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Abstract 

The novel synthetic cationic peptide melimine is a chimera of two natural peptides, melittin and 

protamine. This peptide has a broad spectrum of antibacterial activity against both gram-

positive and gram-negative bacteria while having no toxicity in mammalian cells. Melimine 

was initially synthesised as a coating for contact lenses as a way of reducing keratitis, 

inflammation of the cornea. However, its antibacterial effects also have further potential use as 

an antimicrobial coating for other biomaterial surfaces. 

This peptide has been studied along with four peptide derivatives to determine the effects that 

peptide hydrophobicity, charge and size have on the peptides’ antibacterial properties through 

studying their peptide-membrane interactions. Melimine has previously been shown to reduce 

the integrity of membranes, observed through the leakage of dye from bacterial membranes. 

The membrane-peptide interactions were compared using advanced lipid membrane 

biophysical techniques, including in-silico structural modelling, fluorescent membrane dipole 

measures, differential scanning calorimetry, neutron reflectometry, dynamic light scattering 

and electrical impedance spectroscopy and Arrhenius measures of their interactions with 

tethered bilayer lipid membranes (tBLMs).  

Through analysing the results obtained from these biophysical techniques, the peptide-

membrane interactions of melimine and its derivatives were compared against known modes 

lipid membrane interactions of antimicrobial compounds. These interactions included the 

barrel-stave model, carpet model, interdigitated toroidal pore model, critical packing parameter 

model and other surfactant-like properties. The five peptides showed minimal peptide-

membrane interactions and an inability to span a lipid bilayer, leading to a postulation that 

these five peptides do not conform to having one of these aforementioned modes of action in 

killing bacteria. 

The limited peptide-membrane interactions of the five cationic peptides contrast with their 

known antibacterial activity against bacteria. This suggests that melimine and its derivatives 

may interact with other components of bacterial cell membranes; this could include 

extracellular components, such as porin channels. This research highlights that the assumption 

that cationic peptides adhere to established membrane disruption models for their antimicrobial 
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activity requires reconsideration. This study emphasises the need for an alternative model of 

the antibacterial effects of cationic peptides such as melimine and its derivatives. 
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1. Introduction 

1.1 Antimicrobial Peptides 

Novel antimicrobial peptides are a strategy for new chemotherapies to counteract the increasing 

incidence of antimicrobial drug resistance. A significant example of this rising drug resistance 

is seen with penicillin. Since its discovery in 1928 by Fleming [1], and its effectiveness was 

proven by Florey and colleagues [2-4], penicillin has been widely used as an anti-microbial 

compound. However, its effectiveness, along with that of other antimicrobial analogues, has 

slowly been decreasing over the past 80-90 years [5-7]. Bacteria that have resistance to 

antibiotics were estimated to have killed 700,000 people in 2017, with predictions that this will 

increase [8]. 

An alternative to penicillin can be found in natural antibacterial compounds, in particular, 

antimicrobial peptides (AMP’s), where these peptides are found as a part of immune defence 

in many species of animals [9-12]. AMPs differ from traditional antibiotics in that most AMPs 

target bacterial cell membranes instead of disrupting vital cell processes usually used by 

antibiotics, such as preventing protein synthesis within cells [13] or the inactivation of enzymes 

that control the production of the cell wall in gram-positive bacteria [14]. In this study, when 

discussing antimicrobial peptides, the specific focus was on those peptides that target 

membranes. 

 

1.1.1 Structure of peptide antimicrobials 

Antimicrobial peptides consist of a variety of different types of molecules. The peptides are 

categorised based on their atomic structure, as well as their mode of action or interactions with 

a lipid bilayer. Structures include the secondary peptide structures such as alpha helices (α-

helices) and beta sheets (β-sheet) (Figure 1.1.1.1), as well as thio-ether rings. These structures 

represent the different ways in which the segments of the peptides form into three-dimensional 

structures with the different patterns of hydrogen bonds between the residues of the sequences.  
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Figure 1.1.1.1: Structures of α-helical and β-sheet peptides. (Figure from Whitman, D. 2013) 

[15]  

 

1.1.1.1 α-helix  

The secondary structure known as an α-helix consists of a right-hand helix in which the N-H 

groups of the amino acids link via hydrogen bonds with the C=O groups within a neighbouring 

amino acid in an opposing section of the coil of the peptide chain sequence (Figure 1.1.1.1). 

Peptides with an α-helix structure tend to be more membrane disruptive due to their ability to 

traverse the hydrophobic regions of lipid bilayers [16]. In α-helical peptides, the outer regions 

of the helix contain amino acid residues that are either hydrophobic or hydrophilic, with one 

face typically being hydrophobic in nature and the other usually being hydrophilic [17]. The 

hydrophobic portion of the helical peptides align themselves away from the surrounding water, 

Hydrogen Bond 
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facing the hydrophobic acyl chains of the lipids when interacting with lipid bilayers. This 

process also aligns the hydrophilic side of the helix with the water molecules surrounding the 

lipid bilayer [18, 19]. 

 

1.1.1.2 β-sheet 

Within the β-sheet structure, the segments of the amino acid chains are stretched out, forming 

into β-strands. These strands form hydrogen bonds with neighbouring strands that bond 

laterally, which form into the β-sheet conformation, see Figure 1.1.1.1 

Sidechains extending from the β-strands, containing amino acid residues, may be arranged such 

that the two alternate faces of the β-sheet are hydrophobic and hydrophilic. This arrangement 

allows for one face of the β-sheet to be more hydrophobic, with the other face being more 

hydrophilic [18]. This provides an advantage when interacting with a lipid bilayer, allowing it 

to associate with the inner core of the bilayer as well as the surrounding water molecules [20]. 

 

1.1.1.3 Thio-ether rings 

Some peptides can form into ring-like structures called thio-ether rings or thio-ether bridges, 

sharing a common thio-ether group [21-23]. Thio-ethers are a variation of an ether, whereby it 

contains sulphur atoms instead of oxygen atoms between two functional groups; see Figure 

1.1.1.3. These structures have been called lantibiotics and vary from other AMP’s due to their 

specificity towards particular lipid types instead of a general attraction to a lipid bilayer surface 

due to electrostatic attraction. The lantibiotic duramycin has been shown to inhibit 

phospholipase A2 in lipid bilayers containing phosphatidylethanolamine lipids compared to 

bilayers containing phosphatidylcholine lipids [24]. The lantibiotic nisin has also shown a 

similar specificity towards lipid II. The addition of nisin caused a 50% leakage of dye in lipid 

vesicles containing lipid II. In contrast, in lipid vesicles that did not contain lipid II, a 50% 

leakage was not observed even after increasing the concentration of nisin by 1000 times [25].  
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S
R1 R2

 

Figure 1.1.1.3: Thio-ether bridge linking two functional groups. This bridge forms a 

connection between two residues in a peptide, turning the peptide into a ring-like structure. R1 

and R2 represent two different amino acids within the peptide sequence. 

 

1.1.1.4 Cyclotides 

Another peptide group that shares a similar structure are cyclotides, Figure 1.1.1.4. These 

peptides form into knotted ring-like structures that are bound together with disulphide bonds, 

where there are two sulfurs between the two cysteine functional groups instead of one [26, 27]. 

 

Figure 1.1.1.4: Peptide wheel of a cyclotide showing the disulphide of the cysteine functional 

groups. (Figure Ireland, D et al. 2006) [28]  
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1.2 Melimine and its derivatives 

1.2.1 Melimine 

The antimicrobial peptide melimine is a synthetic peptide [29] that is a chimera of two natural 

peptides, melittin and protamine. It was designed to exhibit a broad spectrum of antibacterial 

activity against both gram-positive and gram-negative bacteria [29]. This was observed after 

the addition of melimine caused a decrease in the membrane integrity of the cytoplasmic 

membrane, as observed through the measurement of  diSC3-5 dye release in both types of 

bacteria [30].  

This peptide is cationic and consists of 29 amino acids seen below: 

T L I S W I K N K R K Q R P R V S R R R R R R G G R R R R 

The arginine residues within the melimine, in particular, give it a strong positive charge, 

providing the peptide with a net charge of +16 at pH 7. It is believed that its positive charge 

encourages a stronger affinity for negatively charged bacterial membranes [31].  

The C-terminus of the peptide is dominated by hydrophilic arginine residues (R). While the N-

terminus of the melimine peptide has amino acids, tryptophan (W), Leucine (L) and Isoleucine 

(I) which all have a hydrophobic nature and these hydrophobic residues increase the likelihood 

of the N- terminus anchoring in a hydrophobic membrane, especially with the presence of the 

tryptophan [32].  

While exhibiting bactericidal properties, melimine is found to not induce bacterial resistance 

after repeated exposure below inhibitory concentrations in both gram-positive and gram-

negative bacteria [29]. Melimine has further been shown to have no toxicity in mammalian 

cells through its inability to cause lysis of red blood cells [29]. This peptide has also been shown 

to have heat stability, resulting in no change in its bactericidal ability against both gram-

positive and gram-negative bacteria after autoclaving at 121⁰C for 15 min [29]. 

A similar hybrid peptide has also been produced, a chimera of cecropin and melittin named 

CEME, which is effective against both gram-positive and gram-negative bacteria [33, 34]. 

Unlike CEME, the aim of melimine’s development was as a coating for contact lenses to reduce 

keratitis, inflammation of the cornea, in humans without losing its bactericidal effects [29, 35]. 
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It was then further shown that it might have potential use as a broad-spectrum antimicrobial 

coating for other biomaterial surfaces [36]. This binding was achieved through using two 

different types of azide linkers, namely 4-azidobenzoic acid and 4-fluoro-3-nitrophenyl azide. 

These two compounds promote binding between glass and melimine through amide bond 

formation and carbon-nitrogen bonds for each azide compound, respectively [36]. Clinical 

trials have subsequently been performed using melimine as an antimicrobial surface coating on 

contact lenses [35, 37, 38]. Findings from these trials have shown that melimine has induced 

corneal staining after being used to coat contact lenses [37]. 

From the primary melimine sequence, four other peptides have also been designed and 

synthesised, namely, cys-melimine, mel4, cys-mel4 and melAlanine.  Each of these peptide 

derivatives was designed with a set role in mind. Mel4 was derived to be truncated while still 

maintaining a similar net charge, the two cysteine derivatives were synthesised to assist in 

surface attachment, and melAlanine was synthesised as a negative control peptide. The 

sequences of each peptide are compared below. 

 

1.2.2 Cys-melimine 

A cysteine moiety was added to the N-terminus of melimine to create cys-melimine. 

 CTLISWIKNKRKQRPRVSRRRRRRGGRRRR 

This peptide was designed to increase the potential for melimine to be used as a surface binding 

agent through the attachment of cysteine-modified melimine on maleimide-functionalised 

glass [39]. This addition of cysteine also permits its use on surgical instruments such as scalpels 

and needles through coordination binding with metal surfaces via the thiol group of this amino 

acid [36].  
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1.2.3 Mel4 

A truncated version of melimine designated mel4 was produced, composed mostly of lysine 

and arginine residues [35].  

KNKRKRRRRRRGGRRRR 

This truncated peptide results in a relatively higher proportion of the positively charged lysine 

and arginine residues. It maintains a net charge close to that of melimine, allowing for similar 

interactions with the negatively charged bacterial membranes. This molecule was produced to 

identify if bactericidal effects can be maintained with a smaller peptide. Mel4 was also used in 

the same clinical trials as melimine [35, 37, 38]. From these clinical trials, mel- exhibited less 

corneal staining than melimine, possibly due to the absence of tryptophan residues [38]. 

 

1.2.4 Cys-mel4 

A cysteine moiety was added to the N-terminus of mel4 to create cys-mel4. Similar to cys-

melimine, the cysteine moiety allows for surface binding.  

CKNKRKRRRRRRGGRRRR 

 

1.2.5 MelAlanine 

MelAlanine is of a similar size and sequence to melimine but has had six of the arginine 

residues replaced with alanines [40].  

TLISWIKNKRKQRPRVSAAAAAAGGRRRR 

This replacement of amino acid residues reduces the net charge of the peptide, permitting a 

comparison of the effect that the charged groups would have within the peptide. 
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1.2.6 Summary of melimine and its derivatives 

Table 1.2: Comparison of the properties of melimine and its derivatives. 

 

 

  

Peptide Size-Molecular 

weight  

(g mol-1) 

Net charge 

at pH 7 

Sequence  

Melimine 3786.47 +16 TLISWIKNKRKQRPRVSRRRRRRGGRRRR 

Cys-melimine 3889.62 +15.9 CTLISWIKNKRKQRPRVSRRRRRRGGRRRR 

Mel4 2348.79 +14 KNKRKRRRRRRGGRRRR 

Cys-mel4 2451.93 +13.9 CKNKRKRRRRRRGGRRRR 

MelAlanine 3275.82 +10 TLISWIKNKRKQRPRVSAAAAAAGGRRRR 
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1.3 Cell membrane structures and peptide interactions 

The peptides listed in Section 1.2 were designed to have a broad spectrum antimicrobial range, 

targeting both gram-negative and gram-positive bacteria. This section outlines both the 

membrane structures these peptides are designed to target and the possible types of interactions 

that these peptides may have with those membranes. A variety of membranes can be found 

within all life, with vast differences between species. One such distinction can be found 

between eukaryotic membranes and bacterial membranes. 

Even within the bacterial domain, the lipid constitution of membranes is not consistent within 

each family and species but are variable depending on environmental influences and conditions 

[41] such as temperature [42], salt concentration [43] and pH [44, 45].  

 

1.3.1 Lipid types 

Within bacterial lipid membranes, a variety of lipids can be found, including phospholipids, 

sulfolipids, glycolipids and ornithine lipids. Examples of the commonly occurring bacterial 

phospholipids include phosphatidylglycerol [46-48], phosphatidylinositol [49-51], 

phosphatidylethanolamine [47, 52, 53], phosphatidylserine, and cardiolipin [47, 54, 55]  (see 

Figure 1.3.1.1).  [46, 56-61]. Glycolipids contain a carbohydrate covalently bonded to the 

glycerol or sphingosine lipid backbone [41]. Sulfolipids contain a head group which possess a  

functional group, containing sulphur, the position of which can vary between each suflolipid 

type, being bound to either a carbon atom or an oxygen atom within the glycerol lipid backbone 

[41]. Ornithine lipids contain the amino acid ornithine as the head group connected to the 

glycerol lipid backbone [41] (see Figure 1.3.1.2). 
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Figure 1.3.1.1: The headgroups of lipids containing phosphate. 

 

 

Figure 1.3.1.2: The headgroups of lipids that do not contain phosphate moieties. 
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1.3.2 Membrane structure 

Traditionally, bacteria are divided into either gram-positive or gram-negative types based on 

the results of the Gram stain test. This test separates bacterial species by their intrinsic 

variations in the thickness of the peptidoglycan barrier and by the presence of an additional 

outer membrane surrounding the peptidoglycan barrier. These differences are explained in 

more detail in Section 1.3.3 and 1.3.4 below. In this test, a crystal violet dye is used to stain the 

bacteria where the peptidoglycan interacts with the dye resulting in a violet colour being 

produced. As Gram-positive bacteria have a more prevalent peptidoglycan layer, they are able 

to retain the staining dye better than Gram-negative bacteria.  

 

1.3.2.1 Gram-positive 

Within Gram-positive bacterial, there are two main membrane structures, the plasma 

membrane and a thick peptidoglycan barrier consisting of polymers of sugars and amino acids 

which helps to reinforce the cell structure, see Figure 1.3.3 A below. The peptidoglycan barrier 

in Gram-positive bacteria is thicker than the barrier present in Gram-negative bacteria. 

Interspersed in and around these layers are various teichoic acids, lipoids and peptidoglycan 

chains forming chelating and tethering structures, holding the membranes together.  

 

1.3.2.2 Gram-negative 

Within Gram-negative bacteria, similar structures are present. Both the plasma membrane and 

the peptidoglycan barrier can be found, along with the chelating and tethering structures. The 

presence of the peptidoglycan barrier is altered, however, as it has a decreased thickness. These 

types of bacteria also contain an additional outer membrane. This additional membrane is 

composed of various phospholipids present in both the distal and proximal leaflets. 

Furthermore, the distal leaflet also contains lipopolysaccharide (LPS), seen below in Figure 

1.3.3 B. 
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Figure 1.3.3:  Differences between the outer membrane structures between Gram-positive and 

Gram-negative bacteria. A Gram-positive bacteria, seen here with the plasma membrane and 

peptidoglycan barrier. B Gram-negative bacteria with additional lipopolysaccharide outer 

membrane. (Figure from Martínez-Carmona et al. 2018) [62] 

 

1.3.3 Interactions of peptides with lipid membranes (modes of action) 

The mode of action of antimicrobial compounds can be separated into a variety of types, such 

as pore modulators, pore formers and lytic compounds [19]. Pore modulators can either affect 

the opening or closing of pre-existing pores within a membrane causing changes in the 

transport of ions across a lipid bilayer. Pore formers are able to insert into a membrane and 

forcefully form a pore in the surrounding lipids. Lytic compounds cause a reaction whereby 

rupture of the cell wall or membrane causes a disintegration of the cell. Depending on the 

secondary structure, the mode of action of each family of different peptides will be different, 

with a higher probability of membrane disruptive peptides having an α-helical secondary 

structure [16]. Through identifying the types of interactions that peptides have with lipid 

bilayers will help to develop an understanding of the mode of action of melimine and its 

derivatives. 
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1.3.3.1 Barrel stave model 

The barrel stave model describes the action of groups of peptides inserting into a lipid bilayer 

and bundling together to create an ionic conductive pore. It has been reported that this group 

of peptides form clusters that resemble the wooden staves of a barrel, giving rise to its name 

[18, 63, 64]  (Figure 1.3.2.1). This pore type was first characterised by Ehrenstein and Lecar 

[63] by studying amphipathic α-helical peptides, alamethicin and suzukacillin.  

Barrel stave-like transmembrane pore formation involves the following steps; at first, there is 

a grouping of peptide monomers onto the membrane surface where the peptides form into 

alpha-helices upon binding with the membrane [65]. Once on the surface of the membrane, the 

hydrophobic regions of the peptides begin to align with the inner hydrophobic core of the lipid 

bilayer, and the hydrophilic regions face the surrounding water [64]. This process is then 

followed by the insertion of the peptide towards the hydrophobic core of the membrane, with 

the hydrophilic regions of the peptides forming the inner section of the pore. The insertion 

begins with the peptides as either monomers or grouped as oligomers [66]. As more peptides 

insert themselves into the membrane, the pore size is continuously increased, resulting in 

increased leakage of the cell contents, typically leading to cell death [19].  

 

 

Figure 1.3.2.1: Barrel stave model. (Figure from Alghalayini et al. 2019) [67] Peptides insert 

into the membrane-like the wooden staves of a barrel. 
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1.3.3.2 Carpet model 

The carpet model was first proposed by Pouny et al. [68] to describe the mode of action of a 

particular peptide, dermaseptin. This model has since been hypothesised to include various 

other types of peptides, including ovispirin and melittin from bee venom [18], with melittin 

exhibiting characteristics from both barrel stave and carpet models [18]. This model describes 

the accumulation of peptides at the lipid bilayer water interface adjacent to the phospholipid 

head groups. (Figure 1.3.2.2) This process is caused by an electrostatic attraction to the lipid 

head groups, whereby the peptides lie parallel to the surface [18, 19]. For these peptides, the 

positive charges are attracted to the negatively charged head group regions of the lipids [19].  

The peptide accumulation on the surface resembles a carpet layer on the membrane surface. 

This carpet-like layer accumulates on the surface of the membrane until a critical concentration 

of peptides have been reached, whereby the peptides are thought to act in concert in a detergent-

like manner, disrupting the curvature of the lipid bilayer leading to a collapse of the membrane 

through the formation of micelles [17]. 

 

 

Figure 1.3.2.2: Carpet model. (Figure from Alghalayini et al. 2019) [67] Peptides are 

accumulating on the surface of the membrane before acting in a detergent-like manner.  
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1.3.3.3 Interdigitated peptide toroidal pore model  

As more studies were undertaken, an increasing number of antimicrobial peptides were shown 

not to conform to the barrel-stave pore model, namely magainins, protegrins and melittin [64, 

69-72]. An alternative method to the barrel stave pore was put forth by Matsuzaki et al. [69]. 

This new method branched off from the barrel-stave model. It incorporated the barrel staves as 

well as lipids into one structure, incorporating the existing toroidal pore structures that are 

already present within the membrane itself. 

In this interdigitated model put forth by Matsuzaki et al. [69],  the barrel-stave-like peptides 

are more spread out, allowing for the presence of the lipid headgroups to be present between 

each peptide. The lipids within the bilayer undergo random flip-flop motions, switching 

between the two leaflets of the bilayer, shown in Figure 1.3.2.3. When peptides insert into a 

lipid bilayer, the interaction between the peptides and the lipids undergoing the flip-flop motion 

leads to the formation of a pore that traverses the membrane. This process causes the monolayer 

leaflets to bend due to the intrusion of the peptides, with the lipid head groups rotating down 

towards the centre of the membrane. As this rotation continues, the two leaflets eventually form 

a continuous connection through the pore and are stabilised with both lipids and peptides. This 

final structure results in the peptides remaining associated with the lipid headgroups without 

associating with the hydrophobic chains in the membrane core [18].  
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Figure 1.3.2.3: Two theories of the interdigitated peptide toroidal pore model. a) Combination 

of lipids and peptides within the bilayer, forming a toroidal pore. (Figure from Alghalayini et 

al. 2019) [67] b) Expanding toroidal pore through increasing radii and an increasing number of 

lipids in the pore. (Figure from Alghalayini et al. 2019) [67]  

 

1.3.3.4 CPP model 

This model describes the insertion of peptides and the interaction with the lipid bilayer through 

changes to the bilayer geometry where the membrane morphology or critical packing 

parameter (CPP) is altered. These changes can lead to the creation of toroidal pores or changes 

in the diameter of existing toroidal pores, causing an increase or decrease in membrane 

conduction [40, 73-75]. 

Due to the influence of a peptide’s shape, the lipid packing is influenced in a way that disrupts 

the geometry of the lipids within the membrane. This geometrical change leads to an increase 

or decrease in the CPP of the lipids and bulk membrane. Lipids bound within a membrane do 

not have much additional space to move, so when the CPP of lipid decreases due to interactions 

with AMPs, an alternative solution is found. This packing problem of lipids can be resolved 

through lipids shifting into the toroidal pore regions within the membrane ( see Figure 1.3.2.4). 
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This shift leads to a thinning of the membrane as well as an increase in the radius of the toroidal 

pores [40, 73]. The increase in the toroidal pore diameter would then be associated with an 

increase in membrane conduction. 

If the insertion of the peptide causes the lipids to become more tightly packed, the CPP of the 

lipids increases, resulting in the lipids within the toroidal pores moving out of the curved 

toroidal pore regions. This movement results in a thickening of the membrane and a decrease 

in the toroidal pore radius, reducing the membrane conduction, see Figure 1.3.2.4. The CPP is 

described in more detail in Section 1.4 below. 

 

Figure 1.3.2.4: The critical packing parameter (CPP) model. As peptides interact and insert 
into the lipid bilayer, the CPP of the lipids is influenced, causing a shift of the lipids into or out 
of the toroidal pores leading to changes in the radius of the pores. (Figure from Alghalayini et 
al. 2019) [67] 

 

1.3.3.5 Surfactant-like peptides 

Other than causing small openings, or closing existing openings, in lipid bilayers, antimicrobial 

peptides are known to cause lysis or large ruptures of lipid membranes. This has been seen in 

many peptide types. Giacometti et al. have shown that the peptide diptericin, upon the 

interaction with E. coli, both the inner and the outer membranes had an increase in their 

permeability, resulting in lytic action [76]. The peptide seminalplasmin, found in bovine 

seminal plasma, is suspected of causing lysis through the activation of the autolysis cascade 
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within bacterial cells, where a response is triggered in the cell that causes its enzymes to self-

digest, leading to destruction [17, 77]. Reddy et al. describe some families of natural peptides 

such as defensins, protegrins and dermaseptins; and synthetic peptides such as metchnikowin, 

tripticin and drosomycin that all have lytic properties [19]. These peptides cause lysis in various 

ways. For both defensins and protegrins, the mode of action that disrupts bacterial membranes 

leading to membrane lysis, is unknown [78, 79]. While dermaseptins cause lytic action to the 

lipid plasma membrane, it is believed that the process shares similarities with the carpet model 

[17]. Two prototypic cyclotide peptides, kalata B1 and kalata B2, cause a surfactant-like effect 

on lipid bilayers containing phosphatidylethanolomine-phospholipids [74]. These two peptides 

caused a massive alteration in the integrity of the membrane. 

The surfactant-like peptides all disrupt cells and their membranes in various ways; while the 

lytic action is similar to peptides that conform to the carpet model, the exact processes exhibited 

by these peptides do not conform to the other modes of actions outlined above. As a result, 

these peptides may not be labelled with an exact mode of action until further research is 

undertaken. 
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1.4 Understanding Lipid Membrane Morphology 

 To understand the possible membrane interactions of melimine and its derivatives, a 

discussion of the steric properties of bilayers needs to be undertaken. For the intrinsic steric 

structure of lipid bilayers to be maintained, a specific spatial geometry is required. The 

relationship between the two main structures of a lipid, i.e., a hydrophobic region at one end of 

the molecule and the polar head group region, determines this geometry. This relationship was 

mathematically defined through the critical packing parameter model (CPP) proposed by 

Jacob Israelachvili [80]. 

The CPP is defined as follows: 

𝑪𝑪𝑪𝑪𝑪𝑪 =  𝑽𝑽
𝑨𝑨𝟎𝟎𝑳𝑳

.  

In this equation, V represents the lipid molecular volume, A0 is the molecular surface area, and 

L is the length of an extended hydrocarbon chain. For individual lipids, these three factors 

dictate the geometry a lipid will take. There are three main types of lipid aggregations; micelles, 

lipid bilayers, and inverted micelles [80]. If the CPP of the lipid is less than 1, the overall lipid 

structure might be depicted as being a cone in shape, with a larger head group tapering down 

towards one or two alkyl (hydrophobic) chains. Lipids with this cone-like structure will 

generally form into micelles (Figure 1.4 B). If the CPP is of the lipid is greater than 1, the lipid 

structure will appear to have an inverted cone shape, with the head group smaller than the alkyl 

chain(s), and will coalesce into a hexagonal reverse micelle structure. For lipids with a CPP 

value that is approximately 1, these lipids generally have a cylindrical structure. This structure 

is the most suitable for the formation of lipid bilayers (Figure 1.4 A).  
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Figure 1.4: Representation of the critical packing parameter affecting lipid shape and bilayer 

formation. A Cylindrical lipid shape leading to a lipid bilayer. B Cone-like lipid structure 

leading to micelle formation. C Inverted cone-like lipid structure leading to hexagonal reverse 

micelle formation. 

 

Recently, we published work that associates changes in a membrane’s CPP with the widening 

of membrane defects (toroidal pores) in the membrane [73]. In this model, increasing the 

weighted membrane CPP would reduce the size of toroidal pores in a fashion similar to that 

described in Section 1.1.3.3 above, whereas lowering the overall CPP causes an increase in 

toroidal pore size and a subsequent increase in basal membrane conduction. Part of this project 

seeks to identify how and if AMPs can also alter a membrane’s weighted CPP and thereby alter 
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the size of intrinsic membrane defects. In this project, I sought to determine whether this is the 

main mode-of-action for many antimicrobials. 

 

1.4.1 Methods of Researching the Peptide-Lipid Interactions of Lipid Bilayers  

Biological cell membranes are complex structures. They perform a variety of functions, from 

providing a barrier that blocks unwanted objects and substances interfering with cell activity, 

to the regulation of metabolic processes and the flow of ions into and out of the cell. These are 

required for the proper functioning of cellular processes. However, the fluidity and ever-

changing nature of these membranes create a complex environment that makes their 

interactions with proteins, peptides, hormones and the like challenging to study. Current 

methods for researching lipid membranes include black lipid membranes, patch-clamp 

electrophysiology, liposomes assays, and tethered bilayer lipid membranes (tBLMs) [81-84]. 

 

1.4.2 Measuring bilayer properties 

The study of lipid bilayers over the last 80 years has had many advances. Changes and 

advancements in the characterisation methods have added to this knowledge. The 

advancements have built upon the understanding of lipid bilayer shape and size of bilayers as 

well as the structure of lipids. In the pioneering works of Katherine Blodgett and Irving 

Langmuir in synthesising monolayers of fatty acids onto existing substrates, a doorway was 

opened into the synthesis of monolayers [85, 86]. From these simplified monolayers, the next 

step has been to synthesise and recreate cell membranes to produce a product that contains all 

the physical properties of a cell membrane while reducing the complexities without detracting 

from the inherent properties exhibited within cells. This process of monolayer synthesis, by 

Blodgett, now referred to as Langmuir Blodgett films, in itself allowed for firsthand knowledge 

into lipid film behaviour. However, the technique is hampered, as there is often a low 

reproducibility, and defects can readily appear in the lipid films produced [87].  

Following on from the work of Langmuir and Blodgett were various techniques used to study 

bilayer membranes. One such method was to study liposomes. Liposomes consist of a lipid 

membrane closed off into a sphere, which encapsulates a small volume of the surrounding 
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solution [88]. Due to their lipid structure, the liposomes may have chemical or physical 

instabilities [89]. Their chemical instability is due to the potential hydrolysis of the ester bonds 

within the lipid structure or the oxidation of unsaturated acyl chains. In some liposome-release 

assays, a self-quenching fluorescent dye is loaded into the liposome and, upon its release via 

the actions of a membrane altering drug or chemical, the overall fluorescence of the solution is 

increased. However, the physical instability is apparent in premature dye leakage from their 

inner volume when used for drug testing or through aggregation and fusion into larger 

liposomes [89]. These limitations do not allow for ease of study in comparison to other cell 

membrane techniques [90].  

Another method of studying lipid membranes is through the technique of patch-clamp 

electrophysiology. This involves using an extracellular pipette to create a seal around a small 

section of a cell membrane [91] (Figure 1.4.2.1). This process results in a seal that has a 

resistance of 10-100 gigaOhms that can be measured in real-time. The resistance of the seal 

depends on small variations and dislocations within the membrane that can lead to a variance 

in the resistance of the seal. If this resistance is too low, there is greater background noise 

interference during measurements [92]. There are further limitations to this sealing process 

whereby obtaining a proper seal is affected by the cleanliness of the pipette tip as well as air 

remaining in the tip during the sealing process. The membrane patch is also easy to rupture due 

to improper handling of the pipette during measurements, and there are often leaks that occur 

around the pipette seal [93]. 

Black lipid membranes (BLMs) are stable artificial membranes that appear as black or grey in 

optical images due to their inherent thinness, which is of the order of a few nanometers (Figure 

1.4.2.2) [84]. The general make-up of these membranes varies from one to another due to 

inconsistencies during the formation process. Furthermore, a residual solvent can linger in the 

BLMs once they are formed, and this can alter intrinsic membrane properties can lead to 

inconsistencies in the acquired data [84]. 
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Figure 1.4.2.1: Patch clamping. An extracellular pipette is used to create a seal around a section 

of a cell to measure the cell’s resistance. (Figure used with permission from 

https://www.ipmc.cnrs.fr/~duprat/neurophysiology/patch.htm, © Franck Aguila, CNRS [94])  

 

 

 

 

 

 

 

 

Figure 1.4.2.2: Black lipid membrane. The membrane seen here is suspended between two 

substrates. The residual solvent can also be seen within the newly formed membrane. (Image 

from https://en.wikipedia.org/wiki/Model_lipid_bilayer [95]) 

https://www.ipmc.cnrs.fr/%7Eduprat/neurophysiology/patch.htm
https://en.wikipedia.org/wiki/Model_lipid_bilayer
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A newer and more modern technology is found in tethered bilayer lipid membranes (tBLMs). 

This technology, in conjunction with electrochemical impedance spectroscopy (EIS), can 

model a membrane in terms of its conduction and thickness. The present study made extensive 

use of tBLMs to identify the interactions between lipid bilayers and melimine and its 

derivatives. Due to this, a more detailed description of their development and characteristics is 

outlined below. 

 

1.4.2.1 Development of tBLMs 

The development of tBLMS started with supported bilayers. This was seen in the work of 

Tamm and McConnell (1985) [96]. They used a Langmuir-Blodgett technique to apply a 

phospholipid bilayer to a hydrophilic silicon substrate. Once the monolayer had formed on the 

substrate, the monolayer was then resubmerged into the Langmuir trough horizontally to pass 

through the air-water interface (Figure 1.4.2.1.1). This was so that the hydrophobic tails were 

parallel to the surface of the trough to allow the tails to bond to the lipids within the trough. 

This newly formed lipid bilayer was then secured in place with a glass coverslip to provide 

additional support for the membrane (Figure 1.4.2.1.2). As a result of using this technique, 

Tamm and McConnell were able to find that the physical properties present in their supported 

bilayer were the same as those of other multilayer systems. Therefore these supported bilayers 

were of good use in several biophysical applications [96]. 
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Figure 1.4.2.1.1: Representation of a Langmuir trough. Lipids are afloat on the surface of the 

water in the trough, with their hydrophilic headgroups partially submerged. The hydrophobic 

tails, on the other hand, are extended upward away from the water’s surface. By applying 

pressure to the lipids, a monolayer can be formed (Figure from Ndeye Rokhaya et al. 2013) 

[97].   
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Figure 1.4.2.1.2: Light microscope image of the membrane formed by Tamm and McConnell. 

(Figure from Tamm and McConnell, 1985) [96]. In this image, the predominantly white area 

shows the lipid membrane and the dark circles scattered throughout show holes in the 

membrane where there are no lipids present. 

 

A method to create a supported bilayer involved a separation of the lipid bilayer and the 

substrate through the use of a second lipid type; this was done in a study by Lang, Duschl and 

Vogel (1994) [98]. This study used thiolipids as a lower monolayer, attached to the gold 

substrate through gold-sulfur coordination bonds, with the second monolayer of various lipids 

layered over the thiolipids forming a complete bilayer.  

In a comparative study of tethered membranes by Vockenroth et al. (2008) [99], an alternative 

synthesis method of tBLMs was discussed. The technique involved the fusion of lipids from 

lipid vesicles onto a monolayer of an anchored thiolipid 2,3-di-O-phytanyl-sn-glycerol-1-

tetraethylene glycol-DL-a-lipoic acid ester lipid (DPTL). This thiolipid has two phytanyl 

chains coupled together via a glycerol linker to a tetra-ethylene oxide spacer. This lower 

monolayer of DPTL is anchored to a gold substrate via gold-sulfur coordination with the 

anchoring holding the lipids in place, preventing the lipids from separating from the membrane 

into the surrounding solution. Vockenroth et al. then showed the stability of this tethered 

bilayer system through repeated EIS measurements at regular intervals for three months at 

room temperature. The results obtained over the 3 months corresponded well to known values 

of natural membranes [100].  
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A new membrane technology emerged in 1997 [82], consisting of a membrane that was raised 

from the surface of the substrate through the use of double-length reservoir half-membrane 

spanning diphytanyl (DLP) ethylene glycol tethers. In this method, a lipid bilayer is formed 

around the hydrophobic region of the DLP that is distal to the substrate. Proximal to the gold 

substrate, the DLP is firmly attached via sulfur-gold coordination chemistry and separated 

laterally through the use of polar spacer molecules so as not to allow the DLP to form a 

complete monolayer below the lipids. These spacer molecules (benzyl-disulfide-tetra-

ethyleneglycol-OH) are shorter than the DLP; therefore, in addition to providing the lateral 

spacing, a reservoir can form beneath the bilayer in the void created. This reservoir space 

allows for ions to reside on both sides of the bilayer. 

To form a lipid bilayer around the DLP, solvent exchange can be used to permit a relatively 

quick and easy lipid bilayer formation. The membrane lipids used in this technique are first 

dissolved in ethanol before being deposited onto the DLP layer on the substrate. Following a 

short incubation period, the system is then washed with a saline solution. The lipids, via self-

assembly, react to the solution with their hydrophobic tail regions retreating from the invading 

saline solution. As a result of this process, with tail regions that are contained inside with a 

barrier formed by the hydrophilic head groups, a membrane is formed around the DLP. The 

lipid bilayer with the incorporated DLP within the membrane allows for a separation from the 

gold substrate. This reduces the interactions between the membrane and the substrate and 

permits the formation of a reservoir region into which ions can enter. (Figure 1.4.2.1.3) [82].  
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Figure 1.4.2.1.3: Artistic representation of the structure of a tBLM. (Figure adapted from 

Cranfield et al. 2015) [101] This representation depicts a lipid bilayer formed around the ends 

of tethering molecules. The structure of the tethering molecules is phytanyl-terminated 

ethylene glycol chains, which secure the bilayer in place. One end extends into the bilayer 

while the other end is secured to a gold substrate via disulphide bonds. Between the tethering 

molecules are spacer molecules consisting of benzyl-disulfide-tetra-ethyleneglycol-OH, which 

provide lateral spacing between the tethering molecules. 

 

In work by W. Knoll et al. (2000) [102], the research into alternative methods of lipid bilayer 

structuring was hindered due to the difficulties in maintaining and separating the substrate that 

the membrane was resting on, from the bulk membrane. This resulted in complete or partial 

denaturation of the lipid bilayer. To overcome the drawbacks of the early membrane systems, 

Knoll et al. then recommended the use of a tethering layer which was beginning to be 

developed at the time [82, 98, 103-105]. Knoll et al. put forward two approaches to tethering a 

bilayer [102]. These two approaches are a top-down approach and a bottom-up approach. The 

top-down approach involves the transfer of a bilayer formed from a mixture of lipopolymer 

and lipid components through Langmuir-Blodgett techniques deposited onto a gold or silicon 
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substrate at the same time.  The bottom-up approach is where the layers of the structural 

elements are added one at a time where the lipopolymer layer is first added to bind to the 

substrate before the second layer of lipids is added to complete the lipid bilayer.  

Since these studies, the main focus in tethered membrane technologies has been to improve on 

the methods of formation. This has been done through direct improvement on the membrane, 

through making membranes air-stable, improving methods on membrane-protein interactions 

or changing the composition of lipids through producing synthetic organic lipids [100, 106-

109]. Improvements in the technology have also occurred as a result of expanded methods of 

characterisation of the membrane structure and formation. This includes physical surface-

sensitive techniques such as atomic force microscopy, x-ray photoelectron spectroscopy, 

surface plasmon resonance spectroscopy [100, 110, 111] and comparing these technologies to 

already established technologies in lipid bilayer fabrication [110, 112-117]. 

In 2010, Tun and Jenkins [118] produced a lipid bilayer from a monolayer of DPTL and 

cholesterol-pentaethyleneglycol (CholPEG). The CholPEG was tethered to a gold-coated 

silicon substrate as the first layer, with a monolayer of 1,2-di-O-phytanoyl-sn-glycero-2-

phosphocholine (DPhyPC) lipid and cholesterol forming the upper leaflet and completing the 

bilayer. The combination of CholPEG and the addition of the cholesterol within the membrane 

provided the lipid bilayer with increased stability at higher temperatures. Membranes without 

the cholesterol, with only DPTL and DPhyPC, had a resistance that was significantly decreased 

(i.e., were leakier) when measured with EIS at 37⁰C when compared to room temperature. This 

increase in temperature affects the phase dynamics of lipids in the fluid phase, and conversely 

affects membrane stability. When CholPEG and cholesterol were added to the lipid bilayer, 

results showed a smaller increase in the membrane electrical resistance, suggesting that the 

membranes were more stable and that the two added components added a sealing effect to the 

bilayer.   

Deng, Y et al. [107] created an air-stable supported bilayer in 2008, whereby no solvent was 

required for the membrane to be stable. This was achieved through the addition of cholesterol 

to the lower leaflet of the bilayer structure (Figure 1.4.2.1.4). The Cholesterol in the lower 

leaflet was attached to a glass substrate through poly(ethyleneglycol) (PEG), which increased 

the stability of the membrane through dehydrating and rehydrating the supported lipid bilayer 
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(SLB). The SLBs were compared before and after dehydration and rehydration, as seen through 

fluorescence microscopy performed on the surface of the membranes. During rehydration, 

areas with a low density of cholesterol resulted in the lipids in those areas being washed from 

the bilayer, while regions of higher cholesterol density resulted in the membrane retaining 

lipids.  

      

Figure 1.4.2.1.4: Image by Deng et al., 2008, [107], showing the formation of a supported lipid 

bilayer (SLB) forming around cholesterol on a glass substrate with lipids from small 

unilamellar vesicles (SUVs). 

 

In showing the stability of tBLMs, in a study in 2010 by Wang et al. [109], two types of lipid 

bilayers were compared, tBLMs (bilayers anchored to the gold through polymers) and BLMs 

(bilayers lying directly on a gold substrate). The fluorescence microscopy used in the study 

initially showed a uniform signal from fluorescence tagged lipids comprising 5% of the 

membrane. While undergoing repeated solution exchange, no decrease in the fluorescence 

intensity was seen for the tBLMs. This was in comparison to the fluorescence images for the 

BLMs, where a reduction of the fluorescence intensity was observed. This stability, inferred 

from the undiminished intensity of the fluorescence images for the tBLMs, revealed the robust 

nature achieved through the tethering structures. 
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In 2010 Junghans and Köper compared five novel tethering chemistries of varying length, with 

one tether being wider with an additional tethering point [119]; this work was extended in 2017 

by Andersson et al. [120]. The length of the tethers was changed to compare the hydration of 

the region below the lipid bilayers and the transport of ions across the membranes. They found 

that increasing the length of the tethers increased the hydration around the anchoring points of 

the tether. The length of the tethers was balanced against membrane formation, as the longer 

tethers led to the formation of defects in the lipid bilayers, evidenced from the increased 

electrical resistance of the membrane. The formation of lipid bilayers on these different tethers 

indicates that the tBLM architecture could be modified to allow for modifications that can help 

the membrane to mimic biological membranes, such as protein insertion, without affecting the 

fundamental structure of the lipid bilayer [120]. 

 

1.4.2.2 Lipid membranes as biosensors 

Throughout the development of lipid bilayers, the main focus has been to produce a realistic 

analogue of cell membranes. This is seen in the supported bilayers produced by Tamm and 

McConnell [96] when they realised that their layers were similar to already known systems in 

their continuous uniformity and their temperature and pressure stability, and they began 

comparing their membrane system to other known systems [121-124].   

As the structure of tBLMs has a simplistic nature, due to the minimal biological processes 

occurring within the lipid bilayer structure when compared to a complete cell membrane, it is 

suitable to be used as a useful analogue of them [102, 110, 111, 113]. In terms of use as a cell 

membrane analogue, there have been a few studies that have demonstrated the ability of 

tethered bilayers to act as a biosensor. The very processes that are present in tethered bilayers, 

measuring ion transfer across the membrane and the incorporation of proteins into the 

membrane, replicate the processes found in cell membranes without the interference of other 

biological processes found in nature. This ability to mimic the essential bioprocesses gives 

tBLMs the potential to be used as an actual biosensor. 

When proteins are inserted onto/into membranes, they often require an aqueous phase 

surrounding the lipid bilayer to maintain proper function [98]. In artificial membranes, a 
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reservoir is needed below the lipid bilayer as this provides an aqueous region below the 

membrane, providing space for ionic conductivity on both sides of the membrane and fulfilling 

the requirement for protein insertion. In supported membranes (untethered), they typically 

contain a reservoir of water of 1-2 nm [110, 125]. However, a more extensive reservoir can be 

observed in sparsely tethered membranes, which ranges in size from about 0.8 - 4 nm [82, 125-

127]. This increase in the width of the reservoir by a factor of two dramatically increases the 

volume of water capable of filling the reservoir space. 

In using EIS, Tun and Jenkins [118] were able to characterise tBLM processes and behaviour 

during the insertion of bacteria, both pathogenic and nonpathogenic. They found that in the 

tBLMs they studied, that a continuous change in both the capacitance and resistance was 

observed. Through using EIS with tBLMs, and measuring the responses associated with 

changes in the lytic cycle of pathogens, Tunn and Jenkins reported that there is a potential 

application of a sensor that could be used to detect human pathogens through detecting the 

major components of supernatant toxins that are released by pathogens. To this end, Deng et 

al. were able to produce functional microarrays based on tiny membranes that had been tethered 

to a micro-structured substrate to create a general platform on which cell-surface interactions 

could be measured and analysed [107]. These measurements involve the screening of ligands 

for membrane proteins, specifically ion channels and G-protein coupled receptors. The 

microarrays are also able to be used in nanomedicine, looking at nanoparticle-based drug 

delivery and how the nanoparticles interact with the tBLMs within the microarray. 

Cornell et al. also developed a tBLM based switch sensor in 1997 that utilises the detection of 

receptors, including antibodies and nucleotides [82]. This switch involved the addition of 

tethered biotin-conjugated membrane-spanning lipids and tethered gramicidin-A ion channels 

in the inner leaflet of the tBLM. Freely diffusing gramicidin-A monomers were also 

incorporated into the distal leaflet and were conjugated to a monoclonal antibody. If the 

gramicidin is free to diffuse in the distal leaflet, they can dimerise with the inner gramicidin 

monomers, forming an ion channel and the conduction is ‘switched on’. However, if the 

conjugated antibodies bind with their respective antigens in the distal leaflet, the gramicidin is 

immobilised, restricting the formation of dimers and the conduction is ‘switched off’. This 

on/off switch is then able to identify the presence of analytes. 
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A functionalised tBLM was produced by Andersson et al., 2018, whereby vesicles of pure 

lipopolysaccharide and lipopolysaccharide/phosphocholine liposomal mixtures were deposited 

onto a tethering architecture [128]. These tBLMs were then analysed through EIS and neutron 

reflectivity to identify the lipopolysaccharide within the tBLM structure before adding colistin, 

an antibiotic that targets Gram-negative bacteria [129]. The interaction of colistin suggested 

that these functionalised tBLMs may have a use as a screening platform for various 

antimicrobial compounds [128]. 
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1.5 Hypotheses and Aims  

As the addition of melimine has been shown to cause a decrease in the integrity of the 

cytoplasmic membrane in both Gram-positive and Gram-negative bacteria [135], the 

mechanisms of how this antimicrobial peptide and its derivatives can perturb cell membrane 

integrity in various ways are brought into question. In this work, I sought to address these 

issues.  

Hypotheses: 

• That the use of advanced lipid bilayer biophysical research techniques can describe the 

cell membrane interactions of melimine and its associated derivatives. 

 
• That through studying their peptide-membrane interactions, the mechanisms of 

antimicrobial activity can be identified.  

Aims: 

1. To use established lipid membrane biophysical techniques including in-silico structural 

modelling, fluorescent membrane dipole measures, differential scanning calorimetry, 

neutron reflectometry, dynamic light scattering, electrical impedance spectroscopy and 

Arrhenius measures of tBLMs to identify the peptide-membrane interactions of 

melimine and its derivatives. 

 

2. To describe the peptide-membrane interactions of melimine and its derivatives in terms 

of models of AMP modes of action, including barrel stave pores, carpet model, 

interdigitated toroidal pore model,  the critical packing parameter (CPP) model and 

surfactant-like peptide model;  as determined using the techniques in Aim 1. 

 

3. To correlate membrane activity of melimine and its derivatives with their minimum 

inhibitory concentration (MIC) values against specific bacterial species.        

Through determining the mode of action of melimine and its derivatives, via identifying the 

peptide-membrane interactions, a deeper understanding of these interactions would be 

comprehended. This may allow the design of novel cationic peptides that can be tailored 
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towards better targeting of bacterial cell membranes to combat the growing antimicrobial drug 

resistance of bacteria. 
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2 Methods 

2.1 Peptide synthesis 

Melimine and its derivatives were obtained from Auspep Pty. Ltd. (Vic, Australia). They had 

been synthesised by conventional solid-phase peptide synthesis protocols. 

The peptides were supplied as a trifluoroacetate salt with a purity between 90 and 93%. Their 

molecular weight was confirmed through mass spectral analysis, and their purity was 

confirmed through high-performance liquid chromatography (HPLC). These measurements 

were carried out at Auspep Pty Ltd. 

The peptides were dissolved in phosphate-buffered saline (PBS) solution to a concentration of 

1mM and stored at 4°C. This stock solution was then used for all experiments.  

 

2.2 tBLMs 

2.2.1 Cartridge assembly 

The assembly of the tBLMs involves the use of preprepared patterned polycarbonate slides 

sputter-coated with 100 nM thick 5N5 gold (Figure 2.2.1.2) (SDx Tethered Membranes Pty 

Ltd, Australia). Slides were then coated in a tethered benzyl-disulfide (tetra-

ethyleneglycol)n=2 C20-phytanyl “tethers” and benzyl-disulfide-tetra-ethyleneglycol-OH 

“spacers” (Figure 2.2.1.1).   By adjusting the ratio of tethering molecules to spacer molecules, 

changes in the tethering densities of the polycarbonate slides could be made. Unless otherwise 

stated, the ratio of tether molecules to spacer molecules used was 10: 90; this is a tBLM 

architecture referred to as a “T10”. 

Pre-coated slides come delivered in the presence of an ethanolic solution. Just prior to tBLM 

assembly, these are left to air dry, as the ethanol interferes with the adhesive used in the 

separately supplied cartridge. Slides are then affixed to the base of the cartridge, creating a 

flow cell (Figure 2.2.1.2 B). The substrate area left for each tBLM to be created within the flow 

cell is 2.1 mm2.  
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Once the slide and cartridge are affixed and assembled (Figure 2.2.1.2 A), lipid membranes are 

formed over the tethers using a solvent exchange technique. This process uses controlled 

volumes and timing to optimise the formation and ensure complete membrane coverage and 

formation within each of the six cell chambers. 

  

Figure 2.2.1.1: Structures of the tethering and the spacer molecules. The two sulphur moieties 

on each compound provide the mechanism of attachment to the gold surface via sulphur-gold 

coordination. The benzene ring attached to the sulphur atoms provides lateral spacing between 

each compound. The hydrophobic phytanyl group (highlighted in red) is submerged within the 

lipid bilayer, tethering the membrane in place. 
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Figure 2.2.1.2: A, An assembled tBLM cartridge from both top and bottom view. Here, the 

gold electrodes can be seen. B, A cross-sectional cartoon view of one well within the tBLM 

cartridge. Here, yellow shows the location of the gold electrodes. Tether molecules adhere to 

the bottom gold electrode, with the lipid bilayer forming on these tethers between the two gold 

layers. Any added solutions flow through the cartridge from left to right in this depiction.  

 

2.2.2 Membrane deposition 

In order to create an anchored bilayer, 8 μL of a 3 mM solution of lipids, which are dissolved 

and stored in ethanol in a mobile phase, are added to each cell chamber. This chamber is 0.1 

mm high and holds a volume of 1 µL, so the 2.1 mm2 electrode surface is entirely covered by 

the lipid solution. The lipid/ethanol solution is left to incubate for precisely 2 min, after which 

each cell is washed through with 3 × 400 uL of 100 mM PBS solution. This washing process 

ensures that any ethanol or excess lipid initially added to the cell is removed. This process is 

repeated within all of the six cell chambers within the cartridge, so it is possible to run up to 

six individual experiments in parallel.  

The successful creation of a tBLM was determined through EIS measurements. In general, if a 

membrane showed a conductance value between 0.1 µS – 2 µS and had a capacitance of ~20-
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30 nF when using an appropriate circuit to model the data, then the membrane was deemed to 

be suitable for use in experiments. 

 

2.2.3 Types of lipids used 

tBLMs are customisable with regard to the type and mixtures of lipid that are used to form a 

bilayer. For this project, membranes were typically made from a diphytanyl lipid mixture, 

composed of two lipids, diphytanyldietherphosphatidylcholine (DPEPC) and 

glyceroldiphytanylether (GDPE), in a 70%:30% ratio (Figure 2.2.3.1). This lipid mixture 

provided an optimally sealed membrane that had a consistent average area per molecule[130]. 

Additional lipids were used to form bilayers in this study, including 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) lipids, 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol 

(POPG) lipids, Lipid A, or LPS and extracted E.coli lipids (see Figure 2.2.3.2).  
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Figure 2.2.3.1: Structures of the lipids used in forming many of the tBLMs in this study. This 

includes diphytanyldietherphosphatidylcholine (DPEPC) and glyceroldiphytanylether 

(GDPE). 
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Figure 2.2.3.2: Structures of other lipids used in forming membranes within tBLMs of this 

study. This includes 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-Palmitoyl-

2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) and Lipid A. 
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2.3 Hydropathy Modeling 

The modelling of the folding structure of the melimine peptides was carried out using the PEP-

FOLD 2.0 software package. Through inputting the peptide sequence in the FASTA format, 

two different outputs were produced, a local structure prediction profile and 3D models of the 

predicted structure. The software is limited by requiring that the amino acid sequence be 

between 9 and 36 amino acids long in order to achieve the best accuracy of predicting the 

folding pattern [131]. 

The software’s first step is a prediction of the folding pattern based solely on the amino acid 

sequence. This prediction reconstruction is based on a hidden Markov model (HMM)-derived 

structural algorithm where proteins are described as a series of overlapping fragments made up 

of four amino acids. These fragments are stored in a library and used as the basis for peptide 

reconstruction. 

The subsequent 3D modelling step is achieved through the use of two software components. 

The first component was a greedy algorithm that performed an incremental construction of the 

structure. After this structure was completed, this greedy algorithm was repeated 50 times to 

determine the lowest energy conformation for the peptide [132-134].      

The second component of the 3D modelling was the optimized potential for efficient structure 

prediction (OPEP) program. OPEP uses a generic protein coarse-grained force field algorithm, 

which is used to find the lowest energy conformation for a peptide. It inspects local interactions 

between amino acids and their side chains that affect stereochemistry at neutral pH. These 

interactions include bond length, bond angle, van der Waals interaction and hydrogen bonds. 

To achieve the best results, the side chains are simplified and represented as single beads 

attached to N, H, Cα, C and O atoms that make up the peptide backbone. With the OPEP and 

the greedy algorithm working together, the structures that the sequence was most likely to form 

were able to be predicted. 

The final output is a local structure prediction profile chart and 10 × 3D models. The chart 

displays the conformational probability that each fragment would form based on the structural 

algorithms. These conformations are typically defined as a ‘helical conformation’, a ‘random 

coil conformation’ or as an ‘extended’ conformation with no specified shape.  
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2.4 AC impedance 

2.4.1 Swept frequency impedance 

Swept frequency electrical impedance spectrometry was carried out using a TethaPod™ 

impedance spectrometer and was operated using TethaQuick™ software (SDx Tethered 

Membranes Pty Ltd, Australia). For this, a 50 mV peak-to-peak AC excitation was applied to 

the tBLMs at frequencies of roughly 0.1, 0.2, 0.5, 1, 2, 5, 40, 100, 200, 500, 1000 and 2000 Hz 

with four frequency steps per decade, and with a zero bias potential. Each frequency was 

typically measured for 4 seconds. Full frequency sweeps typically took 1-2 min to complete. 

Depending on the experiment, the frequency range over which the sweeps were performed was 

adjusted; this involved extending the range from 0.01 Hz to 10,000 Hz, thus increasing the time 

duration of each sweep. 

When the data from the tBLM system is compared to a suitable equivalent circuit (Figure 

2.4.1.1), by identifying the electrochemical nature as a network of passive electrical circuit 

elements, a good estimation of the membrane conductance (Gm) and capacitance (Cm) is 

produced. The conductance of a tBLM membrane depicts the ability of the membrane to 

passage ions back and forth, while the capacitance is inversely proportional to the membrane 

thickness. The EIS technique used in the present study involved a setup where the membrane 

was enclosed by two gold electrode surfaces (Figure 2.4.1.1). These electrodes were 

incorporated into the equivalent circuit with the counter electrode capacitance (Cs) distal to the 

membrane, and the smaller tethering electrode capacitance (Cth) was located directly adjacent 

to the membrane. 
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Figure 2.4.1.1: Depiction of a tBLM and an example of an equivalent circuit. (Figure from 

Cranfield, C.G. et al., 2014) [135] The gold and the membrane are represented by capacitors, 

with the membrane containing an additional resistive element.  

 

A constant phase element (CPE) in series with a resistor/capacitor network [136] was used to 

fit the data collected from each sweep (See Figure 2.4.1.2). Fitting was done using a proprietary 

adaptation of a Levenburg Marquardt fitting routine. 

 

Figure 2.4.1.2: The constant phase element seen with the two arrow symbols is connected in 

series to the resistor/capacitor network and a resistor representing the electrolyte solution. 
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Through changing the frequencies of the alternating current, the ions in the solution are able to 

diffuse back and forth from one electrode to the other across the membrane. Through varying 

the frequency of the AC signal, the ions diffuse different distances. With high frequencies 

limiting time between the alternation of the current, the ions have minimal time to diffuse. At 

these highest frequencies, the resistance of the surrounding solution dominates the impedance 

as measured with EIS, at the median frequencies, the resistance and capacitance of the lipid 

bilayer dominate. At lower frequencies, it is the capacitance of the gold that dominates.  

Measurements are taken of the impedance of the system and the angle of phase shift between 

the excitation signal and the measured response. These results are compiled into so-called Bode 

plots; these plots show a response to the different frequencies used during measurement, giving 

a comparison of electrical changes across the system. They are typically plotted as impedance 

vs frequency and phase shift vs frequency; see Figure 2.4.1.3. 
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Figure 2.4.1.3: Both A and B represent typical Bode plots. A depicts a characteristic 

impedance versus frequency plot with a log-log scale. Changes in the slope and of these plots 

allow for the identification of resistive or capacitive elements across a tBLM architecture. The 

resistive elements have an ideal slope of ‘0’, and capacitive elements have an ideal slope of ‘-

1’ [137, 138]. Changes in the slope and magnitude of the impedance plot at each frequency 

correlate with changes in different parts of the membrane and the two gold electrodes. These 

changes can be modelled using an equivalent circuit (e.g. Figure 2.4.1.1). B shows a typical 

phase versus frequency plot on a linear-log scale. This type of plot denotes the admittance of 

the system and identifies the capacitive (90° phase) and resistive (0° phase)  elements of the 

system through comparing the phase relationship between the excitation signal and the 

measured response [139]. Thus, the plot allows for the identification of the membrane seen 

through a low phase angle due to the membrane being a bypass resistor. If a change occurs in 

the region of the minimum phase (depicted by a cross on the plotted curve above), a change 

has occurred in either the membrane conductance or capacitance and/or the tethering electrode 

capacitance. Horizontal shifts to the phase plot in the region of the cross denote a change in the 

frequency of the minimum phase (FminP); this portrays changes in Gm and/or Cm. A vertical 

shift indicates a change in the phase of the minimum phase (PminP), describing changes in the 

Cth and/or Cm (Figure from Cranfield et al., 2015) [140]. 
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Through monitoring these changes over time, a picture of the stability of the membrane can be 

assessed, with any changes in equilibrium contrasted. Upon introducing a new element into the 

system, such as AMPs, this equilibrium is disrupted. These disruptions are usually seen through 

changes to the membrane conductance and capacitance. These interactions of peptides with 

lipid bilayers while using EIS helps identify their intrinsic behaviour. The modulation of 

membrane conductance and capacitance can determine if a peptide targets membrane or not 

and can further identify pore-forming or layer rupturing behaviour. 

 

2.4.2 Testing pH effects on membranes 

To determine the effect of protonation on the five cationic peptides, the AC impedance 

technique was used, testing at three different pH value, ~ 5, ~ 7 and ~9. These peptides were 

tested in both sodium chloride (NaCl) and potassium chloride (KCl) to explore the influence, 

if any, that these ionic species may have on melimine and its derivatives.  

The pH of each solution was adjusted by adding concentrated HCl to make the solution more 

acidic, or either NaOH or KOH to increase the pH. At the higher pH values, the pH of the 

solutions was more likely to decrease rapidly due to acidification from outside factors such as 

atmospheric CO2 dissolving in the solution. To prevent this, each solution of NaCl and KCl at 

each pH were kept in an air-tight container prior to use and measurements were undertaken 

within 5 min of pH adjustment. In addition to this, the pH of each solution was regularly 

monitored. 

Melimine was also tested on POPC and POPG membranes at pH ~ 5, pH ~ 7 and pH ~9. It has 

been shown that H3O+ ions have a dominant effect on conduction [73]. At pH values of  5, 7 

and 9, the concentration of H3O+ ions range from 10 µM to 1nM. As the pH increases, the 

positively charged H3O+ ions would be less likely to compete with the cationic peptides. For 

these measurements, the stock 1mM melimine was diluted to 10 µM, using solutions of NaCl 

at pH ~ 5, pH ~ 7 and pH ~9. Prior to the membrane being tested with the peptide, it was 

equilibrated with NaCl adjusted to the relevant pH value.  
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2.5 Dynamic light scattering (DLS) 

To determine how the peptides interact with lipid spheroids [141], changes in the spheroid size 

due to aggregation [142] were measured after the addition of melimine and its derivatives. The 

dynamic light scattering (DLS) experiments were performed using 1-oleoyl-2-hydroxy-sn-

glycero-3-phosphocholine  (Lyso PC) lipids 18:1(Avanti Polar Lipids, USA), see Figure 2.5. 

These single acyl-chain unsaturated lipids were used for their ability to micellize and form into 

lipid spheroids [141]. 

                                                           

Figure 2.5: Structure of a 1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine  (Lyso PC) lipid. 
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The lyso PC lipids were used at a concentration of 10mg mL-1 before being mixed with each 

of the five peptides to a ratio of 48.5 lipids per peptide molecule [143, 144]. The lipid/peptide 

solutions were vortexed for 2 min and further placed on a tube shaker for 15 min to ensure 

mixing.  

For the measurements, a Zetasizer Nano S (Malvern Instruments Ltd., Southborough, UK) was 

used, which was equipped with a 632.8 nm He−Ne laser (4 mW). This instrument applies a 

non-invasive backscatter technique with a 173° detection angle. Each of the measurements was 

run at 25 ± 0.1 °C.   

The measurements were taken before, directly after and for 15 min after the addition of the 

peptides. For each of the three time intervals, 15 scans were completed. These scans were 

completed with a 20 s interval between each scan. Each set of measurements were repeated 

three times. This process was then repeated for each of the five peptides. Malvern Instruments 

Zetasizer software for the Nano, APS and µV(Version 7.03) was used to analyse the average 

size (nm) and intensity (%).   

Through the use of Prism 7.03 (GraphPad Software Inc., La Jolla, CA), an one-way analysis 

of variance (ANOVA) was carried out, followed by a Tukey multiple comparisons test, to 

determine if the means of the diameters of the lipid spheroids were the same after the addition 

of each peptide were statistically different. 
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2.6 Differential scanning Calorimetry (DSC) 

2.6.1 DSC data acquisition 

Differential scanning calorimetry (DSC) was used to study how melimine and its derivatives 

influence the lipid packing during the phase transition of lipid bilayers. Lipid vesicles were 

formed from 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC); see Figure 2.6.1 below.  
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Figure 2.6.1: Structure of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid. 

 

For this, dried lipids were weighed and then dissolved in ethanol. The lipids were then dried 

using nitrogen gas in a round bottom flask, providing an even coating of lipid on the inside 

surface of the flask. This was followed by rehydration using PBS solution.  
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DSC measurements were performed using a VP-DSC microcalorimeter (Microcal, 

Northampton, MA), operated using Origin software. Baseline data were collected using just 

PBS solution; this baseline was obtained using PBS in both the sample and reference cells of 

the instrument. The baseline was then subtracted from the lipid sample scans. The 

measurements were performed at scan rates of 10°C h–1, ranging from 10°C to 65°C. This 

temperature range allowed for heating or cooling using the inbuilt system. DMPC lipids were 

chosen as the transition temperature for these lipids is approximately 24°C [145]. This choice 

allowed for the transition temperature to fall within the heating range. With the DMPC lipids, 

the peak of the main phase transition occurred over a small temperature range. By slowing the 

scan rate to just 10°C h–1, more data points were able to be collected. This enabled a better 

definition of the measured DSC curves, providing enhanced resolution for both the pre-

transition and main transition peaks.  

Scans were performed on DMPC alone and then repeated with each of the five peptides mixed 

with DMPC. Ten scans were recorded for each peptide and the DMPC-alone controls; these 

groups of ten measurements were then averaged into the final thermograms. 

 

2.6.2 DSC Data Fitting 

The averaged scans of the replicate groups of thermograms of the phase transition profiles were 

normalised to the lipid concentration at 3mM, and the averaged PBS baseline scan was then 

subtracted from each of the peptide profiles.  

From the interactions between the DMPC lipids and the melimine derivatives, the thermograms 

resulted in asymmetrical peaks. Due to this asymmetry, the thermograms were identified as 

having multiple peaks merged within the thermogram, see Section 3.7.3 [146]. 

In order to identify enthalpy change, the following equation was employed: 
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This equation was used to fit the data by using non-linear regression. I aimed to fit three 

parameters, namely the heat capacity, Cp, the temperature of the phase transition, Tm, and the 

enthalpy change per mole of lipid, ΔH. The deconvolution was carried out using Prism 7.03 

(GraphPad Software Inc., La Jolla, CA). 

Before deconvolution, to aid the fitting process, initial estimates of ΔH were calculated. This 

was done by calculating the area under each of the thermograms.  

From the regression fitting, the deconvoluted curves were compared to the original data curve 

by fitting the values received from the regression back into the curve equation. The area under 

each of the deconvoluted curves of the thermograms was then used to calculate the enthalpy 

change associated with each of the five peptides. 
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2.7 Neutron Reflectometry 

2.7.1 Membrane measurement with PLATYPUS 

The PLATYPUS time-of-flight neutron reflectometer located at the 20 MW OPAL research 

reactor Australian Nuclear Science and Technology Organisation (ANSTO), Sydney, 

Australia, was used for this study in order to identify any changes in membrane thickness and 

any changes in the water volume fractions of the membrane due to the presence of the peptides 

[73]. The PLATYPUS instrument is located on a cold neutron guide which provides the 

instrument with a neutron bandwidth ranging from 2.5 – 18.0 Å, with the cut-off being 

determined by the four instrument disc choppers. See Figure 2.7.1.1 below. 

 

Figure 2.7.1.1: Setup of the Platypus time-of-flight neutron reflectometer. The incident beam 

of neutrons enters from the right, passing through the four disc choppers before reaching the 

sample stage and ended up at the detector. Figure from James, M. et al. [147] 
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For this set of experiments, the first and third choppers were used. The chopper configuration 

delivered the optimal neutron wavelength range and resolution for measurements with the 

tethered lipid bilayers.  

Once the beam had been optimised for wavelength, it travelled further into the instrument 

towards the sample chamber. This is the chamber into which the sample, a tethered lipid 

bilayer, was placed on the sample stage. The sample stage permitted the sample to be moved 

into and out of the path of the incident neutron beam and to switch between different sample 

discs as well as for fine adjustment of the location and angle of the sample area for optimal 

beam alignment in relation to the lipid bilayer. 

When scanning, the relevant perfusion chamber was moved in front of the neutron beam and 

adjusted to its first scanning angle. As the beam passed through the perfusion chamber, some 

neutrons were scattered off the lipid bilayer and the substrate. The neutrons scatter differently 

as they pass the nucleus of the atoms comprising the lipid bilayer and the substrate, with 

different atoms causing the neutrons to scatter different lengths. One major difference lies 

between hydrogen and deuterium, where there is a large separation in their scattering lengths 

at -0.374 10-12 cm and 0.667 10-12 cm, respectively [148]. The scattered neutrons then continued 

towards the detector, located behind the sample stage. The area of the detector in which the 

scattered neutrons hit could be used to estimate the angle from which the neutrons scattered 

from the sample. Through the use of graphing software, these trajectories were mapped and 

subsequently used to provide information on the structure of the layers of the membrane and 

the positioning of the peptides within them.  

The reflectivity measured with PLATYPUS is the ratio of the reflected beam and incident beam 

and is measured as a function of Q, the scattering vector. Q is defined as, 

Q = (4π sinθ) / λ    (2) 

where θ is the scattering angle and λ is the wavelength of the incident radiation. 

For these measurements, tethered bilayers were formed on conductive silicon disks that were 

50 mm in diameter and 7mm thick. The silicon discs had been sputter-coated with a layer of 

chromium, followed by a second layer of gold, at the Melbourne Centre for Nanotechnology. 

The sample was then prepared as a tBLM using the method outlined in Section 2.2. In the 
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preparation, two changes were made. The first was with the substrate that was required for 

these experiments: the gold layer was coated onto a chromium-silicon disc instead of a 

polycarbonate slide. The second change was the volume of the mobile lipid phase added to the 

tethered substrate: the volume of the mobile lipid phase used was 1 mL to accommodate the 

larger substrate area. The substrate area was covered in tethers without spacer molecules, 

resulting in 100% tethering density. The lipids used to create the outer leaflet of the bilayer 

were fully deuterated 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids. The silicon 

discs were clamped to a bespoke perfusion chamber during the assembly of the tethered bilayer 

and during measurement at the PLATYPUS sample position.  

The difference in scattering length between hydrogen and deuterium provides a way of 

examining most biological materials. The first way that was employed was through using fully 

deuterated DOPC lipids (Figure 2.7.1.2) to give neutron contrast between the two leaflets of 

the membrane. This contrast was improved by surrounding the membrane in bulk solutions of 

100 mM PBS in either D2O, H2O or an H2O/D2O mixture, which mimicked the scattering of 

the gold layer. Through scanning with each of the three solutions, parts of the system could be 

hidden, providing the contrast in the scans observe differences in SLD between different 

sections of the bilayer system. The peptides were also dissolved in solutions of H2O and D2O 

at 10 µM concentration. These solutions were then further mixed when required for the 

H2O/D2O gold matched mixtures.  
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Figure 2.7.1.2: Comparison of DOPC. A, DOPC lipid in its normal hydrogenated state. B, The 

hydrogens have been replaced with deuterium. 

Additionally, another property of neutrons was used as a source of contrast; that is, the neutron 

is in one of two nuclear spin states which will interact differently with magnetic materials. The 

beam of neutrons is polarised using a mirror; this filters out one of two neutrons quantised spin 

states that are either ‘up’ or ‘down’.  The substrate of the tethering setup is replaced with an 

internal magnetic layer of permalloy underlayer instead of chromium. This underlayer creates 

an internal reference layer that scatters neutrons differently depending on their spin state [149, 

150].   

Background scans were taken to measure any background interference, in addition to scans of 

the silicon substrate used to align the centre of the perfusion chambers on the sample stage with 

the neutron beam. When measuring each of these contrasts, the membranes were tilted to 

various angles to cover the required scattering vector (Q) range.  

Due to the number of membranes required for testing, two different types of perfusion 

chambers were used, and each one required different angles for acquiring data. The first type 

of perfusion chamber was a standard build. For this type of perfusion chamber, solutions of 

H2O and D2O were used as contrasts better to identify the peptide and deuterated lipids within 

the membrane. An H2O/D2O mixture that mimicked the scattering of the gold layer was also 

used as an additional contrast. The incident angles used in these measurements were 0.5°, 0.85° 

and 3.8°. 
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The second type of perfusion chamber was magnetically orientated; for these measurements, 

the H2O/D2O mixture was not used. Instead, only the solutions of H2O and D2O were used, and 

the up spin and down spin of the neutrons were taken into account as they passed through the 

magnetic field of this perfusion chamber. The polarization of the up spin and down spin 

neutrons removes the need for a third contrast solution. For these sets of measurements, 

incident angles of 0.5°, 1.5° and 4.5° were used. [151] [149, 150] 

The data from these angles were spliced together after normalisation to the direct beam and 

background subtraction to produce a single scaled reflectivity dataset for each contrast scan of 

H2O, D2O, or gold matched solutions. These datasets were compiled over a Q range of 0.006 

to 0.25 Å-1 using the SLIM reduction package[147].  

 

2.7.2 Software 

When acquiring and processing the data from PLATYPUS, two software programs were used. 

The first program is the user interface for the PLATYPUS, called the FIZZY program [147]; it 

allows the user to interact with the machine with respect to moving the instrument stage, turning 

the detector acquisition electronics on, and allowing the user to see the detector image in real-

time. 

 Modelling of these data was carried out assuming that the tBLM structure was composed of a 

series of parallel layers[152]. Three parameters were associated with each layer during the 

model; these were scattering length density (SLD), layer thickness and interfacial roughness. 

Data from each contrast were simultaneously fitted whereby the structural parameters of the 

layers were constrained to be equivalent, but the SLD was allowed to vary with buffer contrast.  

For the data fitting process, the layers of the lipid bilayer were assumed to be the outer lipid 

head groups, the outer lipid tails (both of which had been deuterated), the inner leaflet and 

tethers due to 100% tethering, and the substrate, consisting of layers of gold, silicon and 

chromium (Figure 2.7.2). These layers represent the different parameters used in the modelling 

process. For this study, thickness, roughness and the scattering length densities for the gold, 

silicon and chromium substrate and the tethers were set at fixed values with the scattering 

length densities of the outer lipid tails and head groups permitted to change. Changes within 
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the layers of the outer lipid tails and head groups were expected to show the interactions of 

each of the five peptide derivatives. 

The second item of software was MATLAB with an addon called RasCAL (version 1, A. 

Hughes, ISIS Spallation Neutron Source, Rutherford Appleton Laboratory). This software 

provides a way to use the least-squares fitting of the neutron reflectivity data, fitting the 

collected data with an expected model. The reduced reflectivity data collected from 

PLATYPUS is input and, through the least-squares fitting, reduces the difference between the 

reflectivity and the layer model using each of the different contrast data sets. The analysis was 

used to try to distinguish the layer structure of the outer leaflet of the lipid bilayer and to identify 

the peptides in contrast to the deuterated DOPC lipid layer. The values of roughness, thickness 

and scattering length densities obtained through the least-squares fitting were then compared 

through a Markov Chain Monte Carlo-Bayesian analysis to obtain the probability distribution 

for these values[73, 128].  
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Figure 2.7.2: Schematic of a cross-sectional area of a tBLM, showing the separation of the 

layers used for the modelling of neutron scattering data for each of the lipid bilayers. 
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2.8 Activation energy 

The activation energy describes the energy required for a peptide to overcome or insert into an 

inherent barrier such as a lipid membrane. One method of obtaining the activation energy for 

a peptide or compound is through an Arrhenius plot. Such plots use the Arrhenius equation to 

equate temperature and a rate constant. This equation is mostly used in the interpretation of the 

influence that an increase in temperature has on the speed at which a chemical reaction takes 

place. The use of Arrhenius plots in science has been fundamental in calculating rates of 

chemical reactions [153]. 

The Arrhenius plot shows the effect of temperature on the reaction rate of a chemical 

reaction.  It can be used to model the temperature dependence of diffusion coefficients, the 

population of crystal vacancies, creep rates, and many other thermally-induced 

processes/reactions[154]. It has been proposed by Laidler that there was a good chance for 

these processes to be chemical as they obeyed the Arrhenius law within experimental error and 

contained activation energies greater than 5 kcal mol-1, which is above the energy barrier 

threshold that differentiates the energy needed for initiating chemical reactions[153, 154]. This 

observed result shows that any process may obey the Arrhenius law, whether complex or not, 

and resulted in estimable activation energy or estimable energy barriers that can be associated 

with the inner workings of different processes. The use of the Arrhenius equation in 

conjunction with tBLMs, has been studied before by Valincius et al., 2008 [155]. In this study, 

I aimed to refine this technique by incorporating more data points to calculate better the 

activation energy of ion traversal across tBLMs in the presence of melimine and its derivatives. 

In order to estimate the changes in energies required to induce the changes in membrane 

construction due to the presence of melimine and its derivatives, the AC impedance technique 

was used to monitor conduction changes at various temperatures. To do this, the tBLMs were 

heated and cooled in a controlled environment when sealed in an insulated chamber. 

Initial warming of the chamber was achieved through blowing heated air into it. While this 

method worked efficiently to heat the membranes, it evaporated the PBS solution within the 

wells of the tBLM cartridge and led to inconsistent heating of all parts of the chamber. 

Following this discovery, the chamber was subsequently heated by placing in on top of a heated 

water bath; thus, heating was achieved by thermal transfer between the water bath and the 
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insulated chamber. Cooling was achieved by allowing the box to first reach room temperature, 

with further cooling provided with an air-conditioning unit. Using this method, temperatures 

ranging from 10 - 32°C were achieved. 

Heating and cooling were first measured on a plain membrane to establish a baseline data set 

and subsequently repeated after the addition of the peptides. Each of the peptide derivatives 

was first allowed to equilibrate to the temperature within the chamber before being added at a 

concentration of 10 µM.  

When the results are plotted in an Arrhenius plot, where the K is plotted against the reciprocal 

of absolute temperature, a linear graph is observed. The slope of the resulting line is what is 

then used to estimate the activation energy of the reaction and thus the energy to overcome a 

barrier to the reaction. 

In calculating the energy required for a mole of ions to traverse the membrane, the data were 

plotted with the natural logarithm of the conductance vs 1000×temperature-1. From this graph, 

the activation energy was estimated from the resultant slope of the graph, according to the 

Arrhenius equation below: 

                                                                       𝑘𝑘 = 𝐴𝐴𝑒𝑒
−𝐸𝐸𝑚𝑚
𝑅𝑅𝑇𝑇        (3) 

In this equation, the rate constant, k, is the result of a pre-exponential constant A, multiplied by 

the exponential term containing the activation energy Ea, temperature T and the gas constant 

R, with the activation energy and the pre-exponential constant being temperature independent.  

The graph of the natural logarithm of the conductance vs 1000×temperature-1 gives a slope of: 

−𝐸𝐸𝑚𝑚
𝑅𝑅

  

The slope of each graph was estimated using linear regression with the aid of Prism 7 software. 

From this slope, the activation energy for each peptide was estimated. 
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2.9  Fluorescence Membrane dipole measures 

2.9.1 Extrusion of liposomes 

The lipids were extruded to achieve uniformity in vesicle size in suspensions in preparation for 

fluorescent dipole measurements. For all lipid extrusions, POPC (1-palmitoyl-2-oleoyl-

glycero-3-phosphocholine) was used. The mass of dry powdered lipid was first calculated, 

weighed out to have an end volume of between 2-4mL at 3mM, with the volume that was 

required varied between each experiment. 

 The powdered lipid was dissolved in 100 µL of ethanol before drying off with nitrogen gas. 

This process left an even coating on the glass vial: this glass vial was then placed in a vacuum 

desiccator overnight, completing the drying process by removing excess ethanol. 

Before each experiment, the lipid was then redissolved in buffer solution, either 100 mM 

phosphate-buffered saline solution (PBS)  or 10 mM Tris buffer with 100 mM NaCl. The 

volume of buffer was added to make solutions to 3mM and sonicated for 2 min to ensure that 

the lipid had been fully dissolved. An Avanti extruder (Avanti Polar Lipids, Alabama) was 

used for the extrusion of liposomes. One mL of lipid/buffer solution was loaded into a syringe 

for each experiment. The solution was passed through 0.1 µM pores of the filter; this was 

repeated a further 20 times to ensure the homogeneous size distribution of liposomes. The 

extruded lipids were then diluted from 3 mM to 500 µM.  

 

2.9.2 Dipole potential measurements 

In order to determine if there were any changes in the dipole potential of the membranes as a 

result of the addition of the peptides, an electric field sensitive fluorescent probe molecule, 

RH451, was used [156]. Measurements were made using a Cary Eclipse Fluorescence 

Spectrophotometer (Agilent Technologies, Inc, California). The scanning was undertaken at 

room temperature, across wavelengths from 350 nM to 650 nM., at a scan rate of 600 nm min-

1, with data points being collected at every 1 nm. The excitation slit was set to a width of 10nm, 

and the emission slit was set to 20 nm. The instrument was set to receive emissions at a 

wavelength of 670 nm. A long-pass filter was included in the set up before the emission slit in 

order to attenuate the shorter wavelengths of light.  
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For each set of measurements, 900 µL of extruded lipid in PBS solution was added to the 

cuvette. An additional 2 µl of RH-421 dye was also added. The dye was at a concentration of 

1.5 mM in methanol. For each set of measurements, the first scans were completed with only 

lipid and dye. To the cuvette, stock peptide solution was added, and scans were completed at 

each concentration. Scans were undertaken at peptide concentrations (µM) of 2.5, 5, 7.5, 10, 

12.5, 15, 17.5 and 20.  The volume of the stock solution of peptide that was added to the cuvette 

for each scan was calibrated against the concentration of peptide in the cuvette and corrected 

for the increasing volume after each addition. For the PBS control cuvette, PBS solution was 

added to the cuvette equal to the volume added of the peptide stock solution’s volume. For 

each concentration of peptide, five scans were completed. This set of concentration 

measurements were repeated for each of the five peptides. A PBS control was measured at an 

equivalent volume for each concentration measurement.  

 

2.9.3 Ratio of intensities analysis 
The ratio of the emission intensities at 440 nm and 540 nm was determined for each sample, 

I440/I540 [157, 158]. This intensity ratio at 10 µM concentration was compared through one-

way ANOVA testing using Prism 7.03 (GraphPad Software Inc., La Jolla, CA) for each peptide 

to determine the significance of the peptide-membrane interactions in comparison to the PBS 

control. 
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3 Results 

3.1 Melimine modelling 

When exploring the possible interactions that melimine and its derivatives have with lipid 

bilayers, the peptide structure plays an important role. The software package PEP-FOLD 2.0 

[132, 159-162] was used to identify the spatial conformation of amino acid residues of the 

peptide. For each of the five peptides, a local structure prediction profile and 10 × 3D variations 

of the predicted structure of each of the melimine peptides were obtained. The local structure 

prediction profile charts the probability that a structural alphabet (SA) fragment [163, 164], a 

section of four amino acids representing elementary prototype protein conformations, would 

form into a particular spatial conformation. These spatial conformations are defined as one of 

three types, a helical conformation, a random coil conformation and an extended conformation 

with no specified shape. The 3D peptide structures show the outcome of the completed greedy 

algorithm [131, 134], used to build the peptide sequence in its lowest energy state, and an 

optimised potential for efficient structure prediction (OPEP) algorithm [165], to limit the 

roughness of the peptides’ energetic landscape. From these two algorithms, ten conformations 

with the highest probability of forming are presented.  

 

3.1.1 Melimine  

The predicted structure is presented in solution [159, 160].  These predicted structures have 

been compared for several buffers with potassium phosphate, NaCl and trifluoroethanol (TFE). 

By studying the local structure prediction profile, Figure 3.1.1.1, and comparing this prediction 

to the amino acid sequence of melimine, a picture of the secondary structure was able to be 

formed. 

TLISWIKNKRKQRPRVSRRRRRRGGRRRR 

Starting at the N-terminus, the peptide is predicted to have a structural conformation that is of 

either random coil or helical in nature, with a 40% likelihood of each.  

Between the leucine, the 2nd amino acid residue, and the first arginine residue, the 11th amino 

acid residue in this peptide sequence, the software predicted with a 60% likelihood that the 
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peptide was likely to form an α-helical configuration. In the next SA fragment of this peptide, 

between the first and second arginine’s, at the 11th position and 14th positions of the sequence, 

the arginine, lysine and glutamine were predicted to enter into a random coil configuration with 

a likelihood of 70-80%. A second α-helical configuration was predicted to encompass over half 

of the arginine residues from the 14th residue to the 22nd residue. This α-helix conformation 

persisted until the two glycines (23rd and 24th position) within the peptide (another 60% 

probability of this conformation). The last four residues from the C-terminus were predicted to 

be in a random coil configuration with a likelihood above 90%.  This prediction was further 

displayed in the model visualisation shown in Figure 3.1.1.2. 

                         

Figure 3.1.1.1: Local structure prediction profile for melimine. Here, the SA fragments of four 

amino acid residues in length showed the predictions for the structural conformations. The 

colours represent the three different conformations, helical conformation (red), random coil 

conformation (blue) and an extended (non-specific) conformation (green). Image collected 

using PEP-FOLD 2.0 software package [132, 159-162]. 



 

 

 

 66     

                       

Figure 3.1.1.2: Example of the model visualisation of melimine (one of 10 model outputs) A, 

a cartoon version of the model depicting α-helical structures. B, ball and stick model showing 

side amino acid chains. Image collected using PEP-FOLD 2.0 software package [132, 159-

162].  

 

To describe further this peptide, hydrophilicity calculations [166] were undertaken based on 

the Hopp and Woods scale [167]. This scale measures the hydrophilicity as positive values, 

with the hydrophobicity having negative values, as seen in Figure 3.1.1.3. Melimine contains 

a hydrophobic N-terminus region before transitioning into hydrophilic amino acid residues 

along the rest of the peptide. The coils of melimine contain basic amino acid residues of 

arginine, and lysine, which are positively charged in solutions around pH 7. 
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Figure 3.1.1.3: Depiction of the hydrophilicity and hydrophobicity of melimine [166]. The 

peptide has more hydrophobic residues at the N-terminus and more hydrophilic residues at the 

C-terminus.  

 

3.1.2 Cys-melimine 

Cys-melimine has the same sequence as melimine except for the addition of a cysteine moiety 

on the N-terminus. Within the prediction profile, this cysteine was predicted to have a high 

likelihood of being in an extended conformation, at a 60-70% probability, see Figure 3.1.2.1. 

This extension was prevalent in the 3D model seen in Figure 3.1.2.2 and can be contrasted with 

the continued coil at the N-terminus of melimine in Figure 3.1.1.2. 

In having the same sequence as melimine, cys-melimine contained the helix-hinge-helix 

formation, with an 80-90% likelihood of being in a random coil conformation, at the 12th-15th 

residues centred around the proline residue. 

Hydrophobic 

Hydrophilic 



 

 

 

 68     

                    

Figure 3.1.2.1: Local structure prediction profile for cys-melimine. The colours represent the 

three different conformations, helical conformation (red), random coil conformation (blue) and 

an extended (non-specific) conformation (green). Image collected using PEP-FOLD 2.0 

software package [132, 159-162]. 
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Figure 3.1.2.2: Example of the model visualisation of cys-melimine (one of 10 model outputs) 

A, a cartoon version of the model depicting α-helical structures. B, ball and stick model 

showing side amino acid chains. Image collected using PEP-FOLD 2.0 software package [132, 

159-162]. 

 

When looking at the hydrophilicity of the peptide, while being the same as melimine, the 

additional cysteine moiety to the N-terminus of the peptide adds to the hydrophobic nature of 

this region; see Figure 3.1.2.3. 

 

Figure 3.1.2.3: Depiction of the hydrophilicity and hydrophobicity of cys-melimine [166]. 

 

  

Hydrophobic 

Hydrophilic 
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3.1.3 Mel4 

The truncated peptide mel4 had the shorter peptide sequence shown here: 

KNKRKRRRRRRGGRRRR 

Using the PEP-FOLD 2.0 software, mel4 was predicted to form only one α-helical 

configuration in its structure before terminating in a random coil configuration, as seen in 

Figure 3.1.3.1. The α-helical structure was predicted to form between the 2nd and nine residues, 

constituting over half of the peptide, before terminating in a random coil between the 9th and 

14th residues at the C-terminus. This prediction can be seen in Figure 3.1.3.2. As mel4 is a 

truncated version of melimine, it lacks the proline residue associated with the helix-hinge-helix 

motif.   

                    

Figure 3.1.3.1: Local structure prediction profile for mel4. The colours represent the three 

different conformations, helical conformation (red), random coil conformation (blue) and an 

extended (non-specific) conformation (green). Image collected using PEP-FOLD 2.0 software 

package [132, 159-162]. 
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Figure 3.1.3.2:  Example of the model visualisation of mel4 (one of 10 model outputs) A, a 

cartoon version of the model depicting α-helical structure. B, ball and stick model showing side 

amino acid chains. Image collected using PEP-FOLD 2.0 software package [132, 159-162]. 

 

Mel4, being smaller than melimine but containing a similar number of arginine residues, its 

charge and hydrophilic nature are spread across the whole peptide, not simply localised at the 

C-terminus (see Figure 3.1.3.3). 

 

 

Figure 3.1.3.3: Depiction of the hydrophilicity and hydrophobicity of mel4 [166].  
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3.1.4 Cys-mel4 

Cys-mel4 consists of the same sequence as mel4, with the addition of a cysteine moiety on the 

N-terminus. 

CKNKRKRRRRRRGGRRRR 

The peptide is predicted to form the same α-helical structure as mel4,  between the 2nd and nine 

residues before terminating in a random coil between the 9th and 14th residues at the C-terminus 

(see Figure 3.1.4.1). The added cysteine residue does not have much effect on the overall 

predicted structure, with it increasing the likelihood of the N-terminus being an extended 

region, as seen in Figure 3.1.4.2, in much the same way as for cys-melimine. 

             

Figure 3.1.4.1: Local structure prediction profile for cys-mel4. The colours represent the three 

different conformations, helical conformation (red), random coil conformation (blue) and an 

extended (non-specific) conformation (green). Image collected using PEP-FOLD 2.0 software 

package [132, 159-162]. 
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Figure 3.1.4.2: Example of the model visualisation of cys-mel4 (one of 10 model outputs) A, 

a cartoon version of the model depicting α-helical structure. B, ball and stick model showing 

side amino acid chains. Image collected using PEP-FOLD 2.0 software package [132, 159-

162]. 

 

When studying the hydrophilicity of cys-mel4 in Figure 3.1.4.3, the addition of the cysteine 

residue at the N-terminus, caused this N-terminus to have a hydrophobic nature. This contrasts 

against the completely hydrophilic mel4. 

 

Figure 3.1.4.3: Depiction of the hydrophilicity and hydrophobicity of cys-mel4 [166]. 

Hydrophobic 
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3.1.5 MelAlanine 

MelAlanine  has the same number of amino acid residues as melimine, but it contains alanine 

residues that replace the arginine residues in the 18th to the 22nd positions within the sequence: 

TLISWIKNKRKQRPRVSAAAAAAGGRRRR 

The alanine residues still maintained the α-helix configuration that was seen in both melimine 

and cys-melimine. The main difference seen after the substitution of alanine residues for 

arginines was the likelihood of the alanine residues being in a helical conformation slightly 

reduced by ~5-10% (see Figure 3.1.5.1). 

The hinge-helix-hinge structural motif was also present within this peptide (Figure 3.1.5.2) 

between the 12th to 15th residues, centred around the proline residue in the sequence. While 

melAlanine contained this helix-hinge-helix motif, it does not have the same antibacterial 

properties as melimine [40]. 

                               

Figure 3.1.5.1: Local structure prediction profile for melAlanine. The colours represent the 

three different conformations, helical conformation (red), random coil conformation (blue) and 

an extended (non-specific) conformation (green). Image collected using PEP-FOLD 2.0 

software package [132, 159-162]. 
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Figure 3.1.5.2:  Example of the model visualisation of melAlanine (one of 10 model outputs) 

A, a cartoon version of the model depicting α-helical structures. B, ball and stick model 

showing side amino acid chains. Image collected using PEP-FOLD 2.0 software package [132, 

159-162]. 

 

The hydrophilicity of melAlanine is in contrast to the melimine (Figure 3.1.1.3.). The 

replacement of the arginines with the alanine residues reduces the hydrophilicity of this 

peptide. This is seen in the second coil region between the 18-22nd positions. The alanine 

residues here have a slight hydrophobic nature, which is quite different from the highly 

hydrophilic arginine residues present in melimine (Figure 3.1.5.3). See Section 4.1.1 for further 

discussion on this topic. 

 

Figure 3.1.5.3: Depiction of the hydrophilicity and hydrophobicity of melAlanine [166].  
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3.2 Fluoroscopy with RH-421 dye 

RH421 dye is an electric field sensitive probe that can be used to measure the dipole that 

extends from the lipid water interface to the centre of a lipid membrane. When a peptide 

interacts with the outer leaflet of a lipid bilayer, a change in the local electric field occurs, 

causing a wavelength shift in the dye [156, 168]. This is used to determine if a peptide such as 

melimine is membrane active through measuring if the static potential of the membrane is 

perturbed by adding the peptide to it. 

3.2.1 Melimine 

In comparing the intensity response of the RH-421 dye, a drop in the peak intensity was seen 

upon the addition of melimine (see Figure 3.2.1.1). While this change in peak intensity-shift 

appeared to be significant, the drop in intensity was not reproducible. This was due to a variety 

of factors that influenced the signal from the dye. The intensity of the response could change 

due to the dye itself altering the membrane potential or the dipole potential; also, changes in 

the dye concentration between scans could have influenced the peptide conformation or 

changed the membrane fluidity [157]. Because of these factors, the ratio of intensities at 440 

nm and 540 nm was deduced to be a better measure to determine if there was a shift in the 

fluorescence intensity of the dye [157, 158].  
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Figure 3.2.1.1: Intensity profile of melimine and PBS at an equivalent volume. Average of 

five scans at a concentration of 10 µM melimine. Dotted lines show the corresponding 

intensities at 440 nm and 540 nm, at which where the ratios were calculated. 

 

The ratio of intensity at each concentration were plotted for each measured concentration (see 

Figure 3.2.1.2). The melimine profile of the intensity ratio showed a decrease in the ratio with 

increasing melimine concentration. This fall in the ratio between the PBS control and the 

melimine signified that the peptide was interacting with the lipid membrane headgroups. 
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Figure 3.2.1.2: Comparison of the intensity ratios between the PBS control and melimine at 

increasing concentrations. Average of five scans. Error bars denote the standard deviation. 

 

To determine the significance of the drop, the normalised intensity ratio of the 10 µM value of 

each scan was plotted, see Figure 3.2.1.3, with a one-way Analysis of Variance (ANOVA) 

comparing the difference between the peptide and the PBS control at the equivalent volume. 

Two of the peptide derivatives showed a significant difference in the intensity ratio in 

comparison to the PBS control, melimine and cys-melimine (Figure 3.2.1.3). 
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Figure 3.2.1.3: Comparison of the change in the RH-421 fluorescence of melimine and its 

derivatives at 10 µM against a PBS control at equivalent volume. The error bars represent the 

standard error of the mean (SEM). One-way ANOVA was conducted determining the statistical 

difference in terms of a P-value. (*P<0.05, **P<0.01).    

 

 From this analysis, a P-value is reported; it tests whether the normalised intensity ratio at 10 

µM for each of the peptide derivatives had the same mean as the ratio of the PBS control. In 

the analysis between the PBS control and melimine, a P-value of 0.0434 was calculated, 

indicating that the means of the exponential components from the two data sets were 

statistically different. Due to this significant difference in the intensity of the emitted signal, it 

was concluded that the interactions of melimine would cause a shift in the dipole potential of 

the lipid headgroups. 
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3.2.2 Cys-melimine 

The cys-melimine profile of the intensity ratio showed a decrease in the ratio with increasing 

cys-melimine concentration, with this fall starting at a higher concentration than melimine (see 

Figure 3.2.2). This was deduced to indicate that cys-melimine bound differently from 

melimine. 
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Figure 3.2.2: Comparison of the intensity ratios between the PBS control and cys-melimine. 

Average of five scans. Error bars denote the standard deviation. 

 

After running the ANOVA analysis on the 10 µM intensity ratios of cys-melimine (see Figure 

3.2.1.3), a P-value of 0.002 was calculated; this value was smaller than that for melimine, 

indicating that the means of 10 µM values of cys-melimine and the PBS control were 

significantly different. As cys-melimine shows a greater significant difference than melimine, 

this may indicate that the interactions of cys-melimine have a larger effect in influencing the 

dipole potential of the lipid headgroups. 
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3.2.3 Mel4 

After plotting the intensity ratios of mel4, the profile showed a gradual decrease in the ratio 

with increasing concentration, where a slight difference at higher concentrations was seen 

between the PBS control and the mel4 profiles (see Figure 3.2.3). 
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Figure 3.2.3: Comparison of the intensity ratios between the PBS control and mel4. Average 

of five scans. Error bars denote the standard deviation. 

 

After running the ANOVA analysis on the 10 µM intensity ratios of mel4, plotted in Figure 

3.2.1.3 above, a P-value of 0.2060 was reported.  

The p-value returned was >0.05, indicating that the means of the intensity ratios at 10 µM and 

from the means of the PBS control were not statistically different at the level of 95% 

confidence. In other words, this high P-value indicates that the collected data for mel4 did not 

appear to be statistically different from the PBS control. This result suggests that the 

interactions of mel4 had minimal influence over changes in the lipid headgroup dipole 

potential. 
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3.2.4 Cys-mel4 

After plotting the intensity ratios, the cys-mel4 profile shows the least difference in comparison 

to the PBS control (see Figure 3.2.4).  
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Figure 3.2.4: Comparison of the intensity ratios between the PBS control and mel4. Average 

of five scans. Error bars denote the standard deviation. 

 

The intensity ratios were plotted against the concentration, with the 10 µM values used to 

compare to the PBS control (see Figure 3.2.1.3). Following the same ANOVA analysis, a P-

value of 0.2311was calculated for cys-mel4 and was larger than 0.05, indicating that the means 

of the exponential components of both cys-mel4 and the PBS control were not expected to 

differ. This confirmed that cys-mel4 had minimal influence over the lipid membrane headgroup 

dipole potential. 
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3.2.5 MelAlanine 

After plotting the intensity ratios, the melAlanine profile showed a decrease in the ratio that 

was similar to the decrease seen with melimine (see Figure 3.2.5). As melAlanine was designed 

to be a negative control peptide, this type of interaction was not expected. 
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Figure 3.2.5: Comparison of the intensity ratios between the PBS control and mel4. Average 

of five scans. Error bars denote the standard deviation. 

 

After using the values of the 10 µM intensity ratio in an ANOVA analysis (see Figure 3.2.1.3), 

the comparison of the means between the melAlanine and the PBS control returned a P-value 

of 0.1009;  this value is smaller than the reported P-values of mel4 and cys-mel4 but was > 

0.005. This indicated that means of the 10 µM intensity ratios of melAlanine and the PBS 

control were not statistically different. This suggested that the influence of melAlanine on the 

dipole potential of the membrane was smaller than melimine and cys-melimine, which would 

be consistent with melAlanine being a suitable negative control at this concentration. 
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ANOVA comparison  P-Value Significantly different? 

PBS vs. melimine 0.0434 Yes 

PBS vs. cys-melimine 0.0025 Yes 

PBS vs. mel4 0.2060 No 

PBS vs. cys-mel4 0.2311 No 

PBS vs. melAlanine 0.1009 No 

Table 3.2: Summary of the ANOVA analysis comparing each of the peptides to the PBS 

control. 

 

From the low P-values associated with melimine and cys-melimine, both peptides gave values 

that were significantly different from the PBS control (see Table 3.2), indicating that they have 

a small influence over the dipole potential of the membrane. On the other hand, the interactions 

of mel4, cys-mel4 and melAlanine were not sufficiently large enough to influence the dipole 

potential of the membrane. 

The disruptive capabilities of the dipole potential by melimine and cys-melimine suggested 

that these peptides had an influence over the lipid packing and the CPP of the membrane, 

which, although small, still showed that these peptides are potentially membrane-active. See 

Section 4.1.3 for further discussion on this topic. 
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3.3 Dynamic light scattering (DLS) 

Through DLS, the hydrodynamic diameter of lipid spheroids can be measured. When studying 

interactions between lipids and peptides, DLS provides an alternative, non-invasive method to 

measure size changes and aggregation of the lipid spheroids using interactions between 

peptides and membranes [142]. 

Peptides with an amphipathic structure are known to cause aggregation in electrically neutral 

charged lipid vesicles [142], with the strength of the aggregation increasing as a peptide forms 

a stable α‐helix [169]. 

 

3.3.1 Fusogenic properties of melimine and its derivatives 

By measuring the average diameter of the lipid spheroids in each sample, the Lyso-PC 

spheroids were found to originally have a diameter of 10.19±0.47nm before the addition of the 

peptides. Lipid spheroids formed from single chain Lyso-PC lipids reported in the literature 

have diameters of 5-10 nm [170, 171]. The lyso-PC lipids used in these measurements were 

oleyl (18:1) with a single carbon double bond in the acyl chain: this could bring about a change 

in the volume and surface area of a vesicle that would influence the CPP resulting in the 

formation of the larger diameters.   

After the addition of each of the five peptides, the lipid spheroids in the samples had undergone 

aggregation, resulting in the average diameter of the lipid spheroids increasing (see Figure 

3.3.1.1). The larger peptides melimine, cys-melimine and melAlanine had interacted in a way 

that led to the formation of larger aggregates when compared to both mel4 and cys-mel4. 
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Figure 3.3.1.1: Comparison of the size of the LysoPC lipid spheroids. The average diameters 

of the lipid spheroids are shown after the addition of each peptide in comparison to the diameter 

of lipid spheroids with no peptide. The error bars denote the standard deviation from n=15 

measurements. 

 

A one-way ANOVA was carried out on these data in order to ascertain if there were significant 

differences in the change of the size of the lipid spheroids after the addition of each peptide. 

All peptides, except for mel4, were shown to bring about a statistically different change in 

diameter from the plain lipid control (see Figure 3.3.1.2). Section 4.1.2 contains further 

discussion on this topic. 
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Figure 3.3.1.2: An analysis of variance (ANOVA) was undertaken on this data set, performed 

using Prism 7.03 (GraphPad Software Inc., La Jolla, CA) [****P-value <0.0001),  ***P-value 

<0.001] Error bars denote the standard deviation from n = 15 measurements. 
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3.4 Electrical Impedance Spectroscopy (EIS) 

As a way to identify how melimine and its derivatives behave when interacting with cell 

membranes, EIS has been used in conjunction with tBLMs. For these experiments, tBLMs were 

created by using the method described in Section 2.2. When using this technique to identify 

changes in membrane conductance and capacitance, a picture can be built up of a peptide’s 

mode of action [67, 74]. 

3.4.1 Melimine 

Due to their prevalence in natural cell membranes of both eukaryotic and prokaryotic 

organisms [41, 172], zwitterionic phospholipids were first used to identify if melimine caused 

a conduction response, in particular, phosphatidylcholine (PC) lipids. 

Melimine was added at a concentration of 10 µM, in line with its minimum inhibitory 

concentration (MIC) and minimum bactericidal concentration (MBC) against various bacterial 

strains (Table 3.4) [40]. The MIC is the concentration at which a peptide inhibits bacterial 

growth, while the MBC is the concentration at which 99.9% of bacteria are killed after the 

addition of the peptide.  The peptide was compared against both gram-positive and gram-

negative bacterial bio-films, which included S. Aureus,  S. epidermidis, P.aeruginosa and E. 

coli.  

 

Table 3.4: The minimum inhibitory concentrations and the minimum bactericidal 

concentrations for each peptide derivative used in this study. Various strains of both Gram-

positive and Gram-negative bacteria were used. (Table from Berry et al. [40]). 
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The addition of melimine caused two small changes in the membrane, as identified in the Bode 

plot shown in Figure 3.4.1 A. The first change was a shift in the impedance magnitude; this is 

denoted as a decrease in the resistive component of the impedance plot. The capacitive 

elements showed no change in this plot. 

The second change was in the phase component of the Bode plot. This change in the phase was 

made obvious through a shifting of the area of low phase angle attributed to the membrane (see 

Figure 1.5.2 B). The minima in the phase plot was shifted along the abscissal direction towards 

the higher frequency; this increase corresponds to an increase in the membrane conductance. 

In the direct measurements of the membrane conductance (see Figure 3.4.1 B) a small increase 

in the intrinsic conduction was observed across the membrane. This was interpreted as an 

increase in the ionic permeability, increasing the ease at which ions can traverse the membrane.  

Melimine was incubated with the membrane for a period of 15 min, to determine if there would 

be any further interactions, before washing out with 1 mL of PBS. After washing, the 

conduction of the membrane was unchanged, suggesting that the off-rate for melimine 

interactions with the membrane was much slower than the on-rate. Furthermore, there was no 

significant change seen in the membrane capacitance after the addition of melimine (Figure 

3.4.1. C).  
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Figure 3.4.1: EIS plots for melimine in diphytanyl lipid tBLMs. A, Bode plot of before and 

after the addition of melimine (n = 3) showing a fit of the data points; the error bars denote the 

standard error of the mean (SEM) for each measurement. B, conductance response in 

diphytanyl lipid tBLM to the peptide melimine in diphytanyl lipid tBLM (n = 3). The error bars 

denote the SEM. C, capacitance response in diphytanyl lipids to the peptide melimine (n=3). 

The error bars denote the SEM. 
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3.4.2 Cys-melimine 
3.4.2.1 Action on Zwitterionic Lipid Membranes 

Cys-melimine was added to diphytanyl PC lipids at a concentration of 10 µM.  After the 

addition, there was a noticeable shift in the resistive component of the impedance plot. The 

magnitude decreased as indicated by the arrow in Figure 3.4.2.1 A. The shift of the impedance 

minimum to a higher frequency reveals a significantly different profile when compared to 

melimine (Figure 3.4.1 A). The change in the phase plot also indicated more substantial 

membrane interactions than with seen with melimine. The area of low phase angle was shifted 

in the abscissal direction to higher frequencies, and in the ordinate direction where the 

minimum phase angle had increased. The shifting of the phase plot after the addition of cys-

melimine was more pronounced than for the interaction of melimine with the tBLM, indicating 

that cys-melimine had a greater influence on the ionic permeability of the tBLM, it had a greater 

influence on both the capacitance and conductance of the membrane. 

This larger influence was seen in the fitted measurements of the conduction responses of cys-

melimine seen in Figure 3.4.2.1. B. These responses revealed that cys-melimine indeed had a 

greater influence on the ionic permeability than melimine, increasing the conductance 

approximately 20 times more than melimine. 

However, after an initial increase over a period of ~15 min, the conduction of the membrane 

slowly decreased. After washing the membrane with 1 mL of PBS, the conductance of the 

membrane further decreased, but it did not return to baseline levels. This elevation from 

baseline was more pronounced than melimine, probably influenced from greater interactions 

as seen through the larger initial conduction increase.  

Differing from melimine, cys-melimine caused an increase in the capacitance of the tBLM after 

its addition (Figure 3.4.2.1. C). The increased capacitance is consistent with the membrane 

becoming thinner due to the presence of the cys-melimine, or there may have been a change in 

the relative permittivity of the membrane due to the increased water content in the membrane 

as a result of adding the peptide. After washing with PBS, the capacitance of the membrane 

decreased but did not return to baseline levels. 
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Figure 3.4.2.1: EIS plots for cys-melimine in diphytanyl lipid tBLMs. A, Bode plot before and 

after the addition of cys-melimine (n = 3), showing a fit of the data points. The error bars denote 

the SEM. B, conductance response of diphytanyl lipids to the peptide cys-melimine (n = 3). 

The error bars denote the SEM.C, capacitance response of diphytanyl lipids to the peptide cys- 

melimine (n = 3). The error bars denote the SEM. 
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3.4.2.2 Action on Negatively Charged Lipid Membranes 

To explore the effect that negatively charged lipids would have on the interactions of cys-

melimine, increasing concentrations of negatively charged POPG lipids were used. As cys-

melimine interactions showed the largest response in terms of conduction and capacitance 

changes, as well as having the lowest MIC values (Table 3.4), it was chosen as the focus for 

testing with negatively charged lipids. This negative charge is reminiscent of that found in 

many bacterial cell membranes [173-175]. Negatively charged lipids have been used 

previously in identifying the effects of antimicrobial peptides, such as PGLa [135]. 

To elicit this interaction, a series of tBLMs composed of an increasing amount of POPG lipids 

were prepared. The POPG lipids were mixed with POPC lipids at relative concentrations (%) 

of 0, 10, 20 and 30.  

As cys-melimine was added to these membranes, a slight shift was observed in the Bode plots. 

For each increasing concentration of POPG, there was a corresponding shift; an example of 

this is seen in the Bode plot of 10% POPG in Figure 3.4.2.2. A. In the impedance Bode plot, a 

small shift occurred to a lower magnitude in the resistive component. The area of low phase 

angle shifted to a higher minimum and higher frequency. These shifts were of the same form 

as occurred with diphytanyl lipids, although the range of the shift was smaller. 

In the direct conductance measurements, as the concentration of POPG increased within the 

membrane, a higher negative charge was present. The interaction of cys-melimine produced a 

more pronounced conductance response with this increase in proportion to the amount of 

negatively charged lipid in the membrane (see Figure 3.4.2.2). 

The effect of this was a step up in the conductance response with an increasing negative charge. 

This suggested that there may have been an attractive force operating between the positive 

charges of the amino acid residues of cys-melimine and the negatively charged membrane 

surface.  

Across each of the membranes, the increase of capacitance response was proportionately 

similar  (Figure 3.4.2.2. C). This suggested that cys-melimine was causing only minor changes 

to the thickness and/or the water content of each of the tBLM membranes.   
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Figure 3.4.2.2: EIS plots for cys-melimine in negatively charged tBLMs. A, Bode plot of 10% 

POPG tBLMs before and after the addition of cys-melimine, showing a fit of the data points. 

The error bars denote the SEM.  B, Conductance response of varying concentrations of 

negatively charged POPG lipids to the peptide cys-melimine. C, Capacitance response of 

varying concentrations of negatively charged POPG lipids to the peptide cys-melimine. The 

0% POPG and 20% POPG profiles show overlapping data points. 
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3.4.3 Mel4 

Truncating melimine to produce the peptide mel4 decreases its bactericidal effects (Table 3.4) 

[40]. After mel4 was added to a tBLM with a diphytanyl lipid membrane at a concentration of 

10 µM, no change was observed in the Bode plot (Figure 3.4.3.1. A) with no shift of the 

impedance or phase angle.  

 In the direct conductance measurements, an almost negligible response was seen (Figure 

3.4.3.1. B). Mel4 also elicited no change in the capacitance of the membrane (Figure 3.4.3.1. 

C). 

Following this, the concentration of mel4 was increased to 30 µM, to match more closely its 

optimal MIC concentration against the bacterial strains tested [40]; and the experiment was 

repeated (Figure 3.4.3.2). The interaction at this higher concentration produced a slightly larger 

conduction response, but this was still smaller than that reported for melimine. 
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Figure 3.4.3.1: EIS plots for mel4 in diphytanyl lipid tBLMs. A, Bode plot of before and after 

the addition of mel4 (n = 3), showing a fit of the data points. The error bars denote the SEM. 

B, Conductance response of diphytanyl lipids to the peptide mel4 (n=3). The error bars denote 

the SEM. C, Capacitance response of diphytanyl lipids to the peptide mel4 (n=3). The error 

bars denote the SEM.  
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Figure 3.4.3.2: Conductance response of diphytanyl lipids to the peptide mel4 (n = 3) repeated 

at a higher concentration of 30 µM. The error bars denote the SEM. 

 

3.4.4 Cys-mel4 

Cys-mel4 was added to diphytanyl lipid membranes at a concentration of 10 µM. After its 

addition, the peptide caused a decrease in the conductance (see Figure 3.4.4. B). This decrease 

was opposite to the effect of the previous three peptides, melimine, cys-melimine and mel4, 

indicating that cys-mel4 interacts differently with the tBLM. After washing out with 1 mL of 

PBS, the conduction increased again, but with much variance between repeats (n = 3), 

suggesting some changes to the lipid bilayer, which may be due to some sort of membrane 

destabilisation.  

The addition of a cysteine residue in cys-mel4 caused a different result to mel4. This effect is 

also present when comparing melimine to cys-melimine. The difference of one amino acid 

between the pairs of peptides, melimine and cys-melimine, and mel4 and cys-mel4, has shown 

a larger difference in the interactions of the peptide with lipid bilayers. The addition of the 

cysteine residue caused a larger effect but occurred in opposite directions. The conduction 

increased after the addition of cys-melimine but decreased for cys-mel4.  
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When recording the capacitance effects (Figure 3.4.4. C), cys-mel4 caused a decrease in the 

capacitance of the tBLM. This decrease suggested thickening of the membrane and/or a 

reduction of water within the membrane as a result of the lipids becoming more tightly packed.  
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Figure 3.4.4: EIS plots for cys-mel4 in diphytanyl lipid tBLMs. A, Bode plot of before and 

after the addition of cys-mel4 (n = 3), showing a fit of the data points. The error bars denote 

the SEM,  B,  Conductance response of diphytanyl lipids to the peptide cys-mel4 (n = 3). The 

error bars denote the SEM. C, Capacitance response of diphytanyl lipids to the peptide cys-

mel4 (n = 3). The error bars denote the SEM. 



 

 

 

 100     

3.4.5 MelAlanine 

The addition of 10 µM of melAlanine to diphytanyl lipid bilayers in the tBLM apparatus 

brought about peptide-lipid interactions that induced changes in the output of the instrument 

that were greater than those of melimine but smaller than for cys-melimine. In the impedance 

and phase Bode plots (see Figure 3.4.5. A), the magnitude of the resistive component of the 

impedance plot decreased in magnitude after the addition, while the phase plot depicted a shift 

of the area of low phase angle in the horizontal direction, to higher frequencies: and in the 

vertical direction, the minimum phase angle increased. These responses portray similar 

movements to those of cys-melimine, but in these, the shifting of the Bode plots was less 

pronounced. 

In the direct conductance measurements, melAlanine induced a conduction response that was 

comparable to those from cys-melimine (Figure 3.4.5 B). The replacement of the arginine 

residues with alanines in melAlanine has shown to increase the conductance response due to 

the interactions of this peptide, varying from the minimal response seen with melimine (Figure 

3.4.1 B). The conductance initially increased before slowing decreasing throughout a 30 min 

period. After washing with 1 mL of PBS, the conductance decreased and did not return to initial 

baseline levels. 

The capacitance of the diphytanyl membranes increased slightly with the addition of 

melAlanine (see Figure 3.4.5. C): this matched the capacitance response of cys-melimine. 

MelAlanine had the worst MIC values out of each of the five peptides and is supposed to be 

the negative control peptide in that it is ineffective at killing bacteria; this contrasts against the 

lipid-peptide interactions observed.  See Section 4.2.1 for further discussion on this topic. 
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Figure 3.4.5: EIS plots for melAlanine in diphytanyl lipid tBLMs. A, Bode plot of before and 

after the addition of melimine (n = 3). The error bars denote the SEM.  B, Conductance response 

of diphytanyl lipids to the peptide melAlanine (n = 3). The error bars denote the SEM. C, 

Capacitance response of diphytanyl lipids to the peptide melAlanine (n = 3). The error bars 

denote the SEM. 
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3.4.6 Membranes with bacterial lipids 
3.4.6.1 E. coli lipids 

To further complement the effect that cys-melimine had on POPG lipids, lipids that had been 

extracted from E. coli were also investigated. The interaction of cys-melimine with E. coli lipid 

membranes showed a massive increase in the conductance (Figure 3.4.6.1.1 B), further 

highlighting the specificity that cys-melimine has with negatively charged membranes. 

Membranes composed of E. coli lipids are difficult to make consistently and are generally 

unstable, having high baseline conduction values; because of this, it was difficult to obtain 

reliable, reproducible results.  

This instability of the E. coli lipids was even more evident in experiments on melimine 

interactions with the tBLMs. In different measurements (see Figure 3.4.6.1.2. B) there was 

considerable variation in the baseline conductance, which resulted in inconsistencies in the 

results, making it hard to determine the true nature of the peptide-tBLM interactions. 
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Figure 3.4.6.1.1: EIS plots for cys-melimine in E.coli  lipid tBLMs. A, Bode plot of before 

and after the addition of cys-melimine (n = 3), showing a fit of the data points. The error bars 

denote the SEM B, Conductance response of E.coli lipids to the peptide cys-melimine (n = 3). 

The error bars denote the SEM. C, Capacitance response of E.coli lipids to the peptide cys-

melimine (n=3). The error bars denote the SEM.  
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Figure 3.4.6.1.2: EIS plots for melimine in E.coli  lipid tBLMs. A, Bode plot of before and 

after the addition of melimine (n = 3), showing a fit of the data points. The error bars denote 

the SEM. B, Conductance response of E.coli lipids to the peptide melimine (n = 3). The error 

bars denote the SEM. C, Capacitance response of E.coli lipids to the peptide melimine (n = 3). 

The error bars denote the SEM. 
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3.4.6.2 Lipopolysaccharide and Lipid A 

In order to improve the stability of the bacterial membranes made from E. coli lipids, which 

were a mix of various lipid types, pure lipopolysaccharide (LPS) and its lipid A moiety were 

used. As LPS represents the main component of the outer bacterial membrane of a Gram-

negative bacterium [176, 177], membranes containing both LPS and Lipid A were produced.  

LPS in synthetic membranes yielded a similar outcome to membranes that were produced using 

the E. coli lipids. The LPS membranes showed a lack of stability that resulted in a significant 

variation of the baseline conductance of each membrane, making it impossible to obtain 

reliable, reproducible results (Figure 3.4.6.2.1).   
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Figure 3.4.6.2.1: EIS plots for lipopolysaccharide tBLMs A, Baseline conductance of four 

lipopolysaccharide membranes. The variation across each well showed no repeatability. B, 

Bode plot of membrane 4 depicts a phase minima at high frequencies, with a fitted data curve.  

 

Lipid A membranes were slightly more stable than the LPS membranes but still lacked 

reproducibility. Limited conduction and capacitance results were produced using a single 

membrane (see Figure 3.4.6.2.2.). After the addition of melimine and cys-melimine, a decrease 

in the conductance response was seen, opposite of the response observed in other 
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measurements in both the E. coli lipids and diphytanyl lipids. Changes in the capacitance 

response were the same as with the other lipid types. 

Whether this result was due to that structure of the lipid, with each lipid packing differently 

due to its six alkyl chains (see Figure 2.2.3.2.). Alternatively, the results may be due to an 

artifact in the measurements as these results were not able to be replicated. 

From looking at the conductance responses from each of the peptide derivatives, the variations 

in the data suggested that there may be more than one particular characteristic of the peptides 

that were influencing the interactions between each peptide and the lipid bilayers. The effect 

that each peptide has on the transport of ions across lipid bilayers may be due to the molecular 

shape of the peptides, its charge or its hydrophobicity or hydrophilicity. 
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Figure 3.4.6.2.2: A, Conductance response of Lipid A membranes to the peptide melimine. B,  

Capacitance response of Lipid A membranes to the peptide melimine.      

 

 

3.4.7 Melimine with changes in pH 

Recent studies have shown that at high pH values, the area per lipid within a membrane is 

larger, increasing the spacing between the lipids [73, 178]. By having these larger spaces 

between the lipids, a peptide may more readily insert into the lipid bilayer. 
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Melimine was added at a concentration of 10 µM for each of the three pH values tested. At 

both pH ~ 5 and pH ~ 7 the addition of melimine resulted in a slight increase in the conductance. 

Still, upon the addition of melimine at pH ~ 9, a reduction in the conductance was observed 

(see Figure 3.4.7.1.). The capacitance response is similar at each of the three pH values (see 

Figure 3.4.7.2.), indicating that there was minimal difference in the reaction of the membrane 

to the addition of melimine at high pH. 
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Figure 3.4.7.1: Conductance response of melimine at pH ~ 5,7,9 in zwitterionic membranes (n 

= 2). The error bars denote the SEM. 
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Figure 3.4.7.2: Capacitance response of melimine at pH ~ 5,7,9 in zwitterionic membranes (n 

= 2). The error bars denote the SEM. 

 

Negatively charged lipids consisting of 30% POPG were tested in comparison. After the 

addition of melimine at each of the tested pH values, the conductance responses showed a 

similar trend to that of the zwitterionic lipid membranes, with the conductance decreasing at 

pH ~ 9 (see Figure 3.4.7.3.). In the capacitance response, seen in Figure 3.4.7.4., at pH ~ 9, 

there was a small variation to the response seen at the lower pH values. This small response 

was not consequential enough to indicate a difference in the membrane due to the interactions 

of melimine across the three pH values. See Section 4.1.4 for further discussion on this topic. 
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Figure 3.4.7.3: Conductance response of melimine at pH ~ 5,7,9 in negatively charged 

membranes (n = 2). The error bars denote the SEM. 
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Figure 3.4.7.4: Capacitance response of melimine at pH ~ 5,7,9 in negatively charged 

membranes (n = 2). The error bars denote the SEM. 
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3.5 EIS - Arrhenius plots 

Here the average energy required for 1 mol of ions to traverse the membrane is determined 

using the Arrhenius equation, the so-called activation energy. Changes in the activation energy 

of ion traversal have been used to identify the impact of melimine and its derivatives with the 

lipid bilayer. These experiments were carried out using EIS techniques with tBLMs over a 

range of temperatures from 10-35°C. For these experiments, tBLMs were created following 

the method outlined in Section 2.2.  

 

3.5.1 Melimine 

For these measurements, 10 µM of melimine was added to the membrane at ~10°C before 

heating the membrane and observing the change in the conductance as a function of 

temperature. 

To calculate the activation energy, the slope of a graph of the natural log of the conduction 

versus reciprocal of absolute temperature was used. The slope of this graph was determined 

using linear regression (Prism 7.03, GraphPad Software Inc., La Jolla, CA). The resultant line 

is approximately linear, and the slope is therefore equivalent to:  − 𝐸𝐸𝑚𝑚
𝑅𝑅𝑇𝑇

  See Section 1.6.  

Conduction measures of membranes without melimine were completed in parallel. From these 

measures, the slope was calculated to be approximately -10.8 ±0.25 (see Figure 3.5.1.). Using 

this slope, the activation energy of ion traversal for the membrane architecture used was 

calculated to be 90 kJ mol-1. Other research has shown activation energies of ion traversals 

across lipid bilayers for various lipid membranes between 50 - 100 kJ mol-1 [155, 179-181]. 

This discrepancy can be attributed to variations in membrane thickness and lipid composition 

and the measurement techniques used [179-181]. 

In the tBLM’s where melimine had been added, the resultant slope was slightly lower. The 

slope was calculated to be approximately -10.5±0.22 (see Figure 3.5.1.). From this slightly 

lower slope, the activation energy was then calculated to be 87 kJ mol-1. This small reduction 
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in the activation energy due to the interaction of melimine indicated a change in the lipid 

membrane such that the membrane is less resistant to the traversal of ions.  

 

    

3.3 3.4 3.5
-3

-2

-1

0

1

1000/T (K-1)

L
n 

co
nd

uc
ta

nc
e

no melimine

10µM melimine

-10.83 ± 0.2519

-10.51 ± 0.2169
slope of melimine

slope of no melimine

 

Figure 3.5.1: Arrhenius plot comparing diphytanyl membranes with and without 10 µM 

melimine. Measurements were completed in parallel, with n=3 for both sets of measurements. 

The error bars denote the SEM. 

 

3.5.2 Cys-melimine 

For cys-melimine-tBLM activation energies, the data collected was plotted in the same manner 

as outlined in Section 3.5.1, with a linear regression used to calculate the slope. 

From these measurements, with the membranes where no cys-melimine was added, the slope 

was calculated to be approximately -9.4±0.28, see Figure 3.5.2. Using this slope, the activation 

energy of ion traversal was calculated to be 82 kJ mol-1. 

In the tBLM’s where cys-melimine had been added, the resultant slope showed more 

considerable variation with a significantly reduced slope in comparison to the tBLMs without 

the peptide. The slope was calculated to be approximately -6.1±0.15; see Figure 3.5.2. From 

this slope, the activation energy was then calculated to be 51 kJ mol-1. 
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The addition of cys-melimine resulted in a significant drop in the activation energy of ion 

traversal of approximately 38%,  which was significantly larger than that caused by melimine. 

Though the activation energy that was calculated for cys-melimine showed a significant 

reduction compared to that of a peptide free membrane, it is still higher than that reported for 

ion channels such as those produced by gramicidin-A [182].  
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Figure 3.5.2: Arrhenius plot comparing diphytanyl membranes with and without 10 µM cys-

melimine. Measurements were completed in parallel, with n=3 for both sets of measurements. 

The error bars denote the SEM. 

 

3.5.3 Mel4 

The data collected for mel4 activity measures were plotted in the same manner as outlined 

above in Section 3.5.1, with linear regression used to calculate the slope. 

From these measurements, the slope was calculated to be approximately -8.9±0. 95 for mel4-

free tBLMs, see Figure 3.5.3. Using this slope, the activation energy of ion traversal was 

calculated to be 74 kJ mol-1. 

In the tBLM’s where mel4 had been added, the slope was calculated to be 9.6±0.49 (see Figure 

3.5.3.). From this slope, the activation energy was then calculated to be 80 kJ mol-1. This 

activation energy of the membrane after the addition of mel4 appears to be greater than the 



 

 

 

 115     

activation energy of the membrane without the addition of peptide. The error margin in the 

slope of the Arrhenius plot is larger for mel4, leading to overlapping in the activation energy 

of ion traversal, see Table 3.5.  With the overlap in the activation energy that showed minimal 

difference, mel4 may cause no change in the passage of ions, which is in agreement with the 

EIS conductance measures in Section 3.4.3. 
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Figure 3.5.3: Arrhenius plot comparing diphytanyl membranes with and without 10 µM mel4. 

Measurements were completed in parallel, n=3 for both sets of measurements. The error bars 

denote the SEM. 

 

3.5.4 Cys-mel4 

The data collected was plotted in the same manner as outlined above in Section 3.5.1, with 

linear regression used to calculate the slope. 

From these measurements, the slope was calculated to be approximately -10.1±0.29, for cys-

mel4 free membranes, see Figure 3.5.4. Using this slope, the activation energy of ion traversal 

was calculated to be 83 kJ mol-1. 

In the tBLM’s where cys-mel4 had been added, the slope was calculated to be approximately 

-9.4±0.25; see Figure 3.5.4. From this slope, the activation energy was then calculated to be 78 

kJ mol-1. 
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This peptide showed similar activity to melimine, interacting in a way that slightly lowered the 

activation energy of ion traversal, increasing the degrees of freedom of the ions by influencing 

the lipid packing of the lipid bilayer. 
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Figure 3.5.4: Arrhenius plot comparing diphytanyl membranes with and without 10 µM cys-

mel4 comparing the natural log conductance versus the reciprocal of absolute temperature. 

Measurements were completed in parallel, n=3 for both sets of measurements. The error bars 

denote the SEM. 

 

3.5.5 MelAlanine 

For these measurements, melAlanine was added to the tBLMs and cooled to ~10°C before 

heating the membrane and observing the change in the conductance as a function of 

temperature. The data collected was plotted in the same manner as outlined above in Section 

3.5.1, with linear regression used to calculate the slope. 

From these measurements, the slope of the control tBLMs was -13.4±0.88; see Figure 3.5.5. 

After calculating the activation energy of ion traversal, the PBS control returned activation 

energy of 111 kJ mol-1. 
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 After the addition of melAlanine, a decreased slope of -11.6±0.66 was reported, with the 

activation energy being calculated to be  94 kJ mol-1. This was a 15% reduction in the activation 

energy across the membranes after the addition of the peptide. The magnitude of this reduction 

is greater than the change caused by melimine but smaller than the effect of cys-melimine. 

  

3.3 3.4 3.5
-3

-2

-1

0

1

1000/T (K-1)

L
n 

co
nd

uc
ta

nc
e

no melAlanine

10µM melAlanine

-13.35 ± 0.876

-11.62 ± 0.6553

slope of no melAlanine

slope of melAlanine

 

Figure 3.5.5: Arrhenius plot comparing diphytanyl membranes with and without 10 µM 

melAlanine. Measurements were completed in parallel, n=3 for both sets of measurements. The 

error bars denote the SEM. 

 

Melimine and its derivatives have been shown to lower the energy requirements for the passage 

of ions across the lipid bilayers membranes, see Table 3.5. This level of reduction in the 

activation energy is considerably smaller than that of pore formers such as gramicidin-A, 

Staphylococcus aureus α-toxin and the capsaicin Ion Channel, VR1 [182-184]. This suggests 

that melimine and its derivatives are not forming pores within the membrane but instead permit 

the passage of ions by some other mechanism, possibly by causing the widening of intrinsic 

pores in the lipid bilayer. See Section 4.1.6 for further discussion on this topic.  
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Activation energy 

of membrane 

with no peptide 

(kJ mol-1) 

Activation energy of 

membrane with peptide 

(kJ mol-1) 

Percentage 

change (%) 

Melimine (10 µM) 90 ± 2.1 87 ± 1.8 -3 

Cys-melimine (10 µM) 82 ± 2.4 51 ± 1.3 -38 

Mel4 (10 µM) 74 ± 4.9 80 ± 4.1 8 

Cys-mel4 (10 µM) 83 ± 2.5 78 ± 2 -6 

MelAlanine (10 µM) 111 ± 7.3 94 ± 5.4 -15 

Table 3.5: Percentage change of the activation energies of ion traversal after the addition of 

melimine and its derivatives. 
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3.6 Neutron Reflectometry 

Neutron reflectivity can provide information on the structure of lipid bilayers that are normal 

to the membrane plane [185]. As neutrons are pass through the lipid bilayer, neutrons can 

scatter off the lipid bilayer structure. By determining the neutron scattering length densities 

and fitting them to a model of tBLM chemistry layers, it is hoped that structural changes within 

the lipid bilayer caused by the insertion of the melimine peptides can be identified. 

 

3.6.1 Melimine  

These measurements were completed using a tBLM substrate using magnets to create a 

magnetic guide for the cold neutron source. By using this and making use of the contrasts 

provided by the up spin and down spin neutrons, there was a reduced need for buffer exchange, 

requiring one less contrast solution, limiting the washing of the membrane and reducing the 

chance of removing peptide from the lipid bilayer[149, 150]. 

Measurements were first undertaken on a deuterated DOPC bilayer to provide background 

measurements; these measurements were completed in contrast solutions of PBS buffer in both 

H2O and D2O. These measurements were repeated on the same bilayers after 10 µM melimine 

was added. 

During the fitting process, the contrast datasets were compared before and after the addition of 

melimine. The roughness and scattering length densities of the outer lipid headgroups and outer 

lipid tails were left unconstrained during the least-squares fitting. This allowed for the outer 

leaflets of each measurement of the bilayer to be independently fitted, allowing for the 

comparison of any differences between the leaflets as a result of the addition of melimine. From 

this fitting process, the reduced reflectometry data and the modelled layered fit for the bilayers 

did not converge. This prevented the determination of the roughness or scattering length 

densities for the outer lipid headgroups and outer lipid tails, preventing the Bayesian analysis 

from being performed. 

During this fitting process, it was noticed that there was not much change before and after the 

addition of peptides in the reflectivity profiles, see Figure 3.6.1. Within the D2O contrast, the 
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addition of the non-deuterated melimine should have caused a more significant change in the 

reflectivity of the neutrons that were scattering off the bilayer, but this was not the case. The 

reflectivity profiles before and after the addition of melimine show no difference in the 

reflectivity. This suggests that melimine is not aggregating within the bilayer. 

It can also be said that there is no additional water inside the bilayer due to the addition of 

melimine. This additional water would be observable in the H2O contrast, with the hydronium 

in the water scattering neutrons differently from the deuterium in the lipids.  
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Figure 3.6.1: Reflectivity data profiles showing the different contrast scans of melimine in 

D2O and H2O for both up spin and down spin neutron measurements. Reflectivity has been 

plotted against Q, the scattering vector, defined in Section 2.7.1. 
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3.6.2 Cys-melimine and mel4 

Measurements of cys-melimine and mel4 were completed in the same manner as with 

melimine. The result of adding these peptides to their respective membrane resulted in the same 

result as observed with the addition of melimine, with no significant changes observed.  

In Figure 3.6.2.1 and Figure 3.6.2.2, the reflectivity profiles of membranes after the addition 

of each peptide, cys-melimine and mel4, were overlapped with the reflectivity profiles of the 

membranes before this addition where minimal differences were observed.  
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Figure 3.6.2.1: Reflectivity data profiles showing the different contrast scans of cys-melimine 

in D2O and H2O for both up spin and down spin neutron measurements. Reflectivity has been 

plotted against Q, the scattering vector. 

 

 



 

 

 

 122     

0 .0 1 0 .1
1 0 -8

1 0 -7

1 0 -6

1 0 -5

1 0 -4

1 0 -3

1 0 -2

1 0 -1

1 0 0

1 0 1

M e l-4  D 2 O  d o w n

Q  (1 /A )

R
ef

le
ct

iv
it

y

R e flec tiv ity  n o  m e l-4
R eflec tiv ity  m e l-4

0 .0 1 0 .1
1 0 -7

1 0 -6

1 0 -5

1 0 -4

1 0 -3

1 0 -2

1 0 -1

1 0 0

1 0 1

M e l-4  H 2 O  d o w n

Q  (1 /A )

R
ef

le
ct

iv
it

y R e flec tiv ity  n o  m e l-4
R eflec tiv ity  m e l-4

0 .0 1 0 .1
1 0 -8

1 0 -7

1 0 -6

1 0 -5

1 0 -4

1 0 -3

1 0 -2

1 0 -1

1 0 0

1 0 1

M e l-4  D 2 O  u p

Q  (1 /A )

R
ef

le
ct

iv
it

y

R e flec tiv ity  n o  m e l-4
R eflec tiv ity  m e l-4

0 .0 1 0 .1
1 0 -7

1 0 -6

1 0 -5

1 0 -4

1 0 -3

1 0 -2

1 0 -1

1 0 0

1 0 1

M e l-4  H 2 O  u p

Q  (1 /A )

R
ef

le
ct

iv
it

y R e flec tiv ity  n o  m e l-4
R eflec tiv ity  m e l-4

 

Figure 3.6.2.2: Reflectivity data profiles showing the different contrast scans of mel4 in D2O 

and H2O for both up-spin and down-spin neutron measurements. Reflectivity has been plotted 

against Q, the scattering vector. 

 

3.6.3 Cys-mel4 and melAlanine 

The measurements of both cys-mel4 and melAlanine differed from the other peptides. For these 

measurements, due to limited availability, the chromium substrates were used without 

polarising the neutrons; this required the use of an additional mixed D2O/H2O contrast. 

With the addition of both cys-mel4 and melAlanine, some observable differences in the 

reflectivity profiles were noted between the before and after measurements for these two 

peptides.  
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Upon further examination, it was identified that the contrast solutions had been contaminated; 

as such, there was D2O or H2O mixing with the pure contrasts. This mixing may have been due 

to a problem with the HPLC pump, affecting the flushing of the solutions from the cells 

containing the membranes. This contamination of the solutions can be seen predominantly in 

the critical edge of the reflectivity profiles between 0.01-0.02 Q. This can be seen in the D2O 

and H2O measurements of cys-mel4, see Figure 3.6.3.1, and the H2O measurements of 

melAlanine, see Figure 3.6.3.2. Due to time constraints, repeat measurements were unable to 

be taken. 

Apart from the disruption to the reflectivity profiles due to the contrast contamination, no other 

significant changes were detected, suggesting similar interactions to the other peptides. Still, a 

complete comparison was not able to be completed. 
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Figure 3.6.3.1: Reflectivity data profiles showing the different contrast scans of cys-mel4 in 

D2O, H2O and GMW contrast measurements. Reflectivity has been plotted against Q, the 

scattering vector.  
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Figure 3.6.3.2: Reflectivity data profiles showing the different contrast scans of melAlanine 

in D2O, H2O and GMW contrast measurements. Reflectivity has been plotted against Q, the 

scattering vector. 
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3.7  Differential scanning calorimetry 

Through changes in temperature, lipids undergo phase transitions whereby the hydrocarbon 

chains experience changes in their fluidity and mobility. These transition temperatures differ 

for each lipid type, varying due to differences in the tail length, a saturation of the tails and 

head group hydration. Upon introducing a peptide, this process can be disrupted. DSC can, 

therefore, provide an insight into the changes in the lipid packing as a result of this interaction. 

 

3.7.1 Melimine 

Upon heating the DMPC vesicles, we can see an increase in the heat capacity of the system. 

These increases correspond to the phase transitions of the lipid bilayers, see Figure 3.7.1.1. The 

main phase transition occurs at 24.1°C, with the pre-transition temperature occurring at  

13.7°C. From determining the area under each of these peaks, the calorimetric enthalpy of these 

transitions was calculated [186]. The enthalpy of the main phase transition was calculated to 

be  23.89 KJ mol-1, and the enthalpy for the pre-transition was calculated to be 4.02 KJ mol-1. 
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Figure 3.7.1.1: Thermogram of DMPC vesicles, showing an increase in the heat capacity 

coinciding with the pre-transition and the main phase transition. 
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In the thermogram, after the addition of 10 µM melimine, changes were observed when 

compared to the thermogram without the peptide (see Figure 3.7.1.2.). The first difference is a 

shift in the temperature at which the lipids are undergoing the phase transition. The membranes 

with melimine are undergoing this phase transition at a lower temperature, 23°C (see Figure 

3.7.1.2.).  

This decrease in the main transition temperature could be attributed to greater van der Waals 

interactions between neighbouring lipids within the lipid bilayer, with the melimine most likely 

occupying regions of the bilayer that are still in the liquid-crystalline phase [187, 188]. 

The enthalpy of the transition was slightly increased after the addition of melimine, from 23.89 

KJ mol-1 to 24.52 KJ mol-1. This combined effect was attributed to having impurities in the 

bilayer, i.e. melimine, as the lipid packing had been disrupted, reducing the lipid order 

parameter, increasing the entropy and decreasing the transition temperature [188]. 

The main transition peak of the melimine thermogram can be seen to have broadened. This 

broadening was due to the membrane becoming homogeneous with the addition of the peptide, 

with the interactions between the lipids and melimine hindering the ease at which the lipids 

were able to go through the phase transition, requiring more time to undergo the complete phase 

transition [188, 189]. 
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Figure 3.7.1.2: Thermogram of the main phase transition of DMPC lipid vesicles with and 

without 10 µM melimine. 
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The peak signifying the pre-transition of the membrane can be seen to have shifted in a similar 

manner as the peak at the main transition, see Figure 3.7.1.3. The pre-transition peak, after the 

addition of melimine, resulted in the scanning densitometry transition temperature decreasing 

to 8.8 °C, with an enthalpy of 1.09 KJ mol-1. 
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Figure 3.7.1.3: Thermogram of the pre-transition of DMPC lipid vesicles with and without 10 

µM melimine. 

 

3.7.2 Cys-melimine 

After the addition of 10 µM cys-melimine to the DMPC vesicles, the resultant thermogram 

showed a broadening of the peak and a shift in the main phase transition temperature to lower 

temperatures, though slightly smaller than the temperature shift caused by melimine (see Figure 

3.7.2.1.). The temperature of the main transition peak, at 23.8°C, shifted from the 24.1°C of 

the pure DMPC lipid phase transition. This was attributed to an increase in the van der Waals 

interactions between the neighbouring lipids within the bilayer. The transition peak was also 

observed to have broadened, similar to melimine, showing that the impurities in the membrane 

caused by the cys-melimine were also hindering the ability of the lipids to undergo the phase 

transition. 
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The enthalpy of the transition was calculated to be 22.26 KJ mol-1, which is smaller than the 

energy required for only DMPC lipids and, having the opposite effect than that of melimine, 

indicated that while the membrane is less cooperative, the order parameter is not reduced. 
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Figure 3.7.2.1: Thermogram of the main phase transition of DMPC lipid vesicles with and 

without 10 µM cys-melimine. 

 

The peak signifying the pre-transition of the membrane shifted in a similar manner as the peak 

at the main transition (see Figure 3.7.2.2.). The pre-transition peak after the addition of 

melimine resulted in the transition temperature decreasing to 11.8°C with the enthalpy 

calculated to be 1.21 KJ mol-1.  
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Figure 3.7.2.2: Thermogram of the pre-transition of DMPC lipid vesicles with and without 10 

µM cys-melimine. 

 

3.7.3 Mel4 

The addition of 10 µM  mel4 into the DMPC vesicles did not cause a change to the temperature 

at which the main peak phase transition occurred. However, the thermogram during the main 

phase transition exhibited an additional peak at 24.5°C (see Figure 3.7.3.1.), suggesting a delay 

with some regions of the bilayer as the lipids underwent their phase transition. 

The enthalpy of the phase transition for mel4 was calculated to be 26.28 KJ mol-1. This enthalpy 

was much higher than the enthalpy of DMPC lipids alone. The proposed delay of the regions 

of lipids might explain this increased enthalpy as there would be two populations of lipids 

undergoing separate phase transitions.  
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Figure 3.7.3.1: Thermogram of the main phase transition of DMPC lipid vesicles with and 

without 10 µM mel4. 

 

Minimal changes are observed between the thermograms with and without mel4 during the 

pre-transition (see Figure 3.7.3.2.). The transition temperature after the addition of mel4 was 

13.8°C, an increase of 0.1°C compared to the pre-transition temperature of the DMPC vesicles 

with lipid only. The enthalpy of the pre-transition did decrease after the addition of mel4. It 

was calculated to be 3.14 KJ mol-1. This reduction indicates that mel4 was influencing the 

packing of the lipids within the membrane. However, this reduction was less than the effect of 

melimine and may be due to mel4 being truncated, possessing a shorter sequence.  
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Figure 3.7.3.2: Thermogram of the pre-transition of DMPC lipid vesicles with and without 10 

µM mel4. 

 

3.7.4 Cys-mel4 

The thermogram, after the addition of 10 µM cys-mel4, showed no significant changes in 

comparison to the thermogram with DMPC lipid (see Figure 3.7.4.1.). The main phase 

transition temperature for cys-mel4 is 24°C had a decrease of 0.1°C compared to the main 

phase transition temperature of the DMPC lipid thermogram. 

The enthalpy of the cys-mel4 thermogram was calculated to be 23.85 KJ mol-1 and showed no 

change compared to the enthalpy of the control. These minimal changes suggested that cys-

mel4 had a little effect on the lipid packing of the lipid bilayer.  
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Figure 3.7.4.1: Thermogram of the main phase transition of DMPC lipid vesicles with and 

without 10 µM cys-mel4. 

The pre-transition of the cys-mel4 thermogram showed small differences in comparison to the 

DMPC only thermogram (see Figure 3.7.4.2.). The pre-transition temperature increased to 

13.9°C  after the addition of cys-mel4, and the enthalpy of the pre-transition of the cys-mel4 

membrane was calculated to be 3.43 KJ mol-1, showing a small reduction when compared to 

the DMPC only control. The decrease of the enthalpy seen in the increase in the transition 

temperature is most likely due to the impurity of cys-mel4 existing within the lipid bilayer.  
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Figure 3.7.4.2: Thermogram of the main phase transition of DMPC lipid vesicles with and 

without 10 µM cys-mel. 

 

3.7.5 MelAlanine 

The introduction of melAlanine into the bilayer resulted in changes that were opposite to that 

of melimine (see Figure 3.7.5.1.). The thermogram of the melAlanine addition showed a slight 

increase in the transition temperature to 24.3°C with a narrowing of the peak width. The 

enthalpy was also reduced and was calculated to be 18.66 KJ mol-1. This indicated that 

melAlanine caused a reduction in the vans der Waals interactions between neighbouring lipids 

within the bilayer and caused the lipids to go through the phase transition within a narrower 

temperature range.   
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Figure 3.7.5.1: Thermogram of the main phase transition of DMPC lipid vesicles with and 

without 10 µM melAlanine. 

The pre-transition of the melAlanine thermogram also showed an increase in the transition 

temperature to 14.3°C (see Figure 3.7.5.2.). The enthalpy of the pre-transition was calculated 

to be 2.3 KJ mol-1. This was a reduction when compared to the DMPC only pre-transition. This 

decrease in the enthalpy was greater than the decrease caused by mel4 and cys-mel4, but 

smaller than the effect of melimine and cys-melimine. This relatively midrange reduction may 

be due to the size of melAlanine being the same as melimine. However, the charge of 

melAlanine is smaller than the other four peptides, and the hydrophobicity of the alanine 

residues differs from the arginines. This change in the charge and the hydrophobicity would 

have influenced the interactions between melAlanine and the lipids within the bilayer, changing 

the way that the lipids would have packed when compared to the other peptides. This was seen 

in the increase in the transition temperature and narrower peak width.  
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Figure 3.7.5.2: Thermogram of the main phase transition of DMPC lipid vesicles with and 

without 10 µM melAlanine. 
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3.7.6 Summary 

Melimine and its derivatives have been shown to interact with lipids within the bilayer in a way 

that influences the packing through changes in the phase transitions of lipid bilayers (Table 

3.7). See Section 4.1.5 for further discussion on this topic. 

 

Table 3.7: Summary of the enthalpies and transition temperatures of melimine and its 

derivatives. 

  

 

Transition 

temperature 

(°C) 

Transition 

enthalpy 

(kJ mol-1)  ΔH 

Pre-transition 

temperature 

(°C) 

Pre-transition 

enthalpy  

(kJ mol-1) 

Lipid only 24.1 23.89 13.7 4.02 

Melimine 23 24.52 8.8 1.09 

Cys-melimine 23.8 22.26 11.8 1.21 

Mel4 24.1 26.28 13.8 3.14 

Cys-mel4 24 23.85 13. 3.43 

MelAlinine 24.3 18.66 14.3 2.3 
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4 Discussion 

This work set out to use advanced biophysical research techniques such as in-silico structural 

modelling, fluorescent membrane dipole measures, differential scanning calorimetry, neutron 

reflectometry, dynamic light scattering and electrical impedance spectroscopy of tBLMs to 

describe the cell membrane interactions of melimine and its associated derivatives. An EIS 

tBLM technique modelled on the Arrhenius equation was also developed to record the 

activation energies of ion transport across the tBLMs in response to melimine and its 

derivatives. Further, the data collected through the aforementioned techniques were used to 

describe the interactions of melimine and its derivatives according to the CPP model, which, 

given the size of the peptides, appears to best explain the interactions of these molecules with 

lipid bilayers. The minimal interaction with the membranes observed in this study is in contrast 

to in vivo bacterial dye release measures of melimine that originally suggested a pore-forming 

action [30].  
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Table 4.1: Summary of the results in response to each peptide at 10 µM. Green boxes indicate 

a marked difference compared to a no-peptide control. Red boxes indicate little or no difference 

compared to control.  

    Technique  
 

Melimine Cys-melimine Mel4 Cys-mel4 MelAlanine 

MIC 
 

Low Low Low-med Low High 

Fluorescence 
dipole measures  

Significantly     
different to 
peptide free 

Yes 

P = 0.043* 

Yes 

P = 0.003** 

No 

P = 0.206 

No 

P = 0.231 

No 

P = 0.101 

DLS 
 

Significantly 
different  to 
peptide free 

Yes 

P < 0.0001 **** 

Yes 

P < 0.0001 **** 

No 

P = 0.867 

Yes 

P < 0.0003*** 

Yes 

P < 0.0001 **** 

EIS  

Δ conductance 
(µS) 

[ µS cm-2 ] 

0.115 ± 0.02 

[0.0055 ± 0.0002] 

2.55 ± 0.74 

[0.121 ± 0.035] 

0.02 ± 0.02 

[0.001 ± 0.001] 

-0.081 ± 0.015 

[0.0039 ± 0.0007] 

1.68 ± 0.38 

[0.08 ± 0.018] 

 

Δ capacitance 

(µF cm-2) 0.0146 ± 0.004 0.22 ± 0.03 0 -0.035 ± 0.005 0.098 ± 0.028 

EIS Arrhenius 
 

Percentage 
change (%) in 

Ea -3 -38 8 -6 -15 

Neutron 
Reflectometry 

Structural 
change detected No No No No No 

DSC  Δ temp (°C) -1.1 -0.3 0 -0.1 0.2 

 

Δ enthalpy (kJ 
mol-1) 0.63 -1.63 2.39 -0.04 -5.23 
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4.1 Melimine and its derivatives: membrane interactions 

4.1.1 Impact of the peptide structure 

The in-silico modelling of melimine, cys-melimine and melAlanine has shown that the peptide 

contains two α-helical conformations, connected by random coiling, see Figure 3.1.2. This 

random coiling occurs around the proline residue, as would be expected. The proline bend 

present in the structure is similar to the structure seen in peptides like Pardaxin [190], 

Apolipoprotein A-I [191], magainin II, caerin 1.1, and clavanin [192, 193]. This bend has also 

been identified in melittin, which shares sequence homology with melimine [190]. This 

structure with the proline bend between two helices has been designated a helix-hinge-helix 

motif [191, 194, 195]. 

This proline hinge has been shown to be a factor in antibacterial activity [190] and to increase 

antimicrobial cell penetration [196, 197]. For example, loss of this hinge motif reduces the 

cytolytic activity of modified pardaxin and reduces the ability of modified buforin II to 

penetrate the membrane of cells, resulting in an accumulation of the peptide on the cell surface. 

While the helix-hinge-helix motif has been shown to increase peptides antibacterial activity, 

its exact mode of action with the addition of the hinge is unknown [190]. It has been postulated 

that the increased flexibility provided by the hinge is what allows for optimal orientation and 

increased insertion of the hydrophobic regions of the helical regions of these types of peptides 

[193, 194]. 

In addition to the hinge induced from proline, glycine has also been shown to induce a similar 

hinge [196]. The two glycine residues within melimine’s sequence structure, at positions 24 

and 25, have been identified as the most likely point where the second helix terminates; this 

may correlate with a second hinge of the peptide were it longer. 

Through the use of EIS with melimine, cys-melimine and melAlanine, the increased 

conduction measurements do not show any impact due to the proline hinge, with melimine 

showing minimal conductance change, see Figure 3.4.1. 

The impact of the proline hinge is also not prevalent in Arrhenius measures. This can be noted 

in the percentage change of the activation energy of ion traversal, seen in Table 3.5, for 

melimine, cys-melimine and melAlanine. 
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The added cysteine moiety within the cys-derivatives of melimine may have additional 

interactions, which may lead to disulfide-bridges forming between these peptides in solution. 

However, both cys-melimine and cys-mel4 were examined using high-resolution 

nanoelectrospray ionization mass spectrometry [40]. This was used to determine whether 

disulfide-bridged homodimers were forming in solution. They found that only monomeric 

forms of the two peptides were present.  

 

4.1.2 Fusogenic properties 

Results from the DLS measurements showed that the interactions of melimine and its 

derivatives led to an increase in the diameter of lipid spheroids, suggesting that the peptides 

promote the fusing of these lipid complexes (Figure 3.3.1.2).  

Studies have shown that the interaction between peptides and lipid membranes may lead to the 

aggregation of vesicles, particularly by charged peptides or ones that have hydrophobic 

properties [142, 169, 198]. Peptides with an α–helix component have been shown to destabilise 

lipid bilayers and influence the fusogenicity of the peptides [198-200]. With melimine, cys-

melimine and melAlanine having a second α-helical coil segment in their predicted structures, 

as shown in the in-silico modelling in Section 3.1, this may be correlated to an increased 

fusogenic potential, as seen in the resultant lipid spheroids size in comparison to mel4 and cys-

mel4, in Figure 3.3.1.1.  

The angle of the insertion, as influenced by the interactions of the dipole potential of each 

peptide with the lipid bilayer, may also lead to changes in the fusogenic properties of the 

peptides and, as such, change the aggregation of lipid spheroids [201]. The dipole moment of 

the lipids would influence the peptide, changing the insertion angle, ranging from parallel to 

perpendicular to the membrane, with studies showing that α-helices inserted at angles between 

these planes cause more significant disruptions to the packing of lipids [202-204]. Additionally, 

the proline hinge found in the three larger peptides studied here may also cause changes to the 

angle of insertion as it alters the degrees of freedom of the second α-helix component of these 

peptides.  
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Studies have also shown that changes in lyso PC lipids within bacterial membranes, such as 

the density of lipid packing, have been shown to affect membrane resistance [205] and lipid 

membranes' permeability [206]. The interaction of melimine and its derivatives with the lyso 

PC lipids within a bacterial membrane may lead to better insertion due to this increased 

permeability, thus further disrupting lyso PC lipids' packing leading to changes in ionic 

transport across bacterial membranes. 

4.1.3 Fluorescent dipole meaurements 

To what degree the dipole of the lipid head groups existing between the phosphate to nitrogen 

atoms is affected by the insertion of the peptide was explored by determining the spectral 

changes of the fluorophore RH-421 [15]. Of the five peptides, melimine and cys-melimine 

caused a significant decrease of the lipid headgroup dipole potential (Table 3.2 and 4.1). 

Within the membrane, the total dipole signal is constituted from three components [207, 208]. 

The first reported component is the transmembrane potential that arises due to differences in 

the salt concentrations on each side of the membrane, such as the Nernst potential. The second 

reported component arises from a surface potential from the accumulation of ions that are 

attracted to the charged lipid head groups. The third reported component of the membrane 

dipole originates from the alignment of the membrane lipids and the alignment of water 

molecules at the membrane-water interface [201]. Of the total dipole signal, the third 

component is a dominant factor in determining the total electric field strength, as it is greater 

in strength by one to two orders of magnitude [207, 208]. 

As each of the peptide derivatives interacts with the membrane surface, the hydration layer of 

the membrane may be affected. This interaction would lead to a decrease in the membrane 

dipole through the disruption of the hydrogen bonds between the water molecules and the lipid 

head groups and the disassociation of the water molecules from the lipid bilayer [201]. The 

changes in this water content across the membrane headgroups can be measured by identifying 

changes in the capacitance measures when using electrical impedance spectroscopy; It is 

tempting to compare the capacitance measure with the fluorescence dipole measures, but in 

reality, they are comparing different things. 
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The interactions between the peptides, particularly melimine and cys-melimine (see Table 3.2 

and 4.1) and the lipid bilayer may cause the lipids to shift to accommodate the peptide insertion 

and or have a significant impact on the hydration state of the lipid headgroups; in this case, the 

magnitude of the membrane dipole is also affected. The dipole of the lipid head groups, existing 

between the phosphate to nitrogen atoms, has been reported to be perpendicular to the lipids 

and parallel to the membrane in the absence of electrolytes [209]. It is uncertain, however, 

whether the presence of ions would cause a change to the orientation of this dipole moment as 

the previous studies that suggested a parallel arrangement of the headgroups with the bilayer 

were performed in pure water.  

Regardless, shifting of the orientation of these lipids by the insertion of melimine or cys-

melimine seems to cause a significant change in the dipole potential across the membrane 

headgroups, Figures 3.2.1.2 and 3.2.2.1. These two peptides, being untruncated, have a greater 

length than mel4 and cys-mel4, suggesting that the increased length of these peptides allows 

for greater interactions with the lipid headgroups, disrupting the dipole. Charge attraction to 

the membrane may also allow for increased disruption of the dipole of the headgroups, as 

melimine and cys-melimine possess the highest charge of all of the peptide derivatives (Table 

1.2), with the untruncated, reduced charged, melAlanine, showing a less significant interaction 

with the lipid headgroups. 

The dipole of the membrane has been shown to influence the angle of insertion of some 

peptides, either increasing or decreasing the angle of insertion [201, 210]. The angle of 

insertion can then have an effect on the fusogenic properties of the membrane [201]. This can 

be seen with melimine and cys-melimine, influencing both the fusogenic and the dipole 

potential of these membranes.  

The dipole moment of each peptide would also have a direct influence on the magnitude of the 

dipole across the membrane, with the orientation of the peptide having some impact as it inserts 

into the membrane. If the insertion of this peptide with its dipole is such that its alignment is in 

contrast to the membrane dipole, then the magnitude of the membrane dipole will be altered 

[201]. While melimine and cys-melimine were shown to alter the magnitude of the dipole of 

the membrane, it is important to realise that the overall downshift of the magnitude of the 
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membrane dipole is minimal, suggesting that these two peptides are only causing minimal 

disruptions to the lipid packing and the hydrogen bonds between the water and the membrane. 

 

4.1.4 pH-induced membrane response 

The decrease in the conductance response at pH = 9 in both zwitterionic and negatively charged 

membranes may be due to changes in the protonation state of the side chains of some of the 

amino acid residues in the melimine sequence. Arginine and lysine both report a pKa value for 

their side chains at high pH values. Arginine reports a pKa of approximately 12, and lysine 

reports a value of approximately 10 [211]. While these pKa values are above the measured pH 

values used, J.K.Thibado et al., 2016, have shown that while the side chains of the arginine 

residues will not change at these measured pH values, the side chains of lysine residues undergo 

deprotonation at pH values between 6.5–8.0 [212]. 

Melimine contains three lysine residues in the first α-helix coil in its sequence. If the lysine 

side chains are undergoing deprotonation at pH = 9, the peptide would be experiencing changes 

in its charge and its hydrophobicity. This may lead to changes to its structural conformation 

around the lysine residues within the peptide. These changes may then limit its ability to insert 

into the membrane.  

 

4.1.5 Lipid phase transition disruption 

Adding impurities into a membrane, such as an antimicrobial peptide, as it is undergoing its 

phase transition would generally lead to a reduction in the cooperativity of the membrane (the 

ease at which the lipids go through the phase transition) through a disruption in the lipid 

packing [188]. As this packing is disrupted, the measured enthalpy of the phase transition 

decreases and the temperature at which the transition occurs is decreased [188]. The effect of 

these impurities is more prominent when observing the pre-transition, leading to a loss of the 

pre-transition peak due to disruption of the lipid packing after a peptide has interacted with the 

bilayer core [213, 214]. 
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The insertion of melimine and cys-melimine caused the main phase transition temperature to 

slightly decrease, indicating these two untruncated peptides caused a more noticeable change 

in the packing of the lipid bilayer [187-189].  Melimine, cys-melimine, mel4 and melAlanine 

caused small changes to the enthalpy of the phase transition (see Table 4.1). Small changes in 

the enthalpy of the main transition have been shown to indicate minimal disruption of the 

hydrocarbon chain packing of DMPC membranes [215]. This is because the enthalpy of the 

phase transition arises from the disruption of the van der Waals interactions between the chains 

as they undergo melting through the phase transition. The minimal differences in the enthalpy 

caused by the addition of melimine and its derivatives (see Table 3.7) suggest that these 

peptides only minimally interact with the lipid membrane [215, 216]. MelAlanine caused a 

greater decrease in the enthalpy (Table 3.7). The alanine residues in the second helix result in 

the peptide being more hydrophobic; this might allow for more interactions with the 

hydrophobic chains in comparison to the other peptides. 

The presence of the second overlapping transition peak for mel4, see Figure 3.7.3.1, may have 

arisen from differing temperatures at which the lipids are undergoing the phase transition due 

to separation into areas of lipid that are interdigitated with the peptide, where the hydrocarbon 

chains are shielded from water by the mel4 and regions of lipid only [217]. This peptide-lipid 

interdigitation has also been observed with the bee venom peptide, melittin, in PC lipids [217]. 

A decrease in the pretransition was observed for each of the five peptide derivatives. The three 

untruncated peptides resulted in a more substantial reduction of the pretransition. Still, the 

pretransition was not completely removed at the peptide concentrations used; this is suggesting 

that melimine and its derivatives are only causing minor packing defects within the lipid 

headgroups (Figures 3.7.1.3, 3.7.2.2, 3.7.3.2, 3.7.4.2, 3.7.5.2). This is in contrast to a study by 

C. Mollay, 1976,  whereby the introduction of the bee venom peptide, melittin, into a lipid 

membrane at a lipid to peptide ratio of 250:1 almost completely removed the pre-transition 

[218]. Melimine and its derivatives were added at a lower concentration, at a lipid to peptide 

ratio of 300:1. Other peptides at higher concentrations have been shown to completely remove 

the pretransition, this includes Temporin-SHa and Gramicidin S, at a lipid to peptide ratio of 

100:1 [219, 220], and two novel peptides derived from human and chicken lysozyme at a lipid 

to peptide ratio of 25:1 [221]. The disappearance of the pretransition may also be due to the 

use of the faster rate of increasing the temperature during their measurements, as the 
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pretransition has been shown to be a slower process, thereby making it harder to interpret the 

changes with rapid scanning [187, 222]. 

 

4.1.6 Ion traversal energy barrier of membranes 

The activation energy of ions traversing across the lipid bilayer is similar to determining the 

energetic barrier. The interaction of peptides with a lipid bilayer leads to a change in the energy 

barrier; as such, a decrease in the activation energy would show that the energy barrier 

restricting the flow of ions has been decreased.    

Compared to pores like gramicidin A, Staphylococcus aureus α-toxin and the capsaicin ion 

channel, VR1, whose activation energy for ion traversal has been reported as 38.9kJ mol-1  

[182],  15.9kJ mol-1 [183], and 29.3 kJ mol-1 respectively [184], the activation energy in the 

presence of melimine and its derivatives are still significantly higher. Though for gramicidin 

A and the α-toxin, this activation energy measurement was done in black lipid membranes 

formed from monoglyceride or egg phosphatidylcholine, and the activation energy of the 

capsaicin ion channel was calculated based on data collected using patch-clamp 

electrophysiology techniques. This makes direct comparisons with the tBLM Arrhenius energy 

measurements used here tenuous.  

Valincius et al., 2008 reported a change in the activation energy of ion traversal to be 100 kJ 

mol-1 for DOPC tethered lipid bilayers without any compounds added [155]. This is consistent 

with the membranes in this study, before the addition of melimine and its derivatives, where 

activation energies in the range of 74-111 kJ mol-1 were found (Table 3.5).  

The addition of the amyloid β-peptides oligomers by Valincius et al. caused the barrier energy 

of the bilayer to drop to 36.8 kJ mol-1. This decrease was much larger than the barrier decrease 

caused by melimine, mel4, cys-mel4 and melAlanine, which caused changes in the range of 3-

17 kJ mol-1 (Table 3.5). Considerations need to be made for the different tBLM architectures 

used in the study by Valincius et al. compared to the study presented here. Their study used 

DOPC lipids on a T30 tethering architecture, whilst this study used a mixture of diphytanyl 

lipids on a T10 tethering architecture. Further, this study used a collected greater number of 

temperature points used in calculating the resultant slope of the Arrhenius plots. 
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The interactions of cys-melimine have a more considerable influence on the energy barrier of 

the lipid bilayer than melimine and the other three derivatives, from 82 kJ mol-1 to 51 kJ mol-

1, which suggests that the interactions of cys-melimine are significantly lowering the energy 

barrier of the lipid bilayer.  

With cys-melimine causing the most substantial change to the energy barrier of the membrane 

and melAlanine, while the disruption was smaller, was still larger than the other derivatives, 

this correlates with the EIS data presented in Section 3.4 and the number of their relative 

hydrophobic amino acid residues.   

Overall the five peptides, melimine and its derivatives, have a small influence on the energy 

barrier of lipid bilayers. This suggests that the interactions of these peptides, while increasing 

the ion conduction, are not forming pores. 
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4.2 Model for Membrane Disruption 

4.2.1 Membrane penetration 

Despite having a low MIC (Table 3.4), the small conductance response suggests that the 

bactericidal effects of melimine are not caused by either cell lysis or through a surfactant-like 

effect (e.g. the carpet modal). If melimine had interacted in a way similar to these modes of 

action, the membrane would have ruptured, leading to the membrane falling apart and the 

disappearance of the phase minima of each Bode plot (Figures 3.4.1.1.1 A, 3.4.2.1.1 A, 3.4.3.1 

A, 3.4.4.1 A, and 3.4.5.1 A). With the Bode plots remaining stable after the addition of each 

peptide, no evidence of this effect was seen. Further, from the reflectivity profiles (Figures 

3.6.1.1, 3.6.2.1, 3.6.2.2,  2.6.3.1 and 2.6.3.2), before and after the addition of melimine and its 

derivatives show no difference in the reflectivity. This is suggesting that melimine is not 

inducing significant changes in membrane morphology. 

Furthermore, if an increase in membrane packing that leads to a small or negative conductance 

response were to be the cause of low MIC values, this would be evident in the DSC results. Of 

the peptide derivatives, melimine, mel4 and cys-mel4 show a small conductance response, with 

the Δconductance response of cys-mel4 being negative. The interactions of these three peptides 

would also have caused an increase in the ΔT of the main transition due to the closer packing 

of the phospholipids. The data shows that the melimine caused a decrease in the main transition 

temperature, while mel4 caused no change to the transition temperature and cys-mel4 caused 

only a minor increase, see Table 3.7. This suggests that it is unlikely increased phospholipid 

packing is the cause of the low MIC values due to these peptides. 

When compared to ion channel-forming peptides and proteins such as gramicidin A and α-

hemolysin [101, 136], the conductance response of each of these peptides is considerably 

smaller, suggesting that they are not forming ion channels spanning across the membrane, such 

as a barrel-stave pore. The activation energy of ion traversal through the membranes in the 

presence of melimine and its derivatives was also determined to be lower than what would be 

expected for an ion channel (See discussion in Section 4.1.6 above).  

That I did not detect any changes to the acyl chains morphology using neutron reflectometry, 

suggests that melimine and its derivatives are not present in this region. Yet, the resolution of 

the neutron reflectometry may not be sufficient enough to detect any changes within the 
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headgroup region of the lipid bilayer. Accounting for the changes in membrane conduction 

then must be as a result of interactions at the water-lipid interface. From the types of peptide-

membrane models presented in Section 1.1.2, only the CPP model seems to be supported by 

the data. 

4.2.2 Peptide charge  

In the presence of negatively charged lipids such as POPG, cationic peptides induce a greater 

membrane conduction response (Figure 3.4.2.2). It has been hypothesised that membrane 

disruption due to charge attraction of cationic peptides is the cause of their antimicrobial 

activity; this phenomenon is well understood and has been reported previously [135, 223-230].  

In the structure of these peptides, melAlanine is the same size as melimine and cys-melimine 

but contains differences in its charge and hydrophobicity. Melimine and mel4, while having a 

difference in size, have a similar charge. The only difference between melimine and cys-

melimine, and mel4 and cys-mel4, is the presence of the hydrophobic cysteine residue. While 

melAlanine has a smaller charge than all peptides, the alanine residues add to its hydrophobic 

nature, increasing its membrane-disruptive properties. As melAlanine has a high MIC value 

against bacteria (see Table 3.4)., it brings into question whether the correlation between peptide 

charge and low MICs against bacteria is a result of a membrane disruption mechanism. That 

the truncated, highly charged, less hydrophobic peptides had induced minimal membrane-

disruptive changes whilst maintaining low MIC values against bacteria lends credence to this 

supposition. 

4.2.3 Summary 

In summary, the data suggests that the actions of these compounds against bacteria are unlikely 

to be as a result of any lipid bilayer lytic response or through the formation of a barrel stave 

pore. This lends credence to the CPP toroidal pore model being the better fit for identifying a 

mode of action for melimine and its derivatives. This would be either through the compounds 

forming part of the lipidic toroidal pore in an interdigitated pattern, or they are causing 

disruptions in the CPP across the bilayer and inducing or modulating toroidal pores within the 

membrane [67, 73]. The melAlanine data with its MIC values (Table 3.4) indicating that it does 

not kill bacteria, combined with its high conductance response, enforces an idea that these 

peptides are not causing bacterial cell death through pore-forming.   
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4.3 Antimicrobial properties 

A large volume of the literature assumes that there is a strong link between membrane attraction 

and insertion [135, 223-234]. For melimine and its derivatives, which are highly positively 

charged peptides, have net charges ranging from +10 to +16 at neutral pH. This would suggest 

that the peptides have a strong affinity for binding to membranes. The results in this study have 

shown that these peptides are not inserting into membranes and forming pores yet are still 

active against both gram-positive and gram-negative bacteria in weakening the integrity of 

bacterial cytoplasmic membranes [30].   

For the exact mode of action of melimine and its derivatives, it is feasible that these peptides 

are targeting other components of bacterial cell membranes. There is an increasing number of 

AMPs that are being shown not to be membrane targeting. Two peptides, nisin and pep5, have 

been shown to activate the enzyme autolysin, which breaks down the components of the 

peptidoglycan barrier within bacterial membranes, leading to eventual cell lysis [18, 235]. It is 

conceivable that such an antimicrobial mechanism could be mistaken for being membrane 

targeting experimentally. Indolicidin has been shown to inhibit the synthesis of both DNA and 

RNA [236, 237]. Three other peptides, pyrrhocoricin, drosocin and apidaecin, have been linked 

with binding to DnaK, reducing the ATPase activity and preventing molecular chaperone 

functions such as protein folding [18, 238, 239].  

The porin channel OmpF allows for passive diffusion of small molecules across the outer LPS 

membrane of E. coli. If melimine and its derivatives are small enough, this may be a possible 

method of traversing the outer membrane of bacteria. Alternatively, a study by  Lamichhane et 

al., 2012, has shown that arginine-rich peptides caused blockages of OmpF protein pores [240]. 

As melimine and its derivatives, excluding melAlanine, are arginine-rich, their actions might 

be attributed to interactions with such bacterial porins rather than membrane interactions as 

was initially postulated. Studying the possible interactions of these peptides with the porin 

pores was beyond the scope of this thesis.     
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5 Conclusions 

The novel peptide melimine and its derivatives were examined with a variety of sophisticated 

biophysical techniques to characterise their interactions with lipid membranes. 

Aim 1 of this project was to study the properties of melimine and its derivatives through 

established lipid membrane biophysical techniques. The results of these experiments are 

summarised under the heading of each technique (see Table 4.1 above).  

Each of the techniques used in this study were chosen to characterise the interactions of these 

peptides with lipid membranes. Other techniques were considered for identifying the 

interactions, such as nuclear magnetic resonance (NMR), quartz crystal microbalance with 

dissipation (QCM-D), and surface plasmon resonance (SPR). The use of QCM-D was 

attempted using liposomal deposition techniques [241, 242]. Unfortunately, uniformity of lipid 

deposition was difficult to achieve, and the results were inconsistent (data not shown). 

Solid-state NMR with lipids may have provided additional orientation and positional 

information [243-245]. However, a large amount of each peptide would have been required to 

use this technique, and the data would have required elaborate ‘interpretation’ to relate the 

results to peptide activity against bacteria. Like QCM-D, SPR would provide information on 

the binding affinity and kinetics of the peptides within the bilayer [246]. Nevertheless, the 

technique can provide additional information about models of peptide-membrane interactions.  

In comparing the peptide-membrane interactions of melimine and its derivatives against 

models of AMP modes of action (Aim 2), it was clear that only the critical packing parameter 

model fitted the data. This model suggested that the peptide-membrane interactions led to steric 

alterations of lipid bilayers, causing a modulation in the size of intrinsic toroidal pores within 

the membranes [73]. Though this model accounts for changes in membrane conduction, it does 

not explain the mechanism(s) of antimicrobial actions of the peptides (Aim 3).  

After examining the interactions of melimine and its derivatives through the various 

biophysical techniques, it is concluded that, while these peptides are active against both Gram-

positive and Gram-negative bacteria in having small minimum inhibitory concentrations 

(MICs), they do not traverse membranes or form pores in them. A potential mode of action of 
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melimine and its derivatives involves targeting extracellular components of bacterial cell 

membranes. As melimine and its derivatives are active against bacteria when bound to surfaces 

such as contact lenses [29], this adds credence to an extracellular interaction.  

To understand further the antimicrobial mode of action of melimine and its derivatives, testing 

these peptides while bound to a surface, such as gold nanoparticles, could reveal additional 

insights into their mechanisms of bactericidal action. Also, introducing these peptides into 

bacterial cell membrane components, such as porin channels, may bring about a deeper 

understanding of their antimicrobial mechanism(s). 
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