mechanisms 

of action of antimicrobial peptides and their synergism due to interaction with more than one 

peptide(147). Figure 6 presents some models of peptide-membrane interaction through a set of 

biophysical approaches elucidating the mechanisms of action of antimicrobial peptides, and 

their synergism due to interaction with more than one peptide(33,147,148). 

 

 

Figure 6. Schematic models illustrating how various biophysical methods have revealed the mechanisms of action 

of antimicrobial peptides (A-D). Panels A and B show side views, panels C and D top views of the lipid bilayer. 

Scheme of how two peptides can interact synergistically in a membrane environment (E–G)(147). 

 

The scheme of the mechanism of action presented above is related to different 

processes of peptide when it reaches the membrane target e.g., Figure 6A illustrates the 
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interaction of a charged amphipathic peptide with a high hydrophobic moment such as the 

magainin peptide in which the partition into the membrane interface cause disordering of the 

lipid packing(148). When the peptide concentration is high enough at least locally, the 

membrane bilayer can rupture or the membrane disrupts at high peptide-to-lipid ratios(33) 

[Figure 6B]. Along the openings, peptides can insert and cross in in-planar or tilted alignments. 

Molecular dynamics of amphipathic helices have been simulated to form double belts(149), an 

arrangement that also agrees with the in-planar alignment of the peptide helices observed by 

solid-state NMR spectroscopy, representing another mode of action(150) [Figure 6C]. Figure 

6D shows fluorescence quenching experiments that suggest mesophase structures formed by 

in-plane oriented helices(85). The schemes presented in Figure 6 E-G are related to the 

membrane disruptive properties in which one peptide (yellow) could help the insertion or 

approach of another one (blue), which by itself is less likely to partition into membranes(151). 

As can be seen, the mechanisms of action can be very diverse from peptide to peptide and it 

also depends on the lipid composition they are interacting.  

Although common mechanisms of action have been described for AMPs, several 

studies have been widespread in recent years, and many new models have been used to describe 

their mode of interaction(150,151). As an example, the agglutination model has been reported 

for the antimicrobial peptide thanatin(77,152), in which a micellar complex is formed by the 

combination of cationic peptides and outer membrane lipopolysaccharides of gram-negative 

bacteria or cell wall peptidoglycans of gram-positive bacteria(152). In this model, the peptide 

molecules are not able to penetrate the cell membrane, instead, they induce bacterial membrane 

agglutination and they are subsequently phagocytized(153). As can be seen, the mechanisms of 

action can be very diverse from peptide to peptide and it also depends on the lipid composition 

they are interacting in(33). 

Besides employing membrane-disruptive mechanisms, membrane-disruptive AMPs 

may also exert bactericidal effects through non-membrane disruptive pathways(72). 

Furthermore, they may function either autonomously or synergistically with non-membrane 

disruptive AMPs that can penetrate membranes and access their intracellular targets. Such 

AMPs may interfere with various cellular processes, such as protein-folding, protease activity, 

cell division, and the biosynthesis and metabolism of proteins, nucleic acids, and cell 

walls(136). 

The results from pre-clinical studies employing AMPs demonstrated that AMPs could 

be used for the prevention and treatment of various clinical conditions. Nisin, gramicidin, 
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polymyxins, daptomycin and melittin are currently in clinical use as alternatives to antibiotics 

because of their antimicrobial potency(143). Nisin, also named nisin A, is a 34-amino acid 

peptide that comprises dehydrated, unsaturated and thioether amino acids, which form five 

lanthionine rings. It is naturally produced by lactic acid bacteria such as Lactococcus lactis and 

exhibits a wide-range of bactericidal activity(154,155). Nisins impede cell wall synthesis by 

interacting with lipid II, a precursor molecule that is essential for bacterial cell-wall bio-

synthesis. Nisins also form membrane pores that induce cell lysis(156). The effect of nisin A 

has been examined in clinical trials using probiotics, which are the ingestion of live 

microorganisms (e.g., L. lactis) that produce nisin A. A systematic review of such trials revealed 

that these probiotics reduce infectious complications and may consequently lower intensive 

care unit mortality(157). Pruritus and flushing of the skin, as well as nausea and vomiting, are 

minor yet potential adverse effects of nisin A. The safety profile along with the broad-spectrum 

of bactericidal activity, suggested that the application of nisin could transcend food-related 

bacteria(158,159). Nisins are applied in humans for dental-care and pharmaceutical products 

such as for the therapy of stomach ulcer and colon infections(143,160). 

Gramicidin or gramicidin D is a combination of gramicidin A, B and C peptides 

constituting 80%, 6%, and 14% of the mixture, respectively. These AMPs are hydrophobic 

linear polypeptides composed of 15 amino acids(161). They are naturally produced by Gram-

positive Brevibacillus brevis frequently found in soil(162). Gramicidins form ion-channels 

within the bacterial membrane, facilitating the passive diffusion of Na+ and K+ along their 

concentration gradient(163). This leads to membrane depolarization, osmotic swelling, and 

lysis of bacterial cells. Gramicidin is efficacious against a range of Gram-positive bacteria and 

is clinically utilized for ophthalmic purposes as a component in Neosporin®. The results of the 

clinical trial which necessitated an average of 12.5 days for complete re-epithelialization of 

these ulcers, indicate that Neosporin® containing gramicidin could be employed as an 

alternative to conventional antibiotics for such ophthalmic purposes(163,164). Polymyxin B is 

another AMP in Neosporin®. 

Polymyxins (A, B, C, D, and E) belong to a class of cyclic polypeptides that are 

naturally synthesized by the Gram-positive bacterium Paenibacillus polymyxa. These AMPs 

exhibit activity against MDR Gram-negative bacteria, such as Pseudomonas aeruginosa and 

Escherichia coli(164). By binding to the lipid A moiety of lipopolysaccharide (LPS) on the 

outer membrane of Gram-negative bacteria, polymyxins facilitate the insertion of the AMPs 

into the membrane(165). This results in increased cell-permeability through a detergent-like 
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mechanism, leading to cell death(166). Polymyxin B and E, which differ by a single amino acid 

residue, are the only polymyxins in clinical use(167,168). Polymyxin B is indicated for the 

treatment of ocular infections, while polymyxin E is employed for the management of wound 

infections. These AMPs are considered as essential but last-line therapeutic agents due to their 

potential to cause adverse effects. Although common mechanisms of action have been 

described for AMPs, several studies have been widespread in recent years, and many new 

models have been used to describe their mode of interaction(33,150,151,153). 
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1.4 Membrane models environments 

Cell membranes are complex natural barriers that isolate the internal contents from the 

extracellular environment, and also control the flow of substances with the external 

environment(169). In general, they are made from phospholipid bilayers in which various other 

molecules are associated, such as membrane proteins, glycoproteins, steroids, etc(170). 

Membranes are approximately 7.5-10 nm thick in liquid phase(171), thus an ideal model should 

be morphologically similar. Due to the high complexity of cell membranes, membrane models 

have been used as mimetic systems to investigate the interactions with AMPs(172). 

Membrane models can be divided into two classes: micelles (detergents) and bilayer 

(phospholipids), and they can be prepared by self-association of surfactants in aqueous 

solution(169). Micelles are spherical colloidal aggregates of amphipathic molecules containing 

a hydrophilic surface and a hydrophobic core. Sodium dodecylsulfate (SDS) and 

dodecylphosphocholine (DPC) consist of detergent molecules that aggregate above the critical 

micelle concentration (CMC) to form anionic and zwitterionic micelles, respectively(173). In a 

polar environment, these molecules spontaneously self-organize in supramolecular structures 

in which the hydrocarbon chains are oriented toward the interior of the micelles in order to 

isolate themselves from the aqueous phase(6). On the other hand, the hydrophilic portions are 

exposed to the aqueous interface and are solvated by water molecules. Cross and 

coworkers(174) reported that the selection of detergents and phospholipids must take into 

account both the physical characteristics of the membrane and the characteristics of the 

equipment used for biophysical and structural analysis(174). SDS and DPC micelles have been 

successfully used as mimetic membranes in tridimensional NMR solution determining of 

peptides, integral membrane proteins as well as protein domains(170,175–177). The micellar 

model is preferred as they are relatively small, which means that they rapidly rotate, on the 

time-scale required for NMR. Figure 7 presents the most common membrane models. 
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Figure 7. Mimetic membrane models. Structural representation of liposome (left), micelle (middle) and bilayer 

sheet (right). B) The classification of common vesicle size and lamellarity. In this figure, small unilamellar vesicles 

(SUV) are less than 100 nm in diameter; large unilamellar vesicles (LUVs) are between 100 and 1000 nm; and 

giant unilamellar vesicles (GUV) are larger than 1 µm. Multilamellar vesicles (MLV) have many membrane layers, 

and multivesicular vesicles (MVV) encapsulate smaller vesicles(178). 

 

The lipids that form bilayers give rise to vesicles or flat bilayers. Vesicles are closed 

bilayer structures formed by phospholipids that organize spontaneously in the presence of 

water(169). This mimetic model is the most widely used to study the mode of peptide-

membrane interaction, including membrane fusion, molecular recognition, pore-forming 

process, and peptide-membrane translocation(179). According to their preparation, vesicles can 

have different sizes and be classified as giant unilamellar vesicles (GUVs), large multilamellar 

vesicles (MLVs), large unilamellar vesicles (LUVs), or small unilamellar vesicles 

(SUVs)(172,173). LUVs are commonly used as mimetic models in peptide-membrane 

interaction studies, for example, by using isothermal titration calorimetry, differential scanning 

calorimetry, fluorescence, and circular dichroism spectroscopy(180–182). 

A) 

 

 

 

 

 

 

 

 

 

B) 
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In the model formed by a flat lipid bilayer, the mimetic membrane is supported on a 

solid surface of mica, glass, or silicon oxide(183). These models allow the investigation of 

interactions with lipid head groups using a variety of techniques, for example, in studies of 

peptide topology by solid-state NMR and analyses of interaction kinetics using the SPR 

technique, which provides detailed information regarding the orientation of the peptide in the 

bilayer, partition constant and kinetics of the peptide-membrane system under 

investigation(184). Figure 8 shows structures of some detergents most commonly used in the 

preparation of micelles as DPC and SDS, as well as lipids such as phosphatidylcholine - POPC 

(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and phosphatidylglycerol – POPG (1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol). 

 

 

 

 

Figure 8. Molecular structures of phospholipids used for membrane models such as vesicles, lipid bilayers, and 

micelles. 
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1.5 Piscidin peptides 

In recent years the marine environment has been increasingly explored and has become 

one of the richest sources of antimicrobial peptides(21,34,85). Among the classes of AMPs 

found in this environment, piscidins have emerged as one of the most important peptide 

families(185). Piscidin is a type of histidine-enriched AMPs that interacts with lipid bilayers 

commonly acquiring amphipathic α-helices(101,186). They are natural peptides commonly 

found in different fish species(187), being responsible for innate immune responses and display 

broad-spectrum activities against bacteria, fungi, and even viruses(79,188). In addition, 

piscidins are found in different parts, including mast cells, fish gill, and skin where the peptides 

exhibit immunomodulatory wound healing properties, and where other neuropeptides are 

expressed(189,190). 

Although piscidin AMPs are still in the early stages of development and have not yet 

reached the advanced phases of clinical trials there are a few clinical trials involving piscidin 

AMPs or their derivatives. One of them is a preclinical study in China investigating the efficacy 

and mechanism of a modified piscidin peptide (Pis-2) against multidrug-resistant Acinetobacter 

baumannii infections(191). There are also some studies that report the synthesis and 

optimization of piscidin analogs, for instance, tilapia piscidin 3 (TP3) and tilapia piscidin 4 

(TP4) for enhancing their stability, specificity, and bioavailability against K. pneumonia and 

multi-drug resistant A. baumannii(192). These trials suggest that piscidin-derived peptides have 

potential as novel antimicrobial agents against resistant bacteria. However, more studies are 

needed to confirm their safety and efficacy in humans. 

Another example is the antimicrobial peptide Tilapia Piscidin 4 (TP4) which has 

shown broad-spectrum of antimicrobial activity, as well as anticancer, immunomodulatory, and 

wound-healing properties(190). The histidine-enriched nature of piscidins allows them to 

interact with lipid bilayers and exhibit pH-dependent permeabilization when their positive 

charge increases in acidic environments(133). Tilapia Piscidin 4 (TP4) is derived from fish Nile 

tilapia (Oreochromis niloticus) that presents antibacterial, antibiofilm, and wound healing 

properties(193). The antimicrobial peptide TP4 is not yet approved by the FDA, but it is in 

clinical trials for the treatment of bacterial vaginosis (BV), a common vaginal infection caused 

by an imbalance of bacteria. BV is prevalent among women of reproductive age and has a high 

rate of recurrence, which can be largely attributed to ineffective BV biofilm eradication by 
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current first-line antibiotics(194). In a previous study, tilapia piscidin 4 (TP4) exhibits broad-

spectrum antimicrobial and antibiofilm activity against BV-associated bacteria, but not 

beneficial lactobacilli. The clinical trial aims to evaluate the safety, side effects, and maximum 

tolerable dose of TP4 in women with BV. Another piscidin peptide which is being tested in 

clinical trials are named chionodracine. This is a piscidin peptide isolated from the icefish 

Chionodraco hamatus which has presented strong activity against Gram-positive bacteria, 

including methicillin-resistant Staphylococcus aureus (MRSA)(102) as well as it also has 

shown anti-tumor activity against human melanoma cells. It is currently being evaluated for its 

safety, side effects, and maximum tolerable dose in a phase I clinical trial. 

In this thesis, we focus on the mode of action and biological activity of natural piscidin 

peptides namely Piscidin-4s (ecPis-4s), Piscidin-2s (ecPis-2s), and an epimeric form of the 

ecPis-2s. The natural peptides were first isolated from Epinephelus coioides (orange-spotted 

grouper, also known as the estuary cod), a fish commonly found in Asian seas(195). These 

peptides presented high activity against gram-positive (Staphylococcus aureus) and gram-

negative (Escherichia coli, Vibrio Parahaemolyticus) bacterial strains. Orange-spotted grouper 

(E. coioides) is also the source of other peptides such as epinecidin-1 (Epi-1)(196), which has 

shown effective activity against a wide range of bacterial and viral infections and exhibits 

immunomodulatory effects(196,197). 

The peptides ecPis-4s (FFRHIKSFWKGAKAIFRGARQG-NH2) and ecPis-2s 

(FFFHIIKGLFHAGRMIHGLV-NH2) are 22 and 20 amino acid residues long, respectively, and 

are capable to arrange in amphipathic structures(195). As mentioned, in addition to the natural 

sequences, we proposed the synthesis of an ecPis-2s epimer by replacing the second L-Phe2 by 

a D-Phe2 residue, which was named D-ecPis-2s. As observed for other piscidin peptides, they 

are cationic (net charge equal +7 and +3, for ecPis-4s and ecPis-2s, respectively), linear, 

presenting amphipathic -helical structures with a high proportion of aromatic residues(195). 

To further understand the mechanism of action of these peptides, this study has evaluated the 

mode of membrane interaction of both ecPis-4s and L-ecPis-2s as potential templates of 

therapeutic agents against pathogens, as well as the effect of epimerization of D-ecPis-2s in the 

antimicrobial activity and membrane interaction. 
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Outline of the chapters content 

This thesis provides a further investigation of the piscidins peptides in different 

negative membrane models as well as in aqueous and buffered solutions. Despite some 

similarities, such as size of the polypeptide chain and conservation in the position of some 

amino acid residues, these peptides show different structural and interaction aspects. Thus, the 

results of the studies are presented in three different chapters. 

In the first one, Chapter 3, the mode of membrane interaction of ecPis-4s was 

investigated in the presence of POPC:POPG (3:1, mol:mol) vesicles and bicelles; and SDS 

micelles. CD spectroscopy was used in order to evaluate the conformational preferences, while 

solution and solid-state NMR experiments were performed to obtain information related to the 

three-dimensional structure in high resolution, and the topology of ecPis-4s when interacting 

with the anionic membrane. Additionally, fluorescence, ITC, dynamic light scattering (DLS), 

and zeta potential were used to investigate the effect of ecPis-4s in the phospholipid membranes 

and to determine the partition constant in the presence of anionic models. 

The second investigation of this work, Chapter 4, is also related to ecPis-4s piscidin 

peptide. Nevertheless, the investigation of the peptide-peptide interaction was performed only 

in the buffered or aqueous environment. In order to investigate the effect of concentration on 

the conformational preferences of ecPis-4s peptide, CD experiments were performed at the 

different concentration ranges in water and in the presence of 10 mM phosphate buffer at pH 

6.0 and pH 8.0. The high-resolution structure was also obtained in aqueous media by solution 

NMR. Besides that, ecPis-4s peptide behavior as a function of its concentration was further 

characterized using diffusion-ordered spectroscopy (DOSY), and deuterium exchange by liquid 

state NMR. To access the hydrodynamic, self-association, aggregation, and stability of ecPis-

4s peptide in buffered solution, sedimentation Velocity (SV) assays by Analytical 

ultracentrifugation (AUC) were performed. Moreover, proteolysis experiments were also 

performed in order to get information related to the peptide resistance to proteinase K and 

trypsin enzymes as a function of the peptide concentration. Finally, death time curves of the S. 

aureus bacteria strain with ecPis-4s peptide were carried out with or without proteinase K 

enzyme. 

The last research chapter of this thesis, Chapter 5, concerns the studies of L-ecPis-2s 

and D -ecPis-2s epimers. The idea of this research is to better understand the mode of action of 
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D- and L-ecPis-2s, comparing the influence of the D-amino acid on the mechanism of action of 

the epimers when interacting with anionic membranes. Therefore, investigations on the 

structure and interaction in the presence of negative membranes for both epimers peptides have 

been carried out, including structural techniques such as CD, liquid, and solid-state NMR 

spectroscopies. In addition, biophysical assays such as isothermal titration calorimetry (ITC), 

differential scanning calorimetry (DSC), zeta potential (ζ), and carboxyfluorescein leakage 

(CF) were carried out to further investigate the interaction of L- and D-ecPis-2s peptides. 

Furthermore, antibacterial activity assays were also done against gram-positive and gram-

negative strains to investigate the antimicrobial activity and the effect of structural distinction 

for ecPis-2s epimers. 

Finally, we conclude this thesis by summarizing all the information to get an overview 

as well as define the next steps and perspectives for this work. 
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Chapter 2: Techniques 

Investigations of the peptide structure and 

biophysical approaches to study peptide-membrane 

interactions 

 

2.1 Circular dichroism spectroscopy 

 

Circular dichroism (CD) spectroscopy is one of the most common methods to provide 

structural information on polypeptides as it is an excellent method to rapidly evaluate the 

secondary structure in aqueous solutions(198). CD is based on the differential absorption by 

chromophore groups of one of the circular components of plane-polarized light(199). The 

conformation adopted by peptides and proteins produces bands in defined regions of the 

spectrum as a result of electronic excitation in the chromophore groups. In peptides, the amide 

group (R-(C=O)-NH-R') corresponding to the peptide bond is the most important chromophore. 

This difference in light absorption is defined as ellipticity, which can take on positive or 

negative values. Thus, it is possible to monitor the secondary structure acquired by peptides in 

aqueous solutions and when interacting with model membranes(200). 

The intensity of the absorptions depends on the values adopted for the φ and ψ dihedral 

angles [Figure 9], since these angles define the coplanarity conditions of the orbitals involved 

in the peptide bond. As the values of these angles depend on the intramolecular interactions, 

the state of aggregation, and the interactions with the solvent, the absorption is conformation 

dependent. Therefore, CD spectrum presents characteristic dichroic line shapes depending on 

the peptide structure. 
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Figure 9. Backbone torsion angles of an amino acid in a peptide chain(201). 

 

Through the CD study, it is possible to infer the predominance of α-helix, β-sheet, or 

random coil secondary structures. In general, α-helical structures present a double minimum at 

208 and 222 nm, whereas a single minimum at 196 nm or 217 nm reflects random-coil or β-

sheet structures, respectively(198). Figure 10 presents the standard CD spectra for peptides at 

these conformations. 

 

 

 

Figure 10. CD spectra reveal line shapes characteristic of the secondary structure. Helices exhibit negative peaks 

at 222 and 208 and a positive peak around 190 nm; -sheet proteins have a negative peak around 218 and a positive 

peak around 195; and a random coil has a negative peak around 200 nm. Ellipticity values are displayed as a 

function of the wavelength of the applied UV light. The standard spectra shown are specific for different secondary 

protein structures(202). 
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2.2 Solution NMR spectroscopy 

 

The characterization of three-dimensional structures of proteins and peptides is 

fundamental for understanding their structure-activity relationship(203). Solution NMR is an 

important tool for the structural determination of biomolecules(204,205). The use of two-

dimensional solution NMR to obtain three-dimensional structures began to be intensively 

explored in the 80s, using theoretical methods and computer simulations(206). 

Although membrane models are a simplified representation of the cell membrane 

environment, they make it possible to analyze important parameters for studying the mechanism 

of interaction between peptides, proteins, and membranes as well as structural aspects and 

conformational dynamics(6,169). Kawano and coworkers presented one of the first three-

dimensional NMR structures of peptides isolated from marine animals, the peptide tachyplesin 

I (PDB - 1WO0), a 17-residue antimicrobial cationic peptide found in hemocyte cells of the 

horseshoe crab (Tachypleus tridentatus) (207). The structure was obtained in aqueous solution 

based on the nuclear Overhauser effect, the coupling constant, and the rate of exchange of amide 

hydrogens with deuterium. The result of the three-dimensional structure [Figure 11] showed 

that tachyplesin I, has a defined structure made up of two disulfide bonds (Cys3-Cys16 and 

Cys7-Cys12) which stabilize an antiparallel -sheet fold. As can be seen in Figure 11, the bulky 

hydrophobic side chains are located on one side of the β ribbons, while the cationic side chains 

are distributed on the other side. It also presents a schematic structure of the three-dimensional 

of tachyplesin I peptide(207). 
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Figure 11. Cationic tachyplesin I peptide. A) Representation of the antiparallel -sheet structure deduced from 

analysis of the NMR data; (B) Three-dimensional structure of the peptide tachyplesin I (PDB-1WO0) with its 

respective side chains and (C) without the side chains. 

 

Solution NMR spectroscopy has played an important role in elucidating three-

dimensional structures as well as understanding the interaction process of antimicrobial 

peptides. To elucidate protein and peptide structures using solution NMR four main factors are 

required: (a) development of multidimensional techniques; (b) methodologies for sequential 

assignment of resonances; (c) conversion of NOE (Nuclear Overhauser Effect) signals into 

conformational restrictions and (d) interpretation of conformational restrictions(203). 

The sequential assignment methodology developed by Wüthrich(208) is based on the 

identification of unique spin systems in polypeptide and nucleic acid chains. Sequential 

assignment makes it possible to distinguish between signals from spin systems obtained from 

1H-1H-TOCSY (Total Correlation Spectroscopy) spectra and spatial or distance couplings 

observed in 1H-1H-NOESY (Nuclear Overhauser Spectroscopy) spectra. Thus, by combining 

the intraresidual correlations obtained by bond couplings (J coupling) and distance restrictions, 

we can use molecular dynamics calculations to obtain the three-dimensional structure of the 

molecule under analysis. Besides that, HSQC (Heteronuclear Single-Quantum Correlation) and 

HMQC (Heteronuclear Multiple-Quantum Correlation) experiments can be used to determine 

or for the improvement of the three-dimensional structure of peptides and proteins. These 
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techniques are employed to assign heteroatoms and consist of magnetization transfer via 1J 

scalar coupling, for example, between 1H and 13C, or 1H and 15N. In addition, chemical shift 

data obtained by these techniques can provide dihedral angle restrictions and also assist in the 

complete assignment of TOCSY and NOESY spectra, resolving ambiguities between nuclei 

with the same or similar chemical shifts(172). 

Geometric restrictions obtained from the interpretation of spectra are important 

parameters for obtaining three-dimensional structures. The distance constraints (NOE) result 

from the transfer of magnetization that occurs through space between different nuclei at a 

distance less than 5.5 Å(209), even when they are distant in the primary structure of the peptide. 

Although it is possible to calculate the volume of NOE signals from the integral of the area in 

the spectrum, it is more common to classify them manually according to their intensity as strong 

(upper distance constraint of 2.8 Å), medium (3.4 Å), weak (5.0 Å)(210,211). To determine the 

  and  dihedral angle restrictions, the 3J type scalar coupling constant values are used. These 

values are obtained from the chemical shifts of the peptide's backbone from two-dimensional 

experiments(212). The conversion of chemical shift data into dihedral angle constraints is 

carried out by the TALOS+ program(213), making it possible to accurately determine the 

angular constraints of the target molecule. 

The structures can be then obtained by a semi-quantitative analysis using the 

information from structural constraints with the application of simulated cooling (SA) 

calculations(214). SA is a procedure for minimizing energy to overcome local barriers by 

molecular dynamics. In short, the temperature in this simulation is raised to 1000 K, providing 

high kinetic energy to the system, followed by 6000 cooling steps until a temperature of 100 K 

is reached, and consequently low kinetic energy values(215,216). The structures obtained have 

 and  dihedral angles which are restricted by molecular steric factors(215), and are used as 

indicators of structural quality based on the Ramachandran plot(206). This diagram shows 

regions whose combination values between the restriction angles  and  are classified into 

favored, allowed, and "generously allowed" and prohibited regions. The favorable regions 

correspond to the best quality conformations of the structures. The allowed regions in turn 

indicate conformations at the limit of the Van der Waals radius. The less allowed or generously 

allowed regions suggest allowed conformations, but with greater conformational dynamics 

around the bond angles. Finally, the forbidden or non-allowed regions correspond to 

conformations in which the  and  angles take on forbidden values due to the steric effect. 
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In addition to the Ramachandran diagram, the variability of the molecular coordinates 

can be calculated from the root mean square standard deviation (RMSD). This parameter can 

be used as a measure of the degree of convergence between the lowest energy structures 

obtained in the structural calculation. In general, low RMSD values indicate more accurate 

results and greater convergence or similarity between the overlapping structures. However, high 

RMSD values may reflect high conformational dynamics(217). 

Therefore, solution NMR is an essential technique with great information power at the 

atomic level in studies of peptide and protein structures, since access to the three-dimensional 

structure with high sensitivity helps us to interpret and understand the mechanism of these 

molecules which is an important step in the development of new drugs and antimicrobial 

agents(218). 

 

2.3 Solid-state NMR spectroscopy 

 

Solid-state NMR (ssNMR) spectroscopy of oriented bilayers is used to identify the 

topology adopted by peptides in membrane models. This orientation refers to the tilt angle of 

the helical peptide in relation to lipid bilayer as well as the polar angle of internal rotation of 

the helix, the pitch angle. This technique provides valuable information regarding dynamics, 

the local environment, and molecular structure(219). Differently from solution NMR 

spectroscopy, in which fast molecular tumbling provides an isotropic average of the nuclear 

interaction, in ssNMR the chemical shifts, dipolar interactions, and quadrupolar splittings 

depend on the molecular alignment relative to the magnetic field(220). 

The chemical shift in ssNMR spectroscopy is mathematically described as a tensor, 

represented by an ellipsoid, as shown in Figure 12. This tensor is defined in a Cartesian axis 

system so that it can be then represented by the three components (,  and ) for the 15N 

nucleus relative to the main axis of the helical peptide structure [Figure 12]. The chemical shift 

recorded by the spectrometer is called zz and it is defined as the projection of the tensor 

component  onto the axis of the external magnetic field. 
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Figure 12. Representation of 15N chemical shift tensor as an ellipsoid of a peptide bond. B) coordinate system by 

applying rotations with the three Euler angles (, ). The 15N chemical shift is a direct indicator of the approximate 

alignment of the helix with respect to the membrane surface(221). 

 

Using the Euler angles (Φ, Θ, Ψ) to describe transformations of the chemical shift 

tensor in other coordinate system, it is possible to obtain the angular relation of zz with Φ and 

Θ, as presented in Equation 1. 

 

𝑧𝑧 = σ11sin2Θcos2Φ + σ22sin2Θsin2Φ +  σ33cos2Θ       (1) 

 

As the 33 component of the 15N chemical shift tensor exhibits an alignment 

approximately parallel to the main axis of α-helical polypeptides(222), it is then possible to 

define the angle Θ as the angle designed between the main axis of the helix and the external 

magnetic field, B0. For samples in which the normal of the phospholipid bilayer is aligned 

parallel to B0, Θ must be considered to refer to the angle between the main helix axis and the 

normal of the lipid bilayer. As a result of the dependence between the orientation of the peptide 

and the chemical shift of 15N, this property is a sensitive indicator of the alignment of the helix 

with respect to the membrane surface or the lipid bilayer, making it possible to infer information 

on the topology of the peptide-membrane interaction(223). Therefore, 15N chemical shift 

provides an approximate tilt angle of helical domains(221), in which a transmembrane α-helical 

peptide exhibits 15N resonances with chemical shifts around 200 ppm, as observed in Figure 

13. On the other hand, peptides oriented parallel to the membrane surface are characterized by 

chemical shifts < 100 ppm [Figure 13](222). 
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Figure 13. Simulated proton-decoupled 15N solid-state NMR spectrum of a transmembrane peptide as well as for 

a peptide orientated parallel to the membrane surface(221). 

 

Whereas the 15N solid-state NMR signal of labeled peptide bonds are direct function 

of the -helix alignment relative to the lipid bilayer normal/Bo-vector (tilt angle)(220), 

additional 2H solid-state NMR spectra from methyl-deuterated alanines allow the determination 

of accurate tilt and pitch angles(224,225). 

Because of fast rotation around the Cα-C bond the three methyl deuterons are 

equivalent(222) in which the resulting 2H tensor is axially symmetric with respect to the Cα-C 

bond vector. Therefore, the measured splitting νQ is directly related to the angle Θ describing 

the orientation of the Cα-C bond relative to the magnetic field direction. Furthermore, in 

hydrated liquid crystalline membranes, the lipids and peptides freely diffuse about the 

membrane normal, therefore, the deuterium quadrupolar splitting also depends on the angle  

between the membrane normal and the magnetic field direction. The averaged quadrupolar 

splitting is given by 

 

∆νQ =
3

2
 
𝑒2𝑞𝑄

ℎ

(3 cos2𝜃−1)

2

(3 cos2𝛽−1) 

2
                 (2) 

 

 

where e2qQ/h is the static quadrupolar coupling constant(226). 
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As the C carbons are an integral part of the polypeptide backbone, the orientation of 

the C-C bond also reflects the overall alignment of the peptide. The results provided by 15N 

and 2H NMR are complementary and are used to describe the orientation of the helical peptide 

in the presence of the phospholipid bilayer. 

 

2.4 Isothermal titration calorimetry 

 

In combination with the three-dimensional structures obtained from NMR 

experiments, the thermodynamics of peptide-membrane interaction is fundamental to 

understanding the mode of action of AMPs. Isothermal titration calorimetry (ITC) allows to 

study of the association of peptides with membrane mimetic vesicles and micelles, and it 

provides important data on the thermodynamic process of interaction such as enthalpy variation 

(H0), interaction constant (K), and Gibbs free energy variation (ΔG0)(227). 

ITC is one of the most widely used techniques in the thermodynamic analysis of 

biomolecular systems(228). The increasing use of the technique can be explained by the 

development of high-sensitivity microcalorimeters that allow the measurement of interactions 

at low concentrations (M), followed by the diffusion of calorimetric methods in biophysics 

and molecular biology(229). Furthermore, ITC is based on the analysis of the binding 

interaction carried out at constant temperature in which only thermal effects are measured(230). 

Considering that the association of peptides with membrane models involves the disruption and 

formation of intermolecular interactions and that there is a heat flow associated with these 

phenomena, ITC becomes very useful in such investigations(6). Heat is a universal signal and 

practically all types of chemical and physical processes are accompanied by absorbed or 

released heat(231). 

The microcalorimeter equipment consists of a thermal core with a titration and a 

reference cell, both identical [Figure 14]. The titrant is added to the injection syringe which 

automatically injects it into the reaction cell and also works as a stirrer to homogenize the 

solution in the reaction cell. The temperature between the sample and reference cells is kept 

constant. For this, the reference cell is kept under constant heating, while in the reaction cell, 

the heating is adjusted at each injection in order to correct the difference in the temperature 

between the cells after an exothermic (heat released) or endothermic (heat absorbed) process 
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that occurs during molecular binding events in the reaction cell. With each injection, the heat 

involved in the interaction is measured as a function of time. 

 

 

 

Figure 14. Basic principle of isothermal titration calorimetry. Schematic representation of the isothermal titration 

calorimeter (left) and a characteristic titration experiment (middle) with its evaluation (right). In the picture in the 

middle, the titration thermogram is represented as heat per unit of time-released after each injection of the ligand 

into the protein (blue line). In the plot on the right, the dependence of released heat in each injection versus the 

molar ratio between total ligand concentration and total protein concentration is represented. 

 

In the model presented [Figure 14], each signal represents the heat change caused by 

a single injection of the titrant which, in this case, is exothermic represented by a negative 

deflection. Thus, an exothermic reaction causes an increase in temperature in the sample cell to 

the reference cell which results in a decrease in the heat flow supplied to the reaction cell to 

stabilize the calorimeter cell system(227). As the temperature of the two cells becomes equal, 

the signal returns to its initial position or initial heat values. Once the titrant becomes saturated 

with the titrant, smaller amounts of titrant will bind to the titrant as injections into the reaction 

cell continue, and therefore less heat will be generated. At the end of the experiment, the low 

heat values generated are due to the heat of dilution. 
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2.5 Dynamic light scattering (DLS) and zeta potential 

measurements 

 

Dynamic light scattering measurements are based on studying the scattering of light 

caused by the Brownian movement of particles and measuring the amount of scattered 

light(232). In Brownian motion, larger particles move slowly, while smaller particles move 

faster. Thus, these cause greater light scattering, since they reach the detector more frequently 

than larger particles(232,233). The hydrodynamic diameter is obtained from the hydrodynamic 

radius, which in turn is related to the translational diffusion coefficient as shown in Stokes-

Einstein equation. 

𝐷𝑡 =
𝑘𝐵𝑇

6𝜋𝑅ℎ
      (3) 

 

where Dτ is the translational coefficient of diffusion, kB the Boltzmann constant, T the 

temperature, η the viscosity of the medium and Rh the hydrodynamic radius(234). Thus, 

applying the equation it is then possible to determine the average hydrodynamic diameter of 

the particles in suspension. 

In peptide-membrane interaction it is common to monitor the hydrodynamic diameter 

of phospholipid vesicles before and after adding antimicrobial peptides to the vesicle 

medium(235), thus, it is possible to measure the influence of the peptide in the hydrodynamic 

diameter of the target membrane. On the other hand, and under similar experimental conditions, 

-potential can also be calculated by observing the electrophoretic mobility of phospholipid 

vesicles after the application of an electrical potential. This result, in addition to the effect of 

the peptide on -potential of the vesicles can also be used to calculate the partition constant 

when titrating phospholipid vesicles with peptides, as has already been done for peptides as 

BP100(236,237). 

To estimate the Kp of peptides in membranes, peptides must be titrated into the 

vesicles and the results obtained are used in mathematical treatment. The values obtained in the 

method have been compared with those observed by fluorescence spectroscopy. The results 

have shown that -potential is an effective technique for quantifying peptide-lipid interactions 

in a variety of charged molecules, overcoming the limitations of other techniques, such as the 

need for a fluorescent marker in fluorescence spectroscopy(236).  
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Chapter 3: Elucidating the mode of interaction 

and concentration-dependent membrane disruption 

of the antimicrobial peptide ecPis-4s 

 

3.1  Introduction 

 

Antimicrobial peptides (AMPs) play important roles in the innate immune system of 

several organisms. Most AMPs carry a positive net charge and electrostatic interactions result 

in their selectivity towards bacterial membranes(5,178). Although the vast majority of AMPs 

shows no conformational preferences in aqueous environments, most of them usually adopt a 

well-defined amphipathic α-helical structure in the presence membrane mimetic interfaces(7). 

Such structural behavior is indicative of direct actions on the microbial membrane, and so far, 

some theoretical models have been proposed to describe the membrane interactions of 

AMPs(9,10,238). Thereby, the arrangement of the peptide sequence and the organization of the 

amino acid side chain into an ordered structure has been described as fundamental to the 

biological activity of several peptides towards bacterial membranes(8).  

Piscidins are host-defense peptides mainly found in fish. Originally isolated from hybrid 

striped bass (white bass, Morone chrysops, female and striped bass, Morone saxatilis, male), 

these molecules were recognized as important effectors of innate immune responses(239). 

Piscidins are present in different types of cells and tissues, including at mucosal surfaces of the 

skin, gills and the alimentary canal(240,241), and it is known that infection by pathogens may 

boost gene expression of these compounds(79,242,243). These peptides constitute a large 

family of highly active AMPs with broad-spectra antimicrobial activities(34,79).  

Some structural properties of the piscidins are closely related, such as cationic charges, 

conserved amino terminus, and a high number of histidine residues within the peptide primary 

structure(239). The main focus of this work is on ecpiscidin-4s (or ecPis-4s) 

(FFRHIKSFWKGAKAIFRGARQG-NH2). This piscidin was originally isolated from 

Epinephelus coioides (orange-spotted grouper), a fish commonly found in Asian seas, this 
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peptide showed biological activity against gram-positive and gram-negative bacteria as well as 

fungi(195).  

Solution and solid-state NMR (ssNMR) spectroscopy have been widely used to 

investigate the structure and topology of AMPs in membrane models(220,221,244–246). 

Considering the relatively small number of structural data available for piscidins as well as 

aspects regarding the interactions of these peptides with membranes multidimensional solution 

NMR and solid-state NMR spectroscopies were used to determine the high-resolution structure 

of ecPis-4s in presence of anionic SDS micelles as well as the peptide topology in the presence 

of negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-3-phospholcholine (POPC): 1-

palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG) (3:1, mol:mol) lipid 

bilayers to model the composition of bacterial membranes. 

 

Thus, in this chapter the structure and membrane topology of ecPis-4s is presented. In 

addition, the biophysical features of the peptide-membrane interaction have been assessed by 

fluorescence spectroscopy, dynamic light scattering (DLS), zeta potential, and leakage 

measurements. Furthermore, the thermodynamics of the binding process was also investigated 

by isothermal titration calorimetry (ITC). Taken together, the results reveal molecular features 

of the peptide that may affect the lipid assembly/structure, the location of the peptide in the 

bilayer, its membrane-destabilizing capability, and the antimicrobial potency of ecPiscidin-4 

and ultimately its mechanism of action. 

Finally, we propose the mode of action of ecPis-4s in presence of anionic membrane. 

For that, a huge biophysical and structural characterization was done in order to obtain 

enough data to elucidate the interaction process of ecPis-4s peptide. All the experiments were 

homemade, except the simulations of ssNMR data. Both geometry alignments and simulations 

of the membrane topology were analyzed in collaboration with the Department of Chemistry of 

the Federal University of Minas Gerais, using a homemade program developed in one of our 

teamwork laboratories. 
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3.2  Materials and Methods 

 

3.2.1 Peptide synthesis, purification and characterization 

 

ecPis-4s peptide as well as two selectively labeled analogues [Table 1] were manually 

synthetized through solid-phase synthesis via the 9-fluorenylmethyloxycarbonyl (Fmoc) 

strategy(247), on a Fmoc-Rink Amide® polystyrene resin (0.68 mmol.g-1) from 

NovaBiochem® (Darmstadt, Germany). For the solid-state NMR experiments, selectively 

labeled ecPis-4s* (3,3,3-2H3-Ala-12, 15N-Leu-14) and ecPis-4s** (15N-Ala-12, 3,3,3-2H3-Leu-

14) peptides were prepared by the incorporation of Fmoc-3,3,3-2H3-Ala-OH and Fmoc-15N-

Ala-OH derivatives during the respective coupling reactions. 

 

Table 1. The primary sequence and the isotopic labeling of synthetized ecPis-4s peptide 

Peptide Sequence labeling 

ecPis-4s FFRHIKSFWKGAKAIFRGARQG-NH2 

ecPis-4s* FFRHIKSFWKGAKAIFRGARQG-NH2 

ecPis-4s** FFRHIKSFWKGAKAIFRGARQG-NH2 

15N-Ala-labeled residues are shown in bold, and the 3,3,3-2H3-Ala-labeled residues are underlined. 

 

The unlabeled amino acid derivatives were purchased from Iris Biotech GmbH, 

whereas the isotopically enriched derivatives were from Cambridge Isotopes Laboratories, Inc 

(Andover, MA, USA). The coupling steps were performed using the N,N’-

diisopropylcarbodiimide (DIC, 4 eq.), 1-hydroxybenzotriazole (HOBt, 4 eq.) from Sigma 

Aldrich (St Louis, USA), and the respective Fmoc amino acid derivative solubilized in 2 mL of 

DMF:DCM (1:1) under stirring (240 rpm) for 120 minutes. After each coupling step, the Fmoc 

group was removed through stirring (240 rpm) for 15 minutes in presence of 2.5 mL of 4-

methylpiperidine at 25% in DMF (v/v). Cleavage and side-chain deprotections were achieved 

by treatment with a TFA:triisopropylsilane:water (95.0:2.5:2.5, v:v:v) solution. The crude 

peptides were precipitated with cold diisopropyl ether (-4 ℃), extracted with deionized water 

and freeze-dried. Purifications were performed on a RP-HPLC Pro Star 335 system from 

Varian® (Santa Clara, USA) using a semipreparative C18 Waters Bondapack® (7,8 x 300 mm) 

(Mississauga, Ontario) column at a flow rate of 1.5 mL.min-1. Elution was performed by using 
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a gradient of water containing 0.1% TFA and acetonitrile containing TFA 0.08%. HPLC 

experiments were performed at room temperature, and the peptides were monitored at 215 nm 

and 280 nm. The identities of the purified peptides were confirmed by MALDI-ToF/ToF mass 

spectrometry on an Autoflex® III SmartBeam spectrometer (Bruker Daltonics, Germany). The 

peptide samples were placed in MTP AnchorChip® 400/384 (Bruker Daltonics®) plates for the 

analysis. The monoisotopic mass of the peptides was recorded using a mass range between 400 

and 4000 Da, in positive reflective mode. 

 

3.2.2 Preparation of phospholipid large unilamellar vesicles (LUVs) 

 

Lipid vesicles were prepared as described elsewhere [Junior et al., 2017]. 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphocholine (POPC), and 1-palmitoyl-2-oleoyl-

phosphatidylglycerol (POPG) lipids were purchased from Avanti Polar Lipids (Birmingham, 

AL). The appropriated amounts of POPC:POPG (3:1, mol:mol) were added to a glass tube and 

then solubilized in 1.0 mL of chloroform. The solvent was evaporated until the formation of a 

thin phospholipid film, which was hydrated with 10 mM Tris-HCl (pH 8.0, and 100 mM NaCl), 

or 10 mM potassium phosphate (pH 5.0, pH 6.0, pH 8.0, and 100 mM KF) buffer solution to 

obtain multilamellar vesicles (MLVs). LUVs were obtained from MLVs, after eight sequential 

freezing in liquid nitrogen, and heating in a water bath under sonication during two minutes. 

Then the vesicles were extruded (8 times) through polycarbonate membranes with defined pores 

of 100 nm (Whatman Nuclepore, Sigma-Aldrich) in an Avanti Polar Lipids Inc® mini extruder 

(Alabaster, AL, USA) to obtain LUVs for DLS, Zeta Potential.  

For CD experiments, an equivalent methodology was used, however the lipid film was 

hydrated with aqueous 10 mM potassium phosphate buffer (pH 6.0, and 8.0) containing 100 

mM KF. An equivalent methodology was used to obtain carboxyfluorescein-loaded (Sigma-

Aldrich, St Louis, USA) vesicles for dye leakage experiments. POPC:POPG (3:1, mol:mol) 

film was hydrated with a 20 mM carboxyfluorescein solution at pH 8.0 (10 mM Tris-HCl 

buffer) containing NaCl at 100 mM before undergoing five freeze-thaw cycles and then 

extrusion (8 times) through membranes with pores of 100 nm diameter. The dye outside the 

carboxyfluorescein-loaded vesicles was removed by gel filtration through a Sephadex G-25 

(Sigma-Aldrich, St Louis, USA) column equilibrated with the same buffer solution.  
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For the determination of the order parameters (SCD) using 2H solid-state NMR 

spectroscopy, lipids were prepared by dissolving deuterated POPC-d31 or POPG- d31 in 10 mM 

phosphate buffer (pH 7.0), vortexing and bath sonication as well as three heat cycles at 40 ◦C 

to produce multilamellar vesicles. 

 

3.2.3 Circular dichroism spectroscopy 

 

The conformational preferences of ecPis-4s were investigated by circular dichroism 

(CD) spectroscopy on a JASCO® J-810 spectropolarimeter (Tokyo, Japan), equipped with a 

Jasco Peltier temperature control system - PFD-425S (Tokyo, Japan). Samples of the peptide at 

50 μM were prepared in 10 mM phosphate buffer (pH 6.0, and pH 8.0) containing 100 mM KF 

in the absence and in the presence of POPC:POPG (3:1, mol:mol) LUVs (lipid concentration 

ranging from 0.05 mM to 2.40 mM) or SDS micelles (100, 200, and 400 mM). All analyses 

were performed at 25 °C using a quartz cuvette of 1.0 mm path length. The spectra were 

recorded from 190 to 260 nm, with 4 accumulations, a bandwidth of 0.1 nm, step resolution of 

0.2 nm, 50 nm.min−1 scan speed and 1 s response time. Similar experiments in the absence of 

peptide were recorded with the respective blank solutions to allow background subtraction. The 

molar ellipticity of ecPis-4s peptide at fixed 222 nm was plotted against phospholipid:peptide 

molar ratio. 

 

3.2.4 Intrinsic tryptophan fluorescence 

 

Tryptophan-emission fluorescence measurements of ecPis-4s peptide were recorded 

from 290 to 450 nm with excitation at 280 nm, averaging 3 scans, using a quartz cuvette (1 

mL), and processed with FluorEssence software version 3.9.0.1 (Horiba Scientific, OriginLab 

Corporation version 8.6001). Membrane incorporation studies were performed by adding small 

volumes of concentrated vesicle stock solution to the peptide sample to obtain samples 

containing 10 mol ecPis-4s in the presence of different POPC:POPG (3:1 mol:mol) 

concentrations (from 7.50 to 2128 M) suspended in 10 mmol phosphate buffer with 100 mmol 

KF at pH 6.0 and pH 8.0. Spectra were corrected for light scattering, baseline, and dilution after 

adding lipid vesicles for each titration step. Blue shifts were calculated from the emission 
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maxima of peptide and peptide–lipid mixtures at room temperature. The standard deviation of 

the blue shift was 1 nm. 

The partition coefficient (Kp) of the peptide in the system was defined by the equation: 

 

𝐾𝑝 =  
𝑛𝐿

𝑉𝐿
⁄

𝑛𝑊
𝑉𝑊

⁄
      (4) 

 

where n is the moles of peptide, V is the volume of the phase, and the subscripts L and W refer 

to the lipid and water phases, respectively. The Kp of the ecPis-4s peptide in the lipid membrane 

was obtained from fluorescence intensity data(248), I, using the equation 5: 

 

𝐼 − 𝐼𝑊 =  
(𝐼𝐿−𝐼𝑊)𝐾𝑝 𝛾𝐿[𝐿]

1+ 𝐾𝑝𝛾𝐿[𝐿]
     (5) 

 

where IW and IL are the limit fluorescence intensities with all the peptide in water and in the 

lipid phase, respectively;  L is the molar volume of the phospholipid, considering γPOPC/POPG = 

0.762 M-1 and [L] is the lipid concentration. Kp and IL were obtained by a nonlinear 

regression(249,250) in the graphical of I - IW plotted vs lipid concentrations [L]. 

 

3.2.5 Two-dimensional solution NMR spectroscopy 

 

Two-dimensional solution NMR experiments were carried out to determine the three-

dimensional structure of ecPis-4s in the presence of SDS-d25 micelles at 25 ℃ on a Bruker® 

Avance III spectrometer (Bruker, Germany) operating at 500.13 MHz (for 1H). The sample 

consisted of an aqueous solution of 2.0 mM ecPis-4s and 300 mM SDS-d25 containing 10% 

(v/v) D2O/H2O and 1% (v/v) of 2,2-dimethyl-2-silapentane-5-sulfonate-d6 (DSS-d6) as the 

internal reference. 

Two-dimensional homonuclear Total Correlation Spectroscopy (1H-1H-TOCSY) 

spectra were acquired using a pulse sequence with a mixing time of 60 ms, 512 t1 increments, 

60 transients of 4096 points for a spectral width of 6009.6 Hz. Nuclear Overhauser 

Spectroscopy (1H-1H-NOESY) spectra were obtained using mixing times of 60, 120, and 160 

ms to check for spin diffusion, 512 t1 increments with 60 transients of 4096 points for a spectral 

width of 6009.1 Hz. 
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Heteronuclear Single Quantum Coherence (1H,13C-HSQC) experiment was acquired 

using edited mode in which CH2 correlations show negative phase and CH and CH3 correlations 

show positive phase(251). The data were recorded with F1 and F2 spectral widths of 20831.9 

Hz and 6009.6 Hz, respectively. 256 t1 increments were accumulated with 64 transients of 4096 

points. Heteronuclear Multiple Quantum Coherence (1H,15N-HMQC) experiment was 

performed with F1 and F2 spectral widths of 2000 and 6009.6 Hz, respectively. 80 t1 increments 

were accumulated with 4000 transients of 1024 points(252). 

 

3.2.6 NMR analyses and structure calculations 

 

Proton resonances were assigned by simultaneous analyses of homonuclear 1H,1H-

TOCSY and 1H,1H-NOESY spectra using the Wüthrich method(208). Heteronuclear spectra 

were used as an extra control. The NMR assignments were performed manually using 

NMRViewJ (version 9.2.0-b20) program(253). The NOE intensities were converted into a of 

semi-quantitative distance restraints with limits of 2.8, 3.4, and 5.0 Å(254). The dihedral angle 

restraints were obtained based on the HN, Hα, Hβ, Cα, Cβ, and N chemical shifts using the 

TALOS+ program(213) of the NMRPipe® computational package(255). The 13Cα chemical 

shift index was calculated in accordance with Wishart method(212). The geometric restraints 

were validated (according to their consistency and contribution) from data of uniqueness 

information from the QUEEN program (Quantitative Evaluation of Experimental NMR 

Restraints)(256). 

The XPLOR-NIH software (version 2.27) was used for the calculation and refinement 

of the three-dimensional structures(257,258). A total of 100 structures, starting with an 

extended conformation, were generated using simulated annealing protocol in torsional angle 

dynamics, followed by 20,000 steps of simulated annealing at 1,000 K and a subsequent 

decrease in temperature in 15,000 steps in the first slow-cool annealing stage. The structures 

were obtained and then refined in a subsequent calculation, using more stringent topology 

parameters as ref_sa_new.php(259). The ten lowest-energy structures were visualized and 

analyzed with MolMol(260), and Chimera(261), and the quality of the structures were verified 

by the Ramachandran diagram and the RMSD (Root Mean Square Deviation), both obtained 

from the online platform PSVS(262). 
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3.2.7 Solid-state NMR spectroscopy applied for oriented samples 

 

A homogeneous mixture of ecPis-4s and POPC:POPG (3:1, mol:mol) phospholipid 

was obtained by dissolving the appropriate amount of peptide in a stepwise manner to a solution 

of 20-40 mg of lipids in chloroform with a final peptide-to-lipid (P/L) molar ratio of 4%. 

Thereafter the sample was vortexed and the solvent partially evaporated following a previously 

elaborated protocol (263). The resulting viscous solution was spread onto 21 ultrathin cover 

glasses (8 x 22 mm, thickness 00; Marienfeld, Germany), and dried first in air at room 

temperature, followed by high vacuum overnight. The solvent-free lipid films were transferred 

to a hydration chamber equilibrated at 93% relative humidity with 2H-depleted water. The plates 

were then stacked on top of each other and properly sealed with Teflon® tape and plastic 

wrapping. 

Proton-decoupled 31P solid-state NMR spectra were acquired at 121.577 MHz on a 

Bruker® Avance wide-bore 300 NMR spectrometer (Bruker, Billerica, MA) equipped with a 

solid-state double resonance flat-coil static probe (Rheinstetten, Germany). A Hahn-echo pulse 

sequencewas used with a /2 pulse width of 8 μs, a spectral width of 100 kHz, an echo delay of 

100 μs, and a recycle delay of 3 s and dwell time of 5 s(264). The spectra were referenced 

externally to 85% H3PO4 at 0 ppm. The temperature was set to 25 oC for all samples. 

Deuterium solid-state NMR spectra were recorded on a Bruker® Avance wide-bore 

300 NMR spectrometer employing a commercial triple resonance flat-coil probe for solid-state 

NMR (Bruker, Rheinstetten, Germany). A quadrupolar echo pulse sequence with /2 pulse of 

5 μs, dwell time of 0.5 s, echo delay of 100 μs, acquisition time of 8.2 ms, and recycle delay 

of 0.5 s. The spectra were referenced relative to D2O (0 Hz)(265). Exponential apodization 

function corresponding to a line broadening of 100 Hz was applied before Fourier 

transformation. 

Proton-decoupled 15N cross-polarization (CP) spectra were acquired at 30.43 MHz on 

a Bruker Avance wide bore 300-MHz NMR spectrometer equipped with a double-resonance 

flat-coil probe(266). An adiabatic CP pulse sequence was used with 25 kHz spectral width, 

dwell time of 20 s, 0.4 ms CP contact time, and 3 s recycle delay time(267). The spectra were 

recorded at 25 ℃ for both labeled peptide samples using an Oxford temperature control unit. 

An exponential line broadening of 100 Hz was applied before Fourier transformation and an 

external reference of 15NH4Cl was used for calibration of the 15N chemical shift scale (40 
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ppm)(268). All spectra were recorded with the sample normal positioned parallel to the external 

magnetic field direction. 

 

3.2.8 Simulations of the membrane topology 

 

The solution NMR structure of ecPis-4s was used for the simulation of 15N chemical 

shifts (σzz) and deuterium quadrupolar splittings (∆vQ) to determine the orientation of the 

peptide reconstituted in the POPC:POPG (3:1, mol:mol) lipid bilayers. Both geometry 

alignments and simulations of the membrane topology were carried out using a homemade 

program developed in one of our laboratories as described elsewhere(269). 

 

3.2.9 Deuterium order parameters of labeled phospholipids 

 

ecPis-4s samples were prepared by mixing POPC, deuterated POPC (POPC-d31), and 

POPG for LUVs made of POPC: POPC-d31-POPG, 2:1:1 molar ratio. Non-oriented samples 

were also prepared using deuterated POPG lipid by dissolving 4.27 mg of POPC and 1.5 mg of 

deuterated POPG lipid (POPG-d31), (POPC:POPG-d31, 3:1, mol:mol). The appropriate amount 

of peptide (⁓ 0.82 of ecPis-4s peptide to give 4 mol%; pH adjusted to 7) and lipids were 

dissolved in CHCl3. The solvent was evaporated under a stream of nitrogen and high vacuum 

overnight; thus, a film forms on the walls of the small glass tube (6 mm outer diameter). The 

sample was then resuspended in 26 μL of 10 mM phosphate buffer (pH 7) by vortexing and 

sonication in a water bath, as well as five chill/heat cycles at 0 and 40 ◦C to produce 

multilamellar vesicles. For NMR spectral acquisition, the glass tube with the sample was 

directly inserted into the solenoidal coil of a static solid-state NMR probe. 

2H solid-state NMR spectra of deuterated POPC-d31 or POPG-d31 were recorded by 

applying a quadrupolar pulse-echo sequence167. The recycle delay was 0.3 s, echo time 100 μs, 

dwell time 0.5 μs and π/2 pulse 5 μs. An exponential apodization with line broadening of 300 

Hz was applied before Fourier transformation. The temperature was set to 25 ℃ for both 

samples. The deuterium order parameters (SCD) of the CD2 and CD3 groups were calculated by 

de-Pake-ing(270), according to the equation 6: 
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𝑆 𝐶𝐷 = 
𝑖 4

3
 

h

𝑒2𝑞𝑄
∆𝜐

𝑖     (6) 

 

where, Δiυ is the quadrupolar splitting of segment i and (e2qQ/h) is the static quadrupole 

coupling constant (167 kHz) for C–D deuterons(271). 

The quality of the spectra allows to determine the quadrupolar splitting with an 

accuracy of ~1 kHz. This corresponds to an error of 0.01 for the order parameters and 0.014 for 

the relative order parameters. Here we compare order parameter profiles encompassing up to n 

= 13 data points rather than individual order parameters. In this case Student's t can be 

calculated from the sample average (D) and the standard deviation (Sd) of the pair-wise 

differences between corresponding points of two data sets according to t = D/Sd *√n , where n 

is the number of data points/differences(272). From reference t-values, it can be estimated that 

relative order parameters profiles that are at least 0.02 units apart are different with high 

probability. 

 

3.2.10 Isothermal titration calorimetry 

 

Isothermal titration calorimetry (ITC) experiments were carried out at 25 °C and 35 

°C on a VP-ITC microcalorimeter (Malvern, UK) for ecPis-4s peptide in the presence of 

POPC:POPG (3:1, mol:mol) LUVs suspended in 10 mM Tris-HCl buffer solution (pH 8.0) 

containing 100 mM NaCl. The peptide and LUVs samples were previously degassed in a 

Microcal Thermovac® (Grovewood Rd, Malvern, UK). The data obtained were recorded and 

processed using Origin software for ITC (Microcal Origin® 7.0; OriginLab Corporation, 

Northampton, USA). The peptide solution (25 μM) was titrated with 30 successive injections 

of 20 mM POPC:POPG (3:1, mol:mol) LUVs. The first 1.0 μL injection was discarded in order 

to eliminate diffusion effects of the material from syringe to calorimeter cell, followed by 29 

injections of 5.0 μL. Injection times of 2 s with intervals of 300 s were used in the experiments. 

Similar experiments were performed titrating 10 mM Tris-HCl buffer solution (pH 

8.0) containing 100 mM NaCl on LUVs suspensions to determine the corresponding heats of 

dilution, which were subtracted from the heats determined in the corresponding peptide:lipid 

binding experiments.  Non-linear fitting was carried out using the equation 7 to obtain the partial 

molar enthalpy of complexation (ΔcompH = dQ/d[X]) at a constant pressure(273): 
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∆𝑐𝑜𝑚𝑝𝐻 = (
𝑑𝑄

𝑑[𝑋]𝑡𝑜𝑡
)

𝑃
= ∆int𝐻°𝑉𝑜 [

1

2
 + 

1−𝑋𝑅−𝑟

2 √(1+𝑋𝑅−𝑟)2−4𝑋𝑅
]     (7) 

 

 

where X is the molar ratio of titrant and M (XR = [X]t/[M]t) molar ratio of titrated at any point 

during the titration in the experiment. The parameter r is the composition variable (r = 

1/[M]t.Kapp), and the parameters ΔintH°, V0 and Kapp are respectively the standard complexation 

enthalpy, effective volume of the solution in the titration cell and apparent equilibrium constant. 

 

3.2.11 Dynamic light scattering and zeta potential (ζ) 

 

The hydrodynamic diameter (Dh), and the zeta (ζ) potential measurements of the 

POPC:POPG (3:1, mol:mol) LUVs solution (10 mM pH 8.0 Tris-HCl buffer, containing 100 

mM NaCl) upon addition of ecPis-4s were carried out at 25 oC on a Malvern Zetasizer® Nano 

ZS equipment (Worcestershire, UK). All measurements were performed at room temperature 

using a 700 μL Malvern® cuvette (Malvern, Model DTS1060). The Dh measurements were 

performed using monochromatic light (Ne 4 mW laser, λ 633 nm) and ζ at potentials greater 

than 500 mV. Each experiment was collected in triplicate consisting of successive titrations of 

10 μL aliquots of 336 μM ecPis-4s solution into the cuvette containing 550 μL of 500 μM LUVs 

solution. The Dh and ζ were measured 60 minutes after each addition of 10 μL of peptide 

solution for the system stabilization. 

The formalism for the determination of the partition constant (Kp) by ζ-potential can 

be described by equation 9. Using the equations 8 and 9, the fraction of membrane-bound (XL) 

peptide and ζ-potential in presence of peptide can be related to the Kp(236,237), as followed: 

 

𝑋𝐿 =  
𝐾𝑝𝛾𝐿[𝐿]

1+ 𝐾𝑝𝛾𝐿[𝐿]
    (8) 

 

 
𝜁final

𝜁0
= 1 +  

𝑋𝐿𝑍𝑃𝑒𝑝𝑡𝑖𝑑𝑒

𝑓𝑃𝐿𝑍𝐿𝑖𝑝𝑖𝑑[𝐿]
 . [𝑃]    (9) 

 

where XL represents the fraction of peptide that is bound to the lipid, [L] is the phospholipid 

concentration; and L is the molar volume of the lipid; Zpeptide is the global charge of the peptide, 

Zlipid is the absolute charge of the lipid; fPL is the fraction of anionic phospholipids in the lipid 
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mixture. ζfinal and ζ0 are the ζ-potential value for each titration with peptide and ζ-potential value 

in the absence of peptide, respectively. To further investigate and to determine Kp value, it is 

also necessary to know the net charge of the peptide and the proportion and effective charge of 

the ionic phospholipids in the vesicles. In this way, plotting ζfinal/ ζ0 versus [P], a linear variation 

is performed, and it is possible to find out the value of Kp from the slope using the equations 

above. 

 

3.2.12 Carboxyfluorescein leakage measurements 

 

Measurements of calcein release from POPC:POPG (3:1, mol:mol) LUVs (20 M in 

10 mM Tris-HCl buffer, at pH 8.0) induced by ecPis-4s peptide was carried out at room 

temperature. The increase of carboxyfluorescein fluorescence as a function of time was 

continuously recorded on a Varian Cary Eclipse detection platform (Santa Clara, CA, USA) 

using ex = 490 nm and em = 515 nm. Aliquots of LUVs were added to cuvette (1.0 cm optical 

path) for measurement of fluorescence emission in media containing different peptide 

concentrations (ranging from 1.01 μM to 16.18 μM) diluted in the respective LUVs suspension. 

The total calcein fluorescence (maximum leakage) was determined by adding 10 μL of 10% 

Triton X-100 (v/v) solution after 45 min. The percentage of CF leakage (% CF) was 

determined(274) using equation 10  

 

Leakage (%) =  [
𝐼(𝑡)−𝐼0

𝐼𝑇−𝐼0
]  x 100                (10) 

 

where, I(t) is the fluorescence intensity as a function of time (t), I0 is the fluorescence intensity 

before the addition of the peptide, and IT is the fluorescence intensity after the addition of the 

Triton X-100 solution. 
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3.3  Results 

 

3.3.1 Effect of pH in the peptide-membrane interaction 

 

Conformational preferences: In order to access the conformational preferences of ecPis-4s in 

aqueous solution and when interacting with mimetic membranes, circular dichroism (CD) 

experiments were carried out in phosphate-buffered peptide solutions in the absence and in the 

presence of POPC:POPG (3:1, mol:mol) phospholipid vesicles at pH 8.0 and 6.0. 

 

 

Figure 15. CD spectra of 50 M ecPis-4s peptide as a function of increasing amounts of POPC:POPG (3:1, 

mol:mol) LUVs at (A) pH 8.0, and (B) pH 6.0. (C) Molar ellipticity of ecPis-4s at 222 nm as a function of the 

lipid:peptide ratio. 
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CD spectra of ecPis-4s in aqueous buffer and in the presence of LUVs at low 

phospholipid:peptide ratios (≤4) indicate predominantly random coil conformations. Helical 

profiles appear at higher phospholipid:peptide molar ratios (≥8), characterized by the 

pronounced maximum near 195 nm as well as two minima around 208 and 222 nm(275). 

Although significant helicity is noticed for ecPis-4s under in both pH conditions investigated, 

the helical content is higher at pH 8.0. The molar ellipticity at 222 nm as a function of 

lipid:peptide ratio at different pH values is presented in Figure 15C. 

Circular dichroism experiments were also acquired for the ecPis-4s peptide in the 

presence of SDS micelles to evaluate the peptide helical propensity in a mimetic medium 

suitable for high-resolution solution NMR spectroscopy(218). The spectra are consistent with 

α-helical profiles at all SDS concentrations [Figure SM2], as noticed for the peptide in the 

presence of POPC:POPG (3:1, mol:mol) vesicles for lipid concentrations ≥ 400 M [Figure 

15]. 

 

Intrinsic Tryptophan Fluorescence: The tryptophan (Trp) fluorescence spectra of ecPis-4s were 

recorded in phosphate buffered solutions at pH 6.0 and 8.0, respectively, and at different 

concentrations of POPC:POPG (3:1, mol:mol) LUVs [Figure 16]. For both pH conditions, the 

Trp intrinsic fluorescence of ecPis-4s shows a maximum emission at 350 nm in the absence of 

LUVs. The small shoulder visible at low wavelengths (310 nm, black line) is due to Raman 

scattering of the buffer(276). When POPC:POPG (3:1, mol:mol) vesicles are titrated to the 

ecPis-4s solution, a blue shift from 348 to 323 nm is noticed at both pH 8.0 and pH 6.0. In both 

cases, the increase of the lipid concentration is accompanied within an increase in the Trp 

maximum fluorescence intensity (max) until a plateau is reached.  
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Figure 16. Effect of LUVs on the intrinsic Trp fluorescence emission spectra of the ecPiscidin-4s peptide. ex = 

280 nm. Tryptophan fluorescence from ecPis-4s solutions as a function of LUVs concentration  (A and C). Effect 

of the variation of lipid concentration on the wavelength of maximum Trp emission by increasing POPC:POPG 

(3:1, mol:mol) LUVs concentration at pH 8.0 and pH 6.0 (B and D, respectively). LUVs of 100 nm were prepared 

in 10 mmol phosphate buffer, pH 8.0 or pH 6.0, repectively, containing 50 mmol NaF. Assays were carried out at 

25 ℃. 

 

Such Trp fluorescence shifts are related to the changes in the environment polarity, 

which depends on the location of the respective amino acid residue(277). Figure 17 shows an 

increase in the tryptophan fluorescence intensity in a phospholipid concentration- dependent 

manner. The fluorescence increases as a consequence of high number of molecules in contact 

with the nonpolar membrane environment. Kp determination was achieved by a non-linear 

fitting of the obtained results using equation 4. Values of Kp = (6.8 ± 0.8) × 103 M-1 and IL = 

432.7 × 103 at pH 8.0; and Kp = (2.9 ± 0.1) × 103 M-1 and IL = 522.4 × 103 at pH 6, were 

obtained, considering γPOPC and γPOPG = 0.762 M-1. 
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Figure 17. Determination of the partition constant by fluorescence spectroscopy. Solutions of 10 and 10.5 M 

ecPis-4s peptide solution at pH 8.0 and pH 6.0, respectively, were titrated with increasing POPC:POPG (3:1, 

mol:mol) lipid concentrations. The partition constant was obtained by the non-linear fitting of equation 4. 

 

3.3.2  Peptide Structure and membrane topology 

 

Solution NMR Spectroscopy: To perform multidimensional solution NMR experiments, 2 mM 

ecPis-4s was solubilized in a 300 mM SDS-d25 micellar solution(278). The dispersion of 

chemical shifts of alpha and amide hydrogens suggests a folded peptide conformation [Figure 

SM3]. Therefore, the spin systems of all amino acid residues and their respective 1H and 13C, 

15N chemical shifts were identified by analyzing intra-residual correlation in the 1H,1H-

TOCSY; 1H,13C-HSQC and 1H,15N-HMQC two-dimensional spectra. The high number of inter-

residual cross-peaks detected in the NOESY contour map [Figure 18] allowed to resolve all 

ambiguities. The sequential dαN (i, i+1) and medium range dαN (i, i+n) (n = 2, 3 and 4) as well 

as the dαβ (i, i+3) connectivities are summarized in Figure SM4. Medium range NOE cross-

peaks are observed from R3 up to G22 (C-terminus), confirming that ecPis-4s presents a well-

defined helical arrangement covering much of its sequence. The calculated H and C chemical 

shift indices (CSI) are presented in Figure SM5, in which the positive values of 13C CSI 

throughout the entire peptide backbone also suggest that the peptide adopts a helical structure 

from the N- to the C-terminus(279). 
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Figure 18. HN-Hα region of the NOESY spectrum of 2 mM of ecPis-4s in presence of 300 mM SDS-d25 at 25 ºC, 

500 MHz. The HN-Hα (i, i +1) sequential correlations connected through lines to the respective HN-Hα 

intraresidue correlations. 

 

The ensemble of three-dimensional structures of ecPis-4s was calculated based on 

distance restraints obtained from NOE data as well as from ϕ and ψ angular restraints derived 

from chemical shifts. Table SM1 presents a summary of all input data used in the calculations 

as well as the respective quality parameters. All ϕ and ψ dihedral angular pairs are found in the 

most favored regions of the Ramachandran plot [Figure SM6], indicating the high 

stereochemical quality of the calculated structures. The superposition of the ten lowest-energy 

structures of ecPis-4s over the backbone and side-chain, as well as the lowest-energy structure 

are shown in Figure 19. 
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Figure 19. Three-dimensional structures of ecPis-4s (2 mM) in the presence of SDS-d25 micelles (300 mM) at 25 

°C obtained from NMR at 500 MHz (A) The overlap of the ten lowest-energy structures for ecPis-4s in micelles 

(from F1 to G22). (B) Horizontal perspective and (C) front-view of the lowest-energy structure (the N-terminus is 

in the back). The hydrophobic residues are shown in green and the hydrophilic residues in blue. 

 

A RMSD of 0.8 Å (± 0.1) was obtained for the backbone atoms considering all 

residues, whereas a RMSD of 1.4 Å was obtained when all heavy atoms are taken into account, 

which is in line with a well-ordered structure(260). Figure 19B shows a horizontal perspective 

of the lowest-energy structure, in which the partitioning of hydrophilic and hydrophobic side 

chains within two distinct faces becomes evident. The six positively charged lysine (K7, K11, 

and K15) and arginine residues (R3, R17, and R20) are clearly located within the hydrophilic 

face. Interestingly, as can be noted from the helical front-view [Figure 19C], H4 lies at the 

interface of the hydrophilic and hydrophobic faces, which is a characteristic already observed 

for other histidines within antimicrobial peptide sequences(280). 

 

Oriented Solid-state NMR spectroscopy:  To investigate the topology of ecPis-4s in membranes, 

selectively labeled analogs of the peptide containing 3,3,3-2H3-Ala and 15N-Ala residues at 

positions 12 or 14 [Table 1] were reconstituted into uniaxially oriented POPC:POPG (3:1, 

mol:mol) bilayers. The samples containing 4% (mol:mol) of ecPis-4s* or ecPis-4s** in these 

negatively charged bilayers were inserted into the NMR spectrometer with the glass plate 

normal parallel to the magnetic field direction. 

The proton-decoupled 31P NMR spectra [Figure 20A, B] of both samples present an 

intense signal near 30 ppm, which is characteristic of lipid molecules with their main axis 

aligned parallel to Bo(220,281). Smaller intensity 31P resonances reaching up to -15 ppm are 

related to phosphorus headgroups which deviate their relative orientations to Bo and/or with 

different conformations(281,282). Nevertheless, the ensemble of solid-state NMR spectra 
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[Figure 20] indicate a good degree of membrane alignment in the presence of the ecPis-4s, 

where the line shapes suggest that membrane disturbances were not caused during sample 

preparation, but rather are intrinsic to the interactions of the peptides with the membranes(281). 

Proton-decoupled 15N NMR spectra of (15N-Ala-14)-ecPis-4s* and (15N-Ala-12)-

ecPis-4s** [Figure 20C, D] exhibit narrow line shapes with chemical shifts at 85 ppm and 68 

ppm, respectively. These values are consistent with helix alignments parallel to the bilayer 

surface(221). The narrower line shapes observed in the 15N NMR spectrum of (15N-Ala-12)-

ecPis-4s** indicates that the N–H bond vector of Ala-12 residues are more homogeneously 

aligned when compared to the Ala-14 residues. 

 

 

 

 

Figure 20. (A and B) Proton-decoupled 31P, (C and D) proton-decoupled 15N and (E and F) 2H solid-state NMR 

spectra of the labeled (A, C, and E) (3,3,3-2H3-Ala-12; 15N-Ala-14)-ecPis-4s* and (B, D, and F) (15N-Ala-12; 

3,3,3-2H3-Ala-14)-ecPis-4s** at 4.0 mol % in uniaxially oriented POPC:POPG (3:1, mol:mol) bilayers. 

 

The 2H solid-state NMR spectra of both samples are presented in Figures 20E and 20F 

and provide additional constraints for determining the accurate orientation in relation to the 
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membrane normal. For the (3,3,3-2H3-Ala-12)-ecPis-4s* a deuterium quadrupolar splitting of 

33 kHz is observed while 8.5 kHz is found for (3,3,3-2H3-Ala-14)-ecPis-4s**. This data 

provides highly complementary information about the alignment of the C-C bond vector 

relative to the magnetic field / membrane normal which allows one to narrow down further the 

tilt angle and to also determine the helix rotational pitch angle(222). The deuterium spectra 

show a central resonance related to the residual HDO of deuterium depleted water, whereas the 

other two signals correspond to the quadrupolar doublet of the labeled peptide site(225). 

To determine the topology of ecPis-4s in the negatively charged lipid bilayers, the 

lowest-energy structure obtained from solution NMR was used for the simulations of zz and 

Q(269). As described, these two parameters provide highly complementary topological 

restraints, which have been used in combination to obtain an accurate definition of orientations 

of peptide reconstituted in lipid bilayer(281). Figure 21 represents the peptide alignments in 

relation to the phospholipid bilayer as a function of the rotational pitch and tilt angles. For the 

(3,3,3-2H3-Ala-12; 15N-Ala-14)-ecPis-4s* peptide, the traces in black represent orientations in 

which the simulated 15N chemical shift agrees with the experimental data within ± 2 ppm, 

whereas the red lines trace the angular pairs where the 2H quadrupolar splitting agrees with 

experimental values within ±1 kHz. For (15N-Ala-12; 3,3,3-2H3-Ala-14)-ecPis-4s**, the traces 

presented in turquoise correspond to agreements between simulated and experimental 15N 

chemical shift, while angular pairs in brown indicate agreements between simulated and 

experimental 2H quadrupolar splitting within the limits just above described. When only the 

topological restraints of (3,3,3-2H3-Ala-12; 15N-Ala-14)-ecPis-4s* are considered, five 

orientations agree with the respective experimental parameters simultaneously (intersections in 

blue). The corresponding molecular alignments are shown beneath the contour plot [Figure 21B 

I:V), where the hydrophilic sidechains are presented in green and the hydrophobic ones in blue. 

When the topological restraints of (15N-Ala-12; 3,3,3-2H3-Ala-14)-ecPis-4s** are also 

considered, only the orientation II (86/49ᵒ) simultaneously affords agreement will all four 

experimental NMR measurements. Two lateral perspectives of topology II in which the 

positions of histidine-4 and arginine-20 are indicated are shown in Figure 21C. 
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Figure 21. (A) Alignments analysis (tilt and rotational pitch angles) from solid-state NMR data of ecPis-4s 

reconstituted in POPC:POPG (3:1) lipid bilayers. Angular pairs that represent agreement between the simulated 

15N chemical shift of 15N-Ala-12 and 15N-Ala-14 are shown in black and turquoise, respectively.  Alignments in 

which the simulated deuterium quadrupolar splitting of 3,3,3-2H3-Ala-14 and 3,3,3-2H3-Ala-12 agree with the 

respective experimental values are shown in red and brown, respectively. The intersections shown by blue circles 

indicate orientations that simultaneously agree with both 15N chemical shift and deuterium quadrupolar splitting 

measured from a single peptide (3,3,3-2H3-Ala-12; 15N-Ala-14)-ecPis-4s*. (B) The frontal view of such topologies 

with the N-terminus located in the back. (D) Horizontal views of the only topology, which agrees with all four 

experimental restraints obtained from two complementary peptide preparations. Hydrophilic residues are shown 

in green and hydrophobic residues in blue. The gray areas represent the hydrophobic region of a monolayer. The 

positions of histidine-4 and arginine-20 residues are indicated for topology II in panels (B and C). 
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3.3.3 Effect of peptide-membrane interactions on phospholipid vesicles 

 

Order parameters of POPC-d31 and POPG-d31: 
2H solid-state NMR spectroscopy of deuterated 

fatty acyl chains were used to monitor how ecPis-4s affects the order parameters, hydrophobic 

thickness, packing, and dynamics of POPC:POPG lipid bilayers(283). To investigate the lipid 

fatty acyl chain packing and dynamics in the presence of ecPis-4s peptide, POPC:POPG 

vesicles were prepared with POPC or POPG lipids deuterated throughout their palmitoyl chain. 

The 2H solid-state NMR spectra of POPC:POPC-d31:POPG (2:1:1) and POPC:POPG-d31 (3:1, 

mol:mol) vesicles in the absence of peptides are shown in Figure 22. Deuterium solid-state 

NMR spectra from such samples in the absence and presence ecPis-4s peptide encompass 

several overlapping characteristic quadrupolar splittings, each providing information about the 

order parameter of the deuterated CD2 and CD3 sites(220). 

For the POPC:POPC-d31:POPG (2:1:1) membranes [Figure 22A], the largest 

quadrupolar splitting (assigned to the relatively rigid CD2 groups closest to the glycerol 

backbone) is similar either in the absence or in the presence of ecPis-4s at 4 mol % (24.6 and 

25.0 kHz, respectively) somewhat larger changes are observed for chain segments further into 

the hydrophobic core [Figure 22C]. Only a small difference is observed for the smallest 

quadrupolar splitting (assigned to the methyl group at the end of the chains within the bilayer 

core) which decreases from 2.5 kHz to 2.3 kHz when ecPis-4s is at 4 mol % is reconstituted 

into the bilayers. The deuterium order parameters (SCD) of each C−D bond extracted directly 

from these spectra are plotted in a position-dependent manner [Figure 22C]. Notably, ecPis-4s 

at 4% mol the exerts a moderate effect on the POPC-d31 acyl chains, as can be observed in the 

relative order parameter plot [Figure 22E], which reflects the ratio of POPC:POPC-d31:POPG 

order parameters in the presence and absence of the peptide. 

When ecPis-4s at 4% mol is added to the deuterated POPC:POPG-d31 membrane, 

higher disturbances of the 2H quadrupolar splittings are observed in the respective spectrum 

[Figure 22B], when compared to the effect noticed for the spectrum when the POPC-d31 lipid 

carries the labels [Figure 22A]. The largest and smallest quadrupolar splitting in the presence 

of ecPis-4s decrease from 24.2 to 21.5 kHz, and from 2.3 kHz to 1.9 kHz, respectively. These 

changes correspond to relative order parameters of 0.89 for the largest and 0.78 for the smallest 

quadrupolar splittings, when compared to the order parameters of POPG-d31, in absence of 

peptide [Figure 22D, and F]. 
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Figure 22. (A, B) 2H solid-state NMR spectra of lipids deuterated throughout the palmitoyl chain, (C, D) order 

parameter, and (E, F) relative order parameter profiles for (A, C, E) POPC:POPC-d31:POPG (2:1:1) and (B, D, F) 

POPC:POPG-d31 (3:1) in the absence and in the presence of 4 mol% ecPis-4s at pH 6.4 and 6.5. Experiments were 

performed at 300 K. Dashed lines in panels (A) and (D) are shown to guide the eye. From (C to F), squares 

represent data related to the pure lipid bilayer, whereas circles represent data obtained for samples containing the 

peptide. 

 

Thermodynamics of peptide-membrane interactions: The interaction of ecPis-4s with 

POPC:POPG (3:1, mol:mol) LUVs was evaluated in a quantitative manner by ITC. Figure 23 

presents the titration of 20 mM POPC:POPG (3:1, mol:mol) LUVs at 298 K and 308 K, into a 

25 μM peptide solution, both solubilized in 10 mM Tris-HCl buffer at pH 8.0. The heat flow 

presents a predominant exothermic behavior at both temperatures [upper panel, Figure 23]. 
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Figure 23. Isothermal titration calorimetry of 25 μM ecPis-4s with 20 mM POPC:POPG (3:1, mol:mol) LUVs 

suspended in 10 mM Tris–HCl (pH 8.0) containing 100 mM NaCl at (A and C) 298 K and (C and D) 308 K. (A 

and B) The heat flow for each ecPis-4s injection as a function of time. (B and D) The enthalpy as a function of the 

peptide:phopholipid molar ratio. The heat of dilution was subtracted from each experimental point. 

 

The corresponding heats of injection as a function of the total lipid:peptide ratio is 

presented at the bottom panels of Figure 23. The titration heat flows are higher at 35 °C than at 

25 °C, nevertheless, at both temperatures, the heat flow decreases with LUVs addition until 

values close to the respective dilution heats are reached, indicating a high partition coefficient 

of the peptides with the anionic vesicles(153). The binding isotherms were determined by non-

linear curve fitting using the model of equivalent binding sites, and the calculated interaction 

parameters (ΔG°, ΔH°, ΔS°, apparent binding constant - Kapp, and the stoichiometric 

coefficients - n) are presented in the Table SM3. Exergonic processes were observed for the 

interaction of ecPis-4s with the anionic LUVs. The interaction constants (Kapp) are characterized 

by similar magnitude values (103 M-1). The apparent binding constant at 35 ºC and at 25 ºC 

were 7.7 ± 0.4 x 103 L.mol−1 and 7.1 ± 0.3 x 103 L.mol−1, respectively. ITC results also indicate 
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that ecPis-4s interacts with more phospholipid molecules at the higher temperature (n25
o ∼ 15, 

n35
o∼ 10). 

 

Vesicle size, surface charge, and membrane-disruptive properties: Some properties of 

phospholipid vesicles such as size and charge are subject to changes as a result of the peptide-

membrane interaction(284). In this sense, measurements of the hydrodynamic diameter (Dh) 

and the zeta potential () of POPC:POPG (3:1, mol:mol) LUVs were carried out upon addition 

of ecPis-4s. Figure 24 shows the changes in Dh and  as a function of the peptide:phospholipid 

molar ratio. Aliquots of ecPis-4s solution were added to the LUVs dispersions and no 

significant changes are noted in the Dh until a peptide:phospholipid ratio of ~0.05 [Figure 24A]. 

However, an abrupt change (Dh 20 nm) in the mean Dh associated with a high standard deviation 

is observed for ratios ≥ 0.06. These findings are consequences of the broadening in size 

distribution which may be related to the vesicle aggregation [Figure SM9]. The addition of 

ecPis-4s leads to an linear increase of the  values from approximately − 30 mV (pure anionic 

POPC:POPG) to a  value near to netralization (~5 mV) at a peptide:phospholipid ratio of 0.06 

[Figure 24B]. Therefore, ζ-potential measurements were also used to estimate the partition 

constant of the peptide in the presence of anionic membranes. 
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Figure 24. Effect of the addiction of ecPis-4s (336 μM) on (A) the hydrodynamic diameter, (B) the zeta potential 

of 500 μM POPC:POPG (3:1, mol:mol), and (C) the kinetics of dye release from calcein-encapsulated 

POPC:POPG (3:1, mol:mol) vesicles (20 μM). (D) Percentage of calcein released from LUVs 30 min after the 

addition of the peptide. Experiments were performed at 25 ℃. 

 

As the ζ-potential is known to be dependent on the binding of a peptide to lipid vesicles 

when the net charge is affected(285), the partition constant (Kp) of ecPis-4s to POPC:POPG 

(3:1, mol:mol) LUVs was determined by using equation 8 and 9. The values of -1, and +6 were 

used as the net charges for the anionic phospholipids and ecPis-4s peptide, respectively. A Kp 

= 7.1 ± 1.6 × 103 M-1 of the ecPis-4s peptide to LUVs was obtained from ζ-potential 

measurements, assuming a stoichiometry of 1:1 (peptide-charge:lipid-charge) in which each 

positive charge of the peptide can be neutralized by one negative charge of the anionic lipid in 

the model(236). 
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The membrane-disruptive properties of ecPis-4s were investigated by the release of 

calcein encapsulated in POPC:POPG (3:1, mol:mol) unilamellar vesicles suspended in 10 mM 

Tris-HCl buffer solution at pH 8.0. Figure 24C presents the results obtained for calcein 

fluorescence after addition of peptide solution. Dye release is observed even at the lowest 

concentration tested (~ 1.0 M) and the lytic activity increases with the peptide concentration, 

reaching a maximum at 4.0 M. Figure 24D shows the percentage of calcein released 30 min 

after the addition of the peptide solution as a function of peptide:phospholipid molar ratio. Dye 

release above 50% is observed only at molar ratios greater than 0.05, reaching approximately 

100% at the 0.2 molar ratio.  
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3.4  Discussion 

 

In this study, different spectroscopic and biophysical approaches have been used to 

assess the mode of action and the concentration-dependent membrane disruptive effects of 

ecPis-4s, a peptide from the piscidin family of great biological interest due to its broad 

antimicrobial activity(147). As commonly observed in piscidins, ecPis-4s presents a high 

positive net charge (+7 at neutral medium) due to the presence of three lysine and three arginine 

residues, as well as an N-terminal amine in combination with a C-terminal carboxamide. 

Whereas most piscidins are histidine-rich, this peptide carries only a single histidine residue, 

but a high number of other aromatic residues, most of them located in the first half of the 

primary structure. Histidines are usually pH-responsive under physiological conditions and 

therefore may carry another positive charge in medium-acidic environments. In this context, 

we investigate the mode of interaction of ecPis-4s peptide at acidic and basic pH in the presence 

of mimetic membranes. Whereas at pH 6 the amino terminus is likely completely and the 

histidine only partially charged, both have lost all or most of their charge at pH 8. 

The association of linear AMPs with the bacterial membranes is usually accompanied 

by a conformational rearrangement(286). In this context, ecPis-4s is characterized by a random 

coil-alpha-helix transition in the presence of anionic LUVs under acid and basic conditions 

[Figure 15A, 15B]. The structure of ecPis-4s in the presence of anionic micelles was obtained 

at the atomic level using multidimensional solution NMR spectroscopy [Figure 19], which 

revealed a canonical highly amphipathic helical segment extending from F2 to Q21. A closer 

look at the three-dimensional structure reveals that His-4 is located at the interface of the 

hydrophilic and hydrophobic faces. 

Oriented solid-state NMR spectroscopy shows an almost perfect in-plane alignment of 

selectively labelled ecPis-4s within the POPC:POPG (3:1, mol:mol) bilayer surface (orientation 

II, 86ᵒ/49ᵒ tilt/rotational pitch angular pair [Figure 21] where the hydrophilic residues are either 

exposed to the aqueous environment or located at the membrane interface. This peptide 

orientation allows for the complete insertion of the non-charged residues into the hydrophobic 

core of the bilayer [Figure 21C]. As noticed from distinct perspectives of the topology II [Figure 

21B, C], His-4 and Arg-20 residues are located at the interface of negatively charged 

membranes and Phe-16 and the N-terminal Phe-1 and -2 side chains into the hydrophobic core 

of the bilayer. The intrinsic fluorescence of Trp-9 reveals the complete membrane insertion of 



75 

 

 

 

this site, in excellent agreement with the peptide topology II derived from solid-state NMR 

spectroscopy. The slightly tilted membrane-alignment of ecPis-4s [Figure 21C] reconstituted 

into oriented bilayers is likely due to a deeper insertion of the hydrophobic residues especially 

near the peptide N-terminus. 

An amphipathic helical peptide residing at the membrane interface takes more space 

at the lipid head group region when compared to the hydrophobic inner region(220,287). As a 

consequence, the order parameters obtained from 2H solid-state NMR data of ecPis-4s in the 

presence of deuterated POPC-d31 and POPG-d31 in mixed POPC:POPG (3:1, mol:mol) 

membranes exhibit a decrease in the presence of the cationic ecPis-4s peptide. While vesicles 

containing chain deuterated zwitterionic POPC-d31 as a reporter caused a moderate reduction 

of order within the lipid acyl chain region [Figure 22E], the disordering of the fatty acyl chain 

of POPG-d31 lipids increases significantly in the presence of the same proportion of peptide 

including methylenes in the hydrophobic core of the membrane [Figure 22F]. Thereby, the data 

also reveal a preferential accumulation of anionic POPG in the vicinity of the cationic peptide 

when compared to the zwitterionic POPC, as observed previously for other cationic 

amphipathic sequences(288). 

The partition coefficients from fluorescence spectroscopy showed a membrane 

incorporation of ecPis-4s approximately 2.5 times larger (Kp = 6.8 ± 0.8 × 103 M-1) when the 

peptide was solubilized in the presence of negative LUVs at pH 8, when compared the peptide 

interaction in the same membrane at pH 6.0 (Kp = 2.9 ± 0.1 × 103 M-1) [Figure 17]. These 

findings are in accordance with CD data which shows higher ellipticities at 222 nm at higher 

pH, suggesting a greater interaction and deeper bilayer insertion under basic conditions. Such 

a moderately higher association constant at higher pH and deeper membrane insertion are 

probably linked to changes in the protonation of the His-4 side chain and/or the N-terminus. 

However, it should also be noted that with six cationic Lys and Arg within the peptide sequence 

the pH-dependent changes in the protonation state of the histidine and/or the N-terminus 

probably do not make much of a difference. 

Notably, predicting the charge state of these titratable sites is quite difficult. While the 

histidine pKa is usually thought to be around 6, it can shift to lower values when exposed to an 

interfacial or hydrophobic environment(289,290). In a related manner, a range of pKa values 

(6.8 to 9.1) have been published for the amino-terminal amines(291). The situation is further 

complicated by the negatively charged membrane surface which can results in very different 

local H+ concentrations when compared to the bulk solvent, an effect that not only depends on 
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the salt concentration but also changes with the membrane-association of the strongly cationic 

peptide(227,292). Interestingly, the Kapp value (7.1 ± 0.3 x 103 M−1) obtained from ITC is in 

excellent agreement with the partition constants obtained by Trp-fluorescence (6.8 ± 0.8 × 103 

M-1) and -potential (7.1 ± 1.6 × 103 M-1) measurements in a similar environment. The partition 

coefficient is widely used to characterize the interactions of AMPs with membrane models in 

order to predict antimicrobial or cytotoxic activities(130). When compared to other 

antimicrobial peptides such as Melittin(293,294), Indolicidin(295), Dermaseptin(296), the Kp 

values on the interaction of these peptides with membranes are in order of 104, ten times higher 

than ecPis-4s peptide. On the other hand, the piscidin-4 peptide presents the Kp value in the 

order of 103 (as shown), the same one presented for the Magainin-2-amide antimicrobial 

peptide(297–299). When compared to other piscidin peptides, for instance, Trematocine, a 

peptide from a red-blooded Antarctic fish, Trematomus bernacchii, piscidin-4 peptide also 

presented a similar partition interaction value. The Kp obtained for Trematocine was also in 

order of 104, as demonstrated by Dalla Pelle and coworkers (2020)(300). 

Finally, the effect of the peptide concentration on membrane stability was also 

investigated by hydrodynamic diameter and zeta potential measurements of POPC:POPG (3:1, 

mol:mol) LUVs. Membrane destabilization is observed in the peptide:phospholipid molar ratio 

around 0.06, in which the peptide-membrane interaction results in the vesicle neutralization 

[Figure 24B] when at the same time agglutination of the LUVs is noted [Figure SM9]. 

Interestingly, the stoichiometric coefficient indicates that one ecPis4s molecule is associated 

with fifteen phospholipid molecules (n  15 from ITC at 298K), which is in accordance with a 

peptide:phospholipid molar ratio of 0.06 [Figure 24B].  
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3.5  Conclusion 

 

In conclusion, different biophysical and structural approaches have been used to 

investigate the interaction of the antimicrobial peptide ecPis-4s with anionic membranes which 

allowed to gain insight on how structural and topological aspects of the peptide are important 

to ensure effective binding to the bilayer. The amphipathic -helical structure of the highly 

cationic ecPis-4s peptide ensures high affinity towards anionic membranes driven by strong 

electrostatic contributions and an insertion of the hydrophobic side chains just below the 

membrane interface. The resulting partitioning of the amphipathic helix into the membrane 

interface at a helix orientation parallel to the surface has pronounced effects on the lipid bilayer. 

Indeed, dye release and DLS experiments indicate pore-formation and membrane-lytic activity 

which depends on the local peptide concentration. Interestingly a critical peptide:phospholipid 

ratio of ~0.06 is required to neutralize the membrane surface charge. 

When the deuterium order parameters of POPC-d31 were investigated, the presence of 

ecPis-4s had an influence on the zwitterionic acyl chain mainly deep inside the membrane core. 

Notably, the disordering is more pronounced for POPG-d31, which suggests that this anionic 

lipid accumulates in the vicinity of the cationic peptide. This is in-line with the importance of 

electrostatic interactions for membrane association. Titration experiments using Trp 

fluorescence, -potential, and ITC techniques all provide similar affinity constants for ecPis-4s 

to POPC:POPG (3:1, mol:mol) membranes that saturate at a concentration corresponding to 

nominal charge neutrality. Overall, these findings indicate that ecPis-4s follows a well-defined 

mode of interaction with the anionic membrane, where electrostatic interactions assure 

selectivity for bacterial membranes. Openings occur involving in-plane oriented amphipathic 

peptides and lipids as has been previously been shown for other cationic amphipathic peptides 

of similar size(220). 

All these findings indicate that ecPis-4s cover the membrane surface in a mechanism 

of interaction suggesting a membrane-lytic action via pore-forming activity once the local 

concentration or peptide reaches a threshold, in which ecPis-4s peptide interacts with a well-

defined amphipathic structure with its hydrophilic side chains face the aqueous solution, and 

the hydrophobic to the phospholipid bilayer, enhancing membrane order destabilization as well 

as its lytic activity. 
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Chapter 4:  The structural stability of bioactive 

ecPis-4s peptide in aqueous solution is a 

determinant of its proteolytic resistance   

 

4.1 Introduction 

 

Multidrug-resistant (MDR) bacterial infection has become a serious threat in human 

therapeutics make raising the development of new antibiotics(2). Therefore, many research and 

new approaches have been investigated in order to identify new drug candidates(147,301). 

Antimicrobial peptides (AMPs) have been proposed as a promising alternative to the treatment 

of infections due to multidrug-resistant bacteria and to avoid bacterial resistance 

development(1). 

Different from conventional antibiotics, which act on specific cell targets, AMPs 

interacts with the phospholipid membrane leading to cell lysis(2,302). Studies of AMPs activity 

against bacteria focus on some of its important membrane components, such as 

lipopolysaccharide and phospholipids whose compositions are predominantly 

anionic(1,3,178,303). Therefore, most AMPs are cationic and the electrostatic attraction seems 

to contribute to the targeting and selectivity of these membranes(5). 

Although a great number of antimicrobial peptides acquire secondary structure when 

they interact with the phospholipid membrane, some peptides display ordered conformation 

even in aqueous media, before achieving the target membrane(304). This structural behavior is 

observed for dimeric peptides(6,305), and aggregate forms of some peptides.  

NMR studies in an aqueous solution of the heterodimeric peptide Distinctin revealed 

a three-dimensional structure of a dimer of dimers, in which the closely packed four helical 

chains assures that the hydrophobic residues are screened from the solvent. The molecular 

dynamics studies of Bombinin H2 demonstrated that the peptide self-aggregates adopting a 

single-helix structure in an aqueous solution(306). Other peptides such as Magainin 2 (MG2), 

and Tachyplesin 1 (TP1) act in a synergistic way on an aggregation process, which potentiates 

the biological activity against different bacteria strains(307). Besides excerpt direct effect in the 
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antimicrobial activity, the oligomerization and aggregation process could prevent the peptides 

from degradation by peptidases(305,308). It is well known that proteolytic cleavage can be 

avoided by the cyclization of the peptide or the introduction of a D-amino acid in the peptide 

sequence(309). However, the naturally occurring aggregation process can be a feature that also 

protects antimicrobial peptides against peptidases and is fully associated with the resistance to 

enzymatic degradation of these biomolecules(310). 

Taking all these into consideration, in this work we chose two enzymes which break 

down proteins or peptides. Trypsin and proteinase K are two common proteases that are used 

in proteolysis assays(311). The first enzyme, trypsin is a serine protease that cleaves peptide 

bonds on the C-terminal side of arginine and lysine residues, except when they are followed by 

proline(312,313). Trypsin is useful for digesting proteins into smaller peptides that can be 

analyzed by mass spectrometry or other techniques(314,315). On the other hand, proteinase K 

is a broad-spectrum protease that cleaves peptide bonds on the N-terminal side of aliphatic, 

aromatic, or hydrophobic amino acids(316). This enzyme can digest a wide variety of proteins, 

including those that are resistant to other proteases. Besides that, proteinase K is also used to 

remove surface proteins from membrane vesicles, and to study the structure and function of 

prion proteins(315). 

 

In this chapter, we performed different physico-chemical investigations of the 

concentration dependence of structure and resistance to the enzymatic degradation of ecPis-4s 

piscidin peptide. We have highlighted structural features of ecPis-4s in aqueous solution which 

provides insights about the interaction of ecPis-4s as well as the enzymatic resistance of the 

peptide. Additionally, we have determined in a quantitative manner the critical concentration 

to the aqueous folding and the enthalpy associated to the unfolding process. Furthermore, the 

three-dimensional structure of ecPis-4s peptide was obtained in an aqueous solution. Thereby, 

to our knowledge, this is the first structural and physico-chemical characterization of a piscidin 

peptide in aqueous environments. 

 

For this chapter, some results were obtained in collaboration. Thus, AUC assays and 

data analysis were carried out in collaboration with the Institut de Biologie Structurale, 

Grenoble, France. Besides that, the biological activity and bacterial death kinetics experiments 

were performed by the Institute of Biological Sciences of the Federal University of Minas 

Gerais, Brazil.  

https://www.degruyter.com/document/doi/10.1515/hsz-2020-0386/html
https://www.degruyter.com/document/doi/10.1515/hsz-2020-0386/html
https://www.degruyter.com/document/doi/10.1515/hsz-2020-0386/html
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4.2 Materials and Methods 

 

4.2.1 Peptide synthesis, purification and characterization 

 

The carboxamide ecPis-4s peptide was synthesized, purified, and characterized as 

indicated in item 2.1 (pg. 11). The purified fractions of interest were pooled, evaporated, and 

lyophilized. The peptide was dissolved in 4% (by volume) acid acetic at a concentration of 1 

mg/ml with subsequent lyophilization, repeated three times, to ensure the exchange of the TFA 

anions with acetates, and stored at - 20 °C. 

 

4.2.2 Circular dichroism spectroscopy 

 

The secondary structure preferences of the ecPis-4s peptide in aqueous environment 

were investigated by circular dichroism (CD) spectroscopy on a JASCO® J-810 

spectropolarimeter (Tokyo, Japan), equipped with Peltier Jasco temperature control system - 

PFD-425S (Tokyo, Japan). The samples were prepared containing 50 μM of ecPis-4s peptide, 

then they were solubilized in aqueous solution or in 10 mM phosphate buffer containing 100 

mM KF at pH 6.0 and pH 8.0(275). The analyzes were performed at 25 °C in a cuvette of 1.0 

mm path length. The spectra were recorded from 190 to 260 nm, with the accumulation of three 

scans, bandwidth of 0.1 nm, step resolution of 0.2 nm, 50 nm.min−1 scan speed and 1 s response 

time. Similar experiments in absence of peptide were recorded as the respective blank solution 

to allow the subtraction of the background. 

 

4.2.3 Solution nuclear magnetic resonance spectroscopy 

 

Two-dimensional solution NMR experiments were carried out to determine the three-

dimensional structure of ecPis-4s peptide at 4 mM in presence of aqueous environment. The 

experiments in water were performed at 25 ℃ on a Bruker® AVANCE NEO OneBay 

spectrometer operating at 600.15 Hz (for 1H). The samples consisted of 4 mM of ecPis-4s 

diluted in 10% (v/v) D2O/H2O containing 1% (v/v) of 2,2-dimethyl-2-silapentane-5-sulfonate 

(DSS) as the internal reference. 
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Two-dimensional homonuclear Total Correlation Spectroscopy (1H-1H TOCSY) 

spectra were obtained using the dipsi2esgpph(317) pulse sequence with 32 t1 increments, 4096 

transients of 4096 points for a spectral width of 6849.315 Hz. Two dimensional Nuclear 

Overhauser Spectroscopy (1H-1H NOESY) spectra were obtained using the 

noesysgpphwzs(317) pulse sequence collecting 32 t1 increments with 512 transients of 2048 

points for a spectral width of 6849.315 Hz. 

 

4.2.4 NMR analyses and structure calculations 

 

The proton resonances were assigned by simultaneous analyses of homonuclear 1H,1H-

TOCSY and 1H,1H-NOESY contour maps using Wuthrich method(208). The NMR 

assignments for this peptide were performed manually by using NMRViewJ (version 9.2.0-

b20) program(253). The NOE intensities were converted into semi-quantitative distance 

restrictions with limits of 2.8, 3.4, and 5.0 Å(254). The dihedral angles φ (phi) and ψ (psi) 

restrained list was obtained based on the chemical shifts of HN, Hα, Hβ, Cα, Cβ and N using the 

TALOS+ program(213) of the NMRPIPE® computational package(255). The 13Cα chemical 

shift index obtained from natural abundance were calculated for ecPis-4s peptide in the 

presence of aqueous solution in accordance with Wishart method(212). The geometric restraints 

were validated (according to their consistency and contribution) from data of uniqueness 

information from the QUEEN program (Quantitative Evaluation of Experimental NMR 

Restraints)(256). 

The XPLOR-NIH software was used for the calculation and refinement of the three-

dimensional structures employing simulated annealing protocol in torsional angle 

dynamics(257,258). First, the system was rapidly heated to 5000 K and then slowly cooled to 

the temperature of 1000 K, for 1000 cycles. Next, another slow cooling from 1000 K to 300 K 

was carried out in 1000 steps. A total of 100 structures were obtained and refined in a 

subsequent calculation, using more stringent topology parameters(259). The 10 lower energy 

structures were visualized and analyzed with Chimera(261), and the quality of the structures 

verified by the Ramachandran diagram and the RMSD (Root Mean Square Deviation), both 

obtained from the online platform PSVS(262). 
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4.2.5 Analytical ultracentrifugation – Sedimentation velocity 

 

Sedimentation velocity (SV) experiments were performed at 20 °C using a Beckman 

Optima XL-I (Beckman Coulter, Brea, USA) analytical ultracentrifuge equipped with a four 

hole An-60-Ti rotor, an UV-vis absorbance spectrometer and a Rayleigh-interferometer for 

optical detection, and the ProteomelabTM software for data acquisition. Samples of lyophilized 

ecPiscidin-4 peptide at concentrations 2400, 1200, 600, 100 and 25 μM were solubilized in 10 

mM monobasic dihydrogen phosphate and dibasic monohydrogen phosphate in 100 mM 

Potassium fluoride (KF), pH 8.5. Peptide samples were loaded to epon double-sector 

centerpieces cells of 1.5 and 12 mm pathlength equipped with sapphire windows (Nanolytics, 

Potsdam, DE). The samples were centrifuged at 60000 rpm and the scans were collected at 280 

nm (absorbance) and 655 nm (interference)(318–322). Data analysis: the time errors of the 

collected scans were corrected using REDATE software (version 1.0.1) 

(biophysics.swmed.edu/MBR/software.html)(209), and the data were fitted using Continuous 

c(s) Distribution model in SEDFIT software (version 16.36)(319,321) to obtain sedimentation 

coefficient distribution values (s-values). Graphical of representative SV data were made using 

GUSSI software (version 1.4.2)(323).  

 

4.2.6 Diffusion ordered spectroscopy (DOSY) experiments  

 

1D 1H and 2D DOSY (Diffusion Ordered Spectroscopy) NMR experiments of ecPis-

4s were acquired on a Bruker Avance III-500 spectrometer operating at a 1H frequency 500.13 

MHz, with a 5 mm z-gradient inverse probe at the temperature 298.15 K. The ecPis-4s samples 

were prepared at different concentrations (4.0 mM, 2.0 mM, 1.2 mM and 0.6 mM), in aqua 

solution (H2O:D2O/ 90:10% v/v), using DSS-d6 as an internal reference standard.  

Diffusion parameters time (d20) and the diffusion gradient length (p30) was optimized 

using the pulse sequence from the Bruker library in order to obtain at least 95% signal 

attenuation due to diffusion. After optimizing the parameters obtained was 0.1 s for d20 and 

2000 µs for p30. The 2D DOSY experiments was acquired using the pulse sequence 

stebpgp1s19 varying the gradient strength from 2 to 95%, at 25 linear steps in 64 transients with 

4096 points, and spectral width of 7500 Hz in F2 and 5000 for F1. Data processing was 

http://biophysics.swmed.edu/MBR/software.html
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performed using the Bruker Topspin 3.5 software, and the diffusion coefficient (D) was 

estimated using Bruker software Dynamics Center version 2.8.0.1. 

 

4.2.7 Isothermal titration calorimetry 

 

Isothermal titration calorimetry (ITC) assays were carried out on a VP-ITC 

microcalorimeter (Malvern, UK). Two strategies were used for obtaining information to 

determine the corresponding heat of dilution with ecPis-4s peptide used as a titrant in the 

experiments. For the first assay, the syringe was fulfilled with ecPis-4s solution (1200 M) in 

50 mM phosphate buffer at pH 6.0 containing 100 mM NaCl, and the calorimeter cell was filled 

up with the same buffer solution. In the second one, ecPis-4s peptide (1200 M) suspended in 

50 mM phosphate buffer at pH 8.0 containing 100 mM NaCl was transferred to the syringe, 

while the reaction cell was filled up with the same phosphate buffer. The reference cell was 

filled with the equivalent solvent for each experiment and the instrument was pre-equilibrated 

at 25 °C. Afterwards, aliquots of ecPis-4s solution (5 L) were added with 30 successive 

injections into the sample cell with 2 s injection times, and intervals of 300 s. ecPis-4s peptide 

samples were previously degassed in a Microcal Thermovac® (Malvern, UK). The data 

obtained were recorded and processed using Origin software for ITC (Microcal Origin® 6.0). 

Furthermore, the enthalpy of unfolding (Hunfold) in both assays was calculated by a data 

treatment previously described(284,324), in which linear fits of the dataset in the lower and 

upper concentration ranges were performed, and then, the y-intercepts of the two straight lines 

were determined. The enthalpy of unfolding was calculated as the difference between the two 

intercepts. 

 

4.2.8 Degradation assays 

 

ecPis-4s peptide samples at different concetrations (100 and 1200 M) were digested 

with trypsin in 10 mM potassium phosphate buffer pH 8.0 at 37 ℃ using an enzyme:substrate 

ratio of 1:50 (w/w) in a total volume of 300 L. Equivalent samples (20 L) were prepared for 

each concentration and submitted to different times of digestion (0h – 8h). Enzyme inactivation 

was achieved by adding 5 L of a HCl (1 mM) solution. Aliquots from the enzymatic reaction 

(1 L) were withdrawn on a time course basis and directly analyzed with a matrix-assisted laser 
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desorption ionization technique (MALDI-TOF Autoflex mass spectrometry, Bruker Daltonics, 

Bremen, Germany). A mixture of 1 L of analyte solution (ecPis-4s peptide digested sample), 

and 1 L of matrix solution (-cyano-4-hydroxy-cinnamic acid (10 mg/mL in 30% acetonitrile) 

were applied to the target plate, mixed and dried at room temperature. Peptide and protein 

molecular mass standards were eventually added. 

At the second step, ecPis-4s at different concentrations (50 and 150 M) were also 

digested in the presence of proteinase K enzyme in 10 mM potassium phosphate buffer pH 8.0 

at 37 ℃ using an enzyme:substrate ratio of 1:25 (w/w) in a total volume of 200 L. Equivalent 

samples were prepared for each concentration and submitted to different times of digestion (0h 

– 8h). Enzyme inactivation was achieved by adding 5 L of a HCl (1 mM) solution. Samples 

were also analyzed by LC-ESI-MS technique using LC MS-2020 single-quadrupole mass 

spectrometer (Shimadzu). Peptide mixtures were separated with a Vydac C18 column (250 mm 

× 1 mm, 5µm), using a linear gradient from 10 to 90% acetonitrile containing 0.1% TFA, over 

a period of 60 min, at a flow rate of 0.8 mL/min. Spectra were acquired in the range of m/z 10-

1500. 

 

4.2.9 Kinetics of bacterial death 

 

The bacterial death kinetics experiments were designed based on Ling and 

coworkers(325), and performed in triplicate. The bacterium S. aureus was grown in MH broth 

(105 CFU.mL-1), bacteria were exposed to ecpis-4s peptide at different concentrations (½, 1, 2 

and 4 times the MIC value), at 37 ℃, for different incubation time (0, ½, 1, 2, 4, 6, 8, 10, and 

12h). Then, the viability of the cell suspensions was determined by the microdrop 

technique(326). Therefore, the suspensions were subjected to serial dilutions (10-1, 10-2, and 10-

3), and drops of 5 µL were transferred to plates containing BHI agar. The plates were incubated 

at 37 °C for up to 12 hours, when the colonies were counted per drop. The number of colonies 

counted was multiplied by the reciprocal of the dilution and the result was expressed as colony 

forming units (CFU). 
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4.3 Results 

 

4.3.1 Structural analyses of ecPis-4s peptide in aqueous solution 

 

Circular Dichroism (CD) spectroscopy: In order to investigate the effect of concentration on 

the conformational preferences of ecPis-4s peptide, CD experiments were performed at the 0.3 

– 2.4 mM range in water environment, pH 5.0, and in the presence of 10 mM potassium 

phosphate buffer at pH 8.0 [Figure 25]. 

 

 

Figure 25. CD spectra of ecPis-4s in water environment (A), and in the presence of 10 mM phosphate buffer at pH 

6.0 (B) and pH 8.0 (C). Peptide concentration ranging from 0.3 – 2.4 mM. 

 

As we can observe, in water environment a minimum at ~198 nm is noted for 0.3- and 

0.6-mM peptide concentration while in pH 8 buffered solution a signal around 200 nm is 

observed only for the peptide concentration of 0.3 mM, which is typical of predominantly 

random coil conformations(327). On the other hand, considerable wavelength shifts are noticed 

for peptide concentrations ≥ 1.2 mM. In both environments, the spectra at 1.2 and 2.4 mM are 

characterized by a minimum near 208 nm showing a degree of ordered alpha helical 

conformations. Spectral profiles change substantially at 2.4 mM, despite it presents a low 

ellipticity. These conformational changes seem to indicate a beginning of an ordering of the 

peptide which takes place at a critical peptide concentration, mainly at higher pH [Figure 25]. 
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Two-dimensional solution NMR spectroscopy: As CD spectroscopy indicated that ecPis-4s 

presents some structural arrangement in aqueous environments [Figure 26], it was proposed to 

investigate in further details the structure of the peptide in similar condition by NMR 

spectroscopy. Therefore, NMR spectra of ecPis-4s at 4.0 mM in water containing 5% of D2O 

were recorded. 

Most of the amino acid spin systems were identified in the TOCSY spectrum [Figure 

SM10] since there was no observed superposition in the HN-Hα region. Unequivocal 

assignments were obtained from sequential and some medium range NOE correlations, as 

showed in the HN-Hα region of NOESY spectra [Figure 26]. 

 

Figure 26: HN-Hα region of NOESY spectrum of ecPis-4s at 4.0 mM in water containing 5% of D2O. Spectrum 

recorded at 25 ºC, 600 MHz. Only the inter-residual HN-Hα (i, i +1) cross peaks are labeled. 

 

Although no dNN (i, i+1) correlation has been observed, sequential and medium-range 

dαN NOE correlations ranging from F2 up to R17 are identified in the NOESY spectrum of 

ecPis-4s which suggests the existence of helical segment encompassing these amino acid 

residues. The NOE connectivities characteristics of helical secondary structure are graphically 

summarized in Figure SM11. 

The three-dimensional structures of ecPis-4s were obtained based on NOE distance 

and dihedral angle restraints derived from NOE and chemical shift data, respectively. The 

superposition of the 10 lowest energy structures presented in Figure 27A is characterized by a 

RMSD of 2.12 for the backbone atoms from K10 to R20 which suggests a significant degree of 
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conformational flexibility for the ecPis-4s in water, and as observed a high conformational 

dynamic for this peptide at the N-terminus region. Table SM4 presents a summary of all the 

input data used in the calculation as well as the quality parameters. The majority of the ϕ and ψ 

dihedral angular pairs are found in the most favored regions of the Ramachandran plot, 

indicating the high stereochemical quality of the obtained structures. However, approximately 

40% of the residues are found in disallowed regions which comprise the N-terminus region of 

the peptide chain. 

ecPis-4s structure is characterized by a relatively small helical segment extending from 

K10 to R20 [Figure 27B] which reveals a significant amphipathic character as the positively 

charged K10, K13, R17, and R20 residues lye within the hydrophilic face [Figure 27D]. The 

more flexible region of the peptide encompasses four aromatic residues, namely W9 along with 

F1, F2, and F8 at the peptide N-terminus. 

 

 

 

 

Figure 27: Three-dimensional structures of ecPis-4s (4.0 mM) in water at 25 °C. (A) Overlap of the ten lowest-

energy structures (from F10 to R20). The lowest-energy structure is presented from different perspectives, i.e., (B) 

with the hydrophilic face of the helix, and (C and D) with the peptide N-terminus facing forward. Whereas in (B 

and C) all side chains are explicitly presented, in (D) only side chains of residues from the helical segment are 

shown. The hydrophobic residues are presented in green and the hydrophilic residues in blue. 

 

Diffusion-ordered spectroscopy (DOSY) NMR Studies: The diffusion of a molecular species 

depends on its effective molecular size which should change with any intermolecular 

interaction; therefore, mixtures in which chemical entities are part of a network of interactions 

in equilibrium can be analyzed(328). In this way, DOSY NMR can be very helpful to 

understand the rate of protein aggregation and oligomer formation. To further characterize 

ecPis-4s peptide behavior as a function of its concentration, the coefficient diffusion of ecPis-
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4s peptide was determined by using DOSY NMR. The experiments were recorded in the 

concentration range from 0.6 to 4.0 mM [Figure 28]. 

The eight selected signals from the ecPis-4s peptide observed in all DOSY plots are 

related only to one diffusion coefficient for each concentration tested which suggest that only 

one molecular structure is presented in each solution.  The diffusion coefficients for ecPis-4s in 

all concentrations were determined to be between 1.37 and 1.46 x 10-10 m2 /s [Table 2] which 

is lower than the internal reference, 5.98 x 10-10 m2 /s due to the smaller hydrodynamic volume 

of the reference standard. 

 

 

Figure 28: DOSY plot from ecPis-4s peptide at 4.0 mM (A), 2.0 mM (B), 1.2 mM (C), and 0.6 mM (D) in water 

environment (H2O:D2O 90:10% v/v). DSS-d6 is presented at 0 ppm. Data were collected on a Bruker Avance III 

500 spectrometer operating at a 1H frequency 500.13 MHz and processed in Bruker software Dynamics Center 

version 2.8.0.1. 
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Table 2. Diffusion coefficients determined by DOSY NMR in H2O/ D2O solution at 298.15 K 

 

Peptide concentration Dobs (x 10-10 m2/s) Standard error (10-10) 

ecPis-4s 4 mM 1.40 0.02 

ecPis-4s 2 mM 1.37 0.08 

ecPis-4s 1.2 mM 1.43 0.10 

ecPis-4s 0.6 mM 1.46 0.13 

 

 

Sedimentation Velocity (SV) analysis of ecPis-4s by Analytical ultracentrifugation (AUC): 

AUC is a versatile and powerful method for the quantitative analysis of aggregates in 

solution(329). AUC-SV experiments were performed to assess the hydrodynamic, self-

association, aggregation and stability of ecPiscidin-4 peptide in buffer, i.e., in the absence of 

lipid mimic membrane [Figure 29]. The sedimentation coefficient distribution- sw,20 = (0.43  

0.03) S and estimate MW = (2877  231) Da is compatible to monomeric species in the range 

of peptide concentrations studied (25 – 2400 M). The frictional ratio value (*f/fo = 1.47  0.07) 

correspond to a globular conformation for the peptide. The monomer peak represents  95% of 

the total intensity, indicating the absence of significant self-association. 
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Figure 29: Top: Sedimentation velocity profile of the scans collected to sample of ecPiscidin-4 peptide at 2400 

μM using absorbance (panel A) and interference (panel C) optics. Circles: experimental sedimentation boundaries; 

Solid line: best-fit model calculated using Continuous c(s) Distribution model on SEDFIT; Midlle (panels A and 

C): grey scale for residual bipmap(330). Bottom (panels A and C): residuals of the fit with a root-mean-square 

deviation (rmsd) of 0.006252 OD to absorbance and 0.004472 fringes to interference. Panels B and D: 

Sedimentation coefficient c(s) distribution calculated on SEDFIT to the tested concentration range of ecPiscidin-

4 peptide from absorbance at 280 nm (B) and interference at 655 nm (D) data. 

 

4.3.2 Biophysical studies of ecPis-4s peptide in absence of membrane 

media 

 

Isothermal titration calorimetry (ITC): The critical concentration and the enthalpy of the 

unfolding process (Ho
unfold) of the ecPis-4s peptide in aqueous solution were evaluated by 

using the isothermal titration calorimetry (ITC) technique(284). The experiment consisted of 

the dilution of a concentrated peptide solution into phosphate buffer at pH 6.0, or pH 8.0. The 
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experiments were carried out at 25 ℃ with sequential additions of 5 L of the peptide solution 

at 1200 M into the calorimetric cell filled containing the respective phosphate buffer. 

Figure 30 presents the heat flow and the integrated heats in function of ecPis-4s peptide 

concentrations which shows a typical sigmoidal profile. The heat flow of each peptide addition 

is endothermic and the enthalpogram displays a decreasing trend before reaching an inflection 

point. As shown, on increasing the peptide concentration in the reaction cell, the heat flow 

decreases and reaches constant values (peptide dilution heats) at the end of the experiment. 

The Ho
unfold values were obtained by a linear fitting of the data between the upper and 

lower concentration ranges according to the method applied by Tiné and coworkers(284). 

According to this approach, the Ho
unfold is defined as the difference between the two 

intersection points from each straight lines with the y axis. In both investigated media, the 

unfold process characterized by endothermic events with enthalpy values of Ho
unfold equal to 

4.4 kcal.mol-1 at pH 6.0, and 6.9 kcal.mol-1 at pH 8.0 phosphate buffer [Figure 30B, and 30D]. 

These results also indicate that the aggregation process of ecPis-4s in aqueous solution is 

enthalpically driven. Moreover, we can observe the inflection point in the enthalpograms results 

[Figure 30B, and 30D] which present the concentration of disassembly or unfolding process, 

around 40 M. 
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Figure 30: Isothermal titration calorimetry of ecPis-4s peptide at 1200 μM at 25 °C in phosphate buffer at pH 6.0 

(A), and pH 8.0 (C). (A; C) Heat flow for piscidin-peptide injection as a function of time (raw data). (B) Enthalpy 

as a function of the dilution of ecPis-4s in water, which reveals a typical dilution enthalpogram of unfold process. 

 

Degradation assays by peptidases: Proteolysis experiments have been carried out to investigate 

the degradation of polypeptides by peptidases as well as to identify folded and/or resistant 

structural regions of these bioactive compounds(331). Time course proteolysis experiments 

were performed by digesting ecPis-4s peptide at 100 M and 1200 M [Figure 31A, and 31B, 

respectively] with 1:50 (w/w) trypsin to substrate ratio, or ecPis-4s peptide at 50 M and 150 

M with 1:25 (w/w) proteinase K to substrate ratio [Figure 31C, and 31D, respectively]. 

The enzyme kinetics of trypsin is similar at both tested concentrations and the peptide 

is almost completely degraded after 1h of digestion [Figure 31A, and 31B]. The peak at m/z 

847.4 corresponds to the segment encompassing the six first amino acids residues of the peptide 

sequence (FFRHIK) which reveals that the N-terminal region seems to be at least partially 

resistant to trypsin cleavage. On the other hand, differences are noticed in the degradation 

kinetics by proteinase K [Figure 31C, and 31D]. The complete degradation of 50 M ecPis-4s 
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occurs after 2 h of exposure of the peptide to this enzyme [Figure 31C]. However, at the high 

peptide concentration (150 M) the kinetics of degradation is clearly slower and the almost 

complete degradation is achieved only after 8h of incubation [Figure 31D]. 
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Figure 31: Comparative proteolytic degradation of ecPis-4s. ecPis-4s at different concentrations was incubated 

with a weight ratio of 1:50 (enzyme to substrate) of trypsin and 1:25 (enzyme to substrate) of proteinase K both in 

10 mM potassium phosphate, pH 8.0 at 37 °C. (A) After 0, 0.5, and 1.0 h of digestion, aliquots (5 L) of ecPis-4s 

peptide at (A) 100 M, and (B) at 1200 M were withdrawn on a time course basis, and directly analyzed by 

MALDI-TOF MS. (C and D) HPLC-ESI-MS analysis of the degradation of ecPis-4s by proteinase K. (C) Peptide 

at 50 M after 0, 0.5, 1, 2, and 4 h of incubation and (D) at 150 M after 0, 0.5, 1, 2, 4, 6, and 8 hours of incubation. 

The absorbance profile of the control (peptide in absence of enzyme, not shown) is pretty similar to the result 

obtained for the peptide + enzyme at T = 0 h. 

 

4.3.3 Biological assays for ecPis-4s peptide 

 

Antibacterial activity: The antibacterial activity of ecPis-4s was investigated against gram-

positive (S. aureus, S. agalactae, and L. monocytogenes) and gram-negative (S. typhimurium, 

E. coli, P. miravilis, K. oxytoca and P. aeruginosa) strains, and the results observed were 

compared with the chloramphenicol at 30 mg.ml-1. The peptide was highly active against the 

tested bacteria and the respective minimum inhibitory concentrations (MIC) values are 

D 
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presented in Table 3. Whereas ecPis-4s was able to eradicate the growth of P. miravilis, and S. 

agalactae strains at 50 M, similar activity for S. typhimurium, E. coli, K. oxytoca and S. 

aureus) was achieved at 25 M of peptide. An even higher antibacterial potential was observed 

in the assays against L. monocytogenes, and P. aeruginosa which revealed an MIC of 12.5 M. 

 

Table 3. Minimum inhibitory concentrations (M) of ecPis-4s in the presence of bacteria strains 

 

L. monocytogenes 12.5 

S. typhimurium 25.0 

E. coli 25.0 

P. miravilis 50.0 

K. oxytoca 25.0 

S. aureus 25.0 

P. aeruginosa 12.5 

S. agalactae 50.0 

 

 

Kinetics of bacterial growth and time-dependent killing: The time-dependent killing induced 

by ecPis-4s was evaluated through experiments of kinetics of bacterial death of Staphylococcus 

aureus. Since the peptide presents significant resistance to proteinase K, similar experiments 

were carried out in the presence of the enzyme (0.05 w/w, enzyme:peptide). Figure 32 shows 

the pattern of growth and kill of S. aureus in the presence and absence of proteinase K treated 

with ecPis-4s at different concentrations. The growth curves in absence of the enzyme [Figure 

32A] reveal a sort of dose-dependent response. At the smallest tested peptide concentration, 

which corresponds to ½ x MIC [Figure 32A, open square], a sharp drop in viable bacteria in 

the first two hours is observed. However, after this time of exposure, the bacteria recover their 

exponential growth. An accentuated death in the first six hours is noticed at the MIC 

concentration [Figure 32A, filled circle], and a plateau is reached after this time. When assayed 

at 2 or 4 x MIC concentrations (open circle and filled triangle, respectively), a similar sharp 

drop in the number of viable bacteria is noticed, although the bactericidal activity occurred only 
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between 4, and 6 h of exposure. Finally, at 8 x MIC the bactericidal effect is reached within the 

first two hours of exposure of the bacteria to the ecPis-4s.  

Significant differences in the killing characteristics of ecPis-4s were observed in the 

presence of proteinase K [Figure 32B]. When compared with the growth control, no significant 

bactericidal activity is noted at ½ x MIC (open square). Contrarily, a clear population decrease 

is observed at either MIC or 2 x MIC concentrations, and the lowest CFU counts is reached at 

4 hours. After that, the bacterial growth is recovered. A more substantial decrease in CFU is 

observed only at 4 × MIC or 8 x MIC concentrations in which assays reveal a maximum 

decrease only after 14 h, and 8 h of experiment, respectively. 

 

Figure 32: Bacterial Death Curve of Staphylococcus aureus incubated with ecPis-4s peptide at different 

concentrations in the absence (A), and in the presence (B) of proteinase K enzyme. The assays were performed for 

16 hours, at 37ºC. The density of viable cells was estimated as CFU.mL-1 using the microdrop technique. 
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4.4 Discussion 

 

Some antimicrobial peptides may acquire ordered structures even before reaching the 

target membrane. This characteristic may impart important effects on their antimicrobial 

activity and selectivity towards microbial cells(332,333). Ordered structures are observed for 

some hetero, and homodimeric peptides(6) in aqueous solutions in which the linear polypeptide 

chains are linked by a single disulfide bond by cys residues. Some good examples are 

distinctin(334), dicynthaurin(335), halocidin(336), cathelicidins(337,338), and homotarsinin(6) 

for which the structure in aqueous environment is favored by interchain interactions. For 

instance, this last one, homotarsinin a homodimeric antimicrobial peptide, which was found in 

Phyllomedusa tarsius anurans, consists of two identical cystine-linked polypeptide chains each 

composed by 24 amino acid residues(6). In this study, we present the three-dimensional 

structure of ecPis-4s in absence of a membrane medium and investigate the potential effect of 

this arrangement on the resistance to peptidases and on antimicrobial activity. 

Conformational analyzes indicate that ecPis-4s acquires some ordered structure in 

aqueous solution in either neutral or basic buffered media. Under basic conditions, the H4 side 

chain is uncharged suggesting that the overall charge neutralization of ecPis-4s exerts a 

stabilization effect on the peptide conformation. Further structural investigations using solution 

NMR spectroscopy were performed to obtain the three-dimensional structure of the ecPis-4s in 

atomic details [Figure 27]. The RMSD of 2.12 Å for the superposition of the 10 lowest energy 

structures indicates that piscidin-4 presents a significant conformational dynamic in aqueous 

environment. Nevertheless, even in absence of a membrane model, several sequential 

connectivities observed from K10 to R20 [Figure SM11] indicate the existence of a well-

defined helical segment [Figure 27B]. In addition, the helical segment is marked by a well-

established partition between hydrophobic and hydrophilic residues [Figure 27D]. This 

amphipathic structure indicates that ecPis-4s can reach further stability by hydrophobic effect 

due to efficient inter-chain interactions, and therefore, the structural arrangement maintains the 

hydrophobic residues of different chains face-to-face, while leaving a solvent exposed surface 

composed of hydrophilic residues. That peptide structure in an aqueous environment plays an 

important role in the biological activity and the resistance to enzymatic degradation. 

In order to evaluate the possibly of oligomerization, DOSY NMR assays were also 

performed in an aqueous media. The diffusion coefficient of a molecular species depends on its 
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effective molecular size which is dependent on the forces that mediates interaction between 

molecules in equilibrium. The diffusion coefficients ranged between 1.37 - 1.46 x 10-10 m2/s 

for ecPis-4s and this difference could be related by the small difference of the integrated area 

in the software adjustment [Table 2]. Therefore, DOSY experiments show the presence of a 

monomeric structure of ecPis-4s peptide in aqueous media. In addition, these values are in 

accordance with other peptides describing in the literature(339,340). 

Analytical ultracentrifugation experiments were also carried out to better understand 

the behavior of ecPis-4s in water media, and which phenomena could influence its conformation 

or structural stability, for example, a self-assembly process. A key feature of sedimentation 

experiments for studying protein interactions using AUC technique is that the faster 

sedimenting complexes migrate through a solution of the slower sedimenting components(341). 

As a consequence, reversibly formed complexes that dissociate can re-associate during the 

experiment, thus permitting the characterization of even weak interactions(342). Interestingly, 

sedimentation velocity results obtained from AUC assays indicated that in all concentrations 

ecPis-4s peptide presents only one main peak with a sedimentation coefficient distribution at 

0.43  0.03 and an estimated molar weight of 2877  231 Da [Figure 29]. Thus, AUC assays 

confirm that ecPis-4s is able to fold in a helical conformation even in a monomeric form, 

independent of the formation of a well-stabilized oligomeric arrangement. Therefore, the 

formation of amphipathic helix suggests a critical concentration to form a transient interchain 

interaction induced by the hydrophobic effect [Figure 27D], responsible to move away from 

the apolar helical faces from the aqueous environment.  

In order to access the critical concentration associated to the fold/unfold process, the 

thermodynamic of dilution for ecPis-4s was evaluated by ITC technique [Figure 30]. The 

titration of 1200 M peptide solution into a phosphate buffer solution shows an endothermic 

profile of addition of ecPis-4s into buffered solution at pH 6.0 or at pH 8.0. In both conditions, 

the enthalpograms [Figure 30] are characterized by a great decrease of the dilution heat up to 

around 60 M of peptide concentration. This finding is attributed to the unfolding process since 

the peptide does not acquire an oligomeric arrangement in all concentrations employed in ITC 

experiments. The titration above 60 M of peptide concentration achieves a plateau around 0.85 

kcal.mol-1, consistent with peptide dilution heats which were estimated as an average of the heat 

spikes from the last 10 injections(343). As expected, the enthalpy of unfolding is higher in basic 

conditions (Ho
unfold = 6.9 kcal mol-1), since higher helicity was noted by CD in this media 
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when compared to acid condition whose Ho
unfold was 4.4 kcal mol-1. Interestingly, the 

inflection point of each sigmoid is virtually equal in both media (~ 40 M), which is related to 

the minimum peptide concentration needed to reach the equilibrium between folded and 

unfolded conformations or process.  

The concentration-dependent in proteolytic resistance of ecPis-4s was evaluated either 

in the presence of trypsin or proteinase K.  Clearly, the peptide is degraded by trypsin after 1h 

of digestion in all investigated concentrations tested [Figure 31]. Interestingly, a single peak at 

m/z 847.3 in the spectra of all samples is consistent with the expected mass for the first six 

amino acid residues (FFRHIK) of the peptide at the N-terminus. These results indicate that the 

helical portion of the structure is completely degraded since the hydrophilic residues are 

exposed to the aqueous media, whereas the unstructured N-terminus is stable to the trypsin. 

This is an important finding since the N-terminal regions composed of Phe residues are known 

to anchor peptides into the membrane surface(11). On the other hand, the degradation of ecPis-

4s in the presence of proteinase K is marked by significant differences in the proteolysis kinetics 

depending on the peptide concentration. Notably, the stability of ecPis-4s peptide to proteinase 

K for longer periods of time is observed only at 150 M of peptide concentration, suggesting 

that the helical structure leads to partial protection of the hydrophobic residues which are the 

target of proteinase K. 

The process of resistance by peptides or not completely degradation by enzymes is 

important for several reasons. For instance, it can help us understand the mechanisms and 

factors that influence the resistance, such as the type and source of the enzyme, the structure 

and properties of the AMP, and the environmental conditions(79,344); it can help us evaluate 

the potential and limitations of AMPs as alternative or complementary therapies to conventional 

antibiotics, especially against multidrug-resistant bacteria(345,346); besides that, it can help us 

design better strategies to prevent or overcome the enzyme activity, such as modifying the 

AMPs to increase their stability and specificity, combining them with other antimicrobial 

agents, or inhibiting the enzyme activity(347,348). 

This hypothesis of a resistant peptide to protease activity was also investigated by in 

vitro assays performing time-dependent killing of selected bacteria in the presence of proteinase 

K. Firstly, further antibacterial assays were carried out by considering the previous data 

presented by Zhuang and co-authors(195). The peptide was highly able to eradicate the growth 

of P. miravilis, S. agalactae strains, S. typhimurium, E. coli, K. oxytoca, S. aureus, L. 
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monocytogenes and P. aeruginosa. Considering the importance of the S. aureus, this strain was 

used to monitor the time-dependent killing experiments and the length of action of ecPis-4s in 

absence and presence of proteinase K enzyme. The time of action is one of the main steps for 

the characterization of a new drug. Since ecPis-4s peptide presents significant resistance to 

proteinase K, similar patterns of dose-dependent activity for the peptide at higher 

concentrations were expected. Indeed, at 4 x MIC, and 8 x MIC ecPis-4s exerts its bactericidal 

activity even in presence of protease enzyme [Figure 32]. It is worth mentioning that faster 

kinetics of death is observed at the assays with 8 x MIC. 

In addition, these findings are in accordance with Joshi and coworkers(349), who 

observed that cationic peptides which cause damage to the cell membranes showed bactericidal 

action in the range of 1 to 4 hours of incubation, whereas Ling and collaborators(325) 

demonstrated that an unusual depsipeptide named teixobactin which acts by blocking lipid II, 

a precursor of peptidoglycan - has bactericidal action after 16 hours of incubation. Our results 

showed relatively low values of bacterial cell death time and suggest a pore-forming activity of 

ecPis-4s(350,351).  
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4.5 Conclusion 

 

In conclusion, several techniques have been used to investigate the behavior of the 

antimicrobial peptide ecPis-4s in an aqueous and buffered solution. The secondary structure 

profiles of ecPis-4s peptide in water and phosphate buffer at pH 8.0 showed a gradual 

dependence on the peptide concentration. The three-dimensional structure by solution NMR is 

characterized by an amphipathic and well-defined helical segment from K10 to R20. 

Interestingly, the unstructured N-terminus formed by four aromatic amino acids (phenylalanine, 

histidine) is not degraded by the trypsin proteolytic enzyme which suggests that this region is 

naturally resistant to the action of this enzyme. In addition, DOSY NMR and AUC results 

indicated a diffusion coefficient that is in accordance with other peptides of same length, 

described in literature, and, the presence of only a monomeric form for ecPis-4s in aqueous 

solution. The unfolding process was observed by ITC and the folded/unfolded equilibrium 

concentration determined to be around 40 M of ecPis-4s. Moreover, ecPis-4s is partially stable 

and active against S. aureus even in the presence of proteinase K enzyme as shown by the 

kinetics of growth and time of death assays. Therefore, the results indicate that the folded 

structure of ecPis-4s in aqueous media plays an essential role to protect the peptide against 

completely peptidase degradation while retaining its bacterial activity. Finally, our results 

provide new structural features of the piscidin peptide, and besides that, the combined data 

obtained by CD spectroscopy, solution NMR, AUC, DOSY NMR assays and ITC presented in 

this work allows us to conclude that ecPis-4s, unlike most AMPs peptides, presents a defined 

or ordered structure even before reaching the target membrane. 

In perspective, although we have applied a set of biophysical and structural techniques 

to understand the mode of action of ecPis-4s peptide in anionic membrane models, the studies 

of this peptide in aqueous solution need to be extended. The structure of ecPis-4s has been 

proposed, however, to be sure about this feature other assays will be performed. As vicinal 

3J(H,H') couplings are a function of HCCH' dihedral angles(352), as shown by Karplus(353), 

we will use 3J coupling constants to determine the ecPis-4s structure in aqueous 

environment(246,353).  

In this way, HMBC (Heteronuclear Multiple Bond Correlation) experiments will be 

carried out in order to get the J couplings and also investigate the chemical shift index (CSI) 

using backbone NMR chemical shifts (Cα, CO, Cβ, N, Hα, NH)(354) from NMR data to support 
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our proposal structure for ecPis-4s. Furthermore, the rotational correlation time experiments 

(T1 and T2 values) will be also performed for ecPis-4s in different peptide concentrations. As 

T1 and T2 values are affected, for example, by the increased molecular weight and viscosity of 

crowded samples(355), thus, the heteronuclear 15N T1/T2 method(356) will be performed in 

order to guarantee with support from other techniques, the absence of any aggregate formation 

for ecPis-4s peptide. 
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Chapter 5: A comparative study of D- and L-ecPis-

2s epimers peptides: the effect of the D-amino acid 

on the bacteria mimetic models 

 

5.1 Introduction 

 

Antimicrobial peptides (AMPs) have awakened attention in recent years due to their 

potential activities being considered alternative to conventional antibiotics(357,358). These 

peptides, naturally produced by various organisms, are effective against a wide spectrum of 

pathogens as gram-positive and gram-negative bacteria, including multidrug-resistant strains, 

viruses, and fungi(357). Although rare, natural antimicrobial peptides containing D-residues 

have been described, showing quantitative differences in antimicrobial activities when 

compared to the epimeric form. The natural occurrence of L- and D-Phenylseptin peptides 

(FFFDTLKNLAGKVIGALT-NH2) was first reported(13) in which D-epimer showed higher 

activity against Staphylococcus aureus and Xanthomonas axonopodis in comparison with the 

L-epimer. Similarly, Bombinin H peptides which present antimicrobial activity(14), the opioid 

peptide Dermorphinsmon(15), and Deltorphins(16), both identified in amphibian skin have 

shown an even higher affinity and biological activity than their analogs. 

Antimicrobial epimers peptides hold particular interest in the field of antimicrobial 

research. Their distinctive structure arises from the replacement of L- by D-amino acids, which 

provide enhanced resistance to enzymatic degradation(358,359), making them chemically 

stable and increasing their antimicrobial properties(11,357,358). In the case of antimicrobial 

epimers peptides, the strategic replacement of a single D-amino acid introduces a chirality 

mismatch that disrupts the symmetry and rigidity of the peptide, resulting in unexpected and 

often enhanced antimicrobial activity. In this way, antimicrobial peptides containing D-amino 

acids have been explored as a potential approach to enhance the antimicrobial activity. Studies 

have shown that AMPs with D-residues exhibit improved stability towards proteases, enhancing 

their resistance to degradation and potentially prolonging their therapeutic 

effects. Additionally, the presence of D-amino acids in AMPs can alter their conformational 
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structure, potentially leading to enhanced antimicrobial activity and novel structural 

characteristics not observed in natural peptides. 

Taking all these into consideration, the D- antimicrobial peptides have shown higher 

spectrum of activity against bacteria, fungi, and viruses, when compared to their L- natural 

epimers. For instance, here are presented some AMPs containing D-residues discussed in the 

literature: Bactenecin, a family of AMPs found in bovine neutrophils. They contain D-amino 

acids and exhibit antimicrobial activity against both Gram-positive and Gram-negative bacteria, 

including some drug-resistant bacteria(360). Another family are Dermaseptins, isolated from 

the skin of frogs, they contain both L- and D-amino acids(361). These peptides have potent 

antifungal and antibacterial properties. Besides, Temporins are found in the skin secretions of 

European red frogs, they contain D-amino acids and exhibit activity against Gram-positive and 

Gram-negative bacteria(362) with a lower hemolytic activity. In addition, Protegrins 

antimicrobial peptides are a class of AMPs found in porcine leukocytes in which a unique 

structure with a β-sheet and α-helix is stabilized by disulfide bonds. Protegrins are active against 

both Gram-positive and Gram-negative bacteria(363).  

Although several studies have been described for epimer peptides, there is insufficient 

information on the mode of interaction to describe its structure-activity relationship. In this 

context, a new D-ecPis-2s peptide derivative from the Piscidin-2s (L-ecPis-2s) a natural 20 

amino acid residues peptide (FFFHIIKGLFHAGRMIHGLV-NH2) was proposed. D-ecPis-2s 

consist of an epimer of L-ecPis-2s by replacing the second L-Phe with a D-Phe amino acid. 

 

In this way, this chapter provides a further investigation of the L-ecPis-2s and its D-

peptide in order to evaluate the effect of epimerization on the activity and mode of action of 

both piscidin-2s peptides. Despite their high similarities, such as the size of the polypeptide 

chain, charge, and the conservation in the position of the amino acid residues with the only 

epimerization difference, these peptides show different structural aspects and biological 

power/activity. Thus, the antibacterial effect of epimerization has been evaluated against gram-

positive and gram-negative strains. The biological assays were performed in collaboration with 

the Department of Pharmacy of the Federal University of Jequitinhonha and Mucuri Valleys, 

as well as the kinetics of growth and time-dependent killing were carried out in the Institute of 

Biological Sciences of the Federal University of Minas Gerais, Brazil. 

The structure-activity relationship has been investigated by determining three-

dimensional structure and topology in membrane models using CD, solution, and solid-state 



106 

 

 

 

NMR spectroscopies. The structure of L-ecPis-2s peptide by solution NMR was elucidated by 

Nunes(364) [not published]; other assays as the pore-forming activity of the epimers peptides 

and the thermodynamics of the peptide-membrane interaction were characterized by 

fluorescence spectroscopy and isothermal titration calorimetry in presence of anionic vesicles. 

In addition, the effect of both peptides on the stability of the negative membrane has been 

acquired using DSC and deuterium order parameters by ssNMR technique. DSC studies were 

carried out in collaboration with the Chemistry Institute of the Federal University of Espírito 

Santo, Brazil. 
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5.2 Materials and Methods 

 

5.2.1 Peptide synthesis, purification and characterization  

 

L-ecPis-2s (F-LF-FHIIKGLFHAGRMIHGLV-NH2), and D-ecPis-2s (F-DF-

FHIIKGLFHAGRMIHGLV-NH2) peptides were obtained through the Fmoc (9-

fluorenylmethyloxycarbonyl) solid phase synthesis strategy(247) on a Fmoc-Rink Amide® 

polystyrene resin (0.22 meq.g-1), using a Millipore 9050 automatic peptide synthesizer with 

amino acids from Merck-Novabiochem (Hohenbrunn, Germany). For the solid-state NMR 

experiments, both L- and D-ecPis-2s were produced with selective labeling on the same amino 

acid sites: 15N-G13 and 2H3-A12, while for the other experiments, both peptides were prepared 

without any isotopic labeling. The cleavage step for the L- and D-ecPis-2s were carried out with 

TFA:ethanedithiol:water:triisopropylsilane (94:2.5:2.5:1, v:v:v:v) solution, and the crude 

peptide was precipitated with cold diisopropyl ether (-4 ℃), extracted with deionized water and 

freeze-dried. The peptides were then purified by reverse phase HPLC (Gilson, Villiers-le-Bel, 

France) using a preparative C18 column (Luna, C18-100 Å-5 μm, Phenomenex, Le Pecq, 

France), and an acetonitrile/water gradient with 0.1% TFA was used as the mobile phase: 

solvent A contains 10% acetonitrile, 90 % water, and 0.1% TFA; and solvent B was made of 

acetonitrile at 100%, 0.1% TFA. The experiments recorded at room temperature was monitored 

at 214 nm, and the main peak was collected and its identity and purity were checked by mass 

spectrometry (MALDI-ToF Autoflex, Bruker, Bremen, Germany). The purified peptides were 

dissolved three times in 4% (v/v) acid acetic at a concentration of 1 mg/ml with subsequent 

lyophilization to ensure the exchange of the TFA anions with acetates, and stored at - 20 °C. 

Table 4 presents the sequence with selective labeling for L- and D-ecPis-2s peptides. 

 

Table 4. Isotopic labeling peptide synthesis for solid-state NMR experiments. 

Peptide Sequence labeling 

(15N-G13,2H3, A12)-L-ecPis-2s F-LF-FHIIKGLFHAGRMIHGLV-NH2 

(15N-G13,2H3-A12)-D-ecPis-2s F-DF-FHIIKGLFHAGRMIHGLV-NH2 

 

Where, A residue is labelled with 3,3,3-2H3-Ala.G residue is 15N-Gly labelled for both L-ecPis-2s and D-ecPis-2s. 
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5.2.2 Preparation of phospholipid large unilamellar vesicles (LUVs) 

 

LUVs were prepared using POPC:POPG (3:1, mol:mol) lipids as previous described 

above (see item 3.2.2) and used for CD, ITC, DLS and ζ-potential measurements experiments, 

and a mix of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-

glycero-3-phosphoglycerol (DMPG) for DSC experiments. An equivalent methodology was 

used to obtain carboxyfluorescein-loaded vesicles for dye leakage experiments. For this assay, 

POPC:POPG (3:1, mol:mol) film was hydrated with a 20 mM carboxyfluorescein solution at 

pH 8.0 (10 mM Tris-HCl buffer) containing NaCl at 100 mM before undergoing five freeze-

thaw cycles and then extrusion (8 times) through membranes with pores of 100 nm diameter. 

The dye outside the carboxyfluorescein-loaded vesicles was removed by gel filtration through 

a Sephadex G-25 column equilibrated with the same buffer solution. For the determination of 

the order parameters (SCD) using 2H solid-state NMR, lipids were prepared by dissolving 

deuterated POPC-d31 or POPG- d31 in 10 mM acetate buffer (pH 5.0), vortexing and bath 

sonication as well as three heat cycles at 40 ◦C to produce multilamellar vesicles. 

 

5.2.3 Circular Dichroism Spectroscopy 

 

The secondary structure preferences of both L-ecPis-2s or D-ecPis-2s peptides were 

investigated by circular dichroism (CD) spectroscopy on a JASCO® J-810 spectropolarimeter 

(Tokyo, Japan), equipped with Peltier Jasco temperature control system - PFD-425S (Tokyo, 

Japan). The samples were prepared containing 50 μM of peptide which were solubilized in 10 

mM phosphate buffer containing 100 mM KF at pH 5.0, and the experiments were carried out 

in absence and presence of biomimetic media composed of POPC:POPG (3:1, mol:mol) LUVs 

or SDS micelles(275). LUVs were employed at lipid concentrations at 0.05 mM – 1.60 mM 

range, and micelles were tested at 100, 200, and 400 mM SDS, both suspended in water 

solution. The analyzes were performed at 25 °C in a cuvette of 1.0 mm path length. The spectra 

were recorded from 190 to 260 nm, with the accumulation of four scans, bandwidth of 0.1 nm, 

step resolution of 0.2 nm, 50 nm.min−1 scan speed and 1 s response time. Similar experiments 

in absence of peptide were recorded as the respective blank solution to allow the subtraction of 

the background. 
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5.2.4 Solution NMR spectroscopy 

 

Two-dimensional solution NMR experiments were carried out to determine the three-

dimensional structure of D-ecPis-2s peptide in presence of SDS-d25 micelles at 25 ℃. Two-

dimensional homonuclear TOCSY and NOESY, edited 1H-13C-HSQC and 1H-15N-HMQC 

heteronuclear experiments were performed. All spectra were acquired at the Multi-user 

Magnetic Resonance Laboratory at the Federal University of Minas Gerais on a Bruker® 

Avance Neo OneBay spectrometer operating at 600.15 Hz (for 1H). The sample consisted of an 

aqueous solution containing 2.0 mM of D-ecPis-2s peptides, at 300 mM SDS-d25 diluted in 10% 

(v/v) D2O/H2O containing 1% (v/v) of 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as the 

internal reference. TOCSY experiments were carried out using pulse sequence(317) with a 

mixing time of 80 ms. 512 t1 increments, 60 transients of 4096 points for a spectral width of 

6009.6 Hz. Nuclear Overhauser Spectroscopy (1H-1H-NOESY) spectra were obtained using the 

noesygpphw5(317) pulse sequence, and using mixing times of 120, and 150 ms collecting 512 

t1 increments with 60 transients of 4096 points for a spectral width of 6009.1 Hz. Heteronuclear 

Single Quantum Coherence (1H,13C-HSQC) experiment was also performed using edited mode 

in which CH2 correlations show negative phase and CH and CH3 correlations show positive 

phase(251). The data were recorded with F1 and F2 spectral widths of 20831.9 Hz and 6009.6 

Hz, respectively. 256 t1 increments were accumulated with 64 transients of 4096 points. 

Heteronuclear Multiple Quantum Coherence (1H,15N-HMQC) experiment was performed with 

F1 and F2 spectral widths of 2000 and 6009.6 Hz, respectively. 80 t1 increments were 

accumulated with 4000 transients of 1024 points(252). 

 

5.2.5 NMR analyses and structure calculations 

 

Proton resonances were assigned by simultaneous analyses of homonuclear 1H,1H-

TOCSY  and 1H,1H-NOESY spectra using Wuthrich method(208). The NMR assignments for 

epimers peptides were performed manually by using NMRViewJ (version 9.2.0-b20) 

program(253). The NOE intensities were converted into semi-quantitative distance restrictions 

with limits of 2.8, 3.4, and 5.0 Å(254). The geometric restraints were validated (according to 

their consistency and contribution) from data of uniqueness information from the QUEEN 

program (Quantitative Evaluation of Experimental NMR Restraints)(256).  
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The XPLOR-NIH software (version 2.27) was used for the calculation and refinement 

of the three-dimensional structures employing simulated annealing protocol in torsional angle 

dynamics(257,258). First, the system was rapidly heated to 5000 K and then slowly cooled to 

the temperature of 1000 K, for 1000 cycles. Then, another slow cooling from 1000 K to 300 K 

was carried out in 1000 steps. A total of 100 structures were obtained and refined in a 

subsequent calculation, using more stringent topology parameters(259). The ten lowest-energy 

structures were visualized and analyzed with MOL-MOL and Chimera softwares(261), and the 

quality of the structures verified by the Ramachandran diagram and the RMSD (Root Mean 

Square Deviation), both obtained from the online platform PSVS(262). 

 

5.2.6 Solid-state NMR spectroscopy 

 

L-ecPis-2s and D-ecPis-2s peptides were reconstituted in POPC:POPG (3:1, mol:mol) 

membrane bilayer at 4 mol% (mol:mol), and prepared as described previously (see item 3.2.7). 

Proton-decoupled 31P solid-state, proton-decoupled 15N cross-polarization (CP), and 2H spectra 

of static aligned samples were recorded on a Bruker® Avance wide-bore 300 NMR 

spectrometer employing a commercial triple resonance flat-coil probe for solid-state NMR 

(Bruker®, Rheinstetten, Germany) (see item 3.2.7). 

 

5.2.7 Differential scanning calorimetry (DSC) 

 

Phase transition profile of 3 mM DMPC:DMPG (3:1, mol:mol) lipids in the absence 

and in the presence of D-ecPis-2s or L-ecPis-2s at 10, 25, 50 and 100 μM were investigated on 

a VP-DSC® microcalorimeter (Malvern® Instruments, UK). All LUVs and peptide-LUVs 

mixtures were prepared immediately before the experiments. LUVs and peptide-LUVs samples 

were run against 10 mM pH 7.0 Tris-HCl buffer solution containing 50 mM NaCl in the 

reference cell. Experiments with buffer in both cells were also performed for subsequent blank 

correction. Three successive heating scans were performed for each sample, over the 

temperature range from 8-9C till 35 C at a heating rate of 1.0 C/min. Microcal Origin® DSC 

(GE HealthCare-Microcal®, USA) software was used for blank subtraction, transition 

temperature (Tm - gel to liquid crystalline) and the phase transition enthalpy (ΔtransH) 

calculations using a linear baseline to integrate the areas under the DSC curves. 
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5.2.8  Zeta potential (ζ) 

 

The determination of the zeta potential (ζ) of the POPC:POPG (3:1, mol:mol) LUVs 

diluted in 10 mM sodium acetate buffer (containing 100 mM NaCl, pH 5.0) in presence of L-

ecPis-2s and D-ecPis-2s peptides were carried out at 25 oC on a Malvern Zetasizer® Nano ZS 

equipment (Malvern, UK). All measurements were performed at room temperature using a 700 

μL Malvern® cuvette, model DTS1060 (Malvern). The experiment was performed in triplicate 

in different peptide concentration with 200 μM POPC:POPG (3:1, mol:mol) LUVs solution. -

potential was measured 30 minutes after each sample preparation for the system stabilization. 

Partition constant (Kp) of epimers peptides was also calculated in presence of anionic vesicles 

and the formalism for this determination using ζ-potential is described in the item 3.2.11. 

 

5.2.8 Calcein leakage measurements 

 

Calcein release experiments were carried in polystyrene microplates (128 × 86 × 14.5 

mm) for fluorescence emission measurement in LUVs suspension of POPC:POPG (3:1, 

mol:mol) at different volumes of peptide (250 M) and buffer (10 mM Tris-HCl, 100 mM 

NaCl, pH 7.0) solutions to a final volume of 300 L as detailed in Table 5. 

 

Table 5. Samples composition used for calcein release measurements 

Sample Vpep (L) VLUVs (L) Vbuffer (L) [Peptide] (M) 

1 0 150 150 0 

2 5 150 145 4,2 

3 10 150 140 8,3 

4 20 150 130 16,7 

5 40 150 110 33,3 

6 80 150 70 66,7 
 

Vpep = volume of 2 mM peptide stock solution; VLUVs = volume of 200 M POPC:POPG LUVs stock 

solution and Vbuffer = volume of 10 mM Tri-HCl buffer solution (pH 7.4).  

 

The increase of calcein fluorescence as a function of time at 25◦C was recorded every 

1 minute in the Spectra Max®Paradigm detection platform (Molecular Devices, LLC, 
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Sunnyvale, US) at excitation and emission wavelengths of 480 and 520 nm, respectively. The 

stability of the LUVs was monitored for 5 min before the peptide was added. The calcein release 

after the addition of the peptide was recorded for 15 min. The total calcein released from the 

LUVs (100%) was determined in a similar experiment using 0.1% Triton-X 100 in the absence 

of the peptide. Calcein leakage was calculated using equation 11: 

 

Dye leakage (%) =  
(𝐹−𝐹0)

(𝐹𝑇−𝐹0)
 x 100%    (11) 

 

where, F0, F, FT denotes the basal fluorescence intensity, florescence intensity after addition of 

peptides and maximum florescence intensity obtained after addition of 0.1 % Triton X-100, 

respectively. Tris-HCl buffer was used as negative control. The experiments were performed in 

triplicate on independent samples of calcein-loaded LUVs. The results are presented as the 

average with their standard deviations. 

 

5.2.9 Antimicrobial activity 

 

Pseudonomas aeruginosa (ATCC 27853), Staphylococcus aureus (ATCC 29313) 

Salmonella typhimurium (ATCC 14028), Staphylococcus aureus (ATC 29313), and Proteus 

mirabilis (ATCC 25931) obtained from the American Type Culture Collection (Manassas, VA, 

USA) were cultured at 37 C on agar plate containing BHI medium (Brain Heart Infusion) from 

HiMedia Laboratories (Mumbai, India) for 12 h. The highest peptide concentration used was 

200 μM in an initial inoculum of 2 × 108 CFU.mL-1 (colony forming units mL-1). The samples 

were dissolved in a Mueller Hinton liquid broth by serial dilution in a range of 3.12 –200 μM 

of both ecPis-2s peptides. All assays were performed in triplicate. The final volume was 100 

μL per well, 50 μL of the peptide and 50 μL of the inoculum. Chloramphenicol (MM: 323.1 

g.mol-1) was used as positive control at 92.8 μM. The experiments were carried out in stationary 

culture at 35 C and 10 μL of 4% MTT aqueous solution was added after 20 h of incubation in 

each well of the plate. The spectrophotometer readings were performed after a total of 24 h of 

incubation. The minimal inhibitory concentrations (MIC) were determined based on three 

independent measurements, using the optical density parameter (A595 nm) recorded in a 

SpectraMax® Paradigm detection platform (Molecular Devices, LLC, Sunnyvale, CA, USA). 
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5.2.10 Kinetics of growth and time dependent killing 

 

Staphylococcus aureus strains (ATC 29313) were grown in MH broth at a 

concentration of 105 cells per milliliter. Both L-ecPis-2s and D-ecPis-2s peptides were added at 

concentrations ranging from half the MIC value (MIC = 12.5 µmol L−1) to four times the MIC 

value, at 37°C. At time intervals (0, ½, 1, 2, 4, 6, 8, 10, 12 h), aliquots of 10 µL were collected 

for cell viability determination by the microdrop technique(365). Then, the suspensions were 

subjected to serial dilutions (10−1, 10−2 and 10−3) and aliquots of 5 µL were plated on BHI agar. 

The plates were incubated for up to 12 h, and the number of colonies per drop was counted and 

multiplied by the reciprocal of the dilution. The result was expressed as colony forming units 

(CFU). Kinetics of bacteria growth assays were performed in triplicate. 
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5.3 Results 

 

5.3.1 Biological activity of D- and L-ecPis-2s peptides 

 

Antibacterial activity: The antimicrobial activity of the D- and L-epimers was assayed against 

gram-positive (L. monocytogenes, and S. aureus), and gram-negative bacteria (S. typhimurium, 

P. mirabilis, and P. aeruginosa). A positive control was established using chloramphenicol 

antibiotic at a concentration of 30 mg. mL-1. D-ecPis-2s epimer shows similar or higher 

antimicrobial activities when compared to L-ecPis-2s [Table 6]. When compared with L-ecPis-

2s, D-ecPis-2s peptide show MIC values that are 2-, 3-, and 4-times lower against L. 

monocytogenes, P. aeruginosa, and S. typhimurium, respectively. For the P. mirabilis both 

epimers show the same MIC values of 50 mol L-1.  

 

Table 6. Minimum inhibitory concentrations (mol.L-1) of ecPis-2s epimers in presence of bacteria 

 

Bacteria L-ecPis-2s D-ecPis-2s 

S. typhimurium >100 12.5 

P. mirabilis 50 50 

P. aeruginosa 50 12.5 

L. monocytogenes 50 25 

S. aureus 12.5 12.5 

 

 

Bacterial death kinetic studies: The time-dependent killing induced by ecPis-2s epimers was 

evaluated through kinetic experiments on the bacterial death of Staphylococcus aureus strain. 

Figure 33 shows the pattern of growth and kill of S. aureus treated with D- and L-ecPis-2s at 

different concentrations. 
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Figure 33: Bacterial death kinetic assay of D- and L-ecPis-2s epimers at ½ x MIC, 1 x MIC, 2x MIC, and 4 x MIC 

against Staphylococcus aureus. 

 

In a 0.5 x MIC (6 µM) [Figure 33A] a decrease in viable bacteria is observed in the first 

half hour. However, a significant bacterial growth is noted after one hour of exposure to the. At 

the concentration corresponding to the MIC (12 µM) [Figure 33B], a pronounced bacterial 

killing effect is observed for both epimers, without bacterial recovery. Interestingly, whereas 

complete bacterial death for L-epimer occurs after four hours of bacterial incubation, the D-

epimer promotes an equivalent effect after two hours. At peptide concentrations of 25 µM and 

50 µM [Figures 33C, and 33D], the D-epimer shows faster activity, killing the bacterial strains 

in thirty minutes, while the L-epimer achieves this effect only after one (50 µM) and two (25 

µM) hours of incubation. 
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5.3.2 Effect of epimerization on the membrane stability 

 

Dye leakage experiments: The membrane-disruptive properties of D-ecPis-2s and L-ecPis-2s 

peptides were investigated by monitoring the release of calcein from POPC:POPG (3:1, 

mol:mol) vesicles. Figure 34 presents the results obtained of calcein leakage after the addition 

of epimers. As we can observe, dye released increases in a peptide concentration-dependence 

manner for both piscidins [Figure 34A, and 34B].  

 

 

Figure 34: Calcein released as a function of time for crescent concentrations of D-ecPis-2s (A) and L-ecPis-2s (B) 

in the presence of POPC:POPG (3:1, mol:mol) LUVs. 

 

At all peptide concentrations tested, the calcein release increases with time until 

reaches a plateau around 15 minutes. Notably, higher calcein leakage is promoted by D-ecPis-

2s peptide in comparison with the L-ecPis-2s, in which around 90% of dye released is achieved 

at 40 mmol-1 for D-epimer, while only 60% is released in the presence of the L-epimer. 

 

Differential scanning calorimetry: DSC data were acquired in order to measure the influence 

of ecPis-2s epimers on the thermotropic phase transition of liposomes. In this study, a system 

made of DMPC:DMPG (3:1, mol:mol) lipids was employed and the DSC profiles in the absence 

and presence of different peptide concentrations are presented in Figure 35. 

DSC data show that D-ecPis-2s causes a perturbation on the thermodynamic parameters 

of the DMPC:DMPG (3:1, mol:mol) transition at all concentrations [Figure 35A], whereas for 

L-ecPis-2s a pronounceable effect is only observed at concentrations ≥ 25 M of peptide [Figure 
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35B]. Significative changes in the shape of the DSC curves are noted as a result of the 

membrane interaction of D-ecPis-2s, mainly at concentrations higher than 25 M. 

 

 

Figure 35: DSC profile of DMPC:DMPG (3:1, mol:mol) in absence and presence of crescent concentrations of 

(A) D-ecPis-2s and (B) L-ecPis-2s. 

 

Investigation of the POPC-d31 and POPG-d31 order parameters in the presence of epimers 

peptides: In order to investigate the lipid fatty acyl chain packing and dynamics in the presence 

of D- and L-ecPis-2s epimers, POPC:POPG vesicles were prepared with POPC-d31, and then 

POPG-d31 lipids deuterated throughout their palmitoyl chain. The 2H solid-state NMR spectra 

of POPC:POPC-d31:POPG (2:1:1, mol:mol:mol) and POPC:POPG-d31 (3:1, mol:mol) vesicles 

in the absence of peptides are shown in Figure 36A and 36B. Deuterium solid-state NMR 

spectra were acquired from samples in the absence and in the presence of ecPis-2s epimers, 

encompassing several overlapping characteristic quadrupolar splittings in order to provide 

information about the order parameter of the deuterated CD2 and CD3 sites. 2H order parameters 

(SCD) of each C−D bond extracted directly from NMR spectra of POPC:POPC-d31:POPG 

(2:1:1) are plotted in a position-dependent manner [Figure 36C]. Both epimers exert a slight 
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effect on the POPC-d31 acyl chains, as can be observed in the relative order parameter plot 

[Figure 36E], which considers the order parameters ratio of POPC:POPC-d31:POPG (2:1:1, 

mol:mol:mol) membranes in the absence or in the presence of peptide. 

When D-ecPis-2s is added to the deuterated POPC:POPG-d31 (3:1, mol:mol) 

membrane, changes in the 2H quadrupolar splittings are observed in the respective spectrum 

[Figure 36B]. Figure 36D presents the deuterium order parameters (SCD) for each C−D bond 

plotted in a position-dependent manner. Notably, D-ecPis-2s exerts a higher effect on the POPG-

d31 acyl chains, in which a greater variation in the relative order parameter plot for this peptide 

is shown [Figure 36F]. 

 

 

 

Figure 36: (A, B) 2H solid-state NMR spectra, (C, D) order parameter, and (E, F) relative order parameter profiles 

for (A, C, E) POPC:POPC-d31:POPG (2:1:1) and (B, D, F) POPC:POPG-d31 (3:1) without and with D-ecPis-2s and 

L- ecPis-2s epimers. Experiments were performed at 300 K. 
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5.3.3 Effect of epimerization in the peptide-membrane affinity 

 

Isothermal titration calorimetry: The thermodynamic behavior of membrane interaction 

between D- and L-ecPis-2s peptides with anionic phospholipidic vesicles was investigated by 

isothermal titration calorimetry (ITC). The heat flow curve upon injection of 5 L aliquots of 

POPC:POPG (3:1, mol:mol) LUVs into D- and L-ecPis-2s epimers solution as well as the 

integrated heat flow peaks as a function of the lipid-to-peptide ratio for the epimers are 

displayed in Figure 37. The control experiment consisted of the LUVs injection into a buffer 

solution. The heat of vesicles dilution is relatively small, around 0.15 μcal/inj. The raw data of 

the peptide–membrane binding indicate isothermal titration curves typical of exothermic-driven 

reactions with moderate affinity [Figure 37A, 37B]. The value per injection derived from the 

integration of the titration peaks was approximately −0.65 μcal and 0.52 μcal for D-ecPis-2s and 

L-ecPis-2s peptides, respectively. ITC curves saturating around phospholipid-peptide molar 

ratio approximately 40 M. 

 

 

 

Figure 37: Isothermal titration calorimetry of D-ecPis-2s (A) and L-ecPis-2s (B) with POPC:POPG (3:1, mol:mol) 

LUVs in acetate buffer solution, pH 5 at 308 K. 



120 

 

 

 

The heats of binding for each injection between ecPis-2s epimers and POPC:POPG 

(3:1, mol:mol) LUVs are presented in Figure 37C and 37D. The molar enthalpies of binding 

(ΔHo) were calculated from the cumulative heat of binding after each injection divided by the 

total amount of injected peptide. The enthalpic contribution of D-ecPis-2s interacting with 

anionic LUVs (ΔH = - 392 cal.mol-1) was about one and a half times lower than the value 

obtained for the binding of L-ecPis-2s (ΔH = - 528 cal.mol-1) to anionic vesicles. On the other 

hand, the entropy contribution is higher for the interaction of D-peptide (T∆S = 5236 cal.mol-1) 

when compared to L-ecPis-2s (T∆S = 4620 cal.mol-1). Moreover, in the presence of the negative 

LUVs, D-ecPis-2s presents a binding constant (Kapp = 10.2 x 103 M−1) larger than the natural 

peptide (Kapp = 6.8 x103 M−1). All the thermodynamics parameters obtained from titration 

calorimetry assays are presented in Table SM6 where we can observe a higher ΔG of peptide-

membrane interaction for D-ecPis-2s peptide when compared to the L-epimer. 

 

Zeta potential of negative LUVs: Some vesicle properties, such as zeta potential (), are 

susceptible to changes as a result of peptide-membrane interaction (Manzini et al., 2014). 

Therefore, changes in the   of 200 M POPC:POPG (3:1, mol:mol) LUVs suspension were 

observed upon titration of D-ecPis-2s and L-ecPis-2s peptides at 220 µM. Figure 38 shows the 

changes in the -potential as a function of the ratio peptide/phospholipid for the titration into 

the anionic LUVs. 
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Figure 38: Changes of the zeta potential as a function of the molar ratio of peptide/phospholipid in the titration of 

200 μM of POPC:POPG (3:1, mol:mol) vesicles with 220 μM of D-ecPis-2s (A) and L-ecPis-2s (B). -potential 

normalized for epimer D-ecPis-2s (C), and L-ecPis-2s (D) both in the presence of anionic LUVs suspension in 

acetate buffer at pH 5, 25 C. 

 

Figure 38 displays a ζ-potential close to −30 mV for POPC:POPG (3:1: mol:mol) 

LUVs in the absence of the peptides. The addition of each epimer results in increases in the ζ-

potential up to reach positive values. Whereas a maximum of ζ-potential (~15 mV) is reached 

at a D-peptide:phospholipid ratio of around 0.08, while a similar value can be observed at a 

peptide:phospholipid ratio of 0.14, with the addition of the L-epimer. Similarly, the zeta 

potential of anionic LUVs approaches neutrality at a lower peptide:phospholipid ratio in the 

presence of D-epimer (0.04) when compared to the L-epimer (0.06). 

Besides that, the partition constants (Kp) of D- and L-ecPis-2s to POPC:POPG (3:1, 

mol:mol) LUVs were determined using equation 8 and 9 (see item 3.2.11). Figure 38C and 38D 

show the normalized -potential dependence on the concentration of D-ecPis-2s and L-ecPis-2s, 

respectively. The values of -1 was used as the net charge for the anionic phospholipid, and +3 
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as the charge of ecPis-2s peptides. A Kp values of 5750 (± 400) M-1 and 3700 (± 300) M-1 were 

obtained for D-ecPis-2s and L-ecPis-2s from ζ-potential measurements, respectively. 

 

Circular Dichroism (CD) spectroscopy: To investigate the conformational preferences of D-

ecPis-2s and L-ecPis-2s peptides, CD spectra were recorded in the absence and presence of 

POPC:POPG (3:1, mol:mol) LUVs. The peptides remain unfolded in the absence of membranes 

and the molar ellipticity values increase with the increasing LUVs concentration. The spectra 

show two minima near 208 and 222 nm and a maximum at 193 nm for both peptides in the 

presence of POPC:POPG (3:1, mol:mol) negative LUVs [Figure 39] which are characteristics 

of α-helix conformation(275). 

 

 

Figure 39: Circular dichroism spectra obtained for 50 μM of D- and L-ecPis-2s epimers in the presence of different 

concentrations of POPC:POPG (3:1, mol:mol) LUVs. 

 

Although both peptides present helical structures in the presence of negative vesicles, L-

ecPis-2s presents lower molar ellipticity values in all LUVs concentrations tested when 

compared to its epimer.  

 

5.3.4 Effect of epimerization in the peptide-membrane structure 

 

Solution NMR structures of D-ecPis-2s and L-ecPis-2s: The high-resolution three-dimensional 

structures of D-ecPis-2s  and L-ecPis-2s were determined in the presence of 300 mM SDS-d25 

micelles. SDS-d25 micelles mimic the bacterial membrane due to the negative charge observed 
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in the membrane of these microorganisms. Although micelles do not mimic perfectly the 

membrane interface, this detergent provides a suitable medium for solution NMR(218). 

Previous CD spectra of the epimer peptides were acquired in the presence of SDS micelles 

[Figure SM12] to evaluate the peptide helical propensity as it is appropriate for high-resolution 

solution NMR spectroscopy. 

The sequence assignment of the D-ecPis-2s peptide was performed by analyzing the 

intra- and inter-residue correlation identified in the 1H-1H-NOESY spectrum [Figure 40], as the 

1H-1H-TOCSY spectrum did not show sufficient dispersion of the alpha and amide hydrogen 

signals. 

 

 

Figure 40: NH-Hα region of NOESY spectra of 2 mM of (A) D-ecPis-2s, (B) L-ecPis-2s in the presence of 300 mM 

SDS-d25 at 25 ºC, 500 MHz. (C) Overlapping of D-ecPis-2s and L-ecPis-2s NOESY spectra. Only the intraresidual 

NH-Hα cross peaks are labeled. 
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 Since amidic hydrogens are dispersed in the 1H-1H-NOESY spectrum, HN-Hα cross-

peaks were identified throughout the primary sequence. Several medium range dαN (i, i + 3), 

dαN (i, i + 4), and dαβ (i, i + 3) NOE correlations characteristic of a helical conformation was 

observed for both epimers. Continuous dαN (i, i + 3) connectivities were noted for L-ecPis-2s 

peptide backbone, ranging from F3 up to L19 residues(364) [Figure SM13]. On the other hand, 

D-ecPis-2s showed interrupted dαN (i, i + 3), dαN (i, i + 4), and dαβ (i, i + 3) correlations in the 

NOESY spectrum [Figure SM13]. 1H-13C-HSQC heteronuclear spectrum showed that most 

residues of L-ecPis-2s present a positive 13Cα chemical shift index (CSI)(364). In contrast, 

heteronuclear experiments by HSQC and HMQC for D-ecPis-2s were performed, but further 

investigation will be needed to obtain 13C and 15N chemical shift information. In this way, the 

structure of D-peptide was obtained using only the homonuclear chemical shift information. 

 

Three-dimensional structural calculation of the D- epimers: Intra-residual, sequential (i, i + 1), 

and medium range (i, i + 2; i, i + 3; and i, i + 4) connectivities were converted in a semi-

quantitative manner into distance restraints for calculation of D-ecPis-2s structure. The RMSD 

calculated of 2.4 Å for the backbone, and 4.0 Å for heavy atoms were obtained for the 

superposition of the entire chain of 10 lowest energy structure of D-ecPis-2s. Table SM5 

presents a summary of all the input data used in the calculation as well as the quality parameters. 

D-ecPis-2s presents 1.3 % residues in the disallowed region of the Ramachandran plot [Figure 

SM14], while 18% are found in generously allowed regions, followed by 38.7 % and 42 % 

found in additional allowed and most favored regions, respectively. Figure 41 presents the 

superposition of the 10 lowest energy structures for D-ecPis-2s, and L-ecPis-2s elucidated by 

Nunes(364), as well as the lowest energy structures of epimers peptides. 
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Figure 41: Three-dimensional structures of D-ecPis-2s, and L-ecPis-2s240 both in the presence of SDS-d25 micelles 

(300 mM) 25 °C, 500 MHz. The low-energy structures are presented for D-ecPis-2s (B and C), and for L-ecPis-2s 

(E and F). The overlap of the ten lowest-energy structures is presented in panel A (D-ecPis-2s), and in panel D (L-

ecPis-2s). The hydrophobic residues are highlighted in green and the hydrophilic residues in blue. 

 

As we can observe, in the presence of SDS-d25 micelles, L-ecPis-2s peptide presents a 

well-defined helical segment from residue H4 to L19(364), while for D-epimer the helical 

conformation presents a random-coil structure that requires further refinement and validation. 

Besides that, unusual signals and correlations were observed in the NOESY spectrum for D-

ecPis-2s peptide which must be related to diffusion spin process. On the other hand, the helical 

structure of L-ecPis-2s does not show a perfectly defined partition of hydrophobic and 

hydrophilic side chains. 

 

Solid-state NMR of D-ecPis-2s and L-ecPis-2s reconstituted in phospholipid bilayers: Solid-

state NMR experiments were performed to assess the effects of the peptides on oriented 

membranes and their alignments relative to the lipid bilayer. The proton-decoupled 31P NMR 

spectra for labeled (3,3,3-2H3-A12, and 15N-G13) L-ecPis-2s and D-ecPis-2s incorporated in 

oriented POPC:POPG (3:1, mol:mol) bilayers [Figure 42A and 42B] show a high intensity peak 

near 32.0 ppm (width at half maximum of 273 Hz for both peptides), indicating a good 
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alignment of the phospholipids(222). Figure 42C, and 42D show the 1H-decoupled 15N spectra 

for labeled L- and D-ecPis-2s, in which a single peak related to amidic 
15N-G-13 nucleus is 

observed at 65 (± 6) ppm, and 65 (± 4) ppm, respectively. These results indicate a homogenous 

alignment of the peptides and a helix orientation practically parallel to the membrane surface. 

Although 15N spectra reveal equivalent chemical shifts for the epimers, a slightly broader signal 

is observed for L-ecPis-2s (12 ppm) when compared to D-ecPis-2s (8 ppm), suggesting a slightly 

higher ordered population for D-ecPis-2s. 

2H spectra [Figure 42E, 42F] reveal a slightly different behavior for both epimers. 

While a defined quadrupolar splitting of 52 ± 3 kHz is presented for D-ecPis-2s epimer, which 

corresponds to the 3,3,3-2H3-Ala-12 labeled amino acid, the 2H quadrupolar signal for L-ecPis-

2s is broader (48 ± 6 kHz). Second splittings are also observed for D- and L-ecPis-2s peptides 

in the 2H spectrum of approximately 28 kHz, and 24 kHz due to membrane-associated water 

molecules in the sample. The main deuterium quadrupolar splittings are related to the peptide's 

orientation relative to the helix rotational pitch angle [Figure 42C, and 42F]. 
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Figure 42: Solid-state NMR spectra for the labeled (3,3,3-2H3-Ala12; 15N-Gly13)-D-ecPis-2s peptide, and (3,3,3-

2H3-Ala12; 15N-Gly13)-L-ecPis-2s samples incorporated in oriented POPC:POPG (3:1, mol:mol) bilayers. The 

proton-decoupled 31P NMR spectra of (A) D-ecPis-2s, and (D) L-ecPis-2s. 15N solid-state NMR spectra of (B) D-

ecPis-2s, and (E) L-ecPis-2s. 2H solid-state NMR spectra of (C) D-ecPis-2s, and (F) L-ecPis-2s. 
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5.4 Discussion 

 

Previously, our research group explored the effect of epimerization on antimicrobial 

activities and the mode of membrane interaction concerning the phenylseptin (Phes) 

epimers(11,13). Both D- and L-phenylseptin are naturally occurring peptides, the epimerization 

of the second phenylalanine residue (Phe-2) led to a 90 conformational change at the N-

terminus of the D-peptide structure(11), being the reason for the differences in the antimicrobial 

activities of the two epimers(13). Similarly, to the phenylseptin (Phes), ecPis-2s presents an 

FFF sequence in the N-terminal region. However, there is no reported epimer occurrence 

regarding this peptide. Therefore, this present work reports antimicrobial and membrane 

interaction investigations of ecPis-2s epimers (L- and D-ecPis-2s), which differ from each other 

by the second phenylalanine residue. In this context, we present biological, structural, and 

biophysical assays to establish correlations between conformational features and aspects of 

peptide-membrane interactions, aiming to understand the impact of epimerization on 

antimicrobial activity. 

Both D- and L-epimers have a high proportion of hydrophobic and neutral residues, 

resulting in a low cationic net charge (+2). As observed from the biological experiments, the 

substitution of the L-Phe2 by D-Phe2 in the primary sequence of the peptide improved the 

activity in the D-ecPis-2s against S. typhimurium, P. aeruginosa, and L. monocytogenes, while 

maintaining equivalent activity to the L- epimer against P. mirabilis [Table 6]. Additionally, the 

study of bacterial death kinetics shows that the D-epimer also presents a higher activity at all 

concentrations tested, reducing the number of viable bacteria [Figure 33]. In this way, the 

biological results reveal that the D-epimer of ecPis-2s peptide presents a pronounced 

antimicrobial activity property as previously described in the case of the phenylseptins. 

Therefore, the mode of membrane interaction of both ecPis-2s was further investigated. 

D- and L-ecPis-2s pore-forming properties were measured using the dye calcein release 

approach. The data shows that the D-peptide causes a higher leakage when compared to L-ecPis-

2s, at the concentrations tested [Figure 34]. The D-epimer peptide also reaches release values 

close to the maximum while the maximum value of release for L- epimer is ≤ 60% [Figure 34B]. 

These findings are in agreement with the biological results, as we have discussed above, in 
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which D-epimer has presented more activity against most of the bacteria tested as well as a 

higher performance in the bacterial death kinetics assays. 

Calorimetry titration assays were performed in order to check the thermodynamic 

parameters of the interaction of epimers peptides with negative vesicles. The raw of the 

peptide–membrane binding data [Figure 37] shows isothermal titration curves typical of 

exothermic-driven reactions with moderate affinity(6). The value per injection obtained from 

the integration of the titration peaks was approximately −0.60 μcal/s and 0.53 μcal/s for D and 

L-ecPis-2s peptide, respectively, in the presence of anionic LUVs [Figure 37 A, 37C]. The 

results indicated a binding constant of Kapp = 1.02 x 104 M−1 for D-ecPis-2s in the presence of 

the negative LUVs and Kapp = 6.77 x 103 M−1, a higher interaction for D-epimers, as shown in 

Table SM5. When calculated, the ΔGo of peptide-membrane interaction is also higher for D-

ecPis-2s when compared to the L-epimer. 

CD and -potential results of ecPis-2s peptides show similar results. Although the CD 

spectra present a slightly higher molar ellipticity for D-ecPis-2s, both spectra indicate the same 

structure preference when the LUVs concentration is increased. In turn, -potential data seem 

to present a higher interaction for the D-ecPis-2s peptide, showing a faster increase of the -

potential on negative LUVs were titrated with both peptides. This finding indicates also a higher 

partition constant (Kp) for D-ecPis-2s [Figure 38 C]. At the final of the experiment, both epimers 

peptides reach the same potential values which can be related to the same net charge of peptides. 

On the other hand, the intrinsic interaction of the peptides with the membrane appears 

to be quite different. DSC studies reveal significant changes in the liquid-crystalline phase 

transition of the membrane when interacting with the D-epimer compared to the L-epimer 

[Figure 35] suggesting a direct consequence of the presence of D-Phe2. As observed, the Tm of 

pure DMPC:DMPG (3:1, mol:mol) is around 23 ◦C [Figure 435] and very similar for all system 

compositions, anionic vesicles and both epimer peptides(366). Whereas D-ecPis-2s causes a 

shift of around 3 ◦C in Tm (19.5 ◦C), at 25 μM, the Tm result of DMPC:DMPG (3:1, mol:mol) 

in the presence of L-ecPis-2s, at the same concentration can be considered unaltered (Tm ~ 22.7 

◦C). At the highest concentration (100 μM) of peptides, the Tm decreases for both of them and 

the main phase transition peak gets broader and loses symmetry. This result is mainly observed 

for D-ecPis-2s indicating a high insertion of the peptide into the fluid DMPC:DMPG membrane. 

Once again, these data show and confirm a stronger effect of D-epimer by a lower Tm around 
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17.3 ◦C and 15.2 ◦C (second peak) [Figure 35A] on the mimetic bacterial membrane when 

compared to the measured results for L-ecPis-2s (Tm = 21.5 ◦C), both at the same concentration. 

Interestingly, this result is also supported by solid-state NMR studies using labeled 

phospholipids. The effect of D- and L-ecPis-2s peptides on the membrane stability shows a 

significant difference in the deuterium order parameter of each C-D bond in which D-ecPis-2s 

causes a higher perturbation on the acyl chain of POPG-d31 lipids [Figure 36F]. These findings 

confirm a higher interaction of D-ecPis-2s peptide with the membrane, as suggested by ITC 

experiments [Figure 37], and are in accordance with the previous biological and calcein release 

results already discussed here. The evidence of the higher membrane insertion of D-ecPis-2s 

also indicates the higher ability of the epimer to interact with the hydrophobic portion of the 

bilayer, probably due to the hydrophobic moment or portion at the peptide N-terminus. 

In addition, as AMPs are also susceptible to proteolytic degradation by enzymes from 

the host or the pathogens which can reduce their antimicrobial activity and stability(367), the 

proteolytic cleavage can also be different for D- and L-epimers and alter their structures, leading 

to changes in their mechanism of action(121). As we have discussed, D- amino acid which 

composed the antimicrobial peptides seems to be more resistant to proteolytic activity. 

However, the relationship between the proteolytic effect and the activity of AMPs is complex 

and depends on the type, location, and extent of the proteolytic cleavage(63), as well as the 

original structure and function of the AMPs. To overcome the proteolytic degradation of AMPs, 

various strategies have been developed, such as backbone cyclization, dimerization, 

PEGylation, and conjugation with cell-penetrating peptides(63), as well as the addition of D- 

amino acid in the primary sequence of a peptide(368). These methods can even improve the 

stability, activity, and specificity of AMPs, and make them more suitable for clinical 

applications. 

Finally, as a consequence of interactions with the bilayer, D- and L-epimers seem to 

present similar three-dimensional NMR structures in solution. The higher molar ellipticity 

values, showed in the CD for the D- peptide, indicates a secondary structure that is not observed 

by solution NMR. On the other hand, solid-state NMR data reveal a well-defined topology of 

the D-epimer in an oriented bilayer. These findings together show that the intrinsic interaction 

of the peptide with the bilayer is different for peptides with D- and L-residues and may also help 

to explain the difference in biological activity of the epimers. 
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5.5 Conclusion 

 

The interaction and biophysical features of the epimers piscidin peptides with anionic 

membranes have been reported in this study. Though both peptides present the same primary 

sequence, except an enantiomer D-phenylalanine amino acid, the effect of this replacement 

seems to improve the biological activity of D-peptide when compared to the L-epimer. Even 

with similar conformation profiles presented by CD spectroscopy, the perturbation caused by 

the D-epimer is much higher when investigated in negative membranes, as indicated by DSC, 

solid-state NMR of deuterated lipids, ITC, and -potential assays. Our results demonstrate that 

D-ecPis-2s epimer exerts a higher effect on the membrane stability suggesting that somehow the 

D-configuration leads the peptide structure to a stronger amphipathic character when compared 

to L-ecPis-2s. Besides that, the hypothesis of specific aromatic interactions involving the 

phenylalanine residues of D-ecPis-2s leads to play an important role in the position of F1, F2, 

and F3 sidechains, which can be located in the hydrophobic face of the helix as well as 

anchoring the D-peptide into the lipid bilayer, increasing its affinity to the membrane(11). 

As perspectives to this study, in order to further investigate the influence of D-Phe 

residue on the mode of action of ecPis-2s peptides, additional experiments will be carried out 

in order to obtain more structural information as well as evaluate the influence of the sequence 

of three phenylalanine in the peptide N-terminus. Besides that, as piscidin-2 is a histidine-

enriched peptide (H4, H11, and H17), the influence of pH on the mode of action will be also 

investigated. Thus, the interaction of peptides and stability of anionic membranes will be also 

examined for both D- and L-ecPis-2s at neutral pH using biophysical and structural techniques. 
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Chapter 6: General conclusion 

 

This manuscript is dedicated to recently discovered natural antimicrobial peptides 

from the piscidin family with a particular interest on their mechanism of action in the presence 

of negative membrane models. In addition, we investigated the influence of a D-amino acid 

residue in a motif/sequence of three phenylalanine residues and how it can modify its structure 

and/or lead to improvement in its biological activity. 

In general, piscidin peptides are known for their broad-spectrum antimicrobial activity 

and are of significant interest due to their potential applications in medicine and aquaculture. 

Both piscidin-4 and piscidin-2 peptides are found mainly in the mast cells of fish, and they play 

a critical role in the innate immune response of fish by exhibiting antimicrobial, antifungal, and 

antiparasitic activities. As a common feature, besides exhibiting strong antimicrobial activity 

against a broad spectrum of microorganisms, the mode of action of piscidin-4 and piscidin-2 

peptides involves membrane disruption. As shown by the calcein release measurements, all 

peptides can integrate into anionic vesicles and create pores [Figure 24C, Figure 34], leading to 

membrane rupture and in a bacterial environment causing cell lysis and death. Furthermore, 

piscidins peptides studied in this manuscript are characterized by their -helical structure, as 

shown by CD spectroscopy [Figure 15, and Figure 39], which seems to be important for their 

interaction with anionic membranes. 

Both peptides are similar in length, positively charged, and carry histidine residues in 

their composition [Table 1, and Table 4]. Given the potential pH variations in different 

microenvironments (e.g., surface vs. intracellular compartments), histidine's ability to change 

its protonation state can affect the peptide activity, and play an important role in the activity 

and selectivity of the piscidins studied. Nevertheless, the high degree of aromatic residues in 

the N-terminal portion found in both ecPiscidin-2 and ecPiscidin-4 peptides seems to be the 

essential structure factor to drive their mechanisms of action. 

When we look at the piscidin-4 peptide, it exerts its membrane effect mainly by 

disrupting the vesicles, in a well-defined -helical structure [Figure 19], parallel to the 

membrane surface in a carpet-like mechanism. Besides that, its behavior in aqueous or buffered 

media is quite interesting. Different from other peptides that present a random-coil 

conformation in an aqueous environment, ecPis-4s peptide acquires a defined structure with a 

NOE diagram that supports a helical segment from K10 to R20 [Figure 27]. Interestingly, the 



133 

 

 

 

N-terminal region formed by residues 1-6 (FFRHIK) is resistant to trypsin protease activity 

suggesting that this region is responsible for the major activity of peptide [Figure 31A, Figure 

31 B]. In this way, the pre-ordered structure seems to play an essential role in protecting this 

peptide against complete enzymatic degradation while retaining its bacterial activity even in 

the presence of proteases, as observed in the kinetics of bacterial growth assays [Figure 32]. 

Parallel to the investigation of ecPis-4s peptide, we performed a further investigation 

on the influence of a D- amino acid in the activity and structural behavior of piscidin-2 epimers. 

Peptides containing D-residues have been described as pronounced structural preferences not 

followed by peptides consisting of naturally abundant L-residues. Besides that, the replacement 

of L- with D-residues greatly increases the stability towards proteolysis(369) as well as seems to 

improve the biological activities when compared to the epimeric L- form [Table 6].  

Previously, our research group described the biological activity and mode of 

interaction of D- and L-phenylseptins epimers. Both epimers are naturally occurring peptides 

and the difference in antimicrobial activity was observed mainly against S. aureus and X. 

axonopodis bacteria strains, being increased in D-epimer by two and eight times, respectively, 

when compared to L-epimer(11,13). Similarly, ecPis-2s peptide presents the triple-

phenylalanine N-terminal sequence, therefore we proposed a new D-ecPis-2s peptide derivative 

from piscidin-2s (L-ecPis-2s). The fundamental difference between ecPis-2s peptides is the 

stereochemistry at the second residue of phenylalanine (D-Phe2) which seems to play an 

important role on the mode of membrane interaction. Our results reveal at least, a higher activity 

against all bacterial strains tested and deeper insertion of D-peptide to anionic membranes when 

compared to the natural peptide. When compared to L-ecPis-2s peptide, the effect of D-Phe was 

more pronounced in dye leakage, DSC, and deuterium order parameters assays in which 

significant changes and higher perturbation on the lipids were observed. In some way, the 

aromatic interactions involving the phenylalanine residues play a significant role in the relative 

orientation of the F1, F2, and F3 sidechains which seems to insert them in the hydrophobic face 

of the helix [Figure 44]. Thus, the changes in stereochemistry might impact on the interaction 

behavior of ecPis-2s peptide, causing a greater anchoring of D-epimer into the lipid bilayer and 

increasing its activity on the membrane. 
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Figure 44. Three dimensional structures of ecPis-2s peptides. (A) D-ecPis-2s peptide and (B) L-ecPis-2s piscidin 

peptide. 

 

Figure 44 presents again the structures of ecPis-2s peptides obtained in the presence 

of SDS micelles in which the three phenylalanines (F1, F2, and F3) residues are highlighted. 

The presence of D- amino acid, also discussed above, is an important characteristic of 

antimicrobial peptides which can influence on the action of peptides, enhancing the activity 

against bacteria strains. As observed for phenylseptin epimers peptides, the 1H chemical shifts 

of the D-ecPis-2s residues supported the conformational differences at the piscidin-2s peptides 

at the N-termini region. The previous study of our group related to phenylseptin epimers 

indicated that the lower chemical shift values for Hβ and aromatic hydrogens of D-Phes in 

comparison to those of L-Phes showed that these nuclei are involved in π interactions and 

therefore they are placed closer to the π-electrons of the neighboring phenylalanine aromatic 

rings when compared to the equivalent segment of L-Phes(370). In addition, geometrical 

parameters regarding the aromatic rings of F1, F2, and F3 residues were proposed based on the 

geometrical treatment. This behavior will be also investigated for ecPis-2s epimers peptides 

and can be a way to better explain the mode of action of both D- and L-ecPis-2s. 

Thus, this work provides new structural features of the ecPiscidin peptides, showing a 

similar secondary structure profiles which are characterized by a helical segment. The D 

configuration of F2 seems to lead to conformational variability near the peptide N-terminus of 

D-ecPis-2s and to a stronger amphipathic character of the peptide structure, when compared to 

L-ecPis-2s which could play an important role on the interaction of the D- epimer. Therefore, 

specific aromatic interactions may involve the F1, F2 and F3 phenylalanine sidechains, which 

whether located in hydrophobic face of the helix, can anchoring the D-epimer into the lipid 

bilayer and increasing its affinity to the membrane. This efficient anchoring interaction of the 
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D-ecPis-2s N-terminus may be correlated to stronger peptide membrane interactions and to more 

pronounced membrane-disruptive properties, which is finally related to stronger antimicrobial 

activity in comparison to its L-epimer. The data presented in this work also suggests that at least 

initially both peptides interact with the membrane in a carpet-like mechanism as indicated by 

the orientational data derived from solid-state NMR, despite the difference in the interaction of 

the peptides with the bilayer. 

Therefore, this work presents advances in the comprehension of the mechanisms of 

action of antimicrobial ecPiscidin-4s, and D- and L- ecPiscindin-2s peptides, which is relevant 

to the field. As observed to the ecPis-4s peptide, the N-terminal region of ecPis-2s peptides 

presents an important structure feature on the membrane interaction and biological activity. 

Although both epimers present similar conformational preferences as shown by CD 

spectroscopy [Figure 39], further structural analysis is needed to understand the role of D-

phenylalanine on the increase of antimicrobial activity. In addition, structural analyses are also 

needed in aqueous media, since the D-epimer presents a higher aggregation degree in 

comparison to the L-epimer, as noted by the AUC experiments (not shown). 

As this work focuses primarily on investigating the structures, membrane alignments 

and interactions of these peptides, we have analyzed the peptide molecules individually. 

However, peptide aggregation may occur and strongly influence the mechanism of action and 

activity, especially for the epimers peptides, as previously observed for other peptides. Further 

investigations of these interactions are required to fully elucidate how these peptides exhibit 

their antimicrobial activities. Additionally, the potential synergistic action of these compounds 

is another relevant aspect for future investigations, since others epimers secreted by the animal 

have shown higher activity. Thus, these investigations could represent an important role in the 

peptidase resistance being associated with the increased antimicrobial activity found for the 

modified peptide. 
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Chapter 7: Résumé de thèse 

 

7.1 Introduction 

 

Les peptides sont des biomolécules aux activités biologiques diverses et jouent un rôle 

important dans les propriétés fonctionnelles et physiologiques des organismes vivants (17,18). 

De même, les peptides sont formés par des résidus d'acides aminés liés de manière covalente 

par des liaisons amides, également appelées liaisons peptidiques (1,19). 

L'activité biologique des peptides a été décrite pour la première fois par Mellander en 

1950(20). Cette étude a montré que les peptides phosphorylés dérivés de la caséine 

augmentaient la calcification osseuse chez les enfants diagnostiqués avec le rachitisme, même 

en l'absence de vitamine D (20). Depuis lors, les peptides ont fait l'objet de nombreuses études 

qui se poursuivent jusqu'à nos jours (21). 

Actuellement, il existe plusieurs plateformes ou bases de données qui classent les 

peptides bioactifs en fonction de leur fonction/activité comme antimicrobiens, 

antithrombotiques, antihypertenseurs, opioïdes, immunomodulateurs, antioxydants, 

cicatrisants, antidiabétiques et anti-biofilms, anticancéreux, entre autres (22–27). Ainsi, ces 

molécules peuvent agir principalement sur les systèmes immunitaire, digestif, gastro-intestinal, 

endocrinien, cardiovasculaire et nerveux, ainsi qu'avoir des propriétés préventives contre les 

maladies infectieuses (22,28). 

Parmi les classes de peptides bioactifs, celle qui a été mise en évidence ces dernières 

années est celle des peptides antimicrobiens (PAM). La pertinence de l'étude des peptides 

antimicrobiens découle de la résistance accrue des micro-organismes aux antibiotiques 

conventionnels, principalement en raison de leur utilisation aveugle pour combattre les 

infections bactériennes (29). En conséquence, la résistance bactérienne est maintenant l'un des 

problèmes de santé publique les plus graves avec un impact économique mondial (30–32). Les 

PAM agissent en s'associant aux membranes cellulaires, principalement celles chargées 

négativement (18) dont l'interaction entraîne la désorganisation et/ou la perturbation de la 

bicouche lipidique, ce qui peut provoquer la lyse cellulaire (4,24,33). Ce mécanisme diffère du 

mode d'action des médicaments conventionnels, qui agissent sur des cibles spécifiques dans les 

cellules des agents pathogènes. Par conséquent, par rapport aux antibiotiques conventionnels, 
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le développement de la résistance des agents pathogènes est plus difficile lorsqu'ils sont traités 

avec des PAM (34). Dans ce contexte, les PAM sont apparus comme des agents antibiotiques 

prometteurs et une alternative dans le développement de nouveaux médicaments pour 

combattre les infections causées par des bactéries super-résistantes. 

Bien que de nombreux peptides antimicrobiens aient été étudiés et que certains 

mécanismes d'action aient été proposés, leur mode d'interaction membranaire est difficile à 

analyser, et des études plus approfondies sont nécessaires pour répondre à certaines questions. 

Les connaissances acquises à partir des techniques structurales, des processus d'interaction 

biophysique et de la compréhension de la relation structure-activité des peptides antimicrobiens 

aident à la conception et au développement de molécules plus spécifiques avec un plus grand 

potentiel biologique, résultant en des antibiotiques plus efficaces avec une moindre toxicité. 

 

7.2 Résistance bactérienne 

 

Les antibiotiques ont effectivement prolongé l'espérance de vie et sont les 

médicaments les plus largement distribués par les industries pharmaceutiques et les plus 

prescrits dans les hôpitaux du monde entier (35–37). Ces médicaments sont essentiels dans les 

traitements de santé, en particulier dans les pays sous-développés, où les maladies causées par 

les infections microbiennes sont une cause fréquente de décès (38). 

La résistance bactérienne, également connue sous le nom de résistance aux 

antibiotiques ou de résistance aux antimicrobiens (RAM), est la capacité des bactéries à résister 

à l'action ou aux effets des médicaments précédemment utilisés pour les traiter (30). En d'autres 

termes, la résistance aux antimicrobiens se produit lorsqu'un micro-organisme tel que les 

bactéries, les champignons et les parasites changent lorsqu'ils sont exposés à des médicaments 

antimicrobiens, par exemple, des antibiotiques et des médicaments antifongiques (39). En 

conséquence, ces médicaments deviennent inefficaces et les infections persistent dans le corps, 

augmentant le risque de propagation à d'autres (30). La RAM est actuellement l'un des 

problèmes de santé publique les plus pertinents au niveau mondial, car elle a des conséquences 

cliniques et économiques préoccupantes, puisque de nombreuses bactéries précédemment 

sensibles aux antibiotiques habituellement utilisés ne répondent plus à ces mêmes agents 

(31,38,40). 
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Bien que le développement de la résistance bactérienne aux antibiotiques soit un 

phénomène naturel, la surutilisation et le mésusage des antibiotiques dans les soins de santé et 

l'agriculture, ainsi qu'une gestion inappropriée des déchets et une transmission 

environnementale, ont conduit à une augmentation substantielle de la résistance aux 

antimicrobiens (30,35). Le processus de résistance aux antimicrobiens résulte de l'utilisation de 

médicaments et de la mutation génétique des bactéries (31), en plus du développement de 

bactéries superbactéries qui est également le résultat de l'utilisation aveugle d'antibiotiques 

comme en médecine, en agriculture et dans l'élevage (41); d'un mauvais contrôle des infections 

dans les hôpitaux et les cliniques ; d'un manque d'hygiène et d'assainissement de base (31,40), 

etc. 

L'Organisation mondiale de la santé (OMS) a signalé que la résistance aux 

antimicrobiens (RAM) avait tué au moins 1,27 million de personnes dans le monde et était 

associée à près de 5 millions de décès en 2019 (30). Aux États-Unis, les Centers for Disease 

Control and Prevention (CDC) ont signalé plus de 2,8 millions de cas d'infections résistantes 

aux antimicrobiens chaque année, entraînant plus de 35 000 décès, comme indiqué dans le 

rapport 2019 sur les menaces de résistance aux antibiotiques (42). Un récent rapport du 

Programme des Nations Unies pour l'environnement souligne la nécessité d'accorder une 

attention accrue aux facteurs environnementaux favorisant le développement de bactéries 

résistantes aux médicaments, communément appelées "superbactéries". Le rapport prédit que 

d'ici 2050, les superbactéries et les formes associées de RAM pourraient entraîner jusqu'à 10 

millions de décès par an, égalant le nombre annuel mondial de décès par cancer (43,44). 

Il existe principalement quatre mécanismes par lesquels les bactéries résistent aux 

antibiotiques (50), comme le montre la Figure 1. Ce sont [1] l'inactivation du médicament 

médiée par une enzyme bactérienne, comme observé sur l'enzyme β-lactamase qui inactive la 

pénicilline G des bactéries résistantes à la pénicilline (51) ; [2] en réduisant l'absorption du 

médicament par une diminution de la perméabilité cellulaire, ce qui permet à certaines bactéries 

de modifier les composants de leur paroi cellulaire, tels que le lipide A des lipopolysaccharides 

ou les précurseurs du peptidoglycane, pour éviter l'interférence des antibiotiques avec la 

synthèse de la paroi cellulaire (52) ; [3] la modification structurelle de la cible du médicament 

due à une mutation génétique qui permet aux bactéries de modifier leurs sites de liaison cibles 

par des mutations génétiques (53,54) ; [4] l'efflux du médicament à l'extérieur de la membrane 

cellulaire bactérienne qui est l'expression de pompes à efflux transmembranaires. Ce processus 

appartient à six grandes familles et permet aux bactéries d'éjecter activement presque toutes les 
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classes d'antibiotiques de leur cytoplasme (55). Les plasmides, de petits éléments génétiques 

mobiles composés d'ADN extrachromosomique, peuvent propager des gènes de résistance entre 

des bactéries de la même espèce ou d'espèces différentes, le gène de résistance aux quinolones 

médié par plasmide en étant un exemple (50,53). 

 

 

Figure 45. Mécanismes de résistance aux antimicrobiens qui représentent diverses stratégies de résistance aux 

antimicrobiens utilisées par les pathogènes ESKAPE (53). 

 

Les progrès récents dans la lutte contre la résistance aux antimicrobiens englobent une 

gamme de stratégies, notamment des méthodologies de combinaison de médicaments, des 

produits basés sur des biomatériaux polymères antimicrobiens, des approches de bio-

nanotechnologie et autres. 

Parmi les propositions discutées ci-dessus et décrites dans la littérature, les peptides 

antimicrobiens (PAMs) isolés des poissons, appelés piscidines, sont une classe de biomolécules 

prometteuses avec une activité antimicrobienne potentielle élevée et un large spectre contre les 

agents pathogènes résistants (61). Les PAM sont une classe de petits peptides largement 

présents dans la nature et ils constituent une partie importante du système immunitaire inné de 

différents organismes. Contrairement aux médicaments conventionnels, qui ciblent les 

processus cellulaires centraux et le métabolisme de la paroi cellulaire, la principale cible des 

PAM est la membrane cellulaire (63,64) . Bien que ces biomolécules soient très diverses, elles 

possèdent plusieurs propriétés communes telles que [1] une charge nette positive, qui les aide 

à atteindre la surface bactérienne ; [2] une hydrophobicité élevée, et [3] une amphipathicité, 

caractéristiques qui, ensemble, conduisent à un coefficient de partage élevé dans la bicouche 
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lipidique de la membrane microbienne (65). Les études sur les PAM font partie d'un domaine 

de recherche encore récent qui fait face à des défis, notamment la recherche de biomolécules 

dans la nature, l'étude de leurs rôles dans l'immunité innée et l'identification de leurs 

mécanismes d'action (66,67). 

 

7.3 Mécanisme d'action des peptides antimicrobiens 

 

Les PAMs ont un mécanisme d'action qui diffère des antibiotiques conventionnels 

basés sur l'inhibition enzymatique (132). Bien que les PAM puissent perturber les cellules 

pathogènes de diverses manières (79), le principal mode d'action de ces molécules consiste en 

la perturbation et la rupture des membranes cellulaires, la fuite du contenu cytoplasmique et la 

lyse cellulaire qui en résulte (72,133–135). Ainsi, les PAM peuvent exercer leur activité 

antimicrobienne en employant des modes d'action sophistiqués, qui impliquent une interaction 

avec la paroi cellulaire et la membrane cellulaire, ainsi qu'en inhibant la formation de biofilms 

et en modulant le système immunitaire de l'hôte. L'activité des peptides antimicrobiens dépend 

de divers facteurs, tels que la taille, la charge, l'hydrophobicité, la structure secondaire ou le 

caractère amphiphile. La conformation des PAM peut également jouer un rôle important dans 

leur efficacité antimicrobienne. De plus, les peptides avec des structures amphipathiques 

peuvent interagir plus efficacement avec la membrane du pathogène. 

Les effets antibactériens des PAM agissant sur la paroi cellulaire sont principalement 

médiés par l'interférence avec la synthèse des composants de la paroi cellulaire et la perturbation 

de l'intégrité de la paroi cellulaire, par exemple les PAM qui interfèrent avec la biosynthèse du 

peptidoglycane (PGN) (136); les PAM qui peuvent endommager l'intégrité de la paroi cellulaire 

en inhibant la biosynthèse de l'acide téichoïque de la paroi (WTA) ou de l'acide téichoïque de 

la membrane (137), exerçant ainsi un effet bactéricide sur Staphylococcus aureus résistant à la 

méthicilline (SARM) (137). De plus, certains PAM peuvent induire la libération d'autolysines 

qui dégradent les parois cellulaires bactériennes (139). Alternativement, les PAM peuvent agir 

sur la membrane cellulaire ou sur des cibles intracellulaires (122). Une représentation 

schématique du mécanisme antibactérien des PAM est présentée dans la Figure 4. 
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Figure 46. Différents modes d'action des peptides antimicrobiens. Les PAM peuvent avoir des effets neutralisants 

directs sur les bactéries, par exemple, par la perturbation de la membrane via la formation de pores ou en ciblant 

les structures internes des bactéries (122). 

 

La membrane cellulaire microbienne est une cible importante de la plupart des PAM 

car ils agissent en perturbant l'intégrité de la membrane du pathogène (63). En outre, la 

différence de composition de la membrane cellulaire des mammifères est un facteur majeur 

dans la destruction sélective des bactéries par les PAM (79). Dans la littérature, différents 

modèles ont été proposés au cours des 25 dernières années qui relient l'activité des PAM sur la 

membrane cellulaire au résultat éventuel de la lyse osmotique (78). La majorité de ces processus 

commencent par différents événements se produisant au niveau de la bicouche membranaire 

bactérienne après l'adsorption initiale des PAM. Les mécanismes d'action des PAM connus sous 

le nom de modèle de tapis, modèle de tonneau et modèle de pore toroïdal sont les plus discutés 

dans la littérature (140). Ces modèles décrivent le mode d'interaction peptide-membrane qui 

conduit au processus de formation de pores basé sur un mécanisme commun qui se déroule 

essentiellement sur une combinaison d'effets hydrophobes et électrostatiques (141). 
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7.4 Peptides de piscidine 

 

Ces dernières années, l'environnement marin a été de plus en plus exploré et est devenu 

l'une des sources les plus riches en peptides antimicrobiens (21,34,85). Parmi les classes de 

PAM trouvées dans cet environnement, les piscidines sont apparues comme l'une des familles 

de peptides les plus importantes (185). La piscidine est un type de PAM enrichi en histidine qui 

interagit avec les bicouches lipidiques en acquérant généralement des hélices α amphipathiques 

(101,186). Ce sont des peptides naturels communément trouvés dans différentes espèces de 

poissons (187), responsables des réponses immunitaires innées et présentant des activités à 

large spectre contre les bactéries, les champignons et même les virus (79,188). De plus, les 

piscidines sont trouvées dans différentes parties, notamment les mastocytes, les branchies et la 

peau des poissons où les peptides présentent des propriétés immunomodulatrices de 

cicatrisation des plaies, et où d'autres neuropeptides sont exprimés (189,190). 

Bien que les PAM de piscidine en soient encore aux premiers stades de développement 

et n'aient pas encore atteint les phases avancées des essais cliniques, il existe quelques essais 

cliniques impliquant des PAM de piscidine ou leurs dérivés. L'un d'eux est le peptide 

antimicrobien Tilapia Piscidin 4 (TP4) qui a montré un large spectre d'activité antimicrobienne, 

ainsi que des propriétés anticancéreuses, immunomodulatrices et de cicatrisation des plaies 

(190). La nature riche en histidine des piscidines leur permet d'interagir avec les bicouches 

lipidiques et de présenter une perméabilisation dépendante du pH lorsque leur charge positive 

augmente dans des environnements acides (133). La Tilapia Piscidin 4 (TP4) est dérivée du 

poisson tilapia du Nil (Oreochromis niloticus) qui présente des propriétés antibactériennes, 

antibiofilm et de cicatrisation des plaies (193). 

Le peptide antimicrobien TP4 n'est pas encore approuvé par la FDA, mais il est en 

essais cliniques pour le traitement de la vaginose bactérienne (VB), une infection vaginale 

courante causée par un déséquilibre des bactéries. La VB est répandue chez les femmes en âge 

de procréer et présente un taux élevé de récidive, qui peut être largement attribué à l'éradication 

inefficace du biofilm de VB par les antibiotiques de première ligne actuels (194). Dans une 

étude précédente, la piscidine 4 de tilapia (TP4) présente une activité antimicrobienne et 

antibiofilm à large spectre contre les bactéries associées à la VB, mais pas contre les 

lactobacilles bénéfiques. L'essai clinique vise à évaluer la sécurité, les effets secondaires et la 

dose maximale tolérable de TP4 chez les femmes atteintes de VB. 
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Dans cette thèse, nous nous concentrons sur le mode d'action et l'activité biologique 

des peptides naturels de piscidine, à savoir la Piscidine-4s (ecPis-4s), la Piscidine-2s (ecPis-2s) 

et une forme épimérique de l'ecPis-2s. Les peptides naturels ont d'abord été isolés d'Epinephelus 

coioides (mérou tacheté orange, également connu sous le nom de morue d'estuaire), un poisson 

communément trouvé dans les mers d'Asie (195). Ces peptides ont présenté une activité élevée 

contre les souches bactériennes à Gram positif (Staphylococcus aureus) et à Gram négatif 

(Escherichia coli, Vibrio Parahaemolyticus). Le mérou tacheté orange (E. coioides) est 

également la source d'autres peptides tels que l'épinécidine-1 (Epi-1) (196), qui a montré une 

activité efficace contre un large éventail d'infections bactériennes et virales et présente des 

effets immunomodulateurs (196,197). 

Les peptides ecPis-4s (FFRHIKSFWKGAKAIFRGARQG-NH2) et ecPis-2s 

(FFFHIIKGLFHAGRMIHGLV-NH2) ont respectivement 22 et 20 résidus d'acides aminés et 

sont capables de s'organiser en structures amphipathiques (195). Comme mentionné, en plus 

des séquences naturelles, nous avons proposé la synthèse d'un épimère ecPis-2s en remplaçant 

le deuxième résidu L-Phe2 par un résidu D-Phe2, qui a été nommé D-ecPis-2s. Pour mieux 

comprendre le mécanisme d'action de ces peptides, cette étude a évalué le mode d'interaction 

membranaire des peptides ecPis-4s et L-ecPis-2s en tant que modèles potentiels d'agents 

thérapeutiques contre les agents pathogènes, ainsi que l'effet de l'épimérisation sur l'activité 

antimicrobienne et l'interaction membranaire du peptide piscidine-2. 

 

7.5 Chapitres de recherche 

 

7.5.1 Élucidation du mode d'interaction et de la perturbation 

membranaire dépendante de la concentration du peptide 

antimicrobien ecPis-4s 

 

Dans ce chapitre, la structure et la topologie membranaire de l'ecPis-4s sont présentées. 

De plus, les caractéristiques biophysiques de l'interaction peptide-membrane ont été évaluées 

par spectroscopie de fluorescence, diffusion dynamique de la lumière (DLS), potentiel zêta et 

mesures de fuite. En outre, la thermodynamique du processus de liaison a également été étudiée 

par calorimétrie de titration isotherme (ITC). 
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La première session de résultats liée au peptide de piscidine ecPis-4s, ses propriétés et 

caractéristiques ont été étudiées en présence d'un environnement mimétique négatif constitué 

de vésicules POPC:POPG (3:1, mol:mol) ou de micelles SDS. Les essais de spectroscopie CD 

ont démontré que l'ecPis-4s a une structure à haute teneur en hélices en présence de vésicules 

POPC:POPG (3:1, mol:mol) et de micelles SDS. Des expériences de RMN en solution ont été 

réalisées en présence de micelles SDS-d25 chargées négativement pour déterminer la structure 

tridimensionnelle à haute résolution du peptide. Ces expériences confirment la conformation 

hélicoïdale et amphipathique sur toute la chaîne peptidique de l'ecPis-4s. La RMN à l'état solide 

du 15N et du 2H découplés des protons de bicouches lipidiques orientées macroscopiquement a 

été utilisée pour déterminer la topologie du peptide ecPis-4s(221,281) dans des membranes 

constituées de POPC:POPG (3:1, mol:mol), et dans un extrait lipidique d'E. coli. Le 

déplacement chimique autour de 70 ppm indique que le peptide adopte une orientation de 

surface avec un angle d'inclinaison proche de 90° par rapport à la surface de la bicouche. Les 

expériences de libération de carboxyfluorescéine (CF)(6,371) démontrent une activité lytique 

de ce peptide en présence de vésicules chargées négativement constituées de POPC:POPG (3:1, 

mol:mol). En outre, les expériences de DLS et de potentiel zêta(6) ont montré une perturbation 

significative de la membrane à un rapport peptide:membrane de 0,06 en présence des mêmes 

vésicules chargées négativement. De plus, les spectres de fluorescence du tryptophane (Trp) de 

l'ecPis-4s ont également été enregistrés dans des solutions tamponnées au phosphate à pH 6,0 

et 8,0, respectivement, et à différentes concentrations de LUV POPC:POPG (3:1, mol:mol). 

Pour les deux conditions de pH, la fluorescence intrinsèque du Trp de l'ecPis-4s 4s montre une 

émission maximale à 350 nm en l'absence de LUV. Lorsque les vésicules POPC:POPG (3:1, 

mol:mol) sont titrées avec la solution d'ecPis-4s, un décalage vers le bleu est observé aux deux 

pH. Dans les deux cas, l'augmentation de la concentration en lipides s'accompagne d'une 

augmentation de l'intensité de fluorescence maximale du Trp (max) jusqu'à atteindre un plateau. 

Lorsque les paramètres d'ordre du deutérium du POPC-d31 ont été étudiés, la présence d'ecPis-

4s a eu une influence sur la chaîne acyle zwitterionique principalement à l'intérieur du noyau 

de la membrane. Notamment, le désordre est plus prononcé pour le POPG-d31, ce qui suggère 

que ce lipide anionique s'accumule au voisinage du peptide cationique. Les expériences de 

titrage utilisant la fluorescence du Trp, le potentiel et les techniques ITC fournissent toutes des 

constantes d'affinité similaires pour l'ecPis-4s aux membranes POPC:POPG (3:1, mol:mol) qui 

saturent à une concentration correspondant à la neutralité de charge nominale. 
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En conclusion, ces résultats indiquent que la structure -hélicoïdale amphipathique du 

peptide ecPis-4s hautement cationique assure une haute affinité pour les membranes 

anioniques, entraînée par de fortes contributions électrostatiques et une insertion des chaînes 

latérales hydrophobes juste en dessous de l'interface membranaire. Le partitionnement résultant 

de l'hélice amphipathique dans l'interface membranaire à une orientation d'hélice parallèle à la 

surface a des effets prononcés sur la bicouche lipidique. En effet, les expériences de libération 

de colorant et de DLS indiquent une formation de pores et une activité lytique membranaire qui 

dépend de la concentration locale en peptide. Il est intéressant de noter qu'un rapport critique 

peptide:phospholipide d'environ 0,06 est nécessaire pour neutraliser la charge de surface de la 

membrane. 

Dans l'ensemble, ces résultats indiquent que l'ecPis-4s suit un mode d'interaction bien 

défini avec la membrane anionique, où les interactions électrostatiques assurent la sélectivité 

pour les membranes bactériennes. Ainsi, tous ces résultats indiquent que l'ecPis-4s recouvre la 

surface de la membrane selon un mécanisme d'interaction suggérant une action lytique 

membranaire via une activité de formation de pores une fois que la concentration locale ou le 

peptide atteint un seuil, dans lequel le peptide ecPis-4s interagit avec une structure 

amphipathique bien définie avec ses chaînes latérales hydrophiles face à la solution aqueuse, et 

les hydrophobes face à la bicouche phospholipidique, améliorant la déstabilisation de l'ordre 

membranaire ainsi que son activité lytique. 

 

7.5.2 La stabilité structurelle du peptide bioactif ecPis-4s en solution 

aqueuse est un déterminant de sa résistance protéolytique 

 

Le deuxième chapitre de recherche de ce travail est également lié au peptide de 

piscidine ecPis-4s, cependant les études présentées ont été réalisées uniquement dans un 

environnement tamponné ou même en solution aqueuse. Afin d'étudier l'effet de la 

concentration sur les préférences conformationnelles du peptide ecPis-4s, des expériences de 

CD ont été réalisées à différentes gammes de concentration dans l'eau et en présence de tampon 

phosphate 10 mM à pH 6,0 et pH 8,0. Les spectres du peptide ecPis-4s dans une solution 

tamponnée à pH 8,0 (0,10, 0,20 et 0,35 mM) sont caractérisés par un maximum à ~192 nm ainsi 

que deux minima près de 208 nm et 222 nm qui sont indicatifs de conformations hélicoïdales 

ordonnées. Comme la spectroscopie CD a indiqué que l'ecPis-4s présente un certain 
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arrangement structurel même uniquement dans des environnements aqueux, des essais de 

spectroscopie RMN multidimensionnelle en solution ont été réalisés pour étudier plus en détail 

la structure du peptide. La structure à haute résolution a été obtenue en milieu aqueux par RMN 

en solution et elle présente un segment hélicoïdal défini de K10 à R20 montrant un caractère 

amphipathique significatif avec les quatre résidus chargés positivement (K10, K13, R17 et R20) 

le long de la même face de l'hélice. Des spectres de corrélation hétéronucléaire à liaisons 

multiples (HMBC) ont été obtenus par RMN en solution afin d'analyser plus en détail la qualité 

de la structure de l'ecPis-4s. Comme l'expérience HMBC donne des corrélations entre les 

carbones et les protons qui sont séparés par deux, trois, et parfois dans des systèmes conjugués, 

l'idée est d'utiliser ce spectre pour obtenir des informations sur la constante de couplage J, qui 

pour les couplages à trois liaisons suit la relation de Karplus, ainsi que d'obtenir les angles 

dièdres du squelette du peptide ecPis-4s. En outre, pour caractériser davantage le comportement 

du peptide ecPis-4s en fonction de sa concentration, le coefficient de diffusion a été déterminé 

en utilisant la RMN DOSY(328). Les expériences révèlent un coefficient de diffusion qui 

indique la présence exclusivement d'une structure dans la solution. De plus, une analyse de la 

vitesse de sédimentation (SV) du peptide ecPis-4s par ultracentrifugation analytique (AUC) a 

été réalisée pour évaluer l'hydrodynamique, l'auto-association, l'agrégation et la stabilité(329) 

du peptide ecPis-4s dans un tampon, c'est-à-dire en l'absence de membrane mimétique 

lipidique. La distribution du coefficient de sédimentation sw20 = (0,43 ± 0,03) S et l'estimation 

de MW = (2877 ± 231) Da sont compatibles avec des espèces monomériques dans la gamme 

de concentrations de peptide étudiée (25 - 2400 M). De plus, la concentration critique et 

l'enthalpie du processus de dépliement (Hunfold) du peptide ecPis-4s en solution tamponnée 

ont été évaluées en utilisant la technique de calorimétrie de titration isotherme (ITC)(284). Dans 

les deux milieux étudiés, le dépliement est caractérisé par des événements endothermiques avec 

des valeurs d'enthalpie de Hunfold égales à 4,4 kcal.mol-1 dans un tampon phosphate à pH 6,0, 

et 6,9 kcal.mol-1 à pH 8,0. De plus, le point d'inflexion observé dans les enthalpogrammes 

présente la concentration autour de 40 M où se produit le processus de désassemblage ou de 

dépliement. Des expériences de protéolyse(372) ont également été réalisées et les résultats 

démontrent que l'ecPis-4s est partiellement résistant à l'action de la protéinase K tandis que le 

peptide est rapidement dégradé en présence de trypsine. De plus, la courbe de temps de mort de 

la souche S. aureus révèle que le peptide ecPis-4s a atteint une performance bactéricide à 8 h, 

même en présence de l'enzyme protéinase K. 
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En conclusion, plusieurs techniques ont été utilisées pour étudier le comportement du 

peptide antimicrobien ecPis-4s dans une solution aqueuse et tamponnée. Les profils de structure 

secondaire du peptide ecPis-4s ont montré une dépendance graduelle à la concentration du 

peptide. La structure tridimensionnelle par RMN en solution est caractérisée par un segment 

hélicoïdal amphipathique de K10 à R20. Il est intéressant de noter que le N-terminus non 

structuré formé par quatre acides aminés aromatiques (phénylalanine, histidine) n'est pas 

dégradé par l'enzyme protéolytique trypsine, ce qui suggère que cette région est naturellement 

résistante à l'action de cette enzyme. De plus, les données de RMN DOSY et d'AUC ont indiqué 

un coefficient de diffusion qui est en accord avec d'autres peptides de même longueur décrits 

dans la littérature, et la présence d'une seule forme monomérique pour l'ecPis-4s en solution 

aqueuse. Le processus de dépliement des peptides ecPis-4s a été observé par ITC et la 

concentration d'équilibre replié/déplié déterminée pour ce peptide. De plus, l'ecPis-4s est 

partiellement stable et actif contre S. aureus même en présence de l'enzyme protéinase K 

comme le montrent les cinétiques de croissance et les essais de temps de mort. Ainsi, les 

résultats indiquent que la structure repliée de l'ecPis-4s en milieu aqueux joue un rôle essentiel 

pour protéger le peptide contre la dégradation complète des peptidases tout en conservant son 

activité bactérienne. Nos résultats fournissent également de nouvelles caractéristiques 

structurelles du peptide piscidine, et en plus de cela, les données combinées obtenues dans ce 

travail nous permettent de conclure que l'ecPis-4s, contrairement à la plupart des peptides 

AMPs, présente une structure définie ou ordonnée même avant d'atteindre la membrane cible. 

 

7.5.3 Une étude comparative des peptides épimères D- et L-ecPis-2s : 

l'effet de l'acide aminé D sur les modèles mimétiques bactériens 

 

Le troisième sujet de ce travail concerne les peptides D et L-ecPis-2s. Précédemment, 

notre groupe de recherche a exploré l'effet de l'épimérisation sur les activités antimicrobiennes 

et le mode d'interaction membranaire concernant les épimères de la phénylseptine 

(Phes)(11,13). La phénylseptine D et L sont des peptides naturels, l'épimérisation du deuxième 

résidu phénylalanine (Phe-2) a conduit à un changement conformationnel de 90° à l'extrémité 

N-terminale de la structure du peptide D(11), étant la raison des différences dans les activités 

antimicrobiennes des deux épimères(13). De même, pour la phénylseptine (Phes), ecPis-2s 

présente une séquence FFF dans la région N-terminale. Cependant, il n'y a pas d'occurrence 
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d'épimère rapportée concernant ce peptide. Par conséquent, ce présent travail rapporte des 

investigations sur l'interaction antimicrobienne et membranaire des épimères ecPis-2s (L- et D-

ecPis-2s), qui diffèrent l'un de l'autre par le deuxième résidu phénylalanine. 

Les essais biologiques ont montré que ecPis-2s et le mutant synthétique D-ecPis-2s 

présentent une activité antimicrobienne contre les souches bactériennes Gram-positives et 

Gram-négatives ; cependant, l'épimère D a montré une activité biologique plus élevée contre S. 

typhimurium et P. aeruginosa par rapport à l'épimère L. De plus, l'étude de la cinétique de mort 

bactérienne montre que l'épimère D présente également une activité plus élevée à toutes les 

concentrations testées, réduisant le nombre de bactéries viables. Les propriétés de formation de 

pores de D- et L-ecPis-2s ont été mesurées en utilisant l'approche de libération du colorant 

calcéine. Les données montrent que le peptide D provoque une fuite plus importante par rapport 

à L-ecPis-2s, aux concentrations testées [Figure 34]. Le peptide épimère D atteint également 

des valeurs de libération proches du maximum tandis que la valeur maximale de libération pour 

l'épimère L est ≤ 60% [Figure 34B]. 

Des essais de titrage calorimétrique ont été réalisés et ont montré des courbes de titrage 

isotherme typiques des réactions exothermiques avec une affinité modérée (6). Les résultats ont 

indiqué une constante de liaison de Kapp = 1,02 x 104 M−1 pour D-ecPis-2s en présence des 

LUV négatives et Kapp = 6,77 x 103 M−1, une interaction plus élevée pour les épimères D, 

comme le montre le tableau SM5. Lorsqu'il est calculé, le ΔGo de l'interaction peptide-

membrane est également plus élevé pour D-ecPis-2s par rapport à l'épimère L. Les résultats de 

CD et de potentiel des peptides ecPis-2s montrent des résultats similaires. Bien que les spectres 

CD présentent une ellipticité molaire légèrement plus élevée pour D-ecPis-2s, les deux spectres 

indiquent la même préférence de structure lorsque la concentration de LUV est augmentée. À 

leur tour, les données de potentiel semblent présenter une interaction plus élevée pour le peptide 

D-ecPis-2s, montrant une augmentation plus rapide du potentiel lorsque les LUV négatives ont 

été titrées avec les deux peptides. 

Les études DSC révèlent des changements significatifs dans la transition de phase 

liquide-cristalline de la membrane lors de l'interaction avec l'épimère D- par rapport à l'épimère 

L [Figure 35] suggérant une conséquence directe de la présence de D-Phe2. Comme observé, 

le Tm du DMPC:DMPG pur (3:1, mol:mol) est d'environ 23 ◦C [Figure 35] et très similaire 

pour toutes les compositions du système, les vésicules anioniques et les deux peptides 

épimères(366). Alors que D-ecPis-2s provoque un décalage d'environ 3 ◦C dans Tm (19,5 ◦C), 
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à 25 μM, le résultat Tm de DMPC:DMPG (3:1, mol:mol) en présence de L-ecPis-2s, à la même 

concentration peut être considéré comme inchangé (Tm ~ 22,7 C). Ce résultat est 

principalement observé pour D-ecPis-2s indiquant une insertion élevée du peptide dans la 

membrane fluide DMPC:DMPG. Il est intéressant de noter que ce résultat est également étayé 

par des études RMN à l'état solide utilisant des phospholipides marqués. L'effet des peptides 

D- et L-ecPis-2s sur la stabilité de la membrane montre une différence significative dans le 

paramètre d'ordre du deutérium de chaque liaison C-D dans laquelle D-ecPis-2s provoque une 

perturbation plus élevée sur la chaîne acyle des lipides POPG-d31 [Figure 36F]. La preuve de 

l'insertion membranaire plus élevée de D-ecPis-2s indique également la capacité plus élevée de 

l'épimère à interagir avec la partie hydrophobe de la bicouche, probablement en raison du 

moment hydrophobe ou de la partie à l'extrémité N-terminale du peptide. 

Enfin, en conséquence des interactions avec la bicouche, les épimères D- et L- 

semblent présenter des structures RMN tridimensionnelles similaires en solution. Cependant, 

les valeurs d'ellipticité molaire plus élevées, observées à partir des essais CD pour le peptide 

D-, indiquent une structure secondaire qui n'est pas observée par RMN en solution. D'autre part, 

les données RMN à l'état solide révèlent une topologie bien définie de l'épimère D dans une 

bicouche orientée. Ces résultats montrent ensemble que l'interaction intrinsèque du peptide avec 

la bicouche est différente pour les peptides avec des résidus D et L et peut également aider à 

expliquer la différence d'activité biologique des épimères. 

En conclusion, les caractéristiques d'interaction et biophysiques des peptides épimères 

piscidine avec les membranes anioniques ont été rapportées dans cette étude. Bien que les deux 

peptides présentent la même séquence primaire, l'effet de ce remplacement semble améliorer 

l'activité biologique du peptide D- par rapport à l'épimère L-. Même avec des profils de 

conformation similaires présentés par la spectroscopie CD, la perturbation causée par l'épimère 

D est beaucoup plus élevée lorsqu'elle est étudiée dans des membranes négatives, comme 

indiqué par les essais DSC, RMN à l'état solide des lipides deutérés, ITC et potentiel. Nos 

résultats démontrent que l'épimère D-ecPis-2s exerce un effet plus élevé sur la stabilité de la 

membrane, suggérant que d'une manière ou d'une autre, la configuration D conduit la structure 

du peptide à un caractère amphipathique plus fort par rapport à L-ecPis-2s. En outre, l'hypothèse 

d'interactions aromatiques spécifiques impliquant les résidus phénylalanine de D-ecPis-2s 

conduit à jouer un rôle important dans la position des chaînes latérales F1, F2 et F3, qui peuvent 



150 

 

 

 

être situées dans la face hydrophobe de l'hélice ainsi que l'ancrage du peptide D dans la bicouche 

lipidique, augmentant son affinité pour la membrane (11). 

 

7.6 Conclusion générale 

 

Ce manuscrit est dédié aux peptides antimicrobiens naturels récemment découverts de 

la famille des piscidines avec un intérêt particulier pour leur mécanisme d'action en présence 

de modèles de membranes négatives. De plus, nous avons étudié l'influence d'un résidu d'acide 

aminé D dans un motif/séquence de trois résidus de phénylalanine et comment il peut modifier 

sa structure et/ou conduire à une amélioration de son activité biologique. 

En général, les peptides de piscidine sont connus pour leur activité antimicrobienne à 

large spectre et présentent un intérêt significatif en raison de leurs applications potentielles en 

médecine et en aquaculture. Les peptides piscidine-4 et piscidine-2 sont principalement trouvés 

dans les mastocytes des poissons, et ils jouent un rôle essentiel dans la réponse immunitaire 

innée des poissons en présentant des activités antimicrobiennes, antifongiques et 

antiparasitaires. 

Ainsi, cette thèse fournit de nouvelles caractéristiques structurelles des peptides 

ecPiscidine, présentant des avancées dans la compréhension des mécanismes d'action des 

peptides antimicrobiens ecPiscidine-4s, et D- et L-ecPiscidine-2s, ce qui est pertinent dans ce 

domaine. Comme observé pour le peptide ecPis-4s, la région N-terminale des peptides ecPis-

2s présente une caractéristique structurelle importante sur l'interaction membranaire et l'activité 

biologique. Bien que les deux épimères présentent des préférences conformationnelles 

similaires comme le montre la spectroscopie CD [Figure 39], une analyse structurelle plus 

approfondie est nécessaire pour comprendre le rôle de la D-phénylalanine sur l'augmentation 

de l'activité antimicrobienne. De plus, des analyses structurelles sont également nécessaires en 

milieu aqueux, car l'épimère D présente un degré d'agrégation plus élevé par rapport à l'épimère 

L, comme le montrent les expériences AUC (non présentées). 

Comme ce travail se concentre principalement sur l'étude des structures, des 

alignements membranaires et des interactions de ces peptides, nous avons analysé les molécules 

peptidiques individuellement. Cependant, l'agrégation des peptides peut se produire et 
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influencer fortement le mécanisme d'action et l'activité, en particulier pour les épimères, comme 

observé précédemment pour d'autres peptides. Des investigations supplémentaires de ces 

interactions sont nécessaires pour élucider complètement comment ces peptides exercent leurs 

activités antimicrobiennes. De plus, l'action synergique potentielle de ces composés est un autre 

aspect pertinent pour de futures investigations, car d'autres épimères sécrétés par l'animal ont 

montré une activité plus élevée. Ainsi, ces investigations pourraient représenter un rôle 

important dans la résistance aux peptidases étant associée à l'activité antimicrobienne accrue 

trouvée pour le peptide modifié. 
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Chapter 8: Appendix 

 

 

Supplementary Figure 1 

Characterization of the purified synthetic ecPis-4s peptide by MALDI-ToF. The molecular m/z 

was obtained by deconvolution of the MS-spectrum and the [M+H]+ signal corresponds to the 

theoretical value of 2607.5 and 2611.5 m/z. 
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Supplementary Figure 2 

 

CD spectra for ecPis-4s peptide in the presence of SDS micelles. 
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Supplementary Figure 3 

Proton cross-peak regions of the TOCSY spectrum. Fingerprint (HN-H correlations) of the 

TOCSY spectrum of 2 mM of ecPis-4s in presence of 300 mM SDS-d25 at 25 ºC, 500 MHz 

field. 

 

 

 

 

Supplementary Figure 4 

NOESY connectivity diagram for ecPis-4s at 2.0 mM in 300 mM of SDS-d25 micelles at 25 °C. 
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Supplementary Figure 5 

Chemical-shift index (CSI) derived from the H (blue) and C (red) resonances for ecPis-4s 

peptide. 
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Supplementary Table 1 

Summary of the structure quality analysis and statistics for ecPis-4s at 2 mM in presence of 300 

mM SDS-d25 at 25 ºC, 500 MHz field. 

 

Summary of structural statistics of ecPis-4s at 2.0 mM in presence of 300 mM SDS-d25 at 25 ºC, 500 MHz field. 

 

ecPis-4s-NH2 water solution 

Total number of distance restraints 264 

Number of intraresidual restraints 149 

Number of sequential restraints (i, i + 1) 27 

Number of medium range restraints (i, i + j), j = 2, 

3, 4 

58 

Number of long range restraints (i, i + j), j > 4 0 

Number of dihedral angle restraints 30 

RMSD (Å) – all residuesa 

 

         Backbone 

         Heavy atoms 

 

0.8 Å 

1.4 Å 

Ramachandran plot analysisb 

         Residues in most favored regions 

         Residues in additional allowed regions 

         Residues in generously allowed regions 

         Residues in disallowed regions 

 

100.0 % 

0.0 % 

0.0 % 

0.0 % 

Ramachandran plot analysisc  

         Residues in most favored regions 100.0 % 

         Residues in additional allowed regions 0.0 % 

         Residues in generously allowed regions 0.0 % 

         Residues in disallowed regions 0.0 % 

 

a RMSD values from psvs (Protein structure validation software suite – version 1.5) 
b Ramachandran Plot Summary for all residues from Procheck 
c Ramachandran Plot Summary for all residues from Richardson Lab's Molprobity 
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Supplementary Figure 6 

Ramachandran plot of the ten lowest-energy solution NMR structures of ecPis-4s in presence 

of 300 mM SDS-d25 at 25 ºC, 500 MHz field. 

 

 

 

 

Supplementary Table 2 

Measured Kp values by intrinsic tryptophan fluorescence emission spectra of ecPiscidin-4s 

peptide in the presence of POPC:POPG (3:1, mol:mol) at pH 8.0, and pH 6.0, respectively. 

 

 

ecPis-4s Value 

pH 8 
Kp (6.8 ± 0.8) × 103 M-1 

Adj. R-Square 0,9873 

pH 6 
Kp (2.9 ± 0.1) × 103 M-1 

Adj. R-Square 0,9706 
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Supplementary Figure 7 

The wavelengths where maxima of the intrinsic tryptophan fluorescence emission spectra of 

ecPis-4s occurs are shown as a function of increasing concentrations of POPC:POPG (3:1, 

mol:mol) LUVs.  

.  
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Supplementary Table 3 

 

Thermodynamic parameters obtained after application of mathematical adjustment for ecPis-4s 

peptide interaction with POPC:POPG (3:1, mol:mol) LUVs. 

 

Peptide n 
Kapp 

(L·mol-1) 

∆G0 

(cal·mol-1) 

∆H0 

(cal·mol-1) 

-T∆S0 

(cal·mol-1) 
T 

ecPis-4s 13 ± 1 4400 ± 210 -1556 -1243 ± 61 -313 25 ºC 

ecPis-4s 10 ± 1 5250 ± 200 -2134 -1735 ± 78 -399 35 ºC 
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Supplementary Figure 8 

 

CD for ecPis-4s (50 M) peptide in the presence of POPC:POPG (3:1, mol:mol) at pH 6.0 and 

pH 8.0. Molar ellipticity as a function of the of the peptide/POPC:POPG ratio. 
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Supplementary Figure 9 

Size distribution analysis by dynamic light scattering (DLS). 500 μM POPC:POPG (3:1, 

mol:mol) vesicles (A) and the effect of ecPis-4s addition of 0.061 (B) and 0.085 as a function 

of the peptide:lipid molar ratio in 10 mM pH 8.0 Tris-HCl buffer (100 mM NaCl) at 25 oC. 
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Supplementary Table 4 

Summary of structural statistics of ecPis-4s at 4.0 mM in the aqueous medium at 25 °C, 600 MHz. 

 

ecPis-4s peptide water solution 

Total number of distance restraints 496 

Number of intraresidual restraints 453 

Number of sequential restraints (i, i + 1) 26 

Number of medium range restraints (i, i + j), j = 2, 

3, 4 

12 

Number of long range restraints (i, i + j), j > 4 5 

Number of dihedral angle restraints 0 

RMSD (Å) – from K10 to R20 residuesa 

Backbone 

Heavy atoms 

 

2.12 Å 

3.95 Å 

RMSD (Å) – all residuesa 

Backbone 

Heavy atoms 

 

3.32 Å 

5.18 Å 

Ramachandran plot analysisb 

         Residues in most favored regions 

         Residues in additional allowed regions 

         Residues in generously allowed regions 

         Residues in disallowed regions 

2.12 Å 

3.95 Å 

17.2 % 

5.6 % 

5.0 % 

Ramachandran plot analysisc  

         Residues in most favored regions 78.5 % 

         Residues in additional allowed regions 16.5 % 

         Residues in generously allowed regions 5 % 

         Residues in disallowed regions 0 % 
 

 

a RMSD values from psvs (Protein structure validation software suite – version 1.5) 
b Ramachandran Plot Summary for all residues from Procheck 
c Ramachandran Plot Summary for all residues from Richardson Lab's Molprobity 
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Supplementary Figure 10 

 

HN-Hα/ correlations region of the TOCSY spectra of ecPis-4s (4.0 mM) in the aqueous 

medium at 25 °C, 600 MHz. All the spin systems are highlighted in different colors. 
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Supplementary Figure 11 

 

NOESY connectivity diagram for ecPis-4s (4.0 mM) in aqueous solution environment, 600 

MHz. 
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Supplementary Figure 12 

CD spectra for D-ecPis-2s and L-ecPis-2s peptides in the presence of SDS micelles. 

 

 

 

 

 

 

 

 



166 

 

 

 

Supplementary Figure 13 

NOESY connectivity diagram for D-ecPis-2s and L-ecPis-2s (2.0 mM) in SDS-d25 micelles, 

500 MHz. 
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Supplementary Table 5 

Summary of structural statistics of D-ecPis-2s at 2.0 mM in in SDS-d25 medium at 25 °C, 500 MHz. 

 

D-ecPis-2s peptide SDS-d25 

Total number of distance restraints 243 

Number of intraresidual restraints 202 

Number of sequential restraints (i, i + 1) 15 

Number of medium range restraints (i, i + j), j = 2, 

3, 4 

26 

Number of long-range restraints (i, i + j), j > 4 0 

Number of dihedral angle restraints 0 

RMSD (Å) – F1 to V20 residuesa 

Backbone 

Heavy atoms 

4.02 Å 

2.4 Å 

4.0 Å 

Ramachandran plot analysisb 

         Residues in most favored regions 

         Residues in additional allowed regions 

         Residues in generously allowed regions 

         Residues in disallowed regions 

 

42.0 % 

38.7 % 

18.0 % 

1.3 % 

Ramachandran plot analysisc  

         Residues in most favored regions 51.1 % 

         Residues in additional allowed regions 31.1 % 

         Residues in disallowed regions 17.8 % 
 

a RMSD values from psvs (Protein structure validation software suite – version 1.5) 
b Ramachandran Plot Summary for all residues from Procheck 
c Ramachandran Plot Summary for all residues from Richardson Lab's Molprobity 
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Supplementary Table 6 

 

Thermodynamic parameters obtained after application of mathematical adjustment for ecPis-2s 

epimer peptides in presence of POPC:POPG (3:1, mol:mol) LUVs. 

 

Peptide n 
Kapp 

(L·mol-1) 

∆G0 

(cal·mol-1) 

∆H0 

(cal·mol-1) 

-T∆S0 

(cal·mol-1) 
T 

D-ecPis-2s 18 ± 1 10200 ± 560 -5628 -392 ± 15 -5236 35 ºC 

L-ecPis-2s 11 ± 1 6770 ± 340 -5148 -528 ± 45 -4620 35 ºC 

 
Supplementary Figure 14 

 

Ramachandran plot of the lowest-energy solution NMR structures of D-ecPis-2s in 300 mM 

SDS-d25 micellar solution. 
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Résumé 

Les peptides antimicrobiens sont prometteurs pour la conception de nouveaux médicaments 
antibactériens en raison de leur faible tendance au développement de résistance et de leur 
capacité à éliminer les bactéries multirésistantes. Nos investigations visent à étudier les 
mécanismes d'action des nouveaux peptides des ecPis-4s et ecPis-2s. De plus, nous avons 
proposé d'étudier la forme épimérique de l'ecPis-2s, puisqu'il a été rapporté qu'un peptide 
antimicrobien naturel contenant des résidus D- avait de larges activités antimicrobiennes. Les 
résultats obtenus indiquent que les ecPis-4s adoptent une conformation hélicoïdale 
amphipathique bien définie, orientée parallèlement à la surface de la bicouche 
phospholipidique, avec une forte affinité pour les membranes anioniques et une activité lytique 
dépendante de la concentration. En ce qui concerne les peptides épimères, nos résultats 
montrent que l'épimère D-ecPis-2s exerce un effet plus remarquable sur la stabilité de la 
membrane. La configuration des acides aminés D- semble donner à la structure peptidique un 
caractère amphipathique plus important comparé au peptide naturel L-ecPis-2s. 

Mots clés : Peptide antimicrobien ; Membrane lipidique ; Interaction peptide-membrane ; RMN 
du liquide ; RMN du solide ; Calorimétrie de titrage isotherme. 

 

Abstract 

Antimicrobial peptides hold promise for the design of new antibacterial drugs due to their low 
tendency for resistance development and their ability to eliminate multidrug-resistant bacteria. 
Our investigations aim to study the mechanisms of action of the new ecPis-4s and ecPis-2s 
peptides. Furthermore, we proposed to study the epimeric form of ecPis-2s, since natural 
antimicrobial peptides containing D- residues have been reported to have broad antimicrobial 
activities. The results obtained indicate that ecPis-4s adopt a well-defined amphipathic helical 
conformation, oriented parallel to the surface of the phospholipid bilayer, with a strong affinity for 
anionic membranes and a concentration-dependent lytic activity. Regarding epimeric peptides, 
our results show that the epimeric D-ecPis-2s exerts a more remarkable effect on membrane 
stability. The D- amino acid configuration appears to give the peptide structure a greater 
amphipathic character compared to the natural L-ecPis-2s peptide. 

Keywords: Antimicrobial peptide ; Lipid membrane ; Peptide-membrane interaction ; Liquid NMR 
; solid-state NMR ; Isothermal titration calorimetry. 


