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Abstract 

Abstract 

During the past few decades, research has focused on antimicrobial peptides 

(AMPs) having a dual nature; they not only have bactericidal properties but may also 

target cancer cells. It has been proven that the mechanism of cationic AMPs is initiated 

by their electrostatic interaction with negatively charged membrane lipids [1]. Of note, 

tumour cell lipid composition differs from the non-transformed cell profile [2]. 

Therefore, AMPs seem to be prospective candidates to target cancer cells. 

This project aimed at elucidating the structure-function relationship of the peptide 

Polybia-MP1 in its anticancer activity. MP1 mechanism of action underwent detailed 

mechanistic characterisation by applying rationally designed MP1 derivatives in 

systems of increasing complexity using biophysical and biological approaches. The 

presented work provides insights into the molecular basis underlying cell sensitivity 

to MP1. Chemical modifications of native structure allowed for determining amino 

acid residues important in MP1 activity and for identifying derivatives that displayed 

greater potency against cancer-like systems Testing the peptide library emphasized the 

interplay between charge modification, physiochemical characteristics of each residue 

and hydrophilic: hydrophobic face arrangement in modulating potency and specificity. 

GPMV formation, live cell-derived membrane platforms, although challenging and 

requiring optimization, facilitated studies of lipid organization indicating that variable 

lipid packing is a molecular determinant modulating MP1 phenomenon. Despite in 

silico transcriptomic analysis identifying prospective gene targets that might be 

influencing cell sensitivity to MP1, further cell viability testing failed to uncover 

potential molecular mechanisms. This work provides a novel insight into the role of 

lipid packing in the membranolytic activity of MP1 and paves new directions in the 

structure-function exploration of MP1. 
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Introduction and outline 

According to the World Health Organization (WHO), cancer is a leading cause of 

death globally, accounting for nearly 10 million deaths in 2020, signifying a need for 

alternatives to conventional medicine. Antimicrobial peptides (AMPs) showed a 

remarkable microbicidal potency and in vitro studies reported even anti-cancer activity 

against certain types of cells [3–7]. However, the mechanism of action is still not clear 

enough and only a few AMPs have been approved for medical treatment. This thesis 

focuses on investigating molecular basics underlying the membranolytic activity of 

Polybia MP1 and developing strategies aiming at improving cancer specificity. Due 

to the complexity of cell membranes, MP1 activity was tested in membrane models of 

increasing membrane organization. Further, the cell-derived system was optimized to 

study the role of lipid arrangement in cell-specific MP1 membrane lysis. These 

findings provide significant insight into the foundation of the MP1 mode of action and 

show great promise for further in vivo testing.  

This thesis work demonstrates a systemic way to uncover the molecular basics of 

the membranolytic activity of Polybia MP1. It contains 5 chapters (see Figure 1 for 

the thesis workflow). 

❖ The theoretical background is allocated in Chapter I. Chapter I introduces 

membrane science, briefly presenting the history of membrane discovery, and 

presents key aspects of physiochemical membrane characterisation, the 

concept of raft domains, and common techniques to visualise and study 

membrane behaviour. This part is followed, by the introduction to 

antimicrobial peptides showing their structural and functional diversity, 

classification, suspected mechanism of action and current application. This 

part ends with the main aims and objectives to be addressed in this thesis. The 
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following chapters focus on elucidating the molecular basis of the lytic activity 

of Polybia MP1 by the investigation of membrane models of increasing 

complexity; 

❖ Chapter II attempts to identify structural determinants key to the biological 

relevance of MP1 and presents potent MP1 variants with higher specificity to 

transformed cells. 

❖ Continuing, Chapter III demonstrates attempts for optimization protocols to 

produce giant plasma membrane vesicles (GPMVs), an intermediate 

membrane system between fully synthetic membranes and living cell 

membranes; 

❖ In the following Chapter IV, GPMVs are introduced to investigate the cell 

membrane penetration of amphiphilic MP1 and the effect of membrane 

ordering by using fluorescent lipid analogues. Although membrane 

heterogeneity is key in the membranolytic activity of MP1, it might not be the 

only determinant at the molecular level driving peptide potency; 

❖ Chapter V discusses other potential regulators of the MP1 mechanism of action 

that are beyond lipid organization; 

❖ The last part summarizes the conclusions from this study and suggests further 

research directions in this field.  
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Figure 1 Thesis at a glance.  
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Chapter 1 Theoretical background 

1. Introduction to biological membranes 

Most of living systems are delineated by biological membrane and its structural 

integrity is fundamental for cell viability and function [8]. Membranes not only define 

the boundary from the external environment but also construct intracellular organelles 

in more complex eukaryotic cells allowing spatial separation of biological processes 

[9]. Therefore, membranes give a shape, participate in signal transduction, store and 

transmit energy, provide recognition and permit cell-to-cell adhesion [10]. The 

unceasing progress of science allowed for a profound and extensive comprehension of 

cell membranes. 

1.1 The importance of biological membranes: Lipid raft hypothesis. 

The development of modern bio-imaging approaches has revolutionised our 

insight and knowledge of biological membranes from the initial model of Singer and 

Nicholson [11]. 

 

Figure 2 A simplified model of lipid rafts in cell membranes. The phospholipids (dark 

blue and brown) and cholesterol (yellow) are positioned in both leaflets, while 
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sphingolipids (purple) are exposed to the exoplasmic layer. The acyl tails of raft lipids 

are generally long and saturated (purple and brown) in contrast to those in non-raft 

domains, which are shorter and unsaturated (blue). Raft domains contain dually-

acylated (green) and GPI-anchored (brown) proteins, whereas transmembrane (blue) 

and prenylated (green) proteins are usually non-raft-associated. Taken and modified 

from [12]. 

The hypothesis of lipid rafts emerged at the end of the 20th century proposed 

by Simons and Ikonen [13]. Exploring more and more functions of biological 

membranes, it became apparent that lipid distribution on the plasma membrane is not 

random and might be regulated by biophysical processes. According to Figure 2, the 

plasma membrane is envisaged as “a sea” of fluid-disordered phase lipids formed 

mainly from unsaturated lipids containing ordered microdomains enriched in saturated 

sphingolipids and cholesterol [14]. Raft phases are thicker and more tightly packed 

due to a higher degree of conformational order of acyl tails imposed by the presence 

of the rigid ring structure of cholesterol. Liquid-phase lipids retain lateral mobility. 

Furthermore, it has been suggested that these structures can bind proteins and control 

their mobility, functionality and localization [15].  

For years the existence of lipid-mediated domains remained controversial as 

they couldn’t be visualised in cell membranes. The breakthrough came in the early 

2000s when phase segregation was observed in membrane models derived from living 

cells [16]. The approximated native membrane environment and capacity of forming 

coexisting liquid domains render giant vesicles a decent tool to provide 

complementary insight into the bio-membrane organization, their physical properties 

and phase-mediated protein and lipid function. However, the shortcomings of giant 

spheres should be stressed; they only contain native cell membrane composition to 

some extent; their induction may result in chemical modifications of membrane 
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components; they lack cortical actin cytoskeleton, which provides mechanical support 

to a cell; they lose partially leaflet asymmetry; the extracted membrane is in the state 

of thermodynamic equilibrium [17]. Even though the observed phenomenon is 

undeniable, the raft phase seen at non-physiological conditions in giant spheres could 

not be taken as an equivalence to the nanoscopic dynamic organization postulated in 

live cells [18].  

1.2 Lipid components in the membranes    

Lipids have a plethora of biological roles, they are not only membrane bilayer 

components but also their functions include: energy source, matrix for many catalytic 

processes, energy transduction, hormone, vitamins, antioxidant and signal molecules 

[19]. 

As lipids exhibit a wide diversity of biological functions, only the human body 

may contain about 1000 major lipid species [20]. With so many different 

biomolecules, three major types of lipids found in bio-membranes are phospholipids, 

glycolipids and sterols. Variations in membrane lipid composition (possessing a range 

of hydrocarbon chain lengths and polar head groups) are significant factors 

distinguishing tissue type, cell function or progression in physiological processes. 

Fatty acids (FAs) are the principal building blocks of complex membrane lipids. The 

most abundant FAs found in mammalian membranes are (fatty acid chains are 

described in the format -number of carbons in the fatty acid chain: number of double 

bonds in the fatty acid chain): palmitic (16:0), stearic (18:0), palmitoleic (16:1), oleic 

(18:1), linoleic (18:2), arachidonic (20:4) and docosahexaenoic (22:6). In addition, the 

presence of double bonds, primarily in cis form, their number and location on lipid 
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hydrocarbon chain affect structural and dynamic properties of biological membranes 

[21]. Figure 3 presents common lipid membrane compositions of different origins. 

 

Figure 3 Membrane composition of different origins demonstrated in percentage; 

(PC- phosphocholine; PS- phosphoserine; PE- phosphoethanolamine; SM- 

sphingomyelin; GL- glycolipids; CH- cholesterol). Taken and modified from [9]. 

Phospholipids are the key compounds of cell membranes. Figure 4 depicts the 

generic chemical structure of phospholipids, defined also as glycerophospholipids. 

Two fatty acid tails join a negative phosphate residue by an alcohol moiety (usually a 

glycerol molecule)[20]. The phosphate group can be further coupled to simple organic 

molecules such as choline, ethanolamine, serine, inositol or glycerol. Most membrane 

phospholipids have an ester linkage (O-(C=O)-R, where R stands for the acyl chain, 

to glycerol. Esther lipids, a unique lipid family for Archean and individual mammalian 

cells, are ether-bounded (O-C-O-R) linking sidechains to the glycerol moieties.  
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Figure 4 Chemical structure of a phospholipid with three carbons named sn-1, sn-2 

and sn-3 (A). Diverse head groups can be placed at the phosphate group at the sn-3 

position: choline in phosphatidylcholine (B), inositol in phosphatidylinositol (C), 

serine in phosphatidylserine (D), ethanolamine in phosphatidylethanolamine (E) and 

glycerol in phosphatidylgycerol (F). Cardiolipin is a unique phospholipid with four 

acyl tails (G). R1, R2 = hydrocarbon chain [19]. Drawn using ChemDraw (Revvity 

Signals Software, Inc. 2024). 
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The terminology of phospholipids stems from the polar head groups. They vary 

from no net charge to anions [20]. Phosphocholine (PC) and phosphoethanolamine 

(PE) are zwitterionic at physiological pH and phosphoserine (PS), phosphoinositol 

(PI) or phosphoglycerol (PG) are negatively charged and their chemical structure is 

seen in Figure 4. Phospholipids with a net positive charge do not occur in nature. PCs 

are found abundant among eukaryotes, where they play a crucial role in bilayer 

organization due to the propensity to adapt lamellar phase. PEs are characterized both 

to bacterial membranes (Gram-positive and Gram-negative bacteria) and mammalian 

plasma membrane (PM). A relatively small head group favours the hexagonal 

structure of PEs which classifies those components as membrane destabilizers. 

Negative-charged PS is not evenly distributed across the inner and outer leaflets of the 

lipid bilayer and is implicated in cell physiology. Disruption in PS organization and 

its excess exposure in the cytoplasmic leaflet are the hallmarks of membrane 

transformation in tumorigenesis [22]. A unique phospholipid, cardiolipin (CL), has a 

dimeric structure with four acyl tails and two phosphatidyl moieties linked to the 

glycerol [23]. Found abundant in the inner mitochondrial membrane, cone-shaped 

molecules that introduce curvature stress in the bilayer membrane [24].  

A large group of membrane lipids are sphingolipids (also termed sphingosine units 

[25]. The exclusive feature of sphingolipids (Sph) is an amide linkage of the 

hydrocarbon tails to the lipid headgroup. Contrary to phospholipids, some may not 

contain the phosphate moiety. Sphingomyelin (SM), the leading representative of 

sphingolipids, is predominantly found in the nervous system particularly in the myelin 

sheath surrounding nerve cell axons [26]. Interestingly, Sph is recurrently co-localised 

with cholesterol in lipid rafts. A higher melting point of Sphs than body temperature 

extends the lipid bilayer rigidity [27].  
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Another class of membrane lipids present in biological membranes is a glycolipid 

[19]. Similarly to sphingomyelin, it is derived from sphingosine but also contains one 

or more sugar residues attached by a glycosidic bond. Cerebrosides have a single sugar 

as its headgroup such as galactose, which is found in the plasma membrane of neuronal 

cells, while those with glucose are present in the plasma membrane of non-neuronal 

cells [28]. Globosides have two or more sugars [20]. Gangliosides are 

oligosaccharides with at least one unusual anionic sugar-sialic acid [29]. Carbohydrate 

residues are always on the extracellular side of the membrane, which facilitates 

cellular recognition essential in cell-cell interactions and immune response. The 

affinity of water molecules to the sugar residues maintains a hydration layer close to 

the membrane interface. However, some sugar moieties are linked with cancer 

progression and function as binding sites for some types of viruses (influenza, HIV) 

[30]. Gangliosides are functional components of lipid rafts that regulate cell 

communication [31] .  

The last major components of membrane lipids are sterols, found in animal, plant 

and fungal membranes [32]. In mammals, the most abundant sterol is cholesterol 

(Chol), fungal analogue is ergosterol and plant sterols are presented by β-sitosterol. 

One-quarter of total cholesterol in vertebrates populates in the brain and 50% of the 

animal plasma membrane is often composed of cholesterol [20]. However, Chol is not 

only an abundant structural component of the 

plasma membrane but also is a precursor for 

other bioactive molecules (vitamin D, all 

steroid hormones and bile salts). Chol due to 

Figure 5 Chemical structure of cholesterol. Drawn using ChemDraw (Revvity Signals 

Software, Inc. 2024).  
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its distinct steroidal planar structure, does not assemble into bilayers. Rather, its 

steroid core aligns with the hydrophobic acyl chains and the hydrophilic hydroxyl 

group is exposed to the membrane interface. The planar steroid ring structure interacts 

through non-covalent van der Waals interaction with the hydrophobic sidechains of 

phospholipids having a significant effect on membrane fluidity (see Fig.5). This 

affinity provides mechanical strength, controls phase behaviour and supports 

membrane lateral organization. Overall, the greater Chol content within the lipid 

bilayer results in a lipid phase transformation from less condensed liquid-disordered 

state into the more compressed liquid-ordered lipid phase. Conversely, it has been 

observed that Chol incorporation into lipid gel phase, common in biological systems, 

increases membrane fluidity. High content of Chol is found in lipid rafts responsible 

for cell signalling. Thus, Chol has dual functions, it constitutes structural components 

of bio-membranes and regulates membrane fluidity. 

1.3 Lipid composition of the cancer cell membrane  

It is well known that alterations in the cell membrane have key implications in 

the progression of cancer, as they have a significant impact on the cell’s response to 

its environment [33]. Altered membranes of cancer cells may change their ability to 

grow or even to attach and respond to surrounding cells. Moreover, alternations can 

influence cellular motility, aiding in invasion or metastasis [5]. Cancer is a 

pathological condition developed as a result of genome instability enabling replicative 

immortality [34]. Alternations in cell membranes are also associated with other 

diseases like diabetes, atherosclerosis or neurodegenerative pathologies [35, 36].  

 Neoplastic cells tend to modify membrane fluidity when preparing for 

metastasis [37–39]. This is linked with the deregulation of cholesterol metabolism in 
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cancer cells [33]. Overall, cholesterol regulates cell membrane rigidity and stiffness 

controlling their ability to deform [1,2]. In addition, higher content of cholesterol 

limits cell permeability and is related to the larger number of lipid rafts presented in 

the external leaflet of the plasma membrane [42]. On the other hand, there is evidence 

that cancer cell membranes are softer than non-transformed cells, which is attributed 

to a loss of fluid rafts forming lipids [43]. Those lipid domains are involved in key 

biological processes such as cell proliferation, differentiation, migration and apoptosis 

[44]. Lipid rafts are associated with malignant transformation, play important role in 

the metastatic cascade, specifically within tumor angiogenesis, cell adhesion, 

migration and endothelial-to-mesenchymal transition (EMT) [45]. Moreover, the 

cancer cell surface is greater than normal cells due to the higher number of microvilli 

[5]. Microvilli were commonly characterised on the surface structure of normal small 

intestine and govern metabolite absorption [46]. It was reported that cancer cell 

microvilli contain nutrient trafficking vesicles and glucose defining its metabolic 

capacity [47]. 

Dysregulation of lipid raft organization was reported to alter pathways related 

to malignancy such as cancer cell proliferation, migration, invasiveness or metastasis 

[48]. Invadopodia, actin-rich plasma membrane protrusions of tumour cells, 

podosome-like structures of nontransformed cells, drive adhesion and penetration of 

cancer cells into the underlying extracellular matrix, stroma and basal lamina (see Fig. 

6). Disruption of lipid domains by depletion of membrane cholesterol using methyl-

β-cyclodextrin (MβCD) prevents invadopodia formation and cancer cells expand into 

nearby environments, proving that lipid rafts are mandatory for invadopodia 

functionality in human breast cancer [49].  
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Figure 6 Schematic structure of cancer cell with invadopodia. Invasive cancer cells 

are thought to breach the basement membrane by specialized invadopodia, membrane 

protrusions. ECM: extracellular matrix. Taken and modified from [50].  

 

Another change that occurs during tumorigenesis is an alteration in glycosylation 

of membrane-associated glycoproteins and glycolipids [30]. Those modifications are 

often caused by the activation of certain glycosyltransferases, which are responsible 

for catalysing the biosynthesis of glycoproteins [51]. Glycosylation is a post-

translational modification of proteins. Breast cancer patients often exhibit changes in 

the glycosylation of mucins in the mammary gland related to a higher content of sialic 

acid [52]. This, in turn, is believed to contribute to a net negative charge of the cell 

membrane [53]. 

1.4 Key characterization of membrane structure and membrane 

organization 

The cell membrane is a complex mixture of various lipids with both distinct 

and synergistic effects [54]. Amphiphiles are molecules capable of self-assembling in 

an aqueous solution if a threshold concentration called critical micelle concentration 

(CMC) is reached [55]. The CMC is a minimum concentration of surfactants above 

which they can organise into particular aggregates, determined by lipid molecular 
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structure (type of headgroup, sidechain, overall shape and volume, hydrophilic: 

hydrophobic ratio of a molecule). The self-assembly process of amphiphilic molecules 

occurs due to two simultaneous tendencies: hydrophobic lipid acyl tails avoid a polar 

environment, while hydrophilic head groups are positioned to interact favourably with 

the aqueous medium. To predict the structure of the aggregate we can use the packing 

parameter (P), which is expressed as [56]: 

𝑃 = 𝑉
𝐴𝑜𝐿⁄   

where V is the effective volume occupied by hydrophobic chains in the aggregate core; 

Ao is  the effective polar head group surface area at the aggregate solution interface 

and L is the maximum effective hydrophobic tail length. The shape and size of 

aggregates also depend on the molecular geometry of components and the solution 

conditions such as temperature, pH, water content, concentration and ionic strength 

[57].  

Kumar et al. described that upon hydration with the increase of P value, the 

amphiphiles can adapt spherical structure (P≤1/3), non-spherical (cylindrical) (1/3≤P 

≤1/2) and lamellar (P=1) [58]. When 1/2≤P ≤1, bilayer structures are generally formed 

and P>1 favours the aggregation to reverse hexagonal phase, reversed micellar cubic 

(Fd3m), reversed bicontinuous cubic (Im3m), reversed bicontinuous cubic (Pn3m) and 

reversed bicontinuous cubic (Ia3d) [57]. Figure 7 portrays these considerations.  
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Figure 7 Amphiphilic molecule self-assembly. Illustration of the P concept and its 

relation to geometrical shapes. Taken and modified from [55]. 

Lamellar phases organize into a liquid crystalline order [59]. To reduce the 

energy of the system, the lipid lamellae form a bilayer in which hydrocarbon acyl 

chains of two leaflets face each other constructing a hydrophobic core, while polar 

lipid headgroups interface with water molecules. Bilayer is the prevailing organization 

of lipid molecules in membranes, albeit not an exclusive organisation (see Fig. 7). The 

key property of lamellar structure is to provide a barrier preventing from free diffusion 

of large solutes, constitute a platform for other non-lipid membrane components, 

define the shape of cells or organelles and simultaneously, protect from mechanical 

stress. Diverse membrane functions and related processes are specifically associated 

with amphiphilic non-lamellar lipid domains. The inverted hexagonal phase is specific 

to mitochondrial membranes introducing curvature stress in the bilayer membrane and 

modulating mitochondrial fusion and fission [24]. Mitochondrial fusion connects two 

mitochondria together, while fission divides one into two [60]. Mitochondria separate 

and merge to mitigate changes in energy and stress. Non-bilayer organization in 

membranes induces curvature strains determined by the overall concentration and 

distribution of these lipids in the membrane [24]. 
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1.5 Membrane fluidity and lipid phases 

Membrane lipids are capable of self-assembly and adopt principal lamellar 

phases: solid (also termed gel or liquid crystalline gel; Lβ) and liquid (refer to the fluid, 

liquid crystalline or liquid disordered; Lα) [61]. They differ in the spatial arrangement 

and mobility of individual lipids which have an impact on membrane permeability. In 

the gel phase, van der Waals interactions cause highly ordered packing of the acyl 

tails, which are in a fully extended all-trans conformation and with a slow lateral 

diffusion (see Fig. 8; gel, solid phase) [62]. When the temperature increases and lipids 

reach their melting temperature (Tm), which depends on their type of polar head group, 

the length of acyl chains or the degree of unsaturation, they undergo the phase 

transition from gel to liquid crystalline phase. The Tm is specific to each lipid and is 

directly proportional to the length of fatty acids and inversely correlated to a number 

of unsaturated bonds in the acyl chains. Long acyl tails boost the Van der Waals 

interactions between carbon chains and favour ordered packing, while the decrease of 

melting temperature associated with a greater number of unsaturation is due to lower 

packing of hydrocarbon chains. At the gel-phase transition, acyl tails change from all-

trans to a trans-gauche conformation. The liquid crystalline phase (Lc) is characterised 

by highly disordered lipid acyl tails, which experienced increased translational and 

rational mobility in comparison to the gel phase [63]. As a result, membrane fluidity 

is enhanced. In some bilayers, the intermediate phase between the gel and liquid 

crystalline occurs the ripple phase with characteristic curvature. In addition, in 

membranes containing also cholesterol and sphingolipids appear also the liquid-

ordered phase [64], known also as lipid rafts (Lo) (see Theoretical background, 1.2 

The importance of biological membranes: Lipid raft hypothesis). Long acyl chains of 

sphingolipids favour tight packing, and cholesterol, having specific H-bonding 
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interactions with lipids and capability to bridge the voids in lipid bilayers, expels water 

molecules from the highly ordered gel phase to form the liquid ordered phase [65]. 

Many studies have demonstrated the coexistence of gel and fluid phases in 

living cell membranes [66]. Figure 8 illustrates the different physical states adopted 

by a lipid bilayer and main phase transitions.  

 

Figure 8 Different physical states adopted by a lipid bilayer, which differ in 

organization, membrane order and the motility of lipid molecules. Two extreme lipid 

phases can occur in biological membranes- gel (Lβ) or fluid phases (Ld). The transition 

between phases occurs at specific temperature termed melting temperature (Tm). Some 

lipids exhibit a pretransition temperature and have additional lamellar phase, the ripple 

phase (Pβ). When cholesterol is present, lipid bilayer can have an extra phase termed 

liquid-ordered phase (Lo) with characteristics of both gel and fluid lipid states. Taken 

and modified from [62]. 

1.6 Key physicochemical properties of membranes 

Cell membranes are dynamic and asymmetric fluid structures that are not fixed 

in position. Mammalian cell structure with organelles is demonstrated on Figure 9. 

Lipid asymmetry specifies non-homogenous lipid composition in the exoplasmic and 

cytofacial leaflets of many biological membranes. The lipid asymmetry of PM is 

Tm 

Gel, solid phase  

             

 

Ripple phase Pβ 
Fluid, liquid-disorderd phase Ld 

l 

Fluid, liquid-orderd phase Lo 

+cholesterol +cholesterol 
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highly preserved across eukaryotic cells [67]. In mammalian cells, the outer leaflet of 

PM largely consists of PC, SM and glycosphingolipids (GSL), whereas the inner 

leaflet is enriched in charged PE, PS and PI. Chol is present in both layers with a cell-

specific distribution. 

 

Figure 9 Structure of mammalian cell with organelles. Taken from [68]. 

 

Membrane compressibility and fluidity depend on the lipid composition 

(length and degree of unsaturation of fatty acids, type of polar head group or presence 

of sterols), temperature, pH and ionic strength. Furthermore, the local fluidity of the 

lipid bilayer has been shown to affect many membrane functions including passive 

permeability properties, signal transduction or enzyme activity [69]. Lipids and many 

membrane proteins are constantly in lateral motion called lateral diffusion within one 
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of the membrane leaflets [70]. This rapid lipid movement can lead to the formation of 

lipid domains and rafts. Lipids can also spontaneously rotate from one face of a 

membrane to the other layer in a very slow process called transverse diffusion or flip-

flop, which allows lipids to maintain membrane asymmetry [70]. Lipid movement is 

also regulated by enzymes flippases and floppases which role is to synthesize or 

degrade lipids in one of the leaflets [71].  

Lipid asymmetry has been investigated to have a significant function in many 

membrane-based processes. The loss of PS asymmetry and consequent PS exposure 

to the external environment activates apoptotic machinery or promotes blood clotting. 

Furthermore, some viruses express PS in the outer envelope to attract immune cells 

and induce host infection [72]. 

1.7  Membrane elasticity 

Biological membranes determine the integrity and shapes of cells and intracellular 

compartments. As a result of their function, they are exposed to forces applied by 

molecules, such as proteins which generate changes in their structures and shapes. In 

1973 German physicist Wolfgang Helfrich proposed a theoretical model of membrane 

elasticity which assumed that membrane resistance to deformation depends on two 

elastic features: stretching and bending (detailed reviewed in [73, 74]). The lipid 

bilayer is considered a fluid sheet with a small thickness when compared to its lateral 

surface dimension. The Helfrich Hamiltonian refers to the elastic contribution (per 

unit area) to the free energy of the membrane, 

𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝑓𝑏𝑒𝑛𝑑 + 𝑓𝑠𝑡𝑟𝑒𝑡𝑐ℎ   

where fbend is the free energy per unit area as of membrane bending and fstretch is the 

free energy per unit area due to membrane stretching. As membranes are highly 



52 

 

Theoretical background 

resistant to stretching, the fstrech can be neglected. It is caused by energetically 

unfavourable exposure of hydrophobic hydrocarbon lipid chains to water [75]. Lipid 

bilayers highly resist stretching because increasing the average distance between head 

groups elevates exposure of the hydrophobic motifs to water molecules [75]. 

Therefore, the bending energy has the most significant contribution to the membrane 

free energy expressed as: 

𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝑓𝑏𝑒𝑛𝑑 =
1

2
𝐾𝑏(2𝐻 − 𝐶𝑜)2 + 𝐾𝐺𝐺    

where the Kb and KG are the bending modulus and Gaussian curvature modulus 

respectively, H represents the mean of two principal curvatures of the membrane 

(H=(C1+C2)/2), G is Gaussian curvature of the membrane also defines by the principal 

curvatures (G=C1C2) and Co represents preferred curvature of the membrane in a 

relaxed state. As lipid bilayers maintain their asymmetry, the value of Co is non-zero. 

On the other hand, artificial membranes composed of just one type of lipid, have 

identical monolayers and no spontaneous bending appears, so Co=0.  

𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝑓𝑏𝑒𝑛𝑑 =
1

2
𝐾𝑏(2𝐻)2 + 𝐾𝐺𝐺        

In addition, the Gaussian curvature term only contributes to the alteration in free 

energy systems if the membrane undergoes a topological transition such as poration, 

fission or fusion. Therefore, the Gaussian elasticity term can be ignored and the 

equation of the free energy (Felastic) of model membranes for bending at fixed topology 

can be described as: 

𝐹𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = ∫ 𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑑𝐴 = 2𝐾𝑏 ∫ 𝐻2𝑑𝐴      

where dA is the area element on the membrane. Typical values of Kb for lipid bilayers 

are between 10-20 kBT. This model is relevant for membranes composed of one type 
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of lipids. In the case of bilayers made of a mixture of lipids, the analysis becomes more 

complex.  

1.8  Membrane biomimetics 

Due to its fundamental role and complexity, many different model systems have 

been created retaining essential lipid bilayer structure but simplified enough so that 

functions of individual components, their organization and dynamics can be assessed 

and visualized. Commonly used mimetic systems include lipid monolayers, lipid 

vesicles and supported lipid bilayers [76].  

1.8.1 Lipid vesicles 

The first observation of self-assembled hydrophobic lipids in an aqueous 

environment was made by British haematologist Alec Bangham with co-workers 

while testing the electron microscope in the 1960s [77]. Now those structures are 

known as lipid vesicles or liposomes and are characterized as small sphere-shaped 

structures widely used as molecular tools for investigating membrane mechanics and 

membrane processes [56]. Their structure is arranged similarly to biological 

membranes as they are composed of two lipid leaflets (Figure 10). 

The great advantage of liposomes is that they can be formed with different 

lamellarity, size, charge and composition mimicking both prokaryotic and eukaryotic 

membranes. Based on lamellar structure and size, the liposomes can be classified into 

four main classes- unilamellar vesicles are small (20-40 nm), large (100-1000 nm) or 

giant (>1000nm); whereas multilamellar vesicles have several bilayers. Stable lipid 

vesicles from phospholipids are generated at a temperature above the gel-to-liquid 

crystalline transition temperature (Tc) of phospholipids related to the melting point of 
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the acyl chains, which is also affected by their length and degree of unsaturation and 

the nature of head groups [78].  

 

Figure 10 Schematic lipid vesicle. 

 

According to the method of preparation, different classes of bilayer structures 

can be formed [78]. Multi lamellar vesicles (MLV) are created by the hydration of a 

dried lipid film at temperatures above the lipid phase transition. Their size can be 

easily reduced and homogenized with several freeze-thaw cycles. Large unilamellar 

vesicles (LUV) are vesicles with a size ranging between 100-1000 nm, which are 

formed by the extrusion of MLV through polycarbonate filters with monodisperse 

pore size [79]. LUVs are commonly used in fluorescence spectroscopy to study 

membrane permeability and fluidity. Similar in morphology and size (up to 100 µm) 

to native cells are giant unilamellar vesicles (GUV) often produced by the 

electroformation method [60]. Electroformation is a rapid and easy method which can 

be conducted by applying an alternating electric field in the formation chamber to 

induce swelling of thin lipid films on an indium tin oxide (ITO)-coated glass surface 

[82]. One of the advantages of using them is that they are visible under optical 

microscopes at the single vesicle level [81]. In addition, confocal microscopy can 
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provide detailed information about many biophysical features of membranes such as 

their fluidity, permeability or morphology. Disruption of MLVs also produced small 

unilamellar vesicles (SUVs), which both with LUVs have a single lipid bilayer. All 

these lipid vesicles are commonly utilized as membrane models not only to investigate 

membrane properties but also to provide suitable transport vehicles for drugs and other 

bioactive molecules. Thus, liposomes have been used in pharmaceutical applications 

as a delivery system providing targeting of particular diseased cells and liposomal 

drugs have reduced toxicities compared with free medicaments [83].  

1.8.2 Giant plasma membrane vesicles   

Despite many advantages, vesicles constructed of synthetic or purified lipids are 

too simplified to mimic the dynamic structure of a living cell. An alternative model 

system isolated directly from living cells is giant plasma membrane vesicles 

(GPMVs). In response to a chemical or osmotic stress, mammalian cells are capable 

of producing various vesicles closely mimicking the lipid and protein compositional 

complexity of the intact cell plasma membrane [84]. GPMVs gained importance after 

phase separation was observed in their membranes [16].  

For vesiculation purposes, adherent cells are preferable to use as they remain 

attached during the process. GPMVs formation was first observed in the 1970s [85]. 

Cells were incubated in a buffer containing formaldehyde (PFA), D-thiothreitol (DTT) 

and Ca2+. Chemically induced vesiculation produced nearly pure membrane vesicles 

with a lack of assembled cytoskeleton and nuclear material [86]. Generally, cell 

blebbing is a biological process occurring during cytokinesis, cell migration or 

apoptosis [87]. In contrast to physiological blebs, which are retracted after the 

reformation of an actin cortex at the bleb membrane, GPMVs fail to retract. This can 
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be attributed to the presence of Ca2+ in a vesiculation buffer. A steady influx of Ca2+ 

triggers many processes and different events dependent on Ca2+ thresholds occur, 

mainly PI(4,5)P2 degradation and the loss of lipid asymmetry [17]. PI(4,5)P2 is an 

anionic lipid regulating cellular functions including cytoskeleton dynamics [88]. Lack 

of PI(4,5)P2 precludes the reformation of an actin cortex and as a result, blebs are 

formed. Elevated levels of Ca2+ also affect phospholipid scramblases and 

aminophospholipid transporters, activating and inhibiting them, respectively. 

Consequently, membrane asymmetry is mainly lost, at least in the case of phosphatidyl 

serine. Thus, cell blebbing induced by chemical vesiculation resembles apoptosis, a 

programmed cell death.  

Producing giant plasma membrane vesicles from cells is a unique opportunity for 

preparing biomimetic model membranes. Currently, GPMVs are used to investigate 

membrane organization or processes including the mechanism of action of cell-

penetrating peptides [89]. Although presenting many advantages, GPMVs also have 

significant limitations. Their formation is induced in the presence of PFA and DTT, 

which are non-specific crosslinkers and reducers, respectively. Cell incubation with 

chemical vesiculants leads to covalent modifications. Adaptation of this protocol is a 

usage of N-ethyl maleimide (NEM), instead of PFA/DTT, which blocks terminal 

sulfhydryl groups avoiding crosslinking [90]. Another limitation is the loss of lipid 

bilayer asymmetry mentioned above, typically by increased exposure of anionic PS in 

the outer layer. Recent studies have revealed also that GPMVs are passively permeable 

to hydrophilic macromolecules as large as 60 kDa as a result of shear-induced rupture 

of vesicles from cells [91]. Finally, cell-derived vesicles represent the cellular 

membrane in a state of thermodynamic equilibrium, while the living cell plasma 
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membrane is a dynamic structure under constant modifications including interaction 

with cytoskeletal components or enzyme activity.  

While synthetic lipid vesicles are relatively easy to form, the production of giant 

plasma membrane vesicles is still challenging. Due to the complexity of living cells, 

there are lots of surprising events that can appear during vesiculation being impossible 

to predict. 

2. Antimicrobial peptides: general overview 

More than a century has passed since Alexander Fleming determined the 

antimicrobial activity of lysozyme, the first natural antibiotic identified in body fluids 

[92]. Since then, diverse types of molecules with antibiotic activity have been isolated 

from different species, and their applicability has been claimed as the most important 

medical breakthrough. The antimicrobial peptides (AMPs) have redefined our 

understanding of the fundaments underlying immunity and human disease. At present, 

it is known that AMPs can be found in virtually every living organism [93]. According 

to the Antimicrobial Peptides Database (ADP), more than 3500 peptides were 

classified as AMPs and have been registered up to date (https://aps.unmc.edu/) (see 

Figure 11). AMPs are also termed host defence peptides [94], cationic antimicrobial 

peptides [95], cationic amphipathic peptides [96] and α-helical antimicrobial peptides 

[97].  



58 

 

Theoretical background 

 

 

Figure 11 Sources of antimicrobial peptides (total 3569) as of July 2023 from the 

antimicrobial peptide database. Number obtained from https://aps.unmc.edu/, 

accessed on 10 July 2023. 

2.1  AMPs classification system 

The large diversity among AMPs led to attempts to categorise them according to 

their: 1) activity spectrum [98]; 2) secondary structure [99]; 3) bacterial selectivity 

[93]; 4) amino acid composition [3]; origin [100]. Currently, the most widely accepted 

classification of AMPs is the one compiled by Brogden in 2005. Amino acid 

composition is the key criterion used to divide peptides into 5 subclasses presented in 

Table 1. 

Table 1 Classes of antimicrobial peptides according to Brogden [3] 

Category Unique structure/ sequence/ feature Peptides Origin 

Anionic 

peptides 

• Rich in Asp and Glu 

• Produced in mM concentration 

• Require Zn as a cofactor 

• Dermicidin 

• Maximin H5 

• Humans 

• Amphibians 

Bacteria (380) Archaea(5) Protists(8) Fungi(25) Plants(371) Animals(2600)
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Linear 

cationic 

α-helical 

peptides 

• Lack of Cys residues 

• In aqueous solution are disordered, can 

convert into α-helix in the presence of 

bactericidal membranes (lipid A) or 

liposomes  

• Cathelicidins 

(LL-37) 

• Magainins 

• Cecropins 

• Polybia MP1 

• Mammalians 

 

• Amphibians 

• Insects 

• Insects 

 

 

Cationic 

peptides 

enrich for 

specific 

amino 

acids 

• Lack of Cys 

• Rich in Pro 

• Rich in Pro and Arg 

 

• Rich in Pro and Phe 

• Rich in His 

 

• Abaecin 

• Apidaecins 

 

• Prophenin 

• Histatin 

 

 

• Insects 

• Mammalians 

 

• Mammalians 

• Mammalians 

Anionic 

and 

cationic 

peptides 

that 

contain 

cystein 

• Form disulphide bonds 

• Adapt β-sheets as secondary structure 

• Cathelicidins 

(protegrin) 

• Defensins  

• Mammalians 

• Mammalians 

Anionic 

and 

cationic 

peptides 

fragments 

of larger 

proteins 

• Parts of larger proteins 
• Casocidin 

(from 

casein) 

• Lactoferricin 

(from 

lactoferrin) 

• Mammalians 

 

• Mammalians 

 

Gramicidins, obtained from soil bacteria Bacillus brevis, are the first ever 

AMPs clinically used as antibiotics [1]. There are two types: gramicidin D and 

gramicidin S (Soviet). Gramicidin D is a linear pentadecapeptide AMP with the 

mixture of three types such as A (g-A), B (g-B) and C (g-C). It can adapt hetero 
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dimeric intertwined (double stranded) beta helix or homo dimeric single stranded helix 

[101]. Contrary, Gramicidin S, discovered by Russian microbiologists Gause and 

Brazhnikova [102], is a cyclic derivative of gramicidin which forms a ring structure 

and adapts β-sheet secondary structure [103].  

2.2 Mechanism of action of AMPs 

AMPs exert a broad spectrum of activity; therefore, it is suggested that there is no 

single target site or mode of action common to all peptides. Unlike antibiotics, the 

multi-facial nature of AMPs may prevent the development of bacteria resistance [104]. 

During the last decades, studies have revealed a few potential mechanisms against 

different types of pathogens (see [105–107] for detailed reviews). Seelig et al. divided 

the interaction between cationic antimicrobial peptides with lipid membranes into 

three thermodynamic steps: 1) the electrostatic attraction of the positively charged 

amino acid residues to anionic lipid head groups enhancing their concentrations on the 

membrane surface (additional binding between peptides with neutral net charge and 

non-charged lipids); 2) peptides partitioning into lipid bilayer; 3) bound peptides 

change their conformation induced by hydrophobic interactions [1]. The structure 

rearrangement and adaptation of the secondary structure is seen as a key stage in the 

partition process [108]. Moreover, some invading pathogens possess external cell 

walls, but AMPs have an ability to displace the divalent cations stabilizing the walls, 

which forms defects and peptides can translocate across the barrier [109]. 

Another factor, which is important in peptide-lipid interaction, is the peptide 

concentration or peptide/lipid ratio. At low ratios, AMPs lie flat on the membrane 

surface and only affect its thickness. Above a certain threshold, peptides begin to 

partition into the bilayer. In order to explain AMP’s activity, their potential 
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mechanisms were divided into two categories: 1) the formation of transmembrane 

pores (“barrel stave” and “toroidal” pore models); 2) by dissolving the membrane in 

the detergent-like manner (“carpet model”). These models are demonstrated in Figure 

12 [105, 107]. 

 

Figure 12 Schematic representation of some action mechanisms of AMPs (A)- carpet 

model; (B)- barrel stave model; (C)-toroidal pore model. In the “barrel-stave” model, 

AMPs insert within the membrane by orienting their hydrophobic face in the lipid core 

of the bilayer, while their water-soluble regions form the lumen of the channel. This 

model is unique to fungal alamethicin. The “toroidal” mechanism is another model 

that describes the pore formation. In this case, peptides induce the bending of lipids 

within the bilayer, forming a peptide-lined pore in which AMPs are associated with 

the lipid polar head groups. Melittin, magainins and protegrins are proposed to use a 

“toroidal” model. Alteration to this model is the formation of “disordered toroidal” 
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channels, where the peptides bind primarily to the edge of the pore and do not have a 

specific orientation. In comparison, in the “carpet” model AMPs fold into amphipathic 

conformation and accumulate on the membrane surface covering it in a carpet-like 

manner. When the threshold concentration is reached, peptides disrupt the bilayer in a 

detergent-like model, leading to its disintegration and formation of micelles. Taken 

and modified from [107]. 

One of the best studied AMPs are the family of gramicidins, g-D penetrates into 

the bacterial membrane leading to the cell death by the loss of solutes and ions, 

inhibition of respiration and genetic material synthesis, reduction in ATP or and 

indulgence of the transmembrane potential [110]. g-S shows greater permeability 

towards all the bacteria and inhibits the cell growth by disrupting cytoplasmic 

membrane [111]. In addition, many AMPs can affect cellular functions at low 

concentrations without damaging the membrane but freely translocating across the 

bilayer. They can interact with intracellular molecules influencing important cellular 

and metabolic processes such as the inhibition of DNA, RNA and protein synthesis or 

cytosolic enzymatic activity [3]. For instance, buforin II forms “toroidal” pores across 

the bacterial membrane, translocates to the cell interior and eventually, binds to 

nucleic acids [112]. Another AMP, nisin is capable of binding to lipid II abundant in 

procaryotic membranes, hindering cell wall biosynthesis, and inducing autolysis [113, 

114]. Human LL-37 not only modulates immune response but creates pores across the 

bilayer [115].  

Lately, research has focused on Polybia MP1 mechanism of action, a peptide with 

promising anticancer activity. The peptide was shown to have pore-forming activity 

[116, 117]. It is assumed that the peptide inserts into the membrane leading to 

membrane disruption due to the high content of hydrophobic residues and capability 
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to form hydrophobic interactions. MP1 is a short peptide, thus, it is proposed that it 

form toroidal transmembrane pores [118].  

2.3 Different origin and activity spectrum of antimicrobial peptides 

In the last decades, the emergence of multidrug-resistant pathogens has become 

one of the greatest global health issues and hence alternatives to conventional 

antibiotics are urgently needed. To resolve this problem, AMPs have attracted 

attention as promising drug candidates. Moreover, the term “antimicrobial peptides” 

refers to their first recognized property- they combat different pathogens. Currently, it 

is well-known that AMPs possess a broad spectrum of activity. Table 2 reports a 

summary of the different biological activities of AMPs. 

Table 2 Activity spectrum of antimicrobial peptides [105, 106] 

 

 

Bacterial AMPs, bacteriocins, are generated to kill other bacterial species that may 

compete for nutrients and the same environmental niche. In addition, they may control 

the colony size (so-called quorum sensing) [119].  

Most AMPs reported to date are derived from eukaryotes (reviewed in detail in 

[106]). It is well-known that AMPs are important weapons of the immune system, 

constituting the first line of defence to combat pathogens. As invertebrates and plants 

lack adaptive immunity, AMPs play a fundamental role in their protection. They have 

been found in all invertebrates examined to date (in hemolymph, hemocytes and 

Antimicrobial

• antibacterial

• antifungal

• aniviral

• antiparasitic

Antiinflammatory

• endotoxins

•protease

• cancer

Immunomodulatory

• cell signalling

• chemotaxy

• stimulation of 
immune response

Homeostatic

• angiogenesis

• cellular 
differentiation

•wound healing

Antrimicrobial peptides 
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phagocytes). Interestingly, all plant AMPs are cysteine-rich and can be found in seeds, 

flowers or leaves.  

In comparison, vertebrate immunity consists of both an innate and adaptive 

immune system. AMPs are often produced by epithelial cells and can be isolated from 

bodily fluids such as blood, sweat, saliva and plasma. In addition, rich sources of 

AMPs are white blood cells, especially phagocytes, where they are in granules. 

2.4 Immunomodulatory function of AMPs 

The immune system is the fundamental network of biological processes that 

protect an organism from pathogens. AMPs have been classified as important 

immunity components exerting immunomodulatory properties[120]. To emphasise 

their immunomodulatory role, antimicrobial peptides are also called host defence 

peptides (HDP) [121]. AMPs resemble endogenous antibiotics and combat pathogenic 

bacteria, fungi, viruses and protozoa directly, or indirectly by modulating the immune 

response in higher organisms[122, 123]. Due to the ability to recognize chemokine 

receptors, cathelicidins and defensins are chemo-attractants for monocytes, 

neutrophils, dendritic cells (DCs), and T cells [124]. AMPs can also promote cellular 

differentiation of macrophages or DCs resulting in activation of adaptive immunity 

and can bias their polarization toward a pro-inflammatory phenotype [125, 126]. 

AMPs impacting antigen-presenting cells regulate the adaptive immune response (see 

[127] for details). Also, AMPs dysregulation in many tissues has been linked to some 

autoimmune or autoinflammatory diseases, namely systemic lupus erythematosus 

(SLE), psoriasis, rheumatoid arthritis (RA), type 1 diabetes (T1D), Sjögren’s disease 

(SjS), and multiple sclerosis (MS) [128]. 
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2.5 The homeostatic capability of AMPs 

It was observed that certain peptides promote tissue regeneration. Some AMPs are 

involved in the processes of angiogenesis and wound healing [129]. For instance, the 

LL-37 peptide, human cathelicidin, facilitates the proliferation of dermal cells, 

essential in wound restoration. LL-37 is capable of modulating angiogenesis as it has 

been shown to stimulate proliferation and neovascularisation, [130]. Therefore, LL-37 

has been successfully applied in diabetic foot ulcer (DFU). The expression of human 

β-defensin (hBD)-2 was identified in human skin wounds acting as an inducer of 

keratinocyte cytokine production and migration [131]. Furthermore, LL-37 have been 

determined to promote healing at the ocular surface [132]. Some AMPs show potent 

wound-healing activity in other epithelial tissues such as the gut and lung [133]. 

Gramicidin D and S are used to treat infected wounds as well as eye, nose or throat 

infections [102, 110]. 

In addition, as invading pathogens cause inflammation, some AMPs have anti-

endotoxin activity neutralizing lipopolysaccharides (LPS) and can act like anti-

inflammatory agents [134].  

2.6 Antimicrobial peptides as anticancer agents 

Over the past few decades, the number of people suffering from cancer has 

arisen dramatically becoming a real worldwide issue [135]. Current methods applied 

in cancer treatment - chemotherapy, radiotherapy or surgical resection- have many 

limitations such as insufficient selectivity towards cancer cells leading to unspecific 

targeting of healthy cells and development of resistance to anticancer drugs [136]. As 

a result, there is a strong need for an effective therapy that can overcome adverse 
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effects caused by conventional methods. A novel class of potential therapeutics which 

can be implemented against both global health threats are antimicrobial peptides. 

AMPs, as described above, have a wide spectrum of activity. They share 

common physicochemical properties: have a high content of hydrophobic residues, a 

net positive charge and consequently, have an amphipathic nature. Those features are 

fundamental in their mode of action as cationic peptides are attracted by electrostatic 

forces to negatively charged membranes. Likewise, the outer leaflet of PM of many 

cancer cells has also a high content of components with a negative charge opposite to 

the zwitterionic surface of non-transformed cells [137, 138]. As a result of this 

similarity, it is considered as a main factor of enhanced selectivity of AMPs towards 

malignant cells [5]. Over the years, it was proven that antimicrobial peptides are not 

only membrane-active agents but also target other cellular processes such as cell 

division, and metabolism or affect the immune system [139]. AMPs show anti-tumour 

mechanisms by (1) modulating the immune system, (2) inducing apoptosis or necrosis 

of cancer cells (both terms refer to the programmed cell death, however, during 

apoptosis, the affected cell actively participates in the cell death process, while in 

necrosis the cell death initiation is a response to adverse conditions in the cell 

environment [140], (3) inhibiting tumour angiogenesis to suppress its nutrition and 

metastasis, and (4) activating functional proteins to regulate the gene transcription and 

translation of tumour cells [141, 142].  

Certain antimicrobial peptides exhibit a broad spectrum of cytotoxic activity 

towards tumour cells and, as a result, are also referred to as anticancer peptides 

(ACPs). Similarly to bacterial membranes, cancer cells' lipid bilayer has a strong net 

negative charge in the outer leaflet and the electrostatic attraction between anionic 

phospholipids and positively charged AMPs is believed to play an important role in 
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binding and disruption of cancerous cells [1–3]. The content of some anionic 

glycoproteins such as mucins and heparan sulfate proteoglycans may also enhance 

AMP–cancer cell membrane interaction [94, 143]. Cytotoxic effect on breast cancer 

models was reported e.g. on MCF-7, MDA-MB-435 and MDA-MB-231 cancer cell 

lines for peptides: lactoferricin [144], magainin II [145], peptoid 1 [146] or IW13 

[147]. Magainin II was reported cytotoxic against all bladder cancer cell lines by an 

average IC50 of 198.1 μM [148]. Nisin, a bacteriocin and antibacterial peptide, 

suppressed metastatic progression of colon adenocarcinoma cells by downregulating 

some crucial genes [149]. Administrating AMPs in combination with 

chemotherapeutics showed  the chemsensitizing effect- NRC-03 and NRC-07 dosing 

reduced the half-maximal effective concentration (EC50) of cisplatin for breast cancer 

cells [150].  In another study, doxorubicin combined with nisin exhibited threefold 

greater cytotoxicity than peptide or drug alone [151]. 

2.7 Polybia MP1 as a multifunctional peptide with anticancer potency 

According to the antimicrobial database (http://aps.unmc.edu/AP/main.php), 276 

peptides with anti-tumour properties have been discovered to date. Polybia MP1 is an 

example of a peptide with activity against cancer cells. 

Polybia MP1 (IDWKKLLDAAKQIL) first isolated from the venom of the 

Brazilian wasp Polybia paulista, is extensively studied AMPs due to a broad anti-

pathogenic spectrum and with low haemolysis to rat erythrocyte [152]. A 14-residue 

peptide demonstrates bactericidal activities against Gram-negative and Gram-positive 

bacteria without being cytotoxic and haemolytic to healthy cells (the Gram stain 

provides basic classification system: Gram-positive bacteria have a thick (20–80 nm) 

cell wall, while Gram-negative bacteria have a relatively thin (<10 nm) layer, but 
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harbour an additional outer membrane [153]). This peptide is cytotoxic against 

leukemic T lymphocytes and shows some selectivity in recognizing them [154]. MP1 

showed also a selective inhibitory effect on multidrug-resistant leukemic cells, and on 

proliferating prostate and bladder cancer cells [116, 155]. Clinical application has not 

yet proceeded due to not fully explained molecular-scale mechanistic basis of Polybia-

MP1 activity. However, Liu et al. synthesized polyethylenimine (F-PEI) for effective 

MP1 formulation and administrating MP1/F-PEI nanoparticles in mice showed 

prolonged lifetime within four weeks and tumour growth supression [156]. The 

membranolytic activity and biofilm inhibition support MP1 as a prospective 

alternative to conventional antibiotics [157]. 

 

Figure 13 The primary sequence of Polybia MP1 with highlighted side chains 

properties. 

As a member of the Mastoparan family, MP1 has a low net positive charge (+2e) 

due to three lysine residues, with a linear secondary structure at physiological pH (see 

Fig. 13). Santos et. al demonstrated a unique role of two aspartic acids (D) at positions 

2 and 8 in helical stabilization and haemolysin feature [158]. MP1 in the presence of 

membranes was demonstrated to form an amphipathic α-helix, positioning the 

hydrophilic residues on one face and the hydrophobic molecules on the other. The 
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helix structure adaptation is a prerequisite for MP1 to exert its anti-microbial 

properties through membrane partitioning and the cationic face of the molecule 

mediates favourable ionic interactions with the negative membrane surface, while the 

hydrophobic face on the opposite side is key in membrane perturbation through further 

interaction with the apolar interior of the membrane [159]. Lately, Zhao et al. 

demonstrated that D-amino acid peptide analogue of MP1 promotes proteolytic 

stability and its antimicrobial activity remained relatively moderate [160]. Luong et 

al. have reported more stable and metabolically active MP1 variants by applying an 

advancing technology termed the “all-hydrocarbon stapling system”[161]. The 

inclusion of a hydrocarbon staple drastically stabilizes the secondary structure of MP1 

and thereby facilitates proteolytic stability. In addition, peptide mutant with the 

increased net charge showed a greater inhibitory effect on B. subtilis, S. aureus and S. 

epidermidis, however exhibiting boosted cytotoxicity at the same time. The 

incorporation of asparagine (Arn;N) at the aspartic acid (Asp;D) position not only 

resulted in the increased positive net charge but also determined a higher degree of 

hydrophobicity. This finding indicates the important role of Asp residue at position 8 

in regulating MP1 haemolytic activity [158].  

The appropriate organization of hydrophobic and hydrophilic residues is essential 

in notably limited toxicity to non-transformed cells and, simultaneously, retained anti-

cancer potency. It is believed that the origin of cancer selectivity could be caused by 

the intrinsic alternation in the lipid membrane composition of transformed cells 

specifically in lipid asymmetry. It has been proven that biomimetic membranes 

enriched in Chol are less susceptible to pore formation in response to MP1 [154, 158]. 

Furthermore, hopanoids, functional analogues of Chol, when substituting Chol, 

limited MP1-included poration and membrane disintegration [162]. Leice et al. 
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reported a synergistic role of PS and PE in facilitating the membrane-disrupting MP1 

effect [118]. It has been observed that MP1 incorporates into the outer leaflet of PM 

and generates a hole large enough for a free leakage of intracellular contents. 

Continuing, MP1 was capable of forming 20-30 times bigger holes in the presence of 

PE. Interestingly, MP1 reaches 90% of activity in up to 1 h, while common anti-cancer 

therapeutics need at least 12 h to 48 h [163].  

2.8 Current application of AMPs 

2.8.1 Medicine 

Many AMPs are capable of regulating the immune system involving cell 

recruitment, cell proliferation, immune response modulation, wound healing, gene 

expression modification or cancer cell growth inhibition [164]. α-defensins HNP-1, 

HNP-2, and HNP-3 displayed antiviral activity against adenovirus, human 

papillomavirus, herpes virus, influenza virus and cytomegalovirus. AMPs were found 

overexpressed in pulmonary disorders, namely idiopathic pulmonary fibrosis or acute 

respiratory distress syndrome [6]. Some AMPs have been tested already in the third 

phase of clinical trials for curing wound infections [165]. Furthermore, AMPs have 

been proposed as prospective agents in ophthalmology and the development of 

antimicrobial contact lenses could aid in overcoming microbial contamination and 

consequent ocular-related diseases [166].  

2.8.2 AMPs and breast cancer 

Breast cancer has been recently announced as a global health threat being the 

leading cause of cancer mortality in women across the globe [167]. The classification 

of breast tumours is constantly evolving and new knowledge from research is 
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immediately implemented into clinical practice [168]. An accurate diagnosis of the 

cancer subtype facilitates the introduction of the proper therapy, improves its efficacy 

and contributes to an increased overall patient-survival ratio. 

Surgery, radiotherapy, and chemotherapy are common anti-cancer therapies, 

however, patients may be confronted with the side effects of the treatment later in life. 

The degree of cancer therapy-induced toxicity depends on the level of drug exposure 

and the type of DNA or structural damage [169]. Therefore, AMPs, seen as the next 

generation of multitask drugs, are widely tested in cancer models.  

Recently, the anti-cancer effect of nisin, an AMP of bacterial origin, was 

evaluated against a breast model [151]. Lower cytotoxicity was observed for control 

non-transformed cell lines in contrast to significant selectivity against MCF-7, breast 

cancer cells. Furthermore, nisin was investigated to enhance the cytotoxic effect of an 

anticancer drug, doxorubicin potentially through destabilization of the cellular 

membrane or pore-formation. Another example, peptide motifs derived from bovine 

lactoferricin, led to 50% cell growth inhibition at a concentration of 22 µM in breast 

cancer cells [7]. The morphological observation using electron microscopy under the 

one-hour exposure of breast cancer cells to amphibian temporin-1CEa revealed 

profound morphological changes in both MDA-MB-231 and MCF-7 cells [170]. In 

addition, mass spectrometry profiling of these breast cancer cell lines revealed similar 

lipid profile: abundance of PC(32:1), PC(30:0), and C16:1 and down-regulation of 

SM(34:0), PC(38:4), PI(38:4), C18:2, and C22:4 relative to control (MCF-10A breast cell 

line) [171].  
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2.9 Structure and physicochemical properties of AMPs  

The evolutionary ancient peptides are considered an important first defence against 

invading pathogens, [172]. While a diverse range of organisms produce varied AMPs 

in terms of structure and sequence, evolution has conserved several common 

physiochemical features being pivotal in their biological activity.  

Generally, AMPs are synthesized in inactive forms and under certain conditions 

undergo conformational changes and normally vary in length from 12 to 50 amino 

acids [4]. A comparison of the amino acid distribution in the N-terminal region of α-

helical AMPs revealed that, independently of the following residues, glycine (Gly;G) 

at position 1 is predominant and its role is to prevent proteolytic cleavage by 

aminopeptidases [173]. Although their primary sequence is highly heterogeneous, 

they contain an abundance of cationic residues (lysine (Lys;K), arginine (Arg;R) or 

histidine (His;H)), which confer a net positive charge ranging from +2 to +13 at neutral 

pH [106]. Furthermore, many studies demonstrated the correlation between charge 

and antimicrobial activity [174]. However, an increase in positively charged residues 

can lead also to the loss of antimicrobial selectivity and to undesirable haemolytic 

activity [175]. Thus, AMPs optimal activity is reportedly between +4 to +6 which does 

not cause unwanted haemolytic activity [173]. It was demonstrated that a net charge 

above +7 is linked to the strong interaction between the peptides and phospholipid 

groups at the membrane [176, 177]. The electrostatic interaction prevents AMP 

structuring and penetration of the deeper layers of membranes. Unger at al. revealed 

also that peptide cyclization might promote preference to negatively charged 

membranes over these zwitterionic when comparing to linear analogue [178]. In 

addition, tryptophan (Trp;W) overrepresentation facilitates membrane anchoring 

[179]. Papo et al. reported an interesting observation that the replacement of one-third 
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of the L-amino acids of an α-helical 15 residue long AMP with D-configuration 

resulted in reduced haemolytic activity against human erythrocytes and enhanced 

solubility in water, AMPs retained full microbicidal activity and the sensitivity to 

enzymatic degradation was lower [180].  

Another key feature is hydrophobicity. Typically AMPs have a high content of 

hydrophobic amino acids (up to 50% or more) [181]. Too small or too large sequence 

hydrophobicity can inactivate the peptide [182]. Hydrophobicity can directly influence 

the spectrum of biological potency, cytotoxic selectivity and it drives peptide 

capability of incorporating into the membrane hydrophobic core [183]. Dennison et 

al. associated poor solubility in polar solution with accelerated lytic activity in 

erythrocytes of largely hydrophobic peptidic sequences [184]. In addition, peptides 

with a higher content of hydrophobic residues have a greater tendency for self-

aggregation when compared to those with lower hydrophobicity [185]. 

The physiochemical features, cationicity and hydrophobicity, allow AMPs to fold 

into an amphipathic secondary structure, which has two “faces”- spatially separated 

nonpolar residues situated on one side of the molecule and hydrophilic content on the 

opposite face [186]. Disrupting the amphipathic conformation of AMPs can reduce 

efficiency and spectrum of activity [187]. Fernández-Vidal et al. indicated 

amphipathic nature as a more important feature than hydrophobicity in constructing 

synthetic AMPs targeting certain cells [188]. A minimum length of 7-8 amino acids is 

required to adapt an amphipathic structure [107]. Liu et al. investigated the role of 

sequence length on microbicidal activity, testing a range of peptides constituting 

simple sequence repeats, (RW)n-NH2 (where n = 1, 2, 3, 4, or 5) [189]. The 

antimicrobial and haemolytic activities of variants proportionally increased along with 

a number of amino acid residues. An odd number of residues, particularly 11 residues 
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of Lys homopeptides, has been found to potentiate the inhibitory effect against Gram-

positive bacteria at a concentration of 10 µM [190]. There was no cytotoxicity of 11 

residues Arg homopeptides even at concentrations as high as 100 μM, however, when 

the peptide length reached 12, a drastic increase in specificity towards eukaryotic cells 

was observed. It is believed that amphiphilicity allows cationic AMPs to bind with 

anionic membrane lipids through electrostatic interactions [191]. The summary of 

structural and physiochemical determinants of AMPs activity is in below Figure 14. 

 

Figure 14 The interplay between structural and physicochemical determinants 

modulates the biological activity of AMPs [192]. Amino acid residues are fundamental 

building blocks of AMPs. Primary sequence of microbicidal peptides was found 

abundant in amino acids with charged side chains, such as Lys, Arg or His, which 

confer molecule a net charge. Hydrophobic residues are also greatly presented in 

AMPs sequence defining AMPs hydrophobicity. The content of both hydrophilic and 

hydrophobic residues makes molecule amphiphilicity and allows formation into 

secondary structure when gets activated. AMPs are triggered in the presence of 

pathogens, particularly sense specific membranes which are enriched in negative 

components. AMPs sequence varies in amino acid chain length and its determines 

peptide mode of action. 
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Aims and objectives 

The overall hypothesis of the project is that the efficacy of MP1 as a membrane-lysing 

peptide is defined by specific elements of the sequence of MP1 itself and the constituents 

of the membrane upon which it is acting. Therefore, the following aims of the project are: 

1) To understand the contribution of individual residues and groups of residues within 

MP1 to its membrane lysing action; 

2) To identify MP1 derivatives with higher specificity and potency in model 

membrane systems; 

3) To develop giant plasma membrane vesicles (GPMVs) as a model membrane 

system;  

4) To use GPMVs and define how MP1 changes membrane properties; 

5) To define how MP1 sensitivity correlates with the expression of individual genes 

in mammalian cancer cells, and assess whether individual genes determine 

sensitivity. 
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Results 

Chapter 2 Peptide mutant screening- identifying the contribution 

of specific key amino acid residues to the biological activity of MP1 and 

potent variants to biomedical application 

ABSTRACT 

AMPs are believed to become the next-generation therapeutics in many biomedical 

fields. Venom-sourced peptide, Polybia MP1, was previously reported to display not only 

microbicidal activity but also an inhibitory effect on proliferating cancer cells of different 

types. However, little is known about the molecular basis of MP1 activity. To identify the 

role of each amino acid residue in anticancer activity, MP1 mutants were designed and 

synthesized to test variations in their charge, amphiphilicity and hydrophobicity in model 

artificial membrane systems. Overall, studies reported that an increase in a net charge does 

not always correlate with enhanced potency and hydrophobicity might promote specificity 

against PS-enriched system. pH-responsive variants are other prospective peptides which 

target tumour-specific microenvironment. These findings expand the understanding of the 

structure-function relationship in MP1 lytic activity. Peptide mutant screening allowed for 

the identification of potent variants for further testing in models of increased complexity. 

2.1 Introduction 

AMPs prospective use has been found restricted due to: (1) adverse haemolytic 

activity; (2) high sensitivity to proteolysis; (3) stability in particular pH, and ion content; 

or (4) rising production cost. Given the potential of AMPs for managing to meet the current 

multidrug resistance crisis, much effort has been put into exploring AMPs mechanism of 

action and their rational redesign. However, design optimization should interplay between 
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the following five aspects: chain length, secondary structure, net charge, amphiphilicity 

and hydrophobicity. A site-directed mutation is one of the specific methods of natural 

AMPs redesign by adding, replacing or deleting one or more amino acid residues which 

allows for the identification of molecular determinants in peptide activity and potent 

variants. [186]. Migoń et al focused on aurein 1.2, the shortest naturally-sourced AMP, and 

correlated lesser antimicrobial activity to the different locations of aromatic rings crucial 

in membrane anchoring. Sajjadiyan et al. assigned phenylalanine (Phe;P) and lysine 

residues to play a crucial role in absorbing water molecules into the membrane [193]. 

Cecropin, magainin, or lactoferrin were used as AMP patterns in the template-based design 

method to find conservative homologous fragments [194]. Furthermore, chemical 

modifications such as phosphorylation, the addition of D-amino acids or unnatural amino 

acids (homoarginine), cyclization, halogenation, or acetylation might have a protective 

effect on peptides and prevent protease degradation [195]. Therefore, there are various 

strategies aiming at upgrading AMPs bio-activity. 

Tumour-specific features are regarded as prospective factors in the design of novel 

therapeutics. Tumour physiology characterized by an acidic microenvironment is 

developing due to hypoxia and abnormal metabolism as opposed to normal tissue [196–

198]. The pH-responsive peptides were already introduced, aiming at improving the 

selectivity based on the tumour extracellular environment [199]. Histidine modification 

allows peptides to undergo pH-triggered charge conversion since histidine could protonate 

into positive charge in the acidic microenvironment from mostly no charge in tissue at 

physiological state [200]. Therefore, potential cytotoxicity is overcome as the peptide 

activates in acidified surroundings.  

Although AMPs have multiple targets, it is believed that the AMPs are electrostatically 

attracted to negatively charged plasma membranes of bacterial or transformed cells due to 
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their greater content of anionic phospholipids on the outer leaflet of the membrane. Unlike 

healthy cells, malignant cells lose asymmetric lipid distribution which implies an increase 

of anionic lipids content on the outer cell membrane which is seen in Figure 15 [201]. Of 

note, the extent of PS exposure on the outer leaflet differs considerably between different 

types of cancer cells and this variability is seen even within the same cancer type [202]. 

PS is investigated as a cancer biomarker for cancer imaging and therapy [22]. However, 

AMPs are still capable of interacting with eukaryotic membranes, typically zwitterionic, 

by partitioning into the hydrophobic core of lipid bilayer [203]. Hydrophobic interaction 

between the apolar residues of an amphipathic peptide and zwitterionic membrane 

phospholipids mainly drives the interaction of AMPs with mammalian cell membranes. In 

some cases, such as PE, better accessibility of the phosphates of the lipids to the cationic 

peptide, provides stronger binding relative to PC [204].   

 

Figure 15 The schematic representation of healthy (1) and transformed (2) cell plasma 

membrane. Blue elements indicate uncharged phospholipid headgroups. The orange circles 

represent anionic lipid head groups. 

 

The steric effect applies to the lipid headgroups organization, which induces stress on 

the membrane from lipid crowding interactions, and generates positive curvature strain 

along the peptide and the membrane bends toward the interior [205]. A high-throughput 

screen is widely applied to determine the effects of membrane-interacting peptides on 

membrane integrity [206–209]. Artificial lipid vesicles are a common choice as a model 
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membrane mimicking a minimal membrane system ideal for testing principal concepts. 

Typically, large unilamellar vesicles (LUVs) with diameters 100–1000 nm in suspension 

allow for monitoring the average fluorescence of the LUVs population and provide 

measurements of the average leakage kinetics. In addition, the simple preparation of 

vesicles and the availability of principal lipid membrane compounds support studies in 

systems of different compositions. This approach aids the investigation of changes driving 

lipid-associated diseases [210].  

In this work, numerous design strategies are employed in order to synthesize MP1 

variants to perform a comprehensive analysis of each structural element and identify 

peptide motifs with better therapeutic applicability. The suitable model to study membrane 

puncturing is the LUV lipid system which is a simple and cost-effective platform. 

Therefore, the incorporation of lysine and other hydrophobic residues into the hydrophilic 

face of a peptide was found much improving its activity. pH-triggering mutants exhibited 

higher potency in an acidified environment, while native MP1 was less active. 

Interestingly, some mutants not only displayed greater potency but also specificity in PS 

systems and are prospective candidates for in vitro testing in breast cell models. Thus, 

sequence ordering and physiochemical characterisation of each building block represent a 

unique biological signature balancing peptide action.  

2.2 Materials and Methods 

2.2.1 Materials 

2.2.1.1 Lipid components 

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and DOPS (1,2-dioleoyl-sn-

glycero-3-phospho-L-serine were purchased from Avanti Polar Lipids Inc (Alabaster, AL, 
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USA). NaCl and HEPES (4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid, N-(2-

Hydroxyethyl) piperazine-N′-(2-ethanesulfonic acid)) was obtained from Sigma Aldrich 

Co. (Gillingham, Dorset, UK).   

2.2.1.2 Solvents 

Organic solvents: chloroform (CHCL3), methanol (CH3OH), ethanol (C2H5OH) were 

used to prepare liposomes lipid stock solutions (25 mg/mL) and were obtained from Sigma 

Aldrich Avanti Polar Lipids with a purity >99%.  

2.2.1.3 Peptides 

Peptides were synthesized by the external organization Biosynthesis (Lewisville, 

TX, USA) using the standard solid-phase 9-fluorenylmethoxy carbonyl (Fmoc) method. 

Their sequences with molecular weight are presented in Table 3. Peptides underwent 

quality control. Observed purity was >97% judged by analitycal RP-HPLC and calculated 

mass was based on mass spectroscopy analysis (see Appendix 1 for a representative 

Certificate of analysis). 

Table 3 Sequences and molecular weight of Polybia MP1 and the peptide library. Each 

MP1 variant is termed depending on the position of mutation- the first letter stems from 

the replaced amino acid, the following number is its sequence position starting from the 

N-terminal end and the latter letter represents incorporated residue. The peptide mutation 

in the amino acid sequence is marked by red 

Peptide Sequence Molecular weight 

First round of peptide mutants 

MP-1 sequence IDWKKLLDAAKQIL 1654.02 

I1A ADWKKLLDAAKQIL 1611.94 

D2A IAWKKLLDAAKQIL 1610.01 

W3A IDAKKLLDAAKQIL 1538.89 

K4A IDWAKLLDAAKQIL 1596.93 

K5A IDWKALLDAAKQIL 1596.93 
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L6A IDWKKALDAAKQIL 1611.94 

L7A IDWKKLADAAKQIL 1611.94 

D8A IDWKKLLAAAKQIL 1610.01 

K11A IDWKKLLDAAAQIL 1596.93 

Q12A IDWKKLLDAAKAIL 1596.97 

I13A IDWKKLLDAAKQAL 1611.94 

L14A IDWKKLLDAAKQIA 1611.94 

K4H IDWHKLLDAAKQIL 1662.99 

K5H IDWKHLLDAAKQIL 1662.99 

K11H IDWKKLLDAAHQIL 1662.99 

A9Q IDWKKLLDQAKQIL 1711.07 

L7K IDWKKLKDAAKQIL 1669.04 

A9K IDWKKLLDKAKQIL 1711.12 

Q12K IDWKKLLDAAKKIL 1654.07 

I13K IDWKKLLDAAKQKL 1669.04 

The second round of peptide mutants 

I1W WDWKKLLDAAKQIL 1728.08 

insl IIDWKKLLDAAKQIL 1768.18 

MP1-Ac IDWKKLLDAAKQILAc 1697.07 

3K->3H IDWHHLLDAAHQIL 1681.93 

DDQKKK->6H IHWHHLLHAAHHIL 1735.04 

3K->3R IDWRRLLDAARQIL 1739.06 

A10L IDWKKLLDALKQIL 1697.10 

A10W IDWKKLLDAWKQIL 1770.16 

D2K IKWKKLLDAAKQIL 1668.11 

D8K IDWKKLLKAAKQIL 1668.11 

D2V IVWKKLLDAAKQIL 1639.07 

L6W IDWKKWLDAAKQIL 1728.08 

L6V IDWKKVLDAAKQIL 1641.01 

L7W IDWKKLWDAAKQIL 1728.08 

W3I IDIKKLLDAAKQIL 1581.97 

W3F IDFKKLLDAAKQIL 1615.99 

DDQ->3K IKWKKLLKAAKKIL 1739.06 
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2.2.2 LUVs preparation 

Liposomes were composed of PC or PC:PS (80:20 %mol) and encapsulated 

solution of 120 mM carboxyfluorescein (CF). They were prepared according to the 

following protocol: 25 mg/mL stock solutions in chloroform were mixed in the proper ratio 

(427 µL of PC and 377 µL of PC/ 97.2µL of PS) and put into round bottom flasks. 

Solutions were dried under a gentle flow of nitrogen and to each vial, 1 mL of CF in 10 

mM HEPES (pH 7.4 or 6.5) was added. The mixture was shaken for 5-10 min at room 

temperature to obtain a suspension of MLVs and freeze-thawed 5 times. LUVs were 

formed by extruding the lipid suspension 11 times through two stacked 400nm 

polycarbonate filters using Avastin LF-1 extruders (Biopharma Process systems, UK). 

After the extrusion process, liposomes were separated from unencapsulated fluorophores 

by size exclusion chromatography on a Sephadex G25M column (GE Healthcare Bio-

Sciences AB, Uppsala, SE). Liposomes were diluted by varying amounts on the SEC 

column. Vesicles were used immediately after preparation. The final lipid concentration 

was measured by colourimetric total phosphorus assay [211].  

2.2.3  Leakage assay 

Membrane-active peptides partition into membranes after reaching a threshold 

concentration and disrupt the lipid bilayer. Therefore, their activity depends on the peptide: 

lipid ratio (P:L). To test this idea the serial dilution assay was programmed for a Hamilton 

Microlab Star M liquid handling robot (Hamilton robotics Ltd.) during which peptides 

were added to CF-encapsulated LUVs in microplates (384-well black OptiPlate, 

PerkinElmer LAS (UK) Ltd). Peptide stock solutions were prepared fresh from lyophilised 

powder dissolved in the deionised water and concentration was determined by tryptophan 

absorbance using a Nanodrop spectrophotometer at 280 nm. CF, which is a water-soluble 



85 

 

Results 

fluorophore, entrapped in lipid vesicles at sufficiently high concentration, its fluorescence 

is almost completely quenched by the interaction between surrounding fluorophore 

molecules (Figure 16). Therefore, when CF release occurs, the increased level of 

fluorescence is used to assess peptide activity.  

 

Figure 16 Illustration of the principle of lipid vesicle-based permeability assay. Dark green 

stars represent CF at self-quenching concentration and bright green stars reflect peptide-

induced CF release which is proportional to the degree of membrane disruption. 

 

The first column had a fixed total P:L molar ratio (1:50), but from the top to bottom 

rows peptide concentration (solution into HEPES buffer) decreased 1.3 times in each well 

in the row testing 23 peptides concentration starting with 20 µM concentration. The 

intensity for complete leakage was determined by adding 0.6 mM Triton X-100 to control 

wells containing fixed lipid concentration (1 mM). Fluorescence intensity was recorded 

from the final assay plate using an EnVision plate reader (PerkinElmer, Waltham, MA) 

equipped with a 360 nm excitation filter and a 585 nm emission filter [212]. To further 

compare results to experiments performed in live cell models, CF leakage was quantified 

in analogy to IC50 calculation in cell studies; the corresponding 50% leakage value was 

peptide concentration inducing a 50% fluorescence value of that obtained from a positive 

control when vesicles were treated with the detergent Triton-X 100. The curve fitting was 

conducted with an exponential growth function and 50% percentage leakage was obtained 
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from equation y=A1*exp(x/t1)+ yo as a function of concentration using the analysis 

software OriginPro 9.1 (OriginLab Corporation). The carboxyfluorescein fluorescence 

dequenching procedure and the application of a liquid handling robot for screening of 

peptides were optimized by Dr Andrew Booth and Dr Dede Siregar. 

2.3 Results 

A number of MP1 variants were developed to expand the structure-function 

exploration of molecular determinants in MP1 activity. A rational peptide design approach 

addressed physiochemical features such as net positive charge, hydrophobicity, 

amphiphilicity and corresponding helical content. MP1, upon exposure to biological 

membranes, adapts a secondary structure and the projection of residue arrangement is 

illustrated in Figure 17. The membranotropic activity was studied in homogenous lipid 

models composed of DOPC and DOPC: POPS  

 

Figure 17 Helical wheel projection of Polybia MP1. Helical wheel projection is used to 

reflect the secondary structure of the peptide. Polybia MP1, wets activated, forms α-helix 

having two faces- hydrophilic and hydrophobic. Amino acid constituents are labelled by 

different colours reflecting different characteristics of the amino acid side chains: purple: 

polar, charged; red: polar, uncharged; orange: non-polar with aliphatic group; light green: 

non-polar with aliphatic group (more extended and with greater hydrophobicity) and dark 

green: non-polar with aromatic group. 
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2.3.1 Alanine-scan screening determines the contribution of each amino 

acid residue. 

 

Figure 18 Peptide mutants with sequence and helical wheel projection. Each MP1 

analogue is termed depending on the position of mutation- the first letter stems from the 

replaced amino acid, the following number is its sequence position starting from the N-

terminal end and the latter letter represents the substituted residue. The peptide mutation 

in the amino acid sequence is marked by red. Blue arrows on the helical wheel projection 

indicate substitutions.  

 

 The library of peptides with alanine substitution at each position, independently, 

was designed to assess the role of the side chain of each amino acid in Polybia MP1 lytic 

activity. Alanine, which a side chain is the smallest among all-natural amino acids, is 

widely used as backbone control and alanine substitution evaluates the contribution of 

individual amino acid side chains to the functionality of peptides or proteins [213]. Figure 

18 shows peptide mutant sequences and arrows on the helical wheel projection indicate 

points of substitution. Peptides were dosed into CF-loaded model systems in a range of 

 

Peptide name Sequence  

MP-1  IDWKKLLDAAKQIL 

I1A ADWKKLLDAAKQIL 

D2A IAWKKLLDAAKQIL 

W3A IDAKKLLDAAKQIL 

K4A IDWAKLLDAAKQIL 

K5A IDWKALLDAAKQIL 

L6A IDWKKALDAAKQIL 

L7A IDWKKLADAAKQIL 

D8A IDWKKLLAAAKQIL 

K11A IDWKKLLDAAAQIL 

Q12A IDWKKLLDAAKAIL 

I13A IDWKKLLDAAKQAL 

L14A IDWKKLLDAAKQIA 
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concentrations and membranolytic potency was determined by the measurement of 

fluorescence intensity. The peptide activity reflects concentration (µM) inducing a 50% 

leakage value of that obtained from a positive control. The leakage distribution is presented 

in the dose-response curves and the percentage of leakage as a function of peptide 

concentration showed exponential profiles for peptides tested in zwitterionic (PC) and 

anionic (PC:PS) model lipid vesicles. The representative dose-response curves in model 

systems as seen in Figure 19A (PC) and Figure 19B (PC:PS). The shape of the curves 

indicates that after the initial lag phase, the percentage of fluorescence intensity increases 

at an exponential rate, then slows down and eventually reaches a plateau. It could be 

explained by that peptide accumulation requires a certain threshold in order to initiate 

puncturing activity and when it is reached, fluorescence intensity grows and achieves a 

plateau with system saturation.  
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Figure 19 The representative of raw leakage assay data. I13A, L14A and Q12A mutants 

along with MP1 were tested in PC (A) and PC:PS (B) lipid systems. Peptide concentration 

is shown along the X-axis, the percentage of dye leakage of each peptide is represented on 

the Y-axis. The curve fitting was conducted with an exponential growth function which 

indicates that after the initial lag phase, the fluorescence intensity increases at an 

exponential rate and slows down to eventually reach a plateau. Error bars represent ±SEM 

from three replicate measurements. 
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Figure 20 Leakage assay data calculated based on raw data represented in Figure 19. Each 

data point illustrates the concentration (µM) of peptide inducing 50% leakage (relative to 

CF emission spectrum after treatment with Triton X-100 performing an alanine scan 

against the PC (X-axis) and PC/PS (Y-axis) model vesicles. Green spot marks MP1 data. 

Green circle and surrounded peptide mutants are more potent and/ or specific relative to 

MP1. Error bars represent ±SEM from three replicate measurements. The raw leakage data 

are presented in Appendix 2.  

 

The concentrations of peptide mutants needed to induce a 50% leakage value are 

demonstrated in Figure 20. The concentration range corresponds to lytic activity- more 

potent variants require lower concentration for leakage-inducing performance. In this 

study, peptide activity is termed specific when the value obtained from the PS-enriched 

model differs significantly from that of pure PC. Therefore, points situated above MP1 
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indicate MP1 derivatives less active to the native peptide -along the X-axis, in the PC 

system and the Y-axis, in the PC:PS model. 

Substitution analysis with alanine showed that the replacement of residues situated on 

the hydrophilic face of peptide, namely, the aspartic acid at positions 2 and 8, lysine at 4, 

5 and 11, independently, resulted in a significant enhancement in peptide activity in both 

neutral and anionic models. Those alternations are associated with increased 

hydrophobicity due to the hydrophobic nature of alanine. In addition, the aspartic acid 

replacement confers to a higher net charge (+3) of a variant. Likewise, lysine-substituted 

derivatives which are less cationic (+1) exhibited similar potency. Therefore, these amino 

acid residues are important in balancing peptide specificity against PS models. Their 

substitution with alanine led to an increase in hydrophobic content and accelerated the 

potency. Q12A mutant showed boosted specificity to PC:PS model, and simultaneously, 

its lytic capability in PC was much decreased. Glutamine (Gln;Q) at position 12 is located 

in the hydrophilic region of the molecule. Therefore, this residue is important for MP1 PS-

specific activity. Conversely, single Ala-substitution of tryptophan, leucine and isoleucine, 

independently, substantially reduced peptides activity in both model systems. Tryptophan 

replacement resulted in the greatest activity reduction indicating its key role in MP1 

activity. Modifications of the hydrophobic face of the peptide are likely to destabilize the 

secondary structure changing the amphipathic balance. Isoleucine substitution at position 

1, as opposed to other hydrophilic face residues, led to a decrease in peptide activity. This 

might be associated with a hydrophobic nature of Ile. Therefore, a range of concentrations 

reflecting the lytic activity of these peptides suggests that each amino acid has its own 

contribution to the MP1 mechanism of action. 
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2.3.2 Charge modification does not always correlate with increased 

potency 

 

Figure 21 Peptide mutants with sequence and helical wheel projection. Each MP1 

analogue is termed depending on the position of mutation- the first letter stems from the 

replaced amino acid, the following number is its sequence position starting from the N-

terminal end and the latter letter represents substituted residue. The peptide mutation in the 

amino acid sequence is marked by red. Blue arrows on the helical wheel projection 

indicates substitutions. 

In order to investigate the role of a net charge in MP1 activity, lysine and arginine 

mutants were redesigned and tested in model systems which primary sequence and helical 

wheel projection are seen in Figure 21. Overall, Lys is more prevalent in natural venom 

wasps [214]. More hydrophobic Arg typically confers a tendency to haemolytic effect 

[215]. Although both, Lys or Arg, are positively charged at physiological pH, the pKa 

values of Arg (12.45) and Lys (10.5) are different followed by differentiating protonation 

states in the membrane environment. Mathematical calculations predict that Arg might 

retain protonation in the lipid acyl tail region of the membrane, whereas Lys appears 

deprotonated in the bilayer centre [216, 217]. Furthermore, Arg-rich peptides are known 

to have stronger interactions with membranes as a matter of the high pKa and hydrogen 

 

Peptide name Sequence  

MP-1  IDWKKLLDAAKQIL 

L7K IDWKKLKDAAKQIL 

A9K IDWKKLLDKAKQIL 

Q12K IDWKKLLDAAKKIL 

I13K IDWKKLLDAAKQKL 

3K->3R IDWRRLLDAARQIL 

D2K IKWKKLLDAAKQIL 

D8K IDWKKLLKAAKQIL 

DDQ->3K IKWKKLLKAAKKIL 
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bindings of Arg [218]. The concentrations of a panel of peptides designed for charge 

screening which cause 50 % leakage are demonstrated in Figure 22.  

Charge modification revealed a distinct effect on peptide activity depending on the 

substitution position. Peptide variants, D2K, D8K, Q12K, DDQ->3K, which are charge 

modified at the hydrophilic face, exhibited much-increased potency than that of native 

MP1. However, accelerated potency is accomplished with the loss of specificity as a 

similar concentration inducing 50% leakage was detected in both models. Among these 

variants, Q12K, a peptide with Gln-to-Lys mutation, showed great specificity displaying 

improved activity in the leakage test. A9K variant and lysine incorporation at position 9 

led to a substantial decrease in peptide activity revealing the important role of alanine. In 

contrast, charge incorporation into the. hydrophobic side of the MP1 resulted in a 

substantial decrease in membranolytic activity both in zwitterionic and anionic models.  

L13K MP1 derivatives were more than 10-fold less potent than unmodified MP1. 

Therefore, the hydrophobic content and molecule amphipaphicity modulate MP1 activity. 

The impaired hydrophobic face of the peptide suppresses the potency, although additional 

charged residue is incorporated. 3K->3R variant and lysine conversion to also positively 

charged arginine resulted in the loss of specificity to PC: PS models with overall increased 

potency. This observation might be a consequence of excessive electrostatic interaction 

between the guanidinium group of Arg and zwitterionic phospholipids [219].  
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Figure 22 Leakage assay data: charge screening. Each data point stems from the 

concentration (µM) of peptide required to induce 50 % leakage of CF (relative CF release 

after Trition-100 treatment) against the PC (X-axis) and PC/PS (Y-axis) model vesicles. 

Green spot marks MP1 data. Green circle and surrounded peptide mutants are more potent 

and/ or specific relative to MP1. Error bars represent ±SEM from three replicate 

measurements. The raw leakage data are presented in Appendix 2.  
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2.3.3 Coiled- coil motif as another chemical modification 

 

Figure 23 Peptide mutants with sequence and helical wheel projection. Each MP1 

analogue is termed depending on the position of mutation- the first letter stems from the 

replaced amino acid, the following number is its sequence position starting from the N-

terminal end and the latter letter represents substituted residue. The peptide mutation in the 

amino acid sequence is marked by red. Blue arrows on the helical wheel projection 

indicates substitutions. 

The A9Q variant was designed to investigate the glutamine effect, which might be 

crucial in promoting the association of peptides [220]. Figure 23 shows a change in primary 

sequence of a peptide mutant and a projection of helical wheel. Importantly, α-helices 

oligomerize into coiled coil, one of the best-studied protein-protein interaction motifs 

[221]. The formation of glutamine polar zippers was demonstrated between neighbouring 

β-sheets via their side-chain hydrogen bonding which aids to stabilize the structure [222]. 

Redesigned peptide exhibits lower potency compared to the native peptide but is highly 

specific to model-transformed membranes (see Figure 25). Gln side chain constitutes both 

an oxygen atom which can accept a hydrogen bond and a nitrogen atom which can act as 

a hydrogen bond donor as seen in Figure 24 [223]. Because glutamine is capable of forming 
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two hydrogen bonds simultaneously, a hydrogen bond network can be built between many 

peptides, which stabilize the cluster [224].  

 

 

Figure 24 Examples of hydrogen bond donating and hydrogen bond accepting groups 

presented on glutamine residue. Drawn using ChemDraw (Revvity Signals Software, Inc. 

2024). 

The results suggest an important role of Gln residue in the interaction with the PS-

containing system. Although Ala9 is a compound of the hydrophilic face of the peptide, 

alanine is a hydrophobic residue. The substitution to hydrophilic Gln broadens the polar 

character of the peptide and, in addition, provides potential glutamine-glutamine 

interaction.  
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Figure 25 Leakage assay data: polar-zipper effect. Each data point stems from the 

concentration (µM) of peptide required to induce 50 % leakage of CF (relative CF release 

after Trition-100 treatment) against PC and PC:PS models. Green spot marks MP1 data.. 

Error bars represent ±SEM from three replicate measurements. The raw leakage data are 

presented in Appendix 2. 
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2.3.4 Tuning hydrophobicity can improve the potency and specificity 

 

Figure 26 Peptide mutants with sequence and helical wheel projection. Each MP1 

analogue is termed depending on the position of mutation- the first letter stems from the 

replaced amino acid, the following number is its sequence position starting from the N-

terminal end and the latter letter represents substituted residue. The peptide mutation in the 

amino acid sequence is marked by red. Blue arrows on the helical wheel projection 

indicates substitutions. 

 

As demonstrated above, hydrophobic content in the MP1 sequence is one of the key 

aspects determining its membrane-perturbing action. Therefore, the hydrophobicity effect 

was further examined by testing a series of peptide variants with modified hydrophobicity 

and amino acid substitutions are seen in Figure 26. The peptide concentrations inducing 

50% leakage in PC and PC:PS models are shown in Figure 27. 

D2V variant of aspartic acid substitution to hydrophobic valine (Val;V) showed 

boosted potency, alike other Asp mutants. Therefore, Asp substitution, regardless of the 

incorporation of hydrophobic alanine (D2A, D8A) or cationic lysine (D2K, D8K) 

 

Peptide name Sequence  

MP-1  IDWKKLLDAAKQIL 

I1W WDWKKLLDAAKQIL 

insl IIDWKKLLDAAKQIL 

MP1-Ac IDWKKLLDAAKQILAc 

A10L IDWKKLLDALKQIL 

A10W IDWKKLLDAWKQIL 

D2V IVWKKLLDAAKQIL 

L6W IDWKKWLDAAKQIL 

L6V IDWKKVLDAAKQIL 

L7W IDWKKLWDAAKQIL 

W3I IDIKKLLDAAKQIL 

W3F IDFKKLLDAAKQIL 

I13V-D2A IAWKKLLDAAKQVL 
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substantially accelerates peptide potency with the loss of specificity. Overall, L6V, L6W, 

L7W, A10W and A10L expressed similar effect. These mutants present alternations to the 

hydrophobic face of MP1. More hydrophobic residues, such as leucine, valine or 

tryptophan are expected to form more hydrophobic interactions which might stabilize 

peptide structure or facilitate lipid-peptide interaction. Interestingly, additional leucine 

residue incorporated into the insL mutant resulted in accelerated activity and greater 

capability to penetrate the PC:PS system. MP1-Ac with N-terminal acetylation exhibited 

slightly boosted potency with preserved specificity to PS-rich models. N-terminus acetyl 

group also addes hydrophobic content to the peptide motif. Thus, MP1 variants, such as 

MP1-Ac or insL, are promising candidates for further examination.  

Ala-scan screening identified tryptophan residue substitution as substantially 

quenching peptide activity. However, Trp-to-Phe replacement and exchange to another 

aromatic amino acid residue indicated only a 2-fold drop in activity. The Trp-to-Leu 

mutant exhibited a 4-fold smaller activity to unmodified MP1. 
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Figure 27 Leakage assay data: hydrophobicity screening. Each data point illustrates the 

concentration (µM) of peptide inducing 50 % leakage (relative to CF emission spectrum 

after treatment with Triton X-100) against PC (X-axis) and PC/PS (Y-axis) model vesicles. 

Green spot marks MP1 data. Green circle and surrounded peptide mutants are more potent 

and/ or specific relative to MP1. Error bars represent ±SEM from three replicate 

measurements. The raw leakage data are presented in Appendix 2. 
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2.3.5  pH-sensitive peptide variants to address tumour 

microenvironment 

 

Figure 28 Peptide mutants with sequence and helical wheel projection. Each MP1 

analogue is termed depending on the position of mutation- the first letter stems from the 

replaced amino acid, the following number is its sequence position starting from the N-

terminal end and the latter letter represents substituted residue. The peptide mutation in the 

amino acid sequence is marked by red. Blue arrows on the helical wheel projection 

indicates substitutions. 

 

The tumour microenvironment is often hypoxic and as a result also acidic (pH 6.5-6.9) 

[225]. Because of the rapid growth of the tumour, tumour cells are deprived from oxygen 

what leads to alter in mitochondrial oxidation. High level of glycolysis, accumulation of 

lactate and protons acidifies tumour microenvironment. Therefore, histidine mutants 

substituting lysine were redesigned to adapt pH-responsive structure, because His is 

protonated in an acidic environment (pKa of the side chain group is 6) and their sequence 

with helical wheel projection are shown in Figure 28. Figure 29 and Figure 30 present a 

data set obtained from a pH-mutants screening of MP1 at pH 7.4 and pH 6.5, respectively. 

Apart from the DDQKKK->6H mutant, H-mutants were less effective in membrane 

permeabilization at pH 7.4 Typically, His should not be protonated at the physiological 

pH. DDQKKK->6H mutant lacks charged residues (Asn and Lys) and glutamine, therefore 
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its hydrophilic face was significantly modified. Contrary, replacing native residues resulted 

in stronger potency of H-mutants at pH 6.5, giving promising direction to optimize anti-

cancer therapeutics based on Polybia MP1, apart from 3K->3H mutant. K5H and K11H 

mutants also maintained specificity to PC:PS models. DDQKKK->6H variant was more 

active at pH 6.5, but not specifically.  

Histidines are capable of simultaneously creating hydrogen bond to one phosphate and 

can interact with a Na+ ion to coordinate another phosphate, thereby have strong interaction 

with membrane phospholipids. The structural arrangement is similar to that of hydrogen 

bonds of arginine, which modulates negative curvature in membranes required for 

membrane permeation processes like pore formation, therefore, the result of DDQKKK-

>6H and 3K->3R is analogous [226].  

 

Figure 29 Leakage assay data: pH-triggering MP1 derivatives at pH 7.4. Each data point 

illustrates the concentration (µM) of peptide inducing 50 % leakage (relative to CF 

emission spectrum after treatment with Triton X-100) against PC (X-axis) and PC/PS (Y-
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axis) model vesicles. Green spot marks MP1 data. Green circle and surrounded peptide 

mutants are more potent and/ or specific relative to MP1. No error bars are present. SEM 

values could not detected using Origin software. The raw leakage data are presented in 

Appendix 2. 

 

Figure 30 Leakage assay data: pH-triggering MP1 derivatives at pH 6.5. Each data point 

illustrates the concentration (µM) of peptide inducing 50% leakage (relative to CF 

emission spectrum after treatment with Triton X-100) against PC (X-axis) and PC/PS (Y-

axis) model vesicles. Green spot marks MP1 data. Green circle and surrounded peptide 

mutants are more potent and/ or specific relative to MP1. Error bars represent ±SEM from 

three replicate measurements. The raw leakage data are presented in Appendix 2. 

2.4 Discussion 

Mastosporans, low molecular weight peptides extracted from the venom of social 

wasps, have been research subjects due to their broad antimicrobial activity and poor 

understanding of the mechanism of action [227]. The general feature of this family is 

sequence-specific order, INW, followed by a leucine or a lysine in the N-terminus and the 

C-terminus end is typically hydrophobic, with leucine being the last residue [228]. 
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Furthermore, C-terminus might be protected by amidation and an extra hydrogen bonding 

has a stabilizing effect on the secondary structure [229] and prevents proteolytic 

degradation [98]. However, some peptidic motifs contain acidic residues in the N-terminus, 

in general, aspartic acid and Marqusee and Baldwin et al. explained that by increasing the 

helical macrodipole and providing an extra non-covalent hydrogen bonding or salt bridge 

between side chains might have helix stabilizing result [230].  

Lately, a unique family of peptides with acidic residues in the N-terminus derived from 

the wasp Polybia paulista was introduced [152, 231]. Potent activity against Gram-

positive and Gram-negative microorganisms and degranulating activity in rat mast cells 

are their first reported biological characteristics. Nevertheless, differentiating activities 

were determined in the peptides containing aspartic acid or asparagine residue in the N-

terminal region. Souza observed that the peptides with IDWL in the N-terminus had lower 

haemolytic and degranulating properties than their parallel with asparagine, and exhibited 

boosted antimicrobial activity [232]. Taheri-Araghi revealed also that these peptides have 

varying hydrophobicities and angles of the polar faces, which are believed to 

synergistically modulate activity and correspond to the peptide membrane-

specificity [233]. Studies conducted by Leite et al. using fluorescence measuments 

examined the activity of the Polybia MP1 redesigned variant, Polybia N2-MP1 and other 

peptides derived from Brazilian wasp, Polybia MP2 and Polybia MP3 [227]. N2-MP1 

mutant with D to N substitution, as opposed to other peptides, has a slightly higher net 

charge,+3. Polybia N2-MP1 has been observed to, above threshold [P]/[L] values, generate 

a number of pores formed rapidly which was explained by the cooperative way of pore 

formation. Overall, peptides with varying hydrophilic and hydrophobic content of amino 

acid residues were shown to exhibit different affinity and lipid specificity and along with 

the aspartic residue in the N-terminal region are thought to lead lytic and biological 
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activities. The D2 residue was investigated to be an important factor modulating MP1 

selectivity and its substitution to asparagine drastically increased haemolytic activity and 

simultaneously reduced selectivity. Zeta potential measurements showed that MP1 at low 

[P]/[L] ratio has a high affinity to anionic vesicles inducing vesicle aggregation at yield 

near the zeta potential signal inversion [234].  

Huang et al. attempted to determine common sequential features for anticancer 

peptides using a two-step machine-learning model [235]. Analysis of amino acid frequency 

in ACPs vs. non-ACPs revealed the dominance of G, A, L, F, W and K residues in ACPs. 

Furthermore, having a positively charged sidechain, lysine occurs at the highest regularity 

in the peptides with anticancer activities as opposed to the anionic residues D (Asp, 

aspartate) and E (Glu, glutamate) occur at a much lower prevalence. Glycine and the 

aromatic tryptophan/phenylalanine were found over-represented at the N-terminal region 

of ACPs, while the C-terminus is enriched in the positively charged residue (K/R/H). It 

has been concluded that the cationic residue abundance might be a relevant predictor of 

the inhibitory effect on cancer cells [236]. 

Amino acid replacement is one of the chemical approaches used for the redesign, 

synthesis and evaluation of mutants of naturally sourced molecules which need further 

improvement for specific applications. Electrostatic interaction is seen as an initial step for 

peptide internalization into the membrane, therefore the positive charge is a key factor. 

D8N, another MP1 mutant carrying +3 net charge, not only was more potent to the bacteria-

like membrane but also had greater affinity to zwitterionic models reflecting haemolytic 

tendency [161]. Luong et al. tested also the Q12K variant, where glutamine was substituted 

to cationic charged residue lysine. This mutation gave a promising outcome displaying a 

greater antimicrobial effect with minimal cytoxicity compared to the aspartic acid mutants. 

In this work has been concluded that the two anionic residues are irreplaceable for the 
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selectivity of MP1. Wang group indicated also that D8P mutation, the aspartic acid 

replacement to proline at position 8, resulted in higher net charge (+ 3), hydrophobic 

content and greater potency which may be beneficial for the anti-cancer activity of Polybia-

MP1 [116]. Generally, proline residue is termed “a helix breaker” as its amino group has 

no free hydrogen and, therefore, cannot form the conventional intra-helical hydrogen bond 

[237]. Accordingly, the substitution of proline in the middle of the MP1 sequence 

drastically reduced membrane-penetrating potential. 

The alanine scan approach presented in this work revealed that each amino acid 

contributes to peptide functionality. The replacement of Trp, Leu and Ile residues markedly 

reduced peptide activity seen as a high peptide concentration inducing 50% CF-leakage. It 

could be assumed that these components are important in the peptide’s internalization into 

the nonpolar part of the membrane, as they are localised on the hydrophobic face [238]. 

The alternation in a peptide net charge and the aspartic acid and lysine substitution 

increased the potency of peptide variants. Continuing, charge screening demonstrated a 

similar pattern: substitution in the hydrophilic face significantly accelerated potency, 

whereas modification incorporated into the hydrophobic face suppressed peptide activity. 

Among K-mutants, only the Q12K peptide exhibited PS-containing membrane specificity, 

achieved by a glutamine substitution at position 12. Surprisingly, some peptides, such as 

D2A, D8A, K4A, K5A or K11A had higher potency to PC model suggesting stronger 

hydrophobic interactions between hydrophobic face of a peptide and membrane lipid core 

[203].  

Hydrophobicity is one of the features characteristic of the MP1 sequence. Leucine and 

isoleucine substitution revealed much-decreased potency with alanine or lysine 

replacement, whereas exchange to more hydrophobic residues improved potency. 

Additional leucine residue and N-terminal acetylation of a peptide also tune peptide 
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hydrophobicity and these modifications were identified to both accelerate potency and 

specificity. Another important observation is the drop in the activity of tryptophan mutants. 

Tryptophan is the largest aromatic amino acid with the characteristic indole functional 

group. The indole heterocyclic ring is known to have both hydrophilic and hydrophobic 

properties, thus it interacts with the water-phospholipid interface of the cell membrane and 

might promote the insertion of the peptide into the cell membrane [239]. Aromatic amino 

acids have been considered key components in AMPs structure having an ability to interact 

with the interfacial region of the membrane [240]. However, some studies indicated the 

importance of the Trp position in the sequence and the effect on peptide internalization 

into the membrane [241]. Cholesterol content also facilitates membrane disturbance and 

internalization efficacy.  

A further approach for providing sequences with better cell specificity is the 

introduction of amino acid residues sensitive to the change in pH. Hypoxic regions of 

limited tissue oxygen levels, can be found in many solid tumors as a consequence of the 

disordered vasculature [242]. It results in a slightly acidic tumour microenvironment [243]. 

Histidine mutants were designed to address pH changes as histidine protonation reduces 

exposure of charged side chains to the hydrophobic core of the bilayer [244]. The data 

indicated that pH-sensitive peptides could be utilised as membrane-disrupting agents with 

improved potency and specificity at pH 6.5. Studies focusing on pistidines, histidine-

abundant antimicrobial peptides revealed the histidine effect on the pH-dependent 

membrane permeabilization: histidine content and amphipathicity and their role in 

different directionality of membrane insertion [245]. Two homologous with three 

histidines (H3, H4, H11) at the same positions in N-termini but one which shows a more 

potent membrane disrupting effect, has a fourth histidine in the C-terminal region (H17). 

Neutron diffraction measurements indicated that the stronger punctuation has been linked 
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to the facilitated ability of the carboxyl terminus to incorporate into the membrane. 

Furthermore, the permeabilization efficiency of the triple-histidine peptide motif was 

inhibited at pH 6.0 when the conserved histidines are partially charged and H17 is mostly 

neutral. The neutral state of H17 is also related to pH resiliency. 

Together, leakage assay analysis of MP1 derivatives revealed that each amino acid and 

its physiochemical characterisation are unique code balancing MP1 membrane-perturbing 

activity. Chemical modification and tests in model systems revealed prospective 

candidates for further studies and development for clinical application. 

2.5 Conclusion 

The current knowledge of AMPs is still not sufficient to prognose the behaviour of 

novel peptide sequences. The summary of alanine sequence screening and key conclusions 

are shown in Figure 31.These findings may expand an understanding of the MP1 structure-

function relationship and advance the design of AMPs towards systemic applications.  

 

Figure 31 The summary of alanine-scan screening. Tryptophan was found inevitable to 

MP1 activity. Charge alternation and incorporation of apolar alanine to hydrophilic face of 

MP1 substantially induced peptide potency. Change in peptide hydrophobic face resulted 

in reduced activity. Q12A exhibited enhanced specificity relative to MP1. 
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Chapter 3 Investigating a cell-derived plasma membrane model 

system: testing different preparation protocols and characterizing 

membrane integrity 

ABSTRACT 

The cell plasma membrane is a highly dynamic and multilevel structure defining 

not only cell organization but also constituting a platform for diverse cell life processes. 

Despite the use of simple lipid vesicles, there is still a need for a cell-like model system. 

To study the membranotropic action of Polybia MP1 on a biological system that is an 

intermediate model between artificial vesicles and living cells, a search for effective 

conditions for isolation of mammalian and transformed cell-derived GMPVs was 

conducted. These vesicles are cell plasma membrane buds and, therefore comprise similar 

lipids and membrane structures, but lack cellular contents such as organelles. A range of 

cell lines that show various sensitivities to MP1 were treated in order to produce GPMVs, 

using protocols based on osmotic gradients or chemical vesiculation. The number and 

quality of GPMVs produced were assessed, demonstrating that by applying an osmotic 

gradient only the MCF-10 cell line produced a sufficient yield of GPMVs. Contrary to this, 

dithiothreitol (DTT) and paraformaldehyde (PFA) as chemical vesiculation agents 

effectively induced giant vesicle formation from a wide range of cell lines. Furthermore, 

GPMV characterization revealed that either osmotically- or chemically-induced GPMVs 

are permeable to a certain degree, questioning their application to study MP1-induced 

membrane incidents. The use of specific lipid binding dyes that respond to lipid membrane 

order might provide important insight into molecular principles of membrane integrity. 
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3.1 Introduction 

The cell plasma membrane is the frontier separating the cell interior from the 

extracellular space [10]. The complex character and lack of specialised tools limit 

exploration of the underlying biology of the membrane in intact live cells. Artificial and 

primitive synthetic systems facilitate the exploration of the principal mechanisms likely to 

occur in live cells [246]. Reduced heterogeneity, controlled composition, and well-

established methods for formation are undoubtedly strong points of lipid vesicles. Recent 

developments allow even protein reconstitution into giant vesicle systems facilitating the 

cell-like environment [247]. Despite improvements in reductionist approaches, the 

complexity of the cell environment is a key aspect of biophysical mechanisms in the cell, 

therefore studying systems of greater complexity would provide valuable insight into 

molecular basics. 

The formation of membrane protrusions has been a widely explained cellular 

phenomenon. It has been observed that cell blebbing is a physiological process associated 

with the cell cycle, locomotion, spreading or even programmed death [248]. Following this 

finding, scientists have successfully developed methods to isolate those membrane blebs 

directly from adherent cell culture [85]. Due to their micron-sized, PM buds are referred 

to as giant plasma membrane vesicles (GPMVs). Since those membranous structures are 

parts of live-cell PM, GPMVs provide close-to-native protein and lipid membrane 

composition and organization. High-resolution imaging revealed a nearly pure yield 

lacking internal organelles isolated in as little as 30 minutes. Scott et. al induced 

vesiculation in a wide range of mammalian cultured cell lines [249]. Further investigation 

revealed no detectable cytoskeletal networks or any other internal cell-origin structures. 

Sulphhydryl-blocking agents, particularly formaldehyde and N-ethyl maleimide, are 

commonly used and highly effective vesiculants [16, 84, 250, 251]. Close-to-native PM 
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spherical extracts are attractive platforms for studying cell biophysics, lipid and protein 

membrane profiles, and molecular interactions based on PM or even drug delivery [252–

254]. Seeking a better comprehension of the MP1 membranolytic activity, GPMVs are a 

prospective tool to investigate further this phenomenon. However, neglected for years, the 

application of PM-derived vesicles raises a number of questions. Are all types of cells 

capable of producing GPMVs? Do GPMVs retain the biophysical properties of the intact 

PM? What are the drawbacks of the formation procedure? 

This section provides complementary observations and supplements to the most 

recent GPMVs formation protocols in which cells have been subjected to osmotic shock 

(a sudden change in the solute concentration, which causes a rapid change in the movement 

of water molecules across cell membrane) [255] and chemical treatment [84]. Herein, 

GMPVs are examined as a potential platform to study PM-associated events. Isolated 

membranous structures are visualised with lipophilic tracers and membrane integrity was 

investigated by incubating cell-like spheres with fluorescently labelled size-different 

polysaccharides. Moreover, the dynamic and subsequent influx of fluorescent probes is 

reported as modest as 0.6 kDa into GPMVs induced by administrating osmotic gradient 

(the water flow through a semipermeable membrane from a less concentrated solution into 

a more concentrated). As opposed, GPMVs produced upon exposure to chemicals, 

manifest lower permeability to macromolecules that favours their applicability in studies 

aiming at exploring principles of membrane-localised events.  
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3.2 Materials and Methods 

3.2.1 Materials 

3.2.1.1 Reagents 

The following materials were purchased for this study from Sigma Aldrich (Sigma, 

St. Louis, MO): HEPES, sodium chloride (NaCl), calcium chloride (CaCl2), magnesium 

chloride (MgCl2), potassium chloride (KCl), potassium phosphate monobasic (KH2PO4), 

sodium phosphate dibasic (Na2HPO4), N-ethyl maleimide (NEM), formaldehyde (PFA), 

D-dithiothreitol (DTT), chloroform (CHCL)3, dimethylformamide ((CH3)2NC(O)H), 

bovine serum albumin (BSA). 

3.2.1.2 Fluorescent probes 

The following materials were purchased from Invitrogen (CA, USA). The solid 

dyes Nile Red, DiI (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate; 

DiIC18), DiO (3,3'-Dioctadecyloxacarbocyanine Perchlorate; DiOC18) cascade blue (CB)-

10 kDa dextran and fluorescein isothiocyanate (FITC)-70 kDa dextran were dissolved in 

DMF. The stock solution for Nile Red and DiI was 0.5 mg/mL, whereas calcein, CB-10kDa 

dextran and FITC-70 kDa dextran were prepared at 1 mg/mL.  

3.2.2 Cell lines  

Cell lines MCF-10A, BT-474 and MDA-MB-468 were obtained from co-

supervisor Prof. Thomas Hughes (School of Medicine, University of Leeds), and were 

originally from American Type Culture Collection (ATCC; Manassas, USA); these were 

subjected to confirmation of cellular identity by STR-profiling. AU-565 cells were 

obtained from ATCC. Immortalised human breast cancer-associated fibroblasts (LACAFs) 



113 

 

Results 

were obtained from co-supervisor Prof. Thomas Hughes; their collection and 

immortalisation have been described previously [256, 257]. 

MDA-MB-468 and AU-565 cells were cultured in DMEM with 10% (v/v) FBS. 

BT-474 cells and LACAFs were cultured in RPMI with 10% (v/v) FBS. MCF-10A cells 

were maintained in DMEM/F12 with Horse serum (5% v/v), Cholera toxin B subunit (0.1 

µg/mL), insulin (10 µg/mL), EGF (0.02 µg/mL) and hydrocortisol (0.5 mg/mL). All cells 

were cultured with penicillin (100 units/ml) at 37oC and in humidified 5% CO2/air. Cells 

were cultured in T75 tissue culture flasks and passaged every third day. All cells were 

subjected to mycoplasma screening and were consistently negative. 

3.2.3 Methods 

3.2.3.1 GPMVs isolation: Osmotic pressure 

Cell lines MCF-10A, LACAF, BT-474, MDA-MB-468 and AU-565 were seeded 

into 12-well plates at 5x104 cells per well. Breast cancer was selected as an appropriate 

model to study cell sensitivity to Polybia MP1 based on Crown Bioscience (see details in 

Chapter 5: Materials and methods). Cells were grown for 24-48 hours (to ~70-80% 

confluence) before the beginning of the vesiculation process. Afterwards, based on a 

slightly modified method of Del Piccolo et al. [255], each well was rinsed twice with 1 mL 

of hypotonic PBS (1.06 mM KH2PO4, 2.97 mM Na2HPO4 and 155 mM NaCl, pH 7.4) and 

cells were incubated for 1 min at room temperature. The role of cell exposure to the 

hypotonic environment in the vesiculation process was investigated by the application of 

a range of differentially diluted PBS: 10%, 20%, 30% and 40%.  

Then, 1 mL of vesiculation buffer was added to each well and the plate was 

incubated for 10h at 37oC. The role of hypertonicity in the vesiculation process was 

examined by the application of two vesiculation buffers with different salt concentrations; 



114 

 

Results 

200 mM NaCl, 5 mM KCl, 0.5 mM MgCl2 and 0.75 mM CaCl2 buffered at pH 8.5 by 100 

mM bicine (termed as buffer I)) and a second buffer was prepared with 10% increased salt 

concentration - 220 mM NaCl, 5.5 mM KCl, 0.55 MgCl2, 0.825 mM CaCl2 (buffer II). The 

osmolality measurements indicated 530 mOsm/kg and 650 mOsm/kg, for buffer I and 

buffer II, respectively. The osmolality of body fluids is normally between 275 and 290 

mOsm/kg [258]. Osmolality refers to the osmotic pressure of a solution at a particular 

temperature, expressed as moles of solute per kilogram of solvent (osmol kg−1 or osmolal) 

[259]. During the vesiculation process, three representative phase-contrast images were 

taken every hour using IncuCyte Zoom System (Live Cell Imager, Essen Bioscience). Each 

condition was tested in triplicate in three independent biological experiments. From each 

picture, the number of cells, free vesicles, floating cells and blebbing cells were collected 

using ImageJ software (NIH, Maryland, USA).  

3.2.3.2 GPMVs isolation: Chemical vesiculation 

Cell lines MCF-10A, BT-474, MDA-MB-468 and AU-565 were seeded into 12-

well plates at 5x104 cells per well. These cells were grown for 24-48 hours (~70-80% 

confluence) before the beginning of the vesicle isolation. Following a recently updated 

procedure [84], each well was rinsed twice with 1mL of GPMV buffer (10 mM HEPES, 

150 mM NaCl, 2 mM CaCl2, pH 7.4). Then, 1mL of buffer containing vesiculation agents 

(2 mM, 4 mM, 6mM, 8 mM, 10 mM NEM or 25 mM PFA/2 mM DTT) in GPMV buffer 

was added to each well and the plate was incubated at 37oC for 5 h. During the vesiculation 

process, three representative phase-contrast images were taken every hour using IncuCyte 

Zoom System (Live cell Imager, Essen Bioscience). Each condition was tested in triplicate 

in three independent biological experiments. From each picture, the number of cells, free 

vesicles, floating cells and blebbing cells using ImageJ software (NIH, Maryland, USA).  
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3.2.3.3 GPMVs processing 

GPMVs were used immediately after isolation. For imaging experiments, GPMVs 

suspensions was left undisturbed for 20-30 mins to concentrate at the bottom of the tube. 

To remove cell debris, the GPMV supernatant was centrifuged at 100g for 5-10 min. 

3.2.3.4 Labelling GPMVs before isolation 

After reaching the proper density, cells were washed three times with 1mL of PBS. 

10 µL of dye solution, Nile Red or DiI (0.5 mg/mL), were added to cells to the final 

concentration of 5µg/mL and incubated for 30 min at 37˚C. The solution was poured out 

and cells were rinsed five times with PBS to remove the unincorporated dye. 

3.2.3.5 GPMVs permeability assay 

Chambered coverslips, µSlides 8well (Ibidi, GmbH, Munich, Germany) were used 

for GPMVs observation, coated with 5% bovine serum albumin solution (10 min) and then 

washed with the deionized water to avoid vesicles adhesion or bursting [260]. After 

harvesting GPMVs, 300 µL of GPMVs suspension was pipetted from the bottom of 1mL 

Eppendorf into each chamber. 1 µL of fluorescein isothiocyanate -labelled 70 kDa dextran 

(FITC; 1 mg/mL) the green emitting with a maximum at 517 nm and 10 µL of cascade 

blue-labelled 10 kDa dextran (CB; 1mg/mL) the blue emitting with a maximum at 420 nm 

were added into GPMVs suspension. Confocal images were taken after 30 min incubation 

at room temperature. That time allows GPMVs to settle on the glass bottom surface. By 

eye, vesicles differ according to lumen brightness. To quantify a phenomenon of 

membrane permeation, fluorescence measurements were conducted using ImageJ software 

(NIH, Maryland, USA). The “relative vesicle intensity” refers to the vesicle lumen 

intensity (Ivesicle; representative area within the vesicle selected by the eye) relative to the 
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background intensity (Ibulk; a representative area of background area selected by the eye) 

and is calculated as : 

relative vesicle intensity = Ivesicle / Ibulk 

 Confocal microscopy images were acquired at room temperature using model No. 

LSM880 (Zeiss, Jena, Germany) inverted confocal microscope equipped with 63x/1.4N.A. 

Oil Plan-Apochromat objective lens. The Nile Red and DiI probe was excited by a DPSS 

laser at 543 nm with an emission maximum at 585 nm and 565 nm, respectively, the CB 

was excited at 405 nm with a diode laser and emission peak at 419 nm, FITC was excited 

at the 488nm line of an Argon laser with an emission maximum at 517 nm. 

3.3 Results 

3.3.1 GPMVs isolation procedure 

3.3.1.1 Osmotic vesiculation failed to generate GPMVs from cancer cell lines 

First, attempts to use osmotic pressure to generate GPMVs from the MDA-MB-

468, BT-474, AU-565 and MCF-10A cell lines were made. All cells were subjected to 

hypotonic wash followed by hypertonic buffer and GPMVs formation was monitored by 

the automated bright-field microscopy. The representative image of cell swelling after 

being subjected to hypotonic wash can be seen in Figure 32. 



117 

 

Results 

 

Figure 32 Representative picture of MDA-MB-468 cells subjected to hypotonic wash 

(10% PBS). The picture was taken using phase-contrast microscopy. 

Figure 33 presents the collected variables: the number of cells, free vesicles, 

floating cells and blebbing cells.  

 

Figure 33 Representative picture of the LACAF cell line under osmotic vesiculation; (a,d) 

The green arrow indicates free vesicles; (a) the blue arrows mark detached cells; and (a,b) 

the yellow arrow shows blebbing cells (b); (c) ruptured vesicles might also contain cellular 

debris. The picture was taken using phase-contrast microscopy. The scale bar is (a) 200 

µm and (b,c,d) 50 µm. 
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The number of floating cells was difficult to count exactly since floating out of the 

plane of focus meant that accurate identification was not always possible; therefore, rather 

than exact counts, floating cells were classified into ranges approximating to no floating 

cells, 2-10 floating cells (class “1”), 11-20 (2), 21-40 (3), 41-60 (4), >60 (5) indicated on 

Figure 34. In order to optimize the procedure for each cell line, a range of 8 osmotically 

different conditions: 4 different hypotonic buffers, each followed by 2 different hypertonic 

buffers; and GPMVs formation efficiency was rated at different time points from 1h to 10 

h. Not only the number of released GPMVs but also the number of blebbing cells and 

floating detached cells expressed as a percentage of the total cell number was quantified.  
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Figure 34 Representative pictures of the AU-565 cell line under chemical vesiculation 

using 2 mM NEM. Picture A depicts cells after the application of a vesiculation agent. The 

vesiculation process causes cell detachment which is difficult for counting, thus, separate 

classifications from 0 to 5 of floating cells were created. Each number refers to 0) no 

floating cells; 1)2-10 floating cells; 2)11-20; 3) 21-40; 4) 41-60; 5)60<). Pictures B, C, D, 

E, and F show a range of detached cells classified as 1, 2, 3, 4, and 5, respectively. The 

scale bar is 200 µm. Zoom images of floating cells are next to the original image and the 

scale bar is 50 µm. 

 

MCF10A cells were readily budding and forming GPMVs under a range of 

conditions in a time-dependent manner seen in Figure 35. 
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Figure 35 Osmotic formation of GPMVs in MCF-10A was successful under a range of 

conditions. MCF-10A cells were treated with a range of hypotonic buffers (10% PBS, 20% 

PBS, 30% PBS and 40% PBS), followed by a range of hypertonic buffers (buffer I and 

buffer II see Methods: GPMVs isolation: Osmotic pressure for buffers ingredients) and the 

formation of GPMVs was observed by microscopy over time, along with quantification of 

blebbing cells and free-floating cells. Time is shown along the X-axis, the quantity of 

blebbing cells (left Y-axis, orange bars), free vesicles (left Y-axis, blue bars) and floating 

cells (right Y-axis black line) expressed as a percentage of the total number of cells. Data 

represent means (with SD) of three independent experimental replicates. 
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 However, floating cells, which can be regarded as a contaminant for the purposes 

of GPMVs isolation, were also present, especially at later time points, typically having a 

dramatic increase at the 5 h time point. Apart from 10% PBS buffer II, cell blebbing 

showed a time-dependent tendency to decrease. Almost 80% of cells were budding under 

a rinse of 40% PBS followed by buffer 1 and only 30% of vesicles constituting the total 

number of cells were released. Generally, buffer I generated a larger fraction of blebbing 

cells after cell treatment with 20%, 30% and 40% hypotonic buffers. It was shown that at 

a 10 h time point of GPMVs induction, a number of vesicles typically decreases, having a 

peak at a 5 h time point. Therefore, it was concluded that treatment with 10% PBS and 

buffer I was suitable for GPMVs preparation from MCF10A, with a relatively large 

GPMVs yield and a relatively minimal amount of cell debris. A representative image of 

these conditions is shown in Figure 36. 

 

Figure 36 Representative picture of MCF10A cells under osmotic vesiculation treatment 

(10% PBS, buffer I). The picture was taken using phase-contrast microscopy. The scale 

bar is 200 µm. 
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The same data for the other cell types were less promising (Figure 37 – Figure 39). 

MDA-MB-468 cells were not budding or producing a large amount of GPMVs. 5 h 

incubation in vesiculation buffer usually resulted in the cell rupture by 50-80%. MDA-

MB-468 cells only under specific conditions (20% PBS and buffer II) yielded a small 

fraction of GPMVs, but substantial cell detachment prevents GPMVs from clear 

visualization. Osmotic gradient induced cell blebbing of BT-474 and AU-565 cells, 

however, the applied physical force did not cause rupture of many GPMVs. 
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Figure 37 Osmotic formation of GPMVs in MDA-MB-468 was successful only under 

specific conditions. MDA-MB-468 cells were treated with a range of hypotonic buffers 

(10% PBS, 20% PBS, 30% PBS and 40% PBS), followed by a range of hypertonic buffers 

(buffer I and buffer II) and the formation of GPMVs was observed by microscopy over 

time, along with quantification of blebbing cells and free-floating cells. Time is shown 

along the X-axis, the quantity of blebbing cells (left Y-axis, orange bars), free vesicles (left 

Y-axis, blue bars) and floating cells (right Y-axis black line) expressed as a percentage of 

the total number of cells. Data represent means (with SD) of three independent 

experimental replicates. 
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Figure 38 Osmotic formation of GPMVs in AU-565 was unsuccessful under a range of 

conditions. AU-565 cells were treated with a range of hypotonic buffers (10% PBS, 20% 

PBS, 30% PBS and 40% PBS), followed by a range of hypertonic buffers (buffer I and 

buffer II) and the formation of GPMVs was observed by microscopy over time, along with 

quantification of blebbing cells and free-floating cells. Time is shown along the x-axis, the 

quantity of blebbing cells (left y-axis, orange bars), free vesicles (left y-axis, blue bars) and 

floating cells (right y-axis black line) expressed as a percentage of the total number of cells. 

Data represent means (with SD) of three fully independent experimental replicates. 
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Figure 39 Osmotic formation of GPMVs in BT-474 was unsuccessful under a range of 

conditions. BT-474 cells were treated with a range of hypotonic buffers (10% PBS, 20% 

PBS, 30% PBS and 40% PBS), followed by a range of hypertonic buffers (buffer I and 

buffer II) and the formation of GPMVs was observed by microscopy over time, along with 

quantification of blebbing cells and free-floating cells. Time is shown along the x-axis, the 

quantity of blebbing cells (left y-axis, orange bars), free vesicles (left y-axis, blue bars) and 

floating cells (right y-axis black line) expressed as a percentage of the total number of cells. 

Data represent means (with SD) of three fully independent experimental replicates.  
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Overall, the results showed that only MCF-10A cells are capable of producing 

vesicles with a relatively small quantity of cell debris under hydrostatic pressure. Isolated 

membrane extracts have a spherical structure, and their size varies between 15 to 35 µm. 

Having produced GPMVs from at least MCF-10A cells, the attempts to separate these 

vesicles from the floating cells, which can be regarded as a contaminant in the GPMV 

suspension were conducted. Therefore, according to the Sezgin et al. protocol, GPMVs 

suspension was centrifuged in order to remove cellular contamination [84]. Surprisingly, 

no vesicles were presented in the vial after the separation procedure indicating that GPMVs 

were destroyed by the applied force. Also, GPMVs suspension kept in hypertonic buffer 

was observed to burst after 24 h from the process induction. Having failed to pellet cell 

debris, GPMVs cannot be transfered into a biocompatible medium. 

Although the initially used LACAF cell line was replaced by MCF10A during the 

project progression, the phenomenon of shedding plasma membrane vesicles under 

osmotic pressure was captured and seen. on Figure 40.  

 

Figure 40 Representative picture of LACAF cells under osmotic vesiculation treatment 

(30% PBS, buffer I). The picture was taken using phase-contrast microscopy. The scale 

bar is 50 µm. 
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3.3.1.2 NEM-induced GPMVs formation fails to generate vesicles 

Having failed to generate satisfactory numbers of GPMVs in the majority of cell 

lines under an osmotic gradient, the next aim was to test the effectiveness of chemical 

vesiculation. To initiate cell budding, all four cell lines were rinsed with Ca2+-enriched 

buffer and then exposed to vesiculation agent (N-ethylmaleimide; NEM). NEM is a 

stressor agent causing cell blebbing [261]. GPMVs formation was monitored and 

associated cellular events: cell blebbing and cell detachment using phase-contrast 

microscopy. In order to optimize the procedure for each cell line, a range of different 

conditions was applied and GPMVs formation effectiveness was rated at different time 

points. The number of released GPMVs, blebbing cells and floating detached cells were 

quantified and expressed as a percentage of the total cell number. 

Typically, at a range of NEM concentrations cell blebbing was a time-dependent 

process, in particular for AU-565, while for MDA-MB-468 and MCF-10A at least at very 

early time points. Contrary, BT-474 cells exhibited a reverse tendency as the number of 

budding cells gradually dropped. It might be explained by the potential progression to a 

floating cell. Overall, any of the cell lines were capable of GPMVs release under a range 

of conditions in a time-dependent manner (Figure 41 –Figure 44). Chemical vesiculation 

using sulfhydryl blocking agent induced cell membrane protrusions, but few vesicles were 

released from the membrane surface. Cell buds reach up to 10 µm in diameter, 

simultaneously, substantial cell detachment appeared at later time points. It has been 

concluded that those conditions are not suitable for GPMV preparation from MCF-10A, 

MDA-MB-468, BT-474 and AU-565.  
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Figure 41 Chemical formation of GPMVs in MCF10A was unsuccessful under a range of 

conditions. MCF-10A cells were rinsed with GPMVs buffer, followed by incubation in 

GPMVs buffer containing NEM as a vesiculation agent and the formation of GPMVs was 

assessed by microscopy over time, along with quantification of blebbing cells and free-

floating cells. Time is shown along the X-axis, the quantity of blebbing cells (left Y-axis, 

orange bars), free vesicles (left Y-axis, blue bars) and floating cells (right Y-axis black 

line) expressed as a percentage of the total number of cells. Data represent means (with 

SD) of three independent experimental replicates. 
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Figure 42 Chemical formation of GPMVs in MDA-MB-468 was unsuccessful under a 

range of conditions. MDA-MB-468 cells were rinsed with GPMVs buffer, followed by 

incubation in GPMVs buffer containing NEM as a vesiculation agent and the formation of 

GPMVs was assessed by microscopy over time, along with quantification of blebbing cells 

and free-floating cells. Time is shown along the x-axis, the quantity of blebbing cells (left 

y-axis, orange bars), free vesicles (left y-axis, blue bars) and floating cells (right y-axis 

black line) expressed as a percentage of the total number of cells. Data represent means 

(with SD) of three independent experimental replicates. 
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Figure 43 Chemical formation of GPMVs in AU-565 was unsuccessful under a range of 

conditions. AU-565 cells were rinsed with GPMVs buffer, followed by incubation in 

GPMVs buffer containing NEM as a vesiculation agent and the formation of GPMVs was 

assessed by microscopy over time, along with quantification of blebbing cells and free-

floating cells. Time is shown along the X-axis, the quantity of blebbing cells (left Y-axis, 

orange bars), free vesicles (left Y-axis, blue bars) and floating cells (right Y-axis black 

line) expressed as a percentage of the total number of cells. Data represent means (with 

SD) of three independent experimental replicates. 



131 

 

Results 

1h 2h 3h 4h 5h

0

10

20

30

40

50

60

70

80

90

100
%

Time [h]

 Blebbing cells

 Free vesicles

BT-474

2 mM NEM

0

1

2

3

4

5

 Floating cells

F
lo

a
ti
n
g

 c
e
lls

1h 2h 3h 4h 5h

0

10

20

30

40

50

60

70

80

90

100

%

Time [h]

0

1

2

3

4

5

BT-474

4 mM NEM

F
lo

a
ti
n
g

 c
e
lls

1h 2h 3h 4h 5h

0

10

20

30

40

50

60

70

80

90

100

%

Time [h]

0

1

2

3

4

5

BT-474

6 mM NEM
F

lo
a

ti
n
g

 c
e
lls

1h 2h 3h 4h 5h

0

10

20

30

40

50

60

70

80

90

100

%

Time [h]

0

1

2

3

4

5

BT-474

8 mM NEM

F
lo

a
ti
n
g

 c
e
lls

1h 2h 3h 4h 5h

0

10

20

30

40

50

60

70

80

90

100

%

Time [h]

0

1

2

3

4

5

BT-474

10 mM NEM

F
lo

a
ti
n
g

 c
e
lls

 

Figure 44 Chemical formation of GPMVs in BT-474 was unsuccessful under a range of 

conditions. Bt-474 cells were rinsed with GPMVs buffer, followed by incubation in 

GPMVs buffer containing NEM as a vesiculation agent and the formation of GPMVs was 

assessed by microscopy over time, along with quantification of blebbing cells and free-

floating cells. Time is shown along the X-axis, the quantity of blebbing cells (left Y-axis, 

orange bars), free vesicles (left Y-axis, blue bars) and floating cells (right Y-axis black 

line) expressed as a percentage of the total number of cells. Data represent means (with 

SD) of three independent experimental replicates. 
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3.3.1.3 PFA and DTT induce GPMVs formation in cancer cell lines 

As the data show, NEM was not an effective vesiculant for breast cell lines. Having 

failed to induce GPMVs by applying NEM, the next combination of paraformaldehyde 

(PFA) and dithiothreitol (DTT) was used to induce vesiculation. The PFA/DTT mixture 

induces cortex contraction and increases hydrostatic pressure, and ultimately leading to 

membrane blebbing [262]. Cells were washed with divalent cations-enriched buffer and 

then incubated with a salt solution containing 25 mM PFA and 2 mM DTT. GPMVs 

formation was monitored using automated bright-field microscopy. The number of 

released GPMVs, blebbing cells and floating detached cells were quantified and expressed 

as a percentage of the total cell count. 

After testing and optimizing different GPMVs formation procedures, it was 

observed that three of the four cell lines readily released GPMVs under applied conditions 

in a time-dependent manner (Figure 45).  

Representative images of cells under these conditions are shown in Figure 46. The 

procedure generated a relatively small quantity of detached cells. The only adjusted 

variable was the time of incubation. Sezgin et al. recommended 2 h of incubation, whereas 

breast cell lines require 5 h exposure to PFA and DTT [84]. GPMVs produced after 

exposure to PFA and DTT were smaller than those generated through osmotic force- their 

size range is between 0.5 µm to 15 µm. Also, it has been observed that an individual cell 

is capable of producing up to 10 buds The PFA/DTT method was identified to yield a 

substantial fraction of GPMVs from each breast cell line However, it is widely reported 

that PFA and DTT might incorporate membrane artefacts [84]. PFA is a cross-linker 

inducing cell shrinkage, while DTT is a disulfide-reducing agent which together may 

cause: aldehyde-induced nonspecific cross-linking of lipids and proteins; breaking of 

protein disulfides and thioesters; coupling of phosphatidylethanolamines to proteins [90]. 
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Figure 45 Chemical formation of GPMVs in three of the four cell lines was successful. 

Cells were rinsed with GPMVs buffer, followed by incubation in GPMVs buffer 

containing PFA and DTT as vesiculation agents and the formation of GPMVs was assessed 

by microscopy over time, along with quantification of blebbing cells and free-floating 

cells. Time is shown along the X-axis, the quantity of blebbing cells (left Y-axis, orange 

bars), free vesicles (left Y-axis, blue bars) and floating cells (right Y-axis black line) 

expressed as a percentage of the total number of cells. Data represent the means of three 

experiments. 

Attempting to purify GPMVs suspension, differential centrifugation was found not 

to cause vesicle breaking, as opposed to vesicles which were subjected to hypertonic 

buffer, however, cell debris was not separated. GPMVs suspension using this vesiculation 

procedure can be kept for 48 h at 4˚C without substantial bursting. GPMVs cannot be 

transferred into a biocompatible solution.  
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Figure 46 Representative pictures of all cell lines under chemical vesiculation using PFA 

and DTT: (A) MCF-10A; (B) MDA-MB-468; (C) AU-565; (D) BT-474. Pictures were 

taken using phase-contrast microscopy. The scale bar is 50 µm. 

3.3.1.4 Membrane integrity is affected in isolated GPMVs 

Having successfully isolated GPMVs by two distinct procedures, further 

characterization of membrane extracts was conducted. It is worth mentioning that some of 

the vesicles did not have spherical shapes. Knowing the limitations of applied 

vesiculations, such as perturbed cell biophysical properties as a consequence of cell 

swelling and subsequent shrinking, the incident of protein cross-linking or thioester bond 

cleavage, the next aim was to optimise GPMVs visualisation and to test PM integrity. 

To visualise GPMVs by high-resolution fluorescence microscopy, membrane-

binding lipophilic tracers were applied. Prior to the vesicle isolation, cells were incubated 

with Nile Red, exhibiting a deep red emission peaking at 636 nm. The initial experiments 

revealed poor dye incorporation into the lipid bilayer, while the larger concentration 
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generated high background fluorescence. An alternative approach to visualising the 

membrane is the use of dialkylcarbocyanine dyes. One of them, DiO, a widely applied lipid 

marker in GPMVs research, did not effectively label plasma cell membranes either before 

GPMVs isolation or at post-isolation labelling [84, 250, 263]. Another amphiphilic probe, 

DiI incorporated into the membrane of all types of induced GPMVs and was applied prior 

to GPMVs isolation. Although originated from the carbocyanine family, dyes exhibit 

dissimilar lateral diffusion which might explain distinct dye behaviour. Both DiO and DiI 

have saturated alkyl substituents (C18), however DiO was previously reported to fail 

labelling biological samples [264]. 

In order to investigate membrane permeation, GPMVs were incubated with the 

size-different fluorophores with distinguishable emission spectra from the lipid marker, 

namely, cascade blue (CB) labelled 10 kDa dextran and 70 kDa dextran conjugated to 

fluorescein isothiocyanate (FITC). The channel detection approach allowed visualization 

of GPMVs permeability. The representative images captured after 30 min of confocal 

microscopy observation are presented in Figure 47 where the green or blue background 

originated from the applied fluorophores. Typically. GPMVs, seen as dark circles relative 

to background fluorescence, are considered “sealed”, whereas permeable spheres have 

bright fluorescent lumens.  
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Figure 47 GPMVs membrane is permeable to solutes ranging from 10 kDa to 70 kDa. 

Isolated GPMVs were incubated with external Cascade blue-10 kDa dextran (CB-dextran) 

and fluorescein isothiocyanate - labelled 70 kDa dextran; (A) chemically induced GPMVs 

from MDA-MB-468 cell line; (B) osmotically induced GPVs from MCF-10A cell line; (C) 

chemically induced GPMVs from MCF10A cell line. 

 A visible accumulation of fluorescent solutes was observed inside many vesicles, 

however, the dye influx was heterogeneously distributed across the vesicle samples. The 

probe uptake was quantified after 30 min of incubation by measuring the fluorescent 

intensity of the GPMV lumen and the bulk fluorescence has been used as a reference. 
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Relative vesicle intensity equal to or above 0.7 characterizes highly permeable GPMVs. 

Their lumen brightness is comparable to that of a bulk solution. Due to the lack of 

background subtraction, relative fluorescence intensity equal or below 0.3 classifies 

vesicles as non-leaky.  

Approximately 60 vesicles were examined to evaluate the relative fluorescence 

intensity in the three investigated groups: osmotically derived GPMVs from MCF10A cells 

and chemically-induced GPMVs from MDA-MB-468 and MCF10A cells. Figure 48A 

represents the permeability trends of each vesicle population in a given preparation. 

Overall, the total population of vesicles induced by osmotic pressure accumulated 10 kDa 

in the interior with a relative vesicle intensity of approx. 0.7, while permeability to 70 kDa 

macromolecule was heterogenous oscillating between 0.3 to 0.7 of relative fluorescence 

intensity. The minimal detected value was one-third of the fluorescence bulk for the 

incubation with FITC- 70 kDa. Unlike osmotic preparation, GPMVs produced in the 

response to PFA/DTT from PM of MDA-MB-468 and MCF-10A cell lines displayed a 

lower tendency to accumulate 70 kDa conjugated dextran above 0.3 with some individual 

exceptions. A range of values obtained from fluorescence measurements of 10 kDa dextran 

revealed a heterogeneous distribution with a relative vesicle intensity from 0.2 to 0.7. To 

further investigate the permeation phenomenon, size distribution was correlated to the 

intravesicular fluorescence intensity of chemically induced GPMVs from the MDA-MB-

468 cell line and results are seen in Figure 48B and Figure 48C. Within the investigated 

GPMVs population, there is a size-independent variation in membrane integrity. Typically, 

vesicle size ranges from 3 to 8 µm and these GPMVs exhibit various permeability to both 

solutes. These findings are indicative of possible system permeation and that only 

individual vesicles preserve membrane integrity.  
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Figure 48 GPMVs membrane is permeable to solutes as large as 10 and 70 kDa. Data show 

an accumulation of probes in most vesicles; (A) the relative vesicle intensity is quantified 

and each data set represents the permeability trends of distinct vesicle populations. Results 

show a huge heterogeneity in GPMVs permeability. GPMVs isolated under osmotic 

pressure display the highest intensity profile compared to the bulk; (B, C) To further 

investigate the permeation phenomenon, the diameter of each vesicle was measured and 

correlated with the fluorescence intensity profile. Large heterogeneity seems to be size-

independent. Each point represents an individual vesicle, where the X-axis indicates 

vesicle size (µm) and the Y-axis shows relative fluorescence intensity in a given 

preparation (N>60 vesicles/preparation). 

 

3.4 Discussion 

Lipid vesicles are an experimental model used to study membrane-based events 

[265]. The minimal system allows for minimizing complex cellular variability to uncover 

the principles of cell functionality [266]. Nevertheless, the plasma membrane is highly 
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heterogeneous, not only in terms of components but also in association with other cellular 

structures, and minimized systems, despite many undeniable strong points, do not mimic 

closely its multi-faced nature [10]. GPMVs, the live-cell-derived model system, have 

emerged as a prospective candidate to replace and bridge the gaps in cell membrane 

biophysics [254]. Herein, the search for conditions for direct isolation of vesicles from the 

cell PM is presented. Although reported since the 70s, there is little known about GPMVs 

extracted from tumour cells [85]. The straightforward procedure would facilitate studies 

aiming at uncovering principles of MP1-induced membranolytic activity. 

3.4.1 The phenomenon of cell budding  

Del Piccolo et al. developed the GPMVs formation procedure, which utilizes an 

osmotic chloride salt cocktail to produce giant vesicles from CHCO cells [255]. It has been 

observed that incubation in a hypotonic solution makes all types of cells swell, whereas 

only MCF-10A cells release a substantial yield of vesicles in a relatively short time (5h). 

This is a highly adherent cell line and among others, the only non-transformed cell line. 

The application of the 10-times diluted hypotonic buffer improves vesiculation. 

Contrastingly, it was demonstrated that hydrostatic force results in cell blebbing of BT-

474, AU-565 and MDA-MB-468 cells. Notably, the major drawback of this procedure is a 

substantial detachment of all kinds of tested cells as a result of cell shrinkage under 

hypertonic conditions. Although many reports indicate the uncomplicated separation 

process of cell debris, it was found unachievable [84, 267–269].  

Exposure of monolayer tissue culture cell line to sulphydryl blockers is an effective 

GPMVs formation procedure first introduced by Scott et al. almost five decades ago [85]. 

Initial experiments with the use of 3T3 and SV3T3 mouse embryo cells proved vesicle 

release into the medium after 1.5 to 2 hours at 37˚C. Here it was demonstrated that PFA, 
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potentiated in the presence of DTT, induces the shedding of PM vesicles. Cells require a 

longer incubation, up to 5 h, in order to produce a large yield of GPMVs. However, 

simultaneously, during the vesiculation process, a huge number of cells detach 

contaminating vesicle suspension. Noteworthy, many protocols recommend experimental 

plate shaking or rolling, which might result in higher cell debris [85, 270]. Nevertheless, 

the use of PFA- and DTT-based procedures has been criticized due to the high probability 

of non-specific protein and lipid crosslinking, cleavage of thioester bonding or specific 

coupling of phosphatidylethanolamines to protein [15, 90]. Optimistically, one believes 

that PFA at a low dose does not incorporate artefacts [271]. Here it was shown that another 

vesiculant, NEM, already applied to avoid PFA limitations, induced PM blebbing without 

vesicle budding off [84, 85].  

The presented section demonstrates the benefits and drawbacks of two commonly 

employed GPMVs formation protocols. Vesiculation is a dose-, time-, and temperature-

dependent process and for each culture cell line variable parameters ought to be optimized. 

The experiments confirm the effectiveness of PFA and DTT in inducing a great yield of 

vesicles. A summary of vesiculation procedures is presented in Table 1. Not considered 

before, chemical treatment is conducted at physiological pH while the hypertonic buffer 

which generates hydrostatic pressure has a pH of 8.5 (due to use of bicine as the buffering 

agent which buffering range is pH 7.6-9). Some of the membrane proteins are vulnerable 

to a low ratio of hydrogen ions and release protons in the process of air oxidization, which 

affects membrane protein interactions [272]. Another disregarded factor important to 

vesicle generation is the presence of divalent cations. Lack of calcium in the vesiculation 

buffer inhibited the process [249]. It has been reported that an influx of Ca2+ can cause the 

degradation of plasma membrane-specific phosphatidylinositol polyphosphates, which 

constitute the attachment points of the actin cytoskeleton to the plasma membrane [16]. 
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Calcium and magnesium ions promote cell adhesion, thus, their optimal concentration 

might be of importance in preventing cell debris generation [273]. Moreover, vesicles 

generated in the process of apoptosis and necrosis were identified, closely resembling those 

produced by chemical treatment and in the consequence of applied osmotic force, 

respectively [274]. This finding is consistent with other observations, such as the 

appearance of apoptotic spikes and cell detachment, which are the hallmarks of the cell 

death process [275]. 

Here, it is shown that a large population of GPMVs has defective membrane 

integrity. Exposure of PM spherical extracts to a range of size-different macromolecules 

revealed their accumulation in the lumens. Although leakiness is highly variable, it could 

be assumed that GPMVs permeability is affected by the isolation procedure, however there 

is no size-dependent trend. Corresponding results have been reported by Skinkle [91]. It 

was postulated that GPMVs modulated during exposure to standardized vesiculation 

agents are passively permeable to macromolecules due to the formation of large 

transmembrane pores in the process of vesicle rupture. It has been explained that shear 

stress generated by bulk fluid flow mechanically forces membrane blebs to rip off and 

consequently, membrane perturbations are initiated and stabilized by amphiphilic proteins 

in the GPMVs lumen. Skinkle reported that when the shear stress is reduced, the GPMVs 

membrane is sealed as vesicles are released only in the “natural” process. It can be 

concluded that transmembrane proteins might be associated to some extent with membrane 

integrity. Nevertheless, regardless of the procedure, while membrane blebs are subjected 

to shear force, they break away from the surface in an improper manner, what might result 

in the loss of membrane proteins. However, it should be noted that PM contains water 

channels termed aquaporins, transmembrane proteins with a three-dimensional structure 

that constitutes a pore allowing the selective passage of water molecules [276]. Another 
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factor to consider, the change in lipid profile as a result of PFA and DTT exposure. Scott 

already reported that the vesicle’s PM lipids ratio does not closely mimic that of the whole 

cell homogenate- PM extract surface is enriched in cholesterol, PE, PI and SM. 

Furthermore, one of the biophysical PM characteristics is depleted- the lipid bilayer loses 

its asymmetry [277]. Furthermore, Los et al. suggested that hypertonic stress might 

reduce membrane fluidity similarly to low-temperature exposure [278]. Membrane 

stability and membrane domain organization are modulated by the interactions between 

the plasma membrane and the actin cytoskeleton, therefore the lack of cytoskeletal 

components might be linked to the GPMVs leakiness [279].  

Live-cell-derived systems retain cell PM composition and biophysical properties to 

some extent, which, undoubtedly, rank GPMVs as important tools for providing insight 

into cell membrane studies. Despite limitations, the close-to-native membrane model might 

be of use in studies aiming at uncovering the principles of membrane-associated events. 

Interestingly, alternative GPMVs formation procedures have been developed in recent 

years- vesicles can be induced upon exposure to light irradiation or a proapoptotic peptide 

[267, 280]. 

Table 4 The summary of GPMVs formation procedures- my observations to already 

published methods [66, 239] 

CHARACTERISTICS  OSMOTIC VESICULATION CHEMICAL VESICULATION 

VESICULANTS Hydrostatic pressure Alkylating agents: PFA, DTT, NEM 

(ineffective) 

PH 8.5 7.4 

CELL DEBRIS A huge inseparable amount  A huge inseparable amount  

OPTIMIZATION Required for each culture cell line  Unnecessary 

EFFECTIVENESS Vesicles formation from normal cells Vesicles formation from all types of 

cells including cancer types 

VESICLE YIELD Large Large 
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VESICLE SIZE 15-35 µm 0.5-15 µm 

MORPHOLOGY Spherical with some deviations Spherical with some deviations 

PERMEABILITY Highly leaky Heterogeneously leaky 

LIMITATIONS Ineffective, cell debris, permeable to 

solutes as large as 70 kDa 

Cell debris, chemical artefacts, 

permeable to solutes as large as 70 

kDa, loss of lipid asymmetry  

 

3.5 Conclusions 

This work presents testing and optimization of routinely used GPMVs preparation 

protocols by means of osmotic pressure and alkylating agents. The development of 

enhanced osmotic conditions to produce a doubled number of MCF10s-derived GPMVs 

revises previously published guidelines. PM vesicles were readily induced by chemical 

procedure, which employs PFA and DTT, a crosslinker and reducer, respectively. The 

membrane integrity visualization and fluorescence intensity quantification revealed the 

ability of solutes as large as 70 kDa to unobstructedly penetrate across the lipid bilayer 

accumulating in the lumen interior. However, GPMVs isolated after cell exposure to 

chemical agents manifested lower permeability likely due to membrane protein cross-

linking. This investigation provides alternative findings to already reported GPMVs 

studies and their application as a model system shedding light onto not the effortless 

vesiculation process and not impenetrable live-cell-extracted membrane envelope. 

Considering peptide-induced permeability studies being challenging due to a noticeable 

degree of background leakiness in GPMVs, environment-sensitive membrane probes will 

be applied to investigate changes in membrane organisation when interacting with MP1 

peptide. 
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Chapter 4 The heterogeneous nature of cell plasma membrane- 

the role of membrane lipid organization in cell response to Polybia MP1. 

ABSTRACT 

Artificial lipid platforms, as presented in the earlier chapters, have been employed 

to identify the role of membrane lipid composition in the context of Polybia MP1 lytic 

activity. Phosphatidylserine, a negatively charged phospholipid found abundant in the 

outer leaflet of the cancer cell membrane, has been recognised to facilitate the membrane-

perturbing MP1 effect. This section focuses on expanding our insight into peptide: lipid 

interaction in GPMVs closely reflecting the heterogeneous organization of cellular 

membranes. By applying fluorescent lipid probes, we can observe membrane organization 

prior to and before MP1 treatment. This work indicates that cell-specific lipid order 

modulates cell response to MP1. Also, MP1 was found to induce changes in membrane 

packing order. 

4.1 Introduction 

Straightforward leakage assays testing minimal lipid platforms against a pool of 

MP1 variants presented in Chapter 2 demonstrated MP1 membranolytic activity in a 

peptide: lipid -dependent manner. Previously, Leite et al. already proved that MP1 

becomes biologically active and adapts to an α-helical secondary structure when 

interacting with a membrane-like environment [234]. Having a reduced number of 

components, lipid platforms cannot sufficiently reproduce the heterogeneous and complex 

nature of biological membranes. The intermediate membrane model bridging synthetic 

platform and cell PM are GPMVs (see Chapter 3), micron-sized spheres directly harvested 

from cultured cells as a result of stress-induced treatment [84, 249, 255, 281]. GPMVs are 
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believed to retain close-to-native membrane diversity which makes them unique membrane 

platforms.  

The biological membrane is arranged in two asymmetric layers capable of self-

organizing into lateral micro- and nanodomains of various content, shapes and dynamics 

[44]. The coexistence of the liquid-liquid phase separation has been proven and widely 

investigated in GPMVs elucidating physical fundaments of the raft hypothesis in cell PM 

[16]. Cell-specific variables in lipid bilayer arrangement include differences in head group 

composition, chain lengths, degree of saturation pH or ions-enriched surroundings [282]. 

Investigating membrane organization requires defined imaging tools, in particular, 

fluorescent probes labelling the molecule of interest. Visualisation of the lipid environment 

by aligning fluorescent moieties to lipids and integrating these probes into PM is a standard 

for the optical examination of cell-like membrane systems. These fast-developing 

molecular probes are capable of partitioning into one of the Lo/Ld phases [283]. 

Correspondingly, fluorophores with saturated acyl tails preferentially co-localise with 

tightly packed regions, whereas unsaturated chains are found to incorporate into a 

disordered liquid phase [284]. Common protocols employ the polarity-sensitive 

fluorescent membrane probes, benefiting from the phenomenon of solvent dipolar 

relaxation, directly responding to a number of water molecules present at the membrane 

interface reflecting lipid packing [285].  

Due to the reduced complexity of simple synthetic lipid membranes, the 

understanding of Polybia MP1 membranolytic activity is not fully elucidated. This chapter 

reports attempts to extend previous observations and compare lipid phase behaviour prior 

to and after MP1 exposure in a cell-derived model system. The lateral organization of 

biomimetic cell membranes was examined using commercially available fluorescent 

membrane probes and was investigated in the context of cell sensitivity to MP1. Studies 
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revealed that membrane organization is cell-specific and that MP1 modulates changes in 

lipid packing.  

4.2 Materials and methods 

4.2.1 Materials 

4.2.1.1 Reagents 

GPMVs were isolated using PFA/DTT agents as described in Chapter 3 following 

the Sezgin et al. protocol [84]. Confocal microscopy and DiI labelling were performed as 

indicated in Chapter 3.  

4.2.1.2 Fluorescent probes 

Laurdan (Cat. No D250) were purchased from Invitrogen (CA, USA). C-Laurdan 

(Cat. No 7273) was purchased from Tocris Bioscience (Bristol, UK). Prodan (Cat. No 

ab145246) was purchased from Abcam (Cambridge, UK). Probes were dissolved in DMF 

to 0.2 mM concentration. 8-well glass bottom chambers (Cat. No 80826) were purchased 

from Ibidi (USA, MS). 

4.2.2 Methods 

4.2.3 Membrane labelling  

30 mins prior to imaging, GPMVs were labelled with Laurdan, C-Laurdan or 

Prodan by adding approx. 1.25µL of 0.2 mM probe solution to 50µL of GPMVs suspension 

at room temperature. Samples were imaged in 8-well glass bottom chambers that had been 

pre-coated with 200 µL of 5% BSA for 10 minutes at room temperature and thoroughly 

rinsed 3 times with deionised water. 
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4.2.4 Confocal spectral imaging 

Spectral imaging of different membrane extracts was performed on a Zeiss LSM 

880 confocal microscope equipped with a 32-channel GaAsP detector array at room 

temperature. Laser light at 405 nm was used for fluorescence excitation of Laurdan, C-

Laurdan and Prodan. The lambda detection range was selected between 400-550 nm. The 

wavelength intervals were set to 8.9 nm to cover the whole spectrum with 32 detection 

channels. The images were saved in .lsm file format. 

4.2.5 GP Calculation from the Spectral Images 

A custom GP plug-in was used in Fiji/ImageJ (available at 

https://github.com/dwaithe/GP-plugin) for the analysis of acquired spectral data. This 

plug-in simplified the calculation of the General Polarization index through fitting 

wavelength intervals.  

Fluorescent membrane probes are characterised by dipole moment that changes in 

response to excitation leading to the reorientation of solvent dipoles [286]. The energy 

required for adaptation decreases the fluorophore excited-state energy occurring in a more 

aqueous disordered lipid phase with a maximal emission peak at 490 nm (see Figure 49). 

General Polarization (GP), a normalized polarity index, is a parameter indicating 

the ratio of fluorescence intensity in the blue-shifted (Lo phase) and red-shifted (Ld phase) 

spectrum, calculated as: 𝐺𝑃 =
𝐼440−𝐼490

𝐼440+𝐼490
 ,where Ix reflects the intensity at a wavelength of x 

nm. 

Each slice of the image stack corresponds to a certain wavelength λ in respective 

8.9 nm-wide intervals and the emission spectra are acquired from pre-processed images 

for each pixel. During processing, the spectral image stacks are integrated via Z-projection 
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and masked using a user-defined threshold on an 8-bit grey scale (0–256). This step allows 

the analysis of fluorescence-positive areas above the background. The GP plug-in applies 

Gaussian fit for modelling raw Iλ distribution for each pixel. The quality of the fit, 

determined by the R2 measure, enters only pixels above a user-defined noise tolerance 

(0.0–1.0, where 1.0 is the best fitting). Finally, obtained values are normalized through 

division by 255 and proceed to GP calculation using Equation. GP distribution is illustrated 

on a spatial GP map representing the GP value for each pixel of the image and distributed 

on a histogram which applies a custom look-up-table (LUT) to the data. Additionally, the 

LUT edition provides a more vividly and distinguishably presented lipid phase state. 

 

 

Figure 49 The polarity-sensitive dyes as indicators of lipid packing; (a) GP scale reflecting 

lipid order: 1 indicates ordered phase, whereas -1 reflects disorder domains; (b) GP map. 

Representative image of GPMV with C-Laurdan illustrating Lo and Ld phases; (c) 

Schematic diagram of lipid bilayer representing Lo and Ld phases and the colour response 

of the solvatochromic probe to the changes in the lipid order; (d) Chemical structure of 

Prodan, Laurdan and C-Laurdan showing their approximate bilayer locations, adapted 

from [17, 18]. The phospholipid bilayer of live cells is normally 30–40 Å thick [17] 
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4.3 Results 

4.3.1 MP1-associated differential partitioning of DiI in GPMVs  

First, the Dil dye was used to allow visualisation of lipids within the membrane of 

GPMVs both before and during their interactions with MP1. GPMVs isolated either from 

MDA-MB-468 or MCF-10A cells were homogenously labelled with a DiI lipid marker at 

the observed spatial resolution (Figure 50). The even probe distribution shows that there 

are no lateral heterogeneities on optically resolvable length scales indicating no cell-

specific membrane characterisation. The dialkylcarbocyanine dye is well-investigated to 

partition into the membrane and co-localise with Ld phase [287]. Having successfully 

tagged GPMVs, the next aim was to characterise the MP1-induced DiI partitioning effect 

on the membrane. To identify MP1 concentration without being lytic but causing 

observable membrane-associated changes, 1-30 µM MP1 concentration was tested in a 

time-dependent manner (every 5 min in 30 min time scale). The empirical evaluation 

revealed 10 µM MP1 to generate the heterogeneous distribution of the DiI dye in GPMVs 

after 30 min incubation. Visible GPMVs breaking occurred at 20 and 30 µM, produced 

from MDA-MB-468 and MCF-10A cells, respectively. 

Figure 50 represents fluorescence scanning images of GPMVs incorporating the DiI 

dye and its lateral organization after 10µM dosing. Although initially, GPMVs exhibited 

similar DiI dye lateral distribution, the membrane reorganized itself differentially as a 

response to MP1. MDA-MB-468 PM extracts displayed macroscopic phase separation 

seen as microscale domains of dye-rich and dye-depleted regions. Contrary, MCF-10A-

derived model systems presented locally thicker lipid aggregates formed in the membrane 

surface.  



150 

 

Results 

 

Figure 50 The representative image of GPMVs tagged with a lipid marker DiI. The top 

panel represents vesicles isolated from MDA-MB-468 cells and the bottom panel MCF-

10A-derived model membranes prior to and after MP1 application. The scale bar is 10 µm. 

4.3.2 Phase-order is cell line specific 

Having observed MP1-mediated changes in lipid phase behaviour, membrane 

organization was next tested using the polarity sensing fluorescent analogues in the various 

GPMVs preparations. Breast cell models display differential sensitivity to MP1 reflected 

as IC50 value (Table 5). The molecular basis of the MP1-associated cell resistance might 

be found in the difference in order between coexisting lipid phases. The diverse packing 

degree was determined in all isolations and the GP index varied between particular cell 

subjects and dyes (Table 6).  

Table 5 Cell sensitivity to Polybia MP1 expressed by the IC50 value. The IC50 defines 

half maximal inhibitory concentration of inhibitor causing 50% cell death and is a common 

indicator of resistance evaluation. A higher concentration [µM] of the IC50 indicates 

greater resistance to MP1 activity and higher concentration of inhibitor is needed to cause 

50% cell death. The data represents MP1-associated cell screening performed by Dr 

Arindam Pramanik. Cell viability was determined by MTT assay. Data represent mean and 

± SD from three independent measurements. MDA-MB-468 cell line was identified as 

highly responsive to MP1, whereas BT-474 cells are less sensitive. As indicated by the 
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IC50 value, MCF-10A is classified as resistant to MP1 and higher MP1 dose is needed to 

cause 50 % cell death. 

Cell line IC50[µM] 

MDA-MB-468  23.48 ± 2.3 

BT-474 50.61 ± 4.1 

MCF10A 111.4 ± 9.8 

 

Figure 51 represents a summary of spectral imaging analysis of the lipid phases in 

GPMVs. The ratiometric imaging displaying the GP map revealed the lipid membrane 

heterogeneity indicating a diverse level of hydration at the ambient temperature (Figure 

51a). The ordered phases are seen as warm colours, red and orange scale, whereas less 

ordered lipid regions are visualised by the use of colder patterns in a green and blue scale. 

The average GP distribution is seen in Figure 51b, whereas Figures 51 c,d, and e 

demonstrate the exact values of lipid packing difference between Lo and Ld phases for 

Laurdan, C-Laurdan and Prodan. GPMVs labelled with Laurdan were found to display a 

similar pattern in GP distribution. The membrane order of PM extracted from MDA-MB-

468 and BT-474 breast cancer models was overlapping beginning at -0.2 and ending at 0.2 

with the maximal peak at 0. Similarly, the highest point is located approximately at 0 for 

MCF-10A-derived GPMVs, however, lipid ordering showed a slightly more relaxed state, 

mirrored in a range between -0.3 to 0.1. The average GP value was 0.017, -0.001 and -0.08 

for MDA-MB-468, BT-474 and MCF-10A, respectively. 
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Table 6 The summary of GP measurements using a custom GP plug-in. The variables 

(average GP, GP distribution and the highest peak) demonstrate the average value 

obtained from approx. 50 GPMVs isolated from each cell line and each dye. The 

measurements were performed in 4-5 biological replicates 

Cell line GP distribution The highest peak Average GP 

 No MP1 10µM MP1 No MP1 10µM MP1 No MP1 10µM MP1 

Laurdan 

MDA- 

MB- 

468 

-0.2 to 0.2 -0.16 to 0.2 0.052 -0.019 0.017 -0.033 

BT-474 -0.2 to 0.2 -0.25 to 0.1 -0.002 -0.005 -0.001 -0.06 

MCF-10A -0.3 to 0.15 -0.17 to 0.25 -0.07 -0.08 -0.08 -0.03 

C-Laurdan 

MDA- 

MB- 

468 

-0.27 to 0.2 -0.42 to 0.1 -0.031 

and 0.092 

0.012 -0.06 -0.15 

BT-474 -0.45 to 0.2 -0.45to 0.06 -0.21 -0.3 -0.14 -0.16 

MCF-10A -0.32 to 

0.005 

-0.31 to 0.1 -0.25 -0.1 -0.21 -0.1 

Prodan 

MDA- 

MB- 

468 

-0.3 to 0.2 -0.3 to 0.23  0.018 -0.021 -0.03 -0.15 

BT-474 --0.3 to 0.125 -0.43 to 0.03 -0.025 -0.017 -0.059 -0.17 

MCF-10A -0.45 to 0.01 -0.3 to 0.1 -0.11 -0.03 -0.16 -0.07 
 

 

The striking difference in the variation in GP (GP ordered – GP disordered) between 

GPMVs derived from a range of cell lines with contrasting sensitivity to MP1 was detected 

with C-Laurdan. GP for MDA-MB-468, identified as the most responsive to MP1 across 

all screened models, was in the range of -0.27 to 0.1 with the highest peak at -0.031. 
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Another observable membrane lipid accumulation was at approximately 0.030. BT474 cell 

line, termed as mildly sensitive to MP1, exhibited a broad spectrum of proportionately 

distributed lipid order starting from -0.45 to 0.2 with no evident lipid phase aggregation. 

The striking difference was observed from GPMVs isolated from MCF-10A, the control 

cell standard defined as resistant to MP1. GP distribution was in a scope of -0.3 to 0 with 

the highest point at -0.25. The average GP value indicated -0.06, -0.14 and -0.21 for MDA-

MB-468, BT-474 and MCF-10A, respectively. The average Lo:Ld ratio was significantly 

lower for this preparation in contrast to the samples described above.  
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Figure 51 Spectral imaging and analysis of the lipid phases in GPMVs aiming to determine 

MP1-associated changes in lipid packing; (a) GP maps of three representative GPMVs for 

each cell line and dye. The scale bar is 10 µm; (b) GP distribution averaged from approx. 

50 vesicles for each isolation condition. Variation between GPMVs is represented by the 

standard error of mean; (c,d,e) Lipid packing difference between Lo and Ld phases in cell-

specific GPMVs plotted for Laurdan, C-Laurdan and Prodan images. Instead of having 

separated Lo and Ld phases, an ordered spectrum was obtained. 
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Prodan, another Laurdan derivative, tested with all isolations, revealed the most 

detectable differences in lipid packing degree. The scope of GP values of MDA-MB-468 

was between -0.3 to 0.2 with the top at 0, whereas the BT474 membrane was less ordered, 

with the endpoint at 0.125. MCF10A measurements pointed out lipid accumulation 

between -0.3 to 0. The average GP index was -0.03, -0.059 and -0.16 for MDA-MB-468, 

BT-474 and MCF-10A, respectively. 

4.3.3 MP1 tunes the order of phases in GPMVs 

In order to investigate the MP1-driven effect on lipid packing, GPMVs were 

subjected to 10 µM MP1 treatment after labelling with the solvatochromic probes (see 

Figure 52a). The average GP analysis of Laurdan identified a decrease in the value to -

0.033 and -0.06, for MDA-MB-468 and BT-474, respectively. The corresponding GP 

colour map revealed the relatively disordered lipid phase distribution expressed in darker 

tones. Application of C-Laurdan and Prodan in the same models revealed the consistent 

decrease of lipid packing difference between Lo and Ld phases (GP). C-Laurdan 

measurements indicated the average value of -0.15 and -0.16, whereas Prodan was -0.15 

and -0.17. The left-hand emission shift of naphthalene derivatives and reduced GP are 

persistent for GPMVs budded from cell lines defined as sensitive to MP1. 

The opposed pattern was observed for MCF-10A. In this case, MP1 generated a 

change in the local membrane environment seen as the right-hand spectral shift of GP 

distribution. GP analysis of Laurdan emission identified an increase rising to -0.03. 
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Similarly, C-Laurdan and Prodan measurements were raised to -0.1 and -0.07. GP map 

visualised more ordered lipid domains marked out as orange and red areas. 

4.3.4 GP measurements of naphthalene derivatives differ across the same 

cell type 

The application of the fluorescent polarity sensing analogues showed various GP 

parameters measured for one type of GPMVs and the average differences between phases 

(GP) for each cell line are seen in Figures 42c,d, and e. MDA-MB-468 derivatives 

displayed the highest lipid packing value which reflects more ordered membrane 

organization. Accordingly, BT-474-induced GPMVs exhibited Lo:Ld ratio at close 

proximity to 0. In these isolations, membrane order is more fluid and therefore loosely 

packed in relation to MDA-MB-468. Among all preparations, the average GP index for 

MCF-10A extracts is closest to -1. GP negative value suggests a large yield of disordered 

lipid domains with a high degree of hydration. The molecular packing of the Ld and Lo 

phases in the vesicles decreases ranking from MDA-MB-468> BT-474> MCF-10A. 

Simultaneously, according to a cell-dependent manner, GP measurement decreases in 

order Laurdan>Prodan>C-Laurdan.  

MP1 treatment induces changes in lipid packing shown in the altered GP value. 

GPMVs isolated from MDA-MB-468 and BT-474 were subjected to lipid rearrangements 

to a less ordered state as indicated by the left-hand shift in the emission spectrum. GP 

distribution of MCF-10A-derived GPMVs is notably different than those of MDA-MB-

468 and BT-474. Initial GP screening classified those vesicles as the least packed and the 

presence of MP1-induced membrane ordering was reflected as the right-hand shift of the 

emission spectrum. 
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4.4 Discussion 

4.4.1 Cell-specific lipid order potentiates MP1 activity  

The therapeutic potential has been attributed to Polybia MP1 because of lytic 

activity against particular cancer models. As presented above, breast cancer cell subtypes 

exhibit a diverse sensitivity to MP1 reflected in the IC50 value. Studies in cell-derived 

model membranes focusing on membrane organization pronounced cell-specific features 

for either sensitive or resistant cell types. The DiI dye partitioning in the membrane 

revealed no lipid clusters with differentiating order that could be optically observable. 

Interestingly, a detailed investigation using the fluorescent solvent relaxation technique 

showed cell-specific membrane organization [288]. The difference between coexisting 

Ld/Lo (GP) measured in GPMVs demonstrated that cell sensitivity to MP1 corresponds to 

lipid packing. Tested with different fluorescent analogues, lower GP correlates with cell 

resistance to MP1.  

A literature review of membrane lipid profiling might associate GP value with 

specific membrane lipid components. MDA-MB-468 cells were identified with the average 

lipid content among other breast cancer cell lines in many lipid screenings [289–292]. 

Interestingly, the triple-negative breast cancer MDA-MB-468 was found to have different 

lipid composition in terms of C=C location and fatty acyl isomers. MDA-MB-468 cells 

predominantly contain PC (34:2) with isoforms of monounsaturated palmitoleic acid 

(C16:1) and oleic acid (C18:1) at position Δ6 and Δ8, respectively. Lipid analysis of the 

HER2 + BT-474 cell line revealed a dominating content of saturated acyl chains [293]. The 

cell membrane is enriched in diacylglycerols (32:0, 36:0), arachidonic acid (14:0), palmitic 

acid (16:0), and linoleic acid (20:4). In contrast, a relatively small fraction of cholesterol 

and 18-carbon chain fatty acids were detected in comparison to other breast cancer cell 
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lines. In addition, the heterogeneity of the relative abundance of PC (32:1) with 

monounsaturated FA (C16:1, C18:10) in BT-474 single cells was higher than that in MDA-

MB-468 single cells. MCF10A cells were found with elevated levels of polyunsaturated 

lipids in comparison to other breast cancer cell lines [171]. Lipid species identified to be 

up-regulated are SM(34:0), PC(38:4), PI(38:4), linoleic acid (18:2), and adrenic acid 

(22:4). Levels of palmitic acid (16:0) and stearic acid (18:0) were similar to those cells of 

cancerous phenotypes. Both MDA-MB-468 and MCF10A cell lines have a high 

cholesterol content, which is suggested to play a key role in lipid-based dissimilarities 

between metastatic and non-metastatic cells [289]. It has been proven that cholesterol 

adjusts the ordering of both phases. The unsaturation degree was significantly lower in 

MDA-MB-468 cells when compared to MCF10A cells. Furthermore, MCF-10A cells were 

found enriched in lipid droplets containing unesterified cholesterol and raft proteins [294].  

4.4.2 MP1 modulates changes in lipid phase behaviour in GPMVs 

MP1 was reported to induce changes both in the lateral diffusion of DiI dye and 

GP-calculated lipid packing. Upon exposure to MP1, the MDA-MB-468 membrane system 

phase separated and the relatively great lipid order underwent relaxation to a rather loosely 

packed state. Contrarily, membrane lipids are organised into spots, which do not 

empirically resemble widely investigated raft domains in GPMVs isolated from the MCF-

10A cell line. A relatively fluid membrane was subjected to lipid reorientation into a more 

ordered phase. The observed MP1-associated phenomenon provides a more in-depth 

understanding of MP1 lytic activity which is closely related to lipid composition and 

organization. Although the MDA-MB-468 cell line is composed of the common lipid 

species, specific C=C location or acyl tails isoforms might be attributed to MP1-induced 
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cell vulnerability. Furthermore, we can speculate that lipid ordering, as a response to MP1, 

is a cell-protective mechanism observed in the MCF-10A breast model. 

4.4.3 The application of naphthalene derivatives in GPMVs 

Knowing how MP1 influences the mobility of biological membranes is necessary 

to elucidate the MP1 mechanism of action. The application of fluorescent probes with the 

dipolar moment, which are positioned at various levels in the lipid bilayer, allows for a 

detailed investigation of lipid organization and reorientation due to surface tension. 

Laurdan, one of the solvatochromic dyes, exhibits an emission shift due to H-bonding as a 

response to the hydration level [295]. For instance, a loosely packed Ld phase promotes 

greater water penetration reaching the glycerol backbone of the bilayer surface and, as a 

consequence, the Laurdan emission spectra exhibit evident directional shift. Significantly, 

these spectroscopic changes are independent of the nature of the phospholipid headgroup 

[296]. C-Laurdan, the Laurdan derivative which differs by the presence of an additional 

carboxyl group, has been found to be more stable than Laurdan in the polar headgroup 

region of the bilayer and also much more aligned with the lipids [297]. However, the live-

cell experiments revealed the rapid internalization of Laurdan and C-Laurdan to the 

cytoplasmic leaflet [298]. Prodan, another naphthalene analogue, having shorter 

hydrocarbon tails, is located closer to the lipid-water interface [299]. By employing the 

fluorescent solvent relaxation probes with different distributions across the lipid bilayer, 

we were able to investigate lipid packing prior to and after the MP1 treatment and correlate 

it to cell sensitivity to MP1. GP index calculations, reflecting a spectrum of ordered and 

disordered domains across the entire membrane, allowed the determination of lipid 

reorientation by measuring the spectral changes in the lipid environment. In addition, the 

GP map illustrates lipid domain distribution by directly visualizing GPMVs (Fig. 51a) 
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The application of Laurdan, C-Laurdan and Prodan is an effective method to study 

lipid packing at different membrane locations. Laurdan and C-Laurdan, which ought to 

incorporate similarly in-between acyl tails, presented different parameters. Laurdan, across 

all cell-specific isolations, exhibited analogues emission spectra. The data suggest that, 

although Laurdan reflects differences in lipid packing, due to flip-flop diffusion, it might 

not sense accurately changes in the lipid environment. C-Laurdan, despite being 

structurally similar to Laurdan, demonstrated more disordered phase behaviour across 

samples. Furthermore, it indicated broader spectra of lipid order in MDA-MB-468 and BT-

474, whereas the MCF=10A spectrum was complementary to Laurdan. Prodan, being 

situated on the membrane surface in close proximity to phospholipids, displayed dissimilar 

order to Laurdan and C-Laurdan. Overall, all dyes were distributed in a cell-dependent 

manner. Those with initially relatively low GP values were forming ordered domains after 

MP1 treatment. 

As mentioned above, MP1 activity is tension-related, thus it causes localised-

dependent different lipid reorientation. The increased surface area due to lipid: peptide 

interaction causes a decrease in the local lipid density at the headgroup surface. 

Simultaneously, lipid density increases in the mid-plane of the bilayer indicating 

interdigitation of the acyl chains of the opposing lipid layers Laurdan and C-Laurdan which 

moieties are more aligned with lipids. Lipid interdigitation is speculated to drive the 

formation of membrane micro-domains [59]. Moreover, changes in lipid order parameters 

modulated with tension are smaller in the headgroup region and larger near the end point 

of acyl tails. By applying a range of position-different dyes in the bilayer we are able to 

investigate changes in membrane organization either on the membrane surface or in the 

interior of the lipid bilayer. 
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4.4.4 GPMVs to study membrane organization 

GPMVs derived from different cancer cell subtypes allowed for determining cell-

specific lipid packing. We can observe and quantify the actual response to MP1, which 

appears to be different even within the same cancer type. Although GPMVs provide a more 

comprehensive understanding of lipid: peptide interaction than artificial vesicles, the 

system does not reflect the exact membrane dynamics.  

The isolation procedure for GPMVs could substantially affect membrane behaviour 

and phase-separation properties. PFA/DTT mixture is known to generate protein cross-

linking, which is believed to stabilise phase separation [90]. Furthermore, DTT strongly 

impacts GPMVs transition temperature [300]. Exposure to DTT alters the lipid packing 

due to the depalmitoylation effect of DTT [15]. Palmitoylan was investigated to regulate 

the functionality of raft phases [261]. 

Apart from lipid rafts, a novel type of membrane domain was speculated to reside 

in the PM. Studies in erythrocytes and kidney cells lacking cortical networks revealed 

increased diffusion of membrane proteins [301, 302]. Kusumi et al. reported that skeletal 

filaments interact with integrated membrane proteins forming nanoscopic assemblies[303]. 

GPMVs are produced due to cytoskeleton disruption which indicates another disparity to 

the intact PM.  

4.5 Conclusions 

Although MP1 exhibits a therapeutic potency against breast cancer subtypes, little 

is known about the exact mechanism of action. GPMVs which are close-to-native 

membrane platforms provide more detailed insight into lipid: peptide interaction in the 

MP1 membranolytic activity. Here I propose fluorescent solvent relaxation probes as a 

sufficient tool to study membrane organization. Those dyes which directly sense 
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membrane motion allow for obtaining a spectrum of lipid packings for Lo/Ld phases. This 

work shows that the lipid order correlates to cell sensitivity to MP1. The more disordered 

system the more resistant cell to MP1. Utilizing probes which incorporate the different 

membrane layers detect changes occurring either in the phospholipid region or 

hydrophobic core. When incubated with MP1, ΔGP for GPMVs obtained from MDA-MB-

468 and BT-474 experienced a left-hand shift in the emission spectrum, whereas MCF-

10A displayed a right-hand shift. The differentiating response to the MP1 indicates cell 

membrane mechanisms involved in the peptide: lipid interaction. Models more sensitive 

to MP1 become less packed, while modulated resistance to MP1 is linked to more ordered 

lipid packing. Changing experimental conditions, for instance, testing cholesterol-deprived 

membrane models induced by cyclodextrin could explore the role of cholesterol in defining 

the membrane ordering. 
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Chapter 5 Analysis of the molecular mechanisms of cell sensitivity 

to MP1 using bioinformatic and functional approaches 

ABSTRACT 

The fast-advancing molecular techniques allow for determining in-depth principles 

of key biochemical pathways within an individual cell. Gathering massive information 

instantaneously, public data sets are available sources of in silico-constructed metabolic 

networks. Polybia MP1 screening in a panel of cancer cell types determined that cell 

sensitivity to MP1 is a cell-specific feature. Therefore, to investigate whether cell 

sensitivity is defined by molecular determinants, bioinformatics approaches were used to 

predict which genes might be correlating with cell survival. The regression approach 

screened out a significant list of hub genes ranking the top ten targets. The gene-silencing 

technique evaluates prediction in the MP1-resistant cell line with a relatively high 

expression of gene targets. Statistical analysis of cell proliferative capacity shows a 

significant change accomplished with the knockdown of Indian hedgehog signalling 

molecule gene (IHH) suggesting a need for further investigation of the MP1 activity.  

5.1 Introduction 

Cell-specific lipid order, as presented in Chapter 4, is shown as one of the potential 

factors driving cell sensitivity to MP1 activity. The presented results led to the conclusion 

that the more disordered the initial membrane organization, the more resistant cell line to 

MP1. Having discovered such an important aspect associated with MP1, we can speculate 

that certain metabolic pathways might play a role in the cell response. However, a single 

cell is a living unit of a multidimensional network system, and due to its complexity, 

investigating the functionality of each compound would be highly unlikely to proceed by 
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manual experimentation. Traditional research tests typically one or a few genes targets at 

a time. Recently bioinformatic analysis has become a common approach to perform 

multiple analyses with the application of many variables [304–306]. This high-throughput 

method is capable of generating a list of gene candidates based on analytical approaches. 

One of them, regression analysis is a statistical technique used for determining the 

relationship between a single dependent variable and one or more independent predictor 

variables [307]. Linear models provide a high prediction accuracy when the formulation 

reflects the interfering relationship of variables captured using a line [308]. However, not 

all correlations fit standard linear modelling, hence non-linear strategies can be applied to 

identify any other relationships that do not fit in line In contrast, the gene-annotation 

enrichment analysis allows us to determine biological pathways linked to groups of genes 

of interest. Notably, numerous public gene expression data sets are available of published 

and unpublished data.  

In this section, in silico attempts are presented to identify molecular determinants 

associated with cell responsiveness to MP1. The applicability of the multilayer 

bioinformatic strategy allowed the screening of multiple variables under a range of 

statistical conditions. The regression method was employed to find significant variations 

of gene expression across a range of cell lines characterised by the differential sensitivity 

to MP1. Additional non-linear testing ranked them through the custom-designed scoring 

identifying those genes which might modulate MP1 activation under particular expression 

levels. Furthermore, over-representation analysis (ORA) identified genes with related 

functionality from lists of gene candidates, providing details of metabolic networks that 

are probable to affect MP1 membranolytic activity. The role of the top ten gene targets in 

MP1-associated cell response selected in the combinational approach was evaluated by the 

gene silencing technique and quantified by cell viability. 
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5.2 Materials and methods 

5.2.1 Cell-line datasets 

Polybia MP1 50% inhibitory concentrations were determined in 64 cancer cell lines 

using CellTiter-Glo luminescent cell viability assay performed by Crown Bioscience 

(Project No.: E3782-U1801). Crown Bioscience is a global research organization 

providing high-quality in vivo, in vitro, and ex vivo quantification of the efficacy and 

pharmacological profile of the drug candidate(s). The culture medium was supplemented 

with 10-20% FBS and purchased from GIBCO or Sigma, USA. Cells were cultured at a 

temperature of 37 ˚C, 5% CO2 and 95% humidity. Polybia MP1 was applied in a range of 

concentrations starting from 316 µM with 3.16-fold serial dilutions to achieve 9 dose levels 

and incubated for 48h before measurement of cell survival using CellTiterGlo. This cell 

viability assay is a method of determining the number of viable cells in culture based on 

quantitation of the ATP present, an indicator of metabolically active cells. The IC50 

absolute values were calculated according to the dose-response curves and are presented 

in the table below (Table 7).  

Whole transcriptome gene expression data were found and downloaded from The 

Cancer Cell Line Encyclopaedia (https://sites.broadinstitute.org/ccle/) for 54 out of 64 cell 

lines used in the IC50 MP1 screening, as indicated in Table 7. 

Table 7 A panel of 64 cell lines used in the IC50 screening of Polybia MP1. ✓ indicates 

cell lines which gene sets data were used in the bioinformatic analysis 

No. Cell line IC50 [µM] Tissue origin Transcriptome data 

1 CCRF-CEM 31.24 Blood  

2 HL-60 10.57 ✓ 

3 K-562 19.52 ✓ 
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4 Molt-4 53.21  

5 RPMI 8226 23.1 ✓ 

6 A-172 50.24 Brain&Nerves ✓ 

7 LN-229 22.24 ✓ 

8 M059K 37.28 ✓ 

9 SF268 25.26 ✓ 

10 SH-SY5Y 21.45  

11 U251 29.9 ✓ 

12 U-87 MG 32.28 ✓ 

13 AU565 20.51 Breast ✓ 

14 BT-20 25.13 ✓ 

15 BT-474 50.61  

16 BT-549 27.48 ✓ 

17 CAL-120 42.23 ✓ 

18 Hs 578T 34.26 ✓ 

19 MCF7 30.53 ✓ 

20 T47D 56.78  

21 SK-BR-3 32.98 ✓ 

22 Caco-2 57.89 Colorectum  

23 COLO 205 67.89  

24 DLD-1 45.68  

25 HCT 116 30.62 ✓ 

26 HCT-15 32.14 ✓ 
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27 HT-29 67.02 ✓ 

28 LoVo 65.02 ✓ 

29 LS 174T 45.67  

30 SW620 65.7  

31 786-O 20.3 Kidney ✓ 

32 A498 24.33 ✓ 

33 ACHN 30.71 ✓ 

34 UO.31 25.46 ✓ 

35 A549 38.62 Lung ✓ 

36 A-427 26.5 ✓ 

37 Calu-3 33.48 ✓ 

38 DMS 114 45.47 ✓ 

39 NCI-H226 22.73 ✓ 

40 NCI-H23 23.72 ✓ 

41 NCI-H460 18.39 ✓ 

42 NCI-H522 29.69 ✓ 

43 SHP-77 45.67  

44 Caov-3 47.86 Ovary ✓ 

45 IGR-OV1 78.9  

46 OVCAR-3 76.67  

47 OVCAR-4 24.53 ✓ 

48 OVCAR-5 45.78  

49 OVCAR-8 24.72 ✓ 
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50 SK-OV-3 44.13 ✓ 

51 SW626 34.45  

52 AsPC-1 32.73 Pancreas ✓ 

53 BxPC-3 24.93 ✓ 

54 Capan-1 64.74 ✓ 

55 Capan-2 41.3 ✓ 

56 PANC-1 55.44 ✓ 

57 DU 145 18.85 Prostate ✓ 

58 PC-3 34.82 ✓ 

59 Malme-3M 30.72 Skin ✓ 

60 RPMI-7951 34.78  

61 SK-MEL-2 56.78 ✓ 

62 SK-MEL-28 19.03  

63 SK-MEL-5 14.95 ✓ 

64 SR  Thymus  

 

5.2.2 Bioinformatic workflow 

In silico analysis was employed to construct predictive models for genes potentially 

associated with MP1-related cell sensitivity (see Figure 52). Dr Dapeng Wang combined 

the IC50 dataset and the gene expression dataset of 54 cell lines. First, the transcriptome 

dataset was cleaned to remove genes regarded as ‘not expressed’, providing 22,939 genes 

identified in all screened cell lines. Next, a linear fitting of MP1 sensitivity (IC50 values) 

to the expression of every individual gene was plotted indicating if it is a positive or 
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negative relationship. Any correlation was tested for estimating whether to accept or reject 

them utilizing the criteria: p <0.05 meaning the test is controlled to have a probability equal 

to or less than 0.05. Performing high-throughput analysis and having thousands of 

statistical tests simultaneously requires correction for multiple tests to avoid the 

appearance of false discoveries. Thus, the Benjamini-Hochberg correction (“B+H”) or the 

Bonferroni correction was applied, which controls the procedure under the assumption of 

independence of p-values. Benjamini-Hochberg limits the False Discovery Rate (FDR), 

Bonferroni procedure controls family-wise error rate (FWER). 

Based on the linear regression, Prof. Paul Beales designed a statistical approach 

aiming at capturing any non-linear trends that might have been omitted by the linear 

regression analysis. Four predictor variables were defined: gene expression positive 

correlation, gene expression negative correlation, IC50 positive correlation and IC50 

negative correlation. The 6 top/bottom cell lines ranked by the MP1 sensitivity (the IC50) 

were evaluated to being in the top or bottom quartile (top/bottom 13) of the gene expression 

ranking and consistently, the top/bottom 6 gene expressions were matched to the ranked 

list of MP1 sensitivity. Each gene with an estimated B+H p-value was scored under a range 

of predictor variables and the resulting value reflects the fitting level to each variable 

(positive/negative correlation fitting). By subtracting the sum of positive correlations and 

the sum of negative correlations we receive the final count in a scope from 0 to 16, where 

16 displays the greatest probability of relationship incident. 

Another way to analyse the large number of gene datasets is to subdivide them into 

functional groups of known biological pathways. The over-representative analysis allows 

for determining significantly enriched or depleted groups of genes which are stronger 

candidates than any free-standing individual gene in the raw list of the significant targets. 
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Prof. Thomas Hughes performed enrichment analyses using GO [309] and KEGG [310] 

available at http://www.webgestalt.org.  
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Figure 52 Schematic diagram of the bioinformatic workflow. First, cell line drug 

sensitivity data and gene expression data were combined and transformed. Data sets were 

used to build predictive models of MP1-associated cell sensitivity. The aim was to identify 
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a group of 10 genes whose gene expression levels were predictive of the IC50 values of 

the drug but were also biologically plausible as causative of MP1 sensitivity. 

5.2.3 Cells  

HT-29 cells were obtained from Dr Nicola Ingram (School of Medicine, University of 

Leeds) and cultured as monolayers in 75cm2 flasks in RPMI-1640 (Thermofisher; 

Waltham, USA), supplemented with 10% FCS (Sigma; St Louis, USA) and 1% 

penicillin/streptomycin (final concentrations 100 U/ml and 100μg/ml) (Thermofisher; 

Waltham, USA). Cells were grown at 37˚C in humidified 95% air/5% CO2. Cell line 

identity was confirmed using STR profile (Leeds Genomic Service) and cultures were 

consistently Mycoplasma negative (MycoAlert; Lonza; Basel, Switzerland). 

5.2.4 Cell transfection  

Transfection of siRNAs was performed using siPORT™ NeoFX™ Transfection Agent 

(Cat. No: AM4510, Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the 

manufacturer’s protocol. A total of 6 × 103 cells were seeded into 96-well plates and 

transfected at 30-40% confluency the next day with 30 nM final concentration of siRNA 

(Silencer™ Select Negative Control Cat. 4390843, HOXA6, Cat. 4392420, ID: s223863; 

HOXB5, Cat. 4331182, ID: Hs00357820_m1; BMP4, Cat. 4331182, ID: Hs00370078_m1; 

PLA2G16, Cat. 4331182, ID: Hs00912734_m1; IHH, Cat. 4331182, ID: Hs00745531_s1; 

PDE4C, Cat. 4392420, ID: s10195 FAAH, Cat. 4392420, ID: s4961 LIPG, Cat. 4392420, 

ID: s17963; NCOR2 Cat. 4392420, ID: s18467 and KLF5, Cat. 4392420, ID: s2115, 

Thermo Fisher Scientific, Inc., Waltham, MA, USA) using 0.5 μl siPORT™ NeoFX™ 

Transfection Agent. At 24h or 48h post-transfection, cells were processed for further 

analysis.  
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5.2.5 Cell viability assay 

To determine the drug resistance of HT-29 cells to Polybia-MP1, cells were treated 

with various concentrations of Polybia MP1 (0, 20, 40 or 67 µM) for 24 h Following 

incubation, 200µL of 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) solution reagent was added to each well and incubated for 4 h. The purple-

blue MTT formazan precipitate was dissolved in 200 µl of isopropanol. The absorbance 

was determined using a microplate reader at 490 nm (BertholdTech Mithras, Driver 

Version: 1.05, (1.0.5.0), S/N: 42-6037, Embedded Version: 1.17). Cell viability was 

determined relative to the control cells. 

5.2.6 Analysis of gene expression 

A total of 1× 106 cells were seeded into 6-well plates and were harvested 24 and 48 

h after transfection. Total RNA extraction was performed using the Qiagen RNeasy kit 

(Qiagen, Cat. No. 74104) according to the manufacturer’s instructions. RNA concentration 

was measured using Nanodrop 1000 (Thermo Fisher Scientific, Waltham, MA). Single-

strand cDNA was synthesized from 2μg of total RNA using a High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems Life Tech, Thermo Scientific Cat. No. 

4368814). A parallel tube without RT (RT-negative control) was included in the RT 

reactions as the control for DNA contamination. mRNA expression was analyzed using 

Taqman™ Fast Advanced Mastermix (Thermo Fisher, Paisley, Cat. No. 4444557) and 

Taqman ® Gene expression assays (BMP4 Cat. No. 4331182, ID: Hs00370078_m1; IHH 

Cat. No. 4331182, ID: Hs00745531_s1; HOXB5 Cat. No. 4351372, ID: 

Mm01307012_m1; PLA2G16 Cat. No. 4351379, ID: C__64003733_10) for qPCR on 96 

well QuantStudio Flex 7 (Applied Biosystems Life Tech, Thermo Scientific). 

Amplification was carried out in a 10 μl volume (5 μL master mix, 0.25 µL TaqMan probe, 
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2 μL cDNA (5-fold dilution) and 2.75 µL distilled water) for 40 cycles. The relative gene 

expression was normalized to GAPDH (Cat. No. 4333764T) and data analyses were 

performed using the comparative CT method [311]. All experiments were conducted in 

technical triplicates and are presented as mean ± SEM of three or more independent 

replicates. The real-time PCR conditions were as follows: 95 ºC initial template 

denaturation (20s) and 40 cycles of 95ºC denaturation (1s) and 60ºC anneal/extension 

(20s). 

5.2.7 Statistics analysis 

Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software, Inc.). 

Experiments were performed at least in triplicate, and data are presented as the standard 

error of the mean (SEM). ANOVA and non-linear test were used to compare differences 

between multiple groups. Data with P values lower than 0.05 were accepted as statistically 

significant. 

5.3 Results 

5.3.1 Various in silico approaches signify a list of potential MP1 

sensitivity biomarkers 

The first aim was to use linear regression to compare MP1 sensitivity in a large 

panel of cells lines (using the IC50 values) to the expression levels of each individual gene 

within those cell lines and estimate whether expression correlates with sensitivity. Dr 

Dapeng Wang employed in silico statistical methods to investigate potential relationships 

of approximately 22,939 transcripts across 54 cell lines to MP1 IC50 values and defined 

the probability of any relationship by calculating p-values. The application of p-value 

Benjamini-Hochberg corrections decreased the false discovery rate and determined 67 
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significant genes, presented in Table 9. The more stringent Bonferroni correction, which 

relies on the Family Wise Error Rate (FWER), was also used indicating 2 significant genes 

– HOXB5 and RP11-120K24.3 (Table 8). 

Table 8 The list of gene targets identified by linear regression performed by Dr Dapeng 

Wang. The probability of each relationship was determined by p-value (p<0.05). 

Additional p-value corrections decreased the number of targets to 67 by Benjamini-

Hochberg correction (“B+H”) and to 2 by Bonferroni correction (“B”) 
 

Gene expression 

 

Gene name p-value (B+H) p-value (B) Mean Min. Max. 

1 HOXB5 0.005893978 0.005894 4.000179 0 32.7004 

2 RP11-

120K24.3 

0.009523023 0.019046 0.190052 0 1.91672 

3 GIPC2 0.015948305 0.0812449 0.815575 0 10.0477 

4 IHH 0.015948305 0.1116381 0.632631 0 7.99594 

5 HOXA-AS3 0.015948305 0.0641827 0.338162 0.001861 1.99429 

6 HOXA6 0.015948305 0.0587945 1.365679 0 9.62216 

7 HOXB6 0.015948305 0.1018459 4.309282 0.002789 30.6795 

8 HOXB-AS3 0.017622613 0.1409809 2.43402 0.005182 22.2024 

9 HOXA11-AS 0.019351666 0.2297903 1.792378 0.003264 20.7645 

10 BMP4 0.019351666 0.1858104 22.11665 0.032345 205.024 

11 RP11-

927P21.2 

0.019351666 0.23222 0.128108 0 1.05279 

12 CTD-

2619J13.3 

0.019351666 0.21553 0.215068 0 1.01297 

13 TRIM15 0.021119172 0.2745492 1.473861 0.006543 13.0644 

14 NYNRIN 0.02271355 0.3179897 1.140616 0.001028 13.5942 
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15 RP11-

465B22.8 

0.023299897 0.3702251 1.995769 0 18.2831 

16 GRHL3 0.023299897 0.3960982 1.063143 0.0022 8.55922 

17 PIGHP1 0.023299897 0.3887392 0.437023 0.098329 1.46651 

18 TRIM31-AS1 0.023739488 0.4729256 0.388134 0 4.01418 

19 TRIM10 0.023739488 0.4637691 0.221739 0 1.93517 

20 KLF5 0.023739488 0.4747898 20.64211 0.38211 120.991 

21 MFSD4 0.0274898 0.8875132 0.372528 0.018131 1.72238 

22 CAPN8 0.0274898 0.9766116 1.212071 0 16.5137 

23 AC013268.5 0.0274898 0.5985171 0.764083 0 5.34552 

24 AC112229.7 0.0274898 0.718472 0.88277 0 5.65825 

25 MIR3131 0.0274898 0.6153374 0.09026 0 1.81795 

26 SOWAHB 0.0274898 0.8213321 0.970124 0.002838 6.18469 

27 CCAT1 0.0274898 0.8251335 2.531172 0 26.6536 

28 ZNF214 0.0274898 0.861714 0.467555 0 1.83594 

29 PLA2G16 0.0274898 0.9773201 19.3153 0.068602 173.12 

30 LIPT2 0.0274898 0.8394108 1.53028 0.27673 5.25302 

31 COLCA2 0.0274898 0.9496434 1.003399 0 15.4654 

32 AL163953.2 0.0274898 0.6471672 0.15595 0 2.31066 

33 AKAP13 0.0274898 0.9996038 5.041096 0.148604 12.6758 

34 LYSMD4 0.0274898 0.7411407 2.164001 0.792809 7.1727 

35 HOXB-AS4 0.0274898 1 0.590997 0 10.016 

36 PDE4C 0.0274898 0.886255 0.267777 0.007932 5.9344 

37 AC008982.2 0.0274898 0.6969289 1.314509 0.204846 4.51002 

38 CHDH 0.029092799 1 2.550008 0.004237 17.1759 
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39 HOTTIP 0.033167725 1 0.595893 0 9.90996 

40 TTC22 0.0334018 1 1.06172 0 8.51889 

41 RP11-112J3.16 0.0334018 1 0.899586 0 3.84964 

42 RP11-

255B23.4 

0.034202135 1 1.41268 0 16.9563 

43 RP13-

122B23.8 

0.034202135 1 0.079068 0 1.34261 

44 LIPG 0.034202135 1 3.899724 0.006701 27.0147 

45 FAAH 0.037151676 1 3.143243 0.031408 13.2097 

46 RP1-

170O19.20 

0.037151676 1 0.343801 0 3.28071 

47 C11orf53 0.037151676 1 0.1395 0 3.77672 

48 MIR192 0.037757451 1 0.173648 0 2.28576 

49 GPX2 0.037757451 1 30.74659 0.082623 428.571 

50 RP11-

299G20.2 

0.037757451 1 0.367222 0.020177 2.56265 

51 RP11-

304L19.3 

0.037757451 1 0.539041 0 2.78267 

52 CTB-39G8.3 0.037757451 1 0.952089 0 5.81128 

53 HOXB-AS2 0.037757451 1 0.418716 0 3.07969 

54 SLCO1B7 0.041663846 1 0.197151 0 3.09088 

55 ZCCHC14 0.041663846 1 6.773401 1.24501 17.8292 

56 RSPH1 0.041663846 1 1.261919 0 10.4959 

57 S100A5 0.041774401 1 0.586057 0 5.40881 

58 AC004067.5 0.041774401 1 0.399253 0.066988 1.28005 

59 HOTAIRM1 0.041774401 1 5.345099 0.015928 37.017 
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60 RP11-

395P17.3 

0.041774401 1 2.816606 0.136243 23.2651 

61 MUC5AC 0.041774401 1 3.061643 0.002651 71.5586 

62 CAPN12 0.041774401 1 0.434857 0.012848 4.21834 

63 FLNB-AS1 0.042753887 1 1.105893 0.026555 5.00763 

64 UGT1A13P 0.046527967 1 0.041399 0 1.04555 

65 NPFFR1 0.046527967 1 0.075314 0 1.54028 

66 RP11-

304L19.1 

0.046527967 1 0 8.44229 

 

67 C15orf62 0.049713663 1 0.27829 7.77492 

 

 

Next, acquired gene expression to the IC50 relationships was tested using non-

linear regression analysis under different predictor variables to express the irregular 

scientific nature. Prof. Paul Beales designed various probability-based strategies and 

examined the top/bottom ranked cell lines by cell sensitivity to MP1 (IC50) scoring each 

gene according to the matching signature to each predictor variable. Four variables were 

determined: gene expression positive correlation, gene expression negative correlation, 

IC50 positive correlation and IC50 negative correlation. 6 cell lines from the top/bottom 

MP1 sensitivity scanning were evaluated to fit the top or bottom quartile (top or bottom 

13) of the gene expression ranking and line up by a score reflecting consistency with a 

negative or positive correlation. Simultaneously, the top/bottom 6 gene expression was 

matched to the ranked list of MP1 sensitivity. Next, each relationship was estimated 

numerically by subtracting the negative correlation from the positive correlation value 

obtaining a score between 0 and 16. Overall, this strategy estimates that the higher the 

magnitude of the score the more likely that there is a correlation. The maximal response 
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variable was 16 and 7 gene targets gained the greatest scoring. Following, 12 gene 

candidates were under 15 score and 25 achieved 14 points. Table 9 presents gene 

expressions with a non-linear link to cell sensitivity with a score ≤14. The expression of a 

particular gene may work like an on-off switch for MP1 sensitivity, which can be seen 

when above a certain threshold expression level, the IC50 value decreases drastically, 

while below the threshold, it expresses a different higher IC50 value. Furthermore, both 

regression analyses revealed many overlapping gene targets suggesting the close 

assumptions in searching for MP1 sensitivity predictors. 

Table 9 Gene targets that might be influencing sensitivity to MP1 identified by non-linear 

regression analysis. The maximal prediction score is 16. The below table presents genes 

with scores above 14 

 

Gene name  Prediction score 

RP11-276H7.2 16 

LRRC49 16 

CEP89 16 

SIPA1L3 16 

AC026806.2 16 

RN7SL566P 16 

KIF3B 16 

CCDC24 15 

MTMR11 15 

LINC00886 15 

TCTEX1D2 15 

MYO6 15 
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HOTAIRM1 15 

C10orf12 15 

PDX1 15 

THAP10 15 

ACE 15 

C19orf55 15 

CNOT3 15 

RP11-276H7.3 14 

SPOPL 14 

INPP1 14 

FBXO36 14 

NGEF 14 

PLXNB1 14 

CHDH 14 

ABLIM2 14 

ZBED3 14 

UBTD2 14 

HOXA-AS3 14 

C11orf49 14 

AP003068.18 14 

PGM2L1 14 

CAPN5 14 

NCOR2 14 

EFNB2 14 

VKORC1 14 
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PLCD3 14 

SAMD4B 14 

ZNF837 14 

C20orf195 14 

B3GALT5 14 

RP5-1158E12.3 14 

FGF13 14 

 

5.3.2 Analysis of over-representation of functional gene classes within the 

candidate list 

Having a list of gene candidates selected by linear and non-linear strategy, over-

representation analysis (ORA) was applied to identify the groups of particular genes with 

known or suspected biological relevance, which are more prevalent in a set of variables of 

interest than would be expected by chance [312]. Prof. Thomas Hughes analysed a list of 

gene candidates which came out significant in linear regression and non-linear strategy 

designed by Prof. Paul Beales seeking significantly over-represented genes using 

functional databases: gene ontology and pathways (KEGG, Reactome and Panther). 

Furthermore, the enrichment analysis might indicate certain biological pathways involved 

in MP1 sensitivity and, more importantly, by altering the expression of a single gene, the 

expression of a number of different individual genes could also be affected. Any pathway-

related gene would be a stronger candidate than any free-standing individual gene in 

the raw list of significant outcomes. GO analysis signified embryonic development 

pathway with the false discovery rate (FDR) <0.05 presenting BMP4, GRLHL3, HOXA6, 

HOXB5, HOXB6 and IHH with potential importance in MP1 resistance (see Table 10).  
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Table 10 Gene candidates determined to be involved in the metabolic pathways identified 

in the bioinformatic search. The metabolic pathways used are GO, KEGG and Reactome. 

DATABASE BIOLOGICAL 

FUNCTION 

FDR GENES 

GO embryonic skeletal system 

dev, skeletal system 

morphogenesis, pattern 

specification process, 

embryonic organ 

development 

<0.05 BMP4, GRHL3, 

HOXA6, HOXB5, 

HOXB6, IHH 

REACTOME mitochondrial fatty acid 

beta-oxidation of 

unsaturated fatty acids 

0.007 HADHA, HADHB 

GO cell-cell junction 0.012 ACTN4, AHNAK, 

CDC42EP4, CGN, 

CYTH2, DDX58, 

EPB41L3, EPHA2, 

ESAM, FGF13, NHS, 

PPL, SHROOM3, 

SIPA1L3 

KEGG Phosphatidylinositol 

signalling system 

1 INPP1, INPP5A, PLCD3 

GO Lipase activity 0.14 FAAH, LIPG, PLA2G16 

GO carboxylic ester hydrolase 

activity 

1 CAPN12, CAPN8 

 

5.3.3 Prioritization of candidate genes 

The aim was to select approximately 10 genes identified in these analyses to study 

further, potentially using cell-based approaches. The overall selection strategy was based 
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on three predictive models: linear regression, non-linear approach and the functional 

enrichment analysis. Genes with statistical significance by p<0.05 (Bonferoni correction, 

B+H correction) were gathered and supplemented with those from the non-linear scoring. 

Another criterion was the function and cellular location of the gene products encoded by 

the genes; a function/location of specific interest was the plasma membrane, given the fact 

that this is site at which MP1 acts. As presented in Chapter 4, cell MP1 sensitivity might 

be rooted in the local lipid composition. In addition, genes playing a crucial role in lipid 

metabolism were considered. Having a list of top-ranked genes, ten of them were selected 

as general biomarkers and/or mediators of the sensitivity of cell lines to MP1 (Table 11). 

The diverse function of these genes included transcription regulation, cell signalling, lipid 

biosynthesis/metabolism and tumorigenesis. Considering different gene ranks and limited 

experimental resources, ten targets seem to be an appropriate choice for down-stream 

testing.  

Table 11 Gene candidates identified in the signature score ranking 

Gene Function Localisation Scoring 

(max. 

16) 

p-value 

(B+H correction) 

Expression in cancer 

Linear regression with Bonferoni correction 

HOXB5 Transcription factor Nucleus, 

cytosol 

10 0.0058 Enhanced (endometrial 

cancer) 

Detected in many[313] 

HOXA6 Transcription factor Nucleus 12 0.015 Low tissue specificity 

Detected in many[314] 

Linear regression with B+H correction 

IHH Secreted signalling 

molecule; calcium ion 

binding; patched binding 

Plasma 

membrane, 

12 0.015 Enhanced (colorectal 

cancer) 

Detected in many[315] 
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extracellular 

space 

BMP4 Growth factor activity 

(secreted ligand of the 

TGF-beta) 

Extracellular 

space 

13 0.019 Low cancer specificity 

Detected in all[321] 

PDE4C Hydrolyzes the second 

messenger cAMP 

Extracellular 

space, cell 

projection 

10 0.027 Low cancer specificity 

Detected in many[317] 

PLA2G16 N-acyltransferase 

activity; phospholipase 

activity 

Cytosol, 

plasma 

membrane, 

peroxisome, ER 

11 0.027 Low cancer specificity 

Detected in all[318] 

LIPG Phospholipase and 

triglyceride lipase 

activities; secreted 

Extracellular 

region 

10 0.034 Enriched (thyroid cancer) 

Detected in many[319] 

FAAH Hydrolysis of a number 

of primary and secondary 

fatty acid amides 

Cytosol, 

plasma 

membrane 

8 0.037 Enhanced (prostate cancer) 

Detected in all[320] 

Non-linear regression scoring 

NCOR2 Transcriptional 

corepressor 

Nucleus 14 0.333 Low cancer specificity 

Detected in all[321] 

5.3.4 Selection of cell model with which to test whether identified genes 

impact on MP1-sensitivity 

A suitable cell model was selected to evaluate the accuracy of predictive genes 

which might regulate cell response to MP1. Expression of selected genes was plotted as a 

function of the IC50 across 54 cell lines. Figure 53 presents plots for each gene correlated 

with twenty cell lines determined with the highest gene expression in order from least to 

greatest. HOXB5, HOXA6, BMP4, IHH, LIPG, PLA2G16, PDE4C and KLF5 expression 

levels positively correlated with the IC50, whereas NCOR2 and FAAH expression does 



185 

 

Results 

not seem to correlate with MP1 sensitivity. The linear regression does not reflect 

fluctuating gene expression level, thus certain drug doses what might stimulate genes to 

work like “on-off” switch to MP1 sensitivity. Having analysed all graphs, it was noted that 

HT-29 cells expressed all of the 10 genes at detectable levels, and furthermore, HOXB5, 

BMP4, HOXA6, IHH, KLF5 and PLA2G16 were expressed at the relatively high levels in 

this cell line (see position of HT-29 highlighted on the plots of Figure 53). HT-29 is a 

human colorectal adenocarcinoma cell line characterised by a relative resistance to MP1; 

the IC50 value is 67 µM [322]. Relatively higher expression of selected gene targets in the 

relatively resistant HT-29 cells suggested that those genes might be influencing cell 

sensitivity to MP1, and also – in practical terms – defined that these genes were potentially 

suitable for experimental siRNA-mediated knock-down. 



186 

 

Results 

 

Figure 53 Relationships between IC50 values for MP1 and each gene expression: 

(a)HOXB5, (b)BMP4, (c)HOXA6, (d)IHH, IKLF5, (f)NCOR2, (g) FAAH, (h)PLA2G16, 

(i) LIPG and (j) PDE4C. 
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5.3.5 siRNA knockdown has a slight effect on MP1 cytotoxicity  

Knockdown experiments were to be performed for those 10 gene targets in the HT-

29 cell line. First, it was necessary to validate that siRNA-mediated knock-down was 

effective in this cell line. Accordingly, total RNA was isolated from HT-29 cells 

transfected for 24 h or 48 h with non-silencing siRNA and PLA2G-16-targeting siRNA. 

Relative fold differences in mRNA levels compared to scrambled siRNA treated are shown 

on Figure 54. The 0.7 fold change reflects successful gene knockdown. Therefore, qPCR 

validation confirmed that transfection of HT-29 cells effectively limited the expression of 

the targeted genes.  

 

Figure 54 HT-29 cells were transfected with siRNA or control siRNA. 24 h and 48 h after 

transfection qPCR was performed to assess relative expression of PLA2G16 mRNA. Data 

represent 1 biological experiment with SD of technical triplicates. 

 

Having validated the gene knockdowns, the influence of each gene on MP1 

sensitivity was conducted. Next, HT-29 cells were transfected either with control non-

targeting siRNA sequences or with siRNAs targeting the specific genes of interest. 24 h or 
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48 h later, cells were then treated with a range of 0, 20, 40 or 67 μM of MP1, and cell 

survival/proliferation was assessed by MTT assays after a further 24h. Data are presented 

in two groups – initially for 4 target genes (Figure 55) and then for the remaining 6 target 

genes (Figure 56). In both cases the data are analysed in two ways. Firstly, 

survival/proliferation is shown relative to the control transfected cells that were not treated 

with MP1(Figure 55 A and B, Figure 56 A and B). From these, it is possible to see the dose 

response in the control transfected cells, and the variation from this in the specific gene 

siRNA samples. Secondly, data were analysed within each dose of MP1, comparing the 

control transfected to the specific knock-downs; in this analysis absolute inhibition of 

survival/proliferation is hidden, allowing easier focus on relative differences between 

siRNAs (Figure 55 C and D, Figure 56 C and D). Apart from 48 h transfection of HOXA6, 

PDE4C, LIPG, FAAH, NCOR2 and KLF5, relative survival to control without MP1 dosing 

confirmed that 67 µM MP1 dose inhibited cell growth by 50%. Alternation in cell survival 

under MP1 dosing of 48-hr transfected cells might relate to the transfection agent effect. 

Statistical analysis revealed that only the knockdown of IHH (48h transfection) in 

combination with 40 μM MP1 had a significant effect on cell survival compared to control. 

Knockdown of other gene targets treated at a range of MP1 doses did not significantly alter 

MP1 sensitivity.  
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Figure 55 HT-29 cells were transfected with siRNA or control siRNA for 24 h and 48 h 

cells and then were treated with 20, 40 and 67 µM doses of Polybia MP1 or with vehicle 

control for 24 h. Relative survival was determined using MTT assays. Data are presented 

in two separate plots: Figure A and B present cell survival relative to untreated (vehicle 

control) and Figure C and D show cell survival relative to control at each dose, of 3 

biological repeats showing error bars representing ± SEM of 8 replicate wells. Differences 

between targeted siRNA and scrambled siRNA were tested using ANOVA and non-linear 

regression; *indicates p<0.05 
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Figure 56 HT-29 cells were transfected with siRNA or control siRNA for 24 h and 48 h 

cells and then were treated with 20, 40 and 67 µM doses of Polybia MP1 or with vehicle 

control for 24 h. Relative survival was determined using MTT assays. Data are presented 

in two separate plots: Figure A and B present cell survival relative to untreated (vehicle 

control) and Figure C and D show cell survival relative to control at each dose, of 3 

biological repeats showing error bars representing ± SEM of 8 replicate wells. Differences 

between targeted siRNA and scrambled siRNA were tested using ANOVA and non-linear 

regression; *indicates p<0.05 

5.4 Discussion 

5.4.1 Predicting cell response to Polybia MP1 based on gene-expression 

biomarkers of sensitivity learned from cell lines 

The traditional scientific research study typically investigates one gene or a few 

genes at a time. In the contrary, high-throughput genomic, proteomic and bioinformatics 

screening approaches are alternative technologies that allow simultaneous detection of the 

changes and regulation of genome-wide genes under certain biological conditions. Those 

high-throughput platforms usually generate large data using the biological knowledge 



191 

 

Results 

accumulated in public databases. There is a wide range of in silico tools to determine drug 

responses at different sensitivity and resistance levels for various therapeutic agents. The 

common are regression models [307], random forest models [323], neural networks [324] 

or support vector machine (SVM) models [325]. Furthermore, in the last years, the number 

of enrichment tools remarkably increased facilitating the functional analysing of large 

datasets [305]. Before applying any novel therapeutic, it is necessary to understand the 

molecular mechanism that drives it. In this respect, it is highly unlikely to perform all of 

the required assays testing the behaviour of the single molecule. Finding the biological 

systems that interact with a drug and display changes at the transcriptome level provide a 

strong indication that a certain application is truly beneficial. Since testing multiple model 

systems has been crucial to identifying overlapping similarities, bioinformatics become an 

indispensable tool. 

Predictive models for Polybia MP1 were built using data on gene expression and 

drug sensitivity (IC50) from 54 cell lines. Regressions and pathway analyses of gene 

expression were employed to identify genes that are potentially up- and down-regulated in 

cell lines characterised by varied sensitivity to MP1. Many IC50-gene expression level 

interactions were determined uncovering several potential MP1-gene associations. The 

most accurate gene signatures based on the expression of multiple genes to predict key 

responses for Polybia MP1 are HOXB5, HOX6, BMP4, IHH, FAAH, LIPG, PLA2G16, 

PDE4C, KLF5 and NCOR2.  

5.4.2 The effect of gene knockdown on MP-1 treated cell survival  

In silico multiple testing guided the selection of genes for siRNA screening. The 

live-cell model system was applied to evaluate the prognostic accuracy of the designed 

statistical models. Gene knockdown was performed in the HT-29 cell line being a relatively 
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MP1 resistant (IC50 67µM) characterised by a relatively high expression of chosen gene 

targets. Testing a data-driven assumption, IHH knockdown resulted in increased cell 

survival compared to control at the 40 µM MP1 dose. This is inconsistent to the assumption 

that gene knockdown of gene with positive correlation to MP1 sensitivity in the MP1 

resistant model would result in cell sensitization to MP1 treatment.  

IHH is one of the protein ligands in the mammalian hedgehog signalling pathway, 

essential in bone growth and differentiation [326]. It has been indicated that IHH 

expression highly correlates with the advancement of malignancy. Furthermore, its 

expression is induced during mechanical stress [327]. The Hedgehog signalling regulates 

cholesterol metabolism and homeostasis[328]. 

Testing 10 out of 67 survival-associated genes and metabolic pathways, 

bioinformatic prediction cannot be explicitly admitted or failed as a prospective tool to find 

MP1-related gene signatures. The initial knockdown screening demonstrated potential IHH 

involvement in cell resistance mechanism to MP1, however, gene silencing of multiple 

targets might reveal a synergistic effect. In addition, apart from gene targets signified by 

the computational method, worth investigating are proteins of membrane repair pathways 

that might be relevant to MP1 sensitivity. 

5.4.3 Resistance factors to membrane-active peptides and potential 

targets  

Despite that targeting the cell membrane allowed cell-penetrating peptides to 

overcome the development of resistance, there are still some cell self-protecting strategies 

[218]. When peptides accumulate on the membrane surface, they might undergo 

degradation due to aminopeptidase activity [329]. Hence, elevated activity of the 

extracellular peptidases, biosynthesis pathways or transport, suggests a potential target. 
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Interestingly, studies in HT-29 cells revealed eight cell-surface peptidases [330]. 

Furthermore, as specified in Chapter 4, membrane composition, in particular, negative 

lipids facilitate peptide-lipid interaction. Flippases and flopases are enzymes modelling 

lipid organization across the lipid bilayer [331]. Rapid membrane reshaping and altered 

enzymes activity is another potent determinant of cell resistance. According to HT-29, the 

colorectal cancer cell membrane has a relatively low surface expression of PS [332]. Cells 

are also capable of expelling drugs in endogenous transporters [333]. 

5.5 Conclusions 

Motivated by the public availability of informative data resources, in silico model 

for predicting MP1 response data was designed. Noteworthy, none of the statistical 

methods is perfectly suitable for this prediction. IHH coding gene was found to slightly 

modify HT-29 cell response to MP1, but the finding requires further investigation. IHH 

protein is localised in the cell membrane, where displays autoproteolysis and cholesterol 

transferase activity. Although various statistical models were applied to identify multiple 

interacting genomic features testing each cell line's sensitivity to MP1, there is still a need 

for comprehensive models searching for the global cellular response to drugs. 
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One in six deaths worldwide is cancer-related and there were around 20 million 

new cancer cases in 2020 [334]. Cancers arise as a conseqence of many changes in the 

behavior of cells, one of which is cell survival beyond normal limits, or acquired capability 

to baypass cell death [34]. Typically, changes in the expression of key genes defined as 

oncogenes or tumour suppressors can lead to loss of cell cycle control and relatively 

unrestrained cell growth [335]. The conventional treatment strategies involve surgical 

intervention, radiation and chemotherapy [336]. These regimes, especially chemotherapy 

drugs, affect the cell cycle often at the specific stages of mitosis or DNA replication [337]. 

Unfortunately, chemotherapy can also be ‘cytotoxic’ to normal dividing cells and their 

therapeutic applicability relies on a larger fraction of cell kill in cancer cells as opposed to 

normal cells [338]. Toxicities fluctuate in terms of the specific drug, dose, schedule of 

administration and any patient-associated factors, which are known or unknown [339]. 

Although medical approaches are constantly improving, new therapeutic strategies with 

greater specificity and lower toxicity with a relatively smaller number of co-incident side 

effects have become a focus of anticancer research [340]. So far, numerous bioactive 

peptides have been detected to have therapeutic anti-cancer properties that hold great 

promise for cancer treatment in the future [341]. A great number of them have been also 

classified as antimicrobial peptides, naturally secreted by living organisms and compounds 

of the first line of immune defence with microbicidal activity [342]. These bioactive agents 

were already thoroughly characterised and depicted in the literature and are now applied 

in many various sectors such as agriculture, food industry and medicine [343]. Out of 

interest, AMPs were under consideration in the recent SARS-CoV-2 pandemic as novel 

antiviral molecules to counteract COVID-19 disease [344].  
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Chapter 1 extensively reviews the most recent developments in the field of cell 

membrane biophysics, followed by an introduction to the AMPs and their characterisation. 

Wide-spectrum activity, diverse origin sourced in nature, low probability of development 

of resistance, and rapid killing activity, outweigh the disadvantages of these peptides over 

conventionally applied pharmaceuticals [345]. AMPs are also considered 

immunomodulators, anti-inflammatory agents and antioxidants and, thus, the multifaceted 

mechanism of action should be thoroughly explored prior to the implementation of AMPs 

to commercial sale [6]. Specifically, AMPs are evolutionary conserved short amino acid 

sequences varying in structure and bio-functionality [3]. Although displaying an inhibitory 

effect on a broad range of pathogens, AMPs have similar biophysical characteristics: due 

to the presence of charged residues, peptides carry typically a positive net charge and 

contain a notable proportion of hydrophobic amino acids and eventually conform 

amphiphilic structure in contact with the membrane-like environment [181]. Therefore, 

AMPs exert their activity by interacting with biological membranes. The membranolytic 

activity is thought to be greatly impacted by lipid cell composition, however, the 

mechanism of membrane penetration is still a matter of debate [346].  

Biological membranes are complex dynamic structures serving as platforms for 

various cellular processes [59]. For a long time, their nature was a big puzzle as there were 

no adequate research tools available [347]. The lipid bilayer constitutes the principal 

scaffolding of any cell membrane with embedded proteins. Phospholipids are the most 

abundant membrane lipids, which are also amphipathic. Nowadays much simplified 

artificial model systems are used to explore cell membrane fundaments. One of them, giant 

plasma lipid vesicles, cell-derived systems which maintain the compositional complexity 

of biological membranes have been utilized as a new toolbox for membrane investigation 

[84]. In recent years, GPMVs gained much attention in the field of liquid-liquid phase 
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separation in the plasma membrane [16]. The organization of eukaryotic membranes 

remained not fully understood as coexisting liquid domains cannot be directly visualized 

in living cells by light microscopy [348]. The observation of these structures and validation 

of the raft hypothesis has become feasible using GPMVs [349]. 

This work reports a systematic investigation of molecular elements determining the 

membranotropic activity of Polybia MP1 searched in a sequence of MP1 itself, the lipid 

organization of the membrane and within the transcriptomic profile of the target cells. MP1 

is a representative of AMPs displaying a dual nature: antimicrobial and anticancer against 

a diverse range of targets [116]. Recent studies in synthetic membrane models have 

brought to light its lytic potency against PS-enriched systems [117, 159, 350]. Therefore, 

to address the in-depth lack of understanding structure-function relationship of Polybia 

MP1 in anticancer activity, a list of project aims is outlined below:  

1. To understand the contribution of individual residues and groups of residues within 

MP1 to its membrane lysing action, using artificial model membranes; 

2. To identify MP1 derivatives with higher specificity and potency towards the 

membrane models; 

3. To develop giant plasma membrane vesicles as a model membrane system;  

4. To define how MP1 changes membrane properties using a cell-derived model 

system; 

5. To define how MP1 sensitivity correlates with expression of individual genes in 

mammalian cancer cells, and determine whether individual genes determine 

sensitivity using knock-down approaches. 

A range of experimental approaches was applied to address those specific aims: starting 

from a chemical modification of short peptide motifs, leakage assays based on fluorescence 
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spectroscopic measurements in synthetic models, mammalian cell culture, confocal laser 

scanning microscopy, in silico transcriptomic analysis and molecular tools such as gene 

silencing technique.  

The first and second aims were addressed in Chapter 2. A number of chemical 

modifications were applied in order to study the contribution of individual or grouped 

amino acid residues and to identify MP1 analogues with greater potency than native MP1. 

Amino acid substitutions altered also primary physiochemical properties of MP1 and 

provided insight into the role of the net charge, hydrophilic and hydrophobic content and 

its ratio and consequent molecule amphipathicity in its mechanism of action. The result 

showed that: (1) Trp residue substitution, in alanine scan screening, significantly quenched 

peptide activity, however, further studies and incorporation of another aromatic residue, 

Phe and hydrophobic Ile maintained membrane puncturing activity; (2) Leu and Ile situated 

at the hydrophobic face of the peptide are important modulators in MP1 activity; (3) all of 

the 14 residues are required in membrane-lysing activity; (4) increasing the net charge of 

molecules does not always correlate to the facilitated activity ;(5) pH-sensitive peptides 

could be utilised as therapeutic agents as mutants directly sense cancer-related 

microenvironment; (6) overall alternation of the hydrophobic side of the MP1 aiming at 

increasing molecule hydrophobicity boosted potency and specificity in some cases; (7) the 

majority of variants displaying greater potency than MP1, simultaneously, loses specificity 

to PS-enriched systems; (8) therefore, rational redesigning of MP1 for optimal balance 

across principal physiochemical characterisation, cationicity, hydrophobicity and 

amphiphilicity, is crucial in MP1 activity. Overall, alanine-scan screening is a simple and 

widely applied method to probe chains of amino acids, their structure and function [351]. 

Contrary to Ala mutants tested in the simplified model system, Torres et al. performed a 

similar investigation of Polybia CP in order to examine in vitro biological activity to check 
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the inhibition efficacy of different bacteria strains [352]. Like MP1, 12-residue Polybia CP 

was isolated from the venom of Brazilian wasp and was reported to be potent against Gram-

positive bacteria [152]. Threonine, glycine and serine are sequence-specific amino acid 

residues characterising venom peptide and only one positively charged Lys residue occurs 

in the sequence. This approach allows for the thorough identification of chemical 

modification effects directly in biological systems based on MIC assay (minimal inhibitory 

concentration). MIC refers to the lowest concentration of drug to inhibit growth [353]. 

Continuing, circular dichroism spectroscopy measurements and molecular dynamics 

simulations were performed to study the effect of side chains on peptides secondary 

structure. Overall, these techniques provide important insight into molecule helicity and 

therefore, relationships between helical content and activity can be directly drawn. 

Stability is a typical concern limiting the translation of AMPs into the clinical phase. One 

of the undesired effects, the haemolytic activity of AMPs is inevitably associated with a 

high affinity to zwitterionic membranes [345]. A major challenge in the AMPs field is 

rational redesign for efficient modulation of membrane interaction while minimizing the 

risk of erythrocyte membrane lysis, therefore Torres et al. examined the haemolytic activity 

of peptides to verify their translatability prior to in vivo assays. In addition, CP mutants 

were exposed to fetal bovine serum (FBS) protease to investigate protease-mediated 

degradation. Similar studies were performed in order to elucidate the structure-function 

relationship of Aurein 1.2 [354]. Apart from already described biological methods, the 

hydrophobicity of peptides and their self-assembly were explored using reversed-phase 

chromatography. Additional insight into the role of hydrophobicity in peptide self-

association capability can expand comprehension of peptide biological activity. Zamora-

Carreras et al. conducted an Ala-scan screening of Lys-rich BP100 peptide by using solid-

state 15N and 2H NMR to estimate and refine the orientation in model systems [355]. 
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Peptide concentration and the lipid spontaneous curvature were determined to influence 

helix orientation. The peptide insertion was found deeper along with increasing 

spontaneous curvature of the lipids.  

The third aim was addressed in Chapter 3. As shown in the peptide screening section, 

minimal membrane systems allow for quantitative characterization of peptide potency and 

specificity in zwitterionic and anionic lipid platforms. Thus, principal membrane 

alternation differing cancer cells to normal tissue was investigated. Well-controlled 

composition is the main advantage of lipid systems, however, the native cell environment 

is much more complex. Therefore GPMVs, cell-derived PM platforms which retain 

molecular richness with lipid and protein composition close to the intact cell, were 

proposed to expand understanding of MP1 membranotropic activity. Testing different 

vesiculation protocols, results showed that: (1) GPMV formation is a dose-, time-, and 

temperature-dependent process which requires cell-specific optimisation in order to 

increase vesicle yield; (2) it is almost impossible to avoid the generation of undesired cell 

debris, and, therefore, obtain a pure GPMVs suspension; (3) the application of osmotic 

gradient induces substantial GPMVs yield from healthy cell model; (4) PFA and DTT are 

potent agents inducing membrane buds and their rupture in both cancer and non-

transformed cell lines; however, GPMVs incubation with size-different probes revealed 

that|: (5) GPMVs display heterogeneous permeability to solutes as large as 70 kDa and as 

a consequence, there is a need for reasonable use of GPMVs as membrane model. 

Accordingly, this work is the first to attempt to optimize GPMV formation by osmotic 

method and chemical vesiculation of breast cell lines and to evaluate the membrane 

integrity of generated vesicles. The analogue phenomenon was reported by Skinkle et 

al.[91]. It was observed that PFA and DTT-induced GPMVs are passively permeable to 

hydrophilic solutes as large as 40 kDa and explained by the relatively large pore formation 
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by rupture of vesicles from cells. Sarabipour and colleagues attempted to characterize 

differences between osmotically induced and PFA/DTT vesicles revealing that soluble 

proteins are retained within the chemically induced vesicles and that soluble proteins of 

molecular weight up to 210 kDa are not found inside the GPMVs induced via osmotic 

pressure [356].  

Despite the limitations of the cell-derived membrane system, GPMVs were further 

tested to explore the membrane penetration of amphiphilic MP1 at the single vesicle level 

demonstrated in Chapter 4. The coexistence of the liquid-liquid phase separation has been 

already investigated in GPMVs elucidating the physical principles of the lipid raft 

hypothesis in cell PM [16]. The use of solvatochromic probes, which sense changes in lipid 

order in the plasma membrane is a powerful tool enabling the development of lipid raft 

research [298]. These fluorescent molecules take advantage of the phenomenon of solvent 

dipolar relaxation, which corresponds to a number of water molecules present at the 

membrane interface reflecting lipid packing [285]. Therefore, testing GPMVs membrane 

organization prior to and after exposure to MP1 indicated that: (1) GPMVs are a suitable 

model to study membrane lipid packing; (2) the application of Laurdan, and its derivatives 

are an effective method to study lipid packing at different membrane locations; (3) the 

difference between coexisting Ld/Lo (ΔGP) shows that cell sensitivity to MP1 corresponds 

to lipid packing, lower GP correlates with cell resistance; (4) MP1 modulates changes in 

lipid phase behaviour in GPMVs, however, vesicles derived from a cell line classified as 

sensitive to MP1 undergo observable phase-separation, while GPMVs isolated from 

resistant MCF-10A cell line organised into spots not empirically resembling raft domains; 

(5) lipid phase rearrangement observed in the MCF-10A breast model might be a cell-

protective mechanism against MP1. Accordingly, it could be assumed that lipid membrane 

organization underlies the molecular basis of MP1 cell specificity. This work first presents 
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the MP1-driven phenomenon, however, the influence of other antimicrobial peptides on 

lipid ordering has been widely reported. Recently, Almeida and collaborators observed that 

the amphipathic peptide RW9 induced lipid re-packing in GPMVs tagged with di-4-

ANEPPDHQ, Laurdan derivative, increasing membrane disordering [357]. Säälik et al. 

reported the phase preference of MAP, pAntp and Transportans, cell-penetrating peptides 

observing high affinity to the Ld phase indicated by the colocalization with the annexin V-

positive domains or in the presence of Laurdan [89]. In addition, Steinkühler and 

colleagues extended the use of C-Laurdan along with molecular rotors to study the elastic 

properties of PM in GPMVs which are decoupled from the mechanical influence of 

cytoskeletal network. Thus, Laurdan and its analogues are commonly applied to study 

membrane organization.  

Already employed and demonstrated techniques allowed for determining side chains 

important in peptide activity and a key role of lipid bilayer arrangement in cell response to 

MP1. Continuing, Chapter 5 attempted to identify molecular mechanisms of cell sensitivity 

to MP1 using bioinformatic and functional approaches addressing the final aim. The 

preliminary in silico investigation into cell sensitivity to MP1 based on the transcriptomic 

cell profiles followed by gene knockdown technique showed that: (1) statistical strategies 

are capable of selecting significant relationships between gene expression and the cell 

sensitivity (the IC50 value); (2) ORA analysis and biological analysis are useful tools for 

eliminating genes that might be retrieved due to their overexpression for example in cancer 

tissue or drawing gene networks pronouncing gene correlations or mutual pathways which 

might play a role in cell response to MP1; (3) however, siRNA transfection is an efficient 

technique for gene silencing, statistical analysis revealed that only IHH knockdown 

allowed for increased cell survival ratio under 40 µM MP1 dose; (4) none of the strategies 

is perfectly suitable for the prediction of cell significant molecular determinants to MP1 
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response. Having found that cell sensitivity correlates with membrane organization (see 

Chapter 4), therefore, other potential gene targets could be involved in regulating 

membrane order. Prior to the administration of any novel drug, it is conditional to 

understand the molecular mechanism and know its potential side effects. Martinez-

Hernandez et al. reported in silico investigation of the relationships of the peptide-specific 

features (amino acid composition, physicochemical properties, sequence motifs and 

sequence homology) with selectivity towards healthy and cancer cell models [358]. 

Bioinformatic analysis was also applied to identify therapeutic targets of glioblastoma 

[359]. Transcriptomic analysis along with samples obtained from patients with their RNA-

sequencing allows for predicting sensitivity to anticancer drugs [360, 361].  

With all those findings, it could be concluded that the presented work provides insights 

into the molecular basis underlying cell sensitivity to Polybia MP1 peptides. Some of the 

redesigned MP1 derivatives displayed great potency against PS-enriched systems, hence, 

they have the potential to be used for in vivo applications. So far, variable lipid packing, 

and phase separation emerged as important molecular determinants driving cell-specific 

MP1 phenomenon. Undoubtfully, it could not be seen without GPMVs use. No other model 

reflects native cell membrane composition, therefore, attempts to remove cell debris and 

chemical reagents should be intensified. A variety of cells are capable of producing 

GPMVs and, despite their permeability, giant vesicles are important tools addressing the 

long-standing question of the roles of lipid domains, for instance in cell entry of HIV or 

SARS-CoV-2 [362, 363]. Prior to experimental work, a choice of cell line for vesiculation 

should be considered carefully to avoid a great amount of cell debris and procedure 

conditions should be accurate to omit any inconsistency. 
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Polybia MP1 is considered one of the shortest antimicrobial peptides with great 

therapeutic potential, a low probability of haemolytic activity but high susceptibility to 

proteolytic degradation [116]. Attempts to improve MP1 potency for specific applications 

are presented in this work. In detail, the modified peptide Q12K, which has non-charged 

residue glutamine at position 12 changed to cationic lysine, displays an overall +3 net 

charge and showed higher specificity to PS-containing vesicles than native MP1. This 

modification was already reported, however, in addition peptide variant was also stabled 

by using an emerging technology termed “all-hydrocarbon stapling” [161]. A unique cross-

linking system was found effective in stabilizing helical structures of short peptide motifs 

[364]. Therefore, this approach is another possibility for redesigning MP1 analogues with 

enhanced potency and proteolytic stability. Other approaches worth considering to 

improve the native peptide activity are: hybridization, cyclization, fragmentation, 

multimerization, and conjugation [365]. 

Evidencing the phenomenon of phase separation in GPMVs revolutionalised 

membrane research. These studies employed vesicles induced by osmotic pressure and a 

mixture of DTT and PFA [84, 255]. It has been reported that PFA/DTT reagents 

incorporate changes in the lipid phase which might potentially modulate differences in 

mechanical properties [366]. The artefacts induced by DTT can affect membrane bending 

rigidity and, consequently, membrane response to MP1. Importantly, cell culture 

conditions can have either similar effect on mechanical resistance. Local cell density and 

time in the culture were also reported to influence the membrane composition of adherent 

cells. Steinkühler et al. correlated initial cell density and GPMV bending rigidity indicating 

a trend for a stiffer phenotype at higher cell confluency. Growth conditions and asynchrony 

of the cell cycle can modulate the phase transition temperature of GPMVs at varied 
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confluency [367]. Therefore, an additional step in the GPMVs isolation procedure should 

be incorporated to optimize their formation with respect to consistent growth behaviour 

and phase separation.  

There are various extraction conditions for GPMV isolation. Calmidazolium is 

another vesiculation agent which does not correlate with a strong cross-linking of 

membrane components as induced by PFA/DTT [250]. Another GPMVs preparation 

method is the nanomaterial-assisted strategy during which cells are incubated with 

carboxylfullerenes followed by light irradiation [267]. Authors postulate high vesicle yield 

and purity, hence those strategies might be further tested in order to optimize protocols for 

breast cell lines. Continuing GPMVs characterization, it has been observed that cells 

cultured with GPMVs encapsulated with fluorescent dextran displayed some fluorescence 

[269]. Based on this finding, it has been assumed that GPMVs loaded with cargo can fuse 

with cells and pass the cargo. Therefore, GPMVs might be used as a delivery system with 

specific optimization, even for MP1. Effective GPMV loading with curcumin, an anti-

inflammatory drug, was already reported using flow cytometry analysis [267]. Before 

GPMVs are applied as carriers, the resistance of giant vesicles in the variable physiological 

conditions in the human body should be determined. Therefore, GPMVs could be 

investigated at varied cell culture conditions together with the influence of isolation 

chemicals under MP1 treatment. 

Interestingly, GPMVs are applied as starting material and their homogenization for 

the preparation of monodisperse nano plasma membrane vesicles (nPMVs) extrusion 

through filter membranes with pore sizes up to 400 nm [368]. In addition, size exclusion 

chromatography or dialysis is used to purify GPMV yield and to remove the PFA and DTT-

containing buffer for further experiments [369]. nPMVs are seen as a prospective source 



205 

 

Future perspectives 

for developing EV-based pharmaceutical therapeutics, hence these findings might direct 

further GPMV research. 

Lipid asymmetry is a fundamental characteristic of PM in animal cells and 

disturbance of its maintenance is linked to many cellular functionalities [370]. Loss of 

phospholipid asymmetry has been accomplished through apoptosis, blood coagulation, cell 

fusion and more importantly, tumorigenesis [277]. There is growing evidence suggesting 

the apoptotic nature of GPMVs [269]. A drop of Annexin V, which was shown to interact 

specifically with PS, can detect apoptosis by targeting the loss of PM asymmetry by the 

use of flow cytometry [371].  

Domain-dependent cell response to MP1 could be further investigated by using 

more advanced techniques such as AFM. Alternatively, there is a possibility of applying 

Pro12A, another Laurdan analogue with an attached anchor group composed of sulfonate 

charged group and dodecyl alkyl chain [298]. As recently published, Pro12A is 

characterized by more effective binding to the exoplasmic membrane layer, therefore, it 

shows higher susceptibility to monitor changes in the lipid environment. Another strategy, 

lipidomic studies on the sensitive and resistant cell lines to MP1 might indicate differences 

in lipid composition and link them to cell response. Furthermore, lipidomic investigation 

on GPMVs could reveal the effect of the isolation procedure on the membrane.  

Affinity photolabeling is a novel approach to studying non-covalent interactions 

between molecules, as well as specific membranotropic peptides [372]. Jiao et al. 

investigated a mode of action of insertion, a cell-penetrating peptide, which was photo-

labelled with different moieties [373]. Conversely, membrane models with incorporated 

photoreactive lipids are another advancement in probing hydrophobic bondings between 

proteins and phospholipids in membranes [374]. The idea is to theoretically obtain precious 

geometrical information on the platforms composed of the interacting peptide and the 
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membrane with the photoreactive lipid. Therefore, it is highly likely to monitor exactly 

which amino acid residue(s) are in close proximity to the lipid photoprobe. Alamethicin, 

Gramicidin A and Magainin are some of the AMPs family members investigated in 

photosensitive lipid systems. Alamethicin, a peptide isolated from the fungus Trychoderma 

viride has been proven to partially insert in the lipid bilayer through the N-terminus [375]. 

In 1998, researchers focused on an amphibian-derived magainin 2 showing that along with 

the increased peptide-to-lipid ratio, photolabeling yield escalated in membranes enriched 

with negative lipids [376]. Furthermore, a time-course experiment exhibited fast (less than 

30 s) and stable (over 30 min) peptide insertion. Gramicidin A is reported to form an ion 

channel in membranes with the two N-termini located near the centre of the bilayer [377]. 

N-terminal valine substitution to electron rich tryptophan, which is reactive towards 

carbenes, increased twice photolabeling and evidenced that the photo tag was therefore in 

the middle of the two layers. Therefore, photolabeling either peptide or membrane is 

another prospective method to investigate structure-function exploration of MP1. 

Further tests in cholesterol-deprived conditions could indicate the role of sterol 

structure role in defining the membrane order [378]. As already reported, cholesterol 

depletion was performed by cyclodextrins, which activate cholesterol exchange [48]. 

GPMVs isolated from cholesterol-depleted cells were described as softer in contrast to 

stiffer cholesterol-enriched systems, thus cholesterol role and raft domain formation 

capability could determine MP1 membrane perturbing efficiency. 

The transcriptomic analysis presented in this work, followed by gene knock-down, 

was not efficient in determining the molecular basis of MP1 cell response. Other 

approaches to expand studies are: the use of different cell lines, gene knock-down of 

multiple targets at once or knock-down validation at the protein level. The best results  
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could be obtained by the RNA-sequencing method which allows for investigation 

of mRNA levels prior to and after cell exposure to MP1.  
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Figure 57 Raw leakage assay data. I1A, D2A and W3A mutants along with MP1 were tested in 

PC (A) and PC:PS (B) lipid systems. Peptide concentration is shown along the X-axis, the 

percentage of dye leakage of each peptide is represented on the Y-axis. The curve fitting was 

conducted with an exponential growth function which indicates that after the initial lag phase, the 

fluorescence intensity increases at an exponential rate and slows down to eventually reach a 

plateau. Error bars represent ±SEM from three replicate measurements. 
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Figure 58 Raw leakage assay data. K4A, K5A and L6A mutants along with MP1 were tested in 

PC (A) and PC:PS (B) lipid systems. Peptide concentration is shown along the X-axis, the 

percentage of dye leakage of each peptide is represented on the Y-axis. The curve fitting was 

conducted with an exponential growth function which indicates that after the initial lag phase, the 

fluorescence intensity increases at an exponential rate and slows down to eventually reach a 

plateau. Error bars represent ±SEM from three replicate measurements. 
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Figure 59 Raw leakage assay data. L7A, D8A and K11A mutants along with MP1 were tested in 

PC (A) and PC:PS (B) lipid systems. Peptide concentration is shown along the X-axis, the 

percentage of dye leakage of each peptide is represented on the Y-axis. The curve fitting was 

conducted with an exponential growth function which indicates that after the initial lag phase, the 

fluorescence intensity increases at an exponential rate and slows down to eventually reach a 

plateau. Error bars represent ±SEM from three replicate measurements. 
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Figure 4 Raw leakage assay data. K4H, K5H and K11H mutants along with MP1 were tested in 

PC (A) and PC:PS (B) lipid systems at pH 6.5. Peptide concentration is shown along the X-axis, 

the percentage of dye leakage of each peptide is represented on the Y-axis. The curve fitting was 

conducted with an exponential growth function which indicates that after the initial lag phase, the 

fluorescence intensity increases at an exponential rate and slows down to eventually reach a 

plateau. Error bars represent ±SEM from three replicate measurements. 
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Figure 5 Raw leakage assay data. K4H, K5H and K11H mutants along with MP1 were tested in 

PC (A) and PC:PS (B) lipid systems at pH 7.4. Peptide concentration is shown along the X-axis, 

the percentage of dye leakage of each peptide is represented on the Y-axis. The curve fitting was 

conducted with an exponential growth function which indicates that after the initial lag phase, the 

fluorescence intensity increases at an exponential rate and slows down to eventually reach a 

plateau. Error bars represent ±SEM from three replicate measurements. 
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Figure 6 Raw leakage assay data. A9Q mutants along with MP1 were tested in PC (A) and PC:PS 

(B) lipid systems. Peptide concentration is shown along the X-axis, the percentage of dye leakage 

of each peptide is represented on the Y-axis. The curve fitting was conducted with an exponential 

growth function which indicates that after the initial lag phase, the fluorescence intensity increases 

at an exponential rate and slows down to eventually reach a plateau. Error bars represent ±SEM 

from three replicate measurements. 
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Figure 7 Raw leakage assay data. L7K and A9K mutants along with MP1 were tested in PC (A) 

and PC:PS (B) lipid systems. Peptide concentration is shown along the X-axis, the percentage of 

dye leakage of each peptide is represented on the Y-axis. The curve fitting was conducted with an 

exponential growth function which indicates that after the initial lag phase, the fluorescence 

intensity increases at an exponential rate and slows down to eventually reach a plateau. Error bars 

represent ±SEM from three replicate measurements. 
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Figure 8 Raw leakage assay data. Q12K and I13K mutants along with MP1 were tested in PC (A) 

and PC:PS (B) lipid systems. Peptide concentration is shown along the X-axis, the percentage of 

dye leakage of each peptide is represented on the Y-axis. The curve fitting was conducted with an 

exponential growth function which indicates that after the initial lag phase, the fluorescence 

intensity increases at an exponential rate and slows down to eventually reach a plateau. Error bars 

represent ±SEM from three replicate measurements. 
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Figure 9 Raw leakage assay data. DDQ->3K and 3K->3R mutants along with MP1 were tested in 

PC (A) and PC:PS (B) lipid systems. Peptide concentration is shown along the X-axis, the 

percentage of dye leakage of each peptide is represented on the Y-axis. The curve fitting was 

conducted with an exponential growth function which indicates that after the initial lag phase, the 

fluorescence intensity increases at an exponential rate and slows down to eventually reach a 

plateau. Error bars represent ±SEM from three replicate measurements. 
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Figure 10 Raw leakage assay data. D2K and D8K mutants along with MP1 were tested in PC (A) 

and PC:PS (B) lipid systems. Peptide concentration is shown along the X-axis, the percentage of 

dye leakage of each peptide is represented on the Y-axis. The curve fitting was conducted with an 

exponential growth function which indicates that after the initial lag phase, the fluorescence 

intensity increases at an exponential rate and slows down to eventually reach a plateau. Error bars 

represent ±SEM from three replicate measurements. 
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Figure 11 Raw leakage assay data insL, MP1-Ac and A10L mutants along with MP1 were tested 

in PC (A) and PC:PS (B) lipid systems. Peptide concentration is shown along the X-axis, the 

percentage of dye leakage of each peptide is represented on the Y-axis. The curve fitting was 

conducted with an exponential growth function which indicates that after the initial lag phase, the 

fluorescence intensity increases at an exponential rate and slows down to eventually reach a 

plateau. Error bars represent ±SEM from three replicate measurements. 
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Figure 12 Raw leakage assay data. W3I and W3F mutants along with MP1 were tested in PC (A) 

and PC:PS (B) lipid systems. Peptide concentration is shown along the X-axis, the percentage of 

dye leakage of each peptide is represented on the Y-axis. The curve fitting was conducted with an 

exponential growth function which indicates that after the initial lag phase, the fluorescence 

intensity increases at an exponential rate and slows down to eventually reach a plateau. Error bars 

represent ±SEM from three replicate measurements. 
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Figure 13 Raw leakage assay data. I3W, D2V and L6W mutants along with MP1 were tested in 

PC (A) and PC:PS (B) lipid systems. Peptide concentration is shown along the X-axis, the 

percentage of dye leakage of each peptide is represented on the Y-axis. The curve fitting was 

conducted with an exponential growth function which indicates that after the initial lag phase, the 

fluorescence intensity increases at an exponential rate and slows down to eventually reach a 

plateau. Error bars represent ±SEM from three replicate measurements. 
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Figure 14 Raw leakage assay data. A10W, L6V and L7W mutants along with MP1 were tested in 

PC (A) and PC:PS (B) lipid systems. Peptide concentration is shown along the X-axis, the 

percentage of dye leakage of each peptide is represented on the Y-axis. The curve fitting was 

conducted with an exponential growth function which indicates that after the initial lag phase, the 

fluorescence intensity increases at an exponential rate and slows down to eventually reach a 

plateau. Error bars represent ±SEM from three replicate measurements. 
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Figure 15 Raw leakage assay data. 3K->3H and DDQKKK->6H mutants along with MP1 were 

tested in PC (A) and PC:PS (B) lipid systems at pH 7.4. Peptide concentration is shown along the 

X-axis, the percentage of dye leakage of each peptide is represented on the Y-axis. The curve fitting 

was conducted with an exponential growth function which indicates that after the initial lag phase, 

the fluorescence intensity increases at an exponential rate and slows down to eventually reach a 

plateau. Error bars represent ±SEM from three replicate measurements. 
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Figure 16 Raw leakage assay data. 3K->3H and DDQKKK->6H mutants along with MP1 were 

tested in PC (A) and PC:PS (B) lipid systems at pH 6.5. Peptide concentration is shown along the 

X-axis, the percentage of dye leakage of each peptide is represented on the Y-axis. The curve fitting 

was conducted with an exponential growth function which indicates that after the initial lag phase, 

the fluorescence intensity increases at an exponential rate and slows down to eventually reach a 

plateau. Error bars represent ±SEM from three replicate measurements. 

 


