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ABSTRACT 

A mechanistic approach to studying the antimicrobial and anticancer activity of GL13K-

based peptides through their interaction with model membranes. 

Javier Porro Suardiaz 

GL13K is a broad-spectrum antimicrobial peptide with selective bactericidal and antibiofilm 

activity, which makes it an attractive candidate for targeted antibiotic applications. Many 

antimicrobial peptides are multifunctional and have exhibited anticancer activity. Along with this 

precedent, GL13K’s potency on cancer has not been yet reported. Therefore, we proceeded to a 

preliminary assessment of anticancer activity for both D- and L-GL13K enantiomers in cancer 

cell lines. It emerged that D-GL13K showed selective toxicity in cancer cells. Such enantiomeric 

differences have previously been attributed to their resistance to proteolytic degradation. To 

probe if distinct mechanisms of interaction are involved in either their antibacterial vs anticancer 

activity, we evaluated the roles of peptide chirality and membrane composition by studying the 

interaction of D- and L-GL13K, as well as a newly designed GL28K peptide, with model 

membranes that mimic the lipid composition of those in human cancer, erythrocyte cells and 

bacteria. For this purpose, a combination of bulk and surface-specific biophysical techniques was 

used. The enantiomers showed differential interactions that can depend on the lipid composition 

in agreement with their activity (in the absence of proteases) as evidenced by greater binding and 

insertion in the cancer model membranes. However, in contrast to results in bacterial models 

neither enantiomer of GL13K displayed a crystalline beta-sheet conformation in presence of the 

eukaryotic cell model, despite this being a hallmark of their activity with bacterial models. The 

molecular origins and significance of these results will be discussed. 
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Chapter 1. Introduction 

1.1.  Foundations for alternatives to antibiotics and chemotherapeutics 

Extensive use of antibiotics in therapeutic treatment and in livestock and aquaculture has led to the 

emergence of antimicrobial resistance worldwide. The occurrence of multidrug-resistant (MDR) 

pathogenic bacteria is rendering antibiotic therapies inefficient and endangering millions of lives. 

To the point that the World Economic Forum has identified antibiotic resistance as a global risk 

that surpasses the management or mitigation capacity of any nation or organization alone (1, 2).  

Despite the epidemiological surveillance programs, the frequency of nosocomial infections 

continues to rise. Immunocompromised individuals are particularly vulnerable to infection and 

chemotherapeutic regimens make all oncology patients highly susceptible to a multitude of 

opportunistic and MDR pathogenic microorganisms (3). The first reports of penicillin resistance 

becoming a clinical problem date from the 1950s, while methicillin-resistant Staphylococcus 

aureus (MRSA) has been reported since the 1960s. The number of bacterial isolates that are 

confirmed to produce resistant genes to conventional antibiotics has greatly increased since then, 

especially in the last decades. However, the quantity of new systemic antibiotics developed and 

approved has decreased steadily over the past thirty years (2, 4). Therefore, fewer options for 

treatment are left available leading to prolonged diseases and higher morbidity and mortality rates. 

Worrying estimations predict that by 2050, antimicrobial resistance will cause nearly 10 million 

deaths globally, surpassing even cancer (5). In addition, it is been projected that global 

consumption of antibiotics from 2010 to 2030 will increase by 67% in agriculture, and 99% 

amongst five of the most populated nations (6). All of this reflects the current need for more 

effective and broader use antimicrobial agents that are able to circumvent antibiotic resistance, for 

which antimicrobial peptides have emerged as attractive candidates (7–10). 

 

1.2.  Antimicrobial peptides (AMPs) 

Antimicrobial peptides (AMPs) or host defense peptides are ubiquitous in nature and one of the 

main effectors of the innate immune response against pathogens in probably all taxonomic 
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kingdoms (11). They arise as a promising alternative to antibiotics, as supported by the progressive 

expansion of the AMP research field and growing number of publications in the last few decades 

(12). AMPs generally consist of less than 100 amino acids and show great structural diversity in 

amino acid sequences, length, charge, folding and hydrophobicity. From natural peptides to 

synthetic variants, they can be broadly classified in four major classes according to their secondary 

structure: α-helical, β-sheet, loop and extended or unstructured peptides (13), though other more 

comprehensive classifications may be used (8, 14).  

Moreover, AMPs show wide functional plasticity, with a broad spectrum of antimicrobial activities 

against bacteria, yeasts, fungi, viruses and some parasites, in addition to immunomodulatory 

effects and anticancer activity (15–18). AMPs with the capacity to kill cancer cells are also 

referred as anticancer peptides (ACPs). 

AMPs/ACPs are selective for negatively charged membranes over zwitterionic eukaryotic 

membranes due to two main recurrent physicochemical features: cationic charge and 

amphipathicity. AMPs selectivity is advantageous for their use over conventional antibiotics given 

that a development of microbial resistance by gene mutation is less prone to occur via modifying 

the composition of the phospholipid membrane. In contrast, most antibiotics have internal targets, 

or their action is directed to inhibit certain enzymatic pathways in bacterial cells. For which, 

bacteria present several mechanisms of resistance and intrinsic resistance genes that act against 

antibiotics of different classes, including β-lactams, fluoroquinolones and aminoglycosides (12, 

19–22). Bacterial mechanisms of resistance to antibiotics include among others: down-regulation 

of porins, increased efflux or overexpression of efflux pumps, genetic mutation or post-

translational modification of the antibiotic target, and chemical alteration or degradation of the 

antimicrobial agent (22). 

Naturally occurring AMPs/ACPs may however be subjected to proteolysis, since they consist of L-

amino acids which are degradable by proteases in vivo (23). This constitutes a disadvantage for a 

peptide-based therapy in the treatment of antibiotic-resistant bacterial infections and cancer. 

However, AMPs/ACPs ubiquity in nature provides a great variety of templates for the design of 

synthetic peptide analogs. The structural diversity of peptides can nowadays be consulted in 

databases online. One of the most cited and user friendly is Antimicrobial Peptide Database (APD 
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or APD3) (https://aps.unmc.edu/) which currently contains 3185 proved AMPs, out of which, only 

16 are synthetic. At the time of writing this, the database includes 237 anticancer/antitumor 

peptides, and only one of them is synthetic. APD has classification schemes that facilitate 

identifying peptides by biological functions, unique structural motifs, available 2D and 3D 

structures, chemical and biochemical properties, targets, etc. This database also contains design 

and prediction tools that allow to identify novel AMPs/ACPs (24). Other noteworthy databases 

such as DAASP and LAMP, are listed in Gabernet et al. (25). 

New peptides can be then designed and synthetized to enhance specific antimicrobial functions, 

improve their selectivity, diminish toxicity, or circumvent proteolysis for therapeutic applications. 

Introducing charged, hydrophobic or non-natural amino acids in specific positions, changing their 

chirality or adding non-coded chemical modifications are some of the approaches used in research 

(14, 26). Following this trend, many natural and synthetic AMPs/ACPs have been studied, some 

have entered clinical trials, and some have now reached the market (18, 27).  

 

1.2.1. Membrane composition of bacteria and molecular targets for AMPs  

For the scope of this thesis, this section is limited to Gram-positive and Gram-negative bacteria. 

Mycoplasma, L-form bacteria and some archaebacteria are not considered. 

Despite the differences between Gram-positives and Gram-negatives, both bacterial groups have a 

cytoplasmic membrane surrounded by a cell wall. The periplasm is between these and contains 

several ions, proteins and peptidoglycans involved in metabolic functions, transport, or exchange. 

Gram-negative bacteria contain an outer membrane (OM) that limits the periplasmic space until 

the inner membrane (IM). This is the main difference between both bacterial classes (Figure 1.1). 

The Gram-positive bacteria cell wall comprises many layers of peptidoglycan that stabilize their 

only membrane and it is thicker than Gram-negatives cell wall. Gram-positive bacteria also have 

teichoic (TA) and lipoteichoic acids (LTA), the latter anchored in the cytoplasmic membrane, 

while Gram-negative bacteria present lipopolysaccharides (LPS) as the major component of the 

outer leaflet of their outer membrane (28, 29). 

https://aps.unmc.edu/AP/main.php
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Membranes in general are composed of three types of lipids: phosphoglycerides, sphingolipids, 

and steroids. All three types are amphiphilic, with a polar headgroup and nonpolar tail(s), but 

structural differences among them are responsible for different roles in membranes (30). Bacterial 

plasma membranes in both groups vary with the species according to the phospholipid 

composition, their headgroups and fatty acid moieties (Figure 1.1). The main lipid components of 

bacterial membranes are the negatively charged phosphatidylglycerol (PG) and cardiolipin (CL), 

with phosphatidylethanolamine (PE) as the predominant zwitterionic lipid. Other lipids are often 

found in small quantities, such as lysyl-PG (LPG), phosphatidylinositol (PI), phosphatidic acid 

(PA) and rarely phosphatidylserine (PS). Only very few bacterial groups present sphingolipids. 

Bacteria can also form phosphorus-free membrane lipids and usually do not have sterols (31).  

In general, Gram-negative bacteria contain larger proportions of PE whereas Gram-positives have 

greater fractions of anionic PG. Bacteria can reduce the PG content while increasing CL, altering 

membrane composition while preserving the anionic charge. Bacteria have at least 15% of anionic 

lipids and can reach up to ~ 80% of either PG or CL, or a combination of the two. Escherichia coli, 

the standard model for studying bacterial membranes, comprises about 75% of the zwitterionic PE, 

with ~ 20% of the anionic lipids PG and CL (28, 29, 31). Tabulated information compiling 

membrane lipid composition of various Gram-positive and Gram-negative bacterial species is 

available in references 26, 29 and 30. The presence of peptidoglycans together with LPS, (L)TA 

and anionic lipids, permits the selective targeting of cationic AMPs for bacteria as opposed to 

eukaryotic cell membranes (28, 29, 31) (Figure 1.1 and Figure 1.4). 
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Figure 1.1. Schematic representation of bacterial cell walls showing the membrane composition and main 

differences between Gram-positive and Gram-negative bacteria. OM: Outer membrane; PM: plasma 

membrane or inner membrane. Adapted from Malanovic and Lohner (28).  

The curvature strain of the membranes is another important property governed by the nature of 

lipids. PE and CL lipids possess a spontaneous negative curvature given their inverted cone 

geometry, whereas PC and PG have a lamellar more cylindrical shape (34). CL is located to the 

cellular poles in E. coli and in association with PE can form domains of higher intrinsic curvature, 

while PG rather forms flat lamellar lipid aggregates (31). It has been suggested that PE lipids are 

closely packed because of preferential intermolecular hydrogen bonding between the amino and 

phosphate groups or carbonyl group of the sn-2-chain, which favors structures with higher intrinsic 

curvature (35). Additionally, CL has shown to cause a condensing or stabilizing effect in 

zwitterionic monolayers with lamellar phospholipids (36, 37). In bacteria, PE and CL encounter 
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non-ideal mixing, so when AMPs bind to the anionic lipids, the interaction process can alter the 

membrane phase separation (35). Moreover, curvature changes may facilitate or limit the 

accessibility of AMPs to the membrane and their interactions with the lipid bilayer core (28, 29). 

Gram-negative bacteria contain mostly saturated and unsaturated phospholipids with the main acyl 

chain distribution being 16:0, 18:0, 16:1 and 18:1 (first number designates the length of the 

hydrocarbon chains; second number indicates the quantity of unsaturations per chain, which is 

stereospecific) (28). In contrast, Gram-positive bacteria present more abundantly anteiso and iso-

branched fatty acids with C15:0 and C17:0 chains distribution. Staphylococcus aureus, for 

example, contains only saturated membrane lipids with anteiso and iso-methyl branched chains 

that can functionally replace monounsaturated acyl chains found in other species (28, 38). Changes 

in charge, acyl chain length and distribution of phospholipids can influence the activity of AMPs 

(28, 35, 38). 

Studies indicate that bacterial cell wall outer components, such as LPS and TA may facilitate AMP 

accumulation on the membrane surface due their negative charge, but it depends on the 

concentration of AMPs. The peptidoglycans layer usually contain proteolytic enzymes; however, it 

is relatively porous and freely penetrable for small molecules or peptides (39). LTA are considered 

anionic polymers with a strong potential to attract cationic molecules, and they may act as 

entrappers of AMPs or as ladder directing towards the inner membrane (28, 35).  

 

1.2.2. Membrane composition of eukaryotic cells and molecular targets for 

anticancer peptides 

Eukaryotic membranes differ from bacterial membranes mainly on surface charge and lipid 

composition. Mammalian cells normally present zwitterionic phospholipids on the outer leaflet of 

plasma membranes in contrast to the negatively charged components of bacteria. Normal 

mammalian cells keep an asymmetric lipid distribution across the bilayer of the plasma membrane, 

as shown in Figure 1.2. The cytosolic leaflet typically contains PE and the negatively charged PS. 

The overall composition of mammalian lipids is ~ 65% of glycerophospholipids (PC, PE, PS, PI), 

~ 10% of sphingolipids and ~25% of sterols. The last two are always present in eukaryotes and are 
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abundant in the plasma membranes (40, 41). The phospholipid content varies in membranes of 

different organelles and cell types (42). 

 

Figure 1.2. Representation of a eukaryotic cell membrane fragment with asymmetric lipid distribution. Phase 

separation is depicted: Lo) a liquid-ordered phase domain formed by a saturated sphingolipid and cholesterol, 

presenting a more rigid domain and tighter packing. The liquid-disordered (Ld) phase implies acyl chain 

conformational freedom and looser packing (34).  

The lipids of biological membranes can exist in multiple phase states. At a physiological 

temperature, the cell membranes are generally considered to be in a liquid-disordered (Ld) phase, 

which is typified by looser packing and greater miscibility (43). In mixtures with some saturated 

lipids such as sphingomyelin, cholesterol can form what is known as a liquid-ordered (Lo) phase 

which comprises all-trans, ordered acyl chains but with the lateral fluidity of the disordered phase. 

Liquid ordered and liquid disordered phases differ in composition, lipid tail order and thickness 

(44). The well-ordered and solid-like gel phase (Lβ) can convert at the transition temperature (Tm) 

to the liquid crystalline (L) or liquid disordered (Ld) phase (Lα: lamellar phase with disordered 

acyl chains and rapid translational diffusion) (45, 46). The terms L and Ld are considered 

interchangeable and dependent only on the presence (Ld) or absence (L) of cholesterol (45). In 

the gel phase the hydrophobic tails are fully extended and in an all-trans conformation, whereas in 

the Ld, the tails have conformational freedom and are considered fluid. Interestingly, two or three 
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phases can coexist attending to the regions of macroscopic immiscibility produced by the lipid 

mixtures (46). Membrane fluidity is highly dependent on the composition, order of saturation of 

the acyl chains, and the presence of cholesterol. In cell membranes, preferential association of 

sphingolipids and cholesterol in some regions can promote more stable membrane-ordered 

assemblies with proteins and form dynamic rigid patches called “rafts” (41, 47).  

Cancerous cells undergo metabolic and surface changes that can be exploited for the development 

of targeted cancer therapy (Figure 1.3). Two distinct hallmarks of cancer are promising for using 

AMPs/ACPs to selectively target their cell membrane over normal cells. One, is the reversal of the 

proton gradient rendering abnormal intracellular and the extracellular pH when compared with 

normal cells (48, 49). The other is that cancer cells lose the transmembrane lipid asymmetry, 

leading to the exposure of PE and the anionic PS in the outer leaflet (Figure 1.4). The display of 

phosphatidylserine along with sialic acid on glycoproteins (e.g. mucins) and heparan sulfate on 

proteoglycans on the outer membrane leaflet constitutes the main difference in membrane 

composition between normal and tumoral cells. Therefore, the same distinction in surface charge 

between bacterial and healthy eukaryotic cells, occurs between tumoral and normal cells. Thus, the 

action and specificity of cationic ACPs can be directed to the cancer cells carrying negative surface 

charge (50–53). 
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Figure 1.3. Representation of a cancer cell showing the targets and modifications that can drive the selective 

interaction of cationic ACPs with anionic molecules. (1) Exposure of PS due to inhibition of phospholipid–

translocases. (2) Increased surface levels of sialic acid and glycolipids. (3) Changes in membrane fluidity, (4) 

lower extracellular pH, and (5) increased surface area (due to the presence of microvilli) may impact the 

susceptibility and activity of peptides. (6) Peptides that translocate into the cytosol can interact with anionic 

lipids of mitochondria triggering apoptosis, which is usually blocked in tumoral cells by mechanisms such as the 

inactivation of tumor suppressor p53 (54).  

PS not only serves as a target, but it also plays a physiological role (42). Additionally, PS can be 

used as a template for the recognition of cancer antigen 125 (CA 125) and has gained interest in 

the development of non-invasive imaging to support diagnosis and evaluation of treatment efficacy 

on cancer and cardiovascular disease (50–53, 55, 56). Other factors contributing to the selective 
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killing of cancer cells by ACPs include membrane fluidity and cell surface area. Though, there is 

conflicting evidence as to whether cancer cell membranes have a greater membrane fluidity or are 

less permeable than non-malignant cells (50–53, 55). 

 

Figure 1.4. Representation of normal and cancer cell membranes illustrating the differential membrane 

composition extracellular pH (57). Exposure of anionic PS on the outer leaflet of cancer cells servers as a target 

for AMPs/ACP.  

Cancer membranes can present lipid domains such as caveolae and lipid rafts. The latter are planar 

formations in the nano to micro size range, richer in sphingolipids and cholesterol and can form in 

the outer leaflet. This lipid association can be dynamic and reversible, stabilized by hydrophobic 

entropic forces, van der Waals interactions and hydrogen bonding between cholesterol’s hydroxyl 

groups and SM (58). The lipid domains form bilayers in the liquid ordered (Lo) phase, even 

though coexistence of Lo and Ld in these has been observed. Some multidrug resistant (MDR) 

cancer cell lines promote colocalization of cholesterol with other phospholipids (PC, PE, and 

others) and transmembrane proteins, favoring increased lipid packing and decreased permeability. 

This leads to greater membrane rigidity affecting the uptake and penetration of chemotherapeutic 

drugs in these cells (29, 43, 59–61).  
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1.2.3. Mechanisms of action for antibacterial and anticancer activities 

Most experiments on the molecular mechanisms of membrane permeation/disruption have focused 

on the interaction of cationic peptides with model membrane systems. This platform has been used 

for the study of both AMPs and ACPs (16, 62–66). Therefore, for the purpose of being concise in 

this thesis, the following description of mechanisms is relevant for both AMPs and ACPs unless 

otherwise indicated (i.e. particular differences between the two will be highlighted when required). 

Complementary studies with whole microbial cells have also been employed for investigating the 

modes of action by using mostly microscopy, membrane potential sensitive dyes and fluorescently 

labeled peptides. However, the range of techniques available for using whole cells can be limited 

or be dependent on instrumental limitations (8, 67, 68).  

The studies indicate that all AMPs/ACPs interact with membranes and divide peptides generally 

into two mechanistic groups: membranolytic (barrel stave, toroidal, carpet and micellar aggregate 

models) and non-membranolytic (when peptides have intracellular targets) (13, 64). AMPs/ACPs 

can exert their membranolytic function through several mechanisms of action, either by forming 

pores or through a non-pore former effect (Figure 1.4). Independent of their activity, AMPs must 

be adsorbed into the membrane, undergo a conformational change, and reach a certain threshold 

concentration to disrupt the membrane integrity (Figure 1.4). While many experimental 

observations are well described by one or more of the classical pore-forming models, no single 

mechanism can be defined for all peptides. Models for AMPs/ACPs membrane permeabilization 

have been proposed, however there is no universal consensus among researchers on this topic. (8, 

26, 69). 

The mechanisms of disruption of AMPs/ACPs depend on several parameters that affect their 

biological activity, such as the peptide charge, sequence, length, and secondary structure, 

amphipathicity, hydrophobicity, lipid membrane composition and peptide concentration. The 

peptide charge varies usually from +2 to +9 at neutral pH and charged residues are displayed on 

the hydrophilic face. The cationicity allows the initial adsorption via electrostatic interactions with 

the negatively charged phospholipids headgroups (Figure 1.4). The peptides accumulate locally 

and reach a threshold concentration (minimum peptide concentration required at the membrane 
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surface to perform the biological effects). The threshold concentration is usually denoted in 

experimental procedures as peptide-to-lipid ratio (P/L) (29). Other parameters can influence the 

threshold concentration, including the propensity of peptide self-assembly, and ability to partition, 

among others. However, in eukaryotic cells membrane fluidity and composition can play greater 

roles (57, 62, 70, 71), as illustrated in Figure 1.4. 

A conformational change then occurs at the interface (Figure 1.5), usually a transition from an 

unstructured chain to an amphiphilic secondary structure, enhancing peptide insertion and 

membrane permeability. Hydrophobic amino acid residues permit hydrophobic interactions of 

AMPs/ACPs with the acyl chains facilitating the disruption or penetration to finally exert their 

membranolytic antibacterial or anticancer effect. Hydrophobic interactions play a major role in this 

step as the peptides must penetrate or be internalized in the lipid bilayer core. Whether it is for 

forming a pore, translocation to the cytoplasm or for a non-disruptive lipid-clustering effect, the 

length and hydrophobicity level of the peptides are crucial (8, 26, 72). 
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Figure 1.5. Interaction of AMPs/ACPs with biological membranes and mechanisms of disruption. Unstructured 

AMPs/ACPs are selective to negatively charged membranes. Upon interaction, they adopt a defined secondary 

structure to disrupt the bilayer. Proposed pore-forming and non-pore forming modes of action are shown. The 

mechanism of action is dependent on the peptide and the lipid membrane composition. Membrane perturbation 

varies with peptide concentration, temperature, and pH (73). 

Depending on both the specific AMPs/ACPs and the peptide concentration, the mode of action can 

be described by one or more models (Figure 1.5). Some AMPs/ACPs cause stable membrane pores 

(barrel stave or toroidal pore models), membrane thinning (molecular electroporation or sinking 

rafts models) or micellization in a detergent-like way (carpet/detergent model).  

In the barrel-stave model, amphipathic peptide helices can form a pore in the membrane with the 

lipophilic side of the peptide facing the hydrophobic core of the membrane bilayer and the 

hydrophilic portion lining the pore. This resembles a barrel composed of helical peptides as the 

staves (Figure 1.5). This mechanism of action is primarily displayed by highly hydrophobic 

peptides. The barrel-stave model cannot account for cytolytic activity by AMPs/ACPs that are <23 

amino acids since they are not long enough to span the lipid bilayer, thus demanding quite specific 

peptide properties that only occurs for a few peptides (74).  

The toroidal pore model describes that AMPs/ACPs are inserted in lipid bilayer bending the outer 

leaflet through the pore so that the lumen of the pore is lined by both the inserted peptides and the 

lipid head groups. The model can be formed by a much greater variety of peptides compared to the 

barrel stave model, and it has been suggested that some AMPs/ACPs acting by this mechanism of 

action may cross through the membrane and act on intracellular targets (64).  

The carpet/detergent model comprises AMPs/ACPs that bind to anionic cell membrane 

components and become aligned in parallel to the surface of the cells, thereby creating a carpet-

like appearance. When the threshold concentration of the peptide is reached, the membrane will 

start to destabilize and collapse due to the curvature stress and internal osmotic pressure, ultimately 

leading to cellular lysis. In this model the peptides never enter into the hydrophobic core of the 

cellular membrane (29).  

In addition to the membranolytic mechanisms of action, there are also several non-membranolytic 

effects exerted by AMPs/ACPs. In the molecular electroporation model pores can form in 
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membranes with AMPs/ACPs under the influence of an external electric field. The sinking raft 

model describes that due to an imbalance of a mass ratio between AMPs/ACPs binding to a 

particular lipid domain and an increase in membrane curvature, peptide translocation occurs (63, 

75–78). 

The focus herein is on modes of action that have a membrane-directed effect; the action of 

AMPs/ACPs on intracellular targets is beyond the scope of this work. 

 

1.2.4. Structure-activity relationship (SAR) of AMPs/ACPs 

AMPs/ACPs possess membrane lytic activities naturally designed to target the cellular membrane 

of pathogens. As AMPs/ACPs composition is so diverse and they often show specificity against 

particular pathogens, structure-activity relationship studies are addressed to identify or to predict 

the molecular features that allow specific biological functions. The structural and functional 

diversity of AMPs/ACPs makes it difficult to summarize the vast number of SAR studies 

conducted to date and this section will only provide an overview. Section 1.3 contains a deeper 

analysis for the peptides of interest.  

Amino acid sequence, peptide secondary structure (or conformation), charge, hydrophobicity, 

amphipathicity or polar angle, and tacticity are among the main parameters contributing to the 

activity of a bioactive peptide. The activity and selectivity of bioactive peptides is dependent on a 

fragile interplay of these parameters. Commonly, the modification of one parameter renders a 

variation of the others in compensation (25, 79–82). Membrane fluidity, as an environmental 

parameter, is also deemed a major factor modulating the activity of cytolytic peptides. Cholesterol 

and other sterols can increase the lipid packing and induce higher order in cell membranes. Thus, 

binding and insertion of AMPs in cholesterol-rich domains is usually decreased (25). 

According to the peptide secondary structure, most membranolytic activity has been attributed to 

α-helical peptides due to higher propensity to form pores (83). β-sheet forming AMPs/ACPs can 

also contain minor helical segments (80). However, many disrupting effects have been described 

for peptides adopting β-sheets. Linearization of the β-sheet tachyplesin rendered a reduced dye 

release from model membranes, and a reduction on the antimicrobial and antiviral activities (80). 
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In general, cytolytic peptides change from a random coil in solution to either α-helices or β-sheets 

secondary structures upon interaction with lipid membranes. The structural transition contributes 

on the stabilization of the rigid peptide backbone (N−Cα−CO) by hydrogen bonding between the 

amino (donor) and carbonyl (acceptor) groups. More stable peptide backbones increase the 

likelihood of a structural integrity within the bilayer core while creating membrane defects by 

disrupting the surface tension. Hence, the membranolytic activity can be affected by the peptide 

secondary structure formed, as the extent of the conformational change influences the backbone 

rigidity (73). 

The distributions and placement of cationic residues also plays an important role as revealed by 

studies in peptide analogs with identical composition. One analog with the cationic groups 

clustered along one face of the secondary structure length (α/β-peptide I), and the other with the 

positive charges around the long axis of the helical peptide (α/β-peptide II), were assessed for their 

activity in bacterial membranes (84). The latter was better at separating charged lipids in the 

membrane environment compared to the α/β-peptide I, and it was more effective against E. coli 

(Gram-negative), but they both were equally toxic against Bacillus subtilis (another Gram-

negative). The authors attributed the difference to a less rigid peptide structure on the α/β-peptide 

II when bound to membranes, and suggest that the amphipathic variant (α/β-peptide I) is less 

adaptable to targeting charged phospholipids in the membrane (84). These results differ from the 

more general remarks mentioned above.   

A balanced hydrophobicity content is also required. When hydrophobicity is too low, AMPs/ACPs 

may present lower affinity to the membrane, but self-association (and even precipitation) may 

occur if hydrophobicity is too high (29). Natural α-helical forming peptides derived from frogs and 

toxins from bee and scorpion venom have been compared. These varied between 13 and 26 amino 

acids, with net charges between +1 to +8, and hydrophobicities from 51% to 68. NMR results 

showed that aurein and citropin had more rigid secondary structure whereas maculatin and caerin 

had bent structures. The authors identified that the prediction of bactericidal or hemolytic activities 

based on the hydrophobicity, charge, and secondary structure of AMPs and toxins was 

inconclusive, but that peptide activity is affected by both the thickness and fluidity of the 

membrane (73). Larger and less heterogeneous peptide pools should be considered for analyzing 

structure-function relationships, accounting for the least number of variables at a time.  
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Peptides that translocate through the membrane without compromising its integrity, also known as 

cell-penetrating peptides (CPPs), do not require specific secondary structures for translocating 

across the lipid bilayer. Most CPPs have a random coil conformation but it is known that peptides 

adopting either random coil, α-helical, and β-sheet structures can traverse membranes (73, 85). 

Though, α-helical or β-sheet CPPs need high content of anionic lipids in the membrane as they 

stay unstructured in neutral vesicles or in aqueous solutions. Moreover, it has been reported that 

peptide penetration may improve with higher helicity (86). Usually, random coil CPPs possess 

shorter primary sequences (<30 residues) and higher net charge than those with defined secondary 

structures. Many CPPs are rich in Lys, Arg or both. This common feature among CPPs can cause 

that their interaction with anionic lipid membranes be governed by electrostatic interactions. The 

order and number of the amino acids in the peptide sequence have been considered crucial for 

transport in cellular uptake studies. Nevertheless, many CPPs change their conformation from 

random to defined secondary structures upon interaction with polysaccharides or lipids, similarly 

to other AMPs (73). For this reason, along with the absence of distinctively defining features, and 

the fact that membrane translocation mechanisms of CPPs are yet unclear, the distinction between 

AMPs and CPPs remains ambiguous.  

Cyclic peptides have also been proposed as a promising therapeutical alternative, with cell 

membrane-directed activities. Cyclotides have been used as structural frameworks and they can 

have applications on delivering other AMPs into cells, hence having also intracellular targets (87). 

Cyclotides are plant-derived peptides with a typical head-to-tail macrocyclic structure and three 

disulfide bonds derived from six conserved Cys residues forming a cyclic cystine knot 

arrangement. This topology grants them with resistance to chemical, thermal, or proteolytic 

degradation. Anti-HIV, antimicrobial, insecticidal, anticancer (in vitro) and anthelmintic activities 

have been reported for cyclotides (88). Linearization of the peptide backbone have caused the loss 

of anti-HIV, hemolytic, or insecticidal effects and membrane binding properties, highlighting the 

role of molecular topology in these activities (89). Cyclotides action is mostly specific to 

membranes containing phospholipids with PE headgroups. They can act as CPPs or lead to 

membrane disruption via a pore-forming mechanism after reaching the threshold concentration. 

However, it is been found that peptides targeting PE groups, such as cyclotides, cause hemolysis 

and cannot discriminate cancerous from non-cancerous cells or model membranes (88–92).  
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Experiments conducted with the D-enantiomer of cyclotide kB1 revealed lower hemolytic level 

due to reduced binding affinity for PE-containing membranes compared to the L-enantiomer. 

Noticeably, the D-kB1 cyclotide preserved the other bioactivities. This is an indication that the 

peptide activity is influenced by the chiral environment in phospholipid bilayers (89). 

Studies for identifying molecular predictors of anticancer peptides have shown that the amino acid 

compositions were a distinct feature to distinguish anticancer peptides and non-anticancer peptides 

(93, 94). Results from benchmark datasets of ACPs and non-ACPs indicated that the amino acid 

compositions were different and that the most frequent lengths in anticancer peptides (~80%) were 

between 10-20 amino acids. One of these studies indicated that combined, the local amino acid 

compositions, variance of the average chemical shifts, and the reduced amino acid composition, 

were more effective for the prediction of anticancer peptides (93). The other study identified the 

pseudo amino acid composition accounting for local domains as the best predictive feature (94). 

Regarding the amino acid compositions, both studies found the prevalence of Ile, Lys and Gly as 

relevant for ACPs compared to non-ACPs using different approaches on the same dataset from the 

APD2 database (93, 94). It is interesting to notice that the abundance of Lys prevailed over Arg as 

the dominant cationic amino acid in ACPs whereas it was shown that Arginine’s guanidino groups 

may increase the action of antimicrobial peptidomimetics against bacterial membranes (95).  

In silico, the parameters with greatest importance for ACP classification and distinguishing them 

from inactive peptides were identified as those accounting for the frequency of amino acids with 

hydrogen-bond donor and acceptor groups. Moreover, global hydrophobicity, peptide hydrophobic 

moment (µH), peptide length, and the frequency of positively charged amino acid pairs separated 

by one residue were also important predictors for the classification of ACPs (79). Subsequent 

experiment-guided simulated molecular evolution showed that a moderate reduction of both the 

hydrophobic moment and the net positive charge (+7) rendered the more selective anticancer 

peptides in their generations (79). This increase in selectivity of the membranolytic ACPs resulted 

in a reduced anticancer activity, in agreement with other reports (62, 79, 96). 

Arrangements of peptides of different lengths containing D, L and mixed D and L amino acid 

residues have been studied through an array of biological assays and biophysical techniques (97, 

98). It is demonstrated that systemically intratumor injections of a short 15-mer D,L-amino acid 
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peptide (D-K6L9;LKLLKKLLKKLLKLL-NH2, where italic letters are D-amino acids) selectively 

suppressed growth of human primary and metastatic tumors while being innocuous to neighbor 

normal cells. Studies on the mode of action suggested the peptide acts via a membrane-

depolarizing lytic mechanism targeted to phosphatidylserine in the cellular membrane (99, 100). A 

consensus remains to be defined on whether distinct mechanisms of action for AMPs/ACPs take 

place in bacterial and cancer cells membranes. 

 

1.3.  GL13K structure and activity 

GL13K is a thirteen-amino acid (GKIIKLKASLKLL-NH2) AMP with a +5 net charge at 

physiological pH, designed by introducing three lysine residues (positions 2, 5, and 11) in a 

peptide sequence derived from the human parotid secretory protein (101, 102). The four Lys 

residues and an amidated C-terminus provide the cationic charge, while two Ile and four Leu 

residues provide the hydrophobicity for the amphipathic amino acid distribution (Figure 1.6). C-

terminal amidation of AMPs is a strategy that has been used to increase antimicrobial activity and 

stability. Studies on synthetic peptides show that this amidation enhances interactions with the 

membranes by modifying the hydrophobic moment (103, 104). The additional Lys residues in 

GL13K eliminated the bacteria agglutinating activity of the original peptide sequence. After an 

Ala-scanning with substituted peptides, the substitution of the Lys residue in position 2 seems to 

have been the most influential in losing the agglutinating ability (101). 
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Figure 1.6. Helical wheel representation (top) of the original peptide sequence (GL13NH2) derived from the 

human parotid secretory protein and GL13K (101). β-strand representation of GL13K is depicted at the 

bottom. Open circles: hydrophobic residues. Black circles: charged residues; gray circles: hydrophilic residues 

and glycine. Glycine is the N-terminal residue, and the amidated C-terminal leucine residues are labeled (c). 

GL13K shows broad-spectrum antimicrobial (Table 1.1) and antibiofilm activity at low minimum 

inhibitory concentrations (MICs), and displays immunomodulatory activity via inhibition of the 

secretion of the proinflammatory cytokine TNF-α. The leucine at position 6 was an essential 

determinant for the antibiofilm effect against Pseudomonas aeruginosa PAO1. GL13K also 

displays anti-LPS activity, which was dependent on the serine residue at position 9. Replacing the 

Ser with Ala eliminated LPS binding, suggesting that the hydroxyl group in serine was critical for 

LPS-inhibitory activity. In addition, GL13K protects mice from LPS-induced sepsis and it is not 

hemotoxic in human red blood cells at high concentrations (~700 M), making it a great candidate 

for therapeutic applications (101, 102, 105). An initial approach using a GL13K-biofunctionalized 

titanium surface coating proved to be successful as it conferred bactericidal activity, 

cytocompatibility and reduced bacterial biofilm growth in dental care applications (106). 
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It is therefore interesting to investigate how a peptide with biomedical potential like GL13K 

performs its biological function. A clearer notion of its mode of action can potentially lead to the 

design of more potent peptide-based antibiotics.  

On this basis, biophysical studies in our group have been directed to explain GL13K peptides 

mechanism of disruption in bacteria using model membranes. The role of electrostatic and 

hydrophobic interactions was evaluated on the activity and specificity of GL13K against single-

lipid negatively charged and zwitterionic liposomes (107). The study showed a strong binding 

affinity and lytic activity in presence of anionic dioleoyl-PG (DOPG, one of the phospholipids 

present in bacterial cell walls) liposomes using isothermal titration calorimetry (ITC) and CF 

(carboxyfluorescein) release. This occurred even at high salt concentrations, while there was no 

significant binding to zwitterionic dioleoyl-PC (DOPC) liposomes even in low salt conditions. 

This study suggested that the membranolytic effect of the peptide occurs by a carpet mechanism or 

by the formation of transient channels or both. In particular, the dye release experiments indicated 

that membrane disruption could be caused by peptide-induced micellization via lipid clustering or 

localized removal of phospholipids from the membrane (107).  
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Table 1.1.Minimum Inhibitory Concentrations (MIC) for antibacterial activity of GL13K enantiomers reported 

in the literature. The entries until the line represent Gram-negative bacteria, the rest are Gram-positives  

Bacterial strains 

L-GL13K D-GL13K 

References MIC 

(g/mL) 

MIC 

(M) 

MIC 

(g/mL) 

MIC 

(M) 

P. aeruginosa PAO1 8 5.6   (101) 

P. aeruginosa PAO1 Biofilms 100 70.2   (105) 

P.aeruginosa Xen41 10.4 7.3 5.2 3.7 (108) 

E. coli DH5-α 5 3.5   (101) 

E. coli DH5-α incubated with 50% saliva 50 35.1   

Porphyromonas gingivalis W50 >100 >70.2   

Staphyloccocus aureus 41 28.8   (109) 

S.aureus Xen36 83.3 58.5 2.6 1.8 (108) 

S.aureus USA300 (MRSA) >  5.2 3.7  

Vancomycin resistant Streptococcus gordonii 

DL1 (WT) 
>200 >140 5 3.5 

(110) 

Vancomycin resistant S. gordonii DL1 dltA 11 7.7 4 2.8 

Vancomycin resistant S. gordonii DL1 atlS 63 44.2 4 2.8 

OG1RF Enterococcus faecalis (WT)  

resistant strain  
>200 >140 13 9.1 

 

OG1RF (TX5427) dltA mutant  70 49.2 23 16.2 

OG1RF (TX5128) protease negative, 

autolysis impaired mutant (gelE-, SprE-) 
>200 >140 11 7.7 

OG1RF ebsG mutant >200 >140 7 4.9 

OG1RF::pMSP7551 mutant that 

overexpresses EbsG induced by nisin  
>200 >140 10 7.0 

OG1RF::pMSP7551+nisin >200 >140 11 7.7 

Vancomycin resistant E. faecalis V583  >200 >140 12 8.4 

>: implies higher than the maximum concentration tested in the assays. 

 

In presence of anionic model membranes containing DOPG, GL13K adopts a β-sheet 

conformation (107). This is a conformational change required for its activity as an unfolded state is 

observed when GL13K is in solution or interacting with zwitterionic phospholipids (107). In 
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contrast, solid-state NMR studies showed that 2H- and 15N-labelled-GL13K has a low propensity 

to fold into -helices between Lys residues 5-11 in zwitterionic dodecylphosphocholine (DPC) 

micelles (109). The binding concentrations were too low to be detected by circular dichroism. 

However, it confirmed the preferential folding into β-sheets in aligned anionic bicelles and 

liposomes containing ~25% of PG. Interestingly, GL13K displayed predominantly random-coils in 

presence of ~25% of anionic palmitoyl-PS vesicles (109). 

More recently, the GL13K interfacial activity and its propensity to form amyloid fibrils has been 

investigated. Structural studies based on spectroscopic and X-ray scattering techniques 

demonstrated that GL13K forms preferentially antiparallel crystalline β-sheets at the air/buffer 

interface (111). The correlation lengths of the β-sheets were found to be greater at the interface 

with anionic lipid monolayers than those observed with zwitterionic phospholipids, or in absence 

of lipids. Therefore, electrostatic interactions between the lysine side chains and the phosphatidyl-

glycerol headgroups stabilize GL13K’s supramolecular organization, as observed by Youssef and 

DeWolf (112). The peptide does not self-assemble into fibrils at physiological pH nor in absence 

of anionic lipids, despite the crystallinity of its secondary structure. The authors suggest that fibril 

formation is likely prevented by the presence of a Lys residue on GL13K’s hydrophobic face and 

the net charge (111). GL13K also inserts into both the headgroup and tail regions of phospholipid 

monolayers with methyl-branched lipid chains as a Gram-negative bacterial membrane model. In 

this model, lipid branching with a bulkier hydrophobic nature the did not prevent peptide 

penetration into the acyl chains (112).  

Despite this work on deciphering the mode of action of GL13K, a fully descriptive and more 

comprehensive understanding of the mechanism of action for GL13K activity is yet to be defined 

and many open questions remain. For example, GL13K appears to form crystalline β-sheets only 

in one direction while other peptides have shown crystallinity on both the short and long axes of 

the strands. Previous results do not conclusively prove a direct correlation between the peptide 

crystallinity and activity as it is more crystalline when trapped among lipid headgroups (less 

insertion), while it is said the peptide is most active when it inserts into the acyl tail region (112). 

Despite this, GL13K can still effectively lyse membranes and inserts in both the headgroup and tail 

regions of branched-phospholipids monolayers. 
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Recent studies demonstrate that amphipathic peptides whose length is too short to span the 

hydrophobic lipid bilayer core do not form transmembrane pores. Such is the case of peptides 

shorter than the membrane thickness. Their interfacial behaviour is therefore determinant for the 

disruptive effect on bacterial or cancer membranes and other mechanisms of action are in place, 

depending of course, on phospholipid composition and peptide sequence (63, 113).  

The biophysical studies on GL13K so far have been limited to single or binary phospholipid 

systems (107, 109, 111, 112). Although, model membranes are not full compositional 

representatives of the complexity of bacterial or eukaryotic membranes, more complex 

phospholipid compositions can better resemble the real membrane of cells. Ternary and quaternary 

lipid mixtures could potentially induce a different interaction behaviour with AMPs/ACPs, 

compared to simpler models. Packing and condensing effects derived from more complex mixtures 

could also affect the interaction, affinity of GL13K with the target membrane, as well as the 

penetration.  

Some research groups have previously studied the interaction of AMPs with more complex 

bacterial membrane models including three and four phospholipid compositions and, even other 

components of bacterial cell walls such as LPS and LTA (28, 33, 114–119). Therefore, in this 

research we will build ternary model membranes that better represent the ratios of zwitterionic and 

negatively charged phospholipids of Gram-positive and Gram-negative bacterial membranes. 

Other mixtures using four or five phospholipids will also be used to mimic eukaryotic membranes 

to contrast.  

 

1.3.1. GL13K enantiomers and the role of chirality in peptide activity 

It is widely known that secreted proteases can cleavage unmodified AMPs/ACPs and mitigate their 

antibiotic effect (20, 23, 120). Substitution of L-amino acids with analogous D-amino acids has 

been employed in the rational design of peptide sequences to avoid or minimize proteolytic 

degradation of AMPs. The presence of D-amino acids improves peptide post-translational stability 

without affecting the biological function. D-enantiomers of peptides retain their antimicrobial or 

anticancer activity because the interactions between AMPs/ACPs and membranes are independent 
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of specific receptors (98, 121–123). The latter highlights the role of peptide chirality in peptide-

based antimicrobials and as a new research niche.  

Studies that have used all D-enantiomer versions of natural or synthetic ACPs and AMPs have 

reported enhanced bactericidal and anticancer activities showing for both significantly lower MICs 

and IC50 (concentration that results in 50% of dead cells compared to untreated controls), 

respectively (98, 100, 121, 123). These studies also demonstrated the resistance of D-enantiomers 

to be proteolytically degraded, while not toxic to normal cells. Preliminary biophysical approaches 

were included in some to try to explain the better activity of D-peptides, however in most cases it 

has been credited to the lack of affinity of proteases for D amino acid residues.  

Interestingly, a recent review collected data from various studies and compared the bactericidal 

activity for natural AMPs and their all-D enantiomers for the first time. Based on their comparison, 

the authors ruled out the influence of chirality on the activity (124). Even though they mentioned 

that exceptions exist, these were attributed to potential mechanisms of action that do not involve a 

membranolytic effect. More comprehensive data reviews on peptide chirality are necessary along 

with experimental approaches that would allow clarifying this issue. Debate remains as to whether 

all-D enantiomers have enhanced activities compared to their natural versions. 

 

Figure 1.7. Comparison from literature data review of the antibacterial activity between D- and L-enantiomeric 

peptides in terms of Minimum bactericidal concentration (circles) and MIC values (squares). Graph taken from 

Savini et al. (124).  
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The first report of differential activity of GL13K peptides came when Hirt et al. (2013) were 

assessing the stability of GL13K (hereafter referred to as L-GL13K) in Pseudomonas aeruginosa 

to evaluate if it was inactivated by soluble factors. A D-enantiomer (hereafter referred to as D-

GL13K) was then synthetized (105). Refer to the structure in Figure 1.8. The all-D-amino-acid 

version of GL13K was not susceptible to protease degradation and remained active in both heat-

inactivated and sterile filtered P. aeruginosa culture supernatant, while L-GL13K lost activity in 

sterile-filtered medium. The study also confirmed that the degradation of L-GL13K occurred due 

to the presence of metalloproteases produced by P.aeruginosa (105, 120). D-GL13K has shown to 

be more effective because is able to avoid proteolysis in P. aeruginosa, Enterococcus faecalis and 

Streptococcus gordonii, showing lower MICs (Table 1.1) and evading antimicrobial resistance 

mechanisms in the last two (105, 122)  

 

Figure 1.8. Surface representation of the GL28K peptide as β-strand constructed with Accelrys Discovery 

Studio software (v4.1). The backbone is colored by residue (centered structures). The hydrophobic surface is 

shown in brown, and the polar moieties in blue.  
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Recent results suggest that the difference in activity between L- and D- enantiomers is not caused 

solely by protease-resistance. Antibacterial assays with a protease-negative strain of E. faecalis 

(TX5128) showed that L-GL13K has lower activity than D-GL13K in absence of proteases (Table 

1.1). Thus, other modifications may be occurring in Gram-positive bacteria to resist the action of 

D-AMPs (122). 

D-alanylation of teichoic and lipoteichoic acids is another mechanism of resistance of Gram-

positive bacteria against cationic AMPs. Bacteria can upregulate their dlt-operon to reduce 

negative surface charge of the cell wall by, for example, forming zwitterionic alanyl-PG (APG) 

(31, 122). Mutants that express the D-alanylation gene (dltA) are then less sensitive to AMPs.  

The D-enantiomer was highly effective against both, mutants and WT of planktonic bacteria and 

biofilms of S. gordonii and E. faecalis (122). In contrast, L-GL13K was effective only against the 

dltA (Table 1.1). Differential antibiofilm activity was evaluated and L-GL13K was ineffective 

against wild-type E. faecalis biofilms, while the D-GL13K was highly effective against both, WT 

and dltA strains. The D-enantiomer also overcame the resistance mechanisms of the vancomycin 

resistant strain E. faecalis V583 and reduced considerably its biofilm counting (122).  

Repetitive treatment of antibiotic resistant S. gordonii wild type (WT) and dltA mutant bacteria 

with sub-lethal concentrations of D-GL13K during days did not affect the MIC. The same 

procedure with L-GL13K caused a 6-fold and 16-fold increase of the MIC in those WT and the 

dltA mutant bacteria, respectively. This approach was used against E. faecalis WT and dltA mutant 

(TX5427) showing that D-GL13K did not substantially increase the MIC versus both strains. In 

contrast, L-GL13K increased by 8-fold the MIC vs the dltA mutant. Therefore, the dltA mutants 

were able to regain resistance to L-GL13K but not to D-GL13K (122). The latter highlights the 

relevance of the D-enantiomer of GL13K for potential clinical applications. A peptide that is not 

affected by the D-alanylation status of bacterial membranes proves its effectiveness in more 

challenging infective conditions. 

Despite the tremendous potential of GL13K peptides, D-GL13K particularly, no studies have yet 

been addressed to their anticancer ability. This is tempting considering that of all peptides in the 

APD database, only 187 so far present both anticancer and antibacterial activities (of which 11 

have the same length as GL13K with a positive net charge of 1 to 5). Moreover, the D-enantiomer 
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has not been studied using model membranes. Accumulated evidence on their differential activity 

suggests that D- and L-GL13K may have distinct mechanisms of membrane disruption. Thus, 

investigating the mode of action of these peptides and the role of chirality on its activity using 

complex model membranes is very appealing. This approach could potentially explain D-GL13K’s 

enhanced potency relying only on the structural bases of the peptide and phospholipids (without 

considering the presence of proteases). On these bases, this research will build up.  

 

1.3.2. New peptidomimetics 

It is reported that SVS-1 (KVKVKVKVPDPLTKVKVKVK) is the first example of an anticancer β-

hairpin that is dependent on membrane-induced folding for its action (123). This peptide and its D-

enantiomer (DSVS-1) show promising anticancer activity against several cancer cell lines at low 

IC50, ranging from ~3-8 M. However, there are no reports of their antibacterial action. 

According to Sinthuvanich et al. design of SVS-1, the D-enantiomer of proline creates the β-turn in 

the secondary structure of the peptide. The SVS-1 peptide contains a D-Pro/L-Pro (PDPL) motif 

that folds into a structured Type II′ β-turn (123, 125). The alternating Val and Lys residues permit 

the amphiphilic structure and facilitate the aggregation and electrostatic interactions on the surface 

of anionic membranes. Similarly to GL13K (107), the SVS-1 peptide remains unfolded in solution 

or in presence of zwitterionic model membranes due to the positively charged Lysine residues. 

However, the turn is structured because of the D-Pro and L-Pro isomers. SVS-1 is hypothesized to 

fold once it binds to a charged membrane due to complementary electrostatic interactions (123, 

126). 

Thus, the VPDPT turn motif could potentially be used between two peptides GL13K to increase the 

partition into the bacterial, cancerous, or model membranes. This could guarantee a faster or more 

uniform peptide lining on the target membrane. The same approach could follow for D-GL13K but 

using a proline motif of the opposite chirality PLPD. Following this line of analysis, the GL28K 

peptide was designed in our lab (GKIIKLKASLKLVP(D)-PTKIIKLKASLKLL-amidated) as a 

promising potential antibacterial and anticancer peptide.  
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1.4.  Objectives 

Most biophysical studies have relied on single or two component model membranes to address 

their research question. This work comprises a detailed biophysical study on how the GL13K 

peptides interact with complex multicomponent models.  

Two model membranes mimicking Gram-positive and Gram-negative bacterial membranes were 

used in liposomes and monolayers to determine if the membrane composition affects the mode of 

action and selectivity of GL13K in bacteria. Based on previous studies and the estimated lipid 

compositions in vivo, we chose the phospholipids DOPE, DOPG and CL at two different molar 

ratios as suitable model membrane systems, (28, 33, 114–118). Also, preliminary studies on the 

activity of the new peptide analog GL28K are performed as a proof of concept. 

Additionally, we undertook to identify if GL13K enantiomers possess anticancer activity by 

screening the H1299 lung cancer cell line, using human fibroblasts as a toxicity control. The 

altered morphology and phospholipid distribution of cancer cells that express some negatively 

charged phospholipids in the outer membrane leaflet can be exploited here to evaluate their 

anticancer activity. To understand/assess how mechanistically different the peptides interact with 

eukaryotic cells with regard to bacteria we also included two model membranes mimicking the 

composition of erythrocytes and a consensus cancer cell membrane. To that end we utilized 

DOPC, DOPE, SM, Chol and DOPS lipids that are present in different proportions in mammalian 

cell membranes (42, 50, 52, 53, 127–130).  

The role of chirality was investigated as well on the interfacial activity, disruptive effect, and 

preferential interaction of D- and L-GL13K enantiomers with all the models. The biophysical 

approach using model membranes might allow to elucidate if L-GL13K lower effectiveness 

compared to D-GL13K is limited only by the susceptibility to proteolysis, or if the chirality of the 

peptides can also affect their interaction with the membrane lipids in a protease free environment. 

Our results aim to provide a comprehensive insight on the mode the GL13K peptides interact with 

bacterial and eukaryotic membranes, and to do a preliminary assessment of their new potential for 

therapeutic applications.  
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Chapter 2. Materials and experimental techniques 

2.1. Materials 

2.1.1. Phospholipids and peptides 

The following phospholipids were bought from Avanti Polar Lipids Inc.: 1,2-dioleoyl-sn-glycero-3-

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

bis[1,2-dioleoyl-sn-glycero-3-phospho]-glycerol (Cardiolipin) 18:1, 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-Serine (DOPS) 18:1 and 

Sphingomyelin from porcine brain (SM) 18:0. Cholesterol (Chol) 5-Cholesten-3β-ol was bought 

from SIGMA ALDRICH (Figure 2.1). The GL13K peptide enantiomers (GKIIKLKASLKLL-

amidated) and GL28K (GKIIKLKASLKLVP(D)-PTKIIKLKASLKLL-amidated) were ordered from 

Bio Basic Inc. (ON, Canada), all at ≥ 95% purity. L-GL13K refers to the sequence of natural amino 

acids while D-GL13K consists of dextrorotatory amino acid residues (except for Glycine). The 

peptide backbones were modeled as β-strands using Accelrys Discovery Studio software (v4.1) and 

PyMOLTM (0.99rc6.). 

 

2.2. Cell Culture and Cell Viability Assays  

The lung cancer cell line H1299 (lung carcinoma) was cultured in RPMI-1640 medium 

supplemented with Cosmic calf serum (CCS). Triple negative breast cancer MDA-MB-231 

(adenocarcinoma) and normal cell line from human foreskin fibroblasts HFF-1 were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS), 2 

mM L-glutamine, 1 mM sodium pyruvate, 50 U/mL penicillin and 50 g/mL streptomycin. All 

cell lines were provided by Dr. Alisa Piekny and her group. Cell cultures were maintained at 37 °C 

and 5% CO2 in humidified incubators. The cell lines were plated in triplicate in the corresponding 

growth media at ~10 000 cells/100 μL/well, rendering monolayers of adherent cells after 12-24 

hours of incubation. Peptide stocks were diluted in sterile PBS to treat the cells overnight with the 

same volume at final concentrations that ranged from 0.5 μM to 200 μM. Internal controls for a 

100% cell viability (untreated cells) and 0% cell viability (treatment with 20% DMSO) were 

included.  
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The WST-8 Cell Proliferation Assay (Cayman Chemical, US) was employed to assess the 

anticancer activity of the peptides following manufacturer’s indications. This is a quantitative 

colorimetric assay where cell survival is determined spectrophotometrically at 450 nm after 1-2 

hours of adding the WST-8. The WST-8 reagent (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-

5-(2,4-disulfophenyl)-2H-tetrazolium) is reduced extracellularly by electron mediators of 

mitochondrial NADH forming a soluble formazan. Cell viability is proportional to the intensity of 

the orange color generated by WST-8-formazan formed in presence of the NADH release (131, 

132). Absorbance readings at 450 nm were collected using the TECAN Infinite M200 plate reader. 

The IC50 was calculated from a Napoleon-Hill fit of the normalized data using GraphPad Prism 

software (V 5.03). 

2.3. Model membranes 

Four membrane models were used. DOPE/DOPG/Cardiolipin 75/20/5 (mol%) to mimic the 

phospholipid composition of Gram-positive and Gram-negative plasma/inner membranes, and 

DOPE/DOPG/Cardiolipin 15/80/5 to model the outer membrane of Gram-negative bacteria (28, 

33, 114–118). To mimic eukaryotic cell membranes DOPC/DOPE/SM/Chol 25/25/37.5/12.5 

(mol%) was used as a model for the lipid composition of erythrocytes (RBC), and 

DOPC/DOPE/SM/Chol/DOPS 20/20/30/10/20 as a cancer cell model membrane (42, 50, 52, 53, 

127–130). 

Table 2.1. Phospholipid composition of the model membranes utilized.  

Model membranes Phospholipids Mol % ratios Ratios 

OM of Gram-negative bacteria  DOPE/DOPG-/CL- 75/20/5 15/4/1 

PM of Gram-positives or IM of 

Gram-negatives  
DOPE/DOPG-/CL- 15/80/5 3/16/1 

RBC membrane DOPC/DOPE/SM/Chol 25/25/37.5/12.5 2/2/3/1 

Cancer cell membrane DOPC/DOPE/SM/Chol/DOPS- 20/20/30/10/20 2/2/3/1/2 
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Figure 2.1. Structures of lipids used in bacterial and eukaryotic model membranes, and schematic (top) of 

phospholipid structural details (adapted from reference (133)). All phospholipids are unsaturated. DOPE, 

DOPC and SM are zwitterionic while DOPG, CL and DOPS (colored) are negatively charged. Structures were 

retrieved from Avanti Lipids website and cholesterol was sketched in ChemDraw.  

 

2.4. Experimental techniques using monolayers  

Monolayers of the model membranes were used to generate the isotherms and peptide insertion 

profiles and were characterized using x-ray scattering techniques and Polarization-Modulation 

Infrared Reflection Absorption Spectroscopy (PM-IRRAS). Circular Dichroism (CD), 

Carboxyfluorescein (CF) release assays and Localized Surface Plasmon Resonance (LSPR) were 

performed using Large Unilamellar Vesicles (LUVs) as bilayer model membranes. Each of the 

techniques will be described below.  
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2.4.1. Pressure-Area isotherms 

Initial characterization of the surface behavior and organization of the phospholipids at the 

air/buffer interface were performed in a Langmuir film balance comprising a Teflon trough and 

two barriers used for a symmetrical lateral compression of the spread monolayers from an initial 

surface area of 80 cm2. The lipids were dissolved in chloroform or chloroform/methanol 3/1 (v/v) 

solvent at concentrations of approximately 1 mM and spread on the PBS (pH 7.4) buffer subphase 

at ~22 °C temperature. After evaporation of the solvent, the lipid films were compressed at 5 

cm2/min, equivalent to approximately 8.3 - 9.4 Å2/molecule/min in the case of the bacterial 

models, ~6.4 Å2/molecule/min in the RBC model and ~9 Å2/molecule/min in the cancer model. 

Upon compression, changes in surface pressure are monitored with a NIMA balance as the 

difference between the surface tension of the subphase in the absence and presence of the lipid 

film. Surface pressure-area isotherms can provide information on the phase transitions of pure 

phospholipids or lipid mixtures, which depends on the temperature or molecular characteristics of 

the lipids (134). 

 

2.4.2. Surface-specific x-ray scattering techniques 

The grazing incidence x-ray diffraction (GIXD) and x-ray reflectivity (XRR) experiments were 

done at beamline 15-ID-C ChemMatCARS at the Advanced Photon Source (APS) in the Argonne 

National Laboratory (Chicago, IL, USA). All experiments were performed at the air/buffer 

interface on a 57.8 cm2 and 3.5 mm deep trough insert placed inside a sealed chamber. The 

phospholipids dissolved in chloroform were spread on PBS buffer subphase (pH 7.4) to reach a 

biologically relevant lateral surface pressure of 30 mN/m in the monolayer, which was monitored 

by a NIMA balance at 22 °C. The solvent evaporated and the chamber was flushed with helium to 

minimize the background scattering produced by oxygen. Once x-ray measurements of just the 

monolayer were taken, the GL13K peptides were injected (from a 4 mM stock solution) into the 

subphase at 5 μM, 10 μM or 20 μM final concentration. GIXD and XRR measurements were then 

carried out in presence of the peptides for comparison after ~20 minutes of equilibration (time 

needed to stabilize the surface pressure). Peptide injection occurs underneath the monolayer to 

resemble the approach of compounds coming from body fluids to the outer leaflet of cellular 

membranes (Figure 2.2).  
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Figure 2.2. Schematic representation of the surface specific x-ray scattering techniques used for monolayers at 

the air/liquid interface. The peptides were injected under the monolayers. GIXD: grazing incidence x-ray 

diffraction, XR: x-ray reflectivity. Figure adapted from Stefaniu and Brezesinski (135).  

2.4.2.1. Grazing incidence x-ray diffraction (GIXD) 

GIXD was performed to monitor the lateral organization of the peptides at the interface and their 

effect on the molecular packing of the lipid monolayers mimicking bacterial and eukaryotic 

membrane compositions. For GIXD experiments, the X-ray beam had a defined wavelength of 

1.239 Å and struck the surface at an incident angle (αi) of 0.09061°, lower than the critical angle 

(αc) for total external reflection (Figure 2.2). The horizontal and vertical sizes produced a footprint 

of the beam of 20 µm by 7.6 cm and two sets of slits were used to minimize intense low-angle 

scattering. The incident beam was attenuated using absorbers to reduce radiation damage to the 

film and the Langmuir film balance was translated laterally to ensure measurements of non-

radiated regions. The diffracted intensity was monitored using a 2D Swiss Light source PILATUS 

100K detector set to single-photon counting mode, and it was measured as a function of vertical 
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scattering angle (αf) and the horizontal scattering angle 2θ. GIXD measured data were represented 

as contour plots of the intensity as a function of both the in-plane (Qxy) and the out-of-plane (Qz) 

scattering vector components. The angular positions of the Bragg peaks (obtained by the 

integration of the scattering intensity over Qz) in Qxy yield the repeat distance spacing d = 2π / Qxy 

for the 2D structure. 

 𝑑 =  2π / Q𝑥𝑦  Equation 1.  

The corrected full-width at half maximum (FWHMxy) values of Bragg peaks were used as follows: 

FWHMintr(Qxy) = [(FWHMmeas)
2- (FWHMresol)

2]^1/2, to calculate the in-plane coherence length Lxy 

with the Scherrer formula: 

 Lxy ≈  0.9 ×  2π / FWHM𝑥𝑦 Equation 2.  

The FWHM of the Bragg rods (FWHMz) can be used for estimating the thickness of the diffracting 

layer Lz ≈ 0.9 × 2π/ FWHMz (95, 135, 136). Raw data were patched using software developed by 

scientist Wei Bu from the beamline at APS. The in-plane Bragg peaks and the out-of-plane Bragg 

rods in GIXD data were fit with Lorentzian and Gaussian functions respectively in OriginPro 2017 

(OriginLab Corp. MA, USA).  

2.4.2.2. X-ray reflectivity (XRR) 

XRR provides information about the thickness and the vertical electron density gradient of a 

monolayer (Figure 2.2). The geometry of this technique involves that the X-ray incident angle 

matches the vertical scattering angle αi = αf (135, 137). The measurements for XRR intensities 

were performed at Qz angles that range from 0.01 Å-1 to 0.7 Å-1. The raw experimental intensities 

were analyzed and normalized using Fresnel reflectivity with software developed by APS scientist 

Wei Bu, which allows modelling the data to further generate the electron density profiles. The 

normalized reflectivity data are laterally averaged over both the ordered and disordered regions of 

the footprint covered by the beam along the normal to the monolayer surface. The XRR data were 

fit to slabs or box models that describe the interface as stacked slabs with distinct electron densities 

(ρ), thicknesses (l) and roughness () in each system for obtaining the vertical electron density 

profiles. The fitting was optimized by minimizing the χ2 value after introducing initial thickness, 

electron density and roughness values reported in previous studies for similar systems or pure 

phospholipids but considering that the parameters obtained were physically relevant (95, 135, 

136).  
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2.4.3. Polarization-Modulation Infrared Reflection Absorption Spectroscopy 

(PM-IRRAS)  

PM-IRRAS allows to study the conformation and orientation of peptides in situ at the interface, 

either air/aqueous or inserted into a lipid monolayer in Langmuir troughs (Figure 2.3). As in IR 

spectra in solution the amide I and amide II bands are used to determine the secondary structure of 

the peptides at the interface. Amide I is assigned mostly to C=O stretching vibration and its 

frequency is determined by the secondary structure of the polypeptide chain and hydrogen 

bonding. It occurs between 1600 and 1700 cm-1 and is the most intense band in proteins and 

peptides. Amide II band is also conformation sensitive and appears in the region around 1510 -

1580 cm-1. Its interpretation can be complex, and the peptide bond modes are derived mainly from 

the in-plane N-H bending and, in lesser degree, from C-N stretching (138–141). 

The CH2 stretching bands are indicators of conformational order/disorder in chain amphiphiles 

such as the hydrocarbon chains of phospholipids. It has been described that CH2 symmetrical 

stretching shifts from ~2855 to ~2849 cm-1, and asymmetrical stretching from ~2924 cm-1 to 

~2919 cm-1 occur upon transitions from a liquid to a condensed state. These frequencies are 

sensitive to formation of gauche rotamers in the chains, which are formed in the liquid phase. In 

the condensed phase, the acyl chains must be in all-trans conformation. Thus, a lipid in a more 

conformationally ordered state is characterized by a CH2 stretching mode ≤2850 cm-1, with 

conformational disorder leading to higher frequency positions (138, 139).  

PM-IRRAS combines FT-IR reflection spectroscopy with fast polarization modulation of the 

incident beam between parallel (p) and perpendicular (s) polarization. The two-channel processing 

of the detected signal enables acquisition of the differential reflectivity spectrum. In PM-IRRAS 

the photoelastic modulator allows alternation of linear states of the polarized light, which reduces 

the interference of water vapor and CO2. Therefore, the modulated reflectivity can be sometimes 

advantageous over conventional IRRAS modes (142, 143). 

The experiments were performed at Pavillon Alexandre Vachon, Université Laval (Québec City, 

QC) using a 36 cm2 and 5 mm deep Teflon trough insert coupled to a NIMA pressure sensor in a 

closed chamber. The procedure for injection was as detailed in section 2.4.2 but using final peptide 

concentrations of 12.5 μM instead, given that intensity signals produced at lower concentrations 

were not strong enough for data analysis. The set up and measurements were done as previously 

described (144, 145), with certain modifications. Briefly, the spectra were recorded at the 
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air/buffer interface using a Nicolet iS50 Fourier transform IR spectrometer (Thermo Scientific) 

coupled to a photovoltaic MCT detector (Kolmar Technologies). A photoelastic modulator PEM-

90 (Hinds Instruments) was used for modulating beam polarization and set for optimum efficiency. 

Each spectrum resulted from the co-addition of 1024 interferograms to improve signal to noise 

ratio and was recorded at a scanning mirror velocity of 0.47 cm/s and 8 cm-1 resolution, resulting in 

an acquisition time of ~ 20 minutes each. The normalized PM-IRRAS spectra were obtained using:  

 
ΔS

S
=

[S(d)– S(0)]

S(0)
 Equation 3  

where S(d) and S(0) are the PM-IRRAS signals of the sample (monolayer with or without peptide) 

and the subphase, respectively. The spectra were recorded along with their corresponding peptide 

insertion profiles by monitoring the changes in surface pressure for each system. 

 

Figure 2.3. Schematic representation of PM-IRRAS setup at the air/aqueous interface (143).  

Spectra were analyzed using OMNIC™ Series Software (Thermo Scientific) correcting for 

baseline deviations with a spline function and water vapor contribution by subtracting a water 

vapor reference spectrum, in arbitrary intensity units. The ratios of peptide containing spectra with 

their respective lipid monolayers spectra were used for graphing the amide bands. The spectra 

obtained were used to estimate the orientation of the peptides at the interface by comparison to 

previously reported simulations by Blaudez et al. 2011 for ß-sheet forming peptides (143). The 
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buffer spectrum was subtracted from each spectrum of lipid films before and after peptide addition 

for the analysis of the CH2 stretching.  

 

2.4.4. Atomic Force Microscopy (AFM)  

AFM was used for characterizing the molecular topography and morphology of the lipid 

monolayers deposited on mica with (sub)nanometer resolution. Monolayers of the eukaryotic 

models were spread on PBS buffer as described before and laterally compressed in a Langmuir 

trough until reaching a surface pressure of 30 mN/m. The films were then transferred to mica from 

the air/buffer interface using the Langmuir-Blodgett deposition method in which the solid support, 

previously inserted in the subphase, was withdrawn at controlled speed maintaining the desired 

surface pressure. The lipid monolayers adhered to the mica were then imaged with AFM.  

This scanning probe technique records the interaction forces of a sharp cantilever tip as it scans the 

surface of a sample. A piezoelectric scanner adjusts the tridimensional positioning of the sample 

with high precision. For that, a photodiode collects the deflection of a laser beam aligned with the 

top of the flexible cantilever tip. The deflection signal resulting from the interaction forces 

between the tip and the surface is transformed into an image of the monolayer topology while the 

sample is moved by the scanner (146). AFM was performed in tapping mode in a Nanoscope IIIa 

(Digital Instruments, CA) instrument to scan the samples. In this mode we used etched silicon 

cantilevers with a tip radius of <10 nm oscillating at a frequency of ~300 kHz, and oscillation 

amplitude of 175 mV. The nominal spring constant was 20-80 N/m, scan rate 0.75-1 Hz, and a 

medium damping of ~25% was used. Height differences and sizes of the lipid domain could be 

determined from NanoScope Analysis software V1.5 (Bruker Co.). 

 

2.5. Experimental techniques using liposomes 

2.5.1. Vesicle preparation 

Large unilamellar vesicles (LUVs) were prepared for the different model membranes as described 

previously (107), with some variations. The dried films (free of chloroform) containing the desired 

phospholipid composition were hydrated in PBS buffer (10 mM phosphate buffer, 2.7 mM 

potassium chloride, 137 mM NaCl, pH 7.4) for 1-2 hours and vortexed before extruding 41 times 
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through 100 nm pore polycarbonate filters. The size and stability of the LUVs was monitored by 

measuring the hydrodynamic radius using dynamic light scattering (Zetasizer Nano-S, Malvern 

Instruments, Ltd). 

2.5.2. Circular dichroism (CD).  

CD was used for the determination of the peptide secondary structure in bulk. The CD spectra for 

the peptides were recorded using a Jasco J-815 CD spectrometer at a concentration of 15 μM in 

presence and absence of liposomes to monitor the change in secondary structure. The phospholipid 

concentrations in liposome solutions varied to obtain peptide/lipid ratios (P/L) of 1/2.5, 1/20 and 

1/50. All experiments were done in triplicate and the spectra corrected by subtracting the 

corresponding buffer or liposome spectrum. Spectra of the peptides were normalized for 

pathlength, number of residues and concentration to give the mean residue ellipticity. Each 

spectrum collected is the average of 5 scans obtained using a 0.1 cm pathlength quartz cuvette at 

25 °C from 200 nm to 260 nm wavelength, with a data pitch of 0.2 nm, scan speed of 20 nm/min 

and a response time of 1 second. No measurements were recorded below 200 nm due to low signal 

to noise ratio for PBS buffer. CD data were analyzed and normalized with OriginPro 2017 

(OriginLab Corp. MA, USA). BeStSel platform was used for peptide secondary structure 

determination from CD spectra (147, 148). 

2.5.3. Carboxyfluorescein (CF) release assays 

The procedure was as described in Rex, 1996 and Huang, et al., 2009 (128, 149), with minor 

modifications. Briefly, the lipid films were hydrated in 10 mM HEPES buffer, 10 mM NaCl, 1 

mM Na2EDTA and ~134 mM NaOH (pH 7.4) containing 50 mM of the fluorescent dye 5(6)-

carboxyfluorescein (CF) mixed isomers (≥95%, SIGMA ALDRICH). Then they were vortexed 

and subjected to 4 freeze-thaw cycles in liquid nitrogen and water bath at 50 °C, respectively, 

before extruding through 100 nm pore polycarbonate filters. The free CF dye was separated from 

the liposomes by size exclusion chromatography using a Sephadex G-50 column in standard buffer 

(10 mM HEPES, 107 mM NaCl, 1 mM Na2EDTA and ~5-6 mM NaOH for pH 7.4). Osmolarity 

measurements of the dye solution (inside the vesicles) and standard buffer (outside of the vesicles) 

were controlled to be isoosmolar with a Osmette micro osmometer (Precision Systems Inc.). The 
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final phospholipid concentrations in CF encapsulated liposomes were determined using the Stewart 

method preparing standard curves for each phospholipid mixture (150). 

The leakage of vesicle contents was performed in black 96-wells microplates (PerkinElmer 

OptiPlates) in a TECAN Infinite M200 microplate reader. The CF encapsulated liposomes were 

added to wells at final phospholipid concentration of 25 μM varying the peptide concentrations to 

render P/L ratios of 1/2.5, 1/20 and 1/50 (refer to a representation of the experimental approach in 

Figure 2.4). The fluorescence intensity of the released CF was monitored for 30 minutes upon 

excitation at λex = 489 nm and emission at λem = 520 nm. All experiments were conducted in 

triplicates and intrinsic controls with standard buffer for spontaneous dye leakage were included. 

Triton X-100 at 1% (v/v) was added at the end to correct for complete lysis and full dye release. 

The normalized efflux (E(t)) over the time of the experiment was calculated from equation 1: 

 E(t) =
F∞−F(t)

F∞−F0
    Equation 4  

where Fo is the initial fluorescence before addition of peptides, F(t) is the fluorescence intensity at 

time t, and F∞ is the final fluorescence after addition of Triton X-100 1% (v/v). The leakage of the 

dye is calculated by the relation (1 - E(t)) × 100% and reported here as the percentage of CF 

leakage (149). 

  

Figure 2.4. Representation of the assays to measure CF release upon liposome disruption. Image adapted from 

Jimah et al (151).  

 



 

 40 

2.5.4. Localized Surface Plasmon Resonance (LSPR) 

Surface plasmon resonance is a coherent oscillation induced by light or electromagnetic source of 

the conduction electrons in the surface of materials with a negative real and very low imaginary 

dielectric constant. Metal (usually gold) nanoparticles are used in the generation of LSPR in 

comparison to continuous thin gold films in conventional SPR. LSPR produces a strong resonance 

absorbance peak, which position is sensitive to the local refractive index around the nanoparticles 

(152). The instrument measures the wavelength shift of this peak in real-time upon ligand or 

analyte accumulation, rather than the variation of the resonance angle as in traditional SPR 

(https://nicoyalife.com/nicoya-surface-plasmon-resonance-resources/what-is-spr/lspr-vs-spr-2/). 

The reduced electromagnetic field decay length in LSPR sensors offers smaller sensing volumes, 

making their response comparable to SPR when short-range changes of the refractive index are 

analyzed. However, this reduction makes LSPR less sensitive to bulk effects (152).  

The kinetics of the peptides’ interaction with the different liposome model membranes was 

investigated with LSPR analysis using the single channel OpenSPR (Nicoya LifeSciences, 

Waterloo, ON, Canada). The experiments were performed at 22 °C with an 80 μL loading loop 

following a kinetic titration approach, in which four concentrations of the peptides (1, 5, 10 and 25 

μM) were flowed over the immobilized liposomes in a LIP-1 sensor chip (Nicoya Lifesciences). 

The binding affinities of the interactions were determined by fitting the sensograms to a 1 to 1 and 

a 1 to 1 two-state kinetic models in TraceDrawer (software V 1.8). 

 



 

 41 

Chapter 3. Results and Discussion for antibacterial activity 

3.1. Interaction of GL13K peptides with bacterial membranes 

3.1.1. Role of membrane charge 

Compression isotherms of the DOPE/DOPG/CL monolayers at 75/20/5 and 15/80/5 molar % ratios 

spread at the air-buffer interface are presented in Figure 3.1. Both phospholipid mixtures and pure 

PLs formed stable monolayers at the air/buffer interface, up to collapse surface pressures of nearly 

45 mN/m. Critical areas and compression behaviour were similar for both bacterial models. The 

differences lie on the slightly closer lipid arrangement and lower collapse pressure of the inner 

membrane model with respect to the OM. Isotherms for pure lipids are included in the 

Supplementary Information.  

 

Figure 3.1. Surface pressure-area isotherms of the phospholipid mixtures mimicking bacterial plasma 

membranes (PM: DOPE/DOPG/CL 15/80/5) and outer membrane (OM: DOPE/DOPG/CL 75/20/5) of Gram-

negatives, both in PBS buffer pH 7.4. Both monolayers show similar critical areas and surface area compression 

behaviour despite the great difference in charge (~85% anionic phospholipids in PM model vs ~25% in OM 

model).  
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All the phospholipids utilized for these bacterial model membranes were unsaturated and rendered 

fluid phases as supported by their isotherms and no Bragg peaks present in GIXD data at a 

biological pressure of 30 mN/m. In addition, previous studies have shown that POPE and POPG 

are ideally mixed and form stable monolayers at the air/buffer interface, supported by very low 

ΔGmix, with only minor increments upon increasing surface pressure, and favored by the similar 

size and shape of both phospholipids (153). The POPE and POPG mixtures presented a fluid liquid 

expanded (LE, monolayer equivalent of liquid disordered phase of bilayers) state, whereas POPE 

and CL formed fluid but non-ideal mixtures in a LE state. Mixtures of POPE and CL have great 

deviations from ideality only above 20 % of CL at ≈ 33 mN/m (153). We therefore anticipate that 

5 % of CL, as is our case, should not impact the interfacial behavior of the mixture as was reported 

for SOPE/SOPG/CL 15/80/5 (154). Notably, both of these reports comprised lipids with one 

saturated and one unsaturated chain, whereas our PLs contain unsaturations on both of their 

hydrocarbon chains which should increase their fluidity and miscibility. Moreover, AFM results 

for both POPE:POPG and POPE:CL mixtures show no phase separation (no lateral domains) at a 

surface pressure close to 30 mN/m (153).  

We introduced the peptides into the subphase under the monolayers at 30 mN/m to relate 

membrane compositional differences to the peptide activities. The insertion profiles in Figure 3.2 

revealed that the initial interaction driven by electrostatic forces is governed by the charge and 

composition of the membrane rather than by the peptide chirality as no considerable differences 

were observed between D-GL13K and L-GL13K. However, for both enantiomers the inner 

membrane model (DOPE/DOPG/CL 15/80/5) with higher content of anionic phospholipids 

revealed a sharper and greater initial change in surface pressure revealing higher affinity, which 

was reproducible at other peptide concentrations and experimental settings (including the setup for 

X-ray scattering experiments at the Synchrotron). The results indicate that the GL13K variants 

target and can partition into membranes of both Gram-positives and Gram-negatives, in agreement 

with their evidenced broad-spectrum antibacterial activity (refer to Table 1.1). The model with 

lower charge (OM) showed slower stabilization of the surface pressure upon insertion of both 

GL13K peptides. However, both model systems ultimately reached approximately the same 

equilibrium surface pressures after ~33 minutes.  
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Figure 3.2. Interaction of GL13K enantiomers with bacterial monolayers. Red lines correspond to the PM 

model (DOPE/DOPG/CL 15/80/5) and blue lines to the OM model (DOPE/DOPG/CL 75/20/5). The monolayers 

were formed by spreading the lipid mixtures onto an PBS subphase to give an initial surface pressure of 30 

mN/m, mimicking naturally occurring membranes. D-GL13K (dashed lines) and L-GL13K (solid lines) at 10 

µM were then introduced into the subphase and changes in surface pressure monitored.  

To assess if the partition to the membranes renders affinity differences as a function of membrane 

charge and peptide chirality, LSPR experiments were performed using liposomes. The data were 

fit using three different binding models: a 1-to-1 (describing a monovalent ligand-peptide 

interaction), a 1-to-1 two-state (considering 2 different binding states one after the other such as in 

a conformational change), and a 1-to-2 binding model (i.e. two independent binding events occur 

in parallel for the peptide in solution). It should be noted that none of these models truly represent 

the binding of a peptide to a liposome wherein there is not a specific binding site as one might find 

for a protein-ligand interaction. To this moment, it was determined that the 1-to-1 model provided 

the most reasonable KD values based on the combination of two criteria, namely accuracy of the fit 

to the data and coherence of the affinity concentrations with known concentrations at which the 

peptides exhibit efficacy and interaction in other cell and model membrane experiments. However, 

the 1-to-1 two-state binding model should theoretically be more coherent according to the 

structural results further described in this thesis for GL13K peptides in presence of the bacterial 

model membranes. Within the 1-to-1 model, four different parameterizations were assessed 
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including Bmax perset, or global, and diffusion or depletion corrected fitting. The equilibrium 

dissociation constant (KD) values for each of the parameterizations were usually of the same order 

of magnitude. For example, for the bacterial OM model with L-GL13K the values varied from 2.4 

x 10-6 to 8.8 x 10-6 M using different parameters for several fits with the 1-to-1 binding model. In 

order to make direct comparisons between systems, only the data for the 1-to-1 model with 

diffusion correction is included in Table 3.1. 

Table 3.1. KD values for the interaction of GL13K enantiomers with liposomes of the bacterial model 

membranes.  

Bacterial models 

(phospholipid compositions) 

KD (M) 

D-GL13K L-GL13K 

(OM) DOPE/DOPG/CL  75/20/5 2.2 x 10-6
 2.4 x 10-6 

(PM) DOPE/DOPG/CL  15/80/5 8.6 0x 10-7 2.0 x 10-7 

 

The PM model membranes exhibit KD values one order of magnitude lower than those for the 

lower charge OM models, in agreement with the higher binding affinity observed with the surface 

pressure measurements. For both model membranes, the KD values for the two enantiomers are 

similar (same order of magnitude) without considering the errors of the fits, also in agreement with 

the insertion data. Although it appears that the L-GL13K binds with higher affinity to the PM 

liposomes in both the data above as well as the evaluation of the sensorgrams, we cannot 

conclusively attribute higher affinity to one enantiomer over the other considering the variability of 

the data, the corresponding fits, and the instrument limitations. Further analysis of the LSPR data 

is required to accurately assess the influence of the peptide chirality on the binding affinity of 

GL13K enantiomers with the bacterial model membranes. 

 

3.1.2. Peptide structural changes and role of peptide chirality  

Circular dichroism provides us with the information of a conformational change in presence of 

vesicles with the PLs mixtures of interest. The CD spectra for GL13K enantiomers in presence and 

absence of the bacterial membrane models is presented in Figure 3.3. All experiments were 
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conducted at the same final concentration of 15 µM to avoid concentration effects. As observed for 

the peptide solutions in absence of liposomes, the ellipticity describes a distribution corresponding 

to a random coiled or unstructured conformation. When liposomes are added, we observed a 

minimum (or maximum considering inverted spectra for the D-enantiomer) forming at around 222-

223 nm for the highest peptide to lipid ratio which was generated by the conformational change of 

the peptides in the presence of the bacterial PM model (~90 % anionic charge). The spectra for the 

bacterial OM model at the highest P/L ratio did not show this transition. As the P/L ratios decrease 

(with higher concentrations of the liposomes) the ellipticity minimum or maximum shifts to lower 

wavelengths of ~217 nm more typical of the β-sheet conformation (147, 148). This has been 

observed for other beta-sheet forming peptides at decreasing P/L ratios (123) and previous studies 

with GL13K (109) in model membranes containing anionic phospholipids. The shift toward a 

lower number occurred as well for random coiled/PPII peptides, such as SAP, with temperature 

increase or longer interactions (155). The higher peptide abundance can cause self-association or 

aggregation due to membrane coverage, which can hinder the folding process of the peptide 

population in solution. 

 

 

 

Figure 3.3. CD spectra of GL13K enantiomers in solution and in presence of bacterial membrane LUVs 

representing the mean residue ellipticity. Red toned lines correspond to the PM model (DOPE/DOPG/CL 

15/80/5) and blue gradient lines to the OM model (DOPE/DOPG/CL 75/20/5) depending on the P/L ratios. D-
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GL13K (dashed lines) and L-GL13K (solid lines) at 15 µM were added and mixed with the LUVs in the cuvettes 

after measurement of the buffer or LUVs baselines.  

According to the estimations from BeStSel (147, 148), approximately 40 to 45 % of the peptide 

was present as antiparallel beta-sheets in presence of the bacterial model membranes. Another 17–

22 % was estimated as turns, and the rest as unstructured. Even though prediction tools allow us to 

estimate the secondary structure, CD is not specific to interfaces.  

GIXD is a surface sensitive technique producing Bragg peaks with distinctive Qxy positions that 

correspond to the d-spacing (d) of the crystallites in the 2D lattice (135). Spacings of ~4.75 Å 

corresponding to Bragg peaks at ~1.32 in Qxy are reported to define the inter -strand distance that 

characterizes the H-bond network of the β-sheet conformation (156). All systems studied, except 

for L-GL13K interacting with the OM model, rendered Qxy positions (Figure 3.4) and d-spacings in 

agreement with a crystalline β-sheet formation. When no Bragg peak is present, it could mean that 

there are no 2D crystalline peptide structures at the interface (or there are not enough crystalline 

peptide structures in the beam footprint to be measurable) or the crystalline structures that are 

present are weakly ordered with very low correlation lengths such that they cannot be 

distinguished from the background. Our resulting structural parameters for the peptide crystallized 

domains are presented in Table 3.2. 
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Figure 3.4. Bragg peaks obtained from GIXD for GL13K enantiomers in interaction with bacterial PM (left) 

and OM (right) monolayers at the air/buffer interface. The monolayers with the bacterial phospholipid 

mixtures were spread until reaching a surface pressure of 30 mN/m on PBS, pH 7.4. D-GL13K (dashed lines) 

and L-GL13K (solid lines) were inserted in the subphase underneath at 5 µM and 10 µM. Only the data of the 

peptides at 5 µM is represented.  

The coherence or correlation length (Lxy), derived from the FWHMint, is the distance in Qxy over 

which the structure or domain is ordered. In presence of both bacterial models the D enantiomer 

showed Bragg peaks with Lxy in the order of ~300 Å corresponding to approximately 64 peptides. The 

Bragg peak observed for L-GL13K interacting with the PM model showed a correlation length that is 

approximately half of those for D-GL13K. Moreover, there was no Bragg peak formed by L-

GL13K at 5 and 10 µM (in a new set of experiments) in presence of the lower charge OM model 

(DOPE/DOPG/CL 75/20/5). It is noteworthy that L-GL13K adopts a β conformation in presence 

of the OM model as observed by circular dichroism and PM-IRRAS experiments, but GIXD 

reveals that they are not crystalline at the conditions tested. A lower charge of PLs in interaction 

with L-GL13K may explain the disappearance of ordered peptide regions manifested as absent or 

reduced Lxy (95). However, given that the D-GL13K forms equally crystalline structures with 

either model, this suggests an important role of peptide chirality in the formation of a crystalline 

secondary structure. This indicates a mechanism independent of resistance to proteolytic cleavage 

underlying the differential antibacterial activity effectiveness of GL13K enantiomers. 

Table 3.2. Fitting parameters calculated from Bragg peaks of GIXD data for GL13K enantiomers in interaction 

with bacterial monolayers at the air/buffer interface.  

Peptide Bacterial Models Qxy (Å-1) 
d-spacing 

(Å) 
Lxy (Å) 

D-GL13K 

(PM) DOPE/DOPG/CL 15/80/5 1.321 4.75 ~302 

(OM) DOPE/DOPG/CL75/20/5 1.321 4.75 ~316 

L-GL13K 

(PM) DOPE/DOPG/CL 15/80/5 1.324 4.74 ~169 

(OM) DOPE/DOPG/CL75/20/5 - - - 

(-): indicates that no Bragg peaks were obtained (as observed in Figure 3.4). 
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A two-dimensional ordering of peptides at the interface has been observed by GIXD in other beta-

sheet forming peptides, including Aβ amyloid monolayers. In these cases a second diffraction peak 

is present at much lower Qxy values indicating a d-spacing that corresponds to the end-to-end 

distance of each peptide strand (156–158). Therefore, it would be possible to calculate the 

dimensions in both directions of the 2D crystalline order for the peptide films. For GL13K 

peptides, we obtained a 2D arrangement of β-sheet secondary structures that is only crystalline in 

one direction as the lower Qxy diffraction peak for the end-to-end organization was not observed. 

This may be because of low signal to noise ratio at very low scattering angles or that the signal for 

the lower Qxy peak was not differentiable from that of the striking beam signal.  

GIXD results demonstrate a crystalline organization for the arrangement of β-sheets, but it does 

not provide information on the orientation of the peptides nor of its specific conformation at the 

interface. PM-IRRAS allows assessing the orientation at the air/water interface. The amide I 

(essentially C=O stretching) and the amide II (C-N stretching, C-N-H bending) vibrational modes 

in PM-IRRAS are indicative of the backbone secondary structure. PM-IRRAS spectra of the 

GL13K peptides inserted in the bacterial model monolayers at the air/buffer interface (Figure 3.5) 

displayed a split of the Amide I band with a very strong positive band around 1622 cm-1 (Amide 

BI) and another positive weaker one around 1693 cm-1 (Amide BI’). The Amide II band had a 

frequency of ~1536 cm 1. These frequencies are assigned to an extended β-sheet formation, for 

which Amide I bands are typically found at frequencies ~1624 cm-1. However, this band has been 

shown to sharpen and shift to lower wavenumbers with increasing number of β-strands (143, 157). 

Additionally, the large splitting of the amide I band with the positive contribution at ~1693 cm 1 

characterizes the presence of antiparallel β-sheets structures (143, 159).  
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Figure 3.5. PM-IRRAS spectra of GL13K enantiomers inserted into bacterial model membranes at the 

air/buffer interface. The monolayers with bacterial phospholipid mixtures were spread until reaching a 

constant surface pressure of 30 mN/m on PBS, pH 7.4. D-GL13K (dashed lines) and L-GL13K (solid lines) were 

injected into the subphase at 12.5 µM.  

The lower intensity of the amide I and II bands in the PM-IRRAS spectra for the L-enantiomers 

may indicate, in agreement with GIXD, that the D-enantiomers may be more structured at the 

interface. In particular, L-GL13K exhibits a low contribution of the amide BI’ (if present) and 

amide II bands upon injection in the monolayer of the less charged bacterial OM model compared 

to the other systems. This, along with some contribution from random structures around 1654 cm-1, 

reflects that L-GL13K is less structured at the interface when less charge is available. Since the 

amide BI’ at ~1693 cm-1 is relatively undefined and the amide II is barely noticeable, a crystalline 

antiparallel β-sheet conformation for L-GL13K is unlike to occur in more zwitterionic models as 

observed in GIXD. 

A weak band contribution around 1655 cm-1 emerges in the GL13K spectra. This frequency can be 

assigned to -helices, but it is not separable from that of unstructured random coils. The latter can 

reflect a fraction of peptide residing at the interface but that has not undergone a transformation 

into beta-sheets. As PM-IRRAS is surface specific this fraction must be located within the lipid 
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monolayer or just below. This observation agrees in principle with results obtained by Harmouche 

et al. using NMR (109), in which a small portion of GL13K adopts an -helical conformation upon 

interacting with membranes at very low peptide:detergent or peptide:lipid ratios before 

transitioning to the more abundant β-sheet arrangements. They attributed the high conformational 

plasticity of GL13K to its high charge and small hydrophobic face (109). Similarly, amphiphilic 

amyloidogenic peptides have been reported to go through an initial state with an -helical 

conformation upon adsorption at hydrophilic-hydrophobic interfaces (160). In the amyloidogenic 

peptides the band intensities increased with higher lateral surface pressures, and greater ratios of 

amide B1 intensities (~ I1625 cm-1 / I1655 cm-1) indicated a transition from -helices to β-sheets at 30 

mN/m (160). However, it should be noted that the detection limit of IRRAS may not allow to 

detect this initial state of random coil/-helix when their concentration at the interface is low 

(160).  

Differential orientations of the peptides at the interface were observed according to their chirality 

(Table 3.3). Strong spectral bands pointing upwards are indicative of absorption transition 

moments oriented in the interface plane, while perpendicular transition moments render medium 

and/or downward-oriented bands (140). By comparison to PM-IRRAS simulations reported by 

Blaudez et al. (143) for β-sheet forming peptides, we estimated the orientation of GL13K 

enantiomers at the monolayer interface. L-GL13K presents a more planar orientation (≈) at the 

interface when interacting with the bacterial models in contrast to the tilted orientation of D-

GL13K (≈45°). The phospholipids charge also has an influence on the rotation of the L-GL13K 

strands on the monolayer plane (the  angle). A study with similar β-stranded amphipathic 

peptides of 9-15 amino acids and containing the Lys-Leu (KL) repeating motif revealed 

comparable results at the air/water interface (140). 

Table 3.3. Orientation angles estimated from simulations reported by Blaudez et al. (143) for GL13K 

enantiomers at the interface upon interaction with bacterial models.  

Phospholipid composition in bacterial models 
D-GL13K L-GL13K 

    

(OM) DOPE/DOPG/CL   75/20/5 45° ~50° 0° ~50° 

(PM) DOPE/DOPG/CL   15/80/5 45° ~55° 0° ~90° 
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So far, we understand that the GL13K enantiomers form β-sheet crystalline arrangements that 

differ in orientation, affinity, and crystallinity according to the peptide chirality and the charge 

density of the bacterial membrane. However, it is not clear yet how far they initially penetrate the 

membrane or the peptide vertical localization in the plane of the monolayer. XRR was used to help 

address this question by analyzing the electron densities in the vertical plane of the monolayer. 

The electron density profiles of the bacterial models at the interface before and after interaction 

with both GL13K enantiomers are presented in Figure 3.6. Attempts to fit with a two-box model 

for the phospholipid only mixtures resulted in poor fits with very large 2 values. The XR data 

were best fit using three slabs (or three box models) with electron density () thickness (d) and 

roughness () values that varied before and after peptide insertions (Table 3.4). The monolayer 

systems show a distinct lipid acyl chains region (slab 1), headgroup regions (slab 2), and a 

subphase layer higher in electron density than the bulk PBS subphase, associated with structure 

water and adsorbed counterions (161, 162) and/or peptides (slab 3). The data obtained from XRR 

is sensitive to crystalline and non-crystalline phases and the slabs represent an average 

configuration of the monolayer by considering both the ordered and disordered phases (163). XRR 

data in presence of GL13K peptides can also be fit with a four-box model, although its 

interpretation is theoretically more complex and renders increased thickness of the monolayer. The 

ordered phase here is attributed to the presence of GL13K peptides and a disordered phase is 

evident without the peptides in the bacterial model monolayers, as observed in GIXD. 
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Figure 3.6. Reflectivity data (A and B) and electron density profiles (C and D) of bacterial model monolayers in 

the absence and presence of peptides at the interface. The monolayers were spread until reaching a constant 

surface pressure of 30 mN/m on PBS. GL13K enantiomers were injected into the subphase at 5 µM. Solid lines 

correspond to the fits of phospholipid monolayers (Blue and red for bacterial OM and PM respectively) 

whereas interrupted lines correspond to fits after the peptides were injected.  
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The electron density profiles, and fitting parameters showed that the electron density distribution 

of the model membranes varied most notably with the insertion of the D-GL13K enantiomer, 

whereas the profiles are similar before and after injection of L-GL13K. The lack of change for L-

GL13K implies that either a diffuse layer or low concentration was adsorbed underneath the 

monolayers at 30 mN/m on PBS. These results further confirm that the chiral nature of the peptide 

is a determinant for the insertion or penetration of AMPs into bacterial membranes. From a 

biophysical and biochemical stand point, our results also juxtapose previous implications from data 

reviews that declare no evident antibacterial activity differences between all-D and all-L peptide 

enantiomers (124).  

As observed in Table 3.4 for both models, the D enantiomer reduces the thickness of the acyl chain 

region (slab 1) in both membrane models, either by pulling the phospholipids down to the 

subphase or penetrating farther up into the monolayers. This occurs concurrently with an increase 

of the electron density in the case of the PM model (~90 mol % anionic) and decrease on the OM 

model (~25 mol % anionic), meaning that this peptide could penetrate deeper in more negatively 

charged membranes. Interdigitated peptide hydrophilic moieties between the phospholipids can 

cause the increase in the electron density.  
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Table 3.4. Parameters for fitting x-ray reflectivity data of bacterial models at the interface upon interaction 

with GL13K enantiomers. Electron density () thickness (d) and roughness () values are presented for each 

layer/slab in all systems. Numbering of the slabs is made in the direction air to subphase (the electron density of 

the buffer subphase was 0.337 e-/Å3).  

System 

Slab 1 Slab 2 Slab 3 

2 
Total 

thickness d   d   d   

(Å) (e-/Å3) (Å) (Å) (e-/Å3) (Å) (Å) (e-/Å3) (Å) 

DOPE:DOPG:CL 

75:20:5 
12.5 0.314 3.32 7.2 0.472 4.04 16 0.347 4.1 15.8 35.7 

DOPE:DOPG:CL 

75:20:5  

+ 5 uM D-GL13K 

8.9 0.273 3.23 14 0.412 4.91 13.9 0.346 2.4 19.8 36.8 

DOPE:DOPG:CL 

15:80:5 
12.0 0.297 3.29 10.2 0.42 3.29 13.4 0.344 3.1 15.1 35.6 

DOPE:DOPG:CL 

15:80:5  

+ 5 uM D-GL13K 

9.0 0.21 4 7.4 0.54 4.3 21.3 0.343 2.73 24.6 37.8 

DOPE:DOPG:CL 

75:20:5 
13.8 0.3 3.43 8.9 0.45 3.43 14.1 0.34 3.43 27 36.8 

DOPE:DOPG:CL 

75:20:5  

+ 5 uM L-GL13K 

13 0.306 2.9 10.1 0.434 3.35 15.1 0.343 2.7 19 38.2 

DOPE:DOPG:CL 

15:80:5 
13.4 0.307 3.25 9.4 0.45 3.85 15.3 0.34 3.15 23 38.1 

DOPE:DOPG:CL 

15:80:5  

+ 5 uM L-GL13K 

13.1 0.31 2.93 9.8 0.45 4.9 18.1 0.34 2.8 46 41.0 

 

In a broader consideration, we can state that most likely GL13K peptides do not form fibrils in 

presence of the model membranes. Evidence from studies on the architecture of cross-β amyloids 

(164), interfacial activity of GL13K (111), and PyMOL modelling of the peptide support this 

statement. β-strands that deviate from a perpendicular sheet orientation and present an axial twist 

even at short-range do not favor a regularly repeating pattern in a highly ordered arrangement such 

as fibrils (164). Experimental results from AFM do not support the β-sheet fibril formation (111), 

despite that D-GL13K showed self-assembled nanoribbons and nanofibrils by TEM imaging but 

only after 2 days in solution at pH 9.8 (165). Moreover, the GL13K peptide shows an axial twist 

when modelled as a extended β-strand in PyMOL (Refer to Figure 3.7). Therefore, formation of 
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fibrils in a physiological microenvironment does not seem likely for GL13K peptides despite the 

β-sheet crystallinity observed by GIXD in presence of bacterial model membranes. 

 

Figure 3.7. Cartoon and surface representation of a GL13K twisted β-strand conformation. Backbone shown as 

a ribbon in image created using PyMOL software (Copyright 2006 DeLano Scientific LLC)  

However, the lack of nanofibril formation must not jeopardize GL13K peptides membranolytic 

effect given their broad-spectrum antimicrobial activity. Dye-encapsulating LUVs of the bacterial 

models were constructed to assess said lysing ability on both GL13K enantiomers at different 

peptide/lipid ratios. This was monitored by evaluating the release of CF over time upon addition of 

the peptides. Only the highest peptide to lipid ratio of 1/2.5 (or 0.4) led to the complete lysis of the 

vesicles, measured as the release of the CF dye from the liposomes in Figure 3.8. The other two 

P/L ratios, 1/20 (0.05) and 1/50 (0.02), caused low (~9-16 %) to none (~0 -1.4 %) membrane 

disrupting effect, which is indicative that GL13K peptides do not form membrane pores as 

supported by previous evidence (107). 
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Figure 3.8. Disruption of the liposomes containing the bacterial membrane lipid compositions by GL13K 

enantiomers. The bacterial OM model (DOPE:DOPG:CL 75:20:5) is shown is blue and the PM model 

(DOPE:DOPG:CL 15:80:5) in blue. Lipid concentration of liposomes was kept as 25 µM.  

Interestingly, the L-enantiomer of GL13LK led to higher disruption in the lower peptide to lipid 

ratios in presence of both models. This seems counterintuitive based on the results here presented 

and the much better bioactivity of the D-GL13K. However, in evaluations of the L to D amino acid 

conversion and deamidation of the antimicrobial peptide anoplin (GLKRIKTLL-NH2), similar 

results were found for bacterial model membrane compositions: DOPE/DOPG 80/20 mol, 

DOPG/CL 55/45 mol% and DOPE/DOPG/CL 12/84/4 mol%. Greater differences in membrane 

disruption were found at the lower peptide to lipid ratios, as it is our case. Won et al. considered 

that the lytic activity of anoplin peptides could be related with the content of CL in the membrane 

(166), which is not our case because both bacterial models contain the same ratio of CL. More 

importantly they noticed that the disruption of the anionic cell membrane models by anoplin is 

generally observed below certain concentration or P/L ratio. In comparison, we observed that the 

release only occurs at ≥1.25 µM or P/L ratio 1/20, below which the differences are negligible. 

Considering that peptide chirality was not a determinant factor in the membrane disruption assays, 

we must account for other potential mechanisms that could explain the D-GL13K enantiomers 

better performance in their biological activity. As presented here, D-GL13K shows structural 

differences in comparison with the GL13K at the interface, that could be translated to the 
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biological context with an interfacial mechanism of action. Studies have shown that membrane-

bound peptide to lipid ratios around 1/10 are necessary to permeabilize the membranes but this 

corresponds to practically full membrane coverage, leading to leakage by other factors not specific 

to direct membrane permeabilization. Normally, membrane disruption is evaluated with vesicle 

leakage experiments performed at peptide-to-lipid ratios that do not allow comparisons with those 

in biological assays and hardly explain the interaction (63, 64). Wimley (63) proposed the 

interfacial activity model that can be expressed through experimentally testable predictions:. This 

model will probably best characterize peptides such as D-GL13K and L-GL13K because some of 

the predicted features are already observed in them. GL13K enantiomers are interfacially active 

peptides, that can partition into the membrane interface and cause local perturbations of lipid 

moieties due to their particular amphipathic arrangement (63).  

 

3.2. Preliminary characterization of GL28K peptidomimetic 

The newly designed peptide GL28K (GKIIKLKASLKLV-P(D)-PTKIIKLKASLKLL-NH2) is 

represented in Figure 3.9, showing the proposed β-turn generated by the D-Pro/L-Pro (PDPL) motif. 

By creating a peptide that can create an intra- rather than intermolecular -sheet, it was anticipated 

that the concentration of peptide required to generate antibacterial activity would be lowered. The 

antibacterial activity was evaluated as a proof of concept and performed with a microdilution 

antimicrobial assay against E. coli ATCC 25922 (167). The peptide rendered a suitable MIC of 

12.5 µg/mL or 4.1 µM against this reference Gram-negative bacteria. GL28K shows therefore 

suitable antibacterial activity in the exploratory testing, with an MIC value in the range of those 

reported for GL13K against a variety of Gram-negative bacteria (Refer to Table 1.1). Clearly the 

MIC values are not comparable unless performed under standard testing conditions for the 

bacterial strains, but it is mentioned as a reference for context. 
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Figure 3.9. Surface representation of the GL28K peptide as β-strand constructed with Accelrys Discovery 

Studio software (v4.1). The hydrophobic surface is shown in brown whereas the hydrophilic moieties of polar 

sidechains are shown in blue. 

We performed a preliminary biophysical evaluation of the peptides intended to identify similarities 

to GL13K or structural features that could render useful for further biological activity 

characterizations. Initially, the peptides were injected into the subphase under the monolayers at 30 

mN/m to evaluate the peptide insertion based on membrane compositional differences (Figure 

3.10). The insertion of the GL28K in the bacterial models occurs in similar fashion to the profiles 

of D- and L-GL13K, with the membrane having a higher negative charge yielding slightly sharper 

early surface pressure changes but stabilizing at longer timeframes at approximately the same level 

for both models. The sharper initial insertion in the more anionic model suggests that the initial 

binding step is analogous to that of GL13K, but no further structural assumption can be drawn. 
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Figure 3.10. Insertion of GL28K enantiomers in monolayers of the bacterial models. Red lines correspond to the 

PM model (DOPE/DOPG/CL 15/80/5) and blue lines to the OM model (DOPE/DOPG/CL 75/20/5). The 

monolayers were formed by spreading the lipid mixtures on PBS subphase to render initial surface pressures of 

30 mN/m, mimicking naturally occurring membranes. GL28K at 10.1 µM was introduced into the subphase 

and changes in surface pressure monitored.  

Circular dichroism was performed to monitor the secondary structure in the presence and absence 

of the bacterial model membranes. The mean residue ellipticity for the GL28K peptide is presented 

in Figure 3.11, with the peptide interacting with the bacterial outer membrane model on the left 

and the plasma/inner membrane model on the right. Our results show the presence of the β-sheet 

conformation in a similar fashion to the reports of Sinthuvanich et al. and Reid et al. (123, 126) in 

presence of the bacterial model membranes. The mean residue ellipticity between minima at 218 – 

222 nm at the different peptides to lipid ratios confirm the β-sheet structure. Even though, GL28K 

has a different sequence to SVS-1 (original peptide sequence reporting the role of the D-Pro/L-Pro 

motif), the spectra confirm that the secondary structure intended for activity is achieved. 

Additionally, the spectra indicate that GL28K remains unfolded or in random coil conformation in 

PBS solution. Therefore, the presence of the membrane environment is required for the 

conformational change and the putative activity. 
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Figure 3.11. CD spectra of GL28K in presence of LUVs mimicking bacterial membranes at different P/L molar 

ratios. Left spectra correspond to the OM model (DOPE/DOPG/CL 75/20/5) and right to the PM model 

(DOPE/DOPG/CL 15/80/5). The experiments were performed at a peptide concentration of 15 µM in 

physiological conditions (PBS buffer, pH 7.4) in presence and absence of liposomes to monitor the change of 

secondary structure.  

However, as observed for L-GL13K the presence of the secondary structure in these bulk studies 

does not confirm that it is present at the interface. Therefore, we performed PM-IRRAS studies 

with the GL28K in situ with the DOPE/DOPG/CL (75/20/5) and DOPE/DOPG/CL (15/80/5) 

models. The resulting spectra for GL28K are presented in Figure 3.12, displaying the Amide I 

band split into a very intense positive band at 1620 cm-1 (Amide BI) and a weak positive band 

~1690 cm-1 (Amide BI’). This confirms, along with the marked amide II band absorbing at ~the 

1540 cm 1 frequency, the arrangements of an extended antiparallel β-sheet formation. Since the 

Amide I sharpens and shifts to lower wavenumbers with increasing β-strands at the interface (143, 

157), comparing this spectra to that of the GL13K enantiomers would allow the consideration that 

the turn introduced in GL28K indeed facilitates the partition to membranes.  
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Figure 3.12. PM-IRRAS spectra of GL28K inserted into monolayers of bacterial model membranes at the 

air/buffer interface. The phospholipid mixtures were spread until reaching a monolayer lateral surface 

pressure of 30 mN/m on PBS, pH 7.4. GL28K at 10.1 µM was injected into the subphase and changes in surface 

pressure were monitored.  

Considering the compositional differences between the models and analyzing the intensity of the 

amide I and II bands in the spectra for GL28K, it might seem that the peptide displays a folded 

state more stable (namely greater number of beta strands at the interface) in presence of the less 

charged model, however PM-IRRAs intensities are also highly dependent on orientation. Looking 

further to the intended purpose of GL28K (as an anticancer peptide), a stable secondary structure 

displayed at the interface is fundamental for interactions not driven solely by charge. However, 

further assessment must take place to determine the main structural parameters when the 

anticancer activity is evaluated.  

 

 

Table 3.5. Orientation angles estimated from simulations reported by Blaudez et al. (143) for GL28K at the 

interface upon interaction with bacterial models.  
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Phospholipid composition in bacterial models 
GL28K 

  

(OM) DOPE/DOPG/CL   75/20/5 45° ~40° 

(PM) DOPE/DOPG/CL   15/80/5 0° ~70° 

 

As noted above, the orientation of the bands can provide information about the absorption 

transition moments that orient in the interface plane in PM-IRRAS. We estimated the orientation 

of GL28K peptide at the monolayer interface by comparing the intensity ratios to PM-IRRAS 

simulations reported by Blaudez et al. (140, 143) for β-sheet forming peptides. GL28K folds into a 

more planar orientation at the interface (≈) when interacting with the membrane containing the 

higher proportion of negative phospholipids. In contrast, in presence of the less charged bacterial 

model the peptide adopts a slightly tilted orientation of (≈45°) with the carbonyls slightly tilted 

( angle ≈40°) above the interface plane. These minor orientational differences could play a role 

(the  angle), as for example on the extent to which the defined folded structure of the peptide can 

be more stable. In this preliminary work, we show that GL28K presented antibacterial activity and 

a folded structure into −sheets at the interface required for the activity as in the SVS-1 original 

sequence (123) . However, GL28K’s full biological activity and the main structural parameters for 

the determined biological role must be further investigated. 
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Chapter 4. Results and Discussion for anticancer activity 

4.1. Activity of GL13K peptidomimetics 

Colorimetric viability assays were performed in vitro to evaluate the anticancer activity of GL13K 

peptides. The IC50
 concentrations of the preliminary assessment for GL13K enantiomers against 

cancer cell lines and fibroblasts are represented in Table 4.1. Both D- and L-GL13K exhibited 

anticancer activity in H1299 human lung cancer cells and were unable to kill human fibroblasts. 

The results show therefore, that the action of the peptides is selective as neither enantiomer had an 

effect on the fibroblast cell line. Particularly D-GL13K showed greater effectiveness (lower IC50 

values) at reducing the viability of cancer cells, in concordance with the results obtained against 

pathogenic bacteria (D-enantiomer presented lower MICs). The concentration at which this D-

GL13K was innocuous towards the human fibroblasts was several times the MIC value required 

for its antibacterial activities in vitro (Refer to Table 4.1 and Table 1.1). Furthermore, only the D 

enantiomer presented selective toxicity against the triple negative MDA-MB-231 breast cancer 

line. These results represented a differential activity based on the peptide chirality. 

Table 4.1. Concentration of GL13K peptides that killed or inhibited the growth of 50% of the cells (IC50)  

Cell lines 

IC50 (M) 

D-GL13K L-GL13K 

H1299 (human lung cancer) 36 112 

MDA-MB-231 (human breast cancer) 90 >200 

HFF (human fibroblasts) >200 >200 

 

Our results for the anticancer activity are higher that those reported for peptides of similar length 

and sequence as GL13K in MDA-MB-231 and other cell lines (123, 168), even though different 

assays and testing conditions are used. Analyzing the concentrations required for the biological 

action of GL13K enantiomers, the anticancer activity rendered IC50 values higher than the MICs 

required for the antibacterial function. The first one implying 50 percent lethality or inhibition of 

growth whereas the latter, full inhibition of growth. Experiment-guided in silico investigations 
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have shown that the increase in selectivity of membranolytic ACPs can come at the expense of a 

reduced anticancer activity (62, 79, 96). The low effective concentrations observed led to assess if 

factors such as the cell membrane environment and membrane composition are involved in these 

differences.  

 

4.2. Interaction of GL13K peptidomimetics with eukaryotic model 

membranes  

4.2.1. Role of membrane charge and packing 

To start, the behaviour of the phospholipid compositions involved in the selected model 

membranes was analyzed. The surface pressure-area isotherms for the monolayers composed of 

phospholipid mixtures representing the outer leaflet of both RBC (DOPC/DOPE/SM/Chol 

25/25/37.5/12.5) and cancer DOPC/DOPE/SM/Chol/DOPS 20/20/30/10/20 cell membranes are 

presented in Figure 4.1. The monolayers were stable and appear to comprise a liquid expanded 

phase or a coexistence of liquid expanded and condensed or liquid-ordered phases. The isotherms 

show smaller lateral molecular areas for the RBC mixtures compared to the cancer model in either 

water or PBS subphase, but the collapse pressures were similar for both films. The more expanded 

cancer cell membrane may be a result of the smaller proportion of cholesterol, greater charge 

repulsion with the anionic DOPS or through the alterations of lipid rafts. The greater ionic content 

of the PBS subphase led to greater molecular areas per lipid molecule in both systems, likely 

associated with intercalation of counterions in the headgroup region.  
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Figure 4.1. Surface pressure-area isotherms of the lipid mixtures representing the outer leaflet of both the RBC 

(DOPC/DOPE/SM/Chol 25/25/37.5/12.5) and the cancer (DOPC/DOPE/SM/Chol/DOPS 20/20/30/10/20) cell 

membranes in water and PBS buffer pH 7.4.   

In order to evaluate the morphology of the monolayers, AFM imaging was performed on films 

deposited onto mica using a Langmuir-Blodgett deposition. The topology images (Figure 4.2) 

showed that the phospholipid mixtures representing both RBC and cancer membrane outer leaflets 

formed mixed-phase monolayers. Both eukaryotic membrane models formed domains of 

approximately 100 nm to 500 nm in diameter. However, the cancer cell model membrane also 

exhibited larger domains (~6 m in diameter) that were not present in the RBC monolayers (the 

largest slightly greater than 1 m). The average height differences between the fluid Ld phase 

(darker background in Figure 4.2 and the brighter Lo or condensed phase domains of the RBC and 

cancer models are 4.7 ± 0.3 Å and 7.4 ± 0.7 Å, respectively. The greater height difference in the 

cancer monolayer suggests that the domains correspond to condensed phase domains in which the 

phospholipids are highly ordered (untitled or tilted), whereas the lower values in the RBC model 

can be attributed to less packed domains in Lo phase. The range of height differences for Ld-Lo 

phases are typically between 0.8 - 1.0 nm (8 - 1.0 Å) for supported lipid bilayer of similar 

compositions (DOPC/SM/Chol) (169, 170). Considering that we are using monolayers, the 

difference should be then theoretically half, corresponding to approximately 4-5. Å. In general, the 
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height difference between Ld to Lo is lower than that of Ld-Condensed phase for similar systems. 

It was determined that the distance between Ld and the Ld-Condensed ordered phase is ≈ 8 Å and 

between 4 and 5 Å for Ld-Lo in studies with detergent resistant membranes or rafts of similar 

composition, (171). Our results match well with the values reported. 

 

Figure 4.2. AFM images of monolayers mimicking outer leaflet of RBC and cancer cell membranes deposited 

on mica at 30 mN/m. A schematic with a molecular representation of the lines in the images is depicted on the 

bottom. The monolayers were formed by compressing the phospholipid mixtures spread on PBS in a Langmuir 

trough until reaching 30 mN/m of surface pressure. The hydrophilic mica insert was withdrawn keeping the 

polar headgroups attached while the acyl chains faced the air.  

Phase diagram analysis for ternary mixtures of DOPC/SM/Chol show that the compositions 

employed are close to the phase boundaries between two coexisting liquid phases (Ld-Lo) and a 

coexisting Solid and Liquid phases (Ld-condensed) (172, 173). Considering that we have three 

dioleoyl-phospholipids in the mixtures and not purely DOPC in the model, the phase boundary 
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could be slightly shifted such that the change from the RBC (DO-phospholipids/SM/Chol 

50/37.5/12.50) composition to the cancer model composition (DO-phospholipids/SM/Chol 

60/30/10) could induce a transition from the Lo to condensed phase.  

We should now consider the implications on the action of the GL13K enantiomers. The peptides 

were injected in the subphase after spreading the monolayers at biological surface pressures of 30 

mN/m for an initial evaluation of the effect of peptide chirality and membrane charge on the 

membrane insertion. Both, membrane charge and GL13K chirality, affected the peptide insertion 

in the monolayers, as presented in Figure 4.3. Insertion into the cancer cell membrane was greater 

for both peptides, evidenced by the greater change in surface pressure. The cancer cell model 

membrane has a comparable anionic lipid content to the bacterial OM model membrane (20 and 

25%, respectively) and both exhibit similar surface pressure changes and insertion profiles upon 

injection of the peptide (Figure 4.3 and Figure 3.2), highlighting the importance of charge as a 

driving force component for the insertion. In contrast to the bacterial model membranes, a distinct 

impact of chirality is observed with these insertion experiments, namely greater insertion was 

always observed with D-GL13K for both model membranes (to be discussed later). These results 

are impactful considering that no proteases or external factors other than the molecules of interest 

were included in the study. 

 
Figure 4.3. Interaction of GL13K enantiomers with monolayers of erythrocytes (orange) and cancer cells (dark 

cyan) model membranes. In all cases, the monolayers were formed by spreading the phospholipid mixtures onto 

an aqueous subphase to give an initial surface pressure of 30 mN/m, mimicking naturally occurring 
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membranes. D-GL13K (dashed lines) and L-GL13K (solid lines) at 10 µM were then introduced into the 

subphase: (A) changes in surface pressure monitored as a function of time where the arrow indicates injection 

for the peptide under a stable monolayer and (B) mean change in surface pressure (ΔΠ) at 8 min after insertion 

of the peptides (n=3-5) where black bars represent the standard deviation (SD) and red bars the standard error 

of the mean (SEM).  

The results of the membrane permeability experiment as a measurement of the dye release are 

included in the figure below (Figure 4.4). They are no clear differences of the effect of the peptides 

but the D-GL13K leads to greater membrane disruption of the cancer model vesicles at the two 

highest P/L ratios (left). This could be due to an effective peptide concentration level at the 

liposome surface considering that the lowest P to L ratio had the opposite outcome. 

 

Figure 4.4. Disruption of the liposomes containing human cell model membranes by GL13K enantiomers at 

three peptide/lipid ratios (D-GL13K on the left and L-GL13K on the right). RBC model 

(DOPC/DOPE/SM/Chol 25/25/37.5/12.5) is shown in orange and the cancer model (DOPC/DOPE/SM/Chol 

20/20/30/10/20) in aqua.  
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4.2.2. Peptide structural changes and role of peptide chirality 

The structural transition was first evaluated with circular dichroism (CD). The mean residue 

ellipticities obtained from circular dichroism for GL13K enantiomers in solution (PBS) and with 

liposomes of RBC and cancer model membranes is displayed in Figure 4.5.  

 

Figure 4.5. CD spectra of GL13K enantiomers in presence of liposomes representing erythrocytes (left) and 

cancer cells (right) model membranes at two P/L molar ratios. The experiments were performed in 

physiological conditions (PBS: 10 mM phosphate, 137 mM NaCl, pH 7.4) in presence and absence of liposomes 

to monitor the change of secondary structure. Both, D-GL13K (dashed lines) and L-GL13K (solid lines), at 15 

µM displayed random coil conformations.  

As observed, there were no clear ellipticity differences between the peptide in solution and the 

peptide in presence of the model membranes from the mammalian cells. Interestingly, if a 

conformational change occurs, CD as a bulk technique was not able to detect it. CD titrations of 60 

μM GL13K have been reported to show a gradual shift from random coil to more β-sheet 

secondary structures with increasing pH 8.5 - 10.6 in 10 mM Tris-HCl buffer solutions in the 

absence of the lipid membrane(109). Similarly, this transition was observed for both enantiomers 

at 100 μM with increasing time in borax-NaOH buffer between pH values of 9.6 - 10.4, again in 

the absence of a lipid membrane (165). It is notable that despite showing comparable insertion 

profiles to the bacterial OM model (Chapter 3.2.2), there is no evidence of a secondary structure 

transformation under these physiological conditions.  

Considering the higher concentrations required for activity against cancer cells compared to 

bacteria, it may be that the proportion of GL13K which partitions to the membrane is smaller. As 
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CD spectra are bulk measurements the signal may be dominated by the free peptide rather than the 

membrane bound peptide. PM-IRRAS is a surface sensitive technique which only reports on the 

secondary structure of peptide present at the membrane interface. Figure 4.6 shows the amide 

region of the spectra obtained for D- and L-GL13K in the presence of the cancer cell model 

membrane and RBC membranes, respectively.  

 

Figure 4.6. PM-IRRAS spectra for the amide regions upon insertion of GL13K enantiomers into monolayers of 

the cancer (left) and RBC membrane models (right) at a surface pressure of 30 mN/m. 

For both enantiomers in the cancer model, the peptides adopt the typical antiparallel beta sheet 

conformation observed in bacterial models but with more background contribution. The spectra 

were characterized by the split in the amide I band frequencies and the positive band at ~1540 of 

the amide II vibration. Insertion of the peptides in the RBC model under the same conditions does 

not show the typical amide bands corresponding to the -sheet conformation. The D-enantiomer in 

the RBC model presents very weak contributions of the amide I at ~1623 cm-1 and the amide II at 

~1532 cm-1 and at the moment a coherent interpretation of this spectrum cannot be provided. 

However, L-GL13K could be either transitioning to a beta sheet structure or folding into a 

different structure such as −turns or -helix because other positive bands formed between 1650 

and 1690 cm-1 and the contribution of the amide II at ~1540 cm-1 (174). The orientation of the 

peptides in situ at the with the cancer monolayer is presented in Table 4.2 and obtained comparing 



 

 71 

the intensity ratios of the spectra to PM-IRRAS simulations reported by Blaudez et al. (140, 143). 

The enantiomers present no clear differences in their orientations at the interface.  

The takeaway from these results is that the peptides interact differently at the interface depending 

on the target membrane composition as observed between the normal cell and the cancer cell 

model membranes. 

Table 4.2.Orientation angles estimated from simulations reported by Blaudez et al. (143) for GL13K 

enantiomers at the interface with the cancer model.  

Phospholipid composition in bacterial models 
D-GL13K L-GL13K 

    

DOPC/DOPE/SM/Chol/DOPS   20/20/30/10/20 45° ~35° 45° ~50° 

 

Using GIXD to assess the crystallinity of the peptides or the lipid ordering, revealed interesting 

results. No Bragg peaks (Figure 4.7) corresponding to a -sheet conformation (at ~1.32 in Qxy) 

were observed before or after peptide upon insertion at 5 µM in the mammalian monolayers, in 

contrast to the crystalline beta-sheet structures occurring in presence of the bacterial models with 

defining Bragg peaks. This could occur due to a more ordered or condensed phase domain of the 

lipids in the mammalian models, as observed in AFM results. Notably, Bragg peaks consistent 

with lipid crystallites were not observed for the cancer model. Transient peaks descriptive of this 

crystalline structure appeared in frames of the contour plots for both the RBC and cancer model 

membranes. Most probably the distinct beta-sheet conformation observed at the interface with PM-

IRRAS is not crystalline or abundant enough to produce a Bragg peak. Higher concentration of the 

peptides may be needed for the formation of a -sheet crystalline conformation attending to higher 

IC50 values. In more recent GIXD experiments, D-GL13K at 20 µM seems to generate Bragg 

peaks corresponding to crystalline -sheets but only in the presence of the cancer model. Further 

analysis is required to be conclusive. 
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Figure 4.7. Bragg peaks curves obtained from GIXD for GL13K enantiomers in interaction with cancer model 

monolayers at the air/buffer interface, before and after peptide injection. The monolayers with the lipid 

mixtures were spread until reaching a surface pressure of 30 mN/m on PBS, pH 7.4. D-GL13K (dashed lines) 

and L-GL13K (solid lines) were inserted in the subphase underneath at 5 µM and 10 µM. Only the data of the 

peptides at 5 µM is represented.  

Further to the secondary structure and orientation of the GL13K enantiomers in eukaryotic models, 

we analyzed the electron densities normal to the surface through fitting the XRR data. The data for 

the models in absence and presence of the peptides is shown in Figure 4.8, with the fits and raw 

normalized reflectivity in parts A and B, and the corresponding electron density profiles in part C 

and D. Table 4.3 shows the fitting parameters for the electron density profiles of these models. 
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Figure 4.8. Reflectivity data (A and B) and electron density profiles (C and D) of eukaryotic monolayer models 

in the absence and presence of the peptides at the interface. The monolayers were spread until reaching a 

constant surface pressure of 30 mN/m on PBS. GL13K enantiomers were injected into the subphase at 5 µM. 

Solid lines correspond to the fits of phospholipid monolayers (Orange and cyan for RBC and cancer models 

respectively) whereas interrupted lines correspond to fits after the peptide injection.  
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For most eukaryotic systems, there was no considerable change in the reflectivity data nor in the 

electron density profiles upon the injection of the peptides, when compared to the clear differences 

presented with the bacterial models. In the case of the RBC model with L-GL13K, an artifact may 

have occurred considering that the reflectivity data did not patch well; probably the monolayer 

burnt upon prolonged XR exposure or the distribution of the peptide in the footprint was not 

homogeneous at 5 µM. This system (RBC model with the L-GL13K) could not be repeated in 

other experiments at the Synchrotron.It has been reported that cholesterol causes minor elongations 

of the region corresponding to the acyl chain of the monolayer and a broadening of the headgroup 

region. It also lowers the electron density of the headgroup region while increasing the electron 

density of the chains (175). 

Attending to the thickness of the films (Table 4.3), we obtained values comparable to lipid 

microdomains on top of lipid raft patches and nearly half of the thickness of membranes patches of 

lipid rafts isolated from MDA-MB-231 human breast cancer cells (same cell line used for 

anticancer activity evaluation) (176). This supports the selection of our cancer model and our 

fitting parameters in terms of the vertical distances obtained.  
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Table 4.3. Fitting parameters for x-ray reflectivity data of eukaryotic models at the interface upon interaction 

with GL13K enantiomers. Electron density () thickness (d) and roughness () values are presented for each 

layer/slab in all systems. Numbering of the slabs is made in the direction air to subphase.  

System 

Slab 1 Slab 2 Slab 3 

2 

Film 

thickness 

(dSlab1 + 

dSlab2) 

d   d   d   

(Å) (e-/Å3) (Å) (Å) (e-/Å3) (Å) (Å) (e-/Å3) (Å) 

RBC (DOPC/DOPE/SM/Chol 

25/25/37.5/12.5) 
14.2 0.31 3.55 10.9 0.42 2.9 14.0 0.34 2.99 15 25.1 

RBC (DOPC/DOPE/SM/Chol 

25/25/37.5/12.5)  

+ 5 uM D-GL13K 

14.3 0.313 3.78 10.9 0.427 3.86 15.4 3.344 3.471 22 25.2 

Cancer 

(DOPC/DOPE/SM/Chol/DOPS 

20/20/30/10/20) 

15.5 0.317 3.54 7.2 0.475 3.9 17.3 0.344 3.37 13.6 22.7 

Cancer 

(DOPC/DOPE/SM/Chol/DOPS 

20/20/30/10/20)  

+ 5 uM D-GL13K 

15.3 0.315 3.65 7.6 0.468 4.14 17.0 0.339 4.14 14 22.9 

RBC (DOPC/DOPE/SM/Chol 

25/25/37.5/12.5) 
13.8 0.302 3.32 12 0.42 3.56 16.9 0.342 2.47 25 25.8 

RBC (DOPC/DOPE/SM/Chol 

25/25/37.5/12.5)  

+ 5 uM L-GL13K 

11.4 0.305 3.28 14.6 0.416 5 15.8 0.347 2.98 44 25.9 

Cancer 

(DOPC/DOPE/SM/Chol/DOPS 

20/20/30/10/20) 

14.7 0.314 3.42 9.4 0.448 3.74 17.3 0.343 3.36 35 24.1 

Cancer 

(DOPC/DOPE/SM/Chol/DOPS 

20/20/30/10/20)  

+ 5 uM L-GL13K 

15.1 0.313 3.88 8.8 0.454 4.44 17.0 0.343 3.05 23 23.9 
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Figure 4.9. PM-IRRAS spectra for the asymmetric and symmetric CH2 stretching upon insertion of GL13K 

enantiomers into monolayers of the RBC and cancer membrane models at a surface pressure of 30 mN/m. Left 

spectra correspond L-GL13K and right spectra to D- GL13K.  

The lipid acyl chain region of the phospholipid mixtures in the PM-IRRAS spectra can be used to 

probe any differences in lipid ordering at the interface (Figure 4.9). The frequencies of the 

methylene stretching vibrations are used to characterize the conformational order or disorder in 

chain amphiphiles. The asymmetrical stretching band for the lipid chains of the RBC model before 

and after the peptide insertion of both enantiomers remains at a frequency of 2919 cm-1
,
 indicative 

of a liquid ordered or condensed phase. When looking at the CH2 symmetrical stretching, the 

wavenumber remained at ~2849 cm-1 for RBC model but the presence of the D-GL13K caused a 

small shift ~2851 cm-1 generating perhaps a transient liquid ordered state. In the case of the cancer 

monolayer, the CH2 asymmetrical and symmetrical stretching peaks were mostly at ~2819 cm-1and 

~2849 cm-1, respectively, confirming the liquid ordered phase. However, the presence of shoulders 

and second peaks at higher wavenumbers could indicate coexistence with a less ordered liquid 

phase or a transition states or loss (temporary) of the liquid ordered phases. Additionally, the effect 

of the peptides on the loss of intensity was more pronounced in the cancer model. The 

interpretation of these results can be complex and lead to speculations on the effect of the peptides 

on the lipid chains but the in general confirms the presence of the Lo and/or condensed phase in 

our models 
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It is known that greater packing of membrane phospholipids hinders the insertion and penetration 

of AMPs/ACPs. As mentioned before, other membrane components can increase the compacting 

of the cellular surface creating denser lipid rafts. AMPs/ACPs may require higher concentrations 

to be effective in the actual cellular environment of tumoral cells to disrupt a more compact barrier 

compared to bacterial cell walls. In agreement, the lytic effect in eukaryotic cell-model membranes 

has been previously attributed to the exclusion of the peptides from ordered rafts (Lo regions) 

instead of specific peptide-lipid interactions (75). For similar systems, based of POPC, SM and 

Chol, increasing amounts of SM and Chol caused a phase boundary cross in the system leading to 

a Lo phase. After that, the δ-lysin peptides concentrated in the Ld phase domains, and self-

associate, binding poorly or being excluded from Lo regions. The permeabilization of 

SM/Chol/POPC lipid vesicles with ≤ 60 mol % POPC by δ-lysin, was faster than the other 

compositions, though the full fractional dye release was reach at compositions of ≥ 40 mol % 

POPC (75). It is indicated that peptide exclusion from Lo regions is important for antimicrobial 

and cytolytic peptides that require self-association as it promotes peptide concentration in other 

membrane regions (75). The same principle applied to a 36-residue peptide from bacteriorhodopsin 

that partitions preferentially into the DOPC Ld phase relative to SM/Chol 50/50 % Lo phase (171).  

On the other hand, mechanisms driven by the reduction of the line tension have been described for 

other AMPs/ACPs (protegrin-1, aurein- 1.1, dermaseptin-1, human b-defensin-1, histatin-2, 

indolicidin, magainin-1, caerin-1.3, citropin-1.1, kalata-B3, and pardaxin-1) that seem to present 

line-active behavior not driven by the overall membrane charge (177). In these mechanisms, the 

peptides preferentially accumulate at phase boundaries where there is an excess free energy (line 

tension). The excess free energy or line tension will be greater at the boundary of the liquid 

expanded-condensed phases which present significantly different order parameters and height 

difference compared to the liquid expanded – liquid ordered phases. Independently of the charge, 

interfacial line activity responds to the peptide concentration and the phase of the membrane 

domains. This may also contribute to the difference in insertion observed for the RBC and cancer 

cell models. Moreover, cholesterol content in the mixtures is important in this transitions when 

present between 10 -16 %, leading to transient or sensible zones of phase coexistence between the 

two liquid (ordered and disordered) phases and the solid ordered phase (46, 172, 173). This leads 

to variability of the line tension (height differences), which can help understanding or explaining 
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the preferential insertion and slightly higher dye release of the beta-sheet-structured D-GL13K in 

the cancer model membrane over the RBC model.  
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Chapter 5. Conclusions and Future Work 

This thesis builds on prior work on the mechanism of action of GL13K with model membranes by 

introducing more complexity into the composition of the model membranes. This enables a better 

assessment of the role of membrane surface charge density and specific lipid chemical structures. 

Beyond improving the model membranes to better reflect the compositional differences between 

different cells and membrane (inner and outer) types, this thesis revolves around three central 

themes: the anticancer potential of GL13K peptides and the mechanistic differences between their 

mode of action on bacterial and cancer cell membranes; the influence of peptide chirality on 

peptide activity and interaction; and the preliminary assessment of a new peptide based on the 

original GL13K sequence.  

The membranes of both bacterial cells and some cancer cells are rich in anionic lipids which are 

long thought to be a major target for AMPs and ACPs. Yet simple charge effects alone cannot 

account for the activity of these peptides. Moreover, their mechanism of action differs as a 

function of peptide chemical structure (in this thesis, chirality) and specific membrane 

composition. In this work, we have demonstrated that there are different mechanisms at play upon 

interaction of GL13K enantiomers with either bacterial or eukaryotic membranes, supported by 

both our model membrane results and differential potency. The major driving force for interaction 

of GL13K with the bacterial model membranes does appear to be membrane charge, as a higher 

surface charge changes the insertion profile and increases the kinetics of interaction. On the other 

hand, the specific lipids carrying that charge also appear to play a role, since both the bacterial 

outer membrane and cancer cell models, with comparable surface charges, result in different 

interactions with the peptides. Specifically, in the case of bacterial membranes, despite the slightly 

lower charge, a conformational change to beta-sheets has been observed, while no significant beta-

sheet formation is observed for the cancer cell model membranes. The latter correlates well with 

the higher concentrations needed for achieving a selective anticancer activity, i.e., a higher 

concentration of peptide is needed to observe similar results with the cancer cell model 

membranes. Concentration effects with the cancer cell membranes should be investigated further. 

Concentration drives adsorption to the cell surface but also peptide aggregation which is a key 

event in the membrane disruption process. It was this concept that led to our group’s specific 

design for GL28K. By connecting two GL13K strands, theoretically, the concentration at which 
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the two could begin the transformation to crystalline beta-sheets should be lowered. This remains 

to be proven and will be assessed in future work. So far, our preliminary approach demonstrated 

that GL28K exhibits antibacterial activity against a Gram-negative bacterial strain at the level of 

that shown by D- GL13K. 

In the case of the eukaryotic model membranes, a differential in interaction with the D- and L-

enantiomers can be observed for eukaryotic membrane models which was not observed for 

bacterial membrane models. While this could be attributed to specific lipid interactions which are 

chiral dependent, as has been reported for kinase activity (178) and blood coagulation (179), it 

appears that lipid ordering and phase separation plays a role. It has been suggested that AMPs 

penetrate less into the membrane when lipids are more ordered and that this may be a function of 

cholesterol content. As was discussed in chapter 4, the content of cholesterol and sphingomyelin is 

extremely important in determining which and how many lipid phases are formed. The presence of 

domains adds another component governing the mechanism of interaction of the ACPs, namely a 

line-tension driven interaction wherein peptides preferentially bind or accumulate at domain 

boundaries. This property is highly dependent on the nature of the phases present, and the free 

energy (or line tension) at those boundaries. A better understanding of the phase diagrams for these 

complex systems and how those phases govern peptide-lipid interactions should be assessed in 

future studies. 

GL13K enantiomers show a differential potency in their biological activity that is also reflected in 

the biophysical characterization of their interaction with relevant model membranes. The latter is 

supported by the IC50 values and preferential interaction of D-GL13K with the cancer model 

membrane over the RBC model (used as control and containing no anionic lipids). Beyond 

resistance mechanisms, the chiral nature of the peptide and molecular bases of phospholipids also 

influence the effectiveness in activity, something that has not been explored in depth in previous 

studies. Thus, an important outcome of this thesis is the finding that this difference in activity for 

the two peptide enantiomers cannot be solely attributed to peptide degradation and clearance since 

no proteases nor other mechanism of resistance towards cationic AMPs/ACPs were included. A 

full mechanistic interpretation of this intrinsic chiral specificity will require further investigation. 

However, by comparison to the bacterial model, it seems that the line tension factor may be more 

implicated in the chiral specificity than charge, which is non-specific. This may be due to the 
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chirality of the lipids themselves as either peptide enantiomer can interact with the lipids, hence 

further investigation will be needed (180).  

We should also consider that PS phospholipid has a role in coagulation that is stereospecific in 

protein−lipid interactions and has implications in other steps of the cascade (179). Thus, further 

analysis should be performed on the interactions of DOPS and GL13K enantiomers to study if 

there is any modulation of the activity based on the chiral centers of DOPS or the presence of D- 

and L-amino acids in GL13K. Experiments using the non-natural enantiomer of DOPS may 

provide a means to test hypotheses on the relevance of the lipid chiral specificity. This would shed 

light on a clearer understanding of the chiral role of AMPs/ACPs-lipids binding interactions at a 

molecular level. Even though D-GL13K can overcome proteolytic degradation, other issues like 

poor bioavailability could potentially obstruct its progress and development as a novel anticancer 

or antibacterial agent, as has been shown for other AMPs/ACPs. None or very few membrane-

active peptides have made it into the ‘anticancer’ pharmaceutical market so far. Therefore, a 

targeted drug delivery strategy is necessary to enhance its stability and half-life in vivo, and 

consequently its market potential. A prospective approach to answer the market needs could be the 

conjugation of GL13K enantiomers with chitosan polymers. Chitosan is bioavailable, pH-

responsive and has evidenced antibacterial effects per se (181), which makes it even more suitable 

for a conjugated peptide-based antibiotic alternative. In addition, chitosan possesses an inherent 

cationic nature below its pKa which facilitates targeting anionic surface molecules in bacteria and 

cancer cells. Grafting AMPs (e.g. dodecapeptide anoplin) to chitosan polymers has proved to 

minimize hemolysis while decreasing the MICs against Gram-positive and Gram-negative 

bacteria, therefore increasing the peptide selectivity (182). Considering the lower extracellular pH 

(~6.2-6.9) microenvironment of cancer cells (48, 49, 183, 184), an acid-cleavable hydrazone 

linkage between GL13K peptides and the chitosan skeleton could be used as a pH sensitive 

targeted delivery to further improve the selectivity and bioavailability of GL13K against tumors or 

malignant cells (185). 

Contemplating as well the inversion of the proton gradient and hence, the intra and extracellular 

pH in cancer cells with respect to normal cells (49, 57, 183, 184),  the change in GL13K secondary 

structure with a decrease in pH (~6.2-6.9) should be evaluated to better resemble the surrounding 

conditions of cancer and understand how it may affect the peptide folding. No previous study has 
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been performed for GL13K at pH below 7.4 neither in the absence or presence of model 

membranes.  

In conclusion, in this work we have further investigated the mechanisms at play in the 

antimicrobial activity of GL13K and demonstrated its potential as an anticancer peptide. We have 

demonstrated a specific role, beyond resistance to proteolytic cleavage for peptide chirality and 

provided evidence that the GL13K motif can be used to design future AMPs/ACPs.    
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