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Abstract 

The emergence of bacteria that have developed resistance towards 

“traditional” antibiotics is becoming a serious global health threat. 

Consequently, alternative approaches are needed to find new drugs that can act 

directly as antibiotics or to assist traditional drugs to improve efficacy. The 

emergence of antimicrobial peptides (AMPs) as a possible new class offers 

promise. AMPs represent a large and varied group of “natural antibiotics” 

present in virtually every organism. However, in order to develop new drugs 

derived from AMPs knowledge of the bioactivity of these is needed, such as 

concentration ranges and specific bacterial targets. Of great practical 

importance is to have a comprehensive understanding of the mechanism of 

action of AMPs, so that the risk of cross-reactivity and development of new 

bacterial resistance is minimised.   

All AMPs interact with the cell membrane, which is a complex and 

dynamic system, mostly containing phospholipids and proteins. Phospholipids 

are not simple “bricks” of the membrane, but they themselves are involved in 

various cellular processes. Therefore, biomimetic membranes, e.g. supported 

lipid bilayers (SLBs), represent a valid approach for investigating the 

interactions between lipids and AMPs. Creation of a supported membrane 

reduces the complexity of those studies to just one variable. Many variables 

influence the formation of SLBs and a protocol regarding the formation of SLBs 

assembled on gold-coated sensors is described in Paper 1. The membrane 

deposition and the peptide-membrane interactions were investigated using a 

Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) (Paper 2). 

Thus, the action of various peptides were investigated with zwitterionic 

membranes, which contained negatively charged lipid (bacterial membranes), 

or cholesterol (mammalian membranes). 
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The action of the two most widely studied AMPs, melittin and magainin 2, 

on SLBs, has been examined using QCM-D in Chapter 3. These peptides 

formed “toroidal pores”, which lead to membrane disruption. However, the 

action of these peptides has been found to be both concentration and 

composition dependent. 

Many AMPs are enriched in a particular amino acid residue. The influence 

of several of these peptide residues has been investigated using QCM-D in 

Chapters 4, 5 and 6. The action of proline-rich peptides apidaecins HbI and 

HbII, the variant Api88 and oncocin peptides on SLBs, are illustrated in 

Papers 3, 4 and 5, respectively. These peptides were found to insert into the 

membrane without any evidence of disruption.  

The influence of lipid composition on the activity of the arginine-rich 

peptide Tat has also been investigated with QCM together with scanning 

electrochemical microscopy (SECM) (Chapter 5). The cell-penetrating Tat 

peptide was shown to act as a lytic AMP in the presence of negatively charged 

membranes (Papers 6 and 7). 

The addition of tryptophan residues in the sequence of a short arginine-

rich peptide, (RW)3, caused a dramatic switch from cell penetrating to lytic 

activity, while the inclusion of ruthenocene in the peptide RcCO-W(RW)2 did 

not affect the peptide activity (Chapter 6). 

Finally, in Chapter 7, Uperin 3.5, an amyloid-like AMP, demonstrated 

that the amyloid fibrils are not necessary for the membrane-disruption. 

However, the action of Uperin 3.5 towards zwitterionic membranes is switched 

to insertion if cholesterol is present in the membrane.  

Thus, QCM has been demonstrated to be an invaluable technique for 

characterising, in real time, the action of various peptides on SLBs of bacterial 

mimetic composition and mammalian. However, the combination of QCM with 

other techniques e.g. SECM, is always encouraged to reinforce this data and to 

gain a wide perspective of activity. 
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Antimicrobial peptides: a generic 

overview 

 “The World Health Organisation's (WHO) first worldwide report into 

antimicrobial resistance has found the problem is no longer just a serious 

prediction for the future, but is happening now” 

As reported by Sophie Scott, www.abc.net.au/news, on the 1st May 2014 

Antimicrobial peptides (AMPs) constitute the main effector molecules of 

the innate immunity of plants, invertebrate and vertebrate organisms1. They 

represent a successful strategy against various infections caused by microbes, 

such as bacteria, fungi and viruses since they have been present from the 

primordial stage of the evolution. These peptides are very effective because, 

unlike antibodies, they can be active towards a wide spectrum of pathogens. 

Indeed, a single peptide can exert its action on two or more pathogens. 

Antimicrobial peptides are able to respond in a matter of hours to a pathogenic 

infection before the adaptive immune system can be sufficiently mobilised. 

Furthermore, they avoid the problem of triggering an autoimmunity response 

by being segregated in compartments inside the cell and by targeting microbes 

that are not part of the host organism. Another benefit from AMPs is that their 

actions control the proliferation of the natural flora, present in different niches 

of animals such as the skin, intestine, and the mouth, keeping a steady state of 

growth and balanced inflammatory response2. 

Furthermore, some AMPs behave as immune modulators through a range 

of activities, as shown in Fig. 1: they increase the production and the release of 

chemokines by immune and epithelial cells, they exert pro and anti-apoptic 

effects on various kinds of immune cells and they act as immunological 

adjuvants in promoting specific immunity1,3,4. Therefore, these various 

activities suggest that a distinction can be made between the term 
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‘antimicrobial peptide’ and ‘host defence peptide’. The latter should be used 

when referring to anti-infective action that augments or modulates the host 

immune response to pathogens, while ‘AMP’ should be used when direct 

antimicrobial activity is being examined3,4. However, direct antimicrobial 

activity does not only refer to the lysis of cellular membranes, but, as some 

studies in vitro showed, it also includes the interference of membrane 

associated-biosynthesis, the macromolecular synthesis in the cytosol and other 

metabolic functions3,5,6. 

Some AMPs have been shown to attract chemotactically phagocytes, 

mediate the “non-opsonic” phagocytosis (when microbes are recognised by 

directly interacting with phagocytic receptors)7,8, and repress or induce the 

dissolution of biofilms3.  

Since the majority of AMPs require high concentrations for an effective 

activity, they are stored in the vertebrates at high concentration in phagocyte 

granules, in the crypts of the intestine and near degranulating phagocytes to 

enhance their antimicrobial action3,9. 
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Fig. 1: The different possible roles covered by host-defense peptides in the immune system of 

vertebrates6. 

Antimicrobial peptides constitute a very large group with a high diversity 

in their amino acid sequences. Indeed, 2399 antimicrobial peptides and proteins 

have been catalogued in the “Antimicrobial peptide database” so far10. These are 

mainly from prokaryotic and eukaryotic organisms. Most of these peptides are 

short (10-50 amino acids) and many have a net positive charge, between +2 and 

+94. The primary structure of these peptides often contains amphipathic 

-helical conformation. In this conformation, 

hydrophobic and charged residues are structurally organized into domains 

which are spatially separate when the peptide contacts the membrane4,11,12.  

AMPs are gene-encoded biomolecules. After their synthesis, they undergo 

post-translational modification, which includes proteolytic processing, carboxy-

terminal amidation (e.g. melittin, indolicidin)13,14, glycosylation (e.g. drosocin)15 
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halogenation11, and conversion from L to D isoform of their residues (e.g. the 

amphibian peptides bombina)13. The final result of these amino acid 

modifications to the peptide structure increases biological activity2. Moreover, 

some peptides are the result of cyclization processes (e.g. θ-defensin), whereas 

others derive from proteolysis of proteins, such as lactoferrocin from 

lactoferrin11. Another characteristic that distinguishes these peptides is that 

they are gene-regulated, e.g. drosomycin, an antifungal peptide in Drosophila16, 

with the presence of different pathways that are activated depending on the 

nature of the hazard11. There is such a high diversity amongst the amino acid 

sequences of these AMPs that similarity can be found only within a defined 

group of peptides that usually originate from closely related species. For 

peptides derived from the same species, a conservation of amino acid residues 

can be found in the pre-proregion of their precursor molecules. Single mutations 

in the amino acid sequences can change the activity of the peptide dramatically, 

so this diversity can be seen as a consequence of the adaption to the microbial 

environment4,11. 

1 Classification 

AMPs are usually grouped into five subclasses based on the primary 

sequence and structure5: 

1. Anionic AMPs: are small molecules that are present in surfactant 

extracts, in the bronchoalveolar lavage fluid, and in the airway 

epithelial cells of mammals17. These peptides are synthesised in mM 

concentrations and are active against both Gram-negative and 

Gram-positive bacteria. In order to be functional they require zinc 

as a cofactor5. An example is dermcidin peptide, which is secreted 

from human sweat glands18. 

 

2. Linear, mostly helical cationic AMPs: contain less than 40 amino 

acid residues and never contain cysteine. The primary structure of 
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some of these peptides presents a hinge or “kink” in the middle, ie. 

melittin12. In solution, many of these peptides have a random 

structure, whereas in the presence of liposomes, trifluoroethanol, 

sodium dodecyl sulphate (SDS) micelles or lipid A, all or part of the 

-helix19. Typical examples are: 

cecropins2, melittin14 from insects, magainin (Fig. 2), bombinin, 

buforin II from amphibians2 and LL-37 from humans (Fig. 2)20. 

-helix with 

the efficacy of antimicrobial activity towards both Gram-negative 

and Gram positive bacteria has been observed21. 

3. Cationic AMPs enriched in certain amino acids: this class includes 

peptides that are rich in proline (e.g. abaecin from honeybee2,22); 

glycine-rich peptides such as hymenoptaecin from honeybees2; 

tryptophan-rich peptides such as indolicidin from cattle (Fig.2)23; 

and histidine-rich polypeptides like histatins, which are secreted by 

parotid and submandibular salivary glands in humans24. There are 

also peptides which have amino acid sequence rich in two residues: 

proline and arginine-rich peptides (e.g. apidaecins from honeybee25, 

drosocin from Drosophila melanogaster15,22, and PR-39 from pigs22); 

proline and phenylalanine-rich peptides (e.g. prophenin from 

pigs24); and peptides enriched in glycine and proline, such as 

coleoptericin and holotricin from beetles2. These peptides lack in 

cysteine residues and are linear, albeit some can form extended 

coils. 

4. Anionic and cationic AMPs having cysteine in their sequence 

forming disulphide bonds and stable β-sheet: this category contains 

peptides with one disulfide bond, which is often located in the C-

terminal part of peptide sequence (loop peptides)2. Examples are 

brevinins-1 and 2 from a Japanese and European Rana species26, 

bactenicin from bovine neutropholis27; peptides with two disulfide 

bonds such as protegrin from pigs (Fig. 2)2; peptides with three or 
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more disulfide bonds such defensins peptides isolated from 

vertebrates and insects (Fig. 2)2,28. 

5. Anionic and cationic AMPs that are fragments of larger proteins: 

although their role in innate immunity is still not clear yet, 

examples include lactoferricin (Fig. 2) from lactoferrin and AMPs 

created by the proteolytic digestion of lysozyme29. 

 

Fig. 2: Examples of AMP secondary structures. (A) a-Helical peptides, (B) β-sheet peptides and 

(C) extended peptides. All of these structures were solved by solution NMR spectroscopy in the 

presence of detergent micelles, except for the β-sheet peptides, which were studied in aqueous 

solution. Positively charged side chains are coloured in blue, negatively charged side chains in 

red and remaining side chains in grey. PDB IDs: magainin 2, 2MAG; LL-37, 2K6O; bovine 

lactoferricin, 1LFC; protegrin 1, 1PG1; human b-defensin-3, 1KJ5; tritrpticin, 1D6X; 

indolicidin, 1G8930. 

Despite this classification being based on the structure, there is not a 

strong correlation between the secondary structure and the mode of action. In 

fact, peptides that have different conformations in solution, can act in a similar 

way as they come in contact with a membrane31 3.  
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2 Mechanism of peptide action 

2.1 Membrane disruption 

Many of the AMPs act towards pathogens by altering the membrane 

permeability, which results in lysis of the cell membrane. These peptides firstly 

attach to the bacterial membrane surface in order to exert this type of 

antimicrobial action. This usually happens through electrostatic interactions 

since most of the AMPs are cationic and the microbial surfaces are negatively 

charged12,32,33. In fact, in the case of Gram-negative bacteria, AMPs interact 

initially with the lipopolysaccharides (LPS)-rich external leaflet of the outer 

membrane, which is negatively charged. This interaction has been described by 

Hancock as a “self-promoted uptake”34. According to this model, peptides access 

the outer and inner membrane by displacing LPS-associated divalent cations 

(Mg2+ and Ca2+) and disrupting the non-covalent bridging interactions between 

LPS molecules. In the case of Gram-positive bacteria, which have a thick layer 

of peptidoglycan instead, peptides interact with the negatively charged 

polysaccharides teichoic and teichuronic acids and with the amino acid carboxyl 

groups presented in the multilayered peptidoglycan. Once these peptides reach 

the plasma membrane, they interact with the negatively charged polar head of 

phospholipds12,35 .  

The peptide-binding and selectivity to the membrane is enhanced by 

AMPs’ structural characteristics3,9,35-37: 

1. the presence of basic amino acid residues such as arginine or lysine 

and aromatic residues, mainly tryptophan; 

2. the prevalence of positive charges, usually between +2 to +9, which 

result in strong electrostatic interactions with the negatively 

charged lipids in bacterial membranes; 

3. the presence of hydrophobic residues, which influence the partition 

of water-soluble AMPs into the membrane. However, it seems that 

a high content of hydrophobic residues in the peptide sequence 
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correlates to an increase in haemolytic activity and a reduction in 

antimicrobial activity of AMPs; 

4. the peptide conformations adopted when in contact with the 

membrane, which are mainly -helical, antiparallel β-sheet and 

relaxed coils. The adoption of a helical conformation determines the 

segregation of polar and non polar residues in two opposite peptide 

domains, which affect the peptide activity;  

5. the level of amphipathicity (i.e. the relative proportion and 

distribution of hydrophobic and hydrophilic residues or domains 

within a peptide), which is essential for the AMPs mechanism of 

action. Indeed, for amphipathic peptides the positively charged 

polar face will establish the initial electrostatic interactions with 

the lipid membrane, and then the non-polar side of the peptide will 

insert into the hydrocarbon chain of the membrane core through 

hydrophobic and van der Waals interactions38. 

On the other hand, bacteria have some characteristics of their membranes, 

which also contribute to a favourable binding3,35:  

1. the high content of anionic phospholipids (up to 20% mol) of the 

membrane, which gives a negative net charge at physiological pH; 

2. the absence of sterols such as cholesterol, which affect the fluidity, 

the thickness and the dipole potential of the plasma membrane39; 

3. a very negative transmembrane potential (-120 mV) across most of 

the bacterial membranes, which operates as a driving force for 

peptide binding and insertion;  

4. the asymmetry in the membrane composition, which influence the 

membrane curvature and, consequently, the peptide activity40. 

At the beginning of the interaction with the membrane bilayer, peptides 

typically orientate themselves parallel to the membrane plane. At this stage, 

the ratio between peptides and lipids (P/L)3,5,36,41is low because of the low 

peptide concentration. Here peptides bind and insert themselves into the lipid 

head-groups, but they are functionally inactive. However, during this phase 
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peptides can cause an increase in the membrane tension, which results in 

membrane-thinning. This event is directly proportional to the peptide 

concentration36,41,42. As this concentration increases, the ratio P/L increases as 

well reaching a threshold value in which the peptide molecules can change their 

orientation from parallel into perpendicular to the membrane, producing a 

transmembrane insertion, usually resulting in pore formation (see Fig. 3).  

Fig. 3: Suggested lytic antimicrobial mechanisms targeting the plasma membrane: after a 

critical peptide:lipid ratio has been reached. Disruption occurs through various processes: (a) 

barrel-stave pore; (b) carpet mechanism; (c) toroidal pore, and (d) disordered toroidal pore where 

the peptides assume a less-rigid conformation and orientation in the bilayer, and the pore lumen 

is aligned by the lipid polar heads9. 

Therefore, membrane permeabilization can occur mainly through the 

formation of stable pores: the ‘barrel-stave model’ and the ‘toroidal-pore model’; 

or by membrane micellization in a detergent-manner (carpet model): 

1. in the “barrel-stave model” (Fig. 3a), the peptide helices insert 

perpendicular to the membrane and group together forming a barrel 

with a central lumen, where the hydrophobic peptide region is 

aligned with the lipid core region of the bilayer 5,36. This structure 
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is not very common among antimicrobial peptides since it needs to 

satisfy some criteria (peptide needs to be hydrophobic, peptide 

sequences must have 22 residues at least, requires self-association 

of peptide molecules when bound to the membrane)33. The typical 

example of barrel-stave is the trans-membrane pore induced by the 

insertion of alamethicin in the lipids as a bundle, where 3-11 

parallel helices of the peptide represent the staves of the barrel, 

which has a diameter of ~1.8 nm (inner) and ~4.0 nm (outer). This 

structure was derived from analysis of synchrotron-based X-ray 

scattering43,44, oriented circular dichroism (OCD) and neutron 

scattering45;  

2. in the “toroidal pore or wormhole model”46 (Fig. 3c), the peptide 

monomers insert in a transmembrane manner such that the polar 

face of the peptide is always associated with the lipid head-

group36,39. The pore is formed by an intercalation between peptide 

and lipid head groups resulting in a continuous bending of the 

membrane from the top leaflet to the bottom leaflet through a 

toroidal hole47. This mechanism of pore formation is thought to be 

the most adopted by various peptides, such as magainin and 

melittin39,45. Indeed, neutron scattering experiments indicate that 

water filled cavities are present (“wormholes”) in aligned 

membranes for magainin concentrations higher than 3.3 mol%46. A 

further increase in the peptide concentration results in the collapse 

of the bilayer probably into micelles48. A variation of the toroidal 

pore is the disordered toroidal pore49, as shown in Fig. 3d, which will 

be described in Chapter 3; 

3. finally, the “carpet-model”35 consists of peptides adsorbing and 

spanning the bilayer surface. Peptides lie parallel to the membrane 

and interact electrostatically with the anionic lipid head-groups, 

covering the surface of the membrane in a carpet-like manner (Fig. 

3b). Once the critical threshold concentration of peptides has been 

reached, peptides might form toroidal transient holes in the 
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membrane, which results in more peptide molecules accessing the 

membrane. This causes the breakdown of the membrane into 

micelles after disruption of the membrane curvature5,39,50. This 

mode of action is adopted usually by peptides that are too short to 

span the membrane bilayer. The “carpet-model” has been proposed 

as a mechanism following the toroidal pore mechanism when 

peptide concentrations are high30,51. This mechanism has been 

proposed firstly in a study conducted with Dermaseptin, a 34-

residue peptide isolated from the skin of Phyllomedusa frogs52. 

Another peptide shown to disrupt the membrane in a carpet-

manner is melittin when interacting with negatively charged 

membranes53. Interestingly, Bechinger39 distinguished the action of 

disintegrating the membrane “carpeted” by peptide molecules, with 

consequent formation of lipid-peptide micelles, as a “detergent-like 

effect”.  

These different modes of acting on the membrane are not independent or 

exclusive, but it has been suggested that exists a continuous gradation among 

them35,54. Furthermore, in some cases the same AMP can interact with a 

membrane in several different ways (e.g. magainin30 or melittin51). As a 

consequence, various factors influence the activity of AMP such as the lipid-

peptide ratio36, the composition of the lipids (charge and size of their polar head 

groups)53, hydrophobic interactions with the core of the membrane35, the 

curvature of the membrane40 and the salt concentration11,55. For example, the 

peptide action of AMPs such as cecropin56 and magainin53,57 is reduced or 

modified when cholesterol is present. 

2.2 Intracellular targets 

Some AMPs are able to suppress bacteria through the inhibition of 

essential intracellular pathways. These peptides do not permeabilise the cell 

membrane, but once translocated into the cytosol, they can target biosynthetic 

or other intracellular targets. For example, they can restrain the bacterial cell-

wall synthesis, e.g. mersacidin, an l-antibiotic from Gram-positive bacteria that 
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interferes with the synthesis of peptidoglycan. Other intracellular targets 

include the binding to proteins such as DnaK, as in the case of pyrrhocoricin, 

drosocin and apidaecin, which bind specifically to a 70-kDa heat-shock 

protein58; or at the bacterial chaperone protein by drosocin and pyrrhocoricin, 

which impede the protein folding pathway59. Moreover, some peptides can have 

more than one target. Indolicidin and PR-39 are both examples of peptides that 

are able to inhibit the cell division and the synthesis of nucleic acids and 

proteins. These activities depend on their  intracellular concentration5.  

3 Method of investigations 

Understanding the interactions that AMPs establish with their targets is 

important because information of this kind can help in the development of new 

strategies for the treatment of infections caused by pathogens. However, every 

technique used for this purpose gives “a piece of the entire picture” of the 

peptide action, thus, integration of data from various techniques is important 

to achieve a good understanding of the mechanism. For example, microscopy 

techniques, such as scanning and transmission electron microscopy have been 

used in illustrating the damage done by AMPs such as SMAP29 on bacterial 

cells60. The influence of the peptide secondary structure has been investigated 

with confocal laser-scanning microscopy showed the importance of proline in 

enabling the entry into the cell by creating a hinge in the secondary structure 

of the buforin II peptide, whereas magainin 2, with no proline, binds to the cell 

membrane without penetrating5,21. 

3.1 Studies with model membranes 

While the use of various microscopy methods is useful in visualizing in 

vivo the general target sites of the AMPs, the employment of model membranes 

can give detailed information about the mechanism of action adopted by AMPs. 

Model membranes can be used in investigating the influence of specific lipids, 

the peptide orientation, and changes in thickness and integrity of the 
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membrane as a consequence of the interaction with peptides. Examples of 

biophysical methods that employ artificial membranes are listed below: 

1. fluorescent dyes have been employed to detect the ability of some 

peptides to permeabilise the membrane by using liposomes 

containing dyes, such as dextran, calcein etc61,62. The influence of 

the temperature, peptide/lipid ratio and membrane composition on 

the release of fluorescent labelled probes has been investigated63. 

For example, this approach was used to show that melittin formed 

pores of 2.5-3.0 nm in POPC vesicles at a peptide/lipid ratio of 5061 

and the size of these pores was correlate to the lipid/peptide ratio64; 

2. the planar lipid bilayer method for the screening of possible voltage-

gate channels created by peptides inserted into the membrane. 

Using this approach Herce et al65 showed the formation of transient 

pores by Arg-9 peptides; 

3. Circular dichroism (CD) is used to determine the orientation and 

the secondary structure of a peptide bound to a lipid bilayer (in a 

controlled humidity environment)5,66,67. This method highlights the 

influence of the surrounding environments in inducing 

conformational changes in the peptide structure, which are 

essential for the interaction with the membrane. Indolicidin peptide 

is an example: from a disordered conformation in liquid and organic 

solutions, it assumes an ordered conformation in the presence of 

SDS micelles and lipid bilayers68. Oriented circular dichroism 

(OCD)47, a variant of CD, discriminates the parallel or 

perpendicular orientations of magainin and melittin bound to 

membranes45; 

4. Solid-state NMR spectroscopy gives information about the 

secondary structure, the orientation and penetration of peptides in 

the liquid-crystalline state of a lipid bilayer39. For example, solid-

state NMR spectroscopy was used in determining the random coil 

structure of Tat (48-60) in anionic lipid bilayers69;  
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5. Neutron diffraction can detect the formation of pores in a 

membrane. Neutron in-plane scattering showed that alamethicin 

and magainin induced pores in a membrane5. However, the pore 

created by these peptides differ in size, as the neutron off-plane 

scattering technique was able to detect with accuracy;  

6. the employment of X-ray diffraction highlights a correlation 

between the concentration of host defence peptide and the thinning 

of the membrane47. For example, the translocation of the Tat 

peptide through pore formation in the membrane has been 

investigated with the use of synchrotron-based X-ray scattering70;  

7. Surface plasmon resonance (SPR) is an optical method that is used 

to assess the interaction between peptides and supported artificial 

membranes. Examples include the investigations with magainin 

and melittin, which showed differences in membrane affinity for 

magainin and different interactions of melittin as a  function of the 

membrane composition53; 

8. Quartz crystal microbalance (QCM) is an acoustic method, which 

has been employed for determining the peptide affinity to various 

membranes in term of mass, such as melittin71. This technique will 

be described in detail in Chapter 2. 

The advantages of investigating in vitro are to focus on determinate 

aspects and to be able to control environmental parameters. However, this 

approach is not able to show any possible cooperation between the peptide of 

interest with other factors in vivo. Moreover, there is the risk to simplify 

systems that are complex in reality. For example, the cell membrane is not only 

a uniform and passive physical barrier, but it is also involved in metabolic and 

defensive processes. 
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4 Bacterial defence mechanism 

Resistance towards AMPs is unlikely because these peptides have multiple 

hydrophobic and/or polyanionic targets, in which only one of these is the 

membrane. Also because often the mode of action in vivo is a cooperation 

amongst various peptides72. 

However, there are some reports of bacterial resistance towards AMPS; 

their insertion and also change in membrane permeability5. Bacterial strategies 

include degradation of peptides by proteolytic enzymes present in the cell; for 

example LL-37 is cleaved and inactivate by a S. aureus metalloproteinase 

named aureolysin5. An intriguing strategy by S. aureus includes the reduction 

of the negative surface charges in the membrane by increasing basic amino acid 

residues. Also, a component of the LPS named Lipid A was modified in the 

Salmonella species to decrease the interaction with cationic AMPs. In addition, 

hydrophobic interactions were increased between the acyl tails of Lipid A so the 

fluidity of the outer membrane was rendered unfavourable to attachment by 

peptides. Another way to hinder peptide attachment is the presence of a 

polysaccharide capsule that encapsulates the cell, as in the case of K. 

Pneumonia. Another mechanism is the efflux of AMPs through porin-mediated 

pumps for example. This efflux is a strategy adopted by many bacteria to avoid 

intracellular accumulation of AMPs, thus avoiding the reaching of lethal 

concentrations after which AMPs exert their antibacterial action11,35. 

5 Applications of AMPs 

Antimicrobial peptides constitute a very effective defence mechanism 

against pathogenic microbes. For their characteristics described above, they 

have many possible applications. They can be used as a template in the 

synthesis of new antibiotics, increasing the potency of traditional antibiotics by 

assisting the passage of antibiotics through the bacterial membrane. Impeding 

microbial colonization of the surfaces of medical devices made of synthetic 
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polymeric materials, and also inserting their genes into plant and animal 

genomes to enhance benefits against infections11. Furthermore, since AMPs 

have a wide antimicrobial spectrum of activity, suggestions have been made for 

use as “chemical condoms” to restrict the spread of sexually transmitted 

diseases such as human immunodeficiency virus HIV, Chlamydia, and Herpes 

simplex virus (HSV)11,73. 

However, there is a major impediment in the application of AMPs as 

systemic drugs. Most AMPs are strongly antagonized by mono and divalent 

cations present in the serum as well as polyanionic polymers3, they are required 

to be administered at high dosage, close to being toxic, to be effective in the 

model animals11 and there is the risk of apoptosis and mast-cell 

degranulation74. Moreover, some peptides, such as LL-37, showed the ability to 

translocate freely into the cells carrying also other molecules with them. For all 

these reasons, clinical trials of AMPs pertain to topical applications 

predominately, which are clinically safer4. Another disadvantage in the use of 

natural host defense peptides is high susceptibility to the action of proteases, 

and the high cost in synthesising them in large quantities4.  

Currently a new approach is to design novel AMPs in silico as a way to 

optimize the activity. New peptides are designed by modifying the sequences of 

known AMPs or applying various computer-assisted strategies like molecular 

dynamics simulations75, virtual screening studies in  predicting the activity and 

molecular descriptors that provide information about the whole-molecule 

properties. The main focus of these approaches is to produce cost effective 

sequences, which are small without post-translational modifications. These 

molecules have to be highly active, with a broad-spectrum activity without any 

toxicity implied, good pharmacokinetics and a desired selectivity profile. 

Moreover, the artificial peptides should be effective without the need of other 

peptides3.  
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6 Conclusions 

AMPs constitute a promising platform from which new effective 

pharmaceutical components can be designed to be employed against pathogens. 

For this reason, it is essential to understand in detail how these host defence 

molecules interact with the membrane and how they exert their activity. 

However, the way these peptides act is influenced by their secondary structure, 

their size, the presence of charges, the amphipathicity and the hydrophobicity. 

In addition, the single modifications in the primary sequence affect the activity 

and specificity. Moreover, all these parameters are very closely related and 

therefore altering one of them means introducing changes in the others12. Other 

factors playing an important role are the physiological conditions in vivo: the 

actual concentration of the peptide at the site of infection, possible synergies 

with other substances present like lysozyme, the presence of inhibiting 

substances (e.g. salt concentration and serum proteins) and the properties of 

bacteria during their reproduction in vivo5. Taking into consideration all these 

factors simultaneously is practically impossible in studies conducted in vitro. 

Instead, others crucial variables can be examined in artificial systems, like the 

role of the microbial and plasma membrane surface composition in determining 

the mechanisms adopted by host defence peptides. Alternatively, consideration 

should be given to the influence exerted by the salt concentration present in the 

liquid environment, the concentration of the AMPs and other external 

variables.  

In this thesis the action of several important classes of AMPs are described 

in terms of the interaction with a supported lipid bilayer (SLB). Each chapter 

has a focus on a specific example of an AMP class such as, melittin and 

magainin 2 (Chapter 3) two of the most widely studied α-helical peptides. A 

clear outcome, from this investigation is finding that the mode action of these 

two AMPs, was that they form pores which could led to a membrane disruption 

mechanism. However, the action of these peptides has been found to be 

dependent on both the concentration and the membrane composition. The 

consecutive Chapters in this thesis include AMPs enriched in a specific amino 
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acid residues: proline-rich peptides (Chapter 4), arginine-rich peptides (Chapter 

5), arginine and tryptophan-rich peptides (Chapter 6). A similar approach to 

investigate the membrane action of magainin 2 and melittin was also employed 

for these classes of peptides. However, these amino acid enriched peptides 

differed in the action among each class. The last chapter (Chapter 7) 

investigates the action of uperin 3.5, an AMP that self-aggregates. The 

investigation of the membrane action of all these classes of AMPs (Chapters 3-

7) has used a quartz crystal microbalance with dissipation monitoring (QCM-

D) modified to include a biomimetic membrane layer. Furthermore, QCM-D has 

been used as a complementary technique with scanning electrochemical 

microscopy (SECM) in order to characterise the action of the cell-penetrating 

peptide Tat (Chapter 5). The theoretical and experimental principles of the 

QCM-D and SECM are described in Chapter 2. Chapter 2 also describes the 

preparation and characterisation of SLBs of bacterial and mammalian mimetic 

composition that have been employed for this study.   
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The cell membrane: natural and 

artificial 

1 Introduction 

All AMPs come in contact with cell membranes, which can be the primary 

target or “an obstacle” to overcome to reach the final intracellular target. Thus 

an understanding of the membrane during the interaction of biomolecules, such 

as AMPs, has important consequences on the integrity and functionality of the 

membrane and, consequently on the entire cell. 

The membrane is involved in many aspects of the cell existence, through 

delimiting and protecting the cytoplasm from the extracellular environment. 

Indeed the plasma membrane is also the location for almost half of cells 

reactions to occur. The membrane takes also part in signal transduction, energy 

transduction, solute transport, DNA replication, cell duplication, protein 

targeting and trafficking, cell-cell-recognition and secretion1,2.  

The first model of biological membranes, the “fluid-mosaic” model 

proposed by Singer and Nicholson3 (Fig. 4), depicts the membrane as a complex 

and dynamic mosaic composed of lipid molecules, which form a two-dimensional 

liquid, and proteins inserted into this fluid. Because of this fluidity, all the 

membrane molecules are free to move in the lateral direction of the membrane 

and contribute to physiological processes3,4. 

The plasma membranes is more like a semi-crystalline array in which a liquid-

crystalline environment coexists5. Furthermore, the plasma membrane is 

characterised by some localized ordering of the lipid distribution since some 

lipids can organise in patches, named “domains”, which are characterised by a 

different composition and physical state from the rest of the bilayer4. These 

domains, which can contain proteins, are associated with the regulation of 
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numerous cellular processes such as cellular polarity, protein trafficking6 and 

endocytic pathways7.  

 

Fig. 4: The fluid mosaic membrane of Singer and Nicolson. Different lipids are represented by 

different colours; the globular structures are proteins and the black branches rising from the 

bilayer are glycolipids or carbohydrates4.  

1.1 Natural membranes: composition and 

organization 

1.1.1 The membrane architecture  

The plasma membrane consists of a lipid bilayer (Fig. 4) held together by 

hydrophobic forces. These hydrophobic forces derive from the amphipathic 

nature of the lipid molecules. Each lipid molecule has a hydrophilic and a 

hydrophobic portion. The head group is hydrophilic, capable of interacting with 

water molecules and with each other, whereas the hydrophobic acyl chains self-

associate in order to minimise any contact with the aqueous environment. This 

amphipathic property of the lipids enables the spontaneous formation of 

membranes, where the lipid acyl chains associate together in the interior of the 

bilayer and the polar heads are in contact with the aqueous environment on 

either side3,4,8. 
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1.1.2 The membrane components 

A biological lipid bilayer is characterised by variable thickness, between 4 

and 8 nm3,8. This variation is mainly due to the enormous assortment of lipids 

that contribute to the cell membrane; differentiated in acyl chain length and 

size of the polar headgroup2,4. Indeed, the nature of the lipid influences the 

membrane dynamics, including permeability and stiffness of the membrane9. 

Moreover, the membrane also constitutes a platform for some proteins, which 

can insert into the bilayer (integral proteins) or attach at the lipid surface 

(peripheral membrane proteins)4,8. Proteins and lipids cooperate synergistically 

since the lipids regulate the distribution of a protein into the membrane and 

consequently their functions. Also, proteins are involved in the transport and 

distribution of the lipid molecules throughout the membrane2,10. Other 

components of the plasma membrane are sterols, such as cholesterol and 

ergosterol, which are responsible for regulation of the eukaryotic membrane 

fluidity2,11 and carbohydrates.  

1.1.3 Lipid composition in cell membranes  

The major structural components of the lipid bilayer in cell membranes 

are the phospholipids (see Fig. 5 for some examples), which consist of lipids 

containing hydrophobic hydrocarbon chains commonly 16 to 18 carbon atoms 

long. They can be divided into two major classes: glycerophospholipids and 

sphingolipids2.  

Glycerophospholipids differ by the head group, i.e. phosphatidylcholine 

(PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), 

phosphatidylinositol (PI), phosphatidic acid (PA), phosphatidylglycerol (PG) 

and cardiolipin (CL, which is effectively a dimer of PG)2,12. The hydrophobic 

portion consists of diacylglycerol, which contains saturated and/or cis-

unsaturated fatty acyl chains of 16-18 carbons2. 

Sphingolipids are the other lipid components, which are present solely in 

eukaryotic membranes, as showed by the graph in Fig. 5. They have a ceramide 

instead of a diacylglycerol linkage and examples are sphingomyelin (SM) and 

glycosphingolipids (GSLs). Sphingolipids have saturated or trans-unsaturated 
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acyl chains so they pack more tightly and are able to form longer, taller 

structures when compared to PC molecules with the same acyl chain length2. 

These lipids are fluidised by sterols, the other major component of eukaryotic 

membranes. Cholesterol is the most abundant sterol present in mammalian 

membranes whereas ergosterol is in yeast2.  

 

Fig. 5: Comparative architecture of microbial and human cytoplasmic membranes. Cytoplasmic 

membranes of bacterial (E. coli, S. aureus, or B.subtilis) and fungal (C. albicans) pathogens are 

compared with that of the human erythrocyte in relative composition and distribution between 

inner and outer membrane leaflets. Membrane constituents ranging from anionic (left) to 

zwitterionic or neutral (right) are CL, PG, PE, PC, SM, and sterols (cholesterol or ergosterol), 

ST. Legend of the bar content: open, E. coli; horizontal hatching, S. aureus; shaded, B. subtilis; 

checkered, C. albicans, solid, human erythrocyte12. 

Eukaryotic membranes are particularly rich in zwitterionic lipids such as 

PC, which might represent more than 50% of the total phospholipids. Moreover, 

most of the phosphatidylcholine has one cis-unsaturated acyl chain, which 

renders them fluid at room temperature. This phospholipid, together with SM, 

is concentrated at the outer leaflet of the membrane12-14. Thus, due to this 

preferential location of PC, the eukaryotic cell membranes are considered 

neutral. The other major phospholipids of the plasma membrane are PS, which 

cover ca. 20 mol% of the total lipids15 and are more concentrated within the 

cytosolic leaflet, together with PE. In some diseases PS is exposed on the outer 

monolayer of the membrane e.g. cancer, apoptotic and neural cells15,16. 
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Phospholipids present at lower concentrations are: PI and PA in the cytosolic 

leaflet of eukaryotic membranes and GSLs in the outer leaflet of the bilayer14.  

The major lipid structure of prokaryotic membranes is the same as for the 

eukaryotic membrane; however, overall are negatively charged. This is due to 

the high content in PG, CL and PS, which carry a net negative charge in the 

membrane12,16. Bacterial membranes also include zwitterionic lipids such as 

PE, which in general are more abundant in the membranes of Gram-negative 

than Gram-positive bacteria17. 

1.1.4 Cholesterol 

Cholesterol is an essential membrane component of animal cells. Indeed, 

the concentration of this sterol is usually in the range between 20-30 mol%11. 

Only a few microbes contain cholesterol in their membrane18. 

Cholesterol is not only a precursor for the synthesis of hormones and 

vitamins but also plays a central role in the membrane by regulating the 

function of the membrane proteins and is also involved in several membrane 

trafficking and trans-membrane signalling processes19.  

The distribution of cholesterol in mammalian membranes is not 

homogeneous since it appears to associate preferentially with spingholipids 

forming small, dynamic lipid domains, called rafts, which function as platforms 

for specific protein interaction for a range of cellular processes6,19.  

 

Fig. 6: Molecule of cholesterol.  

Moreover, cholesterol has an another important role: it increases the 

mechanical strength of the membrane, reduces passive permeability towards 

water and other small molecules and regulates membrane fluidity11,19,20. This 
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ability is determined by its structure (Fig. 6) consisting of a ring system, a short 

hydrocarbon chain attached to the steroid ring at position 17 and a small 3β-

hydroxyl group, which confers an amphipathic nature to the entire cholesterol 

molecule11,21. Thus, the structure of cholesterol confers special biophysical 

properties for the membrane due to increased ordering (cohesion and packing) 

of neighbouring lipids. The rigid ring structure enables cholesterol to be 

positioned, preferentially, in close proximity to the saturated hydrocarbon 

chains of neighbouring lipids, as these are more inflexible and elongated 

compared with those of unsaturated lipids. This increase in the lateral ordering 

of lipids decreases the fluidity of the membrane and so it reduces permeability 

to polar molecules. The membrane permeability is also decreased by another 

effect of cholesterol, the condensing effect, defined as the decrease surface area 

occupied by phospholipid molecules in mixed lipid bilayers containing 

cholesterol6,11,22. Together, the ordering and condensing effect make the 

hydrocarbon chains of the phospholipid molecules orientate perpendicularly to 

the plane of the membrane, increasing the thickness of the membrane11,20,22. 

The effect of cholesterol on a layer of phospholipids does depend on several 

factors (as indicated on the left side in Fig. 7), i.e. cholesterol concentration, 

temperature, and the structure of phospholipids11. For example, cholesterol has 

been shown to increase the thickness of a C16:0/C18:1 phosphatidylcholine 

bilayer (from 35 Å to 40 Å) but not if the lipid is sphingomyelin10. In addition, 

the presence of double bonds in the hydrocarbon chains of lipids weakens the 

order and condensing effect of the cholesterol since the presence of non-

saturation in the acyl chains does not encourage a close association of the rigid 

ring structure of the cholesterol parallel to the lipid hydrocarbon tails6,11,21.  
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Fig. 7: The effect of cholesterol on a DMPC bilayer. (Left) The computed-phase diagram as a 

function of temperature (in degrees celsius) and cholesterol concentration. The black lines give 

the phase boundaries. On the bottom, the legend regarding the condensation effect goes from 

blue, which indicates very little condensation, to orange, which indicates a large condensation 

effect. (Right) A schematic representation of the various phases. L , lipids in the liquid phase; 

Pβ’, ripple phase; Lo, liquid-ordered phase; Lβ’, gel phase with tilted lipid chains; Lc’, gel phase 

with lipid chains not tilted; LII, gel phase, similar to Lc’, containing small cholesterol clusters20. 

1.2 The polymorphism of the membrane determines 

its physical and chemical properties 

1.2.1 Phases  

Membranes at the physiological temperature are mainly fluid, although 

not always homogeneously. This is determined mainly by the combination of 

structurally different lipids which differentiate in the spatial arrangement and 

mobility of the lipids and that provide the coexistence of fluid and solid phases 

within the same membrane2. Every phase has a characteristic behaviour 

generated from the interaction between lipid molecules is defined by two 

parameters: the order parameter of a segment of acyl chain, S; and, the 

translational (positional) order in the bilayer plane diffusion coefficient, DT
2. 

Variation in these two parameters results in three main phases, which have 

been well characterised. (1) The liquid-crystalline or liquid-disordered (L or Ld), 
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which is the “normal” fluid phase in biological membranes and is characterised 

by having the acyl chains in a disordered conformation (low S) and a high lateral 

mobility of the lipids (fast DT). (2) The non- physiological ordered gel (solid) 

phase (So or Lβ’), which is characterised by a high S and a slow DT. (3) The liquid-

ordered (Lo) phase that occurs at most physiological temperatures. Here the 

lipids are ordered (high S as in So) but retain their free rotational and lateral 

diffusion (fast DT as in Ld)2,14. Hence, the lipid distribution among these phases 

depends on the lipid structure: lipid with long, saturated acyl chains, for 

instance SM, can be found in solid-like phases; whereas lipids with unsaturated 

hydrocarbon chains are in a liquid-phase. However, these phases are dynamic, 

in which their composition remains constant for a certain time, usually longer 

than the time required for a biomolecule (peptide, protein or virus) to bind or 

bud from the plasma membrane2.  

Hydrated lipid bilayers can undergo phase transitions as a function of 

temperature6. The temperature required for a transition from solid-like to a 

liquid-like phase is named the main transition temperature (Tm) and is 

characteristic for each lipid type, (for example DMPC and DMPG have a Tm of 

24 °C in pure water)6,8. More precisely, Tm characterises the transition from Pβ’ 

8, where Pβ’ is the ripple-gel phase. Pβ’ is a microphase characterized by the 

coexistence of both, (i) domains in which the bilayer is thick and the lipids are 

ordered and (ii) domains in which the bilayer is thin and lipids are disordered20. 

The temperature at which the transition from the solid phase Lβ’ to Pβ’ occurs is 

called the pre-transition (Tp) and for DMPC is ~14 °C in pure water8,20,23. 

In nature, the membrane is characterised by lateral heterogeneity from 

the coexistence of liquid domains, which are immiscible with other liquid 

domains6. For example, in a mixture of phosphatidylcholine plus cholesterol the 

L  and the Lo phases can coexist. Cholesterol at sufficient molar fractions (~20 

mol%) can convert Ld or So phases to liquid-ordered (Lo) phases. This is possible 

because the characteristic structure of cholesterol enforces some conformational 

ordering upon the aliphatic chain lying closest to the cholesterol, without 

imposing a corresponding drastic reduction of the positional mobility of the lipid 
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layer overall6,8,21. In this phase, the thickness of the bilayer is an intermediate 

between the solid-phase and the liquid–disordered phase8,20. 

The transitions between various phases for a DMPC bilayer on addition of 

cholesterol has been the object of simulation studies20,23 illustrated in Fig. 7. 

These simulations confirmed most of the experimental data22,24,25, such that 

phase transitions of saturated phospholipids e.g. DMPC are a function of the 

molar concentration of cholesterol and the temperature. Indeed, a transition 

from ripple (Pβ’) phase to liquid-ordered (Lo) phases occurs at ~20 mol% 

cholesterol, at a temperature above Tp6. Interestingly, these simulations 

revealed a major condensing effect by cholesterol in the Lo phase, at a 

cholesterol concentration above 35 mol%.  

In addition, the phase transition of the lipid is not influenced only by the 

presence of cholesterol in the membrane, but also from the interaction with 

AMPs. An example is arenicin-1, which showed to influence the transition from 

gel–phase to liquid-phase of monolayers composed of anionic phospholipids26. 

However, this effect is not unidirectional since it has been shown that also 

changes in the phase of the lipids can influence the orientation of the peptide in 

the membrane hence its action. For instance, alamethicin changes orientation 

within the membrane from trans-membrane, responsible of pore formation, to 

parallel to the membrane plane when the lipid changes from fluid to gel phase27. 

Furthermore, the lytic action of aurein 1.2 peptide towards DMPC membranes 

was further enhanced by the lipid transition from fluid to gel phase28. 

1.2.2 The membrane curvature  

The polymorphism of the membrane is also a key factor in determining the 

spontaneous curvature of the membrane. Indeed, biological membranes are not 

linear platforms but have local intrinsic curvatures. These curvature are the 

result of a combination between: (a), the asymmetrical composition; (b), the 

lateral distribution of the lipids; (c), the forces applied to the membrane; (d), the 

presence of integral and peripheral membrane proteins, (e), the insertion of 

amphipathic helices of proteins and peptides, and (f), the changes in the 

cytoskeleton5,9,14. Fundamentally, the structure of the lipids has a relevant 
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influence in determining the curvature of the membrane8: the relative size of 

the head groups with respect to the size of the acyl tails determines the shape 

of a lipid molecule10. A “cylindrical” lipid such as PC and PS (see Fig. 8) confers 

zero intrinsic curvature resulting in a flat monolayer or bilayer; lipids with 

small head-groups, like PE, are defined as “cone-shaped” and confer an intrinsic 

negative curvature to the monolayer. In contrast, the shape of lipids having 

large head groups in respect to the hydrophobic part such as 

lysophosphatidylcholines (LPC) are named inverted cones8,10.  

 

Fig. 8: Illustration of the three possible curvature values “c” (a, b, and c) and the arising 

molecular shapes of phospholipids monolayer bending as a result of the combination of two main 

curvature values (i.e. c1 and c2). (d) inverted cone (e.g. lysophosphatidylcholines (LPC)), which 

forms monolayers having high positive curvatures, i.e. micelles, (e) cone-shaped (e.g. PE), which 

originates from monolayers having negative intrinsic curvature, i.e. inverted micelles, and (f) 

cylindrical shape (e.g. PC), which forms planar monolayers (zero intrinsic curvature)8,10. 

The lipid molecules forming a monolayer determine the intrinsic 

curvature, therefore the sum of the curvatures of the two monolayers determine 

the spontaneous curvature of a bilayer. For example, if the two monolayers are 

identical in composition their spontaneous curvatures cancel29.  

Overall, two main curvatures (c1 and c2) for each point of the membrane 

are used in determining the curvature along the two perpendicular principal 

directions of the membrane (see Fig. 8). These curvatures can be positive or 

negative and thus define the shape of the membrane in that point30. Examples 

of membranes with a positive curvature are vesicles that are budding, whereas 

membranes with negative curvature are observed during cell cleavage while 
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duplicating, or membrane that fuse with another membrane8,10,30. The 

combination of these two principal curvatures is used to describe the main 

shapes of the membrane: plane, cylinder, sphere or saddle30. In the plane 

geometry, both c1 and c2 are zero. A sphere has both positive curvature (c1=c2), 

whereas a saddle-like shape has one positive and one negative curvature (-

c1=c2)30,31. Saddle-like curvature are topologically necessary for the formation of 

membrane pores, membrane invaginations (such as those in endocytosis) and 

membrane protrusions (such as those in macropinocytosis)31,32. 

The curvature of the membrane can influence the interactions of 

biomolecules such as AMPs (i.e. magainin)33 and CPPs (i.e. Tat peptide)29. 

However, this influence is not unidirectional since the membrane can change 

its spontaneous curvature when it comes into contact with some proteins, for 

example, BAR-domain containing proteins or COPI & II complexes28 or when in 

contact with AMPs, such as melittin31. 

 

1.3 Artificial membranes 

Since the plasma membrane is a very complex and dynamic mixture of 

lipids and proteins, many of its properties are difficult to characterize in vivo, 

such as the lipid phase transition, the influence of cholesterol and the 

membrane curvatures. Consequently, artificial membranes, which are a 

simplified representation of the membrane core, the phospholipid bilayer, 

represent a good alternative for experimental investigations. For instance, 

visualization of the coexisting phases or domains can be observed by 

fluorescence microscopy on biomimetic membranes but not in the 

biomembranes of living cells2,19. Furthermore, the possible interactions with 

biomolecules such as proteins and peptides can be investigated in a controlled 

environment, which can be manipulated (temperature, membrane composition, 

etc) to detect variations in these interactions.  

However, for the same reason, given the simplicity of the model 

membranes, it should be always kept in mind that there is not always a direct 
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correlation between the natural and artificial membranes. That is, the results 

obtained with artificial membranes cannot always be directly transposed or 

does not reflect, in a direct manner, what happens with natural membranes34. 

Thus, systems with model membranes often are complementary since they can 

contribute to the interpretation of experimental observations and the 

development of mechanistic models, or be the prelude for new scenarios that 

can be tested in more complex biological settings at a later time.  

The main focus of the work here presented and discussed is the 

characterization of the action of AMPs towards artificial membranes using a 

quartz crystal microbalance (QCM) technique. QCM uses a gold coated sensor, 

which can be used in subsequent methods, such as, scanning electrochemical 

microscopy (SECM). A working condition in both of these techniques is that the 

sample (in this case an artificial membrane) is immobilized on the sensor 

surface. Therefore, the membrane used for these studies must to be a stable 

bilayer “spread” on across the sensor surface. Liposomes were deposited 

enabling a lipid bilayer to form on the support following liposome rupture. 

1.3.1 Liposomes 

Artificial membranes are numerous, as shown in Fig. 9, and are typically 

designed for a specific application. Lipid vesicles or liposomes are commonly 

used for spectroscopic assays, such as dye-leakage35, CD36, confocal 

microscopy37, and synchrotron X-ray scattering (SAXS)31,32,37. A complete 

review of liposomes and their preparation methods has been written by Samad 

et al.38. Briefly, liposomes can be categorized according to lamellarity (multi- or 

unilamellar) and size, typically as small vesicles of 20-100 nm (SUV), large 

vesicles of approximately 100 nm to 1 µm (LUV) and giant vesicles with a 

diameter above 1 µm (GUV)36. Usually, LUVs are used in spectroscopy 

measurements, while SUVs are the preferential vesicles used for the formation 

of supported lipid bilayers (SLBs)39.  
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Fig. 9: Examples of artificial membranes as models of: a) natural cell membrane; b) vesicle or 

liposome; c) micelle; d) bicelle; e) supported lipid monolayer; f) self-assembled lipid monolayer 

at the air–water interface; g) tethered supported lipid bilayer; h) planar lipid bilayer33. 

In this work, liposomes were used to create SLBs in order to investigate 

possible interactions with peptides of various origins. These liposomes were 

prepared from stock solutions of DMPC, DMPG (see Fig. 10) and cholesterol, 

prepared by dissolution in chloroform (small amount of methanol was required 

for DMPG). The concentration for each lipid was 5 mM. Mixtures of DMPC and 

DMPG corresponding to a volume ratio of 4:1 and 2:1 were used to mimic 

bacterial membranes since DMPG is present at high concentrations in many 

bacterial membranes12. Indeed, DMPG is important because not only because it 

confers a negative charge to the membrane surface, but also because it is 

involved in DNA synthesis and cell growth and it influences the insertion and 

translocation of proteins across prokaryotic membranes. In the same way, 

DMPC is present in high concentrations in eukaryotic cell membranes, gram-

negative bacteria and in many gram-positive bacteria1. In order to closely 

resemble an eukaryotic membrane, cholesterol was added (30 mol%) to DMPC 

forming thus a mixture with a volume ratio of 3:7.  
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Fig. 10: The phospholipids used in this study. (A) 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC), which is zwitterionic; and (B) 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG), 

which is negatively charged at physiological pH. 

The choice of the lipids DMPC, DMPG (Fig. 10) and cholesterol has the 

advantage that the formation of the membrane with these lipids is achieved 

more easily. Although the natural membrane is mainly composed of unsatured 

phospholipids with longer acyl chains, the use of these lipids with saturated 

acyl chains (Fig. 10) allows for easier control of deposition in the QCM 

instrument. Moreover, the same membrane composition has been used in many 

in vitro investigations with various peptides40-44. 

1.3.2  Supported lipid bilayers (SLBs) 

SLBs consist of planar lipid bilayers, mostly phospholipids formed by the 

deposition of unilamellar vesicles on a solid surface that does not influence the 

membrane properties35,45. The use of liposomes is preferred over the Langmuir-

Blodgett trough because it is a simple method, only basic laboratory equipment 

is needed and it is used by many researchers and in commercial applications46-

48. 

SLBs can be applied across a diversity of fields of biology and 

biotechnology41. For example, in determining the influence of lipids on 

aggregation of peptides or proteins35,49, investigating the action of peptides such 
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AMPs50-52 or CPPs32,37 on membranes, as well as the effect of nanoparticles on 

artificial membranes53. 

The use of SLBs presents a few advantages: it is cost-effective, it does not 

required long and difficult protocols; moreover, the surface of the sensor can be 

regenerated after each use. SLBs have also the advantage of being stable 

allowing experiments that last 24 hours or more. Furthermore, the employment 

of SLBs allows detection and comparison, in real time, of various mechanisms 

adopted by the AMPs when in contact with the membrane. An aspect that the 

liposomes employed for dye-leakage assays are not able to 

provide35.Nevertheless, the formation of SLBs is not straight forward and 

requires some time, unlike the generation of liposomes, which is easier and 

quicker to achieve. Moreover, the assumption to have a homogeneous bilayer is 

not straightforward since it is influenced by many factors such as the nature of 

the lipid, the size of the liposome used for their formation, the surface, the 

osmotic pressure54-56. However, the variation in SLBs formation using 

liposomes was investigated by QCM, AFM and DLS (see paper 1 in this 

chapter), and the expected values found to be a frequency change (Δf) – 15 Hz 

for in and a dissipation change (ΔD)less than 4 x 10-6 for a bilayer. 

However, the mechanism of liposome deposition and fusion needed to 

create these SLBs is still the object of several studies, albeit there has been 

important progress in our understanding of this process during the past few 

years57,58. In particular to analyse these processes, several different techniques 

have been used, often in combination, such as SPR, for quantify the mass 

deposited59; quartz crystal microbalance (QCM), mainly for mechanistic 

information60; and AFM for revealing differences in the morphology of lipid 

deposition61. 

1.3.2.1 Self-assembled monolayers (SAMs) 

Different kinds of surfaces are employed for the deposition of liposomes, 

mostly depending of the experimental instrumentation. For instance, the 

surfaces used in AFM consist of flat gold, mica or silica; gold as a surface is used 
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also in SPR35,62 and QCM37, whereas glass is used for X-ray and neutron 

scattering studies63,64. 

Among these surfaces, gold is used extensively for analytical techniques 

such as SPR, QCM and ellipsometry, because it represents a good surface for 

the formation of self-assembled monolayers (SAMs). Several reasons justify this 

choice: thin films of gold are easily obtained by physical vapour deposition, 

electrodeposition, or sputtering. Moreover, gold is easy to handle, manipulate 

and clean since is does not oxidise at temperatures below its melting point; it 

does not react with most of the chemicals and with atmospheric oxygen55. 

Furthermore, gold has a high affinity for thiols, which spontaneously form 

alkanethiol SAMs on it and are stable for long periods65,66. Another reason for 

using thiols is the formation of well-defined monolayers in just few minutes 

from the initial contact with the surface, upon which there is a slow 

reorganization over a period of several hours67. The formation of self-assembled 

monolayers (SAMs) on a surface has some advantages: e.g. they contribute to 

the rupture of liposomes forming SLBs. Also, the existence of a SAM 

underneath a supported membrane enhances the resistance of the membrane 

to high mechanical stress, such as those due to flushing of solutions at high 

speed over the membrane layer. 

 

Fig. 11: Molecular structures of thiol-substituted carboxylic acid compounds used in this study 

as SAM: (A) 3-mercapto-propionic acid (MPA), (B) 6-mercaptohexanoic acid (MHA). The 

presence of the carboxilyc acid is responsible for the formation of a hydrophilic layer, which 

assists in the vesicle deposition, rupture and consequently formation of a lipid bilayer. 

SAMs are used to build molecular layers because they can form well-

ordered and packed layers thus generally lacking in defects55. Naturally, this 

order is a function of the smoothness of the surface and of the molecule length57. 
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However, the formation of a uniform monolayer on the surface sensor cannot be 

verified by QCM. For this reason, SAMs of 6-mercaptohexanoic acid (MHA) (Fig. 

11) were used for investigating the interactions of Tat peptides with SLBs (see 

Chapter 5) by scanning electrochemical microscopy (SECM): a length of six 

carbons instead of three (3-mercapto-propionic acid (MPA)) (Fig. 11) was shown 

to create a more ordered, compact insulating monolayer. Otherwise, SAMs of 

MPA were employed in order to aid the rupture of liposomes on gold sensor 

surfaces, as shown in Fig. 12. 

 

 

Fig. 12: Graphic representation of the process of membrane deposition by vesicles rupture.  

2 Techniques 

2.1 Membrane properties studied using a Quartz 

crystal microbalance with dissipation monitoring 

(QCM-D) 

The formation of artificial membranes on solid support (SLBs) can be 

investigated using several analytical instruments. Quartz crystal microbalance 

with dissipation monitoring (QCM-D) is among these. QCM-D is a label-free 

surface sensitive technique that measures changes in mass/ thickness and 

viscoelastic properties of thin films deposited on a sensor surface by measuring 

the change in frequency of a quartz crystal resonator.  

QCM-D is an acoustic sensor, which is a combination of a molecular 

recognition detector and a transducer. Thus, as an acoustic sensor, it can 

provide a broad range of information in real time of events happening in situ 

such as the adsorption/ desorption of mass, and changes in density and 
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viscoelasticity50,68,69. For this reason, QCM now has been applied in various 

research fields. A recent review of the application of QCM can be found by 

Speight and Cooper70. Briefly, QCM has been applied in characterizing the 

deposition and formation of SLBs55,56,58,71, and in characterizing the interactions 

between SLBs and AMPs42,50,72,73 or proteins74,75.  

The working principle of QCM is based on the piezoelectric properties of a 

quartz crystal. Piezoelectricity is the coupling between a material’s mechanical 

and electrical behaviours58. This means that when a piezoelectric material is 

subject to an electrical field, it mechanically deforms, and vice versa. Thus, 

when an oscillating electrical field is applied to a QCM sensor, which has gold 

electrodes plated on both sides (see Fig. 3), an internal mechanical stress is 

created. This stress results in a mechanical shear (tangential) wave which 

propagates through the crystal in a direction orthogonal to the crystal surface. 

This direction is achieved by cutting the crystal in a specific orientation: indeed 

the QCM crystals are AT-cut (i.e. a disk cut from a quartz mineral at a 35.25° 

orientation to its optical axis)69,76. 

 

Fig. 13: A picture of the two sides of the QCM-D sensor: (a) under surface and (b) working 

surface. 

Resonance will occur when the frequency of the applied potential 

corresponds to the resonant frequencies of the quartz crystal sensor (n = 

1,3,5,...) and is disrupted by adding or removing mass from the sensor surface. 

The relationship between the change in mass (Δm) and the change in the 

oscillation of the nth harmonic in frequencies (Δfn) is described by the Sauerbrey 

equation (1): 
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∆𝑓𝑛

𝑛
=  −

2𝑓𝑜
2

𝐴√𝜌𝑞𝜇𝑞
∆𝑚         (1) 

where 𝑓𝑜 is the fundamental resonant frequency, A is the piezoelectric crystal 

active area (between the electrodes), 𝜌𝑞 is the density of the quartz (2.648 g/cm3) 

and 𝜇𝑞 is the shear modulus of the quartz (2.947x1011 g·cm-1·s-2)50,77. Therefore, 

the change in frequency is inversely related to the change in mass attached to 

the sensor: 

∆𝑚 =  −𝐶
∆𝑓𝑛

𝑛
         (2) 

where C is the mass sensitivity constant and corresponds to 17.7 ng cm-2 Hz-1 

for a sensor with fundamental frequency of 5 MHz that oscillates at its 

fundamental mode (n= 1). This linear relationship is valid for rigid and thin 

films evenly distributed on the sensor surface. However, viscoelastic films do 

not couple well to the oscillation of the crystal, thus the Sauerbrey equation 

must be adjusted taking in consideration the viscosity and the density of the 

film. Kanazawa and Gordon78 modified the Sauerbrey equation (1) for crystals 

immersed in solutions: 

∆𝑓 =  𝑓𝑜
3/2

√
𝜌𝑙𝜂𝑙

𝜋𝜇𝑞𝜌𝑞
         (3) 

where 𝜌𝑙  and 𝜂𝑙 are the density and the viscosity of the film, respectively. Thus, 

the change in the resonant frequencies is a function of the liquid density and 

viscosity. Furthermore, the distance covered by this acoustic wave before it 

decays is defined as penetration depth (δ), which is a function of the viscosity 

and density of the liquid: 

𝛿 =  √
𝜂𝑙

𝜋𝑓𝜌𝑙
          (4) 
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Thus, each harmonic of a sensor crystal can be correlated with changes in 

various depths of a film deposited on the crystal: the higher the frequency, the 

shorter is the distance covered by the shear wave.  

In order to obtain information about changes in the structural properties 

of the film adsorbed, Rodhal et al.79 developed the QCM-D instrument to include 

measurement of changes in the dissipation energy (D), which is defined as the 

ratio of the energy dissipated during one oscillation cycle after removing the AC 

voltage and the total energy stored in the sensor58: 

𝐷 =  
1

2𝜋
 ×

𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑

𝐸𝑠𝑡𝑜𝑟𝑒𝑑
        (5) 

Indeed, when the drive potential applied is switched off, the voltage over 

the crystal decays as an exponentially damped sinusoidal73:  

𝐴(𝑡) = 𝐴0𝑒
𝑡

𝜏⁄  𝑠𝑖𝑛 (2𝜋𝑓𝑡 +  𝜑)     (6) 

where τ is the decay time constant, f the frequency and φ is the phase angle. 

The decay time constant is related to the D by the relation73: 

𝐷 =  
1

𝜋𝑓𝜏
         (7) 

Changes in D are obtained simultaneously with the changes in frequency 

by switching off the voltage once every second. Thus, if a viscoelastic film is 

deposited on this crystal but is not fully coupled to the oscillation of the crystal, 

it will dampen the crystal’s oscillation. This causes an increase in the energy 

lost and thus in D.  

A typical QCM-D experiment is illustrated in Fig. 14. Briefly, initially 

(phase i), the QCM sensor is oscillating in a pure aqueous environment, which 

is exchanged with a high-salt PBS solution (100mM NaCl). Then (ii), a liposome 

containing solution is introduced, which causes a decrease in the frequency and 

an increase in dissipation. Once the frequency reaches a value corresponding to 
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the formation of a complete bilayer, the flow is interrupted. In (iii), the 

introduction of a low-salt PBS (0.03 mM NaCl) washes any unburst or 

embedded liposomes. In (iv), high-salt PBS is flushed until a stable baseline is 

established and in step (v) the peptide solution is introduced. After the flow of 

peptide solution is terminated, in phase (vi), the overall system is left to 

equilibrate for at least 30 min. In the final phase (vii), high-salt buffer is flushed 

into the chamber. Importantly for both parameters, f and D, values are recorded 

for the third, fifth, seventh and ninth harmonics to give an analysis of the depth 

of an interaction. The experiments discussed in this work were done in 

triplicate, at a working temperature of 19.1°C and at pH 6.9, unless otherwise 

stated. The temperature of 19.1°C was chosen for experimental reasons. At this 

temperature to the formation of air bubbles in solution is minimised, which can 

compromise the QCM experiment.  

 

Fig. 14: A typical example of a QCM-D experiment from work in this thesis. The upper trace 

illustrates ΔD–t (A) and Δf–t (B) plots, respectively. See text for further explanation. Grey, 

green, black and red traces correspond to the 3rd, 5th, 7th, and 9th harmonics respectively. The 

normal mass sensitivity in water is ~ 1.8 ng/cm2 and the normal dissipation in water is ~1 x 10-

6. 
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2.1.1 Osmotic pressure 

The introduction of the PBS buffer containing a salt concentration lower 

in salt (NaCl 0.03 mM) (see Fig. 14, iii) was used in the protocol for membrane 

deposition in QCM after the publication of paper 1.  

The lipid bilayer is a semi-permeable membrane as small molecules and 

water molecules can pass through although very slowly80. Thus, the creation of 

an osmotic stress to assist with the rupture and fusion of liposomes on solid 

support has been already employed in early investigations, which demonstrated 

that hyposmotic solutions caused the vesicles to burst and fuse81-83. For this 

reason, this thesis employs the use of low-salt buffer in order to aid the rupture 

of vesicles that were still attached on the sensor surface before the PBS high-

salt (100 mM NaCl) solution was re-introduced. Thus, the lipid vesicles 

containing a high salt concentration (100 mM) are impacted by the low salt 

concentration in the bulk solution (0.03 mM). This osmotic pressure difference 

causes the vesicles to swell and rupture, leaving a lipid bilayer.  

However, the use of osmotic stress to assist with the vesicle deposition has 

also been investigated by other researchers using the QCM-D method and they 

reported that a better deposition of the bilayer occurred when the vesicles were 

exposed to buffers with higher salt concentrations60,71,84.  
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3 Paper 1: 

3.1 Structure and homogeneity of pseudo-

physiological phospholipid bilayers and their 

deposition characteristics on carboxylic acid 

terminated self-assembled monolayers. 
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5 Scanning electrochemical microscopy 

(SECM) 

Scanning electrochemical microscopy (SECM) is an electrochemical 

technique developed in 1989 by Bard et al in order to characterise and probe 

the electrochemical activity of liquid/solid and liquid/liquid interfaces85-87. In 

current work, it is used to detect any reaction intermediates at the working 

electrode surface. Fig. 15 shows the configuration and instrumentation used for 

the SECM experiments. Briefly, a typical SECM instrument consists of an 

ultramicroelectrode (UME, probe), a bipotentiostat and a 3D-positioner. The 

UME is the main tool for probing the reaction (or surface). It consists of a 

conductive disk of metal or carbon enclosed by an insulating sheath and it can 

be made of different sizes between 5-25 μm in diameter. The UME is connected 

to a bipotentiostat (i.e. with two working electrode connections), which controls 

the applied potential versus a reference electrode across the UME and/or 

another substrate to measure the output current.  

 

 

Fig. 15: Schematic illustration shows SECM instrument configuration used here. 

The probe is held by a 3D-positioner in order to move the tip over the 

substrate’s surface in x, y and z directions. The 3D-positioner mainly utilises a 
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step motor for rough positioning of the probe over the sample and a x, y, z piezo-

motor for accurate and fine positioning of the probe’s tip down to micron 

movements. Finally, a computer connects to the bipotentiostat and the 3D-

positioner for controlling the parameters and data acquisition62,88.  

The SECM tip is usually placed via a mediator solution to within 10 micron 

of the working/substrate electrode. The operating principle behind the SECM is 

based on measuring the current associated with the diffusion layer near the 

UME’s tip89. When the UME is biased at a negative potential that is sufficient 

to reduce an oxidised species (e.g. H2O2) in proximity to its surface (i.e. in the 

diffusion layer), a diffusion limited current is generated at the UME’s tip and 

vice versa. This current is controlled by the diffusion of the oxidised species 

towards the tips surface and it is described by Equation 8 ; 

𝑖𝑑 = 4𝑛𝐹𝐶𝐷𝑎        (8) 

where id is the diffusion limited current, n is the number of electrons, F is 

Faraday constant, C is the reactant concentration, D is the diffusion coefficient 

and a is the radius of the UME’s tip.  

SECM measurements can be executed in two main operation modes: the 

feedback mode and the generation/collection mode, which include the tip 

generation/substrate collection (TG/SC) and the substrate generation/tip 

collection (SG/TC)52. Feedback mode was used in all studies reported here. In 

this operation mode, the UME tip oxidises the reduced species (i.e. mediator), 

thus producing a steady-state current that is limited in the bulk solution by the 

hemispherical diffusion around the tip surface. As the tip approaches the 

substrate, the collected current may change in two different ways. If the 

substrate is conductive, the oxidised species formed at the tip are reduced by 

the conductive surface. This leads to an increase in the current collected at the 

tip, which is translated as a positive feedback. On the other hand, if the 

substrate is insulating, it cannot “regenerate” the oxidized species, and the 

hemispherical diffusion to the UME is hindered as the tip approaches the 
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substrate. Consequently, the collected current is decreased, which is 

interpreted as a negative feedback85,90.  

SECM has been used in various fields of research, such as for corrosion 

phenomena91, in investigating the surface of SAMs92, in imaging biological 

samples such as DNA, cells93, enzymes liposomes94 or the permeability of pores 

created by peptides in SLBs95. In this work, SECM has been applied to 

characterize the changes in permeability of SLBs due to the interactions with 

the Tat peptide as a membrane active peptide. 

 

Fig. 16: Experimental set up for the investigation of the change in permeability of SLBs by Tat 

peptide (see Chapter 5). The QCM sensor is coated with lipid to represent substrate. The tip of 

the UME (the “B” labelled electrode) was biased at a potential sufficient to oxidise the mediator 

potassium ferrocyanide in PBS.  



  Chapter 2 

[75] 

 

6 Bibliography 

1 Dowhan, W. MOLECULAR BASIS FOR MEMBRANE PHOSPHOLIPID 

DIVERSITY:Why Are There So Many Lipids? Annu. Rev. Biochem. 66, 

199-232, (1997). 

2 Van Meer, G. et al. Membrane lipids: Where they are and how they 

behave. Nat. Rev. Mol. Cell Biol. 9, 112-124, (2008). 

3 Singer, S. J. & Nicolson, G. L. The fluid mosaic model of the structure of 

cell membranes. Science 175, 720-731, (1972). 

4 Edidin, M. Lipids on the frontier: A century of cell-membrane bilayers. 

Nat. Rev. Mol. Cell Biol. 4, 414-418, (2003). 

5 Zimmerberg, J. & Gawrisch, K. The physical chemistry of biological 

membranes. Nat. Chem. Biol. 2, 564-567, (2006). 

6 Simons, K. & Vaz, W. L. C. MODEL SYSTEMS, LIPID RAFTS, AND 

CELL MEMBRANES1. Annu. Rev. Bioph. Biom. 33, 269-295, (2004). 

7 Conner, S. D. Regulated portals of entry into the cell. Nature 422, 37-44, 

(2003). 

8 Sanderson, J. M. Peptide lipid interactions: insights and perspectives. 

Org. Biomol. Chem. 3, 201-212, (2005). 

9 McMahon, H. T. & Gallop, J. L. Membrane curvature and mechanisms of 

dynamic cell membrane remodelling. Nature 438, 590-596, (2005). 

10 Sprong, H. et al. How proteins move lipids and lipids move proteins. Nat. 

Rev. Mol. Cell Biol. 2, 504-513, (2001). 

11 Róg, T. et al. Ordering effects of cholesterol and its analogues. BBA- 

Biomembr. 1788, 97-121, (2009). 

12 Yeaman, M. R. & Yount, N. Y. Mechanisms of antimicrobial peptide 

action and resistance. Pharmacol. Rev. 55, 27-55, (2003). 

13 Matsuzaki, K. Magainins as paradigm for the mode of action of pore 

forming polypeptides. BBA- Rev. Biomembr. 1376, 391-400, (1998). 

14 Devaux, P. F. & Morris, R. Transmembrane Asymmetry and Lateral 

Domains in Biological Membranes. Traffic 5, 241-246, (2004). 

15 Kinnunen, P. K. J. Amyloid formation on lipid membrane surfaces. Open 

Biol. 2, 163-175, (2009). 

16 Matsuzaki, K. Control of cell selectivity of antimicrobial peptides. BBA- 

Biomembr. 1788, 1687-1692, (2009). 

17 Epand, R. M. & Epand, R. F. Bacterial membrane lipids in the action of 

antimicrobial agents. J. Pept. Sci. 17, 298-305, (2011). 

18 LaRocca, T. J. et al. Proving Lipid Rafts Exist: Membrane Domains in the 

Prokaryote Borrelia burgdorferi Have the Same Properties as Eukaryotic 

Lipid Rafts. PLoS Pathog. 9, e1003353, (2013). 



  Chapter 2 

[76] 

 

19 Ikonen, E. Cellular cholesterol trafficking and compartmentalization. 

Nat. Rev. Mol. Cell Biol. 9, 125-138, (2008). 

20 de Meyer, F. & Smit, B. Effect of cholesterol on the structure of a 

phospholipid bilayer. Proc. Natl. Acad. Sci. 106, 3654-3658, (2009). 

21 Ohvo-Rekilä, H. et al. Cholesterol interactions with phospholipids in 

membranes. Prog. Lipid Res. 41, 66-97, (2002). 

22 Hung, W. C. et al. The condensing effect of cholesterol in lipid bilayers. 

Biophys. J. 92, 3960-3967, (2007). 

23 De Meyer, F. J. M. et al. Molecular simulation of the DMPC-cholesterol 

phase diagram. J. Phys. Chem. B 114, 10451-10461, (2010). 

24 Huang, J. & Feigenson, G. W. A microscopic interaction model of 

maximum solubility of cholesterol in lipid bilayers. Biophys. J. 76, 2142-

2157, (1999). 

25 Needham, D. et al. Thermomechanical and transition properties of 

dimyristoylphosphatidylcholine/cholesterol bilayers. Biochemistry 27, 

4668-4673, (1988). 

26 Travkova, O. G. et al. Influence of arenicin on phase transitions and 

ordering of lipids in 2d model membranes. Langmuir 29, 12203-12211, 

(2013). 

27 Yang, P. et al. Lipid fluid-gel phase transition induced alamethicin 

orientational change probed by sum frequency generation vibrational 

spectroscopy. J. Phys. Chem. C 117, 17039-17049, (2013). 

28 Fernandez, D. I. et al. Membrane defects enhance the interaction of 

antimicrobial peptides, aurein 1.2 versus caerin 1.1. BBA- Biomembr. 

1828, 1863-1872, (2013). 

29 Parthasarathy, R. & Groves, J. T. Curvature and spatial organization in 

biological membranes. Soft Matter 3, 24-33, (2007). 

30 Zimmerberg, J. & Kozlov, M. M. How proteins produce cellular 

membrane curvature. Nat. Rev. Mol. Cell Biol. 7, 9-19, (2006). 

31 Schmidt, N. et al. Arginine-rich cell-penetrating peptides. FEBS Lett. 

584, 1806-1813, (2010). 

32 Mishra, A. et al. HIV TAT forms pores in membranes by inducing saddle-

splay curvature: Potential role of bidentate hydrogen bonding. Angew. 

Chem. Int. Ed. 47, 2986-2989, (2008). 

33 Matsuzaki, K. et al. Relationship of membrane curvature to the formation 

of pores by magainin 2. Biochemistry 37, 11856-11863, (1998). 

34 Hancock, J. F. Lipid rafts: contentious only from simplistic standpoints. 

Nat. Rev. Mol. Cell Biol. 7, 456-462, (2006). 

35 Butterfield, S. M. & Lashuel, H. A. Amyloidogenic protein-membrane 

interactions: Mechanistic insight from model systems. Angew. Chem. Int. 

Ed. 49, 5628-5654, (2010). 



  Chapter 2 

[77] 

 

36 Ladokhin, A. et al. CD Spectroscopy of Peptides and Proteins Bound to 

Large Unilamellar Vesicles. J. Membr. Biol. 236, 247-253, (2010). 

37 Mishra, A. et al. Translocation of HIV TAT peptide and analogues 

induced by multiplexed membrane and cytoskeletal interactions. Proc. 

Natl. Acad. Sci. 108, 16883-16888, (2011). 

38 Samad, A. Liposomal drug delivery systems: An update review. Curr. 

Drug Delivery 4, 297-305, (2007). 

39 Cho, N. J. et al. Quartz crystal microbalance with dissipation monitoring 

of supported lipid bilayers on various substrates. Nat. Protoc. 5, 1096-

1106, (2010). 

40 Kamimori, H. et al. Evaluation of the Membrane-binding Properties of 

the Proximal Region of the Angiotensin II Receptor (AT1A) Carboxyl 

Terminus by Surface Plasmon Resonance. Anal. Sci. 21, 171-174, (2005). 

41 Ludtke, S. J. Membrane pores induced by magainin. Biochemistry 35, 

13723-13728, (1996). 

42 Sherman, P. J. et al. Solution structure and membrane interactions of the 

antimicrobial peptide fallaxidin 4.1a: An NMR and QCM study. 

Biochemistry 48, 11892-11901, (2009). 

43 Hall, K. et al. Real-time measurement of membrane conformational 

states induced by antimicrobial peptides: Balance between recovery and 

lysis. Scientific Reports 4, (2014). 

44 Hall, K. et al. The role of electrostatic interactions in the membrane 

binding of melittin. J. Mol. Recognit. 24, 108-118, (2011). 

45 Brian, A. A. & McConnell, H. M. Allogeneic stimulation of cytotoxic T 

cells by supported planar membranes. Proc. Natl. Acad. Sci. 81, 6159-

6163, (1984). 

46 Keller, C. A. & Kasemo, B. Surface specific kinetics of lipid vesicle 

adsorption measured with a quartz crystal microbalance. Biophys. J. 75, 

1397-1402, (1998). 

47 Thimm, J. et al. Calcium-dependent open/closed conformations and 

interfacial energy maps of reconstituted hemichannels. J. Biol. Chem. 

280, 10646-10654, (2005). 

48 Boxer, S. G. Molecular transport and organization in supported lipid 

membranes. Curr. Opin. Chem. Biol. 4, 704-709, (2000). 

49 Chi, E. Y. et al. Lipid membrane templates the ordering and induces the 

fibrillogenesis of Alzheimer's disease amyloid-β peptide. Proteins: Struct., 

Funct., Genet. 72, 1-24, (2008). 

50 Wang, K. F. et al. Characterization of supported lipid bilayer disruption 

by chrysophsin-3 using QCM-D. J. Phys. Chem. B 115, 15228-15235, 

(2011). 

51 Papo, N. & Shai, Y. Exploring peptide membrane interaction using 

surface plasmon resonance: Differentiation between pore formation 



  Chapter 2 

[78] 

 

versus membrane disruption by lytic peptides. Biochemistry 42, 458-466, 

(2003). 

52 Lee, T. H. et al. Interaction of amphipathic peptides with an immobilised 

model membrane. Lett. Pept. Sci. 6, 371-380, (1999). 

53 Mecke, A. et al. Synthetic and natural polycationic polymer nanoparticles 

interact selectively with fluid-phase domains of DMPC lipid bilayers. 

Langmuir 21, 8588-8590, (2005). 

54 Reimhult, E. et al. Vesicle adsorption on SiO2 and TiO2: Dependence on 

vesicle size. J. Chem. Phys. 117, 7401-7404, (2002). 

55 Reimhult, E. et al. Intact vesicle adsorption and supported biomembrane 

formation from vesicles in solution: Influence of surface chemistry, 

vesicle size, temperature, and osmotic pressure. Langmuir 19, 1681-

1691, (2003). 

56 Richter, R. et al. Pathways of Lipid Vesicle Deposition on Solid Surfaces: 

A Combined QCM-D and AFM Study. Biophys. J. 85, 3035-3047, (2003). 

57 Reimhult, E. et al. Rupture pathway of phosphatidylcholine liposomes on 

silicon dioxide. Int. J. Mol. Sci. 10, 1683-1696, (2009). 

58 Richter, R. P. & Brisson, A. R. Following the formation of supported lipid 

bilayers on Mica: A study combining AFM, QCM-D, and ellipsometry. 

Biophys. J. 88, 3422-3433, (2005). 

59 Keller, C. A. et al. Formation of Supported Membranes from Vesicles. 

Phys. Rev. Lett. 84, 5443-5446, (2000). 

60 Zhu, T. et al. Effect of Osmotic Stress on Membrane Fusion on Solid 

Substrate. Langmuir 29, 6377-6385, (2013). 

61 Serro, A. P. et al. Formation of an intact liposome layer adsorbed on 

oxidized gold confirmed by three complementary techniques: QCM-D, 

AFM and confocal fluorescence microscopy. Surf. Interface Anal. 44, 426-

433, (2012). 

62 Casero, E. AFM, SECM and QCM as useful analytical tools in the 

characterization of enzyme-based bioanalytical platforms. Analyst 135, 

1878-1903, (2010). 

63 Huang, H. W. Molecular mechanism of antimicrobial peptides: The origin 

of cooperativity. BBA- Biomembr. 1758, 1292-1302, (2006). 

64 Li, C. et al. Biomimetic membranes of lipid-peptide model systems 

prepared on solid support. J. Phys.- Condens. Mat 16, (2004). 

65 Love, J. C. et al. Self-assembled monolayers of thiolates on metals as a 

form of nanotechnology. Chem. Rev. 105, 1103-1169, (2005). 

66 Wanunu, M. et al. Widely-Applicable Gold Substrate for the Study of 

Ultrathin Overlayers. J. Am. Chem. Soc. 126, 5569-5576, (2004). 



  Chapter 2 

[79] 

 

67 Gooding, J. J. & Ciampi, S. The molecular level modification of surfaces: 

From self-assembled monolayers to complex molecular assemblies. 

Chem. Soc. Rev. 40, 2704-2718, (2011). 

68 Cooper, M. A. & Singleton, V. T. A survey of the 2001 to 2005 quartz 

crystal microbalance biosensor literature: applications of acoustic physics 

to the analysis of biomolecular interactions. J. Mol. Recognit. 20, 154-

184, (2007). 

69 Ferreira, G. N. M. et al. Acoustic wave biosensors: physical models and 

biological applications of quartz crystal microbalance. Trends Biotechnol. 

27, 689-697, (2009). 

70 Speight, R. E. & Cooper, M. A. A Survey of the 2010 Quartz Crystal 

Microbalance Literature. J. Mol. Recognit. 25, 451-473, (2012). 

71 Reimhult, E. On the formation of supported phospholipid bilayers. 

Doktorsavhandlingar vid Chalmers Tekniska Hogskola, (2004). 

72 Lu, N. et al. Molecular response and cooperative behavior during the 

interactions of melittin with a membrane: Dissipative quartz crystal 

microbalance experiments and simulations. J. Phys. Chem. B 116, 9432-

9438, (2012). 

73 Briand, E. et al. Combined QCM-D and EIS study of supported lipid 

bilayer formation and interaction with pore-forming peptides. Analyst 

135, 343-350, (2010). 

74 Fraser, S. J. et al. Surface immobilization of bio-functionalized 

cubosomes: Sensing of proteins by quartz crystal microbalance. 

Langmuir 28, 620-627, (2012). 

75 Praporski, S. et al. Organization of cytochrome P450 enzymes involved in 

sex steroid synthesis: Protein-protein interactions in lipid membranes. J. 

Biol. Chem. 284, 33224-33232, (2009). 

76 O'Sullivan, C. K. & Guilbault, G. G. Commercial quartz crystal 

microbalances - Theory and applications. Biosens. Bioelectron. 14, 663-

670, (1999). 

77 Sauerbrey, G. Verwendung von Schwingquarzen zur Wägung dünner 

Schichten und zur Mikrowägung. Zeitschrift für Physik 155, 206-222, 

(1959). 

78 Kanazawa, K. K. & Gordon, J. G. Frequency of a quartz microbalance in 

contact with liquid. Anal. Chem. 57, 1770-1771, (1985). 

79 Rodahl, M. & Kasemo, B. On the measurement of thin liquid overlayers 

with the quartz-crystal microbalance. Sens. Actuators, A 54, 448-456, 

(1996). 

80 Fuertes, G. et al. A lipocentric view of peptide-induced pores. Eur. 

Biophys. J. 40, 399-415, (2011). 

81 Taupin, C. Osmotic pressure induced pores in phospholipid vesicles. 

Biochemistry 14, 4771-4775, (1975). 



  Chapter 2 

[80] 

 

82 Finkelstein, A. et al. Osmotic swelling of vesicles: its role in the fusion of 

vesicles with planar phospholipid bilayer membranes and its possible 

role in exocytosis. Annu. Rev. Physiol. 48, 163-174, (1986). 

83 Cohen, F. S. et al. Osmotic swelling of phospholipid vesicles causes them 

to fuse with a planar phospholipid bilayer membrane. Science 217, 458-

460, (1982). 

84 Jackman, J. A. et al. Influence of osmotic pressure on adhesion of lipid 

vesicles to solid supports. Langmuir 29, 11375-11384, (2013). 

85 Bard, A. J. et al. Scanning electrochemical microscopy. Introduction and 

principles. Anal. Chem. 61, 132-138, (1989). 

86 Sun, P. & Mirkin, M. V. Kinetics of electron-transfer reactions at 

nanoelectrodes. Anal. Chem. 78, 6526-6534, (2006). 

87 Barker, A. L. et al. Scanning electrochemical microscopy: Beyond the 

solid/liquid interface. Anal. Chim. Acta 385, 223-240, (1999). 

88 Sun, P. et al. Scanning electrochemical microscopy in the 21st century. 

PCCP 9, 802-823, (2007). 

89 Engstrom, R. C. et al. Measurements within the diffusion layer using a 

microelectrode probe. Anal. Chem. 58, 844-848, (1986). 

90 O'Mullane, A. P. et al. Monitoring cuprous ion transport by scanning 

electrochemical microscopy during the course of copper electrodeposition. 

J. Electrochem. Soc. 155, D538-D541, (2008). 

91 Wittstock, G. et al. Scanning electrochemical microscopy for direct 

imaging of reaction rates. Angew. Chem. Int. Ed. 46, 1584-1617, (2007). 

92 Wittstock, G. et al. Patterned Self-Assembled Alkanethiolate Monolayers 

on Gold. Patterning and Imaging by Means of Scanning Electrochemical 

Microscopy. Electroanalysis 9, 746-750, (1997). 

93 Zhan, D. et al. The Kv channel blocker 4-aminopyridine enhances Ag+ 

uptake: A scanning electrochemical microscopy study of single living 

cells. Proc. Natl. Acad. Sci. U. S. A. 105, 12118-12122, (2008). 

94 Zhan, W. & Bard, A. J. Scanning electrochemical microscopy. 56. Probing 

outside and inside single giant liposomes containing Ru(bpy)3 2+. Anal. 

Chem. 78, 726-733, (2006). 

95 Wilburn, J. P. et al. Imaging of voltage-gated alamethicin pores in a 

reconstituted bilayer lipid membrane via scanning electrochemical 

microscopy. Analyst 131, 311-316, (2006). 

 



 

 



  Chapter 3 

[82] 

 

The action on SLBs by two lytic -helical 

AMPs: melittin and magainin 2 

1 Introduction 

Melittin and magainin are two of the most intensely investigated AMPs in 

relation to peptide-lipid interactions, in order to understand their biological 

function1. Melittin and magainin are components of th -helical AMP 

group. This group of peptides have less than 40 residues, are cationic and adopt 

-helical secondary structure in the presence of an anisotropic environment, 

such the cell membrane2-4. Peptides from this group originate from various 

organisms, which are evolutionary distant. Furthermore, these peptides can be 

found in different tissues, like the hemolymph of insects, gastric mucosa, 

intestinal epithelia and in the amphibian skin secretion3.  

1.1 Magainins 

Magainins are part of the big group of peptides from amphibians, which 

also includes dermaseptin, temporin, caerin, aurein and uperin peptides5. 

Magainins (derived from the Hebrew word "magain", which means "shield") are 

cationic 23- -helical peptides that have been isolated from the skin and 

intestine of the African clawed frog Xenopus laevis6,7. Other AMPs that have 

been isolated from this frog are the peptides named xenopus, which are 20-25 

amino acid residues long, and 27-residues long peptides named CPFs3.  

Magainin 1 (GIGKFLHSAGKFGKAFVGEIMKS), and magainin 2 

(GIGKFLHSAKKFGKAFVGEIMNS) form the group of magainins7,8. These 

peptides are amphipathic and positively charged at neutral pH7. Magainins are 

lethal towards bacteria (both Gram-positive and Gram-negative), some fungi 

and protozoa microorganisms at a concentration range of 2-50 µM7. However, 

at these concentrations magainins are not toxic towards mammalian cells since 

they showed haemolysis in 50% of human erythrocytes only at a concentration 
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above 1000 µM9. Magainin 2 and its analogues do offer therapeutic benefits with 

some anticancer activity towards ovarian cancer cells10. 

1.2 Melittin 

Melittin is a haemolytic peptide and is the major component of the venom 

of the European honeybee Apis mellifera, contributing up to 50% of the poison’s 

dry weight4,7,11. Melittin is a linear peptide composed of 26 amino acid residues 

(GIGAVLKVLTTGLPALISWIKRKRQQ-NH2). The first 20 residues are mainly 

hydrophobic, whereas the residues at the C-terminal region are hydrophilic12,13. 

Indeed, this peptide is cationic with 6 positive residues and four of these are 

located at the C-terminus14. 

Melittin has antimicrobial, antifungal and anticancer action, being 

cytotoxic towards prokaryotic and eukaryotic cells, in a non specific manner12. 

Melittin does not only target the plasma membrane in a non-specific manner, 

but also acts specifically by inhibiting the activity of various ATPase pumps 

located in the membrane, such the sodium potassium pump (Na+ K + -ATPase) 

and suppressing the viral gene expression of HIV-112.  

1.3 -helical AMPs 

-helical AMPs are very variable. However, 

from the work of Tossi et al., which compared more than 150 peptides, these 

peptides can be fitted into distinct groups on the basis of homologies in the 

sequences3. Examples of these groups are: the cecropins (33 peptides), the 

melittins (4 peptides), the magainins (2 peptides), and the caerins (26 

peptides)3.  

Moreover, Tossi scrutinized the first 20 residues from the N-terminal 

-helical peptide and found some interesting 

features. Noteably, most of these peptides have a glycine residue in position 1 

(see melittin and magainin sequences). This was explained by the ability of 

glycine to act as a capping residue3,15, and by the resistance acquired so against 

the aminopeptidases3. Glycine is also often present in position 14 thus inducing 
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a kink in the middle of the sequence similar to proline16. A further common 

characteristic founded in various peptides was the C-terminal amidation, which 

confers stability towards degration by carboxypeptidases3. 

-helical AMPs have variable hydrophobicity, and their total 

charge spans the range between 0 and +16. However, most have a positive 

charge between 4 to 6. In cases where the net positive charges are below 4, the 

potency of the peptide is strongly affected by the net charge, whereas above 6 

positive charges, the peptide activity could be affected by the estabilishement of 

intra and intermolecular repulsions, which prevent the adoption of the helical 

conformation3,4. 

1.3.1 Hydrophobicity in magainin and melittin 

Magainins have their positive charges  distribuited along the whole 

peptide chain (+4 at physiological pH). Thus, they do not have defined 

hydrophobic and hydrophilic domains in their sequence. As a consequence, 

magainins interact preferential with negatively charged membranes and lack 

in haemolytic activity17. 

In contrast, melittin has a net charge of + 6 at physiological pH with four 

cationic residues concentrated at the C-terminus. Thus, the melittin sequence 

is characterized by a very hydrophobic N-terminus and an extremely polar, 

charged C-terminus. These distint domains within the melittin sequence 

promotes the interactions with both neutral membranes, through strong 

hydrophobic interactions, and also with negatively charged lipid bilayers, 

through predominantly ionic interactions4. Interestingly, only a few studies 

demonstrate the importance of the C-terminus when melittin interacts with 

both zwitterionic and anionic membranes18,19. 

1.4 Peptide conformation in lipid bilayers 

-helical AMPs in aqueous and non-aqueous 

solvent has been extensively characterized using CD or and NMR 

spetroscopies4,5,20 -helix has a periodicity of three to four residues per 

turn, with the polar side chains aligned along one side and the hydrophobic 
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residues aligned along the opposite side of the helical core4. This structure is 

amphiphilic and thus optimal for interaction with amphipathic membranes and 

-helices21,22. 

Many factors play a determining role in stabilising these helical 

structures, such as the presence of stabilising residues (i.e. leucine, alanine, 

lysine), the scarcity of proline, and the C-terminal amidation, which provides 

an extra hydrogen bond to stabilise the secondary structure3,22. Furthermore, 

the formation of the helix is supported in the membrane by the establishment 

of hydrogen bonds, even for relatively short peptides. Establishment of these 

intramolecular hydrogen bonds facilitates peptide insertion into the membrane 

by decreasing the “energetic cost” required3,23. 

In solution the AMPs are unstructured. However, in contact with 

biomembranes, these peptides rapidly adopt a helical structure, in a period of 

10-5 sec23. Thus, upon -helical conformation the peptide orients 

itself lying parallel to the membrane plane with the charged side facing 

outward, towards the lipid head groups, and the hydrophobic side embedded 

into the acyl tail core16. This disposition allows the peptide to be soluble in water 

and, at the same time, to be immersed into the membrane3. 

1.4.1 Conformation in membrane of magainin and melittin 

Investigations using CD, solid-state NMR, Raman and Fourier transform 

infrared techniques show that magainin is unstructured in aqueous solutions, 

-helical conformation, as shown in Fig.17A, is adopted 

upon binding with the acidic phospholipid bilayer8,24,25 -helix is 

amphipathic, as shown in Fig.17B, with almost equal hydrophilic and 

hydrophobic regions, which facilitates orientation of the peptide parallel to the 

membrane bilayer24. 
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Fig. 17: On the left side (A), the structure of magainin 2 determined by 2D NMR study in 

micelles5. On the right side (B), the helical wheel representation of magainin 2 where the 

residues in the black circles are hydrophilic and the residues in the white circles are 

hydrophobic. The shade area in the wheel indicates the hydrophobic surface -helix8. 

Melittin, like magainin, is unstructured in aqueous solution and when it 

is at low concentrations. As shown in Fig. 18, it adopts an -helical conformation 

in methanol, in contact with lipid micelles or at high peptide concentrations26,27. 

This -helix has a hinge in the middle due to the proline residue at position 14. 

The hinge divides the -helix into two amphipathic helical regions and is 

responsible for the insertion of the peptide into the bilayer in a pseudo-

transmembrane manner12,14,28, which results in a more effective interaction 

with the membrane than magainin6. The presence of a kink in the middle of an 

AMP sequence is not particular to melittin, as other helical AMPs have similar 

features such as caerin1.1, which has a proline at position 15, and buforin II, 

which has a proline at position 1129. Moreover, it seems that these peptides are 

less cytoxic than those that form a -helical structure6.  
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Fig. 18: On the left side (A), the single crystal structure of melittin30-32. On the right side (B), 

the helical wheel representation projection for melittin. The beginning of the helix is marked 

with 1. Cationic residues are in black, the hydrophobic residues are in white and the polar 

residues are grey3333. 

1.4.1.1  The aggregation of helical peptides 

Some amphipatic AMPs aggregate and form fibrils, especially in contact 

with negatively charged lipids: examples are the amphibian peptides temporin 

B and L34,35, the dermaseptins S9 and PD-3-734,36, magainin-2 and melittin35,37. 

Indeed, the accumulation of peptide monomers on the membrane is enhanced 

by electrostatic interactions with negatively charged lipids12,23,36. This leads to 

a local concentration of the peptide greater than the bulk concentration, by up 

to two orders of magnitude38. This clustering of the peptides monomers 

facilitates reaching a threshold concentration needed for formation of 

aggregates/fibrils23,36. In fact, Trp-substituted magainins have shown to 

aggregate at a P/L molar ratio above 0.02 with negatively charged 

membranes24, while melittin aggregated at P/L above 1:100 molar ratio in the 

presence of fluid phase membranes in solutions with low ionic strength11. The 

formation of aggregates seems to be a prerequisite for pore formation by these 

peptides, with the oligomerization phase being the rate-limiting step12,23,35,36,39. 

However, it has been pointed out that peptide aggregation occurs only after the 
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insertion of the peptide monomers into the membrane since the insertion of pre-

existing aggregates is a process thermodynamically unfavourable23,40.  

Magainin and melittin can aggregate also in aqueous solutions11,12. 

Magainin, which is monomeric up to high concentrations (10 mM) at neutral 

pH, aggregates at low pH or at high NaCl concentration (500 mM) and can form 

filaments with a diameter of 13 nm24. Melittin aggregates at high peptide 

concentration with neutral pH or at low pH and/or high salt concentration in 

the solution41. The melittin aggregates are tetramers that consist of four almost 

identical monomers in the conformation of a slightly bent -helix12,42. 

1.5  -helical AMP action 

-helical AMPs are active against a wide range of pathogens, including 

Gram-positive and Gram-negative bacteria, viruses, fungi and protozoa3,5,43. 

The action of these peptides is mainly towards the cell membrane, without any 

membrane receptor mediation, since both the D and L diastereomers of the 

same peptide showed no differences in their actions8,44. 

-helical 

peptides towards the plasma membrane: the barrel stave, and the carpet 

model2. However, a third lytic mechanism, initially called wormhole by Ludtke 

and toroidal pore by Matsuzaki, was suggested following experiments 

conducted by Matsuzaki and by Ludtke, who investigated independently the 

interactions of magainin with biomimetic membranes using dye leakage17,45,46, 

oriented CD (OCD)25,43 and neutron scattering techniques14. 

However, as previously mentioned in the first chapter, the toroidal pore 

could also be interpreted as a transient stage of the carpet mechanism, as 

illustrated by the Shai-Matsuzaki-Huang model (Fig. 19)1,8,47-49. In this model 

the membrane is initially covered as a carpet by a layer of electrostatically 

attracted monomers of peptide (a). As the peptides accumulate and are 

incorporated into the membrane, the outer leaflet of the bilayer expands 

relative to the inner leaflet, which results in a strain within the bilayer 

(indicated by the broad grey arrows in Fig. 19b). The bilayer adopts a positive 



  Chapter 3 

[89] 

 

curvature, and at the same time, becomes thinner and weaker due to the 

spreading of lipids molecules by peptides (b). This tension is relieved by a phase 

transition in which peptides, along with associated lipids, breaks down in 

transient pores or “wormhole” lesions (c), which facilitate the translocation of 

lipids and AMPs to the inner leaflet (d). At this point, the membrane may break 

down into micelles consisting of membrane-peptides complexes (f) or it retains 

its integrity since the peptides reach intracellular targets (e). 

 

Fig. 19: The Shai-Matsuzaki- -helical peptide. 

Each step is described in the text49. 

1.5.1  The toroidal pore formation hypothesis for magainin 

Magainin has been extensively studied to define and characterize pore 

formation in the membrane17,25,40,43,45. Early studies explained the cytolytic 

action of magainins as a result of instituting unstable and discrete “ion 

channels” formed by oligomers of magainin. These channels were prevalently 
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cationic, selective and permeable to species of low molecular weight such 

sucrose (MW 342), 5(6)-carboxyfluorescein (MW 376) and calcein (MW 623)17,43. 

Later studies introduced the peptide to lipid molar ratio threshold (P/L*) concept 

in order to explain the entire process of channel formation43. If under this P/L* 

value, most of the magainin peptide would be localized laying parallel to the 

membrane surface in an -helical conformation25,43. That is, only a few “ion 

channels” would originate occasionally, due to thermal fluctuations at the 

membrane, which permit casual and transient insertion of these peptides. This 

parallel orientation has been demonstrated by OCD spectroscopy25,43 and solid-

state NMR spectroscopy50. However, the binding of magainin peptides parallel 

to the membrane surface causes a lateral expansion of the membrane, which 

results in a thinning of the bilayer. Therefore, decrease of the bilayer thickness 

is proportional to the P/L value25. Once this P/L reaches a threshold P/L*, which 

is highly peptide and lipid (phase and composition) dependent (e.g. ~1/30 for 

DMPC/DMPG membranes43), the majority of peptide molecules change their 

orientation with respect to the membrane surface from parallel to orthogonal, 

inserting thus into the membrane. As a consequence, the number of “ionic 

channels” increases, which leads to rupture of the membrane43. 

 

Fig. 20: One of the first representations of the model for the magainin-lipid supramolecular 

complex pore, named later a toroidal pore. (A) The helical peptide molecules (cylinders) are 

intercalated between the lipid head-groups (spheres). Shaded and open zones correspond to 

hydrophobic and hydrophilic regions, respectively. (B) The toroidal pore is characterized by two 

curvatures, which can be described by the radius of the narrowest part of the pore, a, and the 

lipid monolayer thickness, b17. 
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This hypothesis of “ion channel” formation in the membrane was the result 

of studies with OCD and neutron in-plane scattering, and was further 

confirmed by using fluorescent lipids: magainin 2 was able to accelerate the 

“flip-flop” of these lipids in the membrane45. From all these observations, these 

“ion channels” resembled a supermolecular peptide-lipid pore (Fig. 20), which 

consisted of 4-7 peptide helices intercalated with the polar head-group of the 

membrane-lipids. The pore-lining lipids comprise the outer and inner leaflets of 

the membrane a continuum where not only ions pass but also lipids through a 

lateral diffusion along the wall of the pore17,45. This super-molecular complex 

was named “toroidal pore” or wormhole by Ludtke et al.25. However, the 

formation of “toroidal pores” is a transient process observable mainly during the 

early stage of the peptide insertion into the membrane, where magainin 

peptides translocate into the inner monolayer of the bilayer17,24.  

1.5.1.1 The two-state model 

Outcomes from investigations with magainin, described above, gave a 

fundamental contribution in the formulation of the “two-state model” by 

Huang40. This model distinguishes the process of insertion and pore formation 

-helical (and β-sheets) AMPs in two states: a surface adsorption state, 

abbreviated as “S”, and a multiple-pore state, abbreviated as “I”51,52. In the “S” 

state, most of the helical peptides are aligned parallel to the membrane surface 

since the P/L value is under the threshold value P/L* required for pore 

formation. The “I” state is characterized by P/L being above the P/L*. Thereby, 

the majority of the peptides change their orientation from parallel to orthogonal 

with respect to the membrane surface thus forming trans-membrane pores. 

This P/L* threshold, as seen for magainin, is highly peptide and membrane 

composition dependent40,43,51. 

The parallel orientation during the “S” state has been verified 

independently also by other studies that used solid-state NMR53 or fluorescence 

spectroscopy45. Both these techniques demonstrated that peptides such as 

magainin, at low concentration, are parallel to the membrane surface, 

embedded between the head groups and the acyl chains of the lipids. This 
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embedding introduces a tension in the membrane, which cause area stretching 

and membrane thinning52, as shown by X-ray diffraction40,51. This tension 

increases with increase of the P/L until reaching a P/L* where the peptides form 

trans-membrane pores in order to reduce the internal membrane tension51. 

These pores are variable in term of size and structure but in general, they are 

not over 2 nm in diameter40 (e.g. magainin forms pore having a diameter of 1.8 

nm)25. However, the formation of few transient pores can occur also at P/L 

lower, at the “S” state54,55.  

The “two-state” model can be considered as the initial steps of the more 

generic Shai-Matsuzaki-Huang model. Indeed, the “S” state is represented in 

the steps (a) and (b) in Fig. 3, while the “I” state corresponds to the step (c) in 

Fig. 19. Furthermore, the “I” phase can be seen in the Fig. 19f as the prelude of 

membrane lysis, which can occur if at peptide concentrations above the 

threshold P/L* 52,56.  

1.5.1.2 Comparison from the two-state model 

The two-state model predicts that stable toroidal pores are created by 

peptides that change their orientation from parallel to orthogonal to the 

membrane surfaces. However, leakage studies using magainin 2 with GUVs 

done by Tamba et al.57 showed that the presence of peptides induce the 

formation of transient trans-membrane pores, which consists only of lipids. 
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Fig. 21: Mechanism of magainin 2 induced pore formation in lipid membranes hypothesized by 

Tamba et al57. In step a, the arrows highlight the external tension induced in the outer 

monolayer by the peptide adsorption. While in step d, the arrows indicate the decreasing of the 

radius of the pore.  

Indeed, as illustrated in Fig. 21, the adsorption of peptides in a parallel 

orientation at the membrane interface creates a membrane tension (step a). 

Consequently, the rise of this tension by the continual addition of peptide 

stretches the membrane until a pore forms in the membrane stochastically (step 

b). However, what differentiates this mechanism from the model described 

previously is that this pore is formed only by lipids (as illustrated in the step b). 

Moreover, the size of this dynamic pore keeps increasing over the time, reaching 

a radius of 5 ± 1 µM, until the tension of the external layer is the same as that 

of the internal monolayer (step c). Finally, the peptide monomers start then to 

translocate to the other side of the membrane through the rim of the pore (step 

d). Consequently with this peptide translocation, the area of internal monolayer 

of the membrane increases, which induces a decrease in the pore radius. 

Furthermore, the rearrangement of magainin peptides in the rim of this pore 

can cause a membrane rearrangement resulting in the formation of several 

smaller stable pores (step e)57. 

a 

b 

c 

d 

e 
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1.5.2 Structural variations: the disordered toroidal pore 

The toroidal pore formed by magainin and other peptides consists of 4-7 

monomers, which are intercalated in an orthogonal manner between the lipid 

molecules, forming a rim with an internal diameter of circa 1.8 nm2, as shown 

in Fig. 22. However, molecular dynamics simulations, which have been done 

with magainin (MG-H2) and melittin interacting with neutral phospholipids, 

illustrated that these two peptides form pores that are structurally different 

from the classical toroidal organization39,58. These pores were renamed 

disordered toroidal pores (see Fig. 22)58. The name itself suggests that the pore 

structure has a low structural organization, is not perfectly cylindrical, with an 

internal diameter of circa 1.5 nm, and with an opening almost twice as large as 

the centre (0.5-1 nm wider). This pore is formed almost entirely by lipid 

molecules and only one or two peptides contribute to the pore. The remaining 

peptides lie nearly parallel to the membrane, at the rim of the pore stabilizing 

its curvature58.  

While the concentration threshold, the initial electrostatic interactions 

and the thinning of the membrane are conditions contemplated in both the 

“classical” and disordered toroidal model, in the latter model a further condition 

is required: peptide aggregation. This aggregation could happen prior to or after 

the peptide binding at the membrane. On the other hand, the disordered 

toroidal model does not consider the helical conformation and the perpendicular 

orientation as requirements to have a trans-membrane pore39.  

 

 

Fig. 22: A graphic comparison between the disordered and classical toroidal pore. In the 

disordered model, a well-defined peptide orientation is absent, while the classical model entails 

an orthogonal orientation39. 
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1.5.3 Melittin: from barrel stave to toroidal pore 

Melittin demonstrates some variation in its interaction with a membrane; 

both micellisation or detergent-like mechanisms28,59,60 and pore formation have 

been proposed2,14. This duality in the action of melittin is shown to be dependent 

on the nature of the lipids12,28,59. In the presence of zwitterionic lipids, such 

POPC and DOPC, melittin permeabilises the membrane through pore 

formation. The addition of anionic lipids in the lipid bilayer seems to cause a 

change in the mechanism from pore formation to detergent-like28,59. However, 

this distinction between two mechanisms as a function of the lipid seems not to 

be valid anymore since Lee at al. proposed the pore formation as a phase 

transition, which can lead to membrane disruption if the P/L is above than the 

P/L* value. 

Melittin appears to form stable pores after a threshold P/L* is reached, 

which lies in the micromolar range. Each pore, which consists of four to seven 

peptide monomers, has an inner diameter that varies between 1 and 6 nm14,61. 

The mechanism of pore formation by melittin was initially suggested to be a 

barrel-stave2,3,62. This was based on an increase in the permeability of anions in 

a planar lipid membrane when a trans-negative membrane potential was 

applied to melittin treated samples63. However, recent studies with OCD and 

neutron scattering14 demonstrated that the pores formed by melittin had a 

similar size to the pores formed by magainin and that they crystallized in the 

same manner as magainin pores. Thus, the toroidal pore was also considered a 

likely model for the melittin peptide14.  

The formation of melittin pores presumes the change of melittin 

orientation from parallel to orthogonal with respect to the plane of the 

membrane bilayer14,40,55. However, recent MD simulations on the interaction of 

melittin with membranes demonstrated that melittin pores consist 

predominantly of peptides that are in a pseudo-transmembrane orientation or 

in a bent conformation with both the N- and C-terminus of the melittin sequence 

anchored to the same leaflet of the bilayer, like a “U” shape12,14,28,64. The 
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adoption of this “U” conformation is responsible for the disordered toroidal 

structure39,64.  

 Furthermore, the change in orientation has been put in discussion also by 

van den Bogaart’s work65. From results of dye leakage, van den Bogaart 

suggested that melittin could either lie parallel or insert perpendicular on 

membranes constituted by zwitterionic phospholipids. Therefore, the transition 

from parallel to perpendicular orientation does not happen, but the parallel 

orientation of melittin on the membrane reduces available space for other 

melittin molecules to insert directly. Basically, this model predicts that two 

competing processes, inhibition or formation of pores, happen on the membrane 

at the same time65.  

1.6 The role of the membrane in pore formation 

The ability of amphipathic peptides to penetrate the membrane through 

pore formation and/or disrupt the membrane is mainly a function of the P/L 

ratio rather than the absolute peptide concentration at the membrane. The P/L* 

for each peptide is dependent on several variables such the lipid type, the 

temperature, the salt in the solution and the level of hydration of the 

bilayer12,40,59,66. For instance, pores formed by magainin required a higher P/L 

when PS was included in the lipid mixture used to create a membrane17. 

Therefore, the membrane composition has a fundamental role in assessing 

the peptide-membrane structure such pore formation and also pore size42. 

Indeed, the lipid composition regulates the local physicochemical properties of 

the membrane, such as surface charge, fluidity, and curvature strains17. The 

charges on the membrane surface are crucial for the initial adsorption of 

peptides molecules at the membrane and for determining the cell selectivity. 

For instance, some AMPs, e.g. cecropins, magainins and dermaseptins show a 

low affinity for zwitterionic phospholipids because of their low 

hydrophobicity2,17. 

Specifically, for magainins the lipid composition of a membrane is an 

important modulating factor in the mode of action. In fact magainins have been 
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show to interact electrostatically and to permeabilise preferentially membranes 

containing negatively charged lipids, such as PG, PA and PS. Among these 

phospholipids, PG showed the highest susceptibility to magainin-induced pore 

formation17. This preference could be because magainin peptides, when 

embedded between the head-groups of the lipid, impose a positive curvature 

strain to bilayers containing PG lipids, which results in the formation of stable 

toroidal pores17.  

Melittin has a good affinity towards neutral membranes4,67,68. Indeed, it 

forms toroidal pores by imposing a positive curvature strain to membranes 

containing zwitterionic phospholipids. However, in membranes composed of 

negatively charged lipids, the formation of pores by melittin does not always 

happen despite the affinity of melittin for anionic membranes being 100-fold 

greater than that of zwitterionic lipids18,38,67. This inability could be due to 

melittin imposing a negative curvature strain to bilayers containing acidic 

phospholipids. However, this imposition is not the same for all the acidic 

phospholipids. For example, melittin has a decreased probability to form 

toroidal pores with PA than with PG because of the imposition of a bigger 

negative curvature strain17. 

The influence of the lipid composition in the membrane curvature, and 

therefore in the AMPs activity, has been already illustrated in Chapter 2. 

However, a correlation can be made with the P/L* value needed for pore 

formation. Indeed, in the presence of lipid with small head-groups (negative 

curvature), such as PS and PE, more peptide is required to be absorbed per unit 

area to achieve the same degree of lateral expansion compared to a monolayer 

of lipids with larger-volume head groups, such as PG47. For instance, the 

concentrations of melittin or magainin needed for pore formation in lipid 

vesicles is higher with PE than with LPC51. 

In addition, the lipid phase influences the membrane action of melittin and 

magainin. Membranes in gel-phase seem to be less susceptible to magainin than 

membranes in liquid-phase69, and for melittin high concentrations result in 

micelle formation for zwitterionic membranes in their gel-phase70. 
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The other influencing factor is the saturation of the acyl chains in the 

lipids. Indeed, the presence of double bonds in the acyl chains of the 

phospholipids seems to decrease the micellisation propensity of melittin71.  

1.7 The role of cholesterol 

Melittin is considered to be a haemolytic peptide since its binding causes 

lesions at the erythrocyte membrane, thus inducing leakage of haemoglobin12. 

Conversely, magainins are considered non-toxic towards eukaryotic cells since 

the concentration required for haemolysis is extremely high, above 1000 µM9. 

However, haemolysis is regulated by the presence of cholesterol in the plasma 

membrane. A partial depletion of cholesterol (~55 %) from rat erythrocyte 

plasma membrane increased the haemolytic activity of melittin12. However, in 

general, the presence of cholesterol causes a decrease in the lytic activity of most 

AMPs12,70,72. This reduction of the lytic activity could be because either 

cholesterol stabilizes the lipid bilayer in a liquid crystalline state, which means 

a tighter assembly of the acyl chains, or because cholesterol participates in 

direct interactions with peptides8,46.  

Studies with model membranes have shown that cholesterol can decrease 

the association of melittin with model membranes due to its membrane-

condensing effect, which preclude a deeper penetration of melittin into the 

bilayers12,13. Indeed a shallow insertion of melittin into the membrane was 

demonstrated by investigating the depth of penetration of the tryptophan 

residue of melittin binding to DOPC/cholesterol using the parallax method73. 

Moreover, melittin showed a specific interaction with cholesterol in the 

membrane by study of resonance energy transfer between the tryptophan 

residue in melittin and dehydroergosterol, an analogue of cholesterol. This 

demonstrated a preferential interaction of dehydroergosterol in membrane near 

the tryptophan residue of membrane-bound melittin12. Therefore, the results of 

this study showed that cholesterol reduces the binding of melittin to the 

membrane phospholipids73. 
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The lytic action of magainin is also inhibited by the presence of cholesterol 

in the membrane8. It has been suggested that this inhibitory effect could be due 

to the interactions between the glutamic acid at position 19 of magainin and the 

OH group of cholesterol. This binding could: (a) interfere with the reorientation 

of magainin from a parallel to a perpendicular orientation, necessary for pore 

formation, (b) reduce the penetration of the peptide into cholesterol-containing 

membranes74,75. 

1.8 Aims  

Magainin and melittin are two of the most characterized AMPs; and their 

activity has been extensively studied using various biophysical methods. 

Examples are NMR spectroscopies44, cryo-TEM13, SPR28,67, fluorescence 

spectroscopy45, leakage experiments45,46,65,76, EIS66, OCD and neutron 

diffraction25,47 etc. In addition, molecular simulation studies have been done 

with these two peptides39,58,64. Although these investigations generally agree 

about the formation of trans-membrane pores by both magainin and melittin 

peptides, they could not provide mechanistic details of the entire membrane 

interaction process. For this reason, QCM-D is a valuable device for detecting 

in real time structural changes to the membrane caused by the peptide action, 

having a maximum time resolution of circa 100 data points per second. 

Moreover, QCM-D is able to provide details on the interaction of AMPs with 

various SLBs using well-defined experimental conditions such as temperature, 

which influence the physical properties of the membrane. 

QCM has been employed already to characterize the disruptive action of 

melittin on different lipid surfaces60,77-79, while the behaviour of magainin has 

not been reported yet. Even so, the experimental conditions and the approaches 

used presented some differences for melittin; for example the lipid used and the 

surface of the sensor, with variability in the resulting outcomes. In this case, 

the interactions between magainin 2 amide or melittin and supported 

biomimetic membranes were investigated with the purpose to identify possible 

concentration thresholds towards membranes and to benchmark and reveal 



  Chapter 3 

[100] 

 

possible similarities among the lytic mechanisms, such as pore formation and 

detergent action between these two peptides. 
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2 Material and methods 

2.1 Peptides 

Melittin and magainin 2 were synthesised commercially with purity              

≥ 97 % (checked by HPLC and MS) by GL Biochem (Shanghai, China), using L-

amino acids and standard solid-phase methods. Peptide stock solutions of 500 

µM were made by dissolving a certain amount of peptide in ultrapure water and 

then stored at – 20 °C. For the experiments, aliquots of these stock solution 

were diluted in phosphate-buffered saline (PBS) at the desired concentration. 

 

2.2 Buffer preparation 

Sodium chloride (≥ 99.5%), potassium phosphate monobasic (anhydrous, ≥ 

99.0%) and potassium phosphate dibasic (anhydrous, ≥ 98%) were purchased 

from Sigma-Aldrich (Castle Hill, Australia). Ultrapure water was used with an 

initial resistivity of 18.2 MΩ·cm (Sartorius AG, Göttingen, Germany). 

Phosphate buffered saline (PBS, pH 6.9 ±0.1) was prepared having 20 mM 

phosphate and either 100 mM (“high-salt”) or 30 mM (“low-salt”) sodium 

chloride in water. 

2.3 Liposome preparation 

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-

sn-glycero-3-phospho-rac-(1-glycerol) (sodium salt) (DMPG) were purchased 

from Avanti Polar Lipids (Alabaster, USA). Cholesterol, chloroform (≥99.8%) 

and methanol (≥99.9%) were purchased from Sigma-Aldrich (Castle Hill, 

Australia). DMPC and cholesterol were dissolved in chloroform and DMPG was 

dissolved in chloroform/methanol (ca. 3:1) to create individual 5 mM stock 

solutions. These solutions were then aliquoted into test tubes to obtain the 

desired lipid composition (DMPC/cholesterol 7:3 v/v, and DMPC/DMPG 4:1 and 

2:1 v/v). The solvent was evaporated under a stream of nitrogen and the test 

tubes were then dried under vacuum. To prepare the liposomes, the lipids were 
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resuspended in high-salt PBS (100 mM NaCl) to a lipid concentration of 0.5 mM 

and then incubated at 37 °C, vortexed and briefly sonicated (between 5 and 10 

min) in a bath sonicator prior to use.  

2.4 Modification of QCM-D sensor chips 

Absolute ethanol (≥ 99.7%), propan-2-ol (≥ 99.0%) and hydrogen peroxide 

(30%) were purchased from Merck (Kilsyth, Australia). Ammonium hydroxide 

solution (28%) was obtained from Ajax Finechem (Seven Hills, Australia). 3-

Mercaptopropionic acid (MPA, ≥ 99.0%) was purchased from Fluka, BioChimica 

(Buchs, Switzerland). The QCM-D sensor crystals used were polished, gold-

coated, AT-cut quartz chips with a fundamental frequency of ca. 5 MHz (Q-

Sense, Västra Frölunda, Sweden). Immediately before measurements the chips 

were cleaned in a solution of ammonium hydroxide: hydrogen peroxide: water 

(1:1:3 v/v) for 20–25 min at ca. 70 °C. The chips were then rinsed thoroughly 

with water. Surface modification with MPA was conducted by immersing a 

freshly cleaned chip into a 1 mM solution of MPA in propan-2-ol for at least 1 

h. This creates a self-assembled monolayer of negative charge on the chip 

surface. Excess MPA was removed by rinsing with propan-2-ol. The chips were 

then dried under a stream of nitrogen and assembled into the QCM-D chambers 

ready for use. 

 

2.5 QCM-D experiments 

QCM-D experiments were performed using the E4 system with flow cells 

(Q-Sense, Västra Frölunda, Sweden). The QCM-D instrument measures the 

relative changes to the resonance frequency (f) and energy dissipation (D) of the 

chip over the course of the experiment. Δf and ΔD were measured 

simultaneously at the fundamental frequency and the 3rd, 5th, 7th and 9th 

harmonics. All plots presented in this study will use the 7th harmonic unless 

otherwise stated. Data for the fundamental frequency is not presented as it is 

inherently noisy and unreliable. The original data was processed in QTools (Q-

Sense) before being exported for further analysis in OriginPro 8 (OriginLab 
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Corp., Northampton, USA). All experiments were conducted at a temperature 

of 19.10±0.05 °C and repeated at least three times. In a typical experiment, 

firstly, a lipid membrane was formed on the chip surface by the introduction of 

a liposome solution into the QCM-D chamber at a flow rate of 50–100 µL/min. 

The liposomes adsorb onto the MPA-monolayer, deform, rupture and fuse 

together to form a lipid bilayer. Weakly attached liposomes were removed by 

washing with high-salt PBS (100 mM NaCl) at 300 µL/min and any embedded 

liposomes were ruptured by washing with low-salt PBS (30 mM NaCl) at 300 

µL/min. This second washing step was introduced to ensure the formation of a 

homogeneous membrane and works by creating an osmotic pressure difference 

between the interior of the embedded liposomes (having a high salt 

concentration) and the low-salt exterior environment, which causes the 

liposomes to swell and then burst. Secondly, after a stable baseline was 

observed, 1 mL of peptide solution was introduced at 50 µL/min. After the flow 

was stopped, the peptide was left to incubate with the lipid membrane for 30 

min and then the chamber was rinsed with high-salt PBS. 
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3 Results  

Melittin and magainin 2 amide peptides were purchased from GL Biochem 

(Shanghai) Ltd, China, and stored at – 20°C. Stock solutions of these peptides 

were made by dissolving a certain amount of peptide in ultrapure water and 

then stored at - 20°C. 

 QCM-D was used in examining these peptides over a range of four 

concentrations: 2, 5, 10 and 20 µM for melittin, and 1, 5, 10 and 15 µM for 

magainin 2 amide. The concentration 1 µM was chosen for magainin because 

an aim was to see the effect on the membrane of peptides below the 

concentration threshold; and the experiments with melittin, which were done 

prior to investigating magainin, showed that 2 µM was already above the 

concentration threshold. Moreover, from the choice of 1 µM as the lowest 

concentration for magainin, a serial increase of 5 µM was kept to define the 

range of four concentrations used in this study. 

3.1.1 Melittin and magainin 2 on DMPC artificial membranes 

Initially, the interaction of melittin and magainin with DMPC membranes 

was determined. The data for melittin and magainin are shown in Fig.23 and 

24, respectively. They illustrate the plots of Δf versus time and ΔD versus time 

and are typical interactions with a DMPC membrane. Both the peptides showed 

an immediate decrease in both the frequency and dissipation, that is, that the 

addition of mass on the lipid membrane deposited on the sensor surface created 

a firmer layer.  

3.1.2 Melittin  

At each of the four concentrations tested (2, 5, 10 and 20 µM), melittin 

bound initially at the membrane, with a frequency decrease of 11-14 Hz (see 

Fig.23). This binding was rapid since it was completed in ~5 minutes for 5-20 

µM, as shown by the first vertical dashed line (Fig 23; (i)). Only the lowest (2 

µM) concentration showed a slower binding rate due to the smaller amount of 

melittin available. After the flow ceased, a slow, yet constant, removal of 

material mass (0.5-1 Hz) was observed at concentrations of 5 and 20 µM. The 
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10 µM did not show apparent signs of membrane disruption while the peptide 

solution was running, but only at the equilibration phase (ii) a very small loss 

of mass was observed. In the final step (phase iii), buffer solution was flushed 

into the chamber to remove any weakly or non-specifically adsorbed material 

and to verify the strong attachment of the peptide to the membrane. Indeed, 

this buffer rinse removed some materials since the frequency increased in all 

four curves (phase iii in Fig. 23). However, more than half of the peptide 

remained attached to the membrane (about 9.5 Hz), with the exception of 20 µM 

(Δf final ~3.6 Hz). The mass removed in the phase iii through the buffer rinse 

could be due to peptide loosely bound or a combination of both peptide/lipids 

when membrane lysis occurs during phases i and/or ii. A clear discrimination 

is not possible in this experiment. However, in the case of peptide where only 

peptide insertion occurs, we assume that the mass lost effects only the bound 

peptide since as during the incubation time (phase ii) the frequency does not 

increase (loss in mass). This invariability in frequency is interpreted as the 

peptide binding to the membrane without destabilize it. 

 

Fig. 23: Typical Δf and ΔD versus time plots of melittin interacting with supported membranes 

of DMPC. The dashed lines mark the end of each phase. Phase i corresponds to the beginning 

of peptide action, whereas ii denotes the peptide incubation phase. The rinse with PBS solution 

corresponds to phase iii. The harmonic represented is the 7th. 
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The interaction of melittin with the DMPC membrane caused the 

dissipation to decrease rapidly for most of the concentrations, with the exception 

of 2 µM (Fig. 23, upper graph). The largest decrease was detected for 20 µM 

melittin (ΔD final ~2.7 x 10-6). This change in dissipation implies a structural 

rearrangement of the membrane with the peptide-membrane system becoming 

less viscoelastic. This reorganization of the membrane indicates the peptides 

have inserted into the membrane. Interestingly, the trace for the dissipation 

showed a particular feature, like a “rebound”: an initial small decrease of the 

dissipation that indicated an immediate interaction was followed by an increase 

(emphasized by a blue arrow in Fig. 23) within the first four minutes. Then, 

finally, the dominant decrease in ΔD for 5-20 µM melittin. 

3.1.3 Magainin 2 

The interaction of magainin 2 with a DMPC membrane is shown in Fig. 

24. This interaction was very fast and resulted in mass acquisition for each 

concentration tested (1, 5, 10 and 15 µM). This binding was not linearly 

correlated to the peptide concentration since the major decrease in frequency 

was observed in the 10 µM trace (~8 Hz), whereas the frequency decrease was 

~7 Hz for 15 µM and 5 µM as well. The trace corresponding to 1 µM showed 

instead a decrease of ~6 Hz. Thus, the trend indicates similar behaviour with 

Δf 6-8 Hz for 1-20 µM magainin. 
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Fig. 24: Typical Δf and ΔD versus time plots of magainin 2 interacting with supported 

membranes of DMPC. The 7th harmonic is represented. The various phases are described in Fig. 

23. 

During the equilibration phase (phase ii), a slight drift (less than 0.5 Hz) 

could be observed for 1 µM. However, significant removal of some mass (~3 Hz) 

occurred during the final wash with PBS (phase iii). Thus, at the end of the 

wash the final Δf was 2.5, 4, 5, and 4 Hz for 1, 5, 10 and 15 µM, respectively. 

Magainin caused only a small decrease in the dissipation during its 

binding (phase i). This decrease of 0.3-0.7 (x 10-6 ) was followed by a very slow 

(almost a drift) increase during the phases ii and/or iii. Therefore, the 

adsorption of magainin on the membrane seemed to have a little effect on the 

viscoelastic properties of the membrane.  

3.1.4 A comparison between melittin and magainin 2: the Δf-ΔD plots 

The Δf-t and ΔD-t data alone illustrate the effect that these peptides have 

on the DMPC membrane. However, a more detailed analysis of the interaction 

process could be obtained by plotting the ΔD data versus the Δf data (“Δf- ΔD 

plots”)77, as shown in Fig. 25. Briefly, the visual correlation of these “Δf- ΔD 

plots” gives a qualitative and quantitative analysis of how the structure of the 

membrane-peptide system changes per unit mass addition78.  
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The harmonics 3rd, 5th, 7th and 9th harmonics were plotted in this manner 

for each concentration mainly for two reasons: to visualize any difference in the 

structural change along the cross-section of the lipid film since each harmonic 

probes a different depth, and to see if progressive increase in the peptide 

availability introduces further steps in the mechanistic process. In Fig. 25, the 

coordinates (0,0) correspond to the time 0 of Fig. 23 and 24, which is the start 

of the peptide injection into the QCM chambers. The buffer-rinsing step (phase 

iii, in Fig. 23 and 24) is not included, thus the last point in each trace 

corresponds to the end of the equilibrium phase. 
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Fig. 25: Typical Δf–ΔD plots illustrating the interaction of melittin (left column) and magainin 

2 (right column), at various concentrations, on a DMPC artificial membrane. The response of 

the 3rd, 5th, 7th, and 9th harmonic is presented. 

3.1.4.1 Melittin 

From the Δf-ΔD plots of melittin interacting with DMPC (Fig. 25, left 

column) it is possible to describe the entire process in three consecutive steps, 
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consistent with pore formation. Moreover, the vertical alignment of the various 

panels allows an immediate visual comparison among the concentrations, 

providing clear identification of the concentration threshold for the mechanism. 

The first step of this process is indicated by the arrow i and consists of the 

adsorption of melittin to the membrane. Evidence for melittin insertion into the 

membrane bilayer results from the analysis at the four harmonics examined 

(3rd, 5th, 7th and 9th) which overlap. In addition, during this first phase (i), the 

dissipation showed little change although a bending decrease (less than 0.3 x 

10-6) was observed. However, the dissipation returned to ~zero. A frequency 

value of 10 Hz marks a transition from the first (i) to the second phase (ii). 

Interestingly, the end of the first phase occurred approximately at the same 

frequency value in each concentration of melittin.  

The second step (indicated by the arrow ii), which is more accentuated for 

the 5 µM melittin, is characterized by a definitive decrease of the dissipation 

and with frequency values approximately unchanged or with a small increase.  

Finally, the third and last phase for melittin, which is indicated by the 

arrow iii, occurred during the period of incubation for the 5, 10 and 20 µM. This 

step is characterized by a small increase in frequency while the dissipation 

remains unchanged.  

3.1.4.2 Magainin 2 

The Δf-ΔD plots of magainin 2 interacting with DMPC (Fig. 25, right 

column) show magainin 2 inserts into the membrane since all the four overtones 

overlap for each concentration. As observed for melittin, the entire process of 

binding can be divided in three phases although these differ. The initial 

adsorption of magainin, which is identified by a red arrow i, is characterized by 

a frequency decrease of circa 2 Hz with zero change in dissipation. The second 

phase (indicated by the arrow ii) has a steady decrease in both dissipation and 

frequency (Δf final 6-7 Hz for the concentrations studied, at the 9th harmonic). 

Interestingly, a slightly higher binding is observed at the 9th overtone than the 

3rd, like what is observed with melittin. 
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The third phase (iii) for 5-15 µM magainin 2 showed only a small decrease 

in frequency (~1.5 Hz), followed by an increase. Although the change in 

dissipation was small, the feature was characteristic of magainin and possibly 

reflected a dynamic organization of magainin in DMPC. 

3.2 Melittin and magainin 2 on DMPC/DMPG (4:1) 

SLBs 

Membranes composed of DMPC/DMPG (4:1) represent simplified 

biomimetic bacterial membranes and were used for the experiments with 

melittin and magainin 2. The action of melittin and magainin towards 

DMPC/DMPG (4:1) are shown in Fig. 26 and 27. These figures illustrate the 

plots Δf versus time and ΔD versus time and are typical of the interaction with 

a DMPC/DMPG (4:1) membrane. Both figures show an initial decrease in the 

frequency and in dissipation as the peptides bind, similar to interactions for 

DMPC membranes. However, in the case of melittin, this initial binding was 

immediately followed by mass removal, which is an indication of disruptive 

action. 

3.2.1 Melittin 

All four concentrations of melittin (2-20 µM) showed a fast initial binding 

to the membrane, as seen in Fig. 26, which was immediately followed by a 

slower removal of mass of likely membrane and peptide composition. In the 

presence of the negative charged membrane, a concentration threshold for the 

membrane lysis could not be identified since all four concentrations were 

capable of disrupting the membrane. The Δf vs time data shows in the first 8 

minutes from injection of the peptide solution, the frequency decreased by ~ 6, 

11, 10 and 12 Hz, respectively, for the melittin concentrations of 2, 5, 10 and 20 

µM. Then, after approx. 5 minutes from the point of peptide introduction, 

melittin started to disrupt the membrane, as the traces in Fig. 26 show. This 

disruptive process starts during phase i, i.e. as the injection of sample is still in 

progress, and continues during phase ii (i.e. incubation). Further mass loss was 

observed in the last step of the experiment (phase iii) (Δf ~2 Hz), as PBS was 
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flushed into the QCM cell. Only the data corresponding to 2 µM melittin differed 

from the rest with a slower and late binding and a minor loss of mass with the 

PBS wash (~1 Hz).  

 

Fig. 26: Typical Δf and ΔD versus time plots of melittin interacting with supported membranes 

of DMPC/DMPG (4:1). The dashed lines mark the end of each phase. Phase i corresponds to the 

beginning of peptide action, whereas ii denotes the peptide incubation phase. The rinse with 

PBS solution corresponds to phase iii. The 7th harmonic is represented. 

Immediately, as melittin starts to adsorb at the membrane, the dissipation 

decreases overall in all four concentrations used here, reaching a plateau only 

after the final rinse with PBS. Interestingly, as observed with DMPC 

membranes, dissipation plots showed the “rebound” feature, after ~3 minutes 

from the introduction of the melittin solution. A possible explanation could be 

that monomers of melittin start to self-assemble in membrane areas and start 

to insert into the membrane, although this happens at the same time as further 

melittin binding. Therefore, this initial insertion may destabilize the 

membrane, which is identified by the increase in dissipation followed by the 

main trend to a steady decrease in ΔD.  
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3.2.2 Magainin 2 

The binding of magainin 2 peptide at the DMPC/DMPG (4:1) membrane is 

similar to the DMPC, as illustrated in Fig. 27. During the incubation time 

(phase ii), the frequency vs time plots were generally featureless, although at 

15 µM a tiny increase was observed (Δf < 1Hz), while at 1 and 5 µM, frequency 

drifted towards more negative Δf values. These little changes of the frequency 

during the incubation time could be the result of rearrangement of an unstable 

under layer.  

 

Fig. 27: Typical Δf and ΔD versus time plots of magainin 2 interacting with supported 

membranes of DMPC/DMPG (4:1). The 7thharmonic is represented. The various phases are 

described in Fig. 26. 

Thus, the resulting peptide uptake before the final wash (at ~60 minutes) 

was Δffinal ~8 Hz for 1 and 15 µM, 9 Hz for 5 µM and ~10 Hz for 10 µM. However, 

at all the concentrations, with the PBS rinse (phase iii) 3-4 Hz of the peptide 

was washed from the membrane leaving ~5 Hz. This highlighted a stronger 

interaction of magainin 2 with the membrane compared to melittin. 

The dissipation decreased for each concentration during the initial 

adsorption of magainin at the membrane. This decrease was small and unstable 

for 1 and 5 µM, with a drifting increase in Δf vs time. Furthermore, the 
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dissipation curve for the concentrations of 10 and 15 µM magainin showed the 

small “rebound” feature (indicated by a blue arrow), observed for melittin. Thus, 

magainin 2 appeared to share with melittin similar mechanistic stages of 

membrane association, although the variation in dissipation with magainin 2 

was much smaller than with melittin.  

3.2.3 A comparison between melittin and magainin 2: the Δf-ΔD plots 

The Δf-ΔD plots in Fig. 28 illustrate similarities in the interaction of 

melittin and magainin 2 with a membrane of DMPC/DMPG (4:1). The difference 

being that the melittin interaction ends with membrane disruption, while for 

magainin the last step, clearly visible at 15 µM, appears to be the start of a 

disruptive action.  

3.2.3.1 Melittin 

The entire interaction of melittin with a DMPC/DMPG (4:1) membrane 

could be divided in three steps: the first step (red arrow i) is almost vertical 

especially for the frequency probing the deeper layer (the 7th and 9th harmonic 

decreases to a max value of ~5 Hz) as the dissipation decreased. The 

corresponding 3rd and 5th harmonics showed small Δf decrease but all showed 

ΔD decreasing.  

The second step (indicated by the arrow ii) started at 5-6 Hz approx for 

the 9th harmonic at 2 µM melittin. This phase is characterized by a further 

insertion of melittin since the frequency keeps decreasing, with the maximum 

binding recorded at the 9th harmonic and with almost constant dissipation. This 

step was very fast since a change in the dissipation is very hard to detect from 

the ΔD-t plots in Fig. 28. Finally, this second phase ended with a slight increase 

in dissipation while the frequency was still decreasing. This was also observed 

on DMPC, i.e. a bow-like shape. In the final stage (arrow iii), the melittin action 

is the removal of mass, which is characterized by a large decrease in dissipation 

and a simultaneous increase in the frequency. This disruptive action was more 

obvious at the surface of the bilayers, since the 3rd and 5th harmonics traces 

showed a bigger increase in Δf.  
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Fig. 28: Typical Δf–ΔD plots for the interaction of various concentrations of melittin (left 

column) and magainin 2 (right column) on a DMPC/DMPG (4:1) artificial membrane. The 

response of the 3rd, 5th, 7th, and 9th harmonic is presented. The wash with PBS is not included. 
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3.2.3.2 Magainin 2 

The interaction of magainin with DMPC/DMPG (4:1) resembles the first 

two steps of the interaction of melittin with the same “bow-shaped” feature in 

the Δf vs ΔD. However, at the highest concentration (15 µM), three steps can be 

distinguished (i-iii). The peptide action initiates with a very small binding (Δf 

~1 Hz) without any change in dissipation (arrow i). The second step consisted 

of a decrease in dissipation and in frequency for all the overtones (arrow ii). 

However, the dissipation decreases more at the lowest magainin concentration 

(1 µM) than at the highest concentration (15 µM). The frequency decreased, 

more for the 9th than for the 3rd harmonic, indicating a deep insertion into the 

membrane like with the DMPC membranes.  

Finally, a third phase (arrow iii) could be identified for the 10 and 15 µM 

concentrations. In this phase, the dissipation decreased while the frequency 

remained almost constant. This decrease could be explained as a transition from 

the pore state to an initial lysis of the membrane; however, the P/L ratio did not 

look sufficient for a consistent disruption of the membrane.  

3.3 Melittin and magainin 2 on DMPC/DMPG (2:1) 

SLBs 

In order to explore the influence of increased negative charges, a PC/PG 

ratio of 2:1 was used to determine the influence on the peptide action. The major 

consequence of this increase of negatively charged PG content in the membrane 

was a stronger lytic mechanism for magainin. Melittin, however was not 

affected significantly in its mode of action. The entire process will be described 

in the next section. 

3.3.1 Melittin 

As previous mentioned, melittin showed the identical mode of action 

already seen with SLBs of DMPC/DMPG (4:1), which resulted with membrane 

disruption. Indeed, the Δf-t plots in Fig.29 show membrane disruption in all the 

four traces using DMPC/DMPG (2:1). An immediate binding preceded the 

disruption. Indeed, this peptide uptake happened in the first 9 minutes from 
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the time 0 (Fig. 29) and corresponded with a linear decrease of frequency to 

Δfinal: 6 Hz, 8 Hz, 10 Hz and 11 Hz from 2 µM to 20 µM, respectively. This fast 

binding was immediately followed by a slower increase in frequency, once again 

like was found in the case of DMPC/DMPG (4:1). This increase in Δf proceeded 

during the incubation time (phase ii), with the exception of 20 µM. 

 

Fig. 29: Typical Δf and ΔD versus time plots of melittin interacting with supported membranes 

of DMPC/DMPG (2:1). The dashed lines mark the end of each phase. Phase i corresponds to the 

beginning of peptide action, whereas ii denotes the peptide incubation phase. The rinse with 

PBS solution corresponds to phase iii. The 7th harmonic is represented here. 

Meanwhile, the action of melittin on DMPC/DMPG (2:1) caused the 

dissipation to decrease. The ΔD-t plots showed the same trend observed with 

DMPC/DMPG (4:1) membranes (Fig. 26): the dissipation had a continuous 

decrease from the beginning (i) until the final rinse with the buffer (iii). Only 

the dissipation corresponding to 20 µM plateaued during the incubation time, 

since the membrane disruption was completed already in this phase. However, 

the “rebound” feature occurred at various times with the (2:1) membrane: at 

around 4 minutes for 10 µM and 20 µM; at 6 and 8 minutes in the case of 5 µM 

and 2 µM (blue arrow in Fig. 29). Clearly, a characteristic initial interaction 

with membranes of many compositions results with melittin. 
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3.3.2 Magainin 2 

Interestingly, the action of magainin was found to be a function of the 

content of PG lipid in the membrane. Indeed, the graph Δf-t in Fig. 20 shows 

that the high concentrations of magainin were able to disrupt the DMPC/DMPG 

(2:1) membrane. However, as observed with DMPC/DMPG (4:1) (cf Fig. 27), 

magainin action starts with membrane binding. This binding was ~ 2 Hz for 

concentrations 5-15 µM. Only for 1 µM, the peptide uptake was 5.5 Hz. 

However, at higher concentrations, this binding was immediately followed by a 

removal of mass. Thus, a concentration threshold could be defined between 5 

µM and 10 µM. After ~6 min the removal of material ended and, as indicated 

by a blue arrow, a very slow and only minuscule binding (~0.2 Hz) occurred 

until the flow was ceased. No further change in frequency (mass) was observed 

during the equilibration phase (ii) (19 – 60 mins). 

 

Fig. 30: Typical Δf and ΔD versus time plots of magainin 2 interacting with supported 

membranes of DMPC/DMPG (2:1). The 7th harmonic is represented. The various phases are 

described in Fig. 29. 

The initial interaction of magainin with DMPC/DMPG (2:1) membranes 

caused a minuscule increase in the dissipation, as indicated by the blue arrow 

in the ΔD-t plots of Fig.30. This is reminiscent of the “rebound” observed in some 
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of the earlier traces. A linear decrease followed immediately for 15 µM, although 

data from lower concentrations showed indications of possibly two stages. The 

magnitude of the decrease in ΔD was greater with DMPC/DMPG (2:1) than with 

DMPC/DMPG (4:1) (Fig. 28) and was maintained during the incubation phase 

(ii). 

3.3.3 Comparing the lytic action of melittin and magainin 2: the Δf-ΔD 

plots 

3.3.3.1 Melittin 

Further details regarding the melittin mode of action could be detected 

from the Δf-ΔD plots displayed in Fig. 31. In the case of melittin (left column), 

the Δf-ΔD plots were almost identical with those of DMPC/DMPG (4:1) in Fig. 

28. Thus, apparently melittin adopts the same mode of action with both the 

DMPC/DMPG (4:1) and (2:1) membranes, which consist of three steps. Briefly, 

in the first stage (i) the dissipation decreases during a small frequency 

variation, between 2 and -2 Hz. Then, in the second step (ii), the dissipation 

remained constant, with a decrease in the frequency. This second step 

corresponded to the initial binding (Δf negative) observed in Fig.29. The entire 

process finishes in the third step (iii) with disruption of the membrane evident, 

which corresponds to the frequency shifting towards positive values and the 

dissipation decreasing until the end of the process. The major loss of mass 

obtained with 5 µM could be attributed to a slightly higher lipid deposition (32.5 

Hz) characterizing that particular membrane and so these data, from 5-20 µM, 

are similar. 
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Fig. 31: Typical Δf–ΔD plots for the interaction of various concentrations of melittin (left 

column) and magainin 2 (right column) on a DMPC/DMPG (2:1) artificial membrane. The 

response of the 3rd, 5th, 7th, and 9th harmonic is presented. The wash with PBS is not included. 
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3.3.3.2 Magainin 2 

The action of magainin, displayed on the right column in Fig. 31, is 

dramatically different from that observed on DMPC/DMPG (4:1) Fig. 28, and is 

characterized by a transition from trans-membrane insertion to a lytic effect for 

magainin 2. It is noticeable that the concentration threshold required for 

disrupting the membrane is between 1 and 5 µM, which is lower than previously 

determined by looking only at the 7th harmonic curves illustrated in Fig. 29. 

Two mechanistic steps define the entire action of magainin on DMPC/DMPG 

(2:1): the first step (i) consists of the binding to the membrane, which is 

characterized by the decrease in frequency (-Δf ~2 Hz for 5-15 µM) and with a 

very small change in dissipation, especially for the 3rd harmonic. The switch 

from insertion to disruption marked the beginning of the second step (ii), which 

starts as the frequency of -2 Hz is reached (5-15 µM data only). This stage was 

distinguished by an increase in the frequency mainly localized at the surface. 

For example, at 15 µM an increase of 8 Hz for the 3rd harmonic and ~4 Hz for 

the 5th was seen. Interestingly, it looks like that this increase in the frequency 

(disruption) is a function of the magainin 2 concentration. 

3.4 Melittin and magainin 2 on DMPC/cholesterol 

SLBs 

Experiments were undertaken also with the addition of cholesterol in PC 

membranes. The aim was to see if the peptide action was influenced by the 

presence of cholesterol. The concentration of cholesterol used was 30 molar %, 

which is in the physiological range79. 

In the presence of cholesterol, both peptides adsorbed on the membrane. 

However, some differences could be detected between the action of melittin and 

magainin 2 peptides with the membrane composed of DMPC only. 

3.4.1 Melittin 

Melittin showed only binding towards DMPC/cholesterol membrane, as 

the Δf-t graph shows (Fig. 32). This is verified for all the concentrations 

examined, 2, 5 and 10 µM. The Δf-t plots show that the membrane is saturated 
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at the moment of stopping the flow, which is marked by the dash line indicating 

the end of the phase i. Only the trace corresponding to 2 µM seems to reach a 

steady state, presumably due to depletion of the peptide concentration. 

However, melittin traces appear not to reach a saturation in the binding as a 

very small binding (~1 Hz) occurs during phase ii. This could be due to a 

reorganization of DMPC and cholesterol in the membrane due to the presence 

of melittin. This reorganization would permit more peptide molecules to bind, 

and would slow down the peptide binding compared to pure DMPC membranes. 

At the end of the period of incubation, the resulting melittin bound to the 

membrane corresponded to 12, 17 and 19 Hz for 2, 5 and 10 µM, respectively. 

Although 20 µM is not displayed on the graph above, it showed similar binding 

to the 10 µM melittin.  

During the final wash with PBS (phase iii), most of the peptide (~75%) 

remained in the membrane. This, in addition to a greater magnitude of peptide 

binding with DMPC membranes containing cholesterol compared with DMPC 

only (Fig. 23), could indicate that the amphipathic nature of melittin is 

responsible for a strong binding to the cholesterol rich DMPC membrane.  
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Fig. 32: Typical Δf and ΔD versus time plots of melittin interacting with supported membranes 

of DMPC/chol (30 mol%). The dashed lines mark the end of each phase. Phase i corresponds to 

the beginning of peptide action, whereas ii denotes the peptide incubation phase. The rinse with 

PBS solution corresponds to phase iii. The 7th harmonic is represented. 

The ΔD-t graph (Fig. 32) shows only small changes in the dissipation 

values for DMPC/chol, generally “drifting” towards positive values. However, 

negative ΔD was observed for 2 µM with a small decrease of 0.25 x 10-6 seen 

initially, while for the higher concentrations (5, 10 µM) this did not occur. This 

could be the consequence of the presence of cholesterol, which could reduce the 

area available for the peptide to accumulate and insert into the membrane or it 

could sequester melittin peptides. Indeed, for the concentration 10 µM, a very 

minuscule “rebound” feature can be detected, as indicated by the blue arrow in 

Fig.32, which could mean the beginning of pore formation. 

3.4.2 Magainin 2 

Magainin showed less binding to the DMPC/chol membranes than 

melittin, as shown by the Δf-t graph (cf Fig. 32 for melittin). Indeed, after an 

initial fast binding, the peptide adsorption stopped before the injection ceased 

(dash line in phase i). This addition resulted in a frequency decrease of 6 for 1 

µM and 7 Hz for 5 and 10 µM magainin 2. The strong association of magainin 2 
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with the DMPC/chol membrane was indicated by the loss of material for the 

PBS wash (iii), only ~3Hz irrespective of the peptide concentration. 

 

Fig. 33: Typical Δf and ΔD versus time plots of magainin 2 interacting with supported 

membranes of DMPC/chol (30 mol%). The 7th harmonic is represented. The various phases are 

described in Fig. 32. 

Magainin peptide uptake caused a small increase in dissipation (less than 

1 x 10-6) for each concentration used, as shown in Fig. 33. Although small, this 

increase in ΔD could mean that the magainin molecules were mainly located at 

the membrane interface. The small decrease of dissipation (0.5 x 10-6) that 

occurs with the introduction of PBS, is correlated to desorption of some mass 

from the membrane. 

 

3.4.3 A comparison between melittin and magainin 2: the Δf-ΔD plots 

3.4.3.1 Melittin 

The concentration dependent Δf-ΔD plots for both melittin and magainin 

2 are shown in Fig. 34. For melittin interacting with a DMPC/chol membrane 

(left column), the Δf-ΔD action is similar, although the importance of the 

melittin concentration, or better the P/L ratio, shows similarities with the 
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interaction process of magainin with a membrane of DMPC (cf Fig. 25). As 

described for magainin on DMPC, an initial step (arrow i) can be identified, 

which is characterized by peptide uptake without significant changes to the 

dissipation. This phase terminated at negative frequency values between 13.5 

Hz and 14 Hz for 5 and 10 µM, and Δffinal at –9 Hz for 2 µM. Then, a second step 

(arrow ii), consisted of a decrease and then an increase in the dissipation while 

the frequency kept decreasing again, very similar to that of magainin 

interacting with DMPC membranes. In this final phase, no loss of material 

occurred although the dissipation showed a small decrease.  
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Fig. 34: Typical Δf–ΔD plots for the interaction of various concentrations of melittin (left 

column) and magainin 2 (right column) on a DMPC/chol 30 mol% SLB. The response of the 3rd, 

5th, 7th, and 9th harmonics is presented. The wash with PBS is not included. 

3.4.3.2 Magainin 2 

In the case of magainin on DMPC/chol, the Δf-ΔD plots (Fig. 34, right 

column), underline a threshold of action between 5 and 10 µM, which could not 

be detected from the Δf-t in Fig. 33. In effect, for 10 µM, an initial binding phase 

(arrow i) seemed to occur with no change in dissipation. The second phase (ii) 

followed and featured a sharp increase of the dissipation while the frequency 

keep decreasing. At the end of this second phase, the major binding and change 
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of the dissipation was similar for all three concentrations. The contrast with the 

lower (2, 5 µM) concentrations of magainin are that the first phase is not present 

and only the second phase is seen.  

Table 1: Summary of the peptide action on the membranes examined. 

 
DMPC 

DMPC/DMPG 

(4:1) 

DMPC/DMPG 

(2:1) 
DMPC/chol 

Melittin 

i:  

adsorption  

(∆f ↓, ∆D ≤ - 0.5); 

ii:  

(∆f ~ 0, ∆D ↓); 

iii: 

initiation lysis  

(∆f ↑, ∆D ~ 0) 

i:  

adsorption 

(∆f ↓, ∆D ↓); 

ii:  

(∆f ↓, ∆D ~ 0); 

iii: 

lysis (∆f ↑, ∆D ↑) 

i: 

adsorption 

(∆f ↓, ∆D ↓); 

ii:  

(∆f ↓, ∆D ~ 0); 

iii: 

lysis (∆f ↑, ∆D ↑) 

i: 

adsorption 

(∆f ↓, ∆D = 0); 

ii: 

(∆f ↓, ∆D ↓ & ↑) 

Magainin 2 

i:  

adsorption 

(∆f ↓, ∆D = 0); 

ii:  

(∆f ↓, ∆D ↓); 

iii: 

(∆f ↓≤ 2, ∆D ~ 0) 

i:  

adsorption 

(∆f ↓, ∆D = 0); 

ii:  

(∆f ↓, ∆D ↓& ↑); 

iii:  

(∆f ~ 0, ∆D ↓) 

i: 

adsorption 

(∆f ↓, ∆D ≤ 0.5); 

ii:  

lysis (∆f ↑, ∆D ↓) 

i: 

adsorption  

(∆f ↓, ∆D = 0); 

ii:  

(∆f ↓, ∆D ↑) 
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4 Discussion 

Many studies have been undertaken with the aim to define and 

characterize from a molecular point of view the membrane action of AMPs, 

especially for melittin and magainin 2, which have been extensively studied on 

artificial membranes using various techniques8,12,66. The general conclusion 

from all these studies is that these peptides, and AMPs in general, can act on 

the membrane in different ways. The predominance of a specific mechanism is 

determined by the cooperation between structural properties of the peptides, 

the composition of the membrane and other environmental factors, such as the 

temperature, the salt concentration and the pH4,50,80. 

The influence of some of these variables, such the membrane composition 

and the peptide concentration, has been examined in this study using the QCM-

D technique. Importantly, QCM proved to be a valuable technique in 

distinguishing the various mechanistic steps, hence defining the peptide mode 

of action.  

4.1 Transition from toroidal pore to disruptive 

mechanism 

4.1.1 Melittin: from the “pore-state” to a carpet mechanism 

The formation of pores in membrane can be identified in the step ii of “Δf–

ΔD plots” of melittin interacting with DMPC (Fig. 25). This phase was 

characterized by a spread of the harmonics occurring in term of frequency 

change, with the 9th harmonic recording the higher binding. The dissipation, 

instead, was uniform for all four harmonics (3rd- 9th). Thus, according to the 

model suggested by Wang et al., the step ii  could be the “fingerprint” of a 

toroidal pore, who suggested that the formation of a toroidal pore should be 

characterized by a negative and uneven change in frequency and by a negative 

change in dissipation as well81.  

This process of pore formation seems to agree with the “two-state” model 

theorized by Huang51,52. This model could be characterized in the initial two 



  Chapter 3 

[129] 

 

steps showed in Fig. 25. Step i (the initial binding) represents the initial 

interfacial adsorption of melittin since it is characterized by tight overlapping 

of all the overtones. This adsorption stage possibly creates a tension in the 

membrane that results in a thinning of it, which is identified by a homogeneous 

and small decrease in dissipation. Once a threshold value for the peptide 

concentration is reached, (see Fig. 25, end of step i), the majority of the melittin 

is inserted deeply into the membrane forming toroidal pores. The beginning of 

deeper insertion into the bilayer as a consequence of melittin orientation change 

(from parallel at the membrane surface), which leads to the “pore state”, could 

be identified as the “rebound” feature in the dissipation, which was also 

highlighted by a blue arrow in Fig. 23, followed by a decrease in dissipation 

(step ii). 

An understanding the meaning in the change of the dissipation during the 

pore formation phase comes from simulation studies done by Santo et al64. These 

simulations showed that melittin, when interacting with the lipid molecules, 

cause a small thinning of the membrane, before melittin translocated across the 

membrane. This translocation caused a rearrangement of lipids between the 

leaflets, and a reorientation of the phosphate head-groups in order to create a 

toroidal pore64. Therefore, in the case of QCM experiments, this rearrangement 

of the lipids could be inferred by the changes in the dissipation occurring in 

phase ii (Fig. 25).  

Furthermore, this gradual change in the dissipation ruled out the 

possibility of competition between these two orientations, as suggested by van 

den Bogart65, because the change in the dissipation, and thus the transition 

from adsorption to pore formation, could be seen as a progression from the 

lowest to the highest concentration (see Fig. 25). 

Finally, the transition from a “pore-state” to a more destabilizing phase 

could be identified in the third step (iii) detected in Fig. 25 for the melittin 

concentration at 5, 10 µM and definitely, for the peptide concentration of 20 µM. 

In this phase, which started when the peptide solution was still being 

introduced, the final number of melittin peptides inserted into the membrane 
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was enough to cause the transition from pore formation to a disruptive 

mechanism, which was characterized by an increase in frequency and a small 

decrease in dissipation. The loss of some mass accompanying disruption 

happened at all the four overtones, suggesting thus a “detergent” action, which 

leaded to the formation of micelles of melittin-membrane. The membrane 

disruption observed by QCM confirmed what other studies had already 

demonstrated55,59,66.  

The introduction of PBS buffer wash into the melittin-membrane system 

did not cause much material loss (see Fig. 23). This may indicate that melittin 

was strongly bound to the membrane establishing electrostatic and hydrophobic 

interaction with the lipids, as already predicted by previous studies38,67.  

 

4.1.2 The influence of the lipid phase on the peptide action 

The ambient temperature, together with the level of hydration of the 

lipids, have a big influence on the interaction and orientation of the peptide and 

therefore on its ability to form pores14,59. At temperatures sufficiently high to 

create a fluid membrane, melittin is able to penetrate the lipid chain more 

extensively than at temperatures lower than the Tm, due to increased lipid 

motility67. Results obtained with other methods suggested that melittin is 

prevalently oriented parallel when adsorbed at a membrane of DMPC in the 

gel-phase14. However, the QCM results presented here showed pore formation 

of melittin in membranes of DMPC in the “ripple-phase” (see Chapter 2) at a 

temperature of 19.1 ± 0.1°C. Despite that the probability of melittin to adopt a 

parallel orientation at the membrane surface decreases when the temperature, 

and/or the percentage of hydration increase14. A possible explanation for this is 

that the lipids in the membrane were well hydrated because of the roughness 

on the sensor surface, which implies that the membrane is not perfectly flat and 

compact but that it has some imperfections. Consequently, some water 

molecules could be entrapped between the MPA monolayer and the lipid layer. 

As showed by Yang14, the hydration increases the percentage of melittin that 
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assumes a perpendicular orientation at temperatures close to the Tm of DMPC, 

which leads to the pore-formation.  

From the harmonics examined, melittin showed trans-membrane 

insertion (cf Fig. 25). However, melittin should translocate in the membrane 

adopting the disordered toroidal model, which implies that the translocation 

happens with peptides being mostly parallel with a small angle16,39. A possible 

scenario, proposed by recent simulations, is that melittin molecules could adopt 

both transmembrane and bent conformations64. In fact, the sequence of melittin 

contains a proline in position 14, which creates a hinge in the sequence12,63. 

Therefore, melittin insertion can be both trans-membrane and pseudo-

transmembrane, which means that it inserts in only one leaflet of the bilayer 

assuming a U-shape12,64,66. Furthermore, this partial insertion into the bilayer 

has been already proposed from other investigations with QCM-D78,79: melittin 

in SLBs in the gel-phase state inserted partially because of the compactness of 

the lipid packaging, and removed membrane lipids in an irregular manner. 

However, these studies78,79 did not propose pore formation as a transition phase 

to membrane disruption, although their QCM traces were very similar to those 

shown in the results section. 

4.1.3 The lipid affinity and mode of action function of the peptide 

structure   

At a melittin concentration of 5 µM showed pore formation in Fig. 25. 

However, the same concentration for magainin 2 was not sufficient to form 

pores as illustrated by Fig. 25. Clearly, the peptide concentration was not the 

issue since both peptides have similar molecular weight (2846.53 g mol-1 for 

melittin and 2465.97 g mol-1 for magainin 2). Thus, the peptide structure is 

clearly the origin for this difference in the peptide affinity and in the peptide 

action towards DMPC. Both peptides are amphipathic -helical 

conformation in the membrane14. Consequently, magainin should adopt the 

same mechanism of interaction. However, in the QCM data, the frequency 

decrease for magainin is lower than for melittin, as shown in Fig 23-24, and also 

the dissipation magnitude. Thus magainin shows a lower affinity towards 

DMPC membranes as also reported with previous studies17,28, which also 
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reported an absence of pore formation for magainin. This low affinity of 

magainin towards DMPC membranes could be because the primary sequence is 

characterized by a low hydrophobicity, with a broader distribution of the 

charged residues along the sequence17, as displayed in Fig. 35. In contrast, the 

sequence of melittin can be divided in two distinct domains, as shown in Fig.35: 

a prevalently hydrophobic N-terminus, implied in the interaction with neutral 

membranes, and a charged C-terminus, which is shown to be essential for the 

binding with both zwitterionic and anionic membranes18,19. 

However, the Δf-ΔD plots in Fig. 25 illustrate a minuscule increase in the 

dissipation for 10 and 15 µM (cf phase iii) that appeared to be an attempt to 

start pore formation. After all, magainin has been shown to disrupt membranes 

made of neutral phosphocholines, such POPC, but at much higher 

concentrations (40-100 µM)82 Thus, the inability to detect any pore formation 

could be attributed to a P/L not enough to overcome the threshold for that kind 

of membrane, as previously highlighted by Matsuzaki9. 

 

Fig. 35: 3-dimensional model of melittin and magainin 2 determined by Pymol (PyMOL 

Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC, NY, USA). Cationic residues 

are represented in blue while anionic residues are represented in orange. Hydrophobic residues 

are in green. 

4.1.4 The influence of DMPG in a DMPC membrane 

4.1.4.1 Low threshold required for melittin 

Several studies have shown that melittin can act in a detergent-like 

manner at membranes containing only acidic phospholipids28,59. Conversely, 

other studies have reported an inhibition of the lysis by melittin for membranes 

having negatively charged phospholipids12,17,83. Wessman et al.83 suggested that 
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this inhibition was caused by electrostatic interactions between the positive 

charged C-terminus of the melittin sequence and the negative charges on the 

membrane surface that hindered the insertion of melittin into the membrane83.  

However, the results presented here, obtained with membranes composed 

of DMPC/DMPG (4:1 and 2:1) show a clear membrane insertion, which is 

immediately followed by a disruptive mechanism, for all the concentrations 

examined (Fig. 26). Furthermore, the Δf-ΔD plots for DMPC/DMPG (4:1) 

displayed in Fig. 28 were consistent with a pore formation followed by 

disruption, that is, the loss of lipids was more evident on the surface layers of 

the membrane. This could be deduced by their similarities in the Δf-ΔD plots for 

melittin on DMPC membrane.  

The inclusion of DMPG in the membrane decreased the concentration 

threshold of melittin required for pore formation, which was lower than 2 µM. 

Unfortunately, also the concentration threshold for membrane disruption 

seemed to be lower than 2 µM, hence a clear distinction between the two stages 

could not be verified. Indeed, the transition from melittin adsorption to pore-

formation (decrease in ΔD without changes in Δf) could not be distinguished in 

the Δf-ΔD plots of Fig. 28. Consequently, it can be said that the presence of 

negatively charged lipids lowered the P/L required for the membrane 

permeabilisation due to pore formation and also for membrane lysis, probably 

by enhancing the clustering of melittin monomers in aggregates36. 

 

4.1.4.2 Magainin activity influenced by the DMPG ratio 

The composition of the membrane showed greater influence on the mode 

of action for magainin than for melittin. Unlike melittin that did not show any 

major differences between the two ratios used for DMPC/DMPG, magainin 

showed a transition from pore only formation occurring at the 4:1 ratio, to a 

detergent-like mechanism with DMPC/DMPG having a ratio of 2:1. 

Furthermore, the Δf-ΔD plots regarding the interaction of magainin with 

DMPC/DMPG (2:1) were able to make a clear discrimination between peptide 

adsorption, pore formation and membrane disruption. Indeed, adsorption only 
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happened at the concentration of 1 µM, while pore formation was visible at the 

concentration of 5 µM. Finally, 15 µM showed clear disruption through the 

membrane. 

In conclusion, the increased affinity of melittin and magainin for anionic 

membranes17,67 could be interpreted as a reduction of the local concentration 

threshold required for the peptide to permeabilise the membrane, as already 

demonstrate for magainin by Ludtke et al.43. 

4.2 The influence of cholesterol on peptide action 

Cholesterol has been reported to inhibit pore formation in model 

membranes by melittin72 and by magainin17. Furthermore, studies highlighted 

the influence of cholesterol concentration on the interaction13,70,84 and 

consequently lysis of the membrane by melittin since membrane lysis was not 

detected with concentrations of cholesterol equal to or higher than 30 mol%70. 

This seems to agree with the melittin action reported here. Additionally, our 

results showed melittin having a greater affinity when cholesterol was present 

in membrane (see Fig. 25 & 32). Most probably, this increased adsorption could 

be justified as a deeper insertion into a membrane being subjected to a phase 

transition from gel to liquid-ordered phase due to the moderate content of 

cholesterol70, or by a direct binding interaction occurring between melittin and 

cholesterol12. Most probably, this initial adsorption consisted of melittin 

monomers since the Δf-ΔD plots for melittin showed the same initial step in 

DMPC membranes with or without cholesterol. These monomers could not 

cluster locally and thus reaching a local concentration threshold for the 

formation of pores, or only a very small number of pores in the membrane of 

DMPC/cholesterol were formed because of the decrease in available pore 

forming area. 

In contrast, magainin did not show a significant difference for the binding 

at membranes of DMPC +/- cholesterol: the decrease in frequency was very 

similar, as shown in Fig. 24 & 33. However, this adsorption did not result in 

trans-membrane insertion and pore formation for the majority of magainin 
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peptides since the 3rd harmonic recorded a slight higher binding of magainin 

than the 9th harmonic and the dissipation assumed positive values in all the 

harmonics, as showed by the Δf-ΔD plots of Fig. 18. Thus, the concentrations of 

magainin used in this study confirm the lack of toxicity of magainin towards 

eukaryotic mimetic membranes containing cholesterol 30 mol%. 

5 Conclusions 

Melittin and magainin have been the object of numerous studies since 

their early discovery as they are the stereotypical examples of AMPs. Generally, 

their mode of action has been characterized and confirmed; however, there is 

still much debate in the explanation of their action and the variables that 

influence their action. In fact, the distinct transitions in the melittin and 

magainin actions are hardly distinguishable since the interactions happen 

within milliseconds12. Furthermore, the adoption of a specific mechanism is not 

unconditional, as already suggested by Dathe4, but there is always an 

interchange, a continual progression, mostly influenced by factors such by the 

nature of lipids, the target-dependent influence on the binding and 

permeabilisation steps. 

Previous studies employing QCM to characterize the modes of action 

adopted by melittin defined melittin as a lytic peptide77-79,84,85. However, no such 

studies have been undertaken in the case of magainin.  

In the experiments described in this chapter, the employment of various 

SLBs on a modified QCM sensor has permitted the confirmation of the Shai-

Matsuzaki-Huang model48 as the more appropriate in describing the action of 

melittin and magainin at the biomimetic membrane. This model consists mainly 

of a progressive transition from a simple adsorption to pore formation, which 

leads to the disruption of the membrane. However, these transitions are 

influenced by the structural properties of the peptides and the membrane 

composition as well, as revealed by comparing the action of melittin and 

magainin 2 using QCM. Indeed, QCM was shown to be a valid approach in 
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characterizing the structural interactions between melittin and magainin 2 

with SLBs. This enabled a clear definition of each “transitional” step of the 

peptide action. 
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Proline-rich AMPs 

1 Introduction 

Many AMPs have the ability to kill bacteria by inhibiting cellular 

processes occurring inside the cell. These peptides are typically able to 

translocate the membrane and enter the cytosol without causing substantial 

damage to the membrane integrity. These AMPs target intracellular 

components, such as nucleic acids1, thus impeding their normal functionality 

and usually killing the cell. AMPs are therefore considered as cell penetrating 

peptides (CPPs), (presented in Chapter 5), and constitute a promising strategy 

for a more focused antibacterial therapy or for drug delivery.  

Cell penetrating AMPs derived from the honey bee, are rich in proline 

residues. Examples include apidaecin 1a (GNNRPVYIPQPRPPHPRI), 

apidaecin 1b (GNNRPVYIPQPRPPHPRL)2 and Api88 (Gu-

ONNRPVYIPRPRPPHPRL-NH2), an optimized version of apidaecin 1b3. 

These peptides have been the topic of several papers presented in this chapter. 

In addition, oncocin (peptide 10) (VDKPPYLPRPRPPRRIYNR-NH2) and 

peptide 11 (VDKPPYLPRPRPPROIYNO-NH2), have been optimized from the 

Oncopeltus antibacterial peptide 4, derived from the Milkwed bug4. Since these 

AMPs are characterized by an amino acid sequence rich in proline residues (in 

bold), they form a class called proline-rich AMPs or Pr-AMPs5.  

1.1 Proline-rich peptides 

Proline-rich peptides (Pr-AMPs) share some characteristics irrespective of 

their origin and overall sequences: (i) a high content in proline residues 

(between 25 to 50%); (ii) a significant presence of arginine residues, which 

contribute to the net cationic charge of these peptides, (iii) and a bacteriostatic 

action, mainly towards Gram-negative bacteria5,6. 
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1.1.1 Examples of Pr-rich antimicrobial peptides 

Pr-rich peptides are expressed widely across nature and have been isolated 

in insects7, mammals, amphibians, crustaceans and molluscs5.  

Mammalian Pr-AMPs belong to the cathelicidin family of AMPs5,6. Some 

examples include Bac5 and Bac7, from bovine neutrophils8 and PR-39 and 

prophenin from pig leukocytes5,7,9 (Table 2). Despite variability in length and 

primary sequence, cathelicidins are characterized by a well-conserved N-

terminal pre-proregion, named cathelin, and a highly variable C-terminal 

domain, corresponding to the active AMP after proteolytic processing5,6.  

Table 2: Examples of pr-AMPs from vertebrate animals5. 

Name Origin Sequence 

PR-39 pig RRRPRPPYLPRPRPPPFFPPRLPPRIPPGFPPRFPPRFP-NH2 

prophenin pig AFPPPNFPGPRFPPPNFPGPRFPPPNFPGPRFPPPNFPGPRF 

PPPNFPGPPFPPPIFPGPWFPPPPPPFRPPPFGPPRFP-NH2 

Bac5 cow RFRPPIRRPPIR---PPFYPPFRPPIRPPIFPPIRPPFRPPLGPFP-NH2 

Bac5 sheep RFRPPIRRPPIR---PPFNPPFRPPVRPPFRPPFRPPFRPPIGPFP-

NH2 

Bac7 cow RRIRPRPPRLPRPRPRPLPFPRPGPRPIPRPLPFPRPGPRPIPRPL

PFPRPGPRPIPRPL 

Bac7 sheep RRLRPRRPRLPRPRPRPRPRPRSLPLPRPQPRRIPRPILLPWRPPR

PIPRPQPQPIPRWL 

 

Pr-rich AMPs isolated from insects are the most identified and 

investigated. They are subdivided in two groups: short-chain and long-chain 

peptides10 (as shown in Table 3). Examples of the longer peptides are the 

abaecins, from hymenopteran species, and lebocins, from moths. Peptides 

belonging to the short-chain group show some similarities in their primary 

amino acid sequence in terms of amino acid composition and motif pattern6. 

Examples of these shorter peptides are: drosocin, a 19-residue peptide from 
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Drosophila melanogaster10 which contains three repeats of the PRP motif evenly 

distributed along the sequence; pyrrhocoricin, a peptide isolated from 

Pyrrhocoris apterus7 which has some similarities to drosocin; and one of the best 

characterized short Pr-rich AMPs apidaecin, which has been isolated from Apis 

mellifera5,6. Pr-rich AMPs presented in other invertebrates are, for example, the 

penaedins from shrimp11, astacidins from crayfish12 and Cg-PRP from oysters13. 

Table 3: Examples of insect Pr-AMPs5. 

Name Origin Sequence 

short-chain   

Pyrrhocoricins fire bug VDKGSYLPRPT---PPRPIYNRN 

Drosocin fruit fly GKPRPYSPRPTSHPRPIRV 

Formaecins ant GRPNPVNNKPTPHPRL 

long-chain   

Metchnikowin fruit fly HRHQGPIFDTRPSPFNPNQPRPGPIY 

Lebocins moths DLRFLYPRGKLPVPTPPPFNPKPIYIDMGNRY 

Abaecins honeybee YVPLPNIPQPGRRPFPTFPGQGPFNPKIRWPQGY 

 bumblebee FVPYNPPRPGQSKPFPTFPGHGPFNPKIQWPYPLPNPGH 

 

1.1.2 Apidaecin peptides  

Apidaecin peptides were one of the first Pr-rich peptides to be identified 

and are of the the most investigated. Three isoform of apidaecins: HbIa, HbIb 

and HbII, were first isolated from the lymph fluid of honeybees that had a 

bacterial infection2. These isoforms contain 18 amino acid residues and are the 

most prominent components of the honeybee humoral defence against microbial 

invasion2. Further examples of apidaecins have also been isolated from other 

bees, wasps and hornets, all belonging to the Apocrita suborder of Hymenoptera6 

(Table 4). 
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All these apidaecins share very high homology since these different 

isoforms originate from a single precursor6. The peptide sequences are 

characterized by conservation of R/K-P or PRP motifs in the N-terminal region 

(the variable region) and an eight-residue PRPPHPRL motif at the C-terminus 

(the constant region)5,6,14. The constant region is responsible for the 

antibacterial activity, while the variable region is responsible for their 

selectivity in the antibacterial spectrum2,6,15,16. 

Table 4: Amino acid sequences of some apidaecin-type peptides6. 

Sources Isoforms Sequence 

Honey bee HbIa GNNRPVYIPQPRPPHPRI 

 HbIb GNNRPVYIPQPRPPHPRL 

 HbII GNNRPIYIPQPRPPHPRL 

 HbIII GNNRPIYISQPRPPHPRL 

Bumble bee Bb +A ANRPVYIPPPRPPHPRL 

 Bb -A -NRPVYIPPPRPPHPRL 

Cicada killer Ck P NRPTYVPPPRPPHPRL 

 Ck A NRPTYVPAPRPPHPRL 

Bald-faced hornet Ho + GKPRPQQVP-PRPPHPRL 

 Ho - ---RPQQVP-PRPPHPRL 

Conserved sequences of all the isoforms RP             PRPPHPR 

 

1.2 The importance of proline 

Proline plays an important role in the antimicrobial activity of many 

AMPs. For instance, a potent AMP, buforin II, loses the ability to translocate 

the cell membrane if the proline at position 11 is removed. Instead buforin II 

disrupts the cell membrane1. Another example is the loss of antibacterial 
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activity by HbIII peptides when the proline at position 9 is substituted with a 

serine14. Moreover, Zhang et al.17 demonstrated that the substitution of proline 

into the sequence of a helical cationic AMP introduces bends into the peptide 

sequence. This affects the interaction of the AMPs with the membrane and 

consequently their antimicrobial activity, switching from a membrane-lytic to a 

non lytic action17.  

Proline is the only gene-encoded amino acid that has its side-chain cyclised 

onto the backbone nitrogen atom18 (see Fig. 36). This cyclisation affects the 

geometries and conformations adopted by proline itself, which are very 

restricted. It also restricts the conformation of the residue preceding the proline 

due to the bulkiness of the N-CH2 group, resulting in a strong preference for a 

β-sheet structure19. When bound in an amide bond, proline is unable to act as a 

hydrogen-bond donor. Proline can induce β-turns, particularly if preceded by 

tyrosine or followed by phenylalanine or tryptophan residues18. The presence of 

proline in the overall peptide can cause both the formation of bends in 

transmembrane helices and changes in conformation18. 

 

Fig. 36: The molecular structure of proline.  

These properties of proline cause proline rich sequences to adopt the poly-

L-proline type II helical conformation (PP-II helix) (see Fig.37), which is a left-

handed extended helix of three residues per turn5,18,20. CD studies show that 

various pro-rich AMPs adopt this conformation, including Bac-521, PR-3922, 

drosocin23 and apidaecin6,24. All these peptides maintain an extended helix 

when in contact with liposomes, indicating a possible correlation between this 

conformation and the interaction with bacterial membranes5.  
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Fig. 37: A space-filling model of a polyproline helix. Green represents carbon atoms, red oxygen, 

blue nitrogen and white hydrogen18. 

Indeed, the PP-II helix could be the structural basis for pro-AMPs that 

target and bind to specific intracellular molecular targets. Specifically, the 

ability of proline to establish rapid and strong interactions that are not highly 

specific25 is due to, firstly, the restricted mobility of proline, which favours the 

binding. Secondly, proline binds well to other planar hydrophobic surfaces such 

as benzenic rings since is characterized by a flat rigid hydrophobic surface. 

Finally, the effect of the amide bond preceding the proline in a peptide causes 

proline to be a strong hydrogen bond acceptor18,25. 

1.3  Intracellular activity 

Proline-rich AMPs are mainly active towards Gram-negative bacteria5,6,8. 

They kill bacteria through a bacteriostatic rather than a membrano-lytic 

mechanism. Several studies have suggested that the main intracellular target 

of the insect pro-rich peptides pyrrhocoricin, drosocin and apidaecin is the 70-

kDa bacterial heat shock protein DnaK5,26,27 (see Fig. 38). This interaction could 

happen either through an occupation of the peptide-binding pocket by the pro-

rich AMP causing inhibition of the chaperone function, i.e. assisted protein 

folding26, or through binding to the DnaK substrate molecule. This would 

impede the main activity of DnaK in the refolding process of misfolded proteins 

and to act as an ATPase6.  

Inhibition of DnaK appears to be stereo specific since studies involving 

both enantiomers of pyrrhocoricin revealed the inability of the D-enantiomer to 

inhibit the activity of DnaK6. This specific binding to DnaK could be a general 



  Chapter 4 

[150] 

 

mechanism as it has been identified also for the mammalian Pr-AMPs, PR-39 

and Bac7(1-35)5. Interestingly, the effect of the Bac7 (1-35) peptide is a function 

of the peptide concentration28 (Fig. 38). At concentrations close to the MIC value 

only the L-enantiomers caused cellular death via a bacteriostatic mechanism, 

however at concentrations well above the minimum inhibitory concentration 

(MIC) value, both the D- and L- enantiomers caused the cell death by lysis of 

the membrane28. It is important to note that DnaK might not be the only target 

for Pr-AMPs since DnaK-deficient E. coli strains were observed to be susceptible 

to Bac7(1-35)5.  

 

Fig. 38: A putative model of the mechanism of action for mammalian and insect Pr-rich AMPs. 

At lower concentrations, all the L-Pr-rich AMPs are incorporated into the bacterial cytosol by a 

transport system involving the membrane protein SbmA, an ABC transporter. BacA is a 

homologue of SbmA and it is present in some alphaproteobacteria. At very high concentrations, 

both L- and D-stereoisomers of Pr-rich AMPs instead are able to penetrate into the cell, killing 

it by disrupting the membrane. Possible other transporters might be involved in the 

translocation of these peptides at intermediate concentrations. Once in the cytosol, Pr-rich 

AMPs bind to the bacterial chaperone DnaK, but they could also target other intracellular 

components5. 
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In addition to their antimicrobial activity, some pro-rich AMPs also have 

immunomodulatory functions that contribute to host defence5. For instance, 

PR-39 also has roles in the regulation of the expression of cell surface 

proteoglycans, in the induction of chemotaxis of neutrophils and in promoting 

angiogenesis29. Immunomodulatory activity was also observed for apidaecin 

peptides in the presence of human immune cells. At low concentrations of 

apidaecins, partial antagonized LPS-stimulatory effects on both macrophages 

and monocytes were observed, while at higher concentrations of apidaecin, pro-

inflammatory and pro-immune functions of macrophages were stimulated30. 

1.3.1 Internalization 

In order to reach cytosolic targets of Gram-negative bacteria, the proline-

rich peptides must transit through a cellular envelope, which consists of an 

outer (OM) and inner (IM) membrane separated by the periplasmic space. It 

has been suggested that the initial passage through the OM is non-specific but 

driven by electrostatic interaction between these cationic peptides and the 

anionic membrane6. However, Dutta et al. suggested that apidaecin molecules 

form ordered oligomers to facilitate entry through the OM in a non-stereo-

specific manner24. 

Once the proline-rich peptide has entered the periplasmic space, it is 

thought to pass across the cytosol bound to SbmA, an inner membrane protein 

that is part of an ABC transporter system31. This binding to the transporter has 

been suggested to be stereospecific, since D-enantiomers of Pro-rich AMPs show 

lower activity than L-peptides towards Gram-negative bacteria5. However, this 

model does not exclude other mechanisms of internalization since some peptides 

such as apidaecin HbIb24 and Bac7 (1-35)28 can act via a membrano-lytic 

mechanism when their concentration is equal to or above 50 µM. 

In some cases, proline-rich AMPs also exhibit the ability to be internalized 

by mammalian cells via an undisruptive, energy- and temperature-dependent 

process. This most probably involves both macropinocytosis (an endocytic 

process) and direct membrane translocation5, as observed with Bac7 (1-35)32 

and apidaecin HbIb30,33. 
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1.4 Applications for Pr-rich AMPs 

Pr-rich AMPs display two interrelated potential applications, as 

antimicrobial peptides or as drug-delivery vectors5,8,34. 

In the search for new antibiotics, some Pr-AMPs have been tested with 

promising results. For example: the fragment Bac7 (1-35) was able to reduce 

the mortality of infected animals in a mouse model of typhoid fever35; and 

apidaecin 14, in combination with other AMPs, proved to be a potential drug 

against protozoa Trypanasoma cruzi, which causes Chagas disease36.  

As previously mentioned, Pr-rich AMPs can be considered as cell 

penetrating peptides (CPPs), and thus be used as drug-delivery vectors, because 

of their ability to cross the bacterial membrane in a selective and non-lytic 

manner. Furthermore, Pr-rich AMPs display low toxicity towards eukaryotic 

cells and can also translocate the membrane and enter the cytosol. This 

translocation seems to be enhanced by the presence of arginine residue in the 

peptide sequence, e.g. HbIb apidaecins containing additional arginine residues 

in the N-terminal region show higher antimicrobial activity37. Similarly, the 

influence of arginine on the membrane translocation process was studied for the 

Bac7 peptide lacking residues 1-4 (RRIR) which lost the ability to enter 

mammalian cells32. 

Thus, Pr-AMPs represent a novel approach for the development of anti-

infective drugs, but, like every natural peptide, they typically have a low serum 

stability and they are rapidly excreted through the liver and the kidneys5,33. 

This has led to a number of strategies to improve their activity in vivo. For 

example, by substitution with non-natural amino acids (i.e. peptoid residues, D-

amino acid, β-amino acids), backbone modifications and glycosylation33. So far, 

only few examples have been successful in improving stability without affecting 

the antimicrobial and cell-penetrating properties. A good optimization example 

is the peptides derived from the pyrrhocoricin sequence, which give a high 

stability and low toxicity towards mice while keeping their functionality and 

cell-penetrating ability38. Another example is a derivative of apidaecin 1b, 

Api137, containing the N,N,N’,N’-tetramethylguanidino group at the N-
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terminus and L-ornithine (instead of glycine) at position 1. These modifications 

improved resistance to proteolysis, yet kept the antimicrobial activity intact39. 

1.5 General outcomes for the Pr-AMPs investigated 

here 

In general, Pr-AMPs exert their antibacterial action targeting 

intracellular components by translocating into the cytosol without damaging 

the membrane. The absence of any membrano-lytic action and the interaction 

with an intracellular target were confirmed for the proline-rich peptides 

apidaecins 1a and 1b, Api88 and peptides 10, 11. Both these studies have been 

published and are included in this chapter. Indeed, in all three papers the in 

vitro studies using QCM were undertaken in order to confirm the bacteriostatic 

action of these peptides observed in vivo and to give a better mechanistic 

understanding of the interactions using bacterial mimetic membranes.  

In the first paper, the interactions between biomimetic membranes and 

the two isoforms of apidaecin 1a and 1b were assessed in vitro by using QCM 

and dye-filled liposome leakage studies and in vivo by ONPG-assay. Both in 

vitro methods confirmed the absence of lytic action by these two peptides. 

In the second paper, the antimicrobial activity of an optimized apidaecin 

1b peptide, Api88, was successfully tested against some Gram-negative bacteria 

strains, showing improved activity. In this work, the QCM experiments again 

confirmed the absence of any membrano-lytic activity by Api88. 

Finally, the third paper investigates the antimicrobial activity of a novel 

Pr-rich AMP, oncocin (peptide 10) and its derivate, peptide 11. The interaction 

of these two peptides towards artificial bacterial membranes was investigated 

using QCM and compared. Once again, the QCM results confirmed that these 

two peptides were able to kill bacteria without damaging the artificial 

membrane.  
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2 Paper 3: 

2.1 Cell Penetrating Apidaecin Peptide Interactions 

with Biomimetic Phospholipid Membranes 
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Arginine-rich peptides: the Tat peptide, a 

CPP and AMP 

1 Introduction 

The plasma membrane constitutes an efficient and selective barrier for 

cells versus the extracellular environment. As a consequence, the intracellular 

delivery of therapeutic agents, for example peptides and proteins, is not very 

efficient1. Various approaches have been employed in controlled drug delivery 

to overcome this issue, including electroporation, microinjections, liposome 

delivery and viral vectors. However, these methods can have some 

disadvantages, such as, inefficient drug delivery efficiency, cellular damage and 

toxicity, and poor specificity in the drug delivery to specific targets1-3.  

In recent years, AMPs have emerged as potential drug-delivery vectors 

to improve the intracellular delivery of therapeutic agents4,5. Indeed, some 

AMPs are able to associate strongly with cell membranes prior to translocation 

into the cytoplasm, without permeabilising the membrane permanently. This 

characteristic behaviour resulted in their classification as cell penetrating 

peptides (CPPs).  

 

1.1.1 Cell penetrating peptides (CPPs)  

CPPs were discovered more than 20 years ago and originally were called 

protein transduction domains (PTDs) since the first CPPs to be identified were 

specific regions of some intracellular proteins6. Examples are the Drosophila 

homeobox protein Antennapedia, the HIV-1 transcriptional factor TAT, and the 

capsid protein VP22 from HSV-16,7. These PTDs allow the protein to traverse 

the mammalian cell membrane. Since then, many peptides have been shown to 

have cell-penetrating properties6. These CPPs, are structurally diverse and 

short in length, with less than 40 amino acids8. Most CPPs are cationic due to 
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the large number of arginine and lysine residues in their primary sequence, 

while some are also amphipathic4. The overarching property of all CPPs is the 

ability to penetrate biological membranes, and thus the capacity to transfer 

bioactive cargoes into cells either covalently or non-covalently attached, such as 

proteins, peptides, oligonucleotides, nanoparticles and liposomes, without 

damaging the cell membrane1,2,9,10. For this reason, CPPs have emerged as an 

alternative strategy in pharmacology as a delivery vector in both tissues and 

cells. Indeed CPPs have been used to deliver drugs to cancer cells10. Examples 

of these drugs are the peptide pro-drug of SN38 (DTS-108)11, plasmids12, 

liposomes with anticancer 2C5 monoclonal antibodies13. CPPs can also be used 

to target cancer cells because they can be incorporated into “smart” nanocarrier 

delivery platforms, sensitive to changes in pH, temperature etc. allowing 

specific and controlled release of the drug cargo following the stimuli. An useful 

review of various strategies where CPPs can target cancer cells is found in 

Koren et al.10.  

 

1.1.2 CPP Classification 

More than 100 peptides have been classified as CPPs over the last 20 

years. Taking into consideration the origin or the sequence characteristics, 

CPPs can be divided into groups10,14. As shown in Table 5, three groups can be 

distinguished, based on the origin. The first group is formed by peptides derived 

from specific regions of proteins that have the ability to traverse the membrane. 

These peptides are not specific to cells or tissue types. The two best studied 

PTDs are the Tat peptide, derived from Tat protein of the HIV-1 virus15 and 

Penetratin, derived from the Antennapedia protein of Drosophila16. The second 

group includes chimeric peptides, which are partly derived from naturally 

occurring peptides or protein. Examples are TP10, a truncated form of 

Transportan17 and Pep-12,18. The third group is constituted by designed 

peptides: the sequence of these peptides consist of repeat motifs or poly-

residues. Some examples are the poly-arginine peptides (Rn)19 and the model 

amphipathic peptide (MAP)20 and most are found to form amphipathic peptides. 
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An alternative classification for CPPs is based on the amino acid sequence, 

in which peptides with low amphipathic regions have positively charged 

sequences at physiological pH due to the presence of arginine and lysine 

residues10. This group includes penetratin, Tat and polyarginine peptides19; 

whereas the second group includes amphipathic CPPs, such as Transportan, 

MAP and Pep-118 peptides. Peptides in this group have a positive net charge 

because of the lysine residues in their sequences. The last group, instead, 

comprises peptides having in their primary sequence a distinctive separation 

between charged and hydrophobic residues, such as the vascular endothelial-

cadherin (pVEC) and MPG peptides10. 

As found in Table 4, some AMPs are also CPPs, such as LL-37 and buforin 

2. Furthermore, Pr-rich AMPs can represent a better option as CPPs in deliver 

impermeable drugs into both bacterial and eukaryotic cells since they can be 

internalized into the cell without damaging the cell membrane3,21.  

1.1.2.1 Tat peptide 

The Tat peptide is one of the most studied CPPs1,10. This peptide is the 

PTD of the protein Tat, a nuclear transcription-activating protein, which is 

necessary for the HIV-1 virus replication machinery22. Briefly, the cysteine-rich 

Tat protein consists of 86 amino acids that are organized into three functional 

domains: an acidic N-terminal region, which is important for the trans-

activation; a cysteine-rich DNA-binding region; and a basic RNA-binding 

domain (amino acids 49-57). The basic domain, which is the Tat PTD, is rich in 

arginine residues, and binds to the TAR (trans-activation responsive) RNA 

element with a high affinity, causing a substantial increase in transcription 

levels23. Importantly, this basic region is responsible for the passage through 

the membrane of Tat-derived peptides24.  
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1.1.3 Mechanism of CPPs uptake 

Although CPPs have been extensively studied and used in 

biotechnological applications, their mechanism of cellular uptake is still elusive. 

Recent reports suggest that the internalization of CPPs is influenced by the 

sequence and concentration of CPPs, the attached cargo and the cell lines being 

used5,10,14.  

However, the requirement for an initial electrostatic interaction of the 

positively charged CPPs with the negative charges present on the membrane 

surface, due to the lipid head-groups, proteins (e.g. nucleolin), and 

proteoglycans, suggest adsorption or binding of an effective concentration before 

translocation1,25,26. As illustrated in Fig. 39, after the initial binding of the CPP, 

they can enter the cell by either: pinocytosis, a fluid-phase endocytosis27 or 

direct translocation1,10,14. 

 

Fig. 39: Schematic representation of the diverse cellular uptake pathways proposed for CPPs. 

In general, these mechanisms can be divided into active transport, which are the various forms 

of endocytosis, and passive-transport where the peptide translocates directly into the cell28. 
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CPPs can enter the cell through an energy and temperature dependent 

pathway, named pinocytosis (Fig. 39)29. This process can be classified into four 

pathways: macropinocytosis30, clathrin-mediated endocytosis, caveolae/lipid 

raft-mediated endocytosis, and clathrin/caveolae-independent endocytosis27. 

Macropinocytosis is a fluid-phase endocytosis, which involves the generation of 

large irregular endocytic vesicles named macropinosomes. These vesicles are 

generated by actin-driven invaginations of the cell membrane, and lack in 

membrane receptors1,30. In the clathrin-mediated endocytosis pathway, clathrin 

proteins coat the invaginations of the membrane27. In the caveolae/lipid raft 

endocytosis instead, the peptide associates with caveolae, which are small 

membrane microdomains enriched in cholesterol and glycosphingolipids 

forming vesicles called caveosomes1,5. These endocytic pathways are the most 

likely used for the cellular uptake of CPPs conjugated to large cargoes whereas 

individual CPPs or CPPs-conjugated to small cargoes act by direct penetration 

of the membrane10. 

Direct translocation, initiated by electrostatic and hydrogen bond 

interactions with lipid membranes, occurs via inverted micelles28 or through 

transient pores in the membrane14,31, as shown in Fig. 39. Inverted micelles, 

which are inverted hexagonal structures, originate when the peptide associates 

with and unhinges the membrane. This method of “transport”, however, is only 

possible for small hydrophilic peptides with or without small cargo28,29. The 

direct transport method is via generation of a curvature of the lipid bilayer, in 

a toroidal-like manner. This pore is transient since the passage through the 

bilayer is estimated to occur in less than circa 1000 ns32-35. It has been suggested 

that the transitory formation of a pore is what distinguishes a CPP from other 

AMPs since the pores created by non-CPP AMPs have a longer life time31. 

Nevertheless, these mechanisms are variable and the same peptide might use 

more than one of the pathways mentioned previously, depending on the 

environmental conditions5,10,36. For instance, the Tat peptide has been shown to 

be internalized into the cell by macropinocytosis37 or through direct 

translocation38. Even the simultaneous adoption of all three endocytic pathways 

has been demonstrated in the case of Antp, nona-arginine and the Tat 
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peptides39. In addition, a model has been proposed recently where the Tat 

peptide enters into the cell through an induced pore and interacts strongly with 

cytoplasmic actin. This interaction promotes the cellular uptake of large 

anchored cargoes via endocytotic pathways31. 

1.1.3.1 Factors that influence the cellular uptake of CPP 

Many environmental factors influence the cellular uptake of CPPs. Some of 

these include:  

1. The peptide sequence: the presence of basic residues favours the electrostatic 

interaction with anionic membranes. However, translocation is influenced 

by the properties of the cationic residues included in the peptide sequence; 

arginine residues establish a more efficient interaction with the lipid head-

groups than lysine residues, thus resulting in a non-lytic translocation1. 

Furthermore, the length and the number of arginine residues in the 

sequence are key factors for translocation. For example, the transduction 

efficiency of poly-arginine increases as the peptide length increases from 6 

to 15 residues, whereas for polypeptides with more than 15 or less than five 

residues, the peptide uptake is not so effective1,19. Also the addition of 

hydrophobic residues, such as a phenylalanine, at either the N- or C-

terminus of CPPs can enhance their membrane interaction40. Furthermore, 

the presence of tryptophan residues enhances the peptide uptake in the cell 

and lowers the toxicity of the poly-arginine peptides. Mechanistically, this is 

thought to be due to slowing of the translocation process that has been 

observed with model membranes31,40. 

2. The peptide structure: Lättig-Tünnemann et al.41 demonstrated that the 

transduction of Tat and other arginine-rich peptides into the cell is improved 

by (i) creating a distance between the arginine guanidinium groups in linear 

peptides or (ii) backbone cyclization of the peptides. Moreover, the structural 

rigidity introduced by cyclization appears to kinetically enhance the 

transduction efficiency of arginine-rich CPPs.  

3. The peptide concentration: it has been suggested that Tat and other CPPs 

translocate into the cytosol by direct penetration when their concentration 
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is above a defined threshold level, which depends on the peptide and the cell 

type, but is usually in the micromolar range5,14. While for low concentrations, 

the peptide is delivered into the cell by pinocytosis. For instance, from 

studies in vivo, Duchardt et al.39 suggested that the cellular uptake for short 

CPPs is driven by the peptide concentration. However, they observed that 

above a critical peptide concentration (10 µM), the peptide uptake was 

mainly energy independent. 

4. The nature of the cargo: CPPs have been shown to enter into the cell by both 

active and passive transport when conjugated to low molecular cargoes, such 

as small peptides (less than 50 residues), drugs and fluorophores10,30,41. In 

the presence of high molecular weight cargoes, for example Tat conjugated 

to quantum dots, only endocytic pathways were employed5,10,37. Moreover, 

the cargo can also influence the ability of the peptide to be internalized into 

the cell36.  

5. Membrane composition: cholesterol present in the membrane seems to be 

important for the peptide translocation. Indeed, the depletion of cholesterol 

can cause a switch from endocytosis to direct translocation, resulting in a 

less efficient uptake25,30. Since many of these CPPs are cationic, the presence 

of anionic lipids in the membrane can also facilitate their accumulation on 

the membrane followed by translocation42. The lipid phase also has an 

influence and Säälik et al.43 observed that various CPPs tend to accumulate 

on the liquid-disordered domains when interacting with liposomes. Because 

of the influence of lipid composition in membranes, the peptide uptake can 

be limited to certain cell types and so the kinetics can be influenced as well, 

as shown with the different cellular localization of Tat (47-57) in three 

different epithelial cell culture models (MDCK, Calu-3 and TR146)22.  

 

1.1.4 Properties of the amino acid arginine 

L-Arginine is an important component of CPPs and also proteins that 

interact with the cell membrane44. Indeed, arginine residues are found in 

strategic positions along the protein and peptide sequences. For instance, 

arginine residues, as well as lysine and proline residues, can be found either 
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side of aggregation-prone stretches in some proteins. Thus, the arginine 

residues act as “gatekeepers” because they inhibit the aggregation of these 

stretches45. Another example comes from the peptide Bac7 (1-35), which is 

shown to aggregate if its N-terminal arginine was removed46.  

Arginine is considered one of the most hydrophilic of the 20 natural 

amino acids. Its side chain consists of a hydrophobic propyl moiety and a large, 

polar, cationic guanidinium group (Fig. 40). Arginine is protonated and 

positively charged in almost all biological fluids (the pKa of the side chain is 

over 12) and inserts into the membrane. This ability is due to the guanidinium 

group, which interacts electrostatically with the lipid head-groups and forms 

bidentate hydrogen bonds with them. In addition, this guanidinium group also 

creates hydrogen bond also with water molecules47. 

 

Fig. 40: The amino acid arginine. The guanidinium group has five dipolar N-H protons capable 

of acting as hydrogen bond donors and one pair of electrons capable of being a hydrogen bond 

acceptor. 

This ability of the arginine side chain to establish extensive hydrogen 

bond networks with donors e.g. phosphates, is relevant for many biological 

interactions, e.g. in recognizing specific RNA structures48, in stabilizing the 

voltage-sensor domain of the channel proteins KvAP49, and in inserting 

arginine-containing hydrophobic sequences deep in the membrane47. Indeed, 
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the partitioning of the arginine amino acid into the membrane layer is 

energetically favourable due to the hydrogen bonds established between the 

phosphate head-groups and water molecules47. This interaction between the 

guanidinium and phosphate moieties of multiple lipid headgroups generates a 

negative “Gaussian” curvature in the membrane, also called saddle-splay31,50. 

This curvature seems to be a necessary requisite for blebbing, which is observed 

in macropinocytosis, for the dimples in the caveoli-based endocytosis and as well 

as for pore formation in membranes1,31. 

 

1.1.5 Applications: examples of CPPs as AMPs: 

CPPs have been used for a number of applications, for example 

fluorescently labelling native tumours51 and delivery of anticancer drugs14. 

However, CPPs can also act as anti-infective agents, since some CPPs exhibited 

antimicrobial activity52. For example, the peptide Tat showed antifungal 

properties and potent antibacterial activity (MIC 2-8 µM) against a broad 

spectrum of pathogens both Gram-positive and Gram-negative bacteria53,54. A 

further example is represented by the CPP penetratin, which showed high 

antimicrobial activity towards some Gram-positive and Gram-negative 

bacteria, with a MIC value of 0.5-4 µM4,52. Other examples of CPPs with 

antimicrobial properties are transportan and MAP peptides4. 

 

1.1.6 Papers included in this chapter 

Tat peptide is the most studied CPPs and it is employed in many studies 

for delivery of cargos. However, the mechanism of how this peptide crosses the 

membrane without causing any damage is still the object of discussion. This 

peptide has been shown to adopt both energy dependent and passive transports 

across the membrane. In the case of passive transport, i.e., direct translocation, 

the mechanism that Tat peptide (and other CPPs) adopts, is still unclear. The 

use of QCM (paper 6) and QCM in combination with SECM and AFM 

techniques (paper 7) gave a more detailed understanding of the mechanism 

adopted by Tat during its translocation. These studies demonstrated the 
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presence of pores, and furthermore suggested differences in this translocation 

between prokaryotic and eukaryotic-mimetic membranes. Two Tat peptides 

were studied: Tat peptide (44-57) and Tat (49-57), and their action was 

compared. Tat (49-57) was chosen because its sequence included the basic 

domain (amino acids 49-57) of the Tat protein of HIV virus. This domain is 

responsible for the translocation of the protein across the membrane55. Tat (44-

57) peptide was also investigated to probe the influence of presence of 

hydrophobic/polar residues that could change the peptide action towards 

membranes. 

Both peptides were shown to vary little in action for artificial 

membranes. Tat acted as a CPP towards mammalian-mimetic membranes, 

whereas disruption of bacterial-mimetic membranes occurred for both Tat 

peptides. This duality in membrane activity was further examined (Paper 7) in 

which it was shown that these peptides could ‘passively’ translocate across 

mammalian-mimetic membranes through ‘worm-hole’ pores.  
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3 Paper 6: 

3.1 A mechanistic investigation of cell-penetrating 

Tat peptides with supported lipid membranes 
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Ruthenocenoyl moiety incorporated in 

short tryptophan and arginine rich 

peptides 

1 Introduction 

Synthetic antimicrobial peptides (synAMPs) are de novo peptides that are 

promising weapons for possible therapeutic treatments1. SynAMPs comprise 

short antimicrobial peptides enriched in arginine (Arg) and tryptophan (Trp) 

residues. These synAMPs are amongst the smallest peptides that still have 

significant antibacterial activity2. In particular, the short peptides (RW)3 (see 

Fig. 41A) and the metallocene RcCO-W(RW)2 (Fig. 41B), where RcCO is for 

ruthenocenoyl, are two synAMPs reported by the Metzler-Nolte laboratory and 

tested for antimicrobial activity2,3. When tested against some Gram-positive 

and Gram-negative bacteria strains, these peptides showed MIC values of 1-11 

µM for (RW)3 and 2-6 µM for RcCO-W(RW)2 but no haemolytic activity2. The 

Metzler-Nolte laboratory reported bacterial killing experiments, which 

determine if the compound in question has bacteriostatic or bactericidal 

activity, and growth kinetics experiments, which were undertaken to determine 

the bacteriolytic activity of these two peptides towards the bacterial membrane. 

Consequently, in this work the mechanistic details regarding the interaction of 

these two peptides with SLBs have been investigated using QCM. The outcomes 

will be presented and discussed in the following section. 



  Chapter 6 

[239] 

 

 

Fig. 41: The linear structures of the two short synAMPs: (A) (RW)3 and (B) RcCO-W(RW)2. 

1.1  The benefits and disadvantages of synAMPs 

 SynAMPs represent an interesting new class of AMPs. Firstly, because 

they are designed to have a cost-effective synthesis, to be unaffected by fast 

enzymatic degradation and to be effective with the lowest toxicity possible1,2. 

Furthermore, interesting and innovative molecular species can be introduced in 

the synthesis of de novo peptides such conjugates of metallocenes3,4 or 

organometallic derivatives of platensimycin (a metabolite of Streptomyces 

platensis, which has antimicrobial activity)2,4,5. Moreover, synAMPs with short 

sequences and with relatively simple amino acid composition are easy to make 

and modify according their activity profile. Thus, these peptides are suitable for 

a range of therapeutic applications, although to date the mode of action has not 

been defined or compared with more “traditional” AMPs, such as, magainin, 

melittin and temporin6. 
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1.2  The influence of Tryptophan  

Incorporation of Trp residues into peptide sequences has been employed 

as a probe in fluorescence spectroscopy for the determination of peptide-binding 

affinities or the penetration depth of peptides such melittin7 in model 

membranes8.  

Trp has been shown to have an important influence on the peptide activity. 

For instance, the single Trp residue in melittin is crucial for its haemolytic 

activity7,9. Trp is present in quite high proportions in natural AMPs and CPPs, 

as are Arg residues10. Furthermore, the location of Trp in many CPPs is 

interesting, with one or more Trp residues often found at one end of a helix11. 

Synthetic oligoarginine peptides, containing repeating units of six to nine 

Arg residues, are well known11-13. These highly positively charged peptides are 

considered CPPs since they have been shown to be internalized by various cells 

without damaging the plasma membrane14-17. The translocation of these 

peptides was shown to be influenced by addition of a Trp residue11. For example, 

the inclusion of Trp at the C-terminal end of a hepta-arginine peptide (R7W) 

gives a peptide with a higher cellular uptake and a lower toxicity than R7 

alone14. Another example of the influence of a single Trp residue is the hexa-

arginine peptide R6, interacting with GUVs. The addition of tryptophan slows 

down the translocation of this peptide, leaving the vesicles intact18.  

1.2.1 Location in the membrane 

Trp is a hydrophobic amino acid having an indole ring sidechain. This 

aromatic region is responsible for the positioning of Trp close to the head-groups 

of lipid molecules in the membrane. This preference for being located at the 

interfacial region of the bilayer makes Trp an anchor motif that affects the 

partitioning of peptides and trans-membrane proteins into the bilayer10,19.  

Investigations by NMR and neutron diffraction show that Trp does not 

penetrate into the hydrocarbon core of the lipid bilayer, but it is located at the 

membrane-water interface19. Thus Trp experiences hydrophobic forces, which 

tend to expel the Trp residue from the aqueous phase, complex electrostatic 

interactions, which favour the location of Trp among the polar headgroups of 
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the bilayer, and cohesive repulsions due to the hydrocarbon core19. The latter 

interactions (cohesive repulsion) arise from deeper insertion of the bulky 

“paddle-like” indole sidechain in the bilayer, which disrupts the highly 

favourable and cohesive hydrophobic interactions between the lipid acyl 

chains10. In addition to these interactions, computer simulations of 

pentapeptides WLRLL and WLKLL, show that the Trp residues, when inserted 

into the membrane, associate with the positively charged choline head-groups, 

thus forming hydrogen bonds with both the ester carbonyl of the lipid molecules 

and with water molecules20. To conclude, Trp offers a complex range of 

interactions with lipid bilayers, whether neutral (DMPC), cholesterol-rich 

(DMPC/chol) or negatively charged (DMPC/DMPG). It has also been suggested 

that Trp might form a stable complex with the rigid ring system of the 

cholesterol molecule7. 

1.2.1.1  The cation-𝜋 interactions 

Trp is considered to be a hydrophobic amino acid because the indole ring 

-

electron system of the aromatic indole ring. This quadrupole moment can be 

envisioned as two dipole moments extending perpendicularly out of either 

surface of the ring plane (see Fig. 42A). Specifically the positively charged tails 

of each dipole reside close to the plane of the ring, while the negative charges 

constitute the ends of the dumbbell -

electron system of Trp results in negatively charged clouds that can establish 

electrostatic interactions with various cationic species, such as ions and the 

sidechains of positively charged amino acids10. These interactions are named 

cation- 21 and, in some proteins, are involved in biological 

processes such as catalysis, substrate binding and ion channel activity22. 
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Fig. 42: (A) -electron clouds above and below the aromatic indole 

sidechain. The arrows on the left indicate dipole moments. (B) The parallel cation- nteraction 

between an Arg and a Trp sidechain. Both figures have been modified from Chan et al.10 

Cation-

strong when involving cationic amino acid side chains (Arg, Lys, or protonated 

His)22. The peptides presented in this chapter consist of Trp intercalated with 

Arg residues. The proximity of the side chains of these two amino acids allows 

for cation-

orthogonal, T-shaped orientation22. The parallel arrangement between Arg and 

Trp residues  is preferred (see Fig. 42), since it is energetically favourable in 

aqueous solution, allowing Arg to form almost as many hydrogen bonds with 

water molecules as when it is not involved in interactions with Trp sidechains. 

Furthermore, these cation-

hydrophobic core of the bilayer, thus making the entry of Arg into the bilayer 

more energetically favourable10,21.  

1.2.2 Examples of Trp-Arg containing AMPs 

As previously mentioned, Trp and Arg residues are present in high 

proportion in the sequences of many AMPs and CPPs10. This mutual presence 

allows for a more effective antimicrobial action, since the cationic charges and 
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hydrogen bonds from Arg enhance the interaction with negatively charged 

species on the bacterial membrane surface (eg. LPS, teichoic acid and negatively 

charged phospholipids), while the nature of Trp enables the peptide to maintain 

a prolonged association with the membrane10. 

1.2.2.1 Indolicidin 

The first and most representative Trp-rich AMP to be identified was 

Indolicidin (Table 6)10. This peptide was found in the cytoplasmic granules of 

bovine neutrophils and it is a member of the cathelicidin family of AMPs10,23. 

Indolicidin is 13 residues long, with a C-terminal amide. It contains the highest 

proportion of Trp residues ever found (39%). This peptide has a broad activity 

towards both Gram-positive and Gram-negative bacteria, as well as fungi and 

protozoa, and has also been shown to be haemolytic10,23.  

NMR studies show that indolicidin adopts an extended structure when 

bound to zwitterionic dodecylphosphocholine (DPC) and anionic sodium dodecyl 

sulfate (SDS) micelles24. This structure has a “wedge-type” shape since the 

tryptophan and proline residues forming a hydrophobic core, flanked by the 

positively charged arginine and lysine residues localized at the ends of the 

structure (see Fig. 43)10. It has been suggested that indolicidin, when inserted 

into the DPC membrane, interacts with the interfacial layer of the bilayer 

through the hydrophobic core and with the lipid head-groups through the 

positively charged regions. Traditionally, indolicidin is considered a pore 

forming peptide23,24. However, how this AMP permeabilises the membrane is 

still not clear. Recent investigations suggest it acts as organic anion carrier in 

the presence of zwitterionic membrane23 and translocate into the cytosol and 

subsequently binds to DNA10.  
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Fig. 43: NMR structure determined in solution of indolicidin (PDB ID: 1G89) when bound to 

dodecylphosphocholine (DPC) micelles24. Positively charged side chains are coloured in blue and 

remaining side chains in grey. Figure modified from Nguyen et al.25  

1.2.2.2 Tritrpticin 

Tritrpticin (see Table 6) is a 13 amino acid peptide. It is also a member of 

the cathelicidin family and it is characterized by having four Arg residues and 

three consecutive Trp residues, which forms a tryptophan motif in the centre of 

the peptide. In the presence of SDS micelles, this peptide adopts an amphipathic 

conformation resembling a “wedge-type” shape, as observed for indolicidin, with 

the Trp residues clustered together and inserted in the hydrophobic core of the 

micelle26. 

Tritrpticin induces membrane leakage to various degrees in different types 

of model membranes26. It has a higher lytic effect towards membranes 

containing negatively charged lipids. It has been suggested that this membrane 

lysis is caused by the formation of toroidal pores at sufficiently high 

concentrations of tritrpticin, in accordance with the Shai-Matsuzaki-Huang 

model (cf Chapter 3). These toroidal pores result from a large hydrophobic 

cluster formed by the three Trp residues during the membrane insertion by 

tritrpticin26.  

1.2.2.3 Synthetic Combi-1 and Combi-2  

Combi-1 and combi-2 (see Table 6) are de novo hexapeptides derived from 

the screening of synthetic combinatorial libraries10. They are unstructured in 

solution, but adopt ordered structures when in contact with zwitterionic DPC 

or anionic SDS micelles. Interestingly, combi-1 only adopts an amphipathic 
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structure when in contact with SDS micelles, unlike combi-2, which adopts a 

coiled and amphipathic structure in both micelle types10,27.  

Several studies have shown that both combi peptides have a high 

preference for anionic membrane surfaces10,28. Moreover, the Trp residues have 

been shown to be buried deeper in anionic lipids10. Confocal microscopy studies 

of fluorescein-labelled combi peptides show that these peptides rapidly 

penetrate bacterial cells without lysis27,29. Consequently, it has been suggested 

that both combi peptides utilize their amphipathic structure to first interact 

with the membrane and then to aggregate. Finally, they translocate via pores 

with a very short life time to reach their intracellular target10. 

Table 5: Amino acid sequences of some Trp-rich AMPs10. 

Name Sequence Origin 

Indolicidin ILPWKWPWWPWRR-NH2 Bovine neutrophils 

CP-10A  ILAWKWAWWAWRR-NH2 Synthetic derivative of 

indolicidin 

CP-11 ILKKWPWWPWRRK-NH2 Synthetic derivative of 

indolicidin 

Tritrpticin VRRFPWWWPFLRR Porcine leukocytes 

Combi-1 Ac-RRWWRF-NH2 Synthetic 

Combi-2 Ac-FRWWHR-NH2 Synthetic 

 

1.2.3 Organometallic compounds as antibacterial agents 

A new strategy in fighting bacterial infection comes from the 

organometallic derivatives of biomolecules3. Organometallic compounds (that 

is, metal complexes including at least one direct, covalent metal-carbon bond) 

have already been used as anticancer drug candidates30,31 and as antibacterial 

agents4.  

Recent antibacterial testing highlights the potential efficacy of synAMPs 

containing a metal ion within their amino acid sequences2,3. The metallo-
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peptides of interest here are classified as metallocene-peptides. Metallocenes 

-bonded cyclopentadienyl (Cp) ligands 

coordinated to a metal atom30. They are part of a class of organometallic 

compounds, which are defined as metal complexes containing at least one direct, 

covalent, metal-carbon bond30. Other types of organometallic compounds 

include metal-arenes (half-sandwich), metal-carbenes and metal-carbonyls. All 

these compounds have characteristics of lipophilicity, kinetically stable, often 

uncharged and typically have the metal in a low oxidation state30. Some 

examples of organometallic compounds used in anticancer drugs are: ferrocene 

(Cp2Fe), found in the drug Ferrocifen, which is effective against some kinds of 

breast cancer cells; half-sandwich complexes based on ruthenium and osmium 

that are selective inhibitors of protein kinases; and ruthenium- and osmium-

arene compounds31. In addition, there have been reports of organometallic 

derivatives of quinolone antibiotics containing ruthenium which show good 

antimicrobial activity3,4. 

1.2.4 Ruthenocene 

The metallocene ruthenocene (Rc: dicyclopentadienyl ruthenium, Cp2Ru) 

is part of the more generic group of “sandwich compounds”, since it consists of 

a ruthenium ion bound symmetrically (sandwiched) between the planes of two 

cyclopentadienyl rings. The role of ruthenium in anticancer drugs has been 

already demonstrated30,31. More recently, the ruthenium-organometallic 

compounds contained in synAMPs have been investigated as antibacterial 

drugs2. In terms of antibacterial agents, another metallocene, ferrocene (Fc, 

Cp2Fe), has been employed in the de novo synthesis of AMPs and shows 

encouraging results against the Gram-positive S. aureus3.  

The increase in antibacterial activity showed by these synAMPs 

containing Rc or Fc two compounds is most probably due to the higher cellular 

uptake due to the presence of the metallocenes, which should  increase the 

peptides’ hydrophobicity. However, the hydrophobicity of these two 

organometallic moieties was not believed to be the predominant factor for 

antibacterial activity of the synAMPs since the substitution of Rc with Fc 
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resulted in an increase of the MIC values towards Gram-positive bacteria2. 

Differences on the MIC values could be due to the size of the two metallocene: 

Rc is slightly larger than Fc (~ 0.17 Å), which might result in a more disruptive 

interaction towards bacterial membranes. Furthermore, the physicochemical 

properties of the metallocenes could also contribute to the enhanced 

antibacterial activity. For example, the more extended d-orbitals of Rc form 

stronger hydrogen bonds with OH or NH groups on the peptide backbone or 

with other entities, e.g. lipid head-groups, than Fc32.  

1.3 Aims 

The peptides (RW)3 and RcCO-W(RW)2 are two short Arg- and Trp-

containing synAMPs. They have shown rapid bactericidal and bacteriolytic 

properties against Gram-negative and Gram-positive bacteria. These results 

suggest the bacterial membrane is a target for both synAMPs2. Furthermore, 

these two peptides show different bacterial killing kinetics, with the 

metallocene-peptide being faster than (RW)3, although their MICs values are 

similar. Therefore, an investigation using QCM was valuable to characterize 

the mechanism of activity of (RW)3 and RcCO-W(RW)2 peptides and explore the 

role of the metallocene moiety. 
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2 Material and methods 

2.1 Peptides 

Peptide stock solutions of 500 µM were made by dissolving a certain 

amount of peptide in ultrapure water and then stored at – 20 °C. For the 

experiments, aliquots from stock solution were diluted in phosphate-buffered 

saline (PBS) at the desired concentration. However, the peptide RcCO-W(RW)2, 

was dissolved in a stock solution of DMSO 1% because of its low solubility in 

water. 

2.2 Buffer preparation 

Sodium chloride (≥ 99.5%), potassium phosphate monobasic (anhydrous, ≥ 

99.0%) and potassium phosphate dibasic (anhydrous, ≥ 98%) were purchased 

from Sigma-Aldrich (Castle Hill, Australia). Ultrapure water was used with an 

initial resistivity of 18.2 MΩ•cm (Sartorius AG, Göttingen, Germany). 

Phosphate buffered saline (PBS, pH 6.9 ±0.1) was prepared having 20 mM 

phosphate and either 100 mM (“high-salt”) or 30 mM (“low-salt”) sodium 

chloride in water. 

2.3 Liposome preparation 

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-

sn-glycero-3-phospho-rac-(1-glycerol) (sodium salt) (DMPG) were purchased 

from Avanti Polar Lipids (Alabaster, USA). Cholesterol, chloroform (≥99.8%) 

and methanol (≥99.9%) were purchased from Sigma-Aldrich (Castle Hill, 

Australia). DMPC and cholesterol were dissolved in chloroform and DMPG was 

dissolved in chloroform/methanol (ca. 3:1) to create individual 5 mM stock 

solutions. These solutions were then aliquoted into test tubes to obtain the 

desired lipid composition (DMPC/cholesterol 7:3 v/v, and DMPC/DMPG 4:1 v/v). 

The solvent was evaporated under a stream of nitrogen and the test tubes were 

then dried under vacuum. To prepare the liposomes, the lipids were 

resuspended in high-salt PBS (100 mM NaCl) to a lipid concentration of 0.5 mM 
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and then incubated at 37 °C, vortexed and briefly sonicated (between 5 and 10 

min) in a bath sonicator prior to use.  

2.4 Modification of QCM-D sensor chips 

Absolute ethanol (≥ 99.7%), propan-2-ol (≥ 99.0%) and hydrogen peroxide 

(30%) were purchased from Merck (Kilsyth, Australia). Ammonium hydroxide 

solution (28%) was obtained from Ajax Finechem (Seven Hills, Australia). 3-

Mercaptopropionic acid (MPA, ≥ 99.0%) was purchased from Fluka, BioChimica 

(Buchs, Switzerland). The QCM-D sensor crystals used were polished, gold-

coated, AT-cut quartz chips with a fundamental frequency of ca. 5 MHz (Q-

Sense, Västra Frölunda, Sweden). Immediately before measurements the chips 

were cleaned in a solution of ammonium hydroxide: hydrogen peroxide: water 

(1:1:3 v/v) for 20–25 min at ca. 70 °C. The chips were then rinsed thoroughly 

with water. Surface modification with MPA was conducted by immersing a 

freshly cleaned chip into a 1 mM solution of MPA in propan-2-ol for at least 1 

h. This creates a self-assembled monolayer of negative charge on the chip 

surface. Excess MPA was removed by rinsing with propan-2-ol. The chips were 

then dried under a stream of nitrogen and assembled into the QCM-D chambers 

ready for use. 

2.5 QCM-D experiments 

QCM-D experiments were performed using the E4 system with flow cells 

(Q-Sense, Västra Frölunda, Sweden). The QCM-D instrument measures the 

relative changes to the resonance frequency (f) and energy dissipation (D) of the 

chip over the course of the experiment. Δf and ΔD were measured 

simultaneously at the fundamental frequency and the 3rd, 5th, 7th and 9th 

harmonics. Data for the fundamental frequency is not presented as it is 

inherently noisy and unreliable. The original data was processed in QTools (Q-

Sense) before being exported for further analysis in OriginPro 8 (OriginLab 

Corp., Northampton, USA). All experiments were conducted at a temperature 

of 19.10±0.05 °C and repeated at least three times. In a typical experiment, 

firstly, a lipid membrane was formed on the chip surface by the introduction of 
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a liposome solution into the QCM-D chamber at a flow rate of 50 µL/min. The 

liposomes adsorb onto the MPA-monolayer, deform, rupture and fuse together 

to form a lipid bilayer. Weakly attached liposomes were removed by washing 

with high-salt PBS (100 mM NaCl) at 300 µL/min and any embedded liposomes 

were ruptured by washing with low-salt PBS (30 mM NaCl) at 300 µL/min. This 

second washing step was introduced to ensure the formation of a homogeneous 

membrane and works by creating an osmotic pressure difference between the 

interior of the embedded liposomes (having a high salt concentration) and the 

low-salt exterior environment, which causes the liposomes to swell and then 

burst. Secondly, after a stable baseline was observed, 1 mL of peptide solution 

was introduced at 50 µL/min. After the flow was stopped, the peptide was left 

to incubate with the lipid membrane for 30 min and then the chamber was 

rinsed with high-salt PBS. 
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3 Results 

3.1 In DMPC membranes 

The actions of (RW)3 and RcCO-W(RW)2 peptides were firstly examined 

with SLBs of pure DMPC. The actions of these two short peptides are displayed 

in Figs. 44 and 45 as plots of Δf vs t and ΔD vs t. Both these peptides showed 

disruption of the membrane layer, since an increase in the frequency and a 

corresponding decrease in the dissipation occurred simultaneously. 

3.1.1  (RW)3 

As illustrated in Fig. 44, introduction of the (RW)3 peptide resulted in 

disruption of the DMPC membrane. This disruption could be identified by the 

rapid increase in the frequency for all four concentrations investigated (1, 5, 10 

and 20 µM), as shown by the Δf–t data in Fig. 44. However, close inspection of 

the Δf–t data shows that an initial small decrease (≤ 1 Hz) was detected after 

approx. three minutes which was more obvious as the concentration increased. 

This initial binding feature was rapid and it was followed by an equally rapid 

mass loss, which could be quantified as 4, 6 and 7 Hz for 1, 5, 20 and 10 µM, 

respectively. Then, still during the introduction of peptide solution (i phase), a 

“secondary” binding could be detected for the concentrations 5, 10, 20 µM. This 

“secondary binding” (≤ 1 Hz) is most probably due to peptide molecules from the 

peptide solution still running into the chamber, which they bind to the surface 

instead of removing more membrane from the sensor surface.  
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Fig. 44: Typical Δf and ΔD versus time plots of (RW)3 peptide interacting with supported 

membranes of DMPC. The dashed lines mark the end of each phase. Phase i corresponds to the 

flow of peptide solution, whereas ii denotes the peptide incubation phase. The rinse with PBS 

solution corresponds to phase iii. The * symbol indicates the end of the PBS wash. The 7th 

harmonic is illustrated. 

Simultaneously, the dissipation decreased between 2.4 x 10-6 and 3.6 x 10-

6 in all four traces. This is consistent with rapid removal of the viscoelastic lipid, 

leaving a more rigid sensor surface. 

During the incubation (phase ii), no further changes in the frequency or 

dissipation were detected. Only with the introduction of PBS buffer (phase iii), 

a very small mass change (Δf ~1 Hz) was observed for all concentrations, 

although the dissipation remained unchanged except for 10 µM. 

3.1.2 RcCO-W(RW)2 

The Δf–t plots for the RcCO-W(RW)2 peptide are shown in Fig. 45. These 

show that the main action of this peptide is membrano-lytic. An immediate 

increase in Δf of 11.35 Hz for the concentrations 5, 10 and 20 µM could be 

observed during the first phase (i). Although a peptide concentration of 1 µM 

was just enough to initiate the solubilisation of the DMPC membrane, 

concentrations of 10 and 20 µM clearly overcame the threshold required for 
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membrane lysis. Interestingly for the higher concentrations, a second addition 

of materials was observed, as indicated by the blue arrow. This mass addition 

corresponds to a decrease in frequency of 9 and 11 Hz for 10 and 20 µM, 

respectively. This “secondary” binding indicates a threshold concentration 

between 5 µM and 10 µM. It is likely that all the peptide in the 5 µM stock was 

involved in the disruption of the membrane, which continued at the end of phase 

i. It is relevant to note that the initial interaction with the membrane at 1 and 

5 µM presented “a threshold”, with insertion into the membrane preceding the 

disruption process (Δf ~1.3 Hz). In contrast, concentrations of 10 and 20 µM 

disrupted the membrane immediately.  

 

Fig. 45: Typical Δf and ΔD versus time plots for the RcCO-W(RW)2 peptide interacting with 

supported membranes of DMPC. See Fig. 44 for the description of each phase. The 7th harmonic 

is illustrated. 

During phase i, as the disruption and re-accretion occurred (i.e. during the 

flow phase), the dissipation decreased for all the concentrations. This 

dissipation was between 1.6 x 10-6 for 1 µM and 4.3 x 10-6 for 20 µM, as shown 

in Fig. 45, upper panel. No further change in dissipation was observed for the 

“secondary” addition process observed in the Δf-t data.  
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During the incubation phase (ii), the dissipation and the frequency 

remained unchanged. The exception was a small removal of mass (Δf ~2 Hz) for 

5 µM peptide. 

Phase iii involved ending the process by rinsing the sensor surface 

thoroughly with PBS  until no more mass was removed (approx 51 minutes). 

The result was that almost all the mass re-bound during the “secondary” 

addition was removed (7 and 7.3 Hz for 10 and 20 µM respectively). 

3.1.3 Evaluation of Δf-ΔD plots for DMPC 

As described for other peptides in previous chapters, the ΔD of these two 

short peptides have been plotted versus Δf in order to examine the structural 

changes within the DMPC membrane due to these peptides. These data are 

displayed in Fig. 46, with the main action for both peptides being substantial 

membrane disruption. However, the action of these two peptides was 

differentiated in terms of the second mass binding process, since it was more 

accentuated for the metallocene peptide RcCO-W(RW)2.  
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Fig. 46: Typical Δf–ΔD plots for the interaction of various concentrations of (RW)3 (left column) 

and RcCO-W(RW)2 (right column) on a DMPC SLB. The response of the 3rd, 5th, 7th, and 9th 

harmonics is presented. The wash with PBS is not included. 
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3.1.3.1 (RW)3 

The (RW)3 hexapeptide data, presented in the left column in Fig. 46, show 

initial  insertion firstly into the membrane (arrow i). However, this initial 

insertion is small and precedes membrane disruption at all the concentrations 

used. In all cases, a positive frequency shifts is seen for all four harmonics, and 

the dissipation decreases continuously (arrow ii). This indicates a disruptive 

action across the membrane bilayer. For most concentrations, the increase in 

frequency, and corresponding decrease in mass, reaches a max. value of 8 Hz, 

for the 3rd harmonic. The exception is the 10 µM data where the max. value is 

~11 Hz. Interestingly, the dissipation decrease was slightly larger for the 9th 

harmonic than for the 3rd. This could mean that a more significant restructure 

of the membrane occurred closer to the sensor surface.  

However, the last step of the process, indicated by the arrow iii, coincided 

with a small decrease in the frequency occurring for the 5, 10 and 20 µM 

solutions. This secondary binding did not cause any change in the viscoelastic 

properties of the system, since the dissipation remained constant. Thus, the Δf-

ΔD plots confirmed the trend already observed in Fig. 44. 

3.1.3.2 RuCO-W(RW)2 

As previously mentioned, the metallocene-peptide had a similar action as 

(RW)3. Indeed, the right column in Fig. 46 shows that, after an initial adsorption 

(step i), the peptide starts to disrupt the membrane. However, no initial 

insertion could be observed for 10 µM and 20 µM of peptide, presumably due to 

the rapid nature of the association.  

The 1 µM solution showed the biggest adsorption (Δf ~1.4 Hz) without any 

change in the dissipation. This was immediately followed by an increase in the 

frequency while the dissipation decreased (step ii). This trend was observed in 

all the harmonics, meaning that the whole cross-section of the membrane was 

removed.  

Finally, a third phase (iii ) was observed. This consisted of a turning of the 

frequency towards more negative values while the dissipation remained almost 
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unchanged. This secondary binding could be observed only for 10 µM and 20 

µM. Hence, a concentration threshold could be located between 5 and 10 µM. 

Contrary to the disruption action, all the harmonics showed a similar decrease 

of ~9 Hz for 10 µM and ~10 Hz for 20 µM. This suggested that a uniform layer 

of “fresh” peptides molecules was introduced during phase i in Fig. 45. In order 

to verify the nature of this addition, a further experiment was done, involving 

washing the DMPC/DMPG (4:1) membrane exhaustively after the binding and 

then adding the same concentration of the peptide. However, the membrane 

used in this case was DMPC/DMPG (4:1) and so the results will be discussed in 

the following section. 

3.2 The second addition of material at DMPC/DMPG 

(4:1) 

The deposition of the DMPC/DMPG (4:1) was found to be variable. 

Therefore, after a careful analysis, a few experiments performed with this 

membrane could not be included in the analysis due to poor lipid deposition. As 

consequence, the concentration study was not as reliable as might have been 

hoped.  

Both peptides showed the same action with DMPC/DMPG (4:1) as seen 

with DMPC, that is, an initial disruption of the membrane followed by small 

mass binding to the surface. Even so, some differences could be identified 

between these two peptides. In addition, and a second step was included in the 

experiment, introducing more peptides at the same concentration as in step one. 

This was done to prove that the “second” binding step involved peptide 

attachment and not the re-deposition of the peptide-membrane previously 

detached. Hence, it was confirmed that the final addition step could be 

attributed to peptide molecules binding to exposed MPA on the sensor surface.  

3.2.1  (RW)3 

Fig. 47 illustrates the Δf-t and ΔD-t plots for the interaction of 20 µM (RW)3  

with a DMPC/DMPG (4:1) SLB. Phases i and iv indicate the injection of two 

distinct batches of peptides into the QCM chamber. Two opposite actions could 

be identified: in the first phase, the peptide action was predominantly lytic (7 
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Hz (3rd harmonic) and 3 Hz (9th harmonic)), in the second addition of peptide 

(phase iv) only binding occurred (~3Hz for all the harmonics). Furthermore, 

during the first phase a small late binding could be detected only for the 7th and 

the 9th harmonics (0.6 and 1.2 Hz, respectively) while traces of the 3rd and 5th 

harmonics showed a continuous disruption. During the incubation (phase ii), 

disruption was still recorded for the latter overtones, with the 7th overtone 

showing a slight effect. The first wash with PBS (phase iii) was able to remove 

a little material, between 1.6 to 2 Hz, which could be a mixture of lipid and 

peptide, or possibly lipid only. Interestingly, the second and last wash with PBS 

was not able to remove any of the material bound during the second peptide 

addition. In fact, further decrease of the frequency was recorded, although it 

was very minor (less than 1 Hz). 

 

Fig. 47: Typical Δf and ΔD versus time plots of (RW)3 peptide interacting with supported 

membranes of DMPC/DMPG (4:1) at the concentration of 20 µM. The dashed lines mark the 

end of each phase. Phases i and iv correspond to the introduction of peptide solution, whereas 

ii and v denote the peptide incubation phase. The rinse steps with PBS solution corresponds to 

phases iii and vi. The * symbol indicates the end of the PBS wash.  

In the meantime, the dissipation (upper panel) decreased from the first 

phase until the beginning of the 3rd phase (iii), and after that, it remained 

constant. Only the 3rd harmonic showed a subtle increase during the second 

incubation time (phase v), but this could be an artefact due to the pump motor 

starting. 
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3.2.2 RcCO-W(RW)2 

The interaction of RcCO-W(RW)2 (20µM) with DMPC/DMPG (4:1) is 

displayed as Δf-t and ΔD-t plots in Fig. 48. As seen for (RW)3, the initial 

interaction of the peptide resulted in an increase in the frequency of 4.1, 2.4 and 

2.1 Hz for the 3rd, 5th, 7th and 9th harmonics, respectively. Then, still during 

phase i, rapid adsorption of material began, resulting in a frequency decrease 

of 6.7, 8.7, 10.1, 10.9 Hz for the 3rd, 5th, 7th and 9th harmonics, respectively. 

During the incubation phase ii, no changes in frequency occurred. During the 

first rinse with PBS (phase iii), the increase in frequency was very similar for 

all the overtones (Δf ~11 Hz). However, while for the 9th harmonic, the increase 

in Δf was very similar to the decrease of Δf during the phase i, for the 3rd 

harmonic, the loss of mass in phase iii, was higher than the mass adsorbed in 

phase i.  

 

Fig. 48: Δf and ΔD versus time plots of RcCO-W (RW)2 peptide, at the concentration of 20 µM, 

interacting with supported membranes of DMPC/DMPG (4:1). See Fig. 47 for the identification 

of each phase. The 7th harmonic is illustrated. 

Subsequently, the second addition of fresh peptide solution (phase iv) 

showed a decrease in the Δf (~11 Hz) for all the overtones. This decrease was 

much larger and more homogeneous in comparison with that of phase i. The 

final exhaustive wash with PBS (phase vi) was able to remove almost all the 

adsorbed material (~8.5 Hz in all the overtones). 
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Meanwhile, the dissipation decreased rapidly during the first phase, in 

agreement with a disruptive mechanism. This decrease came to a halt between 

5.3 x 10-6 for the 3rd harmonic and 3.3 x 10-6 for the 9th harmonic, and no further 

changes in ΔD were detected in each phase (ii → vi). One feature in the 

dissipation was a minuscule increase in ΔD observed for the 3rd and 5th 

harmonic at the very beginning of the peptide interaction. However, this effect 

could be due to the rupture of small unopened vesicles at the membrane surface. 

3.3 The peptide interaction with DMPC/cholesterol 

The interactions of both peptides, (RW)3 and RcCO-W(RW)2, with 

membranes of DMPC/chol were also examined. Interestingly, the addition of 30 

mol % cholesterol in a DMPC membrane caused a shift in the action of both 

peptides from a lytic mechanism to adsorption and insertion into the membrane 

layer. 

3.3.1  (RW)3 

As shown in the Δf-t plots of Fig. 49, the (RW)3 peptide showed a great 

affinity at the DMPC/chol membrane (a decrease in Δf of 16, 17 and 19 Hz for 

1, 5, 10 and 20 µM, respectively). Interestingly, the peptide adsorption on the 

membrane was not a function of concentration. A very similar level of binding 

could be observed for all the concentrations at the termination of the peptide 

flow (i), although the rate of binding did increase with concentration.   
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Fig. 49: Typical Δf and ΔD versus time plots of (RW)3 peptide interacting with supported 

membranes of DMPC/chol 30 mol %. The dashed lines mark the end of each phase. Phase i 

corresponds to the flow of peptide solution, whereas ii denotes the peptide incubation phase. 

The rinse with PBS solution corresponds to phase iii. The * symbol indicates the end of the PBS 

wash. The 7th harmonic is illustrated. 

More precisely, the (RW)3 peptide adsorption was revealed by inspection 

of the dissipation traces are displayed in the upper panel of Fig. 49 to be a trans-

membrane insertion. As the frequency decreased, the dissipation showed an 

increase (less than 2 x 10-6) before decreasing to an average of 1 x 10-6, consistent 

with a stable pore. Interestingly, the largest increase in ΔD was observed for 1 

µM. All the four concentrations followed the same trend, although the lower 

concentrations responded more slowly. The dissipation also showed a small, 

slow decrease during the incubation time (phase ii), while the frequency 

remained quite stable.  

The insertion of (RW)3 into the DMPC/chol membrane also appeared to be 

a strong interaction. If it had simply involved weak electrostatic surface 

interactions, a loss of mass would have been observed during the PBS wash in 

the last phase (iii) of the experiment. This is not seen in Fig 49. Further 

evidence of this strong peptide association comes also from the dissipation, 

which did not change during the PBS wash.  
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3.3.2 RcCO-W(RW)2 

The Δf-t plot of RcCO-W(RW)2 with a DMPC/chol membrane is illustrated 

in the lower panel of Fig. 50. RcCO-W(RW)2 interacted with the DMPC/chol 

membrane in a similar way to (RW)3, i.e. only peptide adsorption was observed. 

The binding was concentration dependent, with the trace corresponding to 1 µM 

having the smallest Δf (-10 Hz), whereas 5, 10 and 20 µM showed a binding of 

16, 18 and 21 Hz, respectively. Importantly, the 1 µM showed a smaller 

adsorption than the 10.4 Hz seen in other experiments carried out.  

 

Fig 50: Typical Δf and ΔD versus time plots of RcCO-W(RW)2 peptide interacting with 

supported membranes of DMPC/chol 30 mol %. See Fig. 49 for the phase description. The 7th 

harmonic is illustrated. 

Further details of the binding are seen in Fig. 50. The blue arrows point to 

an undulation profile of Δf and ΔD at the start of the experiment, after ~7 

minutes from the introduction of the peptide solution. This effect was more 

pronounced for the 20 and 10 µM traces and could be interpreted as an attempt 

of peptide molecules to relocate more deeply into the membrane. This could be 

an indication of pore formation, as described in Chapter 3. However, a deeper 

understanding could be obtained by looking at the Δf- ΔD plots which will be 

discussed in the next section. 

As can be seen from the last stage of the experiment (iii), some material 

was lost from the membrane (with the exception of 1 µM), which resulted in a 
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peptide leftover of ~13 Hz in the case of 20 µM and ~11 Hz for the higher peptide 

concentrations.  

3.3.3 Δf-ΔD in DMPC/cholesterol 

The Δf-ΔD plots in Fig. 51 show some substantial differences between the 

two peptides in their interactions with the DMPC/chol membrane.  

The (RW)3 peptide shows a classical trans-membrane insertion which is 

uniform in terms of Δf for each concentration. All the harmonics decreased in 

Δf: ~17 Hz for 1 µM, ~16 Hz for 5 µM, ~19.5 Hz for 10 µM and ~18.5 Hz for 20 

µM. Looking at the dissipation, the entire process of insertion could be divided 

in two steps: firstly, the dissipation increased until approximately half of the 

peptide adsorbed at the membrane (step i), then it started to decrease (step ii) 

until no more peptide was available to penetrate the membrane (as shown also 

in Fig. 49). The 20 µM concentration was the only one in which the dissipation 

stabilized while the frequency was still decreasing. 

The RcCO-W(RW)2 peptide action was initially similar in effect: i.e. a 

trans-membrane insertion occurred for most of the concentrations, resulting in 

a decrease for Δf of 16.5 ±1.5 Hz for 5 µM, 18.5 ± 1 Hz for 10 µM and 21 ±1 Hz 

for 20 µM. However, the biggest difference from the non-metalated (RW)3 

peptide was in the dissipation. ΔD for the RcCO-W(RW)2 showed an increase 

similar to that observed for the (RW)3 peptide at the beginning of its action (step 

i), however, ΔD stopped changing at around 4-5 Hz, an effect which was more 

pronounced for the 9th harmonic (step ii). The dissipation for RcCO-W(RW)2 

remained almost invariable or had only a small increase until the frequency 

varied no more (step ii). The last step (iii) showed a small increase in 

dissipation. In this last phase, the frequency was constant for 5 and 10 µM, 

while it showed a small decrease for 20 µM.  

A threshold concentration could be identified between 1 µM and 5 µM, in 

terms of the interaction with DMPC/chol, where only the first step was observed 

at 1 µM at the membrane. 
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Fig. 51: Typical Δf–ΔD plots for the interaction of various concentrations of (RW)3 (left column) 

and RcCO-W(RW)2 (right column) on a DMPC/chol 30 mol % SLB. The response of the 3rd, 5th, 

7th, and 9th harmonics is presented. The final wash is not included. 

In both Δf–ΔD plots, it is interesting to notice that the increase in 

dissipation observed in the i step was more dramatic for the 9th than for the for 
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the 3rd harmonic. This could suggest that interactions eventually established 

between the cholesterol and peptide molecules might form a hydrophobic region 

within the inner membrane, creating a looser, more viscoelastic surface. 

Moreover, it seems that the Trp residues could be responsible for this process 

rather than the ruthenocenoyl group, since this increase was observed in both 

peptides.  
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4 Discussion 

Many synthetic AMPs and CPPs contain Arg and Trp residues which are 

believed to be crucial for their actions. Furthermore, the addition of conjugates 

such as metallocenes to peptides has produced interesting antibacterial activity 

towards some Gram-positive and Gram-negative bacteria3. This suggests that 

the integration of organometallics into peptides enriched in Arg and Trp residue 

could be a new and effective way to prepare novel antibacterials. In particular, 

preliminary results regarding the antibacterial activity for both (RW)3 and  

RcCO-W(RW)2 peptides showed their potential for future application as drugs2. 

The QCM results presented in this chapter are in agreement with the definition 

of these peptides as bacteriolytic2. 

4.1 The influence of Trp on the interaction with 

DMPC membranes 

Both of the Arg-Trp-rich short peptides acted via a lytic mechanism, since 

their interaction caused the loss of mass from a DMPC membrane. The presence 

of bulky lipophilic Trp residues (three for (RW)3 and four in RcCO-W(RW)2) 

balanced the positive charges due to the Arg groups (four for (RW)3 and two for 

RcCO-W(RW)2). This amino acid composition and the alternation of Arg and Trp 

residues in the peptide primary sequence could be responsible for the lysis of 

the membrane. Previous work done by Mishra, et al.18 showed the complete lysis 

of GUVs by a hexapeptide of exclusively Arg residues (Arg6) during peptide 

translocation into vesicles. The inclusion of some hydrophobicity, by adding only 

one Trp residue to this peptide, caused the formation of more stable pores. This 

in turn allowed slower leakage from the GUVs without bursting them. However, 

the vesicles formed by Mishra were of a mixed lipid composition, with some 

negatively charged components (PS/PE/PC). In addition, Mishra highlighted 

that the absence of a support underneath the bilayer (like the cytoskeleton, 

which stabilize and enclose the membrane) could be responsible in part for the 

lytic action18. Here, despite the use of SLBs, which do act as a mimic for a bilayer 

interacting with the cytoskeleton, membrane disruption happened anyway.  
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In view of this, the lytic action could come from the high number of Trp 

groups relative to the total number of residues. This enhances structural 

rearrangement of the membrane, since Trp is a lipophilic amino acid with a 

bulky indole ring and prefers to be situated at the polar-apolar interface of the 

bilayer19,20,33. Indeed, MD simulations have shown that the Trp side chain 

establishes cation-

with either a methyl group or the choline head-group quite close to the indole 

ring20. Other interactions set up by the indole ring are hydrogen bonds with 

interfacial water molecules and with the acyl carbonyl group of the lipids20. It 

is relevant to note that these simulations showed that, when the Trp side chain 

is buried deeply in the hydrocarbon core, it still able to make hydrogen bonds 

(one or two) with the interfacial water20. Moreover, the stacked conformation 

between Arg and Trp side chains allows a deeper and energetically more 

favourable penetration of Arg into the hydrophobic core of the lipid bilayer10. In 

conclusion, the composition and position of the residues in the sequence could 

be the reason that these peptides are able to insert deeper into the membrane, 

“carrying” with them water molecules. This results in the membrane being 

disrupted by a “detergent like” action. The formation of pores cannot be 

validated with this membrane composition because the entire action was too 

fast. However, it also cannot be ruled out, since an attempt of pore formation 

could be detected when cholesterol was present (see results). Furthermore, 

peptide aggregation at the membrane, which could lead to pore formation, could 

occur since a low amount of DMSO was required to prevent aggregation in 

solution.  

Peptide aggregation could also be seen in the case of the small “secondary 

addition” observed in Fig. 44 & 45. It is also highlighted as a third step in the 

Δf-ΔD plots. This could be an indication of two possible scenarios. Firstly, the 

resulting “peptide-membrane” complex could, after the initial disruption, 

attract peptide monomers which start to aggregate at the membrane. The other 

possibility might be that interactions between peptide monomers and the 

underlying MPA become exposed, the result of a localized disruption of the 

membrane. This “secondary addition” has also been recently observed by Lu et 
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al.34. Indeed, during the interaction of the melittin peptide with zwitterionic 

artificial membranes, investigated through QCM, a “secondary mass 

adsorption” was observed after the solubilisation of membrane due to the 

insertion of melittin. This “secondary adsorption” was interpreted as the 

continuous adsorption of additional melittin peptides to those already inserted 

in the remaining membrane during the flow-through of peptide solution34. 

4.2 Secondary adsorption highlights the 

equilibrium, between two processes  

The interactions of the (RW)3 peptide with SLBs of DMPC/DMPG (4:1) did 

not provide any new perspectives on the lytic mechanism that had already been 

seen with SLBs of DMPC. As in previous studies, the primary disruption event 

was followed by an initial small adsorption. However, the experiments on 

DMPC/DMPG membranes also revealed that the overtones probing the outer 

membrane layers (3rd and 5th harmonic) did not show any “secondary” binding 

during the first peptide interaction, unlike the 7th and 9th overtone. Disruption 

continued at the surface of the membrane while mass addition was happening 

at the deeper membrane layers sensed by the higher harmonics. This non 

homogeneous response of Δf across overtones could be interpreted as the result 

of peptide (RW)3 inserting in the membrane. This caused an initial deep 

disruption across the membrane, since all four overtones reveal the same trend. 

This means that the membrane disruption was delimited only at the layer of 

the membrane close to the surface.  

As already mentioned, the ruthenocene peptide acted on the DMPC/DMPG 

membrane in the same way as already seen for the DMPC membrane. 

Moreover, its action on the membrane was very similar to the action of the 

(RW)3 peptide. However, the mass removed at the initial disruption was less 

than what was recorded for the (RW)3 peptide. Perhaps the presence of a 

metallocene enhanced the peptide aggregation on the surface, causing it to 

become the prevailing event. This would have resulted in a higher amount of 

peptide uptake than with (RW)3.  
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4.3 The presence of a metallocene: the secondary 

addition in zwitterionic and negatively charged 

SLBs 

DMPC/DMPG (4:1) experiments in which a second addition of fresh 

peptide was made after initial disruption gave a better idea about the nature of 

the interactions between the peptides and the underlying layer on the sensor 

surface. Most probably the “fresh” peptide adsorbed on the MPA layer, which 

was exposed after the membrane disruption. This possibility is justified by the 

absence of any variation in the dissipation values. Moreover, the decrease in Δf 

during the second peptide addition is very similar to the increase in Δf caused 

by the first PBS rinse. This similarity in Δf suggests a “secondary binding” of 

peptides happened in areas of membrane being removed, thus leaving exposed 

MPA.  

However, the presence of ruthenocenoyl in RcCO-W(RW)2 peptide was 

shown to influence the interaction with MPA, since the introduction of the 

second PBS rinse removed a mass nearly equivalent to that of the entire second 

peptide addition.  

4.4 Attempts to form pores in SLBs containing 

cholesterol 

Cholesterol is well known for its condensing and ordering effect on the 

membrane35-37. As already observed with peptides discussed in this thesis, the 

presence of cholesterol in the membrane has a significant effect on the action of 

these short peptides, often switching from a more AMP-lytic action to a CP one.  

First, considering the length of these two RWx peptides, the decrease in Δf, 

displayed in Figs. 49 & 50 was greater for both peptides than that seen with Tat 

(44-57) and Tat (49-57) (Δf ~4 Hz), the short Arg-rich peptides discussed in 

Chapter 5. This higher affinity could be the consequence of the presence of the 

Trp residues in the peptide, which favour the penetration in the lipids by 

shielding the Arg residues10,21. Further evidence comes from the analysis of the 

ΔD vs Δf plots displayed in Fig.51. These indicate a rearrangement of the 
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membrane as a result of the deeper insertion of the peptide (RW)3 to the lower 

leaflet. Thus, deeper insertion could be the start of a pore-like structure, as 

suggested by the increase and decrease of the dissipation. These structures are 

“pore-like” because a single peptide monomer is too short to span the membrane 

width, which generally requires peptides with 20 or more amino acid 

residues38,39. Even the possibility of dimerization for the formation of the 

classical toroidal pores is not available here because it has only been suggested 

for peptides longer than 13 residues40. One possible explanation could be the 

genesis of a “disordered pore-like” structure, resulting from the association and 

aggregation of peptide monomers onto the membrane. In addition, the insertion 

of bulky residues could be the reason for the increased dissipation for the 9th 

overtone in comparison with the 3rd. This indicates a more viscoelastic surface 

on the inner side of the membrane due to the bulkiness of the Trp residues. 

Either way, the inserted peptide creates strong interactions with the membrane 

since the final wash with PBS does not remove any of the peptide inserted, as 

shown in Fig. 49. 

The presence of the ruthenocenoyl group on the peptide appears instead to 

have an influence on the peptide interaction. As the peptide molecules start to 

insert and to expand the membrane layer, the dissipation remains unchanged 

after its initial increase. Afterwards a small increase in dissipation without any 

change in frequency occurs during the incubation time (step iii, Fig. 51), 

suggesting unstable surface binding due to the presence of the metallocene 

group preventing the RcCO-W(RW)2 peptide inserting like the (RW)3 peptide. 

Indeed, some of the RcCO-W(RW)2 peptide adsorbed in step i+ii is washed away 

by the PBS buffer rinse step. Another hint of a possible unstable insertion is 

seen in the small decrease of the dissipation during step ii, which appears 

somewhat like an attempt to insert like a “pore-like” manner.  
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5 Conclusions 

Peptides (RW)3 and RcCO-W(RW)2 have been previously analysed for their 

antibacterial activity2. The results obtained suggested that these peptides 

target the bacterial membrane. Moreover, the high concentrations required for 

hemolysis and for toxicity against human cancer cell lines make these two 

peptides possible candidates for therapeutic use. Consequently, it is important 

to understand how these two peptides interact with artificial membranes that 

reflect the compositions of prokaryotic and eukaryotic membranes. It is also 

important to support the outcomes of antimicrobial testing through in vitro 

studies. 

The QCM data for these two peptides showed their activity to be non-

selective and lytic towards both neutral and negatively charged membranes. 

Furthermore, the screening of the action of these two peptides by QCM was 

undertaken to detect any effects that could be ascribed uniquely to the presence 

of the ruthenocene moiety. In summary, the ruthenocene moiety did not show 

any specific contribution to the disruption mechanism of the peptide RcCO-

W(RW)2; however, it seemed instead to reduce the affinity of this peptide 

towards eukaryotic-mimetic membranes, which resulted in a weaker 

interaction.  
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Dual behaviour of the self-aggregating 

AMP, Uperin 3.5, on SLBs  

1 Introduction 

1.1 Uperin 3.5 

Many amphibians release host defence compounds into the surrounding 

environment in response to attack by microorganisms and/or predators1. These 

compounds are released primarily from glands situated in the skin that can 

store a wide variety of peptides, including neuropeptides, toxins, membrane-

active peptides, hormones and opioids1. These skin gland secretions are found 

in species of Australian frogs and toads, from the genera Litoria, Uperoleia, 

Limnodynastes, Cyclorana and Crinia and have been examined during the past 

decade with the aim to identify new bioactive peptides2. The primary structure 

of various host-defence peptides (HDPs) isolated from these secretions was 

determined by positive and negative ion electrospray mass spectrometry and 

automated Edman sequencing2,3. Among the peptides identified, a large group 

are antibacterial and anticancer active peptides. This group comprises both 

short (<20 residues) and longer peptides. The longer peptides are mostly 

caerins, which are a class subdivided into four groups. The caerins from group 

1 are the most active AMPs in solution. They consist of two alpha helices, 

separated by a more flexible hinge region initiated by Pro152. The shorter 

peptides include aureins 1–3, the citropins 1, dahlein 1.2, maculatin 2.1 and 

uperin 3.5 and 3.62.  

The uperin peptides have mostly been isolated from Uperoleia inundata 

and Uperoleia mjobergii species and they are divided into two groups: the uperin 

2.x (eg. uperin 2.1) and the uperin 3.x (e.g. uperin 3.1). All these uperins show 

antimicrobial activity with the uperins 3.x showing good activity against a wide 
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range of Gram-positive bacteria. Interestingly, uperin 1.1 is a neuroactive 

peptide1. 

Among the uperin 3.x, uperin 3.5 (GVGDLIRKAVSVIKNIV-NH2), from 

the toadlet Uperoleia mjobergii1, is of particular interest since it is able to self-

aggregate to form amyloid fibrils (see Fig. 52), whereas the other uperins do not 

aggregate (e.g. uperin 3.6), or aggregate with a much lower efficiency (e.g. 

uperin 3.4)3. Uperin 3.5 (U3.5) self-aggregates into fibrils rapidly, following 

dissolving in a phosphate buffer at pH 7.4 (Fig. 52)3.  

 

Fig. 52: TEM image of the fibrils produced by U3.5. The peptide concentration was 0.5 M in 50 

mM phosphate buffer with 5% ethanol. Self-aggregation is complete in 70 min at 25 °C. Scale 

bar = 1 µm3. Figure modified from Bowie et al.3 

1.2 HDPs as amyloidogenic peptides 

Some host defence peptides (HDPs) are known to aggregate in solution 

and/or with either liposomes or supported lipid bilayers (SLBs)4,5. They are 

known to adopt a unique protein quaternary structure named amyloid, as a 

result of this aggregation4,6. Typical examples are the amphibians peptides 

temporins B and L, magainin-2 and dermaseptins, which form amyloid fibrils 

in the presence of acidic phospholipids (i.e. DPPG, POPG)5,7,8. Presumably there 

are other antimicrobial peptides capable of forming fibrils, yet those listed in 

Table 7 are the only ones investigated to date5,6. Only a few of these 
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antimicrobial peptides, protegrin-19, dermaseptin PD-3-710 and uperin 3.53 can 

form amyloid fibrils in solution.  

Table 6: Examples of host defense peptides that form amyloid fibrils5,6. 

Source Peptide 

Humans LL-37 

 Aβ40 and Aβ42 

 Esonophil cationic protein 

 Lactoferrin 

Amphibians Magainin 2 

 Dermaseptin PD 3-7 and S9 

 Temporin B and L 

Insects Melittin 

Cow Indolicin 

Pigs Protegrin-1 

Bacteria Plantaracin 

Synthetic VP1 

 

All these amyloidogenic HDPs share structural cross-beta (β) sheet 

architecture that is characteristic of the amyloid fibril11. A number of amyloid 

proteins and peptides are thought to be the causative agents in 

neurodegenerative diseases, such as Alzheimer’s disease (Aβ: Amyloid-β 

peptide)12-14 -Synuclein protein)15,16, systemic disorders, 

such as type II diabetes mellitus (IAPP: islet amyloid polypeptide)16,17 and 

haemodialysis-related amyloidosis (Beta2-microglobulin: Aβ2M)17,18.  

Recently, a suggestion has been made that neurodegenerative diseases 

could be linked to the mal-functioning of antibodies in the host defense system6. 
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Hence, an investigation of the properties of U3.5 would be a valuable addition 

to the understanding of the structure and function of amyloidogenic peptides. 

1.3 Amyloid structure 

The biophysical definition of amyloid is a long filament with a diameter 

between 6 and 12 nm19. Each filament is composed of a repeating substructure, 

which consists of stacked hydrogen-bonded β-strands separated from each other 

by a distance of 4.7 Å (see Fig. 53). The β-strands run perpendicular to the fibril 

long axis, thus forming a cross-β sheet of indefinite length, which extends 

laterally along the fibrils20. These associate via side-chain packing, with a 

distance from each other of ~6-11 Å. These stacked β sheets form a final 

protofilament by twisting around the central axis of the fibril11. Therefore, the 

protofilament represents the core structure of the amyloid fibrils although 

originating from different proteins and peptides12,21.  

 

Fig. 53: (A) Visualisation of amyloid fibrils in negatively stained TEMs. (B) The schematic 

diagram of the cross-β sheets in a fibril, with the backbone hydrogen bonds represented by 

dashed lines, indicating the repetitive spacing20.  

1.3.1 The process of amyloid formation  

Typically, the generation of amyloid fibrils is via a nucleation-dependent 

process22 and is adopted by various peptides such as the HDP temporins and 
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the Aβ peptide4,6. Fig. 54 illustrates that this process can occur both in aqueous 

solutions (Fig. 54A) and within a membrane (Fig. 54B). In general, the 

formation of fibrils is described by an initial rate-limiting step, during which 

monomers of soluble peptides are converted into small oligomers (dimers, 

trimers) of β-sheet secondary structure (Fig. 54A and B). These oligomers then 

organize as nuclei, which assemble into higher-ordered protofibrils (Fig. 54). 

After this organizational lag phase, the elongation of these protofibrils occurs 

rapidly through the addition of monomers, with the resulting generation of 

mature fibrils. These fibrils then become insoluble and their deposition gives 

formation to amyloid plaques16.  

 

Fig. 54: Model for the interconnectivity between amyloid formation and membrane disruption. 

The process of amyloid-fibril formation is illustrated at the top (A) in which misfolded proteins 

are converted to β-sheet oligomers. These oligomers aggregate in protofibrils then into mature 

fibrils. The role of membranes in amyloid formation and toxicity is represented on the bottom 

(B) -helix conformation at the membrane interface. 

The accumulation of more peptides generates oligomers that can assume a β-sheet 

conformation. Once a threshold is reached, insertion into the membrane then occurs via a 

transmembrane pore, which creates leakages within the membrane layer. Preformed anular 

protofibrils can also form which can cause membrane thinning via a detergent-like mechanism, 

or causing the extraction and incorporation of lipids into the developing fibrils16. 
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1.4 The role of the membrane in fibrillogenesis 

The presence of the membrane is believed to enhance the fibrillogenesis 

process of protein/peptides23. For this scenario, a model has been proposed (Fig. 

55), which has been extrapolated from the four-step thermodynamic model of 

White & Wimley about the partitioning, folding, insertion and association of a 

-helix24.  

 

Fig. 55: The process of peptide association and insertion in a lipid bilayer4,6. Details are 

discussed in the text. 

In this model, the membrane is involved into every step of amyloid 

formation4:  

A.  The membrane attracts and concentrates unfolded peptides by 

establishing electrostatic interactions between the basic residues 

of the polypeptides and the anionic lipid head-groups25. 

B.  The anisotropic environment of the lipid surface orients the 

binding peptide in a way that the hydrophobic domains are in 

contact with the lipid acyl chains, while the hydrophilic domains 

stay on the membrane surface in contact with the aqueous phase. 

At the same time that the peptide enters the membrane 

interfacial environment, a change in the peptide conformation 

occurs, -helix. This change is very rapid, 

beginning in approximately 10-5 sec and is mainly promoted by the 

establishment of intramolecular hydrogen bonds4. Examples are 
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the peptides IAPP and temporins, which adopt an amphipathic -

helical conformation upon associating with phosphatidylcholine 

membranes 7,15. 

C.  Once a peptide concentration threshold is reached, peptide 

monomers and/or oligomers insert perpendicular to the 

membrane. This step is influenced by the physicochemical 

characteristics of the bilayer, for instance the lipid packing 

density; in particular, the presence of anionic lipids promotes the 

membrane intercalation of amphipathic peptides.  

D.  The presence of anionic lipids that are associated with peptide 

molecules neutralize the charges of the basic residues. This 

favours the peptide molecules to be aligned. 

E.  The alignment of these peptide molecules facilitates the 

oligomerisation of multiple -helices. The oligomeris -

helical peptide IAPP is an example of this kind15. 

F.  These oligomers change their conformation into a more 

energetically favourable β-sheet22. These β-sheet oligomers, which 

might form channel-like structures, aggregate further into inert 

and mature amyloid fibrils. During the generation of mature 

fibrils some lipid membrane could be extracted and incorporated 

into the developing fibrils resembling thus a disruptive process4,16. 

An interesting point is that the peptide-to-lipid ratio (P/L) has an 

important role in the transition to β-sheet conformation. At high lipid ratios, 

-helical conformation of the peptide adsorbed in the membrane 

predominates, because the interactions between -helices are hindered. 

Instead, once a threshold of peptide concentration is reached, the number of 

peptide-peptide interactions increase thus promoting the conversion to β-

sheet16. 
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1.4.1 Permeabilisation of the membrane by the protofibrils 

There is a general consensus that the mature amyloid fibrils are an inert 

species, whereas the prefibrillar intermediates (oligomers and protofibrils) 

cause damage to the cell membrane6,15,16,26. Regardless of the origin, these 

“toxic” protofibrils share some properties that are necessary to permeabilise the 

plasma membrane. Firstly, the amino acid composition of the monomers is not 

very important, however, the length of these peptide monomers should be 

between 3.3 to 4.5 nm, which corresponds to ~20 or more residues in order to 

span the width of the lipid bilayer (shorter peptides might dimerize)6. 

Furthermore, the sequence of the amyloid peptides should be amphiphilic, in 

order to both bind and concentrate with the polar head-groups at the membrane 

interface and interaction with the hydrophobic bilayer core4. 

The permeabilisation of the membrane could happen at several stages: 

either at the initial interaction of the monomers with the membrane, i.e. after 

their binding but within the lag phase of fibril formation, or during the 

development of the fibril at the membrane surface15,16,27. Once a high peptide: 

lipid ratio is reached, leakage in the membrane can occur through the formation 

of stable pores or ion channels9,16. Otherwise, disruption of the lipid bilayer is 

also possible via a carpet27,28, or detergent-like mechanism15. Precisely, it has 

been suggested that a possible cause of membrane permeabilisation could be 

due to the physical state of the peptide molecules binding to the membrane: 

when oligomeric species are preformed in solution, a perturbative activity 

through pore formation occurs, while the binding of monomers or small 

oligomers could be responsible for carpet/ detergent action on the 

membrane12,15. 

 

1.4.2 Factors that influence membrane activity 

The formation of protofibrils and their action on the membrane is 

influenced by many environmental factors, such as pH, temperature and the 

composition of the solution they are dissolved in4,12. However, a significant 

contribution to amyloidosis comes from the lipid bilayer, both the biophysical 
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properties as well as its highly dynamic organization of the membrane4. The 

presence of anionic lipids has been shown to trigger the fibrillogenensis process, 

promoting the binding and the insertion of oligomers into the membrane and 

their conversion into β-sheet, which then results in cytotoxic activity4,16,27. The 

presence of cholesterol in the membrane also demonstrates an influence on the 

adsorption, the activity of peptides and on the fibrillisation process as well29,30. 

An example is the insertion and amyloid formation of the Aβ peptide influenced 

by the molar concentration of cholesterol present in the membrane31,32.  

1.5 Aims 

Early studies highlighted the antibacterial and anticancer activity of the 

self-aggregating uperin 3.5 (U3.5) peptide1,2. However, the membrane activity 

of this peptide has not been determined. U3.5 could adopt a carpet mechanism 

as observed for the related uperin 3.6, since they are both toxic to Gram-positive 

bacteria. Both these peptides have 17 amino acid residues in their sequence, 

which should be too little to span the lipid bilayer and hence formation of 

pores2,6. However, the formation of pores seems to be characteristic to 

amyloidogenic peptides, i.e. oligomeric species aggregate in anular protofibrils 

creating pores in the membrane15,16. Hence, the unusual combination of the 

properties of U3.5, which has been shown to aggregate in an amyloid manner3, 

and also has antimicrobial activity, provides an exciting opportunity to explore 

the role of fibrillar aggregates in antimicrobial action.  

Thus, the properties of U3.5 were investigated with SLBs by QCM-D. 

This label-free technique has been previously successful in investigating 

interactions between artificial lipid membranes and amyloid peptides33-35. 

In this study, QCM-D has been used to investigate the properties of U3.5 

towards SLBs formed by DMPC, or by a mixture of DMPC and DMPG (4:1) v/v. 

The membrane composition was chosen to determine how this influenced the 

peptide association and if the peptide aggregation was affected, and/or behaved 

differently from non-aggregate state. Furthermore, the membrane consisted of 
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a mixture of DMPC and cholesterol, which was used to determine the effect of 

cholesterol on peptide properties.  

Both the U3.5 monomers and prefibrillar forms showed a lytic activity, 

regardless of the presence of anionic lipid. However, a switch in the uperin 

behaviour, from a lytic to a “cell-penetrating” peptide, happened when 

cholesterol was introduced into zwitterionic membranes. The information 

extracted from this investigation could be helpful in understanding the 

association between amyloid formation and toxicity peculiar of some amyloid 

disease associating peptides. 
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2 Materials and methods 

U3.5 was synthesised commercially by GenicBio (Shanghai, China), using 

L-amino acids and standard solid-phase methods, and were typically greater 

than 85 % pure (by High Performance Liquid Chromatography and MS)36. 

Peptide stock solutions of 400-800 µM were made by dissolving a certain 

amount of peptide in ultrapure water and then stored at – 80 °C. For the 

experiments, aliquots from stock solution were diluted in phosphate-buffered 

saline (PBS) at the desired concentration. 

Samples of U3.5 were incubated at 37 °C for a minimum of 15 hours before 

being used. In order to investigate the action of “fibrils” on the membrane, 

samples of U3.5, previously incubated, were spinned at 10.000 rpm for 15 min 

at 4 °C. The resulting supernatant was transferred in another eppendorf while 

the pellet was resuspended in PBS.  

2.1 Buffer preparation 

Sodium chloride (≥ 99.5%), potassium phosphate monobasic (anhydrous, ≥ 

99.0%) and potassium phosphate dibasic (anhydrous, ≥ 98%) were purchased 

from Sigma-Aldrich (Castle Hill, Australia). Ultrapure water was used with an 

initial resistivity of 18.2 MΩ•cm (Sartorius AG, Göttingen, Germany). 

Phosphate buffered saline (PBS, pH 7.4 ±0.1) was prepared having 20 mM 

phosphate and either 100 mM (“high-salt”) or 30 mM (“low-salt”) sodium 

chloride in water. 

2.2 Liposome preparation 

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-

sn-glycero-3-phospho-rac-(1-glycerol) (sodium salt) (DMPG) were purchased 

from Avanti Polar Lipids (Alabaster, USA). Cholesterol, chloroform (≥99.8%) 

and methanol (≥99.9%) were purchased from Sigma-Aldrich (Castle Hill, 

Australia). DMPC and cholesterol were dissolved in chloroform and DMPG was 

dissolved in chloroform/methanol (ca. 3:1) to create individual 5 mM stock 
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solutions. These solutions were then aliquoted into test tubes to obtain the 

desired lipid composition (DMPC/cholesterol 7:3 v/v, and DMPC/DMPG 4:1 v/v). 

The solvent was evaporated under a stream of nitrogen and the test tubes were 

then dried under vacuum. To prepare the liposomes, the lipids were 

resuspended in high-salt PBS (100 mM NaCl) to a lipid concentration of 0.5 mM 

and then incubated at 37 °C, vortexed and briefly sonicated ( between 5 and 10 

min) in a bath sonicator prior to use. 

2.3 Modification of QCM-D sensor chips 

Absolute ethanol (≥ 99.7%), propan-2-ol (≥ 99.0%) and hydrogen peroxide 

(30%) were purchased from Merck (Kilsyth, Australia). Ammonium hydroxide 

solution (28%) was obtained from Ajax Finechem (Seven Hills, Australia). 3-

Mercaptopropionic acid (MPA, ≥ 99.0%) was purchased from Fluka, BioChimica 

(Buchs, Switzerland). The QCM-D sensor crystals used were polished, gold-

coated, AT-cut quartz chips with a fundamental frequency of ca. 5 MHz (Q-

Sense, Västra Frölunda, Sweden). Immediately before measurements the chips 

were cleaned in a solution of ammonium hydroxide: hydrogen peroxide: water 

(1:1:3 v/v) for 20–25 min at ca. 70 °C. The chips were then rinsed thoroughly 

with water. Surface modification with MPA was conducted by immersing a 

freshly cleaned chip into a 1 mM solution of MPA in propan-2-ol for at least 1 

h. This creates a self-assembled monolayer of negative charge on the chip 

surface. Excess MPA was removed by rinsing with propan-2-ol. The chips were 

then dried under a stream of nitrogen and assembled into the QCM-D chambers 

ready for use. 

2.4 QCM-D experiments  

QCM-D experiments were performed using the E4 system with flow cells 

(Q-Sense, Västra Frölunda, Sweden). The QCM-D instrument measures the 

relative changes to the resonance frequency (f) and energy dissipation (D) of the 

chip over the course of the experiment. Δf and ΔD were measured 

simultaneously at the fundamental frequency and the 3rd, 5th, 7th and 9th 

harmonics. Data for the fundamental frequency is not presented as it is 
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inherently noisy and unreliable. The original data was processed in QTools (Q-

Sense) before being exported for further analysis in OriginPro 8 (OriginLab 

Corp., Northampton, USA). All experiments were conducted at a temperature 

of 22±0.05 °C and repeated at least three times. In a typical experiment, firstly, 

a lipid membrane was formed on the chip surface by the introduction of a 

liposome solution into the QCM-D chamber at a flow rate of 50 µL/min. The 

liposomes adsorb onto the MPA-monolayer, deform, rupture and fuse together 

to form a lipid bilayer. Weakly attached liposomes were removed by washing 

with high-salt PBS (100 mM NaCl) at 300 µL/min and any embedded liposomes 

were ruptured by washing with low-salt PBS (30 mM NaCl) at 300 µL/min. This 

second washing step was introduced to ensure the formation of a homogeneous 

membrane and works by creating an osmotic pressure difference between the 

interior of the embedded liposomes (having a high salt concentration) and the 

low-salt exterior environment, which causes the liposomes to swell and then 

burst. Secondly, after a stable baseline was observed, 1.5 mL of peptide solution 

was introduced at 50 µL/min. After the flow was stopped, the peptide was left 

to incubate with the lipid membrane for 30 min and then the chamber was 

rinsed with high-salt PBS. 
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3 Results 

3.1 Control of aggregation 

The action of fresh and mature uperin 3.5 (U3.5) interacting with a 

supported artificial membrane was investigated using a QCM-D. Samples of 

uperin were prepared by dissolving U3.5 into a PBS buffer solution having 100 

mM NaCl and a pH of 7.4, at room temperature. The resulting solution was 

clear without any sign of aggregation. The U3.5 concentration used for all the 

experiments reported here was 25 µM. This concentration was chosen because 

it showed a clear and consistent aggregation visible to the naked eye, which was 

not possible to detect at lower concentration.  

Samples of “freshly” prepared U3.5 were then incubated at 37 °C for a 

minimum of 15 hours, in order to examine mature U3.5 aggregates. After 15 

hours, a cloudy formation suspended in these solutions was visible to the naked 

eye. This characteristic formation was interpreted as peptide aggregation, in 

concordance with the finding of Calabrese’s work, which demonstrated the 

ability of U3.5 wild type to aggregate in phosphate buffer36. However, it was 

assumed that this solution was a heterogeneous mixture as not all the oligomers 

aggregated and some remained in solution. In some samples of the incubated 

peptide, centrifugation was used to separate the aggregated pellet from the 

supernatant. In this way the components of the aggregates could be 

investigated separately, these being the fibrillar species and the supernatant. 

Thus, detection of variations in the mechanism exerted by the aggregated 

species could be compared with soluble oligomers on the membrane. It is 

important to mention that in the heterogeneous sample that was fractionated, 

the concentrations of the two phases (fibrillar and supernatant) resuspended in 

buffer could not be determined. 

3.1.1 DMPC versus DMPC/ DMPG (4:1) SLBs 

Firstly, the four U3.5 samples, “fresh”, incubated, supernatant and pellet 

U3.5 were added both to DMPC and DMPC/DMPG (4:1) membranes. As shown 

in Fig. 56 increase in the frequency versus time, consistent with the removal of 
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mass attached to the sensor area, was observed. Thus, the QCM-D data is 

illustrating a lytic action on both membranes.  

The DMPC and DMPC/DMPG (4:1) data will be described in more detail 

in the next section.  

 

Fig. 56: Typical Δf versus time plots of U3.5 wild type interacting with supported membranes 

of DMPC (A) and DMPC/DMPG (4:1) (B). Time point i indicates the beginning of peptide action, 

whereas ii denotes termination of the peptide flow (highlighted also by a vertical line). The 

rinse with PBS solution is also highlighted by a vertical line corresponding to point iii. Traces 

correspond to fresh (green), incubated (purple), supernatant (red) and pellet (black) as described 

in the text. The initial peptide concentration was 25 μM. The 7th harmonic is represented. 

3.1.1.1 Uperin action on DMPC 

The action of U3.5 towards the DMPC membrane is disruptive regardless 

of the sample which is introduced. However, some small variations were 

observed among these preparations as illustrated in Fig. 56A.  

The “fresh” (unaggregated) uperin showed the most rapid loss of 

membrane and two distinct stages were clearly observed (green trace). The first 

stage reached a maximum frequency at about 11 Hz (illustrated by a vertical 

arrow, in Fig. 56A). After ~5 min, a small (~2.5 Hz; 44.5 ng/cm2) addition of mass 

(second arrow) occurred until the flow was ceased at ~ 25 mins. No further 
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change in frequency (mass) was observed during the equilibration phase, (25–

80 mins) and there was only a miniscule change during the final wash step. 

The uperin peptide, when incubated (purple line), initially showed a 

disruptive action similar to that observed for the fresh sample on DMPC 

membrane, Fig. 56A. However, in this case there was only one disruptive stage 

observed before the flow ended (point ii.). A plateau in the frequency was 

maintained from the initial flow to the equilibrium phase and before a second 

disruptive stage occurred at ~50 mins. This later process showed a monotonic 

increase that exhibited similarities to the pellet (from the centrifuged sample, 

discussed below). This second stage in the process is most likely due to the 

physical properties of the fibrillar materials present in the aged sample.  

The data for the remaining two samples shown in Fig. 56A, are the pellet 

(black) and the supernatant (red) derived from an incubated uperin sample that 

has been fractionated by centrifugation. As expected, the supernatant (red 

trace) showed the disruption characteristics similar to the incubated and the 

“fresh” uperin, although the second stage, which was observed for the “fresh” 

uperin, is not evident.  

The pellet (Fig 56A, black trace) also showed disruption at the DMPC 

membrane although, unlike the other samples, the disruption was monotonic 

with a rise in frequency steadily progressing over time, irrespective of whether 

the solution was flowing into the chamber or equilibrating. As noticed earlier 

for the incubated uperin sample, this steady disruption appears to be a feature 

of samples that are rich in fibrillar material.  

3.1.1.2 Uperin action on DMPC/DMPG (4:1) membranes 

DMPC/DMPG (4:1) introduces 20% anionic lipid into the membrane 

composition, representing a bacterial mimetic surface. As observed on DMPC, 

the uperin samples acted similarly with a net disruptive activity on 

DMPC/DMPG (see Fig. 56B). However, the removal of mass from the 

DMPC/DMPG membrane was significally greater for this sample. In fact, 

almost twice the amount of lipid mass was removed by the uperin sample 

whether in the “fresh” or the pellet formulation.  
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As observed for the action of “fresh” U3.5 on DMPC, on DMPC/DMPG the 

two distinct phases are observed in the curve of “fresh” U3.5. However, on 

DMPC/DMPG, the initial loss of mass (~25 Hz) is much greater and preceded 

the second acquisition phase (observed during the flow). As a consequence, the 

net Δf of 23 Hz is maintained during the equilibration phase of the experiment. 

The incubated (purple) and supernatant (red) U3.5 samples behaved in a 

similar manner with rapid disruption to the membrane occurring before the 

flow had ceased (i.e. the sample was still entering the chamber).  

The most significant difference observed by QCM upon introduction of the 

pellet was observed towards the anionic DMPG membrane. The pellet caused 

disruption on DMPC/DMPG that was more rapid than on DMPC, and ceased 

when the flow stopped. This resulted in ~28 Hz increase in frequency during 

the equilibration phase of the experiment. 

This dramatic increase in rate and amount of material removed by the 

U3.5 pellet in the presence of DMPG lipid points towards an electrostatic 

component to the membrane activity of fibrils, which will be discussed later. 

3.1.1.3 Rate of the frequency versus time 

The first derivatives of the Δf versus time traces are able to provide some 

information on the rates of the peptide-membrane interaction, especially when 

these experiments are done with identical flow and equilibrium conditions. 

Thus, the first derivatives (δf/δt) for the experiments are presented in Fig. 57. 

This analysis has been done to highlight the number and nature of each 

interaction as well as the rate. Generally, the traces in Fig. 56 show either one 

rapid (9-12 Hz/min) or two slower steps (< 5 Hz/min), during the first 15-20 

minutes of the U3.5 interaction with the membrane as well as the rate. 

Moreover, in the presence of anionic (DMPC/DMPG) lipids the rates are faster 

for all the samples examined. However, some variations were apparent and are 

compared (DMPC vs DMPC/DMPG) below.  

The “fresh” U3.5 sample acted rapidly towards both DMPC and 

DMPC/DMPG membranes in what appeared, despite the two apparent stages, 

observed in the Δf vs t data. The incubated U3.5 peptide, however, showed two 
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clear events; (i) a slower 3.5-4 Hz/min and a faster ~ 6-11 Hz/min, however, the 

pellet was the slowest, with a very low rate, close to zero. Indeed, the pellet 

disrupted the DMPC membranes with a constant speed, since its rate was 

nearly zero (~0.2), as illustrated by the black trace in Fig. 57A. The supernatant 

sample was similar to the aged U3.5 on DMPC but behaved more like the “fresh” 

sample on DMPC/DMPG, albeit more slowly. 

 

Fig. 57: Typical first derivative of Δf versus time plots of U3.5 interacting with supported 

membranes of DMPC (A) and DMPC/DMPG (4:1) (B). Time point i indicates the beginning of 

the introduction of the peptide solution, whereas ii denotes termination of the peptide flow 

(highlighted also by a vertical line). Traces correspond to fresh (green), incubated (purple), 

supernatant (red) and pellet (black) as described in the text. The initial peptide concentration 

was 25 μM. The 7th harmonic is represented. 

3.1.1.4 Trans-membrane interaction 

Thus far, only the Δf-t data has been described for the U3.5 samples. 

However, inclusion of the dissipation data, obtained concomitantly with the 

frequency is displayed as plots of Δf versus ΔD in Fig. 58 (“Δf-ΔD plots”) for the 

“fresh” U3.5 wild type interacting with DMPC and DMPC/DMPG (4:1) 

membranes. In Fig. 58, the coordinates (0,0) indicate the point where the 

peptide solution was introduced into the QCM chamber, cf Fig. 56. The last 

point in each trace corresponds to the end of the incubation stage (iii, in Fig. 

56) just before the PBS buffer wash. The “fresh” U3.5 demonstrated a similar 
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interaction for both DMPC and DMPC/DMPG membranes. Furthermore, all 

four harmonics (3rd, 5th, 7th and 9th) had very similar traces, but the 3rd harmonic 

showed the greatest disruption, consistent with a disruption process prevalent 

on the membrane surface. A more dramatic disruption occurred at the surface 

when DMPG was included in the membrane since the Δf values between the 3rd 

and the 9th overtone is 11 Hz, whereas this Δf is 2.5 Hz with DMPC membranes. 

Interestingly, the insert in Fig. 58A reveals an insertion, decrease in ΔD with 

only a small change in Δf, before the disruption on DMPC. Whereas, for the 

DMPC/DMPG surface, the disruption was immediate and effective in loss of the 

membrane.  

 

Fig. 58: Typical Δf–ΔD plots for the interaction of 25 μM freshly prepared U3.5 in PBS on a 

DMPC (A) or DMPC/DMPG (4:1) (B) artificial membrane. The response of the 3rd, 5th, 7th, and 

9th harmonics is presented. The wash with PBS is not included.  

3.1.2 The role of cholesterol in DMPC membrane 

The U3.5 samples were studied with SLBs composed of DMPC and 

cholesterol at 30% mol. The addition of cholesterol 30 mol % to the DMPC 

creates a more mammalian mimetic membrane. The Δf vs time plots relating to 

U3.5 interacting with a DMPC/cholesterol bilayer are illustrated in Fig. 59. The 

presence of cholesterol showed a dramatic change in the membrane properties. 

In each sample, “fresh”, incubated, supernatant and pellet, the uperin bound to 
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the bilayer instead of disrupting the membrane. However, this interaction was 

slightly different for all the conditions tested.  

 

Fig. 59: Typical Δf versus time plots of U3.5 interacting with supported membranes of 

DMPC/cholesterol 30 mol %. Time point i indicates the beginning of peptide action, whereas ii 

denotes termination of the peptide flow (highlighted also by a vertical line). Traces correspond 

to fresh (green), incubated (purple), supernatant (red) and pellet (black) as described in the text. 

The initial peptide concentration was 25 μM. The 7th harmonic is represented.  

As shown in Fig. 59, the largest binding was observed for the “fresh” and 

the incubated U3.5 (-6.5 and -5.8 Hz, respectively). The minor binding 

corresponded to the supernatant and the pellet samples (< 3 Hz). An obvious 

reason is that the fractioned samples interacted less than the “fresh” or 

incubated U3.5 as these samples were lower in concentration than 25 M. 

Moreover, from the same figure, the incubated and the pellet samples appeared 

to continue to bind the membrane even after the flow was stopped. At the same 

time instead, the “fresh” U3.5 appeared to slowly disrupt the membrane. 

The final step in these experiments was the rinse with PBS buffer, which 

showed some variation between samples. The buffer wash removed 1-1.5 Hz for 

the “fresh” and supernatant samples; less than 1 Hz for incubated and 

effectively no mass loss for the pellet sample on DMPC/cholesterol. Thus, the 

presence of fibrils in the uperin 3.5 samples seem to favour a strong interaction 
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with the membrane, although the small changes in frequency (mass) means 

that there is considerable error in these data.  

3.1.2.1 DMPC/cholesterol rate analysis  

The analysis of the rate of binding for all the uperin samples at the 

DMPC/cholesterol membrane is shown in Fig. 60. Overall, the rate of 

interaction was much slower compared with the DMPC membranes (cf Fig. 

57A). However, similar trends were found with the “fresh” uperin showing the 

highest rate at 1.5 Hz/min among all the conditions undertaken. The incubated 

U3.5 showed two processes, similar to those found on DMPC (cf Fig. 57A). 

Finally, the rate observed for the supernatant and the pellet was approximately 

zero and was difficult to determine with precision the process. 

 

Fig. 60: Typical first derivative of Δf versus time plots of U3.5 wild type interacting with 

supported membranes of DMPC/cholesterol. Time point i indicates the beginning of peptide 

action, whereas ii denotes the termination of the peptide flow (highlighted also by a vertical 

line). Traces correspond to fresh (green), incubated (purple), supernatant (red) and pellet (black) 

as described in the text. The initial peptide concentration was 25 μM. The 7th harmonic is 

represented. 
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3.1.2.2 DMPC/cholesterol Δf vs ΔD plots 

The harmonic data were once again used to assess if the interaction by 

U3.5 was trans-membrane at the DMPC/chol bilayers. The “fresh” peptide 

showed complete overlap of the harmonics (Fig. 61A) supporting a trans-

membrane insertion spanning through the membrane layer. In conjunction 

with the dissipation values, a two steps process is observed. The initial decrease 

in frequency (-4.5 Hz) and a small increase in dissipation (0.6 x 10-6) is followed 

by a decrease in the dissipation, which reaches a value very close to zero before 

beginning to stabilize. Then, at the point where the flow is halted, a very slow 

disruption process initiates, resulting in the dissipation reaching approximately 

zero and the frequency increasing by 1 Hz. The incubated uperin (Fig. 61B) 

shows an approximately linear increase in dissipation as the mass is binding. 

Interestingly, the harmonics overlap until ~-6 Hz is reached, then a small 

spread occurs, albeit much less than observed for the DMPC or DMPC/DMPG 

membranes. It seems that the prevalent presence of fibrils in the sample (see 

the traces for the pellet) promoted a higher binding and affected the viscoelastic 

properties of the system assessed by the steady increase in dissipation. 

 

Fig. 61: Typical Δf–ΔD plots for the interaction of a 25 μM of either “fresh” (A) or incubated 

U3.5 (B) in PBS DMPC/cholesterol SLBs. The response of the 3rd, 5th, 7th, and 9th harmonics is 

presented.  
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4 Discussion 

4.1 DMPC membranes 

U3.5 is an amphibian antimicrobial peptide that has the unusual ability 

to aggregate in amyloid-like fibres3. Moreover, it has the peculiarity to 

aggregate in saline buffer solutions, whereas other AMPs (i.e. magainin 2, LL-

37 and melittin) aggregate only in the presence of acid phospholipid bilayers5. 

However, the ability of U3.5 to aggregate does not appear necessary for the 

membrane activity. The QCM data clearly show that the presence of monomers 

and small oligomers in the “fresh” U3.5 samples, incubated and centrifuged 

samples are sufficient for disrupting the membrane, as shown in Fig. 56. Thus, 

uperin behaves as many other amyloidogenic peptides (i.e Aβ peptide and the 

-synuclein peptide) that show membrane toxicity even at early stage of the 

aggregation process12,37. 

QCM experiments show that U3.5 does not require the presence of 

anionic lipids in the membrane for disruption to occur, unlike some literature 

suggestions6,7. Far-UV CD spectra showed U3.5 assuming a helical structure in 

the presence of 2,2,2-Trifluoroethanol(TFE) 50% v/v36 -

helical structure is presumed to be the driving force for the interaction and 

disruption of the membrane4,6. The peptide concentration used in this study (25 

µM) was more than enough to have disruption by uperin.  

 

4.1.1 The disruption mechanism 

The membrane disruption that was observed for DMPC surfaces could 

happen through a detergent–like manner adopted by monomers and/or small 

protofibrils that are presumably always present in fresh and aged samples. This 

interaction causes the thinning, and splitting of the bilayer, i.e. resulting in 

disruption15. Moreover, all the conditions examined present the same trend. 

This justifies an overall detergent action by increasing the local concentration 

of the peptide on the membrane; originally by the monomers or small oligomers 

coating the membrane surface and afterward by membrane-bound amyloid38. 
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Thus, the resulting bilayer could be thinner following the removal of lipids from 

the outer leaflet. Alternatively, pore holes could initiate a trans-membrane 

interaction followed by removal of membrane material15. The latter scenario 

seems likely for U3.5 samples that disrupted the whole membrane layer 

corresponding to a change in frequency between -5 Hz and -23 Hz. The 

“incomplete” disruption of the membrane was not because of the shortage in the 

availability of U3.5 since the disruption was completed before the peptide 

solution ceased. Thus, a hypothesis is that uperin acted in localized areas of the 

membrane. As a consequence, a hypothetical scenario is that the resulting 

membrane has a riddled appearance with breaches that are the result of the 

disruptive action of U3.5.  

From Fig. 56A, it is notable that during the introduction of “fresh” U3.5 

on the QCM sensor, the lysis of the membrane was immediately followed by a 

“re-deposition” of material, which was between 2 and 3 Hz. Most probably, this 

“re-deposition” consisted of U3.5 only since the peptide-lipids micelles, 

originating during the membrane disruption, were flushed away from the 

sensor during the flow. Furthermore, this “re-deposition” consisted probably of 

monomers present in the “fresh” U3.5 sample since this behaviour was not 

observed with the incubated and pellet samples. Besides, the supernatant 

sample did not show this feature, most probably because the concentration, 

which was not determined, was enough for the membrane disruption only.  

This “re-deposition” could be driven by electrostatic interactions between 

U3.5, which contains three positive amino acid residues, and negatively charged 

surfaces such as membranes or SAMs, i.e. MPA. In this case, MPA, which was 

exposed after the disruption of membrane areas, could enhance the adsorption 

of U3.5 at localized surface areas by electrostatic interactions. This localized 

binding might initiate the aggregation/fibrillisation of U3.5, as already showed 

in the case of other amyloid peptides such the Aβ peptide that adsorbed on the 

surface of vesicles containing positively charged phospholipids, which lead to a 

higher fibril nucleation rate39.  
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4.1.2 The “leaky slit model” 

The entire process of membrane disruption followed by a “re-deposition” 

of “fresh” U3.5 could be explained by the “leaky slit model”7,28. This model has 

been already proposed for AMPs forming fibrils such Plantaricin A28 and 

Temporins7, where these peptides insert into the membrane with their 

hydrophobic side binding the bilayer. The hydrophilic side of these peptides, 

instead forces the opposing contacting bilayer to assume a highly positive 

curvature. The membrane thus presents permanent leakages (called the “leaky 

slit”) (see Fig. 62). The peptides in the membrane form oligomers, which are 

disposed linearly in an alpha-sheet structure, like a ribbon40. As the Δf vs ΔD 

plots show for U3.5 on DMPC (Fig. 58A), a stiffening of the membrane results 

in the second “aggregation” phase. 

 

Fig. 62: The proposed “Leaky slit “model for the membrane disruption by an amphipathic AMP 

oligomer: a fibrillar ribbon, consisting of a peptide oligomer, is formed within the membrane28. 

The aggregation stage observed is very rapid (Fig. 57) and could be 

initiated by the presence of the membrane7,15,23,39 or more likely to the exposure 

of a negative charge MPA41 that enhances this process. Further support for this 

interpretation was provided by data from the supernatant addition to DMPC 

and DMPC/DMPG membranes, although the concentration is unknown in these 

cases and may not be sufficient to overcome the peptide threshold required16. 

The “re-deposition” stage does not occur in the case of the incubated U3.5. That 

is, the heterogeneity of this sample seems to discourage further membrane 
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binding. Presumably the incubation of U3.5 results in fibrils formed in solution 

thus reducing the number of monomers or small oligomers required to establish 

local high concentrations on the membrane15. Indeed, the lytic activity of the 

incubated sample on the DMPC bilayer is much slower (Fig. 57A) and follows 

at a much later time if compared with the “fresh” U3.5 sample. Therefore, it 

could be that the membrane disruption is initiated by the presence of monomers 

plus small oligomers, as the initial Δf-t data for the supernatant and the 

incubated traces suggest in Fig. 57A, but is followed by the action of protofibrils. 

The slower removal of mass from the membrane for the incubated U3.5 could 

be due to the action of protofibrils, which fragment upon exposure to the lipid 

layer since these protofibrils are less stable compared to mature fibres15,42. 

Alternatively, the reverse process of fibrillogenesis could be active, i.e. 

oligomers could be slowly dissociating from the amyloid fibrils and 

permeabilising the bilayer, a phenomenon that has been already reported by 

Martins and co-workers with the disassembling of Aβ42 amyloid fibrils by 

DOPC liposomes43. This scenario is also valid for both the aged sample and the 

pellet. Finally, another possible reason for the disruption of the DMPC 

membrane being slow could be that the size of some amyloid aggregates present 

in the flow affects their speed, slowing the arrival time at the membrane 

surface.  

4.2 DMPC/DMPG (4:1) artificial membranes 

U3.5 interacts in a similar way with DMPC/DMPG (4:1) membranes, the 

only difference being that the removal of membrane is more rapid and 

extensive. Moreover, the membrane disruption was greater on the membrane 

surface since the highest mass loss was observed by the 3rd overtone. The 

influence of an increase in negatively charged lipids has been reported 

previously in the literature: i.e. that the lipid composition of the membrane has 

a big influence on the peptide interaction and aggregation. Of particular note is 

the presence of negatively charged lipids that promote the peptide association 

and aggregation on the membrane, thus reducing time in the formation of 

protofibrils15,16.  
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Interestingly, the presence of the anionic lipids also triggered a different 

membrane action for the pellet, in which membrane disruption ended before the 

peptide flow was stopped. This could be explained by an increase in the 

breakage of protofibrils by the anionic lipids as the rate data (first derivative of 

the Δf-t) supports an initial step followed by a slower process. Otherwise, the 

presence of more homogeneous sample did not affect the velocity of the incoming 

flow into the QCM chambers. 

4.3 DMPC/Cholesterol 

The nature of the interaction between U3.5 with the membrane is 

influenced by many factors including the composition and biophysical 

properties of the membrane, the temperature, and the pH of the buffer 

solution4,12. However, it was a remarkable switch in membrane activity that 

was observed upon addition of cholesterol to a membrane. U3.5 no longer 

showed any lytic activity towards the supported bilayer of DMPC/cholesterol 

(30 mol %). All the U3.5 samples were able to insert into the membrane, as 

shown by the Δf-t data in Fig. 59. Similar action has been shown by Ji et al.32 

with the Aβ peptide. Here they reported Aβ peptide insertion into the membrane 

layer and a reduction in aggregation into protofibrils or fibrils when the 

cholesterol:phospholipids ratio is greater or equal to 30 mol %32.  

The rate at which uperin adsorbs on the membrane is also much slower than 

the disruption observed on pure DMPC layers (Fig. 57A). Presumably, this can 

be explained by the permeability of the membrane decreasing due to the 

presence of cholesterol, which influences the membrane fluidity, the 

permeability to molecular species and the dielectric properties of the 

membrane12,44. Cholesterol also prevents the crystallization of the hydrocarbons 

and increases the lateral packing of the lipids thereby establishing tight 

interactions, especially for saturated hydrocarbon chains, therefore making it 

more difficult for peptides to insert into the membrane7,45. Hence, it is possible 

that the insertion process into the membrane by monomers or prefibrillar 

species is reduced considerably and is slower. In the case of “fresh” U3.5, the 

membrane action can be broken down into two steps, as illustrated in Fig. 61A. 
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The first step consists of an initial weak binding, which is followed by a decrease 

in the viscoelasticity of the bilayer with any further binding. This initial binding 

is interrupted when the flow is terminated and membrane reorganization, with 

the release of some molecules, creates a stiffer membrane layer overall.  

The incubated U3.5 sample showed the greatest membrane binding overall, 

which could be due to the presence of more lipid molecules on the surface 

(approximately 4 Hz more), or it could be that the increased fluidity of the 

membrane, by cholesterol, increased the affinity towards fibrillar peptide 

aggregates46. In addition, the continuation of binding, which occurs for 

incubated U3.5 once the peptide flow finished, could be due to an enhanced 

fibrillation to mature aggregates that would require removal of uperin 

molecules from the available solution47. 

5 Conclusions 

The ability of U3.5 wild type to aggregate can be confirmed by a simple 

examination to the naked eye. However, QCM experiments reported here 

confirmed that the presence of fibrillar material is not necessary for the 

disruption of a DMPC or DMPC/DMPG membrane. These studies provide an 

important insight into the peptide aggregation phenomena as the aggregation, 

which occurs in buffer solution containing salt, and the lytic activity of the U3.5 

peptide are features that the most characterized amyloid peptides, such as Aβ, 

-synuclein are shown to have as well15,16. As consequence, the 

antimicrobial activity exhibited by some typical amyloid peptides48 can be 

justified as an application of the classical lytic mechanisms adopted by the 

“standard” AMP. Conversely study of amyloid peptide action on the membrane 

highlight the fundamental role of aggregation, which can be seen as an 

intermediate state also for many AMPs5,6,28. 

The presence of cholesterol in DMPC showed an important switch in the 

mode of action of the uperin sample. The uperin samples all interacted the same 

way towards DMPC/cholesterol, now acting in a “cell-penetrating” action 
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instead of “lytic” action observed on DMPC. However, further investigation 

using various ratios of cholesterol/lipid could give more information about the 

role of the cholesterol in this process. Further studies will be conducted in 

examining the peptide concentration threshold necessary to detect the 

concentration where the association with the membrane is followed by a lytic 

action.  
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6 Appendix: 

6.1 The action of U3.5 retro on DMPC artificial 

membranes 

A reverse sequence of U3.5 was synthesised (VINKIVSVAKRILDGVG-

NH2) with the aim to explore the role of primary structure on the aggregation. 

No fibril formation was detected to the visible eye for either incubated or freshly 

prepared U3.5 (retro).  

These samples were studied by QCM on DMPC membranes. The retro 

U3.5 acted on the membrane with the same mechanism adopted by the U3.5 

wild type. The mass removed by the retro U3.5 was greater on the membrane 

surface, as showed in the Fig. A1-B. The larger increase in frequency was 

observed for the 3rd harmonic, which was approximately 4 Hz, whereas for the 

9th harmonic, the removal corresponded to only 0.9 Hz. Interestingly, also for 

the retro U3.5, “fresh” samples, the presence of an adsorption process following 

the disruption was apparent and was more accentuated for the 9th harmonic.  

Interestingly, introduction of the PBS wash on the residual material on 

the membrane (Fig. A1-A, step iii) caused a decrease in frequency, indicating 

peptide insertion into the membrane. This usually is an increase in the 

frequency due both to loosened material having been observed as washed away 

or to sensitivity to the bulk solution49. However, in this case the reason is most 

probably the result of residual monomers of uperin that were still in the tubing 

when all of peptide solution was introduced. Thus, this binding affected the 

structural properties of the membrane since the dissipation increased slightly 

(data not shown).  

Interestingly, the disruption of the membrane was minor for the retro 

U3.5 (3Hz for the “fresh” sample) than for the U3.5 wild type (11 Hz for the 

“fresh” sample). This origin of this weaker activity is not known, however it 

could be because the retro and the wild type U3.5 could have a different 

conformation upon contact with the membrane, resulting in the retro U3.5 
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showing a lower affinity for the lipids than the U3.5 wild type. Overall, these 

results and the absence of aggregation for the retro U3.5 were not able to 

support the notion that the oligomeric species may be contributing to membrane 

disruption.  

 

Fig.A1: Typical interaction between 25 µM retro U3.5 and SLBs of DMPC. Panel A illustrates 

the Δf versus time plots, for the 7th harmonic, of preincubated (pink trace) and no incubated 

uperin (green trace). The time points i indicate the beginning of peptide action, whereas ii 

denotes the moment when the peptide flow was terminated (highlighted also by a vertical line). 

The time points iii indicate the flush of PBS in the chamber. Panel B represents the 

corresponding Δf–ΔD plots of “fresh” U3.5 retro. The coordinate (0,0) corresponds to the time 

when the peptide solution was introduced into the QCM-D chambers. Time increases along the 

trace and the last point in the trace corresponds to the end of the incubation period (i.e. the time 

window from points (i) to (iii) is shown). The response of all the three overtones considered is 

presented.  
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Conclusions 

Antimicrobial peptides are emerging as an attractive alternative to 

“traditional” antibiotics. These new therapeutics are “ancient weapons” from 

the innate immune system from various organisms. Understanding the ‘mode 

of action’ of these peptides is therefore essential in order to develop these new 

antibiotics or enable improvements the activities of existing antibiotics. 

However, despite numerous studies on the activity of AMPs, employing 

various techniques, a clear picture, of antimicrobial activity is still far from 

conclusive. This thesis has presented QCM to be an invaluable approach 

providing a good mechanistic understanding of the interaction between AMPs 

and SLBs, the later reproducing an artificial membrane. The structural changes 

caused by the AMPs at the membrane have provided an important contribution, 

defining and characterizing the peptide action with confidence. These changes 

were discerned using both the change in frequency and the dissipation factor, 

the latter demonstrated here to be a valuable parameter for the detection, in 

real time, changes in the viscoelastic properties of the membrane due to the 

interaction with AMPs 

The utilisation of SLBs as a simple, tuneable model of the plasma (or 

bacterial) membrane allowed the focus of the role that some variables to have a 

determining role in the action of AMPs. Indeed, the membrane composition was  

shown to have a significant influence on which of the mechanisms was adopted 

by the AMPs. The peptide concentration was found to influence the peptide 

activity showing a transition from insertion into the membrane through to 

disruption. Another important factor is the amino acid composition of the 

peptide sequence, since the peptides rich in one particular amino acid residue 

distinguish the peptide in terms of “bacteriostatic” or lytic activity. This was 

well demonstrated for the apidaecin and oncocin peptides and also the (RW)3 

peptides, respectively. 
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The biophysical techniques, QCM, and SECM were employed to study the 

Tat peptide activity, and used in combination, these techniques demonstrated 

a consistent and reliable mechanistic story, highlighting the role of lipid 

composition on the Tat activity. In particular, QCM was able to distinguish 

every transition during the Tat peptide interaction with SLBs and provided 

“fingerprints” for interactions with the membranes. These QCM “fingerprints” 

have provided a clear and unique mechanism for each peptide investigated here 

to be gleaned, specifically where the peptide action towards the membrane is a 

complex transition of various mechanisms, e.g. from pore to “detergent-like” 

mechanism. 

In summary, this study has highlighted the different mechanisms of action of 

various AMPs towards bio-mimetic membranes. In particular this project has 

pioneered the QCM technique that is capable of distinguishing detailed 

mechanistic activities of these AMPs: QCM can be used together with other 

biophysical approaches, such as, AFM and SECM with synergistic outcomes 

achieved. Therefore, this study proves an important contribution on properties 

of AMPs and provides the basis for the development of new approaches or class 

of antimicrobial therapeutics. 
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