
 

1 
 

 

 

Elucidating membrane disruption mechanisms 

of peptide antibiotics 

 

 

Katharine Alexandra Hammond 

 

 

 

A dissertation submitted in partial fulfilment of the requirements for the 

degree of 

Doctor of Philosophy 

at 

University College London 

 

Department of Physics & Astronomy 

University College London 

 

January 2021 

  

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.ucl.ac.uk%2F&psig=AOvVaw0nYSfkmm02FZpk32eEbAba&ust=1603224994104000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCODp2tS8wewCFQAAAAAdAAAAABAI


 

2 
 

I, Katharine Alexandra Hammond, confirm that the work presented in this thesis is my own. 

Where information has been derived from other sources, I confirm that this has been indicated 

in the thesis. 

  



 

3 
 

Abstract  

Antimicrobial peptides and proteins hold promise as a next generation of antibiotics. Whilst 

conventional antibiotics must cross the microbial membrane to target intracellular processes, 

many of these agents act by disrupting microbial lipid bilayers. This alternative mode of action 

attacks a conserved structural component of the cell and offers a promising alternative for 

treating infections caused by multi-resistant pathogens.  

To facilitate the translational development of antimicrobial peptides, it is beneficial to develop a 

fundamental understanding of their behaviour. However, resolving the interactions between 

antimicrobial peptides and lipid bilayers is challenging. Disruption to the lipid packing occurs at 

the nanoscale, is often dynamic and adapts under different environment conditions. 

Consequently, the rules linking peptide sequence to mechanisms of membrane disruption and 

biological activity remain largely unknown.  

The work presented here directly addresses this challenge. AFM imaging of model membrane 

systems is used to visualise disruption mechanisms with high temporal and spatial resolution. 

The findings are then compared to biological assays, and reveal new sequence-function 

relationships. Starting with a simplified α-helical template, we demonstrate that both the mode 

of lipid disruption and the biological selectivity of a sequence can be controlled at the single 

amino acid level. Next, we demonstrate that incorporating motifs from membrane-active but 

non-lytic peptide sequences into an α-helical design can confer auxiliary lipid interactions. 

Moving on from single α-helices, we provide the first evidence of membrane disruption by 

multi-helix bacteriocins, resolving a hitherto unknown multimodal mechanism. In addition we 

resolve the membrane interactions of supramolecular peptide structures, confirming that self-

assembly can offer mechanistic advantage. Finally, preliminary data is presented that improves 

on the chemical and structural specificity of AFM, and therefore the insights into peptide-lipid 

interactions that it can provide.  
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Impact Statement  

The focus of this research is on resolving fundamental interactions between antimicrobial 

peptide sequences and their lipid bilayer targets. Antimicrobial peptides have the potential to be 

developed into a new generation of antibiotics, but a better understanding of the relationship 

between sequence, mode of action and biological activity is needed to enable rational design of 

more promising sequences.  

The findings presented here will aid other researchers designing peptide sequences, by 

providing possible optimisation strategies. For example, our results indicate that more complex, 

multimodal mechanisms of membrane disruption induced by multi-helix bacteriocins can 

produce more potent antimicrobial responses. Furthermore, our results in both Chapter 3 and 

Chapter 5 show a loss of haemolytic activity when peptide-induced membrane defects are 

restricted to the upper leaflet of the lipid bilayer. This suggests that the design of sequences that 

do not induce transmembrane defects is a possible avenue for improving the therapeutic index.  

In addition, the here revealed sequence-function relationships may motivate more studies to be 

conducted via the same approach, i.e., high-resolution imaging of model membrane systems 

treated with closely related peptide sequences under otherwise identical conditions. Looking 

ahead, significant progress would be made in the field if nanoscale AFM imaging could be 

bestowed with chemical specificity. The final chapter describes proof-of-concept methodologies 

that advance towards this goal, highlighting current progress (charge-mapping and chemical-

tagging) and the need for further pursuit. 

The research described in this thesis has led to one review, one book chapter and four research 

papers, all published in peer-reviewed journals. In addition, a second review has been 

submitted, and a fourth research paper is now ready for submission (see page 5 for details). 
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PFT  PeakForce Tapping 

PG  phosphatidylglycerol 

POPC  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

POPG  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol 

PS  phosphatidylserine 

RP-HPLC reversed-phase high-performance liquid chromatography 

SAM  self-assembled monolayer 

SLB  supported lipid bilayer 

So  gel phase  

SPPS  solid phase peptide synthesis 

SUV  small unilamellar vesicle 

t-Bu  tert-butyl protecting group 

TFA  trifluoroacetic acid 

TFE  2,2,2-trifluoroethanol 

TIS  triisopropylsilane 

Tm  melting temperature  

ToF  time of flight 

Trt  trityl protecting group 

UV  ultraviolet 

VRE  vancomycin-resistant enterococci 

 

In addition to the above, a list of the amino acid abbreviations (three and single letter variations) 

is provided in Table A.1 
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1 Introduction 

Much of this introduction has been published in: Hammond, K.; Ryadnov, M. G.; Hoogenboom, 

B. W. Atomic Force Microscopy to Elucidate How Peptides Disrupt Membranes. Biochim. 

Biophys. Acta - Biomembr. 2021, 1863 (1), 183447 

1.1 Antimicrobial peptides: structure and function 

Antimicrobial peptides (AMPs) are a vast family of peptides secreted by nearly all organisms as 

defence against invading pathogens.[1] Humans alone secrete more than 100 different types,[2] 

with surface epithelial cells expressing an arsenal of AMPs that continuously prevent infection 

[3] and neutrophil granules storing high concentrations that are released during phagocytosis.[4] 

Whilst conventional antibiotics target intracellular processes, many AMPs act by permeabilising 

the pathogen membrane.[5] This alternative mode of action attacks a conserved structural 

component of the pathogen, reducing its ability to develop resistance.[6] Indeed, despite 

coevolution with bacteria over millions of years, high-level resistance to these peptides has not 

emerged.[7] Bacterial defences to AMPs include proteolytic degradation, cell membrane 

modifications to reduce peptide activity, secretion of proteins to sequester the peptides and the 

presence of a capsule to restrict access to the membrane surface.[7],[8] Most of these 

mechanisms are non-specific, have wider implications for the cell physiology and confer only 

moderate resistance.[7] This leads to slow decreases in cell susceptibility rather than the highly 

effective resistance observed for conventional antibiotics, which can quickly spread through 

horizontal gene transfer of dedicated resistant genes.[9] Daptomycin, an AMP in therapeutic use 

since 2003, provides clinical evidence for this with bacterial resistance observed at both low 

frequency and low potency.[10]  

AMPs are multifunctional agents. They are active against a wide range of organisms beyond 

bacterial cells, including fungal cells,[11]–[13] cancerous cells,[14]–[16] parasites,[17]–[19] 

biofilms,[12],[20] and viruses.[21]–[26] In addition to direct attack of the pathogen membrane, 

these peptides can have intracellular targets.[27] Furthermore in higher organisms, they can act 

indirectly by modulating the host immune response to infection, inducing chemotaxis, 

stimulating cytokine release and reducing inflammation.[28] This thesis focuses on their 

disruption to the cellular membrane. The cellular membrane is a complex system consisting of 

hundreds of species of lipids and proteins, which can be further modified with a wide range of 

sugars. Driven by hydrophobic interactions between lipids, this system self-organises into a 

fluid lipid bilayer packed with transmembrane and integral proteins. The membrane is highly 

dynamic; its local organisation results from factors such as transient protein-protein, protein-

lipid and lipid-lipid interactions as well as from associations with the underlying 

cytoskeleton.[29] Many AMPs target the lipid assembly, exerting their activity by inducing 
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pores and defects in the lipid packing that can ultimately lead to permeabilisation and cell 

death.[30] Every cell type has a distinct mixture of lipids and proteins,[31] and the ability of a 

particular AMP to target a particular membrane depends on this distinct composition.[32] 

Over 3000 antimicrobial peptides have been discovered to date. Sequences are typically 

between 10 and 100 amino acids long and are of varying composition, secondary structure, 

charge and hydrophobicity (Fig 1.1).[2] Non-ribosomally produced peptides can further 

diversify through the inclusion of non-proteinogenic amino acids, cyclisations and additional 

functionalisations.  

 

Figure 1.1. The structural diversity of AMPs. The four main structural classes of AMPs are (A-

D); α-helical, β-sheet, mixed α/β and extended. Examples of more complex topologies such as 

(E, F) backbone cyclised peptides; (G) head to side chain cyclised peptides; and (H) 

functionalised peptides containing e.g. glucose (shown in magenta). Figure is adapted from ref. 

[33], with permission from Elsevier. PDB IDs of NMR structures are 2K6O, 1KFP, 1ICA, 

1G89, 1NB1, 1E68, 1Q71, 2MIJ, for A-H respectively. α-helices are shown in orange, β-sheets 

in green and disulphide bonds in yellow.  

Despite this variety, conserved properties can be found that pre-dispose the peptides to interact 

with their target membranes. These include the ability to fold into an amphipathic structures, as 

well as the possession of a net cationic charge.[5] Amphipathicity drives membrane binding and 

insertion by enabling simultaneous interaction with the hydrophilic lipid bilayer surface and its 

hydrophobic core.[34],[35] Cationic charge can increase the selectivity of AMPs, as this 

facilitates binding to bacterial membranes, since these are rich in anionic phospholipids such as 

cardiolipin (CL) and phosphatidylglycerol (PG).[36] In contrast, mammalian membranes 

sequester anionic phospholipids to the inner leaflet, leaving the outer leaflets less attractive for 

AMP binding.[37] Indeed, malignant transformations can lead to increased exposure of anionic 

phospholipids in the outer leaflet, and, along with other changes in lipid composition, this 

increase in surface charge results in increased cell susceptibility to AMP attack.[16],[38] For 
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example, the anti-cancer activity of the AMP temporin-1CEa correlates directly with the 

overexpression of phosphatidylserine (PS).[39] The exact relationships between peptide 

sequences and their membrane activity are complex and creating more effective sequences 

(existing or de novo), i.e. with a better therapeutic index, remains challenging. Antimicrobial 

potency can depend on a variety of biophysical parameters such as charge, hydrophobicity, 

kinetics of peptide self-assembly, and structural amphipathicity.[40] Increases in 

hydrophobicity, however, often come at the expense of increased toxicity; for improved 

therapeutic function, fine-tuning the biophysical parameters of native peptide sequences is 

commonly achieved through mass screening studies rather than through rational design.[6]  

1.2 Resolving membrane disruption mechanisms 

1.2.1 The use of model membranes 

To study the mechanisms of lipid disruption induced by AMPs, and the fundamental peptide-

lipid interactions taking place, simplified phospholipid systems such as bilayers, monolayers 

and vesicles are often used. Phospholipids are the main component of biological 

membranes.[37] They are composed of a phosphate group attached to a glycerol with two 

esterified fatty acyl chains (glycerophospholipids, Fig 1.2A) or to a sphingosine with a single 

amidated acyl chain (phosphosphingolipids, Fig 1.2D), and spontaneously assemble into 

bilayers and vesicles in aqueous environments by packing their acyl chains into a hydrophobic 

core. Chains are typically 14 to 24 carbons long and can be saturated, mono-unsaturated or 

poly-unsaturated (see, e.g. Fig 1.2B). The phosphate head group is further esterified to a 

hydrophilic group such as ethanolamine, choline, serine or glycerol, giving rise to phospholipids 

with differing charge and curvature (see, e.g. Fig 1.2C). The specific lipid composition dictates 

the thickness, surface charge and packing of the resulting bilayer and, in model systems, can be 

chosen to better mimic the properties of the target membrane. 

1.2.2 Current findings 

Using such model systems, the mechanisms of AMP-disruption have been studied extensively 

over the past few decades by a wide variety of experimental techniques. Fluorescent dye 

leakage assays have been used to confirm permeabilisation and quantify the size and kinetics of 

defects,[41]–[43] NMR has been used to resolve the 3D structure and organisation of peptide in 

lipid membranes,[44]–[47] circular dichroism (CD) spectroscopy and oriented circular 

dichroism (OCD) spectroscopy have been used to measure peptide conformation and alignment 

to the membrane surface,[48],[49] and neutron diffraction has been used to detect changes to the 

lipid thickness and order, as well as detecting the size and abundance of pores.[50]–[53] In 

parallel, molecular dynamic (MD) simulations are increasingly used to provide atomic-level 

structural descriptions.[54]–[58] 
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Figure 1.2. Phospholipids are the main lipid component of biological membranes. (A) General 

structure of a glycerophospholipid. A phosphate group (green) is attached to a glycerol group 

(black) with fatty acyl chains esterified at its sn1 and sn2 hydroxyl groups (here 16:0 orange 

and 18:1 red), and to a hydrophilic head group (here choline); (B) Examples of common acyl 

chain combinations with corresponding abbreviations. In this thesis DL and PO lipids are used; 

(C) Examples of common hydrophilic head groups, with corresponding abbreviations. In this 

thesis PC and PG phospholipids are used; (D) General structure of a phosphosphingolipid. A 

phosphate group (green) is attached to a sphingosine (blue) with a single amide acyl chain 

(here 16:0, red) and to a hydrophilic headgroup (here choline).  

This variety of techniques has shown that different peptide sequences can re-arrange lipid 

assemblies in different ways [30] and has led to a number of disruption models (Fig 1.3). The 

barrel-stave poration model features peptides that insert into the membrane, interacting with 

lipid head and tail groups, and form pores that do not require rotational rearrangement of the 

membrane lipids (Fig 1.3A).[59] The toroidal poration models feature peptides that remain 

bound to the lipid head groups and form pores by pulling the lipid head groups inward. Such 

pores are larger and are lined with both peptides and lipids (Fig 1.3B).[60],[61] Non-porating 

models include the carpet model, in which the peptide material remains surface bound, 

roughening and disrupting the lipid packing (Fig 1.3C).[62] At threshold concentrations, the 

lateral pressure can result in membrane collapse. Other models proposed are charge-based 

phospholipid clustering (Fig 1.3D), the induction of non-lamellar phases (Fig 1.3E) and 
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localised thinning and thickening effects (Fig 1.3F-H). Although not all models lead directly to 

permeabilisation, the creation of boundary edges compromises membrane integrity and 

introduces discontinuities in the membrane where solutes may more easily pass through.[63] 

Furthermore, segregation of lipids into discrete domains restricts their lateral mobility, reducing 

the ability of the bilayer to repair.[64] 

 

Figure 1.3. Different sequences exert different modes of membrane disruption. This includes (A) 

barrel-stave poration; (B) toroidal pores; (C) carpet disruption leading to micellization; (D) 

phospholipid clustering; (E) induction of non-lamellar phase; (F) bilayer thinning; (G) 

monolayer removal; and (H) nanoscale pits. Each mode of disruption can be resolved by AFM. 

Unlike the case for pore-forming proteins that form well-defined structures in lipid bilayers that 

are amenable to cryoEM and AFM imaging,[65]–[70] much of the details of peptide-membrane 

interactions remains unclear.[6] Peptides are smaller and more disordered, and their membrane 

interactions appear to be less static and less well defined than their supramolecular protein 

counterparts. Current studies indicate that peptide-induced membrane permeabilisation is a 

dynamic process, with defects consistent with different models able to grow, re-seal and inter-

convert.[30] Furthermore, defect formation can be hard to resolve as it is occurs on a nanoscale 

and can be heterogenous across the surface. Consequently, different biophysical techniques can 

give conflicting results. This issue is exemplified through the case of the archetypal membrane 

permeabilising peptide melittin: despite five decades of investigation, the mechanism of the 

peptide is still disputed with conflicting reports over pore diameter, peptide orientation and the 

reversibility of permeabilisation of target membranes.[71] 

One technique well-suited for dynamic mechanistic analysis of peptide sequences is in-liquid 

atomic force microscopy (AFM). The basic principle of AFM (discussed in detail in section 

2.4.) is that a nanometre sharp tip mounted on a flexible cantilever is scanned across a surface; 

the distance-dependent interaction forces between the tip and the sample are used to detect the 
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proximity of the surface and to build an image as the tip follows the surface contours. Since its 

invention in 1986 and subsequent adaptation for imaging in liquid, AFM has made significant 

contributions to our understanding of biological systems.[72] Samples can be visualised under 

near-native conditions, at (sub)nanometre resolution over timescales of seconds to hours. Over 

the past decade, in-liquid AFM has successfully been used to directly observe different peptide-

induced disruption mechanisms, discussed in section 1.3. 

1.3 In-liquid AFM to study peptide-disruption 

1.3.1 Supported lipid bilayers (SLBs) 

As with other biophysical techniques, AFM studies of peptide-lipid interactions have 

predominantly used model membrane systems. To be amenable to AFM analysis, lipid 

assemblies are prepared on an underlying solid support. This is typically done using Langmuir 

Blodgett (LB) [73] or vesicle fusion methods.[74],[75]. The LB method uses sequential 

deposition of lipid monolayers. The vesicle fusion method relies on the spontaneous adsorption 

and rupture of liposomes onto a hydrophilic surface to produce supported lipid bilayers (SLBs), 

as shown in Figure 1.4. The process depends on the electrostatic interactions between the lipids 

and the substrate. Optimal bilayer formation can be controlled by adjusting the pH and ionic 

strength of the solution.[76]  For AFM studies, the underlying substrate is typically mica as it 

can be cleaved to produce an atomically flat surface. SLBs prepared on mica are flat to within a 

few Ångströms, enabling high-resolution imaging.[77]  

 

Figure 1.4. Schematic showing the vesicle fusion method. Vesicles are adsorbed onto a 

hydrophilic surface where they flatten and rupture to form a continuous bilayer.  

Another consideration when preparing an SLB is the desired fluidity. Lipid bilayers can form as 

fluid liquid disordered phases (Ld) or more solid gel state phases (So) depending on the 

temperature and the composition of the lipids, with every lipid having a unique melting 

temperature (Tm) below which they constitute membranes in a solid gel state and above which 

they preferentially adopt liquid phases. Biological membranes control their compositions to 

exist as liquid phases and, with the exception of very specific examples (see, e.g. [78]), the gel-

state phase is not physiologically observed. These liquid membrane phases have traditionally 

been considered as 2D fluids, with lipids and proteins freely diffusing.[79] Evidence for lateral 

heterogeneity and the formation of discrete domains is updating this to a more complex picture 
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of the membrane as a compartmentalised system.[29] In eukaryotic cells particularly, fluidity 

across the membrane is not homogenous. Sterols such as cholesterol can interact preferentially 

with lipids such as sphingomyelin, condensing into so-called liquid ordered phase (Lo) domains, 

which show increased packing density and lateral order of acyl chains whilst retaining 

fluidity.[80] The mammalian plasma membrane is rich in cholesterol and recent analysis of the 

plasma membrane of live HeLa cells measured 76% Lo regions to 24%  Ld regions.[81] 

Unlike mammalian cells, bacterial membranes lack high quantities of Lo-promoting lipids and 

hydrophobic molecules, and are typically modelled by single phase, anionic Ld SLBs. Some 

evidence now indicates they may also contain domains [36],[82] with regions of higher fluidity 

driven by clustering of lipid Ⅱ molecules,[83] and regions of lower fluidity induced by the 

presence of hopanoids, proposed to act as a functional equivalent to cholesterol and detected in 

some bacterial strains.[84] Factors such as lipid curvature preference, protein interactions and 

the underlying cytoskeleton can also lead to heterogenous lipid segregation in live 

cells.[29],[82],[85] As our understanding of the bacterial membrane organisation increases, 

adjustments to single fluid phase bilayers as bacterial membrane models may be required. 

The spatial resolution limit of AFM imaging of SLBs is largely defined by experimental 

conditions rather than by instrumentation. When lipid assemblies are prepared below the fluid-

to-gel transition temperature, the lateral diffusion of lipids within the assembly is slow (with 

diffusion coefficient 𝐷 ~10–3 µm2 s–1).[37] AFM imaging of such assemblies has resolved 

individual lipid head groups with sub-nanometre lateral resolution.[86] However in more 

physiologically relevant fluid bilayers the diffusion of each lipid is orders of magnitude faster 

than even the highest-speed AFM can currently acquire an image (𝐷 ~2 µm2 s–1) [37] meaning a 

temporal average of the bilayer is visualised and individual lipids are not resolved.  

1.3.2 More physiological models  

As used in AFM experiments, SLBs obviously differ from physiological membranes by being in 

close proximity to the solid support. The hydration layer between the lower leaflet lipids and the 

underlying support (around 1 nm thick) [87] conserves lipid fluidity and dynamics, but – 

depending on lipid composition – the diffusion coefficient in SLBs can be around two times 

smaller than in free standing bilayers such as GUVs.[88] This is thought to be due to atomic 

scale corrugation on the substrate surface.[89] Model membranes such as tethered and polymer-

cushioned bilayers have been used to introduce a spacer between the solid support and the 

lipids, reducing the influence of the substrate.[90],[91] Recent advances in the preparation of 

floating bilayers, with tuneable aqueous layers of 10-30 nm represent more accurate biomimetic 

models [92] and their use for AFM membrane disruption studies may increase if they lead to 

significantly different results than that obtained on SLBs. However, the compatibility of these 

systems with AFM imaging is yet to be confirmed. Another approach is pore-spanning bilayers, 

which retain the free-standing nature but introduce solid support at the pore edges. Such systems 
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can be imaged by AFM and have been prepared with diameters of up to 600 nm, yet it remains 

to be established what resolution can be obtained in imaging AMP-induced membrane 

disruption.[93] 

Secondly, SLBs are composed of simple phospholipid mixtures that clearly do not reproduce 

the complexity of the cell membrane, and advances in AFM studies of more physiological 

models are also being developed.  Native membranes such as rod outer segment disc 

membranes and purple membranes have been extracted, ruptured and adsorbed onto mica 

substrates for AFM imaging [94],[95] providing both native lipid mixtures and incorporation of  

membrane proteins. Recently, high resolution imaging of a vesicular bacterial chromatophore, 

i.e., a curved native membrane, was also reported, despite it being supported only by the fluid in 

the vesicle and the mechanical properties of the membrane itself.[96]  

Studies have also been conducted on whole pathogen cells. Many have been conducted in air 

(see, e.g., refs [97]–[105]) although dynamic information gained from in-air studies remains 

limited, and the risk of introducing drying artefacts cannot be ignored. A number of in-liquid 

AFM studies with live cells have also been attempted.[106]–[113] These studies focused on 

general changes across the membrane surface, as the spatial resolution was not as high as for 

model membranes. For example, Fantner et al imaged surface roughening of E. coli cells after 

peptide treatment, correlating the kinetics of roughening with cell death.[113] Thanks to 

improvements in immobilisation protocols and AFM technology, it is now possible to image the 

surface of live bacteria at a spatial resolution that is comparable to that obtained on SLBs 

[114],[115] and it may now be possible to visualise local peptide-membrane interactions in live 

cells.  

Whilst more physiological approaches have advantages, model membranes are currently better 

suited to study the fundamental basics of peptide-lipid interactions. AFM is a surface technique 

that provides no chemical identification, and, in more complex, native environments, drawing 

meaningful information from AFM studies can be challenging. Interpretation of live cell studies 

is complicated further by obstacles such as deconvoluting direct peptide activity from cell-stress 

induced membrane changes. As well, SLBs provide access to larger length and timescales than 

would be possible in live cells, and the highly controlled experimental conditions enable the 

contribution of different variables (e.g. lipid charge, fluidity, thickness) to be directly assessed. 

Therefore, the focus of this thesis is on AFM imaging of peptide-induced lipid disruption within 

a model membrane system. In section 1.3.3, we review the findings of previous model 

membrane studies. 

1.3.3 In-liquid AFM studies of peptide-induced membrane disruption  

Over the past decade, direct observation has been made of membrane topographies consistent 

with barrel stave poration models,[116],[117] carpet disruption,[118] toroidal pores,[119] 
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bilayer thinning,[120],[121] transitions to non-lamellar phase,[120]–[122] and formation of 

localised domains.[118],[123]–[126] Through parallel experiments, domain formation has been 

attributed to peptide-induced lipid clustering,[123] localised membrane thinning or thickening 

[118],[124],[125] and localised changes to lipid fluidity.[126]  

What is perhaps surprising is that different peptide sequences interact with lipids in very 

different ways to elicit disruption and permeabilisation. Even amongst sequences containing the 

same secondary structure and similar biophysical properties, divergent modes of disruption are 

induced.[30] To emphasise the diversity of mechanism observed, Figure 1.5 shows examples of 

disruption modes observed for peptides with shared biophysical properties. All peptides are 

linear amphipathic α-helices, contain only proteinogenic amino acids, and possess a net cationic 

charge.  

 

Figure 1.5. Variable modes of membrane disruption can be induced by linear amphipathic α-

helices with a cationic net charge. AFM topography images of peptide treated SLBs show that 

(A) magainin 2 induces SLB poration, with pores of 3 nm deep and around 20 nm wide, 

consistent with a toroidal pore model; (B) cecropin B induces surface roughening, with 

variation in topography of +/- 0.5 nm, consistent with the carpet disruption model; and (C) 

Smp-43 induces fractal-like defects in the upper bilayer leaflet, with defect depths dependent on 

the lipid composition, consistent with bilayer thinning in PC:PE (1 nm deep) and monolayer 

removal in PC:PG (2 nm deep). Adapted from (A) ref. [119] with permission, © 2019 American 

Chemical Society; (B) ref. [118] licensed under CC BY 4.0, and (C) ref. [127] licensed under 

CC BY-NC 3.0, Published by The Royal Society of Chemistry.  

Magainin 2 is a 23 amino acid sequence secreted by the African clawed frog Xenopus laevis and 

folds into an amphipathic α-helix with a net charge of +4. It is observed to form pores in SLBs 

consistent with the toroidal pore model (between 10 and 20 nm in diameter, Fig 1.5A).[119] 

Cecropin B is a 35 amino acid sequence secreted by the giant silk moth, Hyalophora cecropia 
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and folds into an amphipathic α-helix with a net charge of +7. It is observed to act via a non-

porating mechanism, roughening the surface of SLBs, consistent with a carpet-like model (Fig 

1.5B).[118] Smp-43 is a 43 amino acid sequence secreted in the venom of the Egyptian scorpion 

Scorpio maurus palmatus, and folds into an amphipathic α-helix with a net charge of +4. It is 

observed to form defects in SLBs that are confined to the upper leaflet lipids and expand in a 

distinctive fractal-like morphology (Fig 1.5C).[127] Depending on the lipid composition of the 

SLB, the depth of these defects is consistent with domains of peptide induced bilayer thinning 

(PC:PE) and domains of peptide-induced monolayer removal (PC:PG).  

Whilst sequences with similar biophysical properties can exert very different effects, sequences 

with very different biophysical properties can induce similar effects. (P)GKY20, a peptide 

modelled on the Gly271 to Ile290 sequence of the human thrombin, folds into a linear 

amphipathic α-helix, and is observed to induce charge-based phospholipid clustering in multi-

compositional SLBs.[126] Colistin is an AMP secreted by the bacteria Bacillus polymyxa, with 

entirely different properties (Fig 1.6A). It consists of only 10 amino acids, 7 of which form a 

peptide ring structure (Fig 1.6A, blue) and 3 of which form an exocyclic chain. A fatty acid tail 

is functionalised to the end of the chain (Fig 1.6A, green), and the peptide contains non-

proteinogenic amino acids. Despite the difference in sequence and structure, it too is observed to 

act via lipid clustering.[123] Addition of colistin to multi-compositional POPC/LPS SLBs 

induced membrane separation into LPS-colistin rich domains and LPS-colistin poor domains 

(Fig 1.6B). Collectively these results demonstrate two things. Firstly, that membrane 

permeabilisation can occur through a number of well-defined modes. Secondly, that subtle, 

currently poor-defined properties of the peptide sequence control the mode of disruption that is 

induced. 

1.3.3.1 The role of amphipathicity 

A noteworthy finding from AFM studies is that imperfect amphipathicity can impart a common 

mode of action to otherwise disparate sequences. Henderson et al examined the effect of 13 

different AMPs of differing charge, composition and secondary structure.[120] 12 of the 

peptides fold into imperfect amphipathic arrangements (either through poor segregation of 

amino acids, or through breaks in the symmetry of secondary structural elements), while one 

peptide, alamethicin, shows perfect amphipathicity. AFM demonstrated that alamethicin was the 

only sequence that was not able to lower the line tension of a lipid bilayer. When lipid bilayers 

are prepared as patches rather than continuous assemblies, the patches spontaneously form 

compact, round areas, due to the line tension that arises from the energy cost of re-arranging 

lipids at the boundary edges. All 12 imperfect amphipathic sequences caused significant 

elongation of the patch boundary. In contrast, alamethicin showed no line active behaviour.  
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Figure 1.6. Colistin induces phospholipid clustering in mixed SLBs. Chemical structure of 

colistin consists of a 7- amino acid cyclic ring (blue), a 3 amino acid exocyclic chain, and a 

fatty acid tail (green); (B) AFM topography image of an SLB before (i) and after (ii) treatment 

with colistin. Clusters 2 nm high appear across the membrane surface. A model schematic is 

shown in (iii). Reproduced from ref. [123] licensed under ACS AuthorChoice, © 2018 American 

Chemical Society. Scale bars 1 µm. 

The authors propose that imperfect amphipathicity is a prerequisite for peptides to adopt to the 

curvature of membrane edges if they are to stabilise and propagate boundaries. This idea has 

been proposed previously [128] and is consistent with other AFM studies of imperfect 

amphipathic sequences with SLB patches [121],[129] and with AFM studies on phase separated 

Lo/Ld bilayers (see, e.g. Fig 1.7).[130],[131] In Lo/Ld SLBs, there is a hydrophobic mismatch 

between the two phases and Lo domains form in compact round patches to minimise the 

boundary length (Fig 1.7A). Line-active AMPs such as melittin can, besides inducing poration, 

cause domain edges to become extended and heterogenous in shape (Fig 1.7B).  
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Figure 1.7. Melittin-induced remodelling of lipid boundary edge. (A) AFM topography image of 

a phase separated Lo/Ld SLB, where domains are formed in compact round patches to minimise 

their boundary length.  Depth profile shown across the dotted line shows 1 nm height difference 

between Lo (brighter) and Ld (darker) domains; (B) Topography image after addition of melittin. 

Besides causing poration, the peptide induces heterogenous Lo domains with extended boundary 

edges. Adapted from ref. [130] with permission, © 2016 American Chemical Society. 

1.3.3.2 Resolving disruption dynamics 

While time-resolved studies remain limited, those that have been conducted indicate that 

peptide disruption mechanisms are highly dynamic. Rakowska et al were the first to show that 

peptide induced defects can grow over time.[132] A de-novo peptide sequence termed amhelin, 

designed to fold into amphipathic cationic α-helices long enough to span a lipid bilayer, induced 

pores that expanded and merged. Consistent with subsequent studies, defect growth progressed 

in a heterogenous way.[130],[132],[133] The authors proposed that once formed, pores may act 

as a site of recruitment, driving the migration of peptide from a surface bound state to the pore 

edge. 

Defect growth can also progress in an organised manner. The scorpion-derived α-helical AMP 

Smp-43, demonstrates fractal-like expansion (Fig 1.5C).[127] The morphology of the defects is 

consistent with a two-dimensional diffusion-limited aggregation model. In this model diffusing 

particles that come into contact with aggregates are immediately trapped at the aggregate edge, 

preventing the particle from diffusing to the aggregate centre and resulting in fractal expansion. 

Similarly, peptide monomers diffusing across the membrane surface may have a higher 

probability of sticking to a defect edge and removing lipid than diffusing to the defect centre, 

leading to fractal-like growth. 
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As well as expanding, defects can get smaller and even disappear. By disabling the slow axis, 

AFM can be used to scan laterally back and forth in the same y position with a high temporal 

resolution. Kim et al used this to show that a synthetic AMP pHD108 can form both stable and 

metastable pores, the latter fluctuating on sub-second timescales.[134] With a temporal 

resolution of 0.3 s, some pore like features remain unchanged, whereas others are highly 

dynamic and appear, disappear and re-appear. These observations support previous proposals of 

membrane recovery and pore sealing.[135] 

1.3.3.3 Beyond the peptide sequence 

Modes of disruption are not only controlled by the sequence of the peptide but on the lipid 

composition of the membrane and on environmental conditions. The controlled nature of SLB 

experiments enables in-depth analysis of factors that enhance or reduce peptide activity. 

Detailed comparative studies have been conducted on the effect of lipid fluidity, thickness and 

charge [119],[127],[129],[130],[136]–[141], the pH and ionic strength of solution,[134] and 

peptide concentration.[119],[120],[123],[137],[139],[142] 

Membrane fluidity has a significant effect on peptide action, with peptide insertion nearly 

always observed to be more effective in more fluid lipid bilayers (see, e.g. [130],[136]). Lower 

fluidity bilayers, such as those containing cholesterol (liquid ordered Lo) or those prepared 

below the gel-fluid transition temperature (gel-state So) have higher lateral order and increased 

hydrophobic interactions between fatty acyl chains, resulting in an increased energy barrier for 

peptide insertion. 

Incorporation of anionic phospholipids generally increases the activity of cationic 

peptides.[127],[139],[141] This is expected as there will be increased electrostatic attraction and 

peptide binding. In some cases, the peptide is only active if negatively charged phospholipids 

are present, and no activity is observed for zwitterionic bilayers.[119] This is consistent with 

many other studies that show that AMPs are charge selective.[34] It is only for hydrophobic 

AMPs, of which the mode of action is driven by their interactions with lipid tails rather than 

with lipid head groups, that charge does not influence their disruption ability.[130],[140] 

Peptide concentration also has a significant effect on activity, and, as may be expected, 

increasing peptide concentration generally increases the extent of defect 

formation.[123],[137],[139]  

Whilst different factors increase or reduce peptide activity at the membrane surface, a more 

interesting observation is that different modes of disruption can also be elicited. For example, 

magainin 2 has been observed to form stable pores in SLBs containing anionic phospholipids, 

but to solubilise zwitterionic SLBs in a detergent like way.[121] Similarly, differences in lipid 

fluidity can alter the mechanism. A synthetic sequence based on Aβ peptides induced very 

different effects in the gel-state and fluid-state SLBs.[138] Most surprisingly the concentration 
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of the peptide itself can alter its mechanism of action. As shown in Figure 1.8, protegrin-1 (PG-

1), an 18 amino acid β-hairpin peptide causes boundary remodelling at low concentration (Fig 

1.8B), bulk poration at a higher concentration (Fig 1.8C) and induction of a non-lamellar worm-

like phase at higher concentrations still (Fig 1.8D).[143] Collectively, these results demonstrate 

that AMPs are highly flexible agents that can adapt their modes of membrane disruption under 

different conditions. 

 

Figure 1.8. The AMP protegrin-1 induces different modes of membrane disruption at different 

concentrations. (A) With no peptide, the SLB is defect free and line-tension maintains a smooth 

boundary edge; (B) with low concentration of PG-1, the peptide acts at the SLB edges, 

elongating the boundary; (C) with increased concentration of PG-1 poration is observed and 

(D) at high concentrations of PG-1 the bilayer is transformed into a structure with much-

reduced thickness, consistent with worm-like micelles. Reproduced from ref. [143] with 

permission from Elsevier. 

1.3.3.4 Tuning disruption modes 

It is clear that the precise mode of action that a peptide sequence exerts depends on multiple 

driving forces. It is difficult to predict the subtle contributions of all factors to produce a 

favoured mode of disruption. To tune the disruption mode, native AMP sequences can be used 

as templates to produce combinatorial libraries of sequences and conduct high-throughput 

screening to identify analogue sequences with more desirable lipid interactions (e.g. vesicle 

lysis at lower peptide concentration).[144] The change in mode of action can then be validated 

by AFM. This apprach was used for the peptide melittin, a 26 amino acid peptide toxin 

produced in honeybee venom.[145] The first-generation analogue, MelP5, elicited defects with 

depths in two main populations, 0.3 nm deep and 1 nm deep. (Fig 1.9B,C). In contrast, the 

second-generation sequence, macrolittin70, elicited defects at a range of depths from 0.3 to 4 

nm (Fig 1.9A,C). Intriguingly, both improved analogues show variable defect depth, with 

increase in potency correlating with increase in variability. These results may indicate that 

AMPs with more versatile modes of action are more favourable. 



 

30 
 

 

Figure 1.9. Comparison between two sequences resulting from high-throughput screening of 

melittin-like peptides. AFM topography images of SLBs treated with (A) the second-generation 

analogue, macrolittin 70 and (B) the first-generation analogue, MelP5. Scale bars 50 nm; (C) 

The defect depth distribution for each sequence. Both sequences disrupt the bilayer, with 

macrolittin70 showing greater variability in defect depth. Reproduced from ref. [145] with 

permission, © 2018 American Chemical Society. 

An alternative approach in tuning the mode of disruption is to attempt to promote certain modes 

by making sequence modifications that are known to enhance or reduce specific lipid-peptide or 

peptide-peptide interactions. Whether the intended effect has taken place can then be validated 

using AFM. Some work has been conducted in this area, on the α-helical AMP cecropin B. The 

peptide sequence (NH2-KWKVFKKIEKMGRNIRNGIVKAGPAIAVLGEAKAL-CONH2) 

contains an AGPA motif (Ala-Gly-Pro-Ala), known to introduce kinks in alpha helices.[146] 

The C terminal region of CecB which is separated by the AGPA motif has a net neutral charge, 

a single cationic residue, minimal hydrophobicity with an abundance of alanines and as such, a 

low ability to interact with and rearrange membranes. In contrast, the N-terminal region is 

highly cationic and hydrophobic and pre-disposed to membrane insertion and poration. The full 

peptide is observed to remain surface bound and cause membrane roughening (as shown in Fig 

1.5B).[118] Removing the C terminal region removes the barrier to membrane insertion and 

results in a sequence that inserts into the bilayer in a transmembrane orientation (validated by 

simulations), and can form transmembrane channels in SLBs (validated by AFM).[118] 
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In the same study, Pfeil et al demonstrate the effect of promoting helix-helix interactions.[118] 

Glycine zipper motifs, G(X)nG where X is any residue and n = 3 to 6, act to weaken α-helicity, 

and this motif is used in AMP sequences to tune membrane-responsive folding and to reduce 

helix oligomerisation.[147],[148] Cecropin B contains 3 glycine zipper motifs and CD indicates 

it exists as monomeric helices.  By removing the first and the third glycine zipper, and further 

promoting helix-helix interactions by converting i, i+7 spacings of similar residues to i, i +3 and 

i, i +4,[149] CD indicates the sequence now exists as coiled-coils. This promotion of peptide-

peptide interactions also alters the mode of disruption. The surface roughening observed for the 

native peptide is converted to monolayer poration. The AGPA motif and C terminal domain 

continue to prevent full insertion, but the now favourable helix-helix interactions promote 

peptide oligomerisation into organised pores rather than independent lipid-peptide interactions.  

1.4 Concluding remarks 

AMPs are a highly diverse family of peptides, linked by their common ability to disrupt lipid 

bilayers. It is now well accepted that different sequences disrupt and rearrange lipid bilayers in 

different ways, and that even for single sequence, peptide- lipid interactions can be highly 

dynamic, heterogenous and responsive to different environments. This versatility explains - at 

least in part - why AMPs are so challenging to study: different experimental technqiues, with 

different experimental conditions and different temperal and spatial resolutions, may well result 

in contradictary findings.   

Whilst in-liquid AFM imaging of model membranes has its disadvantages (lack of chemical 

information, proximity of the solid support), its ability to directly resolve lipid-peptide 

assemblies the nanoscale without losing information to ensemble averaging makes this 

technique a powerful tool for better understanding the physical basis of membrane disruption 

mechanisms. Over the past decade, in-liquid AFM  studies have visualised a wide variety of 

defect morphologies, with different sequences shown to exhibit distinct but well-defined modes 

of permeabilisation. Disruption kinetics have also been resolved, with defects observed to 

expand, to remain static and to reseal.  

Despite this success, in-liquid AFM remains an underutilised technique compared to more 

traditional methods of characterising peptide activity. Furthermore, studies to date have 

predominantly focused on resolving the mechanisms of native sequences, and do not attempt to 

resolve more generalised relationships between peptide sequence and disruption modes. The 

research described here addresses this challenge. The thesis focuses on how different 

antimicrobial motifs affect lipid-peptide interactions, from the level of single amino acids in 

Chapter 3 to supramolecular systems in Chapter 6. In contrast to most previous studies, AFM 

imaging is here employed not just to the system of interest but to a range of closely related 

sequences. By focusing on the change in lipid disruption mechanisms induced by small, 

controlled changes in sequence, under otherwise identical experimental conditions, sequence to 
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function relationships can be elucidated. Furthermore, the findings are then compared to the 

biological activity of the peptides. 

Using this approach, this thesis investigates both simplified model sequences, and more 

complex native systems. In Chapter 3 we start with an idealised α-helical antimicrobial 

template, as a tool to trigger distinct lipid interactions with single amino acid mutations. In 

Chapter 4, we expand this archetypal AMP α-helical template, and demonstrate that the 

expansion confers additional membrane properties to the sequence. In Chapter 5, we move from 

single helix peptides to a native, clinically promising, bacteriocin with a more complex, 

multihelical fold. We demonstrate that the multi-helix arrangement supports a hitherto uknown 

multimodal mechanism of membrane disruption, and that this is conserved across the 

bacteriocin class. In Chapter 6, we move to a supramolecular level, characterising a self-

assembling antimicrobial system and revealing the differences in membrane disruption 

mechanisms when compared with monomeric AMPs. The results described provide novel 

insights into AMP sequence to function relationships, and will help to inform the future 

optimisation of antimicrobial sequences for application either as laboratory tools or for clinical 

development. However, the lack of chemical information that AFM-imaging can provide means 

that molecular-level insights remain speculative. To address this limitation, the final chapter of 

this thesis (Chapter 7) discusses our initial attempts to improve the chemical and structural 

specificity of AFM, towards resolving the individual peptides and lipids themselves.  
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2 Materials and methods 

2.1 Preparation of AMPs 

The peptides in this thesis were made chemically, using microwave-assisted solid phase peptide 

synthesis (SPPS), explained in detail in the following sections.[150],[151] I synthesised and 

purified all peptides, with the exception of some described in Chapter 5, which were provided 

by Dr Brunello Nardone at the National Physical Laboratory (D- epidermicin, α1/α2, α2/α3, 

α3/α4, α1/α2/α3, α2/α3/α4, and Arg- mutant).  

2.1.1 General principles of solid phase peptide synthesis (SPPS) 

In SPPS a peptide chain is anchored to an insoluble polymeric resin, and next grown from its 

C→ N terminus by sequential addition of amino acids. This approach allows reagents and side-

products to be washed away after each reaction step.[150] Amino acid building blocks used in 

SPPS have protecting groups at all reactive sites except the α-carboxylic acid. The polymeric 

resin on which peptide synthesis takes place is functionalised with a chemical linker, and the 

first amino acid is attached to the linker via its α-carboxyl. Once the first amino acid has been 

attached to the resin, its N-α protecting group is selectively removed to leave a free amine. The 

second amino acid is then coupled to this via its α-carboxyl group to form an amide bond. To 

facilitate the coupling reaction, the α-carboxyl is activated to increase its electrophilicity (see 

below for further details).[152] The peptide is assembled by repeating this two-step process of 

selective deprotection of the N-α protecting group of the anchored peptide, followed by 

coupling to the next amino acid, until the final peptide is assembled. A schematic is shown in 

Figure 2.1. 

 

Figure 2.1. The two-step process in C→ N SPPS. The first amino acid, protected at its α-amino 

group (red circle), is attached via its α-carboxyl to a polymeric resin support via a chemical 

linker (black filled circle). In step 1 selective deprotection of the N-α protecting group leaves a 

free amine. In step 2 the second amino acid is coupled to the chain. This requires activation of 

the α-carboxyl of the second amino acid, to increase its electrophilicity.  

2.1.1.1 Protecting groups 
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The most common protection scheme employed in SPPS is the orthogonal Fmoc/tBu protection 

scheme.[153],[154] A base-labile Fmoc group protects the α-amine (Fig 2.2A), whilst acid-

labile groups such as Boc and tBu protect reactive side chains (Fig 2.2B). The orthogonality 

allows selective deprotection of the α-amine during synthesis under relatively mild basic 

conditions (Fig 2.2C), with no premature cleavage of side chain protection groups.[153]  

  

Figure 2.2. Fmoc/tBu protection scheme. (A) The base-labile Fmoc group protects the α- amine 

group; (B) acid-labile groups protect reactive side chains, with Boc commonly used for amines 

(Lys, Trp), t-Bu for carboxylic acids and alcohols (Asp, Glu, Tyr, Ser, Thr), Pbf  for 

guanidinium (Arg) and Trt for amides, imadazoles and thiols (Asn, Gln, His, Cys); (C) 

Piperidine removes the Fmoc group from the amino acid resulting in a free α-amine. The 

dibenzofulvene by-product is scavenged by more piperidine. 
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2.1.1.2 Activation of the α-carboxyl 

Coupling reagents are used to increase the electrophilicity of the α-carboxyl. A general 

schematic is shown in Figure 2.3A. The coupling reagent reacts with the α-carboxyl group via 

nucleophilic acyl substitution reactions to generate a more electrophilic carbonyl carbon with 

better leaving groups.[155]  In this thesis, the aminium salt HBTU was used as a coupling 

reagent. HBTU is used in combination with the tertiary amine base DIPEA, as the first step of 

the reaction requires attack by the carboxylate anion. The full mechanism is provided in Figure 

2.3B, and results in a benzotriazolyl ester. This can then be attacked by the amine of the 

growing peptide chain, to form an amide bond.  

  

Figure 2.3. Coupling reagents in SPPS. (A) The general mechanism for activation of the α-

carboxyl group is a nucleophilic acyl substitution reaction that results in a more electrophilic 

carbonyl, enabling amidation; (B) Mechanism for activation by HBTU. The tertiary amine base 

DIPEA deprotonates the α-carboxylic acid to form a carboxylate ion. This can then attack the 

electrophilic HBTU, with benzotriazolyloxy anion acting as a leaving group. The 

benzotriazolyloxy anion then reattacks the intermediate ester to form the benzotriazolyl ester. 
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2.1.1.3 Chemical linkers and resins 

The resin itself consists of an inert, insoluble cross-linked polymer. Polystyrene crosslinked 

with 1-2 % divinylbenzene is widely used, as are polyethylene glycol based resins.[156],[157] 

The polymer is functionalised with an acid-labile linker to enable attachment of the growing 

peptide chain. The choice of linker determines the C-terminal functionality of the final 

peptide.[158] Most commercial resins contain linkers that produce C-terminal acids and amides 

although linkers that produce C- terminal alcohols, aldehydes and thioesters are also available. 

2.1.1.4 Cleavage of the acid-labile linker and acid-labile protecting groups 

Following assembly, an excess of concentrated trifluoroacetic acid (TFA) is used to cleave the 

peptide from the solid resin support and remove the protecting groups on amino acid side chains 

(see, e.g. Fig 2.4). Reactive carbocations are generated during the cleavage reactions and 

scavengers containing mobile protons such as triisopropylsilane (TIS) and H2O are added to the 

cleavage mixture to minimise unwanted side-products.[159]  

  

Figure 2.4. TFA cleavage of acid-labile Boc protecting group from the ε-amino group of Lys. 

Only the amino acid side chain is shown. The resulting product is a TFA salt.  
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2.1.2 Synthesis conditions used in this thesis 

All peptides were assembled on a Liberty Blue microwave peptide synthesiser (CEM 

Corporation) using standard Fmoc/ tBu protocols. Peptides were made at 0.1 mmol scale. Resin 

loading was between 0.3 mmol / g and 0.6 mmol / g. The choice of resin depended on the 

desired C terminus functional group. For carboxylic acids, pre-loaded Wang resins were used. 

For amides, 4-methylbenzhydrylamine (MBHA) rink amide resins were used. Amino acids were 

added in 5x excess (0.5 mmol). HBTU/DIPEA were used as coupling reagents (0.5 mmol 

HBTU, 1.0 mmol DIPEA). N-α Fmoc deprotection was achieved using 20 % piperidine in 

DMF. Exemplary conditions used for microwave deprotection and coupling are given in Table 

2.1. For longer sequences, double coupling was performed. For Arginine, both deprotection and 

coupling was performed at a lower temperature for a longer time (deprotection 75°C, 60W, 

180s; coupling 75°C, 60W, 300s). Following synthesis, the peptide was cleaved using 95 % 

TFA, 2.5 % TIS and 2.5 % H2O (v/v), precipitated from the acidic solution using cold diethyl 

ether, re-suspended in H2O and lyophilised using a VirTis Benchtop Pro 8ZL Freeze Dryer to 

give a crude peptide powder. 

Table 2.1. Standard coupling cycles used for SPPS of peptides in this thesis.  

 Conditions 

Step Temperature, °C Power, W Time, s 

 Deprotection 

1 25 0 5 

2 78 100 20 

3 88 60 10 

4 90 20 60 

 Coupling 

1 25 0 5 

2 80 100 20 

3 86 60 15 

4 90 30 120 

 

2.1.3 Additional protocols for more challenging sequences 

Some of the peptides synthesised required additional procedures. In Chapter 5, the peptide 

epidermicin NI01 contains an N-terminal formyl group. Formylation was performed on the resin 

with p-nitrophenyl formate used as the formylation agent. 5 equivalents of p-nitrophenyl 

formate, 10 equivalents of DIPEA and 1 mL dimethylformamide were added to the resin, which 

was rotated for 16 hours. The peptide was then cleaved as normal. For the triskelion capzip 

discussed in Chapter 6, a two-step synthesis was used. First, a tripeptide was synthesised on a 

rink amide resin: [NH2- β-Ala- Lys (Mtt)- Lys (Mtt)- MBHA rink amide resin]. Mtt is an acid-

labile protecting group that can be selectively removed in 1% TFA without cleaving the peptide 

from the resin. This produces [NH2- β-Ala- Lys- Lys- MBHA rink amide resin], a tri-functional 

hub to which three peptide arms (RRWTWE) were then attached via standard SPPS procedures.  
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2.1.4 Purification of peptides 

The peptide product obtained from SPPS requires purification. Coupling reactions may not 

reach completion leading to deletions in the sequence, side reactions such as guanidinylation 

can cause premature termination of peptide chains that result in truncated sequences, and side-

products can be produced during TFA cleavage.[160] The desired peptide can be separated from 

these impurities using reverse-phase high performance liquid chromatography (RP-

HPLC).[161]  

2.1.4.1 Basic principles of gradient RP-HPLC 

The basic principle in RP-HPLC separation is that peptides adsorb to a hydrophobic stationary 

phase packed into a column, and only elute when the mobile phase running through the column 

is sufficiently non-polar to compete with the hydrophobic forces that are driving adsorption. 

Each peptide has a unique affinity for the stationary phase, meaning different components elute 

from the column at different times. In this way, the target peptide can be separated from its 

impurities. The stationary phase consists of silica particles functionalised with hydrophobic 

alkyl chains (Fig 2.5). For purification of most peptides, C18 functionalisation is used. For very 

hydrophobic peptides, C8 or C4 columns are better as they decrease the affinity of the peptide 

for the stationary phase.  

 

Figure 2.5. Schematic of a C18 stationary phase. The stationary phase is packed with silica 

particles (5 μm in diameter) that are functionalised with alkyl chains.  

The mobile phase begins as a polar phase and is gradually shifted to a non-polar phase. In this 

thesis the mobile phase consisted of aqueous acetonitrile (ACN), starting from 10% (v/v) and 

increasing to 70% (v/v). To improve the separation that can be achieved, TFA is commonly 

added to the mobile phase to act as an ion-pairing reagent. The negatively charged 

trifluoroacetate (TFA-) binds to positively charged amino acids and reduces their hydrophilicity 

through neutralisation. This increases retention times and prevents hydrophilic peptides from 

flushing through the column.  

2.1.4.2 Analysis of RP-HPLC fractions 

Eluates are monitored by UV spectroscopy and collected from the column in fraction: the amide 

bond absorbs UV light at wavelengths around 214 nm and aromatic side groups at 280 nm. Each 

fraction containing peptide material is next analysed by mass spectrometry (MS). One of the 



 

39 
 

most widely used MS methods is matrix assisted laser desorption ionization coupled to time of 

flight analysers (MALDI- ToF). Advantages of this technique include soft ionization, which 

allows mass determination of intact peptides, high sensitivity allowing small quantities for 

analysis and high speed of acquisition allowing large sample sets to be analysed quickly.[162] 

Following MS analysis, fractions that contain only the peptide of the correct mass are 

combined. The purity is then confirmed by analytical RP-HPLC. The presence of a single peak 

indicates that no peptide contaminants are present. If additional peaks are observed, the 

percentage purity can be calculated by integration of the peaks.  

2.1.4.3 Protocols used in this thesis 

All crude peptides were dissolved in H2O prior to purification. Semi-preparative RP-HPLC was 

performed on a Thermo Scientific Dionex HPLC system (Ultimate 3000) using a semi-

preparative Vydac C18 5 μm column. The mobile phase was made up of two solutions: A (10 % 

aqueous ACN, 0.1 % TFA) and B (90 % aqueous ACN, 0.1 % TFA), (v/v). A gradient was 

initially run from 10- 70 % solution B over 30 min with a flow rate of 4.7 mL / min. The 

gradient, run-time and flow rate were then optimised for each peptide to improve separation. 

UV detection was at 214 and 280 nm.  

MS analysis of peptide containing fractions were manually acquired using an Autoflex III mass 

spectrometer and the FlexControl software (version 3.0) (Bruker Daltonik, GmbH). 1 μL of 

each fraction was combined with 1 μL of 2,5-Dihydroxybenzoic acid, deposited onto a steel 

Mtp 384 Target Plate (Bruker Cooperation) and allowed to air dry (15 min) before MS 

characterisation. Pure fractions were combined and analytical RP-HPLC performed on a 300 µL 

sample using a Thermo Scientific Dionex HPLC system (Ultimate 3000) with an analytical 

Vydac C18 5 μm column and two solutions: A (10 % aqueous ACN, 0.1 % TFA) and B (90 % 

aqueous ACN, 0.1 % TFA), (v/v). A gradient was run from 10 - 70 % solution B over 30 min 

with a flow rate of 1 mL / min. UV detection was at 214 and 280 nm. If > 90 % purity was 

observed the fractions were lyophilised using a VirTis Benchtop Pro 8ZL Freeze Dryer and 

stored at -80 °C until use. If < 90 % purity was observed fractions were re-purified. The final 

MALDI-ToF mass spectrometry spectra and analytical RP-HPLC traces for all peptides 

synthesised in this thesis are shown in the appendix (Fig A.1- A.8). The yields, calculated from 

the theoretical mass of the peptide produced from 0.1 mmol synthesis scale, ranged from 5% 

(more complex or longer sequences such as epidermicin NI01 (Chapter 5) and Capzip (Chapter 

6) to 20% (simple linear sequences, bienA and bienK (Chapter 3) and triAMP (Chapter 4). 

2.1.5  Preparation of peptide stock solutions for use in experiments 

For use in experiments, lyophilised peptide was brought to room temperature and 1 mg was 

dissolved in 1 mL H2O.  The concentration of this stock solution was determined using the 
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Beer-Lambert Law (Eq. 2.1, where 𝐴 = absorbance,  𝜀 = molar extinction coefficient, (M-1 cm-

1),  𝑐 = concentration, (M) and 𝑙 = optical path length, (cm)). 

𝐴 =  𝜀𝑐𝑙 (2.1) 

The molar extinction coefficient 𝜀 of peptides at 280 nm can be theoretically estimated through 

Equation 2.2 below. This combines the contribution of the intrinsic protein chromophores that 

absorb at 280 nm; aromatic tryptophans and tyrosines, and disulphide bonds.[163] 

𝜀 = 𝑛𝑊𝜀𝑊 +  𝑛𝑌𝜀𝑌  +  𝑛𝐶𝜀𝐶 (2.2) 

𝜀𝑊 = 5500 M cm-1, 𝜀𝑌 = 1490 M cm-1, 𝜀𝐶 = 125 M cm-1 and 𝑛𝑊,𝑌,𝐶= number of tryptophan, 

tyrosine and cysteine residues in the sequence.  

If no tryptophan, tyrosine or cysteine was present in the sequence, the molar extinction 

coefficient of the peptide at 214 nm was estimated. Absorption at 214 nm is dominated by the 

amide peptide bond, but also contains contributions from amino acid side chains and the 

theoretical estimation of 𝜀 at 214 nm combines experimentally calculated contributions from 

both.[164] Following concentration determination, stock solutions were aliquoted (5 μL), flash 

frozen, and stored at – 80 °C. Single aliquots were removed when needed and discarded after 

use, avoiding freeze-thaw cycles that can lead to peptide degradation.  

2.2 Biophysical characterisation of AMPs by circular dichroism (CD) spectroscopy 

Throughout this thesis, circular dichroism (CD) spectroscopy is used to assess the secondary 

structure of peptides in different conditions.  

2.2.1  Basic principles of CD  

CD spectroscopy measures the differential absorption of circularly polarised light. Chiral 

molecules absorb left- and right-handed circularly polarised light to different extents, giving rise 

to positive CD signals when more left-handed light is absorbed and to negative CD signals 

when more right-handed light is absorbed (Eq. 2.3, where 𝐴𝐿/𝑅 = absorbance of left/right-

handed circularly polarised light, 𝜀𝐿/𝑅 = molar extinction coefficient of left/right-handed 

circularly polarised light, (M-1 cm-1) 𝑐 = concentration of chromophore (M) and 𝑙 = optical path 

length, (cm)).[165] Achiral molecules absorb left and right-handed polarisations equally and do 

not give a CD signal. 

∆𝐴 = 𝐴𝐿 − 𝐴𝑅 = 𝜀𝐿𝑐𝑙 − 𝜀𝑅𝑐𝑙 (2.3) 

2.2.2 Resolving peptide secondary structure 

The peptide amide bond has two transitions accessible for CD analysis, a ππ* transition at ~ 190 

nm and a nπ* transition at ~ 222 nm. Although the peptide bond is achiral, the spatial 

arrangement of amide bonds in the chiral field of the protein leads to a CD signal, as coupling of 

electronic transitions between peptide groups results in composite transitions that are optically 
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active.[166],[167] The composite electronic transitions are highly sensitive to the backbone 

orientation of the peptide bond, such that different secondary structures give characteristic CD 

spectra (Fig 2.6). This is extremely powerful and has led to widespread use of CD spectroscopy 

for determination of the secondary structure of peptides and proteins in solution.[165] For 

example, α-helices give CD spectra with 3 bands, a positive band at 192 nm from a 

perpendicular ππ* transition, a negative band at 208 nm from a parallel ππ* transition, and a 

negative band at 222 nm from the nπ* transition.[167]  

  

Figure 2.6. Characteristic CD spectra of different secondary structures. α-helix (1), anti-

parallel β-sheet (2) and random coil (3). Reproduced from ref. [168] with permission, © 1969, 

American Chemical Society. 

2.2.3 Processing and analysis 

2.2.3.1 Units of measurement 

Left-handed and right-handed circularly polarised light of equal magnitude superimpose to give 

linearly polarised light (Fig 2.7A). After interaction with a chiral sample, differential absorption 

of the left-handed and right-handed components means that the resulting vector is no longer 

linearly polarised, but traces an ellipse (Fig 2.7B). The ellipticity, θ, is the angle whose tangent 

is the ratio of the minor to major axis of the ellipse. This is the standard unit of measurement 

used in CD instruments.[169] θ is numerically related to the differential absorption ∆𝐴 by a 

factor of 32.98 (Eq. 2.4).  

𝜃 = 32.98 × ∆𝐴 (2.4)  

2.2.3.2 Normalisation 
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The CD signal is the sum of all peptide chromophores in the sample. In order to compare 

spectra recorded for peptides of different lengths and at different concentrations, θ (deg) is 

converted to mean residue ellipticity (MRE, [θ], (degcm2dmol-1 res-1)) by Equation 2.5 (where 

𝑀𝑅𝑊 is the mean residue molecular weight, 𝑐 (moldm-3) is the peptide concentration and 𝑙 is 

the path length (cm)). This normalises for the concentration of the sample and for the number of 

amide bonds. 

[𝜃] =
𝜃×𝑀𝑅𝑊×100

𝑐×𝑙
 (2.5) 

The use of [θ] also allows the fraction helicity of any peptide to be estimated (Eq. 2.6). This 

estimation is derived from experimental calculations of [θ]222 for proteins with 0% (3000 

degcm2dmol-1) and 100% (33,0000 degcm2dmol-1) helical content.[170],[171] 

𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ℎ𝑒𝑙𝑖𝑐𝑖𝑡𝑦 =
−([θ]222+3000)

33000
 (2.6) 

 

Figure 2.7. Schematic of circular dichroism. (A) The left (L) and right (R) components of 

circularly polarised light combine to give linearly polarised light (red); (B) After interacting 

with a chiral substance, the left (L’) and right (R’) components are no longer equal in 

magnitude, and their vector sum produces elliptically polarized light (red). θ, the ellipticity, is 

the angle whose tangent is the ratio of the minor to major axis of the ellipse. 

2.2.4  Conditions used in this thesis  

All CD spectra presented in this thesis were recorded on a JASCO J-810 spectropolarimeter 

fitted with a Peltier temperature controller. The spectra presented are the average of 4 scans. 

The measurements were taken in ellipticities θ (mdeg) and, after baseline correction, were 

converted to mean residue ellipticities [θ] (degcm2dmol-1 res-1). The data was collected from 300 

to 190 nm, with a 1 nm step and 1 s collection time per step. Only data with a HT voltage below 

600 V was used, as above this limit the signal to noise ratio is too low. Therefore, for some 

samples, spectra are truncated below 200 nm. Peptides were analysed in 10 mM phosphate 

buffer, pH 7.4, at 20 °C, with and without lipid vesicles (preparation described in 2.2.5) In 

Chapter 5 peptides were also analysed with increasing % of the solvent 2,2,2-Trifluoroethanol 
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(TFE). TFE promotes the formation of intramolecular hydrogen bonds and is used to assess the 

maximum helical propensity of a peptide.[172] 

2.2.5 Preparation of small unilamellar vesicles (SUVs) for CD analysis 

Four different phospholipids were used throughout this thesis to make SUVs:  POPC (1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), POPG (1-hexadecanoyl-2-(9Z-

octadecenoyl)-sn-glycero-3-phospho-(1’-rac-glycerol)), DLPC (2-dilauroyl-sn-glycero-3-

phosphocholine) and DLPG (1,2-dilauroyl-sn-glycero-3-phospho-(1’-rac-glycerol)).  All lipids 

were purchased from Avanti Polar Lipids (Alabaster, AL) in powder form and stored at – 20 °C. 

For the preparation of zwitterionic SUVs, PC phospholipids were used (POPC in Chapter 5 and 

7, and DLPC in Chapters 3, 4 and 6). For the preparation of anionic SUVs a 3:1 molar ratio of 

PC:PG phospholipids were used (POPC:POPG (3:1 molar ratio) in Chapters 5 and 7, and 

DLPC:DLPG (3:1 molar ratio) in Chapters 3, 4 and 6). PO phospholipids reflect the thickness 

and saturation commonly found in plasma membranes. DL phospholipids produce slightly 

thinner bilayers. Their use in Chapter 3, 4 and 6 was to enable direct comparison with 

computational studies performed by our collaborators.  

SUVs were prepared using the vesicle extrusion method.[173] 10 mg of lipid was weighed out 

in a clean glass vial and dissolved in 100 μL chloroform to a concentration of 100 mg / mL. For 

single lipid suspensions (DLPC, POPC) this lipid-in-chloroform solution was dried under a 

stream of nitrogen to give 10 mg of lipid as a thin film. For mixed lipid suspensions 

(DLPC:DLPG (3:1 molar ratio), POPC:POPG (3:1 molar ratio)) 75 μL PC solution (100 mg / 

mL) and 25 μL PG solution (100 mg / mL) were combined in a new glass vial and dried under 

nitrogen to give a 10 mg lipid film with a 3:1 PC:PG molar ratio. The films were rehydrated in 1 

mL 10 mM phosphate buffer, pH 7.4 and vortexed (3 mins) on a Vortex-Genie 2 (Scientific 

Industries) to give a cloudy vesicle suspension (indicative of large multilamellar vesicles with a 

diameter greater than the wavelength of visible light) with a final lipid concentration of 10 mg / 

mL. The suspension was then bath sonicated at 37 kHz for 30 min in a Fisherbrand FB11201 

bath sonicator (Fisher Scientific) and forced through a mini extruder (Avanti Polar Lipids, Inc.) 

a minimum of 21 times. The extruder was equipped with a 50 nm polycarbonate membrane (GE 

Healthcare Lifesciences) and the final extruded suspension was taken from the opposite side to 

the initial insertion to ensure that all vesicles in the final solution have passed through the 

membrane. This gives a clear solution of SUVs with diameters ~ 50 – 100 nm. For CD analysis, 

peptide: lipid ratios of 1:100 were used. The required volume of 10 mg / mL SUV solution was 

combined with the required volume of peptide stock solution, before being diluted with 10 mM 

phosphate buffer, pH 7.4 to give a sample volume of 300 µL and the final peptide concentration 

stated. 
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2.2.6 Thermal melts 

CD spectroscopy is also commonly used to assess protein secondary structure as a function of 

temperature.[174] Depending on stability, proteins lose some or all of their secondary structures 

at higher temperatures. For α-helices, the change in mean residue ellipticity at 222 nm with 

increasing temperature provides information about the unfolding process. A single sigmoidal 

curve reveals that unfolding occurs as a single transition, whereas overlapping sigmoidal curves 

show unfolding occurs via one or more stable intermediates (see e.g. Fig 2.8A and B 

respectively).[175] A sharp sigmoidal transition from folded to unfolded states indicates that 

unfolding is cooperative, whereas a gradual unfolding curve indicates either a less well defined 

starting structure or a heterogenous population.[165],[174] The midpoint of each transition Tm, 

is defined as the melting temperature, and can be used to compare protein stability. The 

reversibility of unfolding is determined by cooling the sample down and comparing the full 

protein spectra taken before and after heating. For many proteins, unfolding is irreversible as 

aggregation and or precipitation can occur at higher temperatures.[176] 

 

Figure 2.8. Example unfolding curves at 222 nm for two α-helical proteins. (A) a single 

sigmoidal curve is observed showing a single transition from a folded to an unfolded form takes 

place; (B) two sigmoidal curves are observed, showing two distinct transitions take place via a 

stable intermediate. The TM for each transition is shown. Proteins are (A) wild type tropomyosin 

rat protein (1-131) and (B) a A109L mutant. Adapted from ref. [177], licensed under CC-BY. 

In Chapter 5, thermal melts were conducted for epidermicin NI01 and aureocin A53. Spectra 

(300 nm to 190 nm) were taken at 2 °C intervals, with 180 s equilibration time for each, from 20 

°C to 90 °C, with 2 °C / min ramp rate. Unfolding curves at 222 nm were simultaneously 

recorded. Peptides were analysed in 10 mM phosphate buffer, pH 7.4, at 20 µM concentration. 

2.3 Biophysical characterisation of AMPs by dynamic light scattering (DLS) and 

electrophoretic light scattering (ELS) 

In Chapter 5, the size distribution of epidermicin NI01 in solution is assessed by dynamic light 

scattering (DLS). In DLS, a laser light (λ = 633 nm) is shone through the sample and the 

scattered light is detected. Due to Brownian motion, the distance between particles in solution 

changes with time and the scattered light undergoes continuous constructive and destructive 
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interferences, giving rise to fluctuations in intensity. In DLS measurements, autocorrelation in 

intensity is measured. At short time delays, the intensity is similar as particles have not moved 

for from their original position. At longer time delays, the intensity begins to show decreased 

correlation which decays exponentially until there is no correlation between the scattered 

intensity. The autocorrelation relates to the diffusion constant of the particle, with faster moving 

particles decaying more quickly. As such, numerical models can be fitted to the autocorrelation 

function to determine the diffusion constant and, through the Stokes-Einstein equation, the 

hydrodynamic radius of the particles can be determined (Eq. 2.7, where 𝐷 is translational 

diffusion constant, 𝑘𝐵 is Boltzmann’s constant, 𝑇 is temperature, 𝜂 is dynamic viscosity and 𝑟 is 

the hydrodynamic radius).  

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟
 (2.7) 

In addition, the approximate surface charge of epidermicin NI01 is assessed by electrophoretic 

light scattering (ELS). Here, an electric field is applied to the sample. Charged particles move 

towards the opposite electrode and, due to their mobility, the scattered light from the sample is 

doppler shifted compared to the incident light. The change in frequency is measured, and relates 

to the particle velocity by Equation 2.8 (where 𝜐 is particle velocity, 𝜃 is the scattering angle 

and 𝜆 is the incident wavelength). From the particle velocity, the electrophoretic mobility 𝜇𝐸 

can be determined (Eq. 2.9, where 𝐸 is the applied electric field). The zeta-potential 𝜁 (the 

potential at the particle-fluid interface), can then be estimated using Henry’s equation (Eq. 2.10, 

where 𝜀 is the solvent dielectric constant, 𝜁 is the zeta-potential, 𝐹(𝜅𝑎) is Henry’s function and 

𝜂 is the viscosity)[178].  

Δ𝑓 =
2𝜐sin (

𝜃

2
)

𝜆
  (2.8) 

𝜇𝐸 =
𝜐

𝐸
  (2.9) 

𝜇𝐸 =
2𝜀𝜁𝐹(𝜅𝑎)

3𝜂
 (2.10) 

For both zeta-potential and hydrodynamic radius measurements, a Zetasizer Nano (ZEN3600, 

Malvern Instruments, UK) was used. Epidermicin NI01 was resuspended in 10 mM phosphate 

buffer, pH 7.4, at a final concentration of 900 µM. DLS and ELS measurements were carried 

out at 25 °C (in low volume disposable cuvettes and folded capillary cells, respectively). From 

DLS and ELS measurements, hydrodynamic radii and zeta-potential values were obtained 

through the fitting of autocorrelation data using the manufacturer’s software, Zetasizer Software 

(version 7.03), as outlined above. Zeta-potential is a mean of three independent measurements, 

with each measurement consisting of 10 recordings. Hydrodynamic radius is also a mean of 

three independent measurements, with each measurement consisting of 20 recordings.   
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2.4 In-liquid AFM  

Following the synthesis and biophysical characterisation of AMPs, high-resolution imaging of 

their membrane disruption mechanisms was conducted using in-liquid AFM.  

2.4.1 AFM principles 

A schematic of a standard in-liquid AFM setup is shown in Figure 2.9A. A nanometre sharp tip 

is mounted on the free end of a flexible cantilever. The cantilever acts as a linear spring. As the 

tip is raster-scanned across the surface, the cantilever deflection (𝑥) changes due to distance-

dependent interaction forces between the tip and the sample (𝐹), according to Hooke’s Law 

(Eq. 2.11, where 𝑘 is the cantilever spring constant). 

 𝐹 = −𝑘𝑥 (2.11)  

These cantilever deflections are continuously monitored during scanning by reflecting a laser 

beam off the back of the cantilever onto a quadrant photodiode.[179] The photodiode converts 

the intensity of the laser spot at any given time into a voltage signal. The difference in voltage 

between top and bottom quadrants corresponds to the vertical motion of the cantilever whilst the 

difference between left and right quadrants corresponds to the torsional movement.   

 

Figure 2.9. Basic principles of in-liquid AFM.A schematic of an AFM setup. The sample to be 

imaged is mounted on a piezoelectric scanner that can move in 𝑋𝑌𝑍. A nanometre sharp tip 

extending from the free end of a cantilever is raster scanned across the surface. A detection 

laser is aligned on to the back of the cantilever and reflected onto a position sensitive quadrant 

photodiode using a series of mirrors, allowing the cantilever deflection to be monitored. 

Reproduced from ref. [180], with permission from Springer Nature, © 2012; (B) A schematic 

showing contact mode operation. The tip stays in contact with the sample during imaging. 

Cantilever deflection is continuously measured and a feedback system adjusts the 𝑍 position of 

the sample to maintain a constant, pre-defined deflection value.   

In the simplest mode of AFM operation, the tip remains in contact with the sample as it is raster 

scanned across the surface. The cantilever deflection is kept constant during scanning by a 

feedback system that continuously adjusts the 𝑍 position of the sample with a piezoelectric 
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positioner (Fig 2.9B).1 Protrusions in the sample topography increase tip-sample interaction 

forces (and therefore cantilever deflection), and the feedback system lowers the 𝑍 position of 

the sample in response. Conversely, depressions in the sample decrease tip-sample interactions 

(and therefore cantilever deflection), and the feedback system raises the 𝑍 position of the 

sample in response. These precise tip-sample adjustments reflect the sample topography and 

are used to reconstruct a topography image. 

2.4.2 Modes of operation used in this thesis 

There are many AFM modes available, but most operate on the principle of adjusting the tip-

sample distance to maintain an applied force. The two imaging modes employed in this thesis, 

amplitude modulation AFM (AM-AFM) and PeakForce Tapping (PFT), both operate on this 

principle.  

2.4.2.1 Amplitude modulation AFM (AM-AFM) 

In AM-AFM the cantilever is oscillated near to its resonance frequency at a pre-defined 

amplitude, which changes when the AFM tip comes in proximity of the sample surface. The 

imaging force depends on a set value of the amplitude, with lower amplitude setpoints 

corresponding to higher forces. As the cantilever is scanned across the surface, protruding 

sample features will dampen the amplitude of oscillation, and the feedback system will increase 

the tip-sample distance in response. Similarly, lower features lead to an increase in the 

amplitude of oscillation and cause the feedback system to decrease the tip-sample distance. A 

main advantage of AM-AFM is that the tip only encounters the sample at the bottom of each 

oscillation, removing the high lateral forces present in contact mode.[72] AM-AFM is also the 

fastest mode of imaging and, with suitable cantilevers, controllers, piezoelectric scanners and 

detection systems, this mode can be operated at up to ~10 frames per second.[181] 

Cantilever oscillation in AM-AFM is generally achieved via a piezoelectric actuator attached to 

the cantilever holder. This method is simple, but subjects the entire fluid cell to mechanical 

excitation leading to a ‘forest of peaks’ that can couple to and distort the resonance peak of the 

cantilever during operation (Fig 2.10A).[182] To avoid this, direct methods of cantilever 

excitation have been developed including  photothermal,[183] magnetic [184] and electrostatic 

[185] approaches. In photothermal actuation a second laser is focused near the base of the 

cantilever. The power of laser irradiation is modulated, causing time-dependent thermal stress in 

the cantilever, which induces oscillation. The modulation is adjusted to match the cantilever 

resonance frequency and a single, sharp peak can be obtained (Fig 2.10A). This enables stable 

imaging over long periods of time. However, the actuation laser can affect sensitive samples. 

We found that when using a drive laser with 1 mW DC power, 405 nm wavelength, spot 

 
1 In some AFM setups, it is the Z-position of the cantilever that is continuously adjusted.  
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diameter ~ 5µm and AC10 cantilevers, significant artefacts were observed in the sample 

topography (Fig 2.10B). Upon zooming out from areas that were subject to continuous 

scanning, the original scanned area appeared significantly different from its surroundings. At 

0.3 mW DC power, 405 nm wavelength and spot diameter ~ 5µm no such artefact was observed 

(Fig 2.10C).  

 

Figure 2.10. Photothermal excitation. (A) Comparison of cantilever response (amplitude vs 

frequency) for piezoelectric cantilever excitation (red) and photothermal excitation (blue). 

Piezoelectric excitation subjects the entire fluid cell to mechanical excitation resulting in 

multiple peaks. Photothermal methods directly excite the cantilever, resulting in a single peak. 

Spectra taken in water, reproduced from ref. [186], with permission © Microscopy Society of 

America 2018; (B) Scanning artefacts introduced by high input power. A 4 µm2 topography 

image taken after multiple scans (i) can clearly be identified in a wider 6 µm2 scan taken later 

in the same area. Persistent scanning of the 6 µm2 area (iii) leads more scanning artefacts, and 

in a later, larger scan of the same area (iv) both the 4 µm2 and the 6 µm2 scan areas can clearly 

be identified; (C) Scanning artefacts are not introduced at a lower input power. A 4 µm2 scan 

area subject to continuous scanning (i) is indistinguishable from surrounding sample 

topography subsequently recorded at a larger scale (ii). Scale bars 1 µm in (B) and (C). 1 mW 

DC power used in (B) and 0.3 mW in (C), both with wavelength 405 nm and spot diameter~ 

5µm. All images taken on a Cypher ES system with an AC10 probe. 

2.4.2.2 PeakForce Tapping (PFT) 

Another mode of AFM operation is force-distance curve based imaging.[187] PeakForce 

Tapping (PFT) (Bruker) is one such example and is the main imaging mode used throughout 

this thesis. In PFT, a sinusoidal modulation is applied to the 𝑍 axis at a significantly lower 

frequency than the cantilever resonance (typically between 1-8 kHz). A schematic of the 

cantilever deflection during each oscillation cycle is shown in Figure 2.11A, with the 

corresponding attractive and repulsive forces on the tip shown in Figure 2.11B. The cantilever 

response is continuously monitored throughout the oscillation cycle and proprietary algorithms 
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convert the deflections into force curves (Fig 2.11C). Depending on the scan speed and pixel 

density, around 4 force curves are produced for each pixel. The maximum deflection of each 

oscillation is maintained at a pre-defined value by continuous adjustments to the tip-sample 

distance (“Peak Force”, Fig 2.11C (e)). As with other imaging modes the adjustments of the tip 

or sample position are used to reconstruct the sample topography.  

 

Figure 2.11. Schematic showing PeakForce Tapping operation. (A) Cantilever deflections and 

(B) tip-sample forces during one oscillation. The tip begins far from the sample (1) and 

experiences no interaction forces. As the cantilever approaches the sample it experiences 

attractive forces until it reaches the sample surface (2). Continued approach pushes the tip into 

the sample until the deflection setpoint (peak force) is reached (3). The cantilever is then 

retracted from the sample (4) and experiences adhesive forces (5) until contact is broken and no 

interaction forces are present (6); (C) Force-distance curves can be derived from the force-time 

curves in (B). The different mechanical properties that can be extracted are labelled (a-e) 

respectively. Note that dissipation (e) is found from the area inside the curve. 

A main advantage of PFT is that the imaging force is highly controlled. The reference point for 

zero-force (Fig 2.11B, label (1), (6)) is updated with each oscillation. This allows for proper 

referencing of the free deflection signal (as measured when the AFM tip is not in contact with 

the sample), which can otherwise be affected by drift, leading to poorly defined imaging forces 

in AM-AFM and in contact mode AFM. Hence in force-distance based imaging, the applied 

force at the deflection setpoint is a more reliable measure of the tip-sample force. This enables 

low imaging forces (< 100 pN) to be maintained over long imaging periods.[188] The 

production of force curves also allows various mechanical properties of the sample to be 

extracted in real-time (Fig 2.11C, (b-e)). We have used PFT for its access to stable low-force 

imaging rather than for its ability to investigate mechanical sample properties. Only in Chapter 
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6, as part of the characterisation of self-assembled peptide capsules, was the modulus map used. 

The modulus is calculated using the Derjaguin-Muller-Toporov (DMT) model [189] from the fit 

of the linear gradient shown by the dot-dashed line in Figure 2.11C, label (c). 

2.4.3 Cantilevers and microscopes 

The majority of the data in this thesis was obtained using a MultiMode 8 AFM (Bruker) in PFT 

mode with MSNL-E (Bruker) silicon nitride cantilevers, with silicon tips sharpened by 

oxidation. 

2.4.3.1 Imaging parameters 

A list of the typical parameters used is provided in Table 2.2 although the exact values were 

regularly adjusted during scanning to optimise the imaging quality. Imaging force was kept as 

low as possible without deterioration of the tracking of the surface. Forces between 10 – 25 mV 

were used. For MSNL-E cantilever, with a spring constant of 0.1 N / m and a deflection 

sensitivity of ~ 40 nm / V, this corresponds to an imaging force of 40 – 100 pN. Feedback gains 

were adjusted throughout the experiments to yield optimal imaging conditions (sharpness and 

contrast of the images, low noise and no noticeable degradation of tip or sample). If the 

feedback is too low, the tip does not track the surface well, distorting the observed topography 

and making tip contamination more likely. If feedback is too high, the feedback loop 

artefactually enhances noise in the images. For the PeakForce amplitude, values of 10 – 20 nm 

were used. A low amplitude maximises the fraction of the force cycle in which the tip is in 

contact with the sample and topography information can be obtained. For the Lift Height, values 

between 7 – 15 nm were used. Lift Height is the height used to determine and remove 

background signals that may be affecting the data. A correct value will produce stable imaging.  

Most images were recorded with a scan size of 4 µm x 4 µm and a pixel density of 512 x 512, 

giving a pixel size of 7.8 nm. The PeakForce frequency was kept at 2 kHz and the scan rate at 1 

Hz (1 line per second). This gives 2000 oscillations per line, which, when combined with a pixel 

density of 512 x 512, results in 4 force-distance curves per pixel. 

Table 2.2. Typical imaging parameters used in PFT mode on a MultiMode 8 AFM (Bruker) with 

MSNL-E (Bruker) cantilevers.  

Parameter  

Scan size 1000 – 5000 nm 

Resolution 512 x 512 

Scan rate 1 Hz 

Feedback gain 20 - 50 

PeakForce Setpoint 10 - 25 mV 

PeakForce Amplitude 10 – 20 nm 

PeakForce Frequency 2 kHz 

Lift Height 7– 15 nm 
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2.4.3.2 Accuracy of the measurements 

MSNL-E cantilevers have a nominal spring constant of 0.1 N / m, a nominal tip radius of 2 nm 

and a nominal tip side angle of 22.5 °. Whilst the nominal tip radius of 2 nm provides a limit to 

the lateral resolution of the images presented, the side angle geometry means that protruding 

surface features with steep edges can still be subject to broadening, and depressions in the 

surface can appear smaller than their true size if the geometry of the depression does not allow 

full entry of the AFM tip. The defects in the membrane analysed throughout the thesis are much 

larger than the tip (10 – 100s of nanometres) meaning that both the morphology and depth can 

be measured by MSNL-E cantilevers without significant risk of such tip-artefacts. 

AFMs use piezoelectric materials, which expand or contract in response to an applied voltage, 

to control 𝑋𝑌𝑍 movement. The accuracy of the resulting images relies on a well-defined 

relationship between the applied voltage and the distance moved. All piezoelectric scanners 

show non-linearities in 𝑋, 𝑌 and 𝑍, which is corrected for by calibration of the scanner. Depths 

reported in this thesis are therefore given with a ± 10 % confidence intervals to allow for 

differences in scanner calibrations.  

Piezoelectric ceramics also show inherent hysteresis and creep effects that are not corrected for 

in calibration.[190] Hysteresis effects are such that the same drive signal does not correspond to 

the same position in different scan directions, resulting in a lateral shift between forward and 

backwards scans. To reduce artefacts from hysteresis, sequential images in time-course 

experiments are all taken from the same scan direction. Creep occurs when an abrupt change in 

voltage is applied to the scanner and the scanner continues to deform despite the voltage no 

longer changing. This is most apparent in AFM imaging when the scan size or location is 

altered. To avoid imaging artefacts, the scanner is always given time to re-stabilise before 

capturing more data. Creep can also lead to overshoot in the 𝑍 axis when tracing steep 

protrusions or depressions. This effect is unavoidable but can be reduced by using higher 

feedback gains. Furthermore, the MultiMode 8 uses a piezoelectric tube scanner for controlling 

𝑋𝑌𝑍 movement. The setup of a tube scanner results in spurious coupling between the 𝑋𝑌 and 𝑍 

direction that can lead to errors in the measurement of vertical angles. As the angle of 

membrane defect edges is not investigated here, this scanning artefact does not affect the 

interpretation of data. 

2.4.3.3  Cypher ES 

For the images in Figures 5.5F, 5.6A, 5.6C, 5.7, 5.16 and Video A.1, A.2, a Cypher ES AFM 

was used. These experiments were conducted with Dr. Jonathon Moffat (Oxford Instruments). 

The Cypher ES incorporates an additional position sensor that measures position independently 

of the applied voltage and applies a corrective voltage to counter the effects of hysteresis and 
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creep. It also uses piezoelectric stacks which decouple 𝑋𝑌 and 𝑍 electrodes, giving more 

accurate measurement of vertical angles than a tube scanner. The Cypher ES was operated in 

AM-AFM mode, using photothermal excitation, with an Olympus AC10 probe (nominal 

resonance frequency in air = 1500 kHz; nominal spring constant = 0.1 N / m, tip radius < 10 nm, 

tip side angle = 10 °). As with PFT imaging, the imaging parameters were continuously 

optimised to obtain the lowest imaging force without sacrificing resolution.  

2.4.3.4 Post image processing  

All image processing was done using Gwyddion (http://gwyddion.net/). During scanning the 

sample and the probe are never completely perpendicular. This introduces a tilt across the image 

which is removed by plane-fitting and first-order line fitting. Furthermore, piezoelectric tube 

scanners follow an arc not a plane meaning that all raw images taken on the MultiMode 8 show 

bow. This can be removed from images by subtracting higher order polynomial fits. Following 

plane fitting and polynomial levelling, the height at the membrane surface was centred at 0 nm 

to allow comparison between all images. All depth profiles were plotted using Origin 

(OriginLab Corporation). 

2.4.4 Sample preparation for AFM analysis 

2.4.4.1 AFM imaging buffer 

AFM imaging buffer was prepared with 120 mM NaCl and 20 mM MOPs dissolved in Milli-Q 

water. The pH of the buffer was adjusted to pH 7.4 using 1 M solutions of NaOH and HCl. 

2.4.4.2 Preparation of SUVs 

SUVs were prepared in the same way as described in 2.2.5., but at lower lipid concentrations 

and in different buffer solution. 1 mg lipid was weighed out and dissolved in 100 μL chloroform 

to a concentration of 10 mg / mL. Single lipid suspensions (DLPC, POPC) were dried to form 1 

mg lipid films and for mixed lipid suspensions (DLPC:DLPG (3:1 molar ratio), POPC:POPG 

(3:1 molar ratio)), 75 μL PC solution (10 mg / mL) and 25 μL PG solution (10 mg / mL) were 

combined in a new glass vial and then dried under nitrogen, to give a 1 mg  lipid film with a 3:1 

PC:PG molar ratio. The lipid films were rehydrated in 1 mL of AFM imaging buffer to give 

lipid suspensions of 1 mg / mL. These were vortexed, sonicated and extruded as described in 

2.2.5., to give a final SUV suspension of 1 mg / mL. Again, PO phospholipids are used in 

Chapter 5 and 7 while DL phospholipids are used in Chapter 3, 4 and 6.  

2.4.4.3 Preparation of AFM substrates 

All imaging was done on mica substrates. These were prepared on steel discs (⌀ 15 mm, Agar 

scientific) (Fig 2.12A) to be compatible with magnetic AFM sample holders. The top surface of 

the steel disc was made hydrophobic with a self-adhesive fluorinated ethylene propylene (FEP) 
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coated Bytac laminate (Sanit-Gobain Performance Plastics Corp) (Fig 2.12B). A smaller mica 

disc (⌀ 9.9 mm, Agar scientific) was then glued to the FEP surface with Araldite® 2-part epoxy 

resin (Huntsman Advanced Materials) (Fig 2.12C). This gives a hydrophilic (mica) surface, 

surrounded by a hydrophobic (FEP) layer, which reduces leakage of the aqueous solution during 

imaging. 

 

Figure 2.12. Assembly of mica substrates for AFM. (A) Magnetic steel sample disc; (B) PTFE 

adhered to magnetic steel sample disc; (C) Mica disc glued to PTFE surface using Araldite® 2-

part epoxy resin. 

2.4.4.4 Formation of SLBs 

Supported Lipid Bilayers (SLBs) were formed using the vesicle fusion method.[74],[75] The 

success of vesicle adsorption and rupture into a continuous lipid bilayer depends a number of 

factors including favourable lipid-substrate interactions, vesicle curvature costs and the 

availability of neighbouring vesicles or pre-formed bilayer patches to induce vesicle 

rupture.[76] Bilayer formation can be optimised by increasing the ionic strength of solution, 

such as to screen charges between lipid head groups and to enable increased packing and van 

der Waals interactions between acyl chains; by adjusting the pH to enhance lipid-substrate 

interactions; and by increasing the density of vesicles to promote neighbour induced vesicle 

rupture. Furthermore, the addition of divalent cations (Mg2+, Ca2+) can have a significant effect 

on bilayer formation as besides screening electrostatic charges, these cations can form a bridge 

between the mica substrate and the phosphate head groups.[191],[192] Vesicle size also affects 

the quality of the bilayer produced. Discontinuities arise if a stable vesicle adsorbs close enough 

to a membrane patch to prevent further vesicles adsorbing in the gap. This effect is significantly 

reduced for smaller vesicles [76] and we found that trapped vesicles were not observed with 

SUVs < 100 nm.  

The following protocol was developed to reliably produce defect free SLBs. Mica discs are 

cleaved using scotch tape to obtain an atomically flat, clean surface. This is immediately 

hydrated with 70 µL AFM imaging buffer and 1.5 µL 1 M MgCl2 (giving a final concentration 

of 20 mM Mg2+). Freshly prepared SUVs (5 µL 1 mg / mL) are added and the solution is mixed 

thoroughly. The sample is left for 45 minutes to allow vesicles to adsorb and rupture into a fluid 

and continuous bilayer. Following incubation, the bilayer is washed 10 times by buffer 

exchange with fresh AFM imaging buffer to remove excess vesicles from solution. The SLB is 

then ready for subsequent AFM imaging. 
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It should be noted that when lipid mixtures are used, the vesicle fusion method does not always 

produce homogenous bilayers. Phospholipids with smaller headgroups (e.g. PE) are known to 

preferentially assemble in the inner leaflet of vesicles and asymmetry in the adsorbing vesicles 

will likely propagate to asymmetry in the resulting bilayer.[193] Phospholipids with negative 

charge have stronger interactions with the mica substrate via bridging divalent cations and 

preferentially accumulate on the proximal leaflet of the SLB, resulting in a reduced amount of 

anionic lipid in the distal leaflet.[194] For the PC:PG (3:1 molar ratio) phospholipid bilayers 

used in this thesis, the accessible amount of PG lipid in the distal leaflet may therefore be lower 

than 25 %.  

2.4.4.5 Addition of peptide to the SLB 

All peptide solutions were prepared in AFM imaging buffer, so no change in the ionic strength 

or pH of solution was introduced. It was found that a larger volume of more dilute peptide 

resulted in a more uniform response across the bilayer surface. The fluid cell used in this thesis 

has a volume of about 100 µL and generally, peptide solution was prepared at twice the desired 

final concentration with 50 µL added. Injection was performed parallel to the bilayer surface to 

prevent mechanical damage to the SLB, and the AFM tip was withdrawn from the surface 

during injection. In some experiments, imaging the disruption to the bilayer surface was more 

challenging and it was found that cleaner imaging was obtained if the bilayer surface was 

washed after peptide addition (Fig 5.8, 5.9, 5.12, 5.13, 5.14). In these cases, peptide solution 

was added to the SLB and incubated for 15 min, before washing the SLB 6 x by buffer 

exchange. This removed excess peptide and lipid from solution that was otherwise interfering 

with imaging. Finally, in-situ injection of peptide was performed for the images shown in 

Figures 5.5F, 5.6A, 5.6C, 5.7, 5.16 and Video A.1, A.2. Peptide solution was injected directly 

into the fluid cell via a syringe / tubing system. The imaging solution in the fluid cell is entirely 

replaced with the injected solution and as such, the concentration of the peptide solution was 

prepared at the final desired concentration.  

2.5 In vitro biological assays 

Throughout this thesis the interaction of peptides with phospholipid bilayers is compared with 

their activity on live cells. The assays presented were performed by Dr. Helen Lewis at the 

National Physical Laboratory. I assisted with the assays in Chapter 3 and 4, and Dr. Florie 

Desriac at Plymouth University performed some of the assays presented in Chapter 5. A brief 

overview of the techniques is provided below. 

2.5.1 Minimum inhibitory concentrations (MICs) 

A common method to measure the in vitro activity of an antibiotic against a bacterial isolate is 

to use broth microdilution assays. Sequential two-fold dilutions of an antibiotic solution are 

added to consecutive wells of a microwell plate. A broth suspension of the bacterial strain is 
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then added to each well and the plate is incubated at 37 °C for 24 hours to allow bacterial 

growth. The minimum inhibitory concentration (MIC) is defined as the lowest concentration of 

antibiotic that prevents any visible growth of bacteria. This is determined by measuring the 

optical density of the sample at 600 nm (OD600). Positive and negative controls (bacterial 

suspension with no antibiotic solution, broth only) are used to give reference points for growth 

and no growth. At concentrations above the MIC, the solution will appear clear, with an OD600 

typically < 0.04. At concentrations below the MIC, the solution will appear turbid, with an 

OD600 typically > 0.1.  

In this thesis, 100 µL of bacterial suspension in Mueller Hinton media broth was added to 100 

µL of peptide solution in a 96-well plate, and incubated for 24 hours at 37 °C on a 3D orbital 

shaker. Peptides were generally tested at a final concentration of 100 µM, 50 µM, 25 µM, 12.5 

µM, 6.25 µM, 3.125 µM, 1.5625 µM and 0.78125 µM. All tests were done in triplicate. In broth 

microdilution assays, the bacterial suspension added to each well should be approximately 5 x 

105 colony forming units per mL (CFU / mL). The CFU / mL of a bacterial suspension can be 

calculated by incubating dilutions of the suspension on an agar plate and counting the number of 

colonies formed. It can also be estimated by the OD600 of the suspension. In our lab, for the 

bacterial strains tested, a CFU / mL of 5 x 105 is found to correspond to an (OD600) of ~ 0.002 

OD. As such, bacterial suspensions were prepared at an OD600 of 0.004 for addition to the 

microwell plate. 

2.5.2 Haemolysis assays 

To assess the biological selectivity of the peptides, their haemolytic activity was also 

determined. Haemolysis is assessed by incubating peptide solution with human erythrocytes for 

1 hr in phosphate buffered saline, centrifuging the sample, and analysing the absorbance of the 

supernatant at 550 nm.[195] This gives a measure of the concentration of haemoglobin released 

from the cells. Reference values of 100 % and 0 % haemolysis are given by incubation with 

deionized water and phosphate buffered saline respectively. 
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3 Switching modes of membrane disruption via a single amino 

acid mutation 

The results in this chapter are part of a manuscript ready for submission to a peer-reviewed 

scientific journal: Hammond, K.; Cipcigan, F.; Nahas, K. A.; Losasso, V.; Lewis, H.; Cama, J.; 

Martelli, F.; Simcock, P.; Stansfeld, P. J.; Pagliara, S.; Hoogenboom, B. W.; Keyser, U. F.; 

Sansom, M. S. P.; Crain, J; Ryadnov, M. G. A single side-chain switch between poration and 

floral ruptures in phospholipid bilayers. Ready for submission. 

3.1 Introduction 

Native AMPs are often long sequences, containing a wide variety of amino acids, and - as they 

can have multiple functions - they may not be optimised for membrane disruption. This adds to 

the complexity of linking peptide sequence and structure to resulting lipid interactions, as 

emphasised by the ability of apparently disparate peptide sequences to induce similar modes of 

membrane disruption, and apparently similar sequences to induce disparate modes (shown in 

Fig 1.5 and Fig 1.6). To begin to address more fundamental sequence-to-mechanism 

relationships, it can be useful to reduce antimicrobial sequences to their very basics. The major 

biophysical properties that drive membrane interactions in α-helical AMPs are widely accepted 

to be amphipathicity and a cationic charge. This gives rise to a number of questions. What are 

the limits of sequence redundancy in native peptides? If amphipathicity and cationic charge are 

maintained, can a highly simplified sequence still induce membrane disruption, and if so, is 

antimicrobial activity also maintained? Within such a simplified system, at what level of 

complexity is the mechanism of lipid disruption controlled? Can different disruption pathways 

be determined at the level of an individual amino acid? If so, does this translate to disparate 

biological activities? To answer these questions, the first results chapter of this thesis presents a 

simplified peptide template, designed to trigger two distinct modes of membrane disruption via 

a single amino acid mutation. The template maintains the biophysical properties of 

amphipathicity and cationic charge but is ultrashort (7- 11 residues) and contains only two 

amino acid types. As well as providing a highly simplified model to study sequence to function 

relationships, shorter sequences with narrow amino acid compositions have lower production 

costs and are more attractive for translational development.   

3.1.1 A simplified antimicrobial template to trigger two disruption pathways 

The simplified template is an amphipathic α-helix consisting of arginine and leucine. Both 

possess high helical propensity, ensuring a well-defined secondary structure.[196] Furthermore, 

both exhibit strong interactions with lipids. Leucine is the most abundant hydrophobic residue 

found in AMP sequences,[2] whilst arginine forms a network of electrostatic interactions with 
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phospholipid headgroups.[197] As such, the designed sequence is expected to be membrane-

active.  

 

Figure 3.1. The design of two peptide series linked by a single mutation. (A) Primary sequence 

of the series. Peptides are designed to fold into amphipathic α-helices with leucine and arginine 

faces. A single mutation to alanine or lysine (bienA and bienK respectively) is placed in the 

middle of the hydrophobic face. To illustrate this (B) helical nets, (C) helical wheels and (D) 

spatial coarse-grained models are shown, with arginine in blue and leucine in yellow. This 

figure is part of a manuscript currently being submitted for publication in a peer-reviewed 

scientific journal. 2  

To activate two distinct disruption pathways of membrane disruption from this construct, a 

residue in the centre of the hydrophobic face was mutated. The residue was changed to either 

alanine (bienA series; binary encoded with alanine;) or to lysine (bienK series; binary encoded 

with lysine)(Fig 3.1). Alanine was chosen for the first series as a control residue. Alanine 

removes all sidechain atoms past the β-carbon whilst maintaining the peptide backbone 

structure, and alanine mutagenesis is commonly used to directly resolve the influence of specific 

sidechains.[198] In this case, the mutant should maintain perfect amphipathicity without 

introducing additional hydrophobicity (Fig 3.1A-D). This allows any changes observed for the 

second series to be directly attributed to the lysine side chain.  

Lysine was chosen for the second series as, when protonated, the sidechain is cationic. This will 

cause significant disruption to the hydrophobic face of the peptide and compete with the 

cationic face of the peptide for lipid head group interactions (Fig 3.1A-D). Indeed, simulations 

run by Dr. Flaviu Cipcigan at IBM research UK predict that a cationic mutation at this location 

in amphiphilic α-helical peptides will induce the highest degree of orientational frustration 

(calculated using “data-driven helical wheels,” described in ref. [199]). Therefore, bienK is 

expected to adopt a different conformation in the membrane to bienA peptides, which may in 

turn trigger a different mode of disruption. Whilst arginine could equally have been chosen, the 

 
2 Spatial coarse-grained models were provided by Patrick Simcock (Oxford University). 
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lysine sidechain can exist in its deprotonated form in a membrane environment and we 

hypothesised that lysine would provide a better balance between instigating distinct lipid 

interactions whilst maintaining membrane induced folding and activity.[197]  

For both series peptides are investigated with lengths from 7 to 11 amino acids, with the 

mutation at residue six (Fig 3.1A). The use of ultrashort peptides, all of which are less than 3 

helical turns, will further ensure that the single mutation has significant impact on peptide 

folding and activity. 

3.1.2 Computational predictions 

Simulations run by Dr. Flaviu Cipcigan at IBM research centre confirmed that the two designed 

series behave differently in a membrane environment. For membrane-bound bienK α-helices, 

the lysine side chain was observed to re-orient toward the phospholipid head groups, breaking 

amphipathicity and inducing significant orientational frustration to the helical structure (Fig 3.2, 

right) while membrane-bound bienA α-helices were observed to maintain perfect 

amphipathicity (Fig 3.2, left). 

 

Figure 3.2. Data-driven helical wheels for bienA9 (left) and bienK9 (right). MD simulations are 

run in which the peptide sequence is initialised as an α-helix and placed in the upper leaflet of 

an equilibrated DLPC:DLPG (3:1 molar ratio) lipid bilayer. Blue and red circles represent the 

average centre of mass of amino-acid backbone and side-chain atoms respectively. Positive Y-

coordinates represent proximity to the lipid head groups whilst negative values represent 

proximity to lipid tail groups. A mutation to lysine results in significant orientational frustration 

as lysine reorients its side chain toward lipid head groups. The simulations used Martini 

forcefields. These forcefields represent alanine as a single A bead, and consequently there is no 

sidechain representation for this residue. 3  

Furthermore, a substantially higher energy was required to pull bienK peptides to the centre of 

the lipid bilayer than to pull bienA peptides, as estimated from potentials of mean force for 

deliberately positioning the peptides in the bilayer in the simulations (Fig 3.3). This indicates 

 
3 Data was provided by Dr. Flaviu Cipcigan at IBM research UK.  
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that deeper membrane insertion will be less favourable for bienK. Consistent with this, 1 µs MD 

simulations showed bienK molecules were more likely to orient perpendicular to the membrane 

normal and remain in the upper leaflet whereas bienA molecules showed an increased 

propensity for transmembrane orientations, deeper penetration, and a higher probability of water 

molecules penetrating the bilayer.  

 

Figure 3.3. Potential mean force (PMF) calculations show that bienK9 is less prone to 

membrane insertion. To force the peptides from the bilayer surface (dotted blue line) to the 

middle of the bilayer requires more energy for bienK9 (green) than for bienA9 (red). A 

DLPC:DLPG (3:1 molar ratio) lipid bilayer was used. 4  

Collectively, computational analysis indicates that the two series will induce disparate lipid-

bilayer disruption modes, with bienK predicted to fold into a destabilised α-helix that results in 

shallower bilayer insertion and decreased permeabilisation. In this chapter, we provide 

experimental evidence that confirms these predictions. We resolve the two distinct modes of 

disruption using high-resolution AFM imaging and relate the different mechanisms to the 

secondary structure and biological activity of the peptides, as well as to theoretical models of 

membrane poration.  

3.2 Results and discussion 

It should be noted that throughout this chapter, the used anionic membranes consist of 

DLPC:DLPG (3:1 molar ratio) - consistent with the computational analysis- whilst zwitterionic 

membranes consist of DLPC only.  

3.2.1 Secondary structure in membrane environments 

BienA peptides folded into expected α-helical structures in anionic vesicles (Fig 3.4A). The 

degree of helicity increases with peptide length. This can result from a number of factors such 

as increased backbone interactions between i, i+4 residues, increased hydrophobic interactions 

with lipid tails and increased cationic interactions with lipid head groups. The most significant 

increase we observe is between bienA9 and bienA10, correlating with an increase in the size of 

 
4 Data was provided by Dr. Flaviu Cipcigan at IBM research UK. 
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the hydrophobic face (from 6 to 7 amino acids). In contrast, BienK peptides showed only partial 

helicity in anionic vesicles, confirming that the mutation destabilises α-helix formation (Fig 

3.4B). Furthermore, no length dependent folding is observed. 

 

Figure 3.4. Secondary structures of bienK and bienA in SUVs. CD spectra taken in anionic 

SUVs (A, B) and zwitterionic SUVs (C, D) for 7-11-mers. Peptide concentration 40 µM.   

When bienA peptides were incubated with zwitterionic vesicles, only bienA10 and bienA11 

folded into α-helices (Fig 3.4C). Folding in zwitterionic vesicles relies more heavily on 

hydrophobic interactions with the lipid tails, as electrostatic interactions between cationic 

residues and negatively charged phospholipid headgroups are no longer present. The cut off in 

folding indicates that a hydrophobic face of 7 amino acids is the minimum length to instigate 

folding. This is also consistent with the large increase in helicity observed for bienA10,11 in 

anionic SLBs.  

BienK peptides showed no folding in zwitterionic SUVs (Fig 3.4D). This agrees with a previous 

study by Hawrani et al, which shows that inserting a positively charged residue to the 

hydrophobic face of an AMP can abolish its ability to fold in neutral bilayers.[200] The authors 

of the study propose that impairing the peptide ability to interact with neutral lipids is 

therapeutically advantageous as it will lead to reduced haemolysis (as mammalian plasma 

membranes contain a high proportion of neutral lipids), without reducing antimicrobial activity. 
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The biological activity we observe for bienK and bienA series (discussed later on in section 

3.2.3.), corroborates this hypothesis. 

3.2.2 Mechanisms of membrane disruption 

3.2.2.1 A single mutation causes a switch in disruption mode 

Having confirmed that the two series form different secondary structures in anionic lipid 

bilayers, we next assess their membrane interactions using AFM. Topography images of anionic 

SLBs following incubation with both series are shown in Figure 3.5. With the colour scale used 

to indicate variations in height, membranes treated with bienA peptides display darker defects, 

3-4 nm in depth, consistent with transmembrane poration. In contrast, membranes treated with 

bienK peptides display lighter defects, 1-2 nm in depth. This provides experimental 

confirmation that highly simplified sequences maintain the ability to rearrange lipid bilayers, 

and that a single mutation can activate different modes of membrane disruption. Such distinct 

pathways are observed down to 9 amino acids, with shorter sequences bienA7, bienK7 and 

bienA8 showing little to no disruption effects. Furthermore, not only do the peptides induce 

different depths, the morphology of the defects is distinct. Whilst bienA induces defects that 

appear more circular, bienK induces defects with fractal-like morphology. 

  

Figure 3.5. BienA and bienK activate distinct disruption modes in SLBs. AFM topography 

images showing anionic SLBs treated with bienK7-11 and bienA7-11. Corresponding line profiles 

are also shown. BienA is consistently observed to form deeper defects than bienK. Furthermore, 
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the two series induce defects with distinct morphologies. Colour scale 7 nm, length scale 1 µm. 

Peptide concentration 0.3 µM. 

3.2.2.2 Fractal-like defects 

A fractal can be defined as a self-similar object with a non-integer dimension. When a self-

similar object is divided into parts each part represents a smaller copy of the full object. Objects 

showing self-similarity follow the scaling law (Eq. 3.1), where 𝑁 is the number of segments 

created when dividing the object, 𝐿 is the length of each segment and 𝐷 is the dimension of the 

object. Simple geometries such as line segments (𝐷 = 1), squares (𝐷 = 2) and cubes (𝐷 = 3) 

are self-similar and have integer dimensions. Fractals are self-similar but have non-integer 

dimensions. 

𝑁 = 𝐿−𝐷 (3.1) 

The box-counting method is a common approach to calculate the dimension of a fractal (𝐷𝑓). In 

this method, the fractal is covered with a mesh of square boxes of length (𝐿) and the number of 

boxes that contain a part of the fractal (𝑁) are counted (see, e.g. Fig 3.6A).  

  

Figure 3.6. Box counting method to determine fractal dimension 𝐷𝑓. (A) Example of the box-

counting method applied to the archetypal fractal, the Koch curve. A mesh of squares is 
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superimposed on the fractal, and the number of squares (𝑁) that contain the pattern are 

counted. This is repeated using squares of different sizes (𝐿). A plot of 𝑙𝑜𝑔 𝐿 vs 𝑙𝑜𝑔 𝑁 allows 

calculation of 𝐷𝑓. (B) Analysis of bienK induced defects. The defects analysed (top row) are 

taken from the AFM images shown in Figure 3.5. Calculated 𝐷𝑓 values as well as 

corresponding log-log plots are shown. All defects show a linear relationship between 𝑙𝑜𝑔 𝐿 

vs 𝑙𝑜𝑔 𝑁 and a non-integer value of 𝐷𝑓, consistent with fractals. Fractal analysis was 

performed using ImageJ, on the area shown with a dotted line. Pixel width is 200, and box sizes 

of 2,4,6,8,10,12,14,16,18 and 20 pixels were used. 

Using the scaling law (Eq. 3.1) a plot of log 𝐿 vs log 𝑁 for a fractal-like defect will produce a 

linear relationship with a gradient −𝐷𝑓. For all bienK peptides, plots of log 𝐿 vs log 𝑁 show the 

expected linear relationship that indicates self-similarity, and calculation of 𝐷𝑓 give the 

expected non-integer dimensions characteristic of fractals (Fig 3.6). For approximately circular 

defects, 𝐷𝑓 will be close to 2. Therefore, comparison of 𝐷𝑓 values induced by different bienK 

peptides can provide an indication of how much the fractal morphology deviates from circular 

morphology. We find that 𝐷𝑓 becomes lower with decreasing peptide length: bienK11 (1.867), 

bienK10 (1.730) and bienK9 (1.697). For shorter sequences, a single lysine mutation will have a 

greater impact, and this may explain the increased divergence observed in defect morphology. 

However bienK8 does not fit the trend, showing a more similar 𝐷𝑓 to bienK11 (1.826). Visual 

inspection of the defects induced by bienK11 and bienK8 confirms a similar morphology. 

Furthermore, both peptides exhibit similar dynamics, forming defects that can rapidly expand 

and merge to the point of complete membrane disruption (Fig 3.7). This is in contrast to bienK9 

and bienK10 which induce thinner fractals that show slower growth that does not proceed to 

complete membrane disruption over the timescale analysed (Fig 3.7).   

 

Figure 3.7. Dynamic behaviour of bienK– induced membrane disruption. AFM topography 

images showing the change in anionic SLBs treated with bienK over 20 min. bienK9 and bienK10 

induced fractals grow slowly on this time scale. In contrast, bienK11 and bienK8 induced defects 

rapidly expand and merge over 20 min leading to complete membrane disruption. Colour scale 

10 nm, length scale 1 µm. Peptide concentration 0.3 µM. 
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Examination of the sequences shows that bienK11 and bienK8 feature a C-terminal arginine, 

whereas bienK10 and bienK9 have C-terminal leucine. Arginine exhibits strong interactions with 

lipid head groups, and its location in the sequence may well influence the precise mode of 

membrane disruption.[197] As such, the similarity in mechanism between the two sequences 

with faster expansion and growth may result from the consistent location of arginine at the C-

terminus. 

3.2.2.3 Comparison to theoretical models of peptide-induced membrane disruption 

In the classical model for membrane poration, membranes are treated as thin films under 

externally applied lateral tension with poration driven by the external lateral tension (𝜎), and 

opposed by the line tension of the pore (𝛾).[201],[202] In the case of peptide-driven poration, 

peptide accumulation on the membrane surface can create a stress equivalent to lateral tension 

𝜎, driving poration, whilst peptide binding to the pore edge will lower the line tension 𝛾, further 

facilitating poration.[203] The energy of a pore of radius 𝑟 is defined by Equation 3.2, and has a 

maximum at the critical radius 𝑟∗ (Eq. 3.3), below which pores are unstable and may reseal and 

above which pores can expand.  

𝐸 (𝑟) = 2𝜋𝑟𝛾 − 𝜋𝑟2𝜎   (3.2) 

𝑟∗ =  
𝛾

𝜎
  (3.3) 

The pores formed by bienA, which have circular morphology and are observed to grow and 

merge over time, are consistent with this model (Fig 3.8). However, the classical model for 

poration cannot be used to describe the defects induced by bienK. The assumption that pores 

have a cylindrical, transmembrane nature does not fit either the fractal-like morphology 

observed, or the restriction of defects to the bilayer upper-leaflet. 

 

Figure 3.8. Dynamic behaviour of bienA– induced membrane disruption. AFM topography 

images showing the change in anionic SLBs treated with bienA over 20 min. Both bienA9 and 
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bienA10 induce defects that expand and merge on this time scale. Colour scale 7 nm, length 

scale 1 µm. Peptide concentration 0.3 µM. 

Fractal-like rupture in supported membranes has previously been observed by Gözen et al, for 

multilamellar vesicles spreading onto a surface.[204] To describe the observations, the authors 

treated the membrane not as a thin film under external tension, but as a viscous fluid. Some 

ruptures they observed were consistent with Saffman-Taylor fingering instabilities which arise 

when a less viscous fluid displaces a more viscous fluid.[205] The authors proposed that in the 

case of supported membranes, the propagating defect can be treated as a less viscous fluid and 

the untreated bilayer as the more viscous fluid. Other ruptures they observed were more 

consistent with invasion percolation displacement, in which one fluid displaces another in a 

porous media.[206] Unlike Saffman-Taylor dynamics, invasion percolation occurs in bursts 

with the invading fluid taking the path of least resistance. The propagating defect can be thought 

of as the displacing fluid, with membrane heterogeneity resulting in islands of intact membrane 

and a fractal-like morphology. Gözen et al proposed that the spontaneous rupture they observed 

for multilamellar bilayers spreading on a solid support was driven by membrane-membrane 

adhesion. They argued that as adhesion is common in biology (such as plasma membrane 

adhesion to the underlying cytoskeleton) these rupture mechanisms may well occur in cell 

membranes.  

In the case of our experiments, rupture formation and propagation are peptide induced. Despite 

this difference, both the morphology and the calculated fractal dimensions of the peptide-

induced defects described here are consistent with the previous study, indicating that modelling 

the membrane as a viscous fluid is equally applicable here. For fractal-like morphology to occur 

in our systems, the velocity of rupture propagation must be faster than the relaxation time 

required for rearrangement into more favourable circular interfaces. Whether this is the case will 

depend on specific peptide-lipid interactions, which in turn will dictate factors such as line 

tension of defects and membrane viscosity. Further work is required to resolve and quantify the 

peptide-lipid interactions that support fractal like morphologies. Here we simply highlight that 

for such disruption modes, defects can be better modelled as displacement of a viscous fluid 

than as applied lateral tension on a thin film.  

3.2.3 Biological implications for the switch in mechanism 

Next, we discuss our findings in relation to the biological activity of each peptide series. The 

minimum length required for antimicrobial activity was found to be 9 amino acids, consistent 

with the cut-off length for initiating two distinct pathways of membrane disruption in SLBs (Fig 

3.5). Both series are found to be active against Gram-negative and Gram-positive strains, with 

similar potency (Table 3.1). As such, whilst the mutation promotes a different mode of bilayer 

disruption, it does not appear to affect the overall antimicrobial activity.  
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The two series show different activity against human erythrocytes. At the same peptide 

concentration, bienA peptides show 25 % haemolysis whilst no haemolytic effects are observed 

for bienK. Collectively, and in agreement with previous studies, these results reveal that 

incorporation of a cationic amino acid to the hydrophobic face of a helical AMP reduces its 

haemolysis whilst retaining antimicrobial activity, and that this change in activity correlates 

with a reduced interaction with neutral lipids.[200],[207]  

Table 3.1. Biological activities of bienA and bienK peptides. MIC assays show the antimicrobial 

activity of each series against a range of Gram-negative and Gram-positive bacterial strains. 

Haemolytic activity against human erythrocytes is also shown. 5   

Cell 

bienA bienK 

11 10 9 11 10 9 

Minimum Inhibitory Concentration, μM a 

E. coli (ATCC 15597) 3 3 6 3 3 3 

S. aureus (ATCC 6538) 3 3 25 12 25 12 

P. aeruginosa (ATCC 27853) 3 25 50 12 25 6 

S. typhimurium (DA6192) 12 6 50 50 50 50 

K. pneumoniae (NCTC 5055) 6 3 50 >50 >50 >50 

B. subtilis (ATCC 6633) 6 1.5 6 3 6 3 

M. luteus (ATCC 49732) 1.5 1.5 1.5 1.5 1.5 1.5 

 % haemolysis at 250 μM 

Human erythrocytes 25 25 25 0 0 0 
a shorter sequences show no activity, > 100 μM 

Whilst MIC assays give a good indication of antimicrobial activity, more insight into 

mechanism can be obtained through single cell experiments. Such experiments were carried out 

by our collaborators at Exeter University using a multi-channel microfluidics device, as 

described previously.[208] Each channel traps one cell, and is connected to a main 

microchamber to allow control over the incubation solution. The device is mounted on an 

inverted microscope, to enable bright-field images to be acquired of the channels throughout 

peptide treatment. Figure 3.9 shows the effects of bienA and bienK peptides on single E. coli 

cells. The cells were exposed to peptide solution for 3 hours, washed in media and incubated 

overnight to test for regrowth, and then stained with propidium iodide to identify cells with 

compromised membranes. Both bienA and bienK were found to cause cell death by 

compromising the cell membrane (Fig 3.9). However, with addition of bienA, susceptible cells 

show no growth before cell death, whereas with addition of bienK, susceptible cells are 

observed to elongate before cell death (Fig 3.9, top and bottom respectively). The two series 

showed disparate behaviour whilst still resulting in cell death. This corroborates the AFM 

experiments that show the two series activate different modes of disruption in lipid bilayers, and 

the MIC assays which indicate that despite this difference, both series remain active. 

 
5Assays were performed by Dr. Helen Lewis (National Physical Laboratory) with assistance from myself. 
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Figure 3.9. Example optical micrographs for single E. coli cells treated with bienA (top) and 

bienK (bottom). Peptide is added to the channels at t = 0 and bright-field micrographs taken at 

hourly intervals. After 3 hours of incubation with peptide the cells are flushed with fresh 

lysogeny broth (LB) and incubated to determine cell re-growth. Micrographs are taken at t = 4 

hrs and after overnight incubation, t = O/N. The cells are then stained with propidium iodide, 

revealing that both peptides kill bacteria by compromising the membranes. Peptide 

concentration is 10 µM. 6 

3.3 Conclusions 

In this chapter we have demonstrated that if amphipathicity and cationic charge are maintained, 

a highly simplified sequence can still induce membrane disruption, as well as antimicrobial 

activity. Simple, ultrashort peptides that maintain these two biophysical properties were 

observed to induce similar mechanisms of membrane disruption and to possess similar 

antimicrobial potency as native sequences, supporting the development of reduced peptide 

systems. A minimum length requirement of 9 amino acids was found.  

Within such a simplified system, we then demonstrated that the mechanism of lipid disruption 

can be controlled at the level of an individual amino acid. A single mutation in the hydrophobic 

face, from alanine to lysine, destabilised the α-helix formed in an anionic membrane 

environment and switched the disruption mechanism from classical transmembrane poration 

with a circular boundary length, to fractal-like morphology confined to the upper leaflet. The 

observations agree with MD simulations that predicted helix destabilisation and shallower 

peptide insertion for bienK series. The defects induced by bienK cannot be explained by 

classical models of poration, and using parallels to a previous study on rupture mechanics of 

supported membranes, we propose that such modes of peptide-induced membrane disruption 

can be better modelled as a viscous fluid being displaced by a second invading fluid. The 

 
6 Experiments were performed by collaborators at Exeter University. 
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introduced mutation not only triggers a distinct mode of lipid disruption, but also translates to 

disparate biological activity, showing that this too can be controlled at the level of individual 

amino acids. Single-cell experiments indicate that, despite having the same antimicrobial end 

point, each peptide series attacks the cell in a different way. Furthermore, biological assays 

performed on the two series show that the mutation, despite maintaining antimicrobial activity, 

removes haemolytic effects. This is consistent with previous studies and correlates with the loss 

in ability of the peptide to interact with neutral lipids.  

Having demonstrated that a simplified peptide model that maintains the core biophysical 

properties of native helical AMPs (cationic, amphipathic) can maintain similar lipid disruption 

and biological activity, the next chapter addresses whether these core biophysical properties of 

antimicrobial peptides can be expanded on, by incorporating motifs from other membrane-

active sequences. 
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4 Helminth defence molecules as design templates for novel 

AMPs  

The results presented in this chapter have been published in: Hammond, K.; Lewis, H.; Faruqui, 

N.; Russel, C.; Hoogenboom, B. W.; Ryadnov, M. G. Helminth Defence Molecules as Design 

Templates for Membrane Active Antibiotics. ACS Infect. Dis. 2019, 5 (8), 1471–1479. 

4.1 Introduction 

To assess whether the biophysical properties of α-helical cationic AMPs can be expanded on 

and whether there is any advantage in this, we designed and characterised a model peptide 

template which, instead of folding into a two-faced hydrophobic: cationic helix, folds into a 

three-faced hydrophobic: cationic: T/S rich helix. This conserves not just the properties of 

native AMPs but also incorporates properties of α-helical peptides secreted by helminth 

parasites. The latter are membrane-active but non-lytic sequences, and we hypothesise that 

incorporating elements of these sequences may confer additional membrane properties to the 

template when compared to conventional AMPs.  

Helminth parasites secrete many molecules whilst infecting their host. These molecules 

facilitate the absorption of nutrients, enable migration of the parasite through the host organism, 

and interact with the host immune system.[209],[210] The helminth defence molecules (HDMs) 

are a family of immunomodulatory peptides secreted by human trematode parasites.[211] 

FhHDM-1, an archetypal HDM secreted by Fasciola Hepatica, acts to supress the inflammatory 

response of its host by neutralising bacterial endotoxins,[211] preventing the activation of 

inflammasomes,[212] and inhibiting vacuolar ATPases in macrophages.[213]  

A conserved C-terminal α-helix is found across the HDM family (Fig 4.1A,B).[211] 

Intriguingly, this helix shares many biophysical properties with α-helical AMPs.[211] It is 

amphipathic, contains cationic residues, and has polar to hydrophobic ratios of approximately 

3:2.[214] Despite structural similarities to AMPs, however, the HDM α-helix does not lyse 

cellular membranes.[215] 
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Figure 4.1. Helminth defence peptides. (A) Helical wheel diagrams of four HDM peptides. The 

conserved C terminal α-helix shown is highlighted by the red line in (B); (B) HDM primary 

sequence alignment as performed by Robinson et al.[211] Alignment was performed against 

FhHDM-1. Conserved residues contributing to the hydrophobic face of the amphipathic helix 

are shaded in grey.  

This difference in lytic activity may be related to specific differences between HDM and AMP 

sequences. In AMPs, glutamic acid and aspartic acid are depleted when compared to their 

natural abundance in proteins (Table 4.1), whilst in HDMs, anionic amino acids appear more 

prominent. This lowers the net charge of the α-helix and prevents the formation of a substantial 

cationic face (Fig 4.1A).  

Table 4.1. Comparative abundance of amino acids in α-helical AMPs 

Amino acid UniProt, %a α-helical AMPs, %b Relative abundance in α-helical AMPs, % 

Ala 8.2 9.6 +17 

Arg 5.5 5.8 +5.5 

Asn 4 2.6 -35 

Asp 5.4 2.0 -62.9 

Cys 1.3 1.35 +3.8 

Gln 3.9 2.7 -30.7 

Glu 6.7 2.6 -61.2 

Gly 7 9.9 +41.4 

His 2.2 2.5 +13.6 

Ile 5.9 7.6 +28.8 

Leu 9.6 11.0 +14.5 

Lys 5.8 14.3 +146.5 

Met 2.4 1.2 -50 

Phe 3.8 5.2 +36.8 

Pro 4.7 2.8 -40.4 

Ser 6.6 5.5 -16.7 

Thr 5.3 2.9 -45.2 

Trp 1 2.1 +110 

Tyr 2.9 1.3 -55.2 

Val 6.8 6.9 +1.5 
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a in all proteins calculated for the total of 559,228 entries in UniProt, accessed Feb 13th, 2019 

b across 273 native α-helical antimicrobial peptide sequences collated by Eliseev et al[216] and 

originally sourced from the APD2 database.[217]  

c Calculated as (
α−helical AMP %

UniProt %
 𝑥 100) − 100 

Furthermore, whilst threonine and serine residues are depleted in AMPs (Table 4.1), they 

consistently appear within the conserved HDM α-helix (Fig 4.1A). Threonine has one of the 

highest helical penalties among amino acids capable of forming secondary structures and the 

recurrent incorporation into the HDM α-helix indicates a functional role.[196] Indeed in some 

HDM α-helices, particularly FhHDM-1, T and S cluster together. This is reminiscent of 

Amphipathic Lipid Packing Sensor (ALPS) motifs, a structure used by proteins to sense and 

bind specific membranes.[218],[219] ALPS motifs are amphipathic α-helices with a polar face 

rich in T and S but lacking in charged residues (see, e.g. Fig 4.2). The absence of charged 

residues is thought to make the motif sensitive to both membrane curvature and to packing 

defects as, without electrostatic interactions to push lipid molecules apart and insert their 

hydrophobic residues, ALPS motifs must instead rely on pre-existing defects for insertion into a 

bilayer.[219]  

 

Figure 4.2. Helical wheel diagrams of two archetypal ALPS motifs. The α-helix is amphipathic, 

with an uncharged polar face rich in threonine and serine. Left, ArfGAP1 (res 199-223) and 

right, Kes1p (res 7-29). 

The FhHDM-149-66 α-helix is unique in supporting three distinct faces; charged: hydrophobic: 

T/S rich (Fig 4.3A). Whilst the sequence does not lyse membranes, it is predisposed to interact 

with lipids and has been observed to bind to the macrophage plasma membrane.[220] We 

propose that this three-faced arrangement can be used as a novel antimicrobial template. In this 

chapter we test this hypothesis by characterising a novel antimicrobial sequence based on the 

FhHDM-149-66 template, termed triAMP (Fig 4.3A, B). In triAMP, the run of threonines from 

FhHDM-149-66 is conserved, and the T/S rich face is extended by replacing E (res 65) with S. 

However, the acidic residues D (res 62) and E (res 51), and the hydrophobic residue I (res 55) 

were replaced with the basic residue K to provide a continuous cationic face and a cationic net 

charge, typical of AMPs. Finally, the basic residue R (res 63) was replaced with the 

hydrophobic residue I, to give a continuous hydrophobic face. As such, triAMP represents an 
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idealised three-faced α-helix, incorporating both the T/S rich face of ALPS motifs and the 

cationic face of AMPs.  Due to the inclusion of a more substantial cationic face and a net 

cationic charge, we hypothesise that the sequence will become membrane lytic. Furthermore, 

we propose that the additional T/S rich face may provide additional membrane active properties 

when compared with conventional two-faced hydrophobic: cationic AMPs.  

 

Figure 4.3. Helical wheel diagrams of (A) the native FhHDM-149-66 sequence and (B) the newly 

designed triAMP. The design is an idealised, three-faced α-helix, maintaining and extending the 

T/S rich face of FhHDM-149-66, replacing acidic residues with basic residues to form a cationic 

face and net cationic charge often found in AMPs, and replacing interrupting residues to ensure 

continuous hydrophobic : cationic : T/S rich faces. The design is expected to function as an 

archetypal AMP, but may possess additional properties due to the inclusion of the T/S rich face, 

reminiscent of ALPS motifs. 

4.2 Results  

It should be noted that throughout this chapter, DLPC and DLPC:DLPG (3:1 molar ratio) are 

used for zwitterionic and anionic vesicles (CD spectra) and SLBs (AFM data). Peptide 

concentrations are 40 µM for CD spectra. 

4.2.1 Membrane interactions of the native FhHDM-149-66 α-helix 

The native template, FhHDM-149-66, is unfolded in aqueous solution but folds into an α-helix in 

the presence of zwitterionic and anionic lipid vesicles (Fig 4.4A). It shows minimal distinction 

between the two lipid environments, consistent with ALPS motifs which fold in membranes 

independent of their charge.[218],[219] Despite folding in lipid bilayers, FhHDM-149-66 does not 

cause disruption to the lipid arrangements on a scale resolvable by AFM (Fig 4.4B). After 30 

min incubation of both anionic and zwitterionic SLBs with a high concentration of FhHDM-149-

66, both membranes remain flat and featureless. This confirms the lack of membrane lytic 

behaviour previously reported for the peptide.[215]   
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Figure 4.4. Membrane activity of FhHDM-149-66.  (A) CD spectra showing the secondary 

structure of FhHDM-149-66 in aqueous solution and with SUVs; (B) AFM topography images of 

SLBs treated with 0.8 μM peptide, with corresponding depth profiles. No disruption is observed. 

Images are taken 30 min after peptide addition, scale bar 250 nm, colour bar 6 nm. 

4.2.2 Membrane interactions of triAMP 

TriAMP is unfolded in aqueous solution, but folds into an α-helix in the presence of both 

zwitterionic and anionic lipid vesicles (Fig 4.5A). As such, it maintains the folding behaviour of 

FhHDM-149-66. However, unlike FhHDM-149-66, triAMP porates anionic SLBs (Fig 4.5B (i)). 

Circular pores, 4 nm deep and around 25 nm wide appear across the membrane surface. This 

confirms that the new design is membrane lytic. TriAMP also disrupts zwitterionic SLBs, but, 

in the absence of electrostatic attraction, its lipid interactions differ. A higher peptide 

concentration is required for lipid rearrangement and, instead of poration, thinned regions 

appear across the surface with depths of 0.8 nm and diameters of 50-100 nm (Fig 4.5B (ii,iii)).  
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Figure 4.5. Membrane activity of triAMP. (A) CD spectra showing the secondary structure of 

triAMP in aqueous solution and with SUVs; (B) AFM topography images and corresponding 

line profiles of triAMP-treated SLBs: (i) anionic  SLB after addition of 0.3 μM peptide, (ii) 

zwitterionic SLB after addition of  0.3 μM peptide and (iii) zwitterionic SLB after addition of 0.5 

μM peptide. Images taken approx 30 mins after peptide addition, scale bar 500 nm, colour bar 6 

nm.  

Collectively, the membrane behaviour of triAMP is notable. Whilst responsive folding and 

poration of anionic SLBs is typical of cationic α-helical AMPs, responsive folding in 

zwitterionic vesicles and a distinct effect on zwitterionic SLBs is more unusual. For 

comparison, Figure 4.6 shows the membrane activity of an archetypal α-helical AMP, magainin 

2. Unlike triAMP, the peptide folds only in anionic membranes, remaining unfolded in 

zwitterionic vesicles (Fig 4.6A). And unlike triAMP, whilst the peptide porates anionic lipid 

bilayers (Fig 4.6B (i)) it causes no disruption to zwitterionic SLBs, even at a 2.5-fold increase in 

peptide concentration (Fig 4.6B (ii)).   
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Figure 4.6. Membrane activity of an archetypal α-helical AMP magainin 2. (A) CD spectra 

showing the secondary structure of magainin 2 in aqueous solution and with SUVs; (B) AFM 

topography images and corresponding line profiles of (i) anionic and (ii) zwitterionic SLBs 

treated with magainin 2. No disruption of zwitterionic SLBs is observed, even at 2.5 fold 

increases in concentration. Images taken approx 30 mins after peptide addition, scale bar 250 

nm, colour bar 6 nm.  

4.2.3 Biological activity of triAMP 

The biological activity of triAMP was assessed by MIC and haemolysis assays (Table 4.2). The 

peptide was found to be active against both Gram-negative and Gram-positive bacterial strains, 

with a potency comparable to archetypal AMPs and peptide toxins (magainin 2, cecropin B and 

melittin respectively). It was also found to be selective, with no lysis of human erythrocytes 

observed at 100 µM peptide. For comparison, the FhHDM-149-66 template was also assessed. 

Consistent with previous studies, no activity against bacterial cells or human erythrocytes was 

observed.  

Taken together, results from CD, AFM and biological assays confirm that the three-faced 

FhHDM-149-66 template can be used to design a membrane lytic, antimicrobial sequence with 

biological selectivity. The native peptide is converted from a membrane responsive sequence, 

that binds and folds in lipid bilayers but has no biological activity and no ability to disrupt lipid 

packing, to a membrane disruptive sequence, which shows both biological activity and 

membrane poration. This demonstrates that the design space of de novo antimicrobial sequences 

can be extended to three distinct faces. More intriguingly, triAMP maintains the folding 
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behaviour of FhHDM-149-66. For many α-helical AMPs, there is a correlation between their 

ability to interact with zwitterionic lipid bilayers and their haemolytic activity.[221],[222] 

TriAMP does not follow this trend. It can fold in zwitterionic vesicles and interact with 

zwitterionic SLBs, whilst still functioning as a biologically selective antimicrobial peptide. To 

investigate this behaviour further, we design and characterise a series of triAMP mutants. 

Table 4.2. Minimum inhibitory concentrations (MICs) and lysis assays of triAMP compared to 

archetypal α-helical AMPs (magainin 2 and cecropin B), peptide toxins (melittin) and the 

FhHDM-149-66 template. All tests were done in triplicate. The values that are given without 

standard deviations are those for which no variations were found within triplicates.7  

Cell 

Peptide 

triAMP magainin 2 cecropin B melittin FhHDM-149-66 

Minimum Inhibitory Concentration, μM 

E. coli (ATCC 15597) 3.1 25 <1 2.3±1.1 >100 

S. aureus (ATCC 6538) 15±2.5 >50 50 <1 >100 

P. aeruginosa (ATCC 27853) 25 >50 1.5 9.4±4.4 >100 

S. typhimurium (6192) 40±5 >50 1.5 3.1 >100 

K. pneumoniae (NCTC 5055) 50 12 1.5 3.1 >100 

B. subtilis (ATCC 6633) 15±2.5 3.1 >50 3.1 >100 

M. luteus (ATCC 49732) 1.5 <1 <1 <1 >100 

 % Haemolysis at 100 μM peptide 

Human erythrocytes 0 0 0 100 0 

 

4.2.4 Investigating the role of triAMP faces 

4.2.4.1 Design rationale of triAMP mutants 

The five mutants are shown in Figure 4.7. In mutant 1, all T/S residues are replaced with 

glutamine. This maintains a three-faced template of cationic: hydrophobic: uncharged-polar, but 

changes the properties of the uncharged-polar face, allowing the specific contribution of T/S 

residues to be determined. Mutant 2 removes the T/S face completely, replacing T/S residues 

with isoleucine and leucine to give a cationic: hydrophobic: hydrophobic peptide. This wide 

hydrophobic face is typical of peptide toxins, and it is expected to act as a control sequence that 

interacts with zwitterionic lipids whilst also causing haemolysis. In mutant 3, the hydrophobic 

face is disrupted by Q to give a cationic: disrupted-hydrophobic: T/S rich peptide. This mutant 

was designed to confirm the necessity of the hydrophobic face for the properties of triAMP. 

Mutant 4 and 5 contain single amino acid mutations in the T/S rich face. In mutant 4, T13 is 

replaced with S, to determine whether T and S are interchangeable. In mutant 5, T6 is replaced 

with A to assess the whether the T/S rich face can accommodate an interrupting residue whilst 

maintaining its function. For both mutants, the continuous run of three threonines found in 

FhHDM-149-66 and maintained in triAMP is disrupted. 

 
7 Assays were performed by both Dr. Helen Lewis (National Physical Laboratory) and myself. 
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Name Sequence Alteration made 

triAMP ITKVITKLLNRLTKILSK [cationic: hydrophobic: T/S rich] 

mutant 1 IQKVIQKLLNRLQKILQ

K 

[cationic: hydrophobic: Q rich] 

mutant 2 IIKVIIKLLNRLLKILLK [cationic: hydrophobic: hydrophobic] 

mutant 3 ITKQITKQLNRQTKIQSK [cationic: disrupted- hydrophobic: T/S rich] 

mutant 4 ITKVITKLLNRLSKILSK [cationic: hydrophobic: T/S rich, but without 

run of three Ts] 

mutant 5 ITKVIAKLLNRLTKILSK [cationic: hydrophobic: T/S rich, but with 

interrupting residue] 

Figure 4.7. Design of triAMP mutants. Helical wheels (top) and corresponding sequences 

(bottom) of the triAMP mutants. Mutated residues are shown in bold and a description of the 

alteration to the three faced arrangement is provided.   

4.2.4.2 Secondary structure of triAMP mutants 

Mutant 1 only folds into an α-helix in the presence of anionic lipid vesicles (Fig 4.8A). 

Replacing the T/S rich face with Q leads to the loss of folding in zwitterionic vesicles, providing 

evidence that it is threonine and serine residues that trigger ALPS like folding. Mutant 2 has 

significant β-structure in all environments (Fig 4.8B). Extension of the hydrophobic face 

induces a switch in the preferred secondary structure of the peptide. Mutant 3 remains 

unstructured in all environments (Fig 4.8C). Disrupting the hydrophobic face removes the 

ability of the peptide to fold in lipids, showing that a continuous run of hydrophobic residues is 

required for the peptide to function.  

Mutant 4 and mutant 5 both fold into an α-helix in the presence of zwitterionic and anionic lipid 

vesicles (Fig 4.8D and E respectively). This demonstrates that conserving the three faced, 

cationic: hydrophobic: T/S rich arrangement, conserves the ALPS like folding in which the 

peptide can fold in lipids despite an absence of electrostatic attraction. However, the single 
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mutations to the T/S rich face of triAMP do have an observable effect on peptide-lipid 

interactions. 

 

Figure 4.8. Secondary structure of triAMP mutants. (A-E) show mutants 1-5 respectively.   

Whilst the helical content in anionic lipids remains similar across all three peptides, the helical 

content in zwitterionic lipids does not (Table 4.3). TriAMP maintains 77.5% folding in 

zwitterionic vesicles, whereas mutant 4 and 5 show reduced folding in zwitterionic lipids (27.6 

% and 44.9 % respectively). As such, mutation to the T/S rich face of triAMP impacts the 

folding of the peptide with zwitterionic lipids but not with anionic lipids. This indicates that the 

T/S rich face in triAMP is driving lipid interactions in the absence of electrostatic attraction, but 

has a less significant role when electrostatic interactions are present.   
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Table 4.3. Comparison of percent helicity for triAMP, mutant 4 and mutant 5 in different lipid 

environments. Calculated using the following equation[170],[171]: 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ℎ𝑒𝑙𝑖𝑐𝑖𝑡𝑦 =
(−[𝜃]222)+3000

33000
 

Peptide 
helicity in unilamellar vesicles zwitterionic folding

anionic folding
 

zwitterionic anionic 

triAMP 32.3 % 41.7 % 77.5 % 

mutant 4 11.8 % 42.7 % 27.6 % 

mutant 5 18.0 % 40.1 % 44.9 % 

 

4.1.1.1. Effect of triAMP mutants on SLBs 

Mutant 1 induces transmembrane pores in anionic SLBs, but causes no visible disruption to 

zwitterionic SLBs, even at higher concentrations (Fig 4.9A). This is consistent with its lack of 

folding in zwitterionic lipids. Overall, mutant 1 is behaving like an archetypal AMP. Mutant 2 

induces transmembrane pores in anionic SLBs and disrupts zwitterionic SLBs at the same 

concentration (Fig 4.9B). This is consistent with its ability to form secondary structures in all 

lipid environments and its enhanced hydrophobic face, which will drive hydrophobic 

interactions with lipid tails and decrease the reliance of the peptide on electrostatic interactions. 

Mutant 4 and mutant 5 show strikingly similar behaviour to triAMP. Both mutants porate 

anionic SLBs and, at increased concentration, form thinning defects across zwitterionic SLBs 

(Fig 4.9C, D). For mutant 5, some patches of thinned bilayer could also be observed in 

zwitterionic SLBs at a lower peptide concentration (Fig 4.9D (ii)).   
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Figure 4.9. AFM topography images of SLBs treated with mutants 1, 2, 4 and 5 (A-D 

respectively)(i) Anionic SLB treated with 0.3 μM peptide; (ii) zwitterionic SLB treated with 0.3 

μM peptide; and (iii) zwitterionic SLB treated with 0.5 μM peptide. Corresponding depth 

profiles are shown in (iv-vi) respectively. Scale bar in all images: 500 nm. Colour bar: 6 nm. 

Images taken 30 mins after peptide addition. 
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To further assess whether there are observable differences between triAMP and mutant 4 and 5, 

time-resolved AFM imaging was performed (Fig 4.10). The disruption dynamics induced by all 

three peptides are the same. The pores formed in anionic SLBs are stable, and do not grow over 

the imaging time. In contrast, the thinned regions formed by the three peptides in zwitterionic 

SLBs can expand and merge. Despite single mutations to the T/S rich face resulting in 

observable differences in the folding of the peptide with zwitterionic SLBs, no notable 

difference was detected in the disruption of SLBs by AFM.  

  

Figure 4.10. Dynamic behaviour of triAMP and mutant 4, 5. AFM topography images showing 

anionic SLBs (i) and zwitterionic SLBs (ii) treated with triAMP, mutant 4 and mutant 5 (A-C 

respectively). Time-stamps are stated in the images.  Scale bar 500 nm, colour bar: 6 nm. Note 

that Fig 4.10A (i) 25 min is the same image as used in Fig 4.5B (i).  

4.2.4.3 Biological activity of triAMP mutants 

Finally, the biological activity of the mutants was determined (Table 4.4). Mutant 1 showed 

activity against both Gram-negative and Gram-positive bacterial strains, and no lysis of human 

erythrocytes. As with its membrane interactions, the sequence is behaving as an archetypal 

AMP. Mutant 2 showed minimal antibacterial activity but 100 % lysis of human erythrocytes. 

AFM reveals that the peptide self-assembles into amyloid like fibres (Fig 4.11). This is 

consistent with the β-sheet like secondary structure observed by CD and provides an 
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explanation for the toxicity but lack of antimicrobial activity. Mutant 3 showed no biological 

activity. This is consistent with its inability to fold in any lipid environment. Mutant 4 and 

mutant 5 showed activity against both Gram-negative and Gram-positive bacterial strains, as 

well as partial lysis of human erythrocytes at 100 μM peptide. Whilst the single mutations made 

to the T/S rich face of triAMP do not appear to impact the antimicrobial activity of the peptide, 

they do have a significant impact on its biological selectivity.  

Table 4.4. Minimum inhibitory concentrations (MICs) and lysis assays of mutants 1-5 All tests 

were done in triplicate. The values that are given without standard deviations are those for 

which no variations were found within triplicates.8  

Cell 

Peptide 

Mutant 1 Mutant 2 Mutant 3 Mutant 4 Mutant 5 

Minimum Inhibitory Concentration, μM 

E. coli (ATCC 15597) 3.1 >50 >100 2.08±0.9 3.1 

S. aureus (ATCC 6538) >50 50 >100 >50 5.2±1.8 

P. aeruginosa (ATCC 

27853) 
3.1 >50 >100 2.08±0.9 3.1 

S. typhimurium (6192) 20.8±7.2 >50 >100 16.7 ±7.2 16.7 ±7.2 

K. pneumoniae (NCTC 

5055) 
12.5 >50 >100 25 12.5 

B. subtilis (ATCC 6633) 4.2 ±1.8 
37.5 

±17.68 
>100 4.2 ±1.8 4.7 ±2.7 

M. luteus (ATCC 49732) 1.05±0.44 25 >100 1.05±0.44 1.05±0.44 

 % Hemolysis at 100 μM peptide 

Human erythrocytes 0 100 0 21.2 ± 6.8 34.01 ± 10.6 

 

 

Figure 4.11. AFM topography images of mutant 2 self-assembled into fibres. Peptide was pre-

incubated (2 hours, 20 mM HEPEs, 50 μM), added to freshly cleaved mica pre-hydrated with 

imaging buffer (120 mM NaCl, 20 mM MOPs) and visualised by AFM. Scale bars 100 nm, 

colour bar 6 nm. 

4.3 Discussion 

Firstly, we have shown that triAMP has potent activity against Gram-negative and Gram-

positive bacteria and exhibits biological selectivity, showing no lysis against human 

erythrocytes. As such, it fulfils the basic requirements for a de novo AMP design. This 

demonstrates that the design space for antimicrobial peptides can be extended beyond the 

typical [cationic: hydrophobic] α-helix to an α-helix that contains an additional T/S rich face.  

 
8 Assays were performed by both Dr. Helen Lewis (National Physical Laboratory) and myself. 
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Secondly, we have shown that unlike many AMPs, triAMP does not show correlation between 

ability to interact with zwitterionic lipid bilayers and haemolytic activity.[221],[222] It folds in 

zwitterionic vesicles and can rearrange the lipid packing of zwitterionic SLBs. Yet, this 

behaviour does not impact on its biological selectivity. Our data indicates that to achieve both 

selective antimicrobial activity and auxiliary zwitterionic membrane interactions reminiscent of 

ALPS motifs, requires all three faces of the design. The necessity of a cationic face is 

demonstrated by FhHDM-149-66. Without a continuous cationic face, the presence of a T/S rich 

face and a hydrophobic face can initiate membrane response, but not membrane disruption or 

antimicrobial activity. The necessity of a hydrophobic face is demonstrated by mutant 3. When 

the hydrophobic face is disrupted, the peptide is unable to drive membrane interactions and 

exhibits no biological activity. The necessity of the T/S rich face is demonstrated by mutant 1. 

When T and S are replaced with Q, the peptide behaves like an archetypal AMP and no longer 

binds, folds or disrupts zwitterionic SLBs. This provides direct evidence that it is the T/S rich 

face that drives the interaction of triAMP with zwitterionic lipids.  

We also show that whilst the T/S rich face of triAMP drives interaction with zwitterionic lipids, 

it does not appear to play a major role in the interaction of the peptide with anionic lipids. When 

a single mutation is made to the T/S rich face (mutant 4, mutant 5), the folding of the peptide in 

anionic lipids remains the same. The hydropathy index of both serine and threonine is close to 

zero.[223] Being on the edge of hydrophobic and hydrophilic residues may enable the T/S rich 

face to be overruled by stronger electrostatic interactions between the cationic residues and 

anionic lipids by accommodating sub-optimal environments and allowing the three-faced 

peptide to adopt archetypal AMP poration mechanisms.  

In contrast, we find that a single mutation to the T/S rich face of triAMP has a notable impact 

both on the folding of the peptide in zwitterionic lipids and on the biological selectivity of the 

peptide. In mutant 4, a T13S mutation results in reduced folding demonstrating that, despite the 

similar properties of the two residues, T and S are not interchangeable at this location. In mutant 

5, a T6A mutation again results in reduced folding despite A being more hydrophobic than T 

and therefore expected to promote folding in zwitterionic lipids. Furthermore, mutant 4 and 5 

both exhibit increased haemolysis. For both mutants, the continuous run of three threonines 

found in the FhHDM-149-66 template and conserved in triAMP is disrupted. This may indicate 

that the threonine cluster has a synergistic role which can promote folding and interaction with 

zwitterionic lipids without inducing lysis. To test this hypothesis, further mutants, and 

techniques such as NMR to resolve specific peptide- lipid interactions would be required. In any 

case, triAMP represents the only arrangement tested here that maintains biological selectivity 

whilst providing auxiliary lipid interactions in the absence of electrostatic attraction. This 

combines properties of AMPs and ALPS motifs, and as such, represents a novel membrane-

active antimicrobial design. 
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The two results chapters presented so far describe the modes of lipid disruption of simplified 

peptide designs based on a single α-helix. However, native AMP sequences can have more 

complex folds than a single α-helix or β-strand. The current models to describe lipid disruption 

(poration, thinning, roughening) assume a single mode per peptide sequence. This raises the 

question: are more complex structures simply a matter of structural redundancy that deliver the 

same mechanism of disruption, or do more complex folds induce more complex mechanisms? 

To address this, the following results chapter investigates the membrane interactions of a native 

antimicrobial sequence with a multi-helix structure.  
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5 Resolving multimodal mechanisms of multi-helix 

bacteriocins 

Many of the results presented in this chapter have been published in: Hammond, K.; Lewis, H.; 

Halliwell, S.; Desriac, F.; Nardone, B.; Ravi, J.; Hoogenboom, B. W.; Upton, M.; Derrick, J. P.; 

Ryadnov, M. G.  Flowering Poration—A Synergistic Multi-Mode Antibacterial Mechanism by 

a Bacteriocin Fold. iScience 2020, 23 (8), 101423. 

5.1 Introduction  

More complex folds are often found among bacteriocins, a family of antimicrobial peptides 

secreted by bacteria. These peptides are further divided into subclasses according to factors such 

as their structural organisation, producer strains, microbial targets and size.[224] The most 

recently reported subclass, class Ⅱd, are single-chain, cysteine free and do not contain a leader 

sequence.[225] They possess a highly conserved structure consisting of four to five α-helices 

arranged in a compact helical bundle, driven by hydrophobic residues packing together to form 

a hydrophobic core. The helical arrangement contains a saposin-like fold with two α-helices 

forming a v-shape segment and a third α-helix lying perpendicular (Fig 5.1A).[226] Other 

conserved features include solvent-exposed tryptophan residues (Fig 5.1B) and a high cationic 

surface charge (Fig 5.1C).[227]  

 

Figure 5.1. The structural organisation of class Ⅱd bacteriocins. (A) NMR solution structures of 

members of the subgroup, with N-terminus (blue) to C-terminus (red). The characteristic 
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saposin-like fold can be observed (two α-helices in a v-shape and a third α-helix oriented 

perpendicular); (B) Clustal Omega primary sequence alignment for members of the family, with 

solvent exposed tryptophan residues in bold; (C) Electrostatic potential map of lacticin Q, with 

cationic regions (blue) and anionic regions (red) showing a cationic surface charge, 

reproduced from ref. [226], licensed under CC BY 3.0, published by The Royal Society of 

Chemistry.  

Current findings indicate that these peptides are membrane active and do not require a 

receptor.[228]–[230] The proposed mechanism of action is that the high cationic surface charge 

drives initial membrane binding via electrostatic interactions, and that subsequent membrane 

insertion is promoted by both the amphiphilic nature of the exposed tryptophan residues, and a 

transition in the arrangement of α-helices from a closed to an open conformation.[226] This 

transition increases hydrophobic interactions between the core of the peptide and the lipid 

bilayer, as observed for other proteins containing the saposin-like fold.[231] In agreement with 

this proposed mechanism, a recent conformational study demonstrates that Bacsp222 does not 

remain surface bound, but inserts its α-helices into the lipid bilayer.[232]  

Thus far, there have been no direct experimental observation of bacteriocin-induced poration 

from this class, and the modes of disruption are unknown. Given that their structures are multi-

helix folds, these peptides may support more complex multimodal mechanisms of membrane 

disruption than single-helix AMPs derived from animals. In this chapter, we address this 

hypothesis by characterising the membrane activity of epidermicin NI01, an archetypal member 

of the class. Our findings agree with and significantly expand on the current mechanistic 

understanding of this bacteriocin family. Furthermore, NI01 is of interest as a promising 

candidate for therapeutic development.[233] In vitro studies show potent activity against 

methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci 

(VRE).[233] In vivo studies show that injection of NI01 into Galleria mellonella larvae confers 

protection against MRSA with no adverse toxicity[234] and topical applications can treat nasal 

infections of MRSA in cotton rats.[235] A single application clears the nasal infection, a 

marked improvement over the current drug of choice.[235] The novel modes of membrane 

disruption revealed in this chapter will help to progress the therapeutic development of the 

peptide.  

5.2 Results and Discussion 

Throughout this chapter, POPC and POPC:POPG (3:1 molar ratio) are used for zwitterionic and 

anionic vesicles (CD spectra) and SLBs (AFM data). Unless otherwise stated, peptide 

concentrations are 20 µM for CD spectra and 0.25 µM for AFM imaging. Whilst I synthesised 

and purified epidermicin NI01 and aureocin A53, the remainder of the peptides described in this 

chapter (D- epidermicin, α1/α2, α2/α3, α3/α4, α1/α2/α3, α2/α3/α4, and Arg- mutant) were 

provided by Dr. Brunello Nardone at the National Physical Laboratory. The two videos (Video 

A.1 and Video A.2) were taken with the help of Dr. Jonathon Moffat (Oxford Instruments). 
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5.2.1 The crystal structure of epidermicin NI01 

The crystal structure of NI01 was recently solved by Samantha Halliwell and Prof Jeremy 

Derrick at Manchester University.[236] Like other members of its class, the peptide forms a 

four-helix bundle (Fig 5.2B). The characteristic v-shape of the saposin-like fold is formed by α1 

and α2, as well as by α3 and α4, which both show similar up-down helical hairpin topographies.  

 

Figure 5.2. The structure of epidermicin NI01.Primary structure of NI01 and its constituent α-

helices, labelled α1 to α4. Coloured staples indicate π-π interactions between different α-

helices. The helical methionine stretch is highlighted by i, i+4. Turns are underlined in the 

sequences; (B) Crystal structure of NI01, with N-terminus (blue) to C-terminus (red); (C) Stick 

representation of the central kink linking α2 to α3 at H25; (D) Two aromatic pairs, F4-W23 and 

W32-W41 between sequential helices (α1 to α2, and α3 to α4, respectively); (E) Remaining 

three aromatic pairs, all involving α4: H25-W50, Y18-Y43 and F10-F39. Reproduced from ref. 

[236], licensed under CC-BY-NC-ND. 
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α2 and α3 lie perpendicular to one another, mediated by H25 which forms a kink at an obtuse 

angle (Fig 5.2C). The hydrophobic residues are buried in the core of the bundle, but the 

aromatic residues are not. Instead, the side chains of aromatic residues are locked in paired π-π 

interactions, which act as staples between spatially adjacent helices, stabilising the global 

helical arrangement of the peptide. There are 5 pairs of π-π interactions in total. Two of these 

link sequential helices: α1 to α2 and α3 to α4 (Fig 5.2D). The remaining three π-π interactions 

link α4 to α2 and α1 (Fig 5.2E). α2 and α3 share no staples which is to be expected as they lie 

at an obtuse angle.  

5.2.2 Biophysical properties of epidermicin NI01 in solution 

Consistent with its crystal structure, epidermicin NI01 is α-helical in aqueous solution (Fig 

5.3A). Folding is independent of peptide concentration, and [θ]222/208 values are characteristic of 

helical bundles and coiled-coils,[237]–[239] revealing that significant helix-helix interactions 

are present. NI01 is found to be fully folded in buffer solution, with addition of the helical 

promoting solvent TFE causing no increase in % helicity (Fig 5.3B).[172] Instead, TFE causes a 

decrease in [θ]222/208 to a value more typical of isolated α-helices, consistent with its ability to 

displace interhelical hydrophobic interactions.[237] In the presence of anionic and zwitterionic 

lipid vesicles, NI01 remains fully folded but again shows a decrease in [θ]222/208 (Fig 5.3C) 

demonstrating that lipid-binding induces global α-helical rearrangement, with helix-helix 

interactions replaced by helix-lipid interactions. A similar effect has been observed for lacticin 

Q, and is consistent with the hypothesis that proteins with a saposin-like fold transition from a 

closed to an open conformation upon membrane binding.[226],[229],[231]  

Thermal melts (Fig 5.3D) show the secondary structure of NI01 is highly stable; even at 90 °C, 

the peptide remains appreciably α-helical, and [θ]222/208 remains > 1. Unfolding is fully 

reversible with nearly identical spectra collected before and after the melt (Fig 5.3E). This is 

consistent with NI01 retaining antimicrobial activity after being subject to elevated temperatures 

(80 ºC),[233] and illustrates that no precipitation or aggregation occurs at higher temperatures. 

The sigmoidal unfolding curve at [θ]222 (Fig 5.3F) shows cooperative unfolding with a single 

melting temperature (TM) observed at 60 ºC. Collectively these results reveal NI01 to be a 

stable, fully folded peptide, with strong interhelical interactions in solution that are replaced by 

lipid-helix interactions in vesicles.  
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Figure 5.3. CD spectra for epidermicin NI01 under different conditions. (A) At varied peptide 

concentration in aqueous solution; (B) With increasing % 2,2,2,-Trifluoroethanol; (C) With 

zwitterionic and anionic vesicles; (D) At 2 ºC intervals during the thermal unfolding from 20 ºC 

to 90 ºC; (E) Before and after thermal denaturation; (F) The thermal unfolding curve at 222 nm 

and its first derivative. A single transition point (TM) is found.  

Further biophysical measurements show that NI01 exists as a monomer in solution. DLS (Fig 

5.4A) show a monomeric dispersion with a diameter of 2 nm and no higher order oligomers or 

aggregates observed. The peptide is cationic with a net charge of +8 at neutral pH, and, like 

other members of its class, the crystal structure of NI01 confirms that polar side chains are 

found on the exterior of the peptide. A cationic surface charge is confirmed by zeta potential 

measurements (Fig 5.4B, ζ-potential of 20.8 ± 3.8 mV). This will act to stabilise the monomeric 
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dispersion by preventing aggregation. By extrapolation, we can assume that NI01 binds to lipid 

membranes as a monomer.  

 

Figure 5.4. Monodispersity of epidermicin NI01 in aqueous solution. (A) (i) Size distribution by 

dynamic light scattering of epidermicin NI01 with (ii) correlograms showing rapid correlation 

decreases from high intercepts, characteristic of monodisperse, small particles; (B) (i) ζ-

potential distribution frequency showing a net positive surface charge with (ii) phase plot 

showing the phase shift due to electrophoresis. High signal to noise ratio is observed. 

Conditions: 0.9 mM peptide in 10 mM phosphate buffer, pH 7.4 at 25 °C. 

5.2.3 Direct visualisation of the effect of NI01 on lipid bilayers 

Like many AMPs, we find that NI01 is charge selective. Zwitterionic SLBs remain featureless 

when incubated with NI01 (Fig 5.5A, B), with no disruption to the lipid packing observed. In 

contrast, incubation with anionic SLBs induces significant disruption even at lower 

concentrations (Fig 5.5C-F). Furthermore, disruption is multimodal. Channels with a depth 

corresponding to the full width of the bilayer (Fig 5.5C-E, blue) and patches with a depth of 2 

nm (Fig 5.5C-E, black) can be observed across the membrane surface. Each separate mode of 

disruption is consistent with commonly reported mechanisms for AMPs, namely transmembrane 

channel formation and localised patches of membrane thinning.[118],[130] The two modes are 

mutually exclusive with no transmembrane channels occurring within patches of membrane 

thinning. In addition, the two disruption modes rarely occur in isolation, with channels seeming 

to originate from patches of thinned membrane (Fig 5.5D). This relationship is confirmed by 

imaging the initial formation of a defect (Fig 5.5F, showing selected snapshots from Video 

A.1). The formation and growth of a patch of membrane thinning is followed by the sequential 

appearance of four transmembrane channels originating from this patch.  
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Figure 5.5. AFM imaging of SLBs treated with NI01. (A) Topography of zwitterionic SLBs 

treated with 0.6 μM NI01, with height profile along the dotted line shown in (B). NI01 causes no 

observable disurption to zwitterionic (POPC) SLBs, with the membrane surface remaining flat 

and featureless; (C) Topography of anionic (POPC: POPG (3:1 molar ratio)) SLB treated with 

0.25 μM NI01, with higher magnification images (D) and height profiles along the dotted lines 

shown in (E). Both transmembrane channels and patches of membrane thinning appear across 

the surface in a highly organised, networking pattern; (F) Topography images of anionic SLB 

treated with 0.375 μM NI01, showing the formation of transmembrane channels from a patch of 

membrane thinning. Images are selected snapshots from Video A.1, over a period of 20 min. 

Colour scale bar in all images is 15 nm in all images, length scale bars are 500 nm for (A) and 

(C), 100 nm for (D) and (F).  

These results provide the first direct observation of a highly organised, multimodal mechanism 

of membrane disruption by an AMP. We next conduct a detailed analysis of the dynamics of 

this mechanism. Figure 5.6A shows formation and expansion of defects over a wider, 4 µm scan 

(selected frames from Video A.1). After an initial lag time (~ 1 min), defects form and grow 

until a plateau is reached (~ 10 min) and minimal further changes occur (Fig 5.6B). The same 

behaviour is observed at higher peptide concentrations (Fig 5.6C, selected frames from Video 

A.2) but the rate of defect formation and expansion is faster, resulting in a larger coverage of 

defects across the surface, and a plateau is reached more quickly (Fig 5.6D). This reveals that, 

like for other AMPs, the kinetics of NI01-induced disruption are concentration 

limited.[123],[137],[139]  The mechanism itself is not concentration dependent, however, with 
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NI01 able to execute the same modes of disruption at high and low peptide concentrations. 

Indeed, even at very low peptide concentrations where final defect coverage is small (Fig 5.6E), 

both transmembrane channels and patches of thinned membrane can be observed. 

 

Figure 5.6. Time-resolved studies of NI01-induced disruption. (A) Topography images of 

anionic SLBs during the first 10 min of treatment with 0.375 μM NI01. After an initial lag time, 

both membrane thinning and transmembrane channels form and grow, before reaching a 

plateau where minimal further change is observed. Images are selected frames from Video A.1; 

(B) A plot of total defect coverage (including both channels and thinned areas) vs time for 

anionic SLBs treated with 0.375 μM NI01. The behaviour of (i) lag time, (ii) growth and (iii) 

plateau can clearly be observed;  (C) Topography images of anionic SLB treated with 0.75 μM 

NI01. The mechanism appears independent of concentration, but the kinetics of disruption are 

faster. Images are selected frames from Video A.2; (D) Comparison of defect coverage vs time 

for anionic SLBs treated with 0.375 μM and 0.75 μM NI01. At the higher concentration, growth 

of defects is faster and a plateau is reached more quickly; (E) Topography of anionic SLBs 

treated with 0.008 μM NI01 after 2 hours of incubation. Even at a very low concentration of 

peptide, both membrane thinning and transmembrane channels can be induced. Colour scale 

bar is 15 nm in all images, length scale bars are 500 nm.  
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The plateauing of defect growth is noteworthy, as some AMP sequences induce defects that 

continue to expand and grow to the point of complete membrane 

disruption.[127],[130],[132],[133] An obvious explanation for the plateau is a lack of available 

peptide to continue expanding the defects. To test this hypothesis, Figure 5.7A shows the 

response of the membrane to further injection of NI01 after a plateau was reached (selected 

frames from Video A.1). Renewed defect formation and expansion is observed before a second 

plateau, and this behaviour is repeated for three consecutive injections. We therefore confirm 

that plateauing occurs when there is no longer enough free peptide to drive further growth. 

While the net effect of additional peptide is a larger coverage of defects, a conversion effect is 

observed immediately after peptide injection. The total defect area across the membrane surface 

temporarily decreases (Fig 5.7A). Closer inspection of the topography reveals that, in response 

to peptide injection, patches of thinned membrane decrease in size, show significant 

remodelling of their boundary, and form new transmembrane pores at their edges (exemplified 

in Fig 5.7B and 5.7C, and shown over a larger area in 5.7D). This effect is instantaneous, occurs 

across all patches of membrane thinning, and is reproduced for every additional injection of 

peptide (Video A.1). Significant remodelling of the boundary area signifies NI01 binding [120] 

and collectively, this behaviour is reminiscent of pore forming proteins such as lysenin and 

equinatoxin which are known to preferentially bind and induce pores at phase 

boundaries.[240],[241] The intrinsic disorder of lipids at the boundary edge may offer less 

resistance to poration. Furthermore, increased local concentration of protein at the boundary 

means that the threshold concentration required for poration will be reached more 

quickly.[35],[241] Following this initial response, both defect types continue to grow (Fig 5.7B-

D). This is the first time that a pump-like mechanism, with lipid domains recruiting peptide and 

directly converting into transmembrane channels, has been resolved by AFM.  

Based on the results described thus far and the parallels to pore forming proteins, we propose 

the following working model for NI01’s multimodal disruption. NI01 binds to the membrane as 

a monomer. Peptide accumulation on the surface can result in either membrane thinning or 

transmembrane poration, with both defects requiring a threshold concentration. The threshold 

concentration for thinning the membrane is lower than for forming channels, and thinned 

patches are therefore observed first. The lag-time reflects the time taken for fluctuations in local 

concentrations of surface bound peptide to result in a sufficient concentration for defect 

formation. Once formed, thinned patches create boundary edges which then actively recruit 

more NI01. Increased local concentration enables the threshold concentration for channel 

formation to be reached, consistent with transmembrane channels preferentially forming at 

thinned boundary edges (isolated channels can also occur when fluctuations in local 

concentrations of surface bound peptide result in a high enough concentration). Once formed, 

channel edges can also act as recruitment sites and both defect types can grow. As such, a 
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multimodal mechanism can enhance disruption by recruiting peptide through membrane 

thinning and eliciting poration even at low bulk concentration. The proposed mechanism 

resembles four- and five- helix peptide toxins which assemble in the upper leaflet before 

rearranging into pores.[242],[243]  

 

Figure 5.7. Response of NI01-treated SLBs to further peptide injection. (A) Defect coverage by 

area vs time, for all frames in Video A.1. Over 30 min of imaging there are 3 additional 

injections of peptide and each peptide injection restarts defect growth;  (B - D) selected frames 

before, immediately after, and ~5 min after additional injection of peptide. Two individual 

defects are shown in (B) and (C) respectively, with a wider scan area shown in (D). Thinned 

membrane patches shrink in response to peptide injection, remodelling their boundary edges 

and converting into transmembrane pores. After this initial response, both defect types continue 

to grow. Colour scale bar is 15 nm in all images, length scale bars are 200 nm (B, C) and 1000 

nm (D).  
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5.2.4 Subcomponents of NI01 activate distinct modes of membrane disruption 

We have demonstrated that a multi-helix peptide can support a multimodal disruption 

mechanism. This prompts a hypothesis that subcomponents of the sequence can induce 

independent modes of disruption, that are then combined in the full sequence. To test this 

hypothesis, we characterize two- and three- helix segments of NI01. In validation of our 

hypothesis, we find that two helix segments, α1/α2  and α2/α3, can independently elicit each of 

the modes observed for NI01, with α1/α2  inducing transmembrane channels (Fig 5.8A) and 

α2/α3 inducing patches of membrane thinning (Fig 5.8B). α3/α4 can cause multimodal 

disruption with both membrane thinning and transmembrane defects (Fig 5.8C) but unlike NI01, 

the two effects no longer network, and the transmembrane defects are no longer channels but 

wider areas of lipid removal. 

 

Figure 5.8. Disruption modes of two-helix segments of NI01. Topography images of anionic 

SLBs treatred with α1/α2, α2/α3 and α3/α4 (A-C respecitvely), with depth profiles measured 

along the dotted line. α1/α2 induces transmembrane channels, α2/α3 induces patches of 

membrane thinning and α3/α4 induces isolated patches of membrane thinning and large 

transmembrane defects. Scale bar 500 nm (left image) and 200 nm (right image). Colour scale 

15 nm.  

Three helix segments are found to be modular combinations of two-helix segments (Fig 5.9). 

α1/α2/α3 combinates the effects of α1/α2 and α2/α3 with both membrane thinning and channel 

formation observed, but no networking between them (Fig 5.9A). Similarly α2/α3/α4 combines 

the effects of α2/α3 and α3/α4 (Fig 5.9B). Membrane thinning patches dominate the mechanism, 
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with some transmembrane defects present but no channel formation observed. Again, no 

networking between defect types is observed. These results confirm that subcomponents of 

NI01 can individually induce distinct modes of its disruption mechanism, while emphasising 

that all helical components are required to reproduce the mechanism of the full peptide. 

Furthermore, the data provides a number of insights into molecular contributions to NI01’s 

mechanism, discussed below. 

 

Figure 5.9. Disruption modes of three-helix segments of NI01. Topography images of anionic 

SLBs treatred with (A) α1/α2/α3 and (B) α2/α3/α4, with depth profiles measured along the 

dotted lines. α1/α2/α3 induces isolated transmembrane channels and patches of membrane 

thinning while α2/α3/α4 induces predominantly membrane thinning, with some transmembrane 

pores observed. Scale bar 500 nm (left image) and 200 nm (right image). Colour scale 15 nm.  

Firstly, a terminal α-helix is needed for transmembrane poration. This is perhaps not surprising 

as α1 and α4 are more than twice the length of α2 and α3, and are better able to support 

transmembrane insertion. Consistent with this observation, both α1 and α4 contain motifs 

known to initiate membrane insertion. α1 features terminal methionines at i, i + 4 spacing. The i, 

i + 4 spacing of amphipathic residues is a motif found in fusion proteins of envelope viruses to 

drive membrane insertion.[244] Amphipathic amino acids can exist in both polar and 

hydrophobic environments and therefore promote membrane insertion of aqueous protein by 

supporting hydrophobic interactions with membrane lipids. In α4, an amphipathic tryptophan 

residue in the penultimate position of the helix can exert the same effect, as observed for other 

AMPs.[245]  

Secondly, the central part of the molecule drives the formation of membrane thinning patches, 

with the effect only observed when α3 is present. α2/α3, which indepently induces thinning 

effects, exist as a boomerang-like shape in the crystal strcuture of the full sequence. In this 

configuration, it presents four lysine residues on its exposed solvent face which, through 

simultaneous electrostatic attraction to anionic membranes, will drive binding to the bilayer 



 

97 
 

surface, corroborating its role for membrane thinning. Furthermore, the crystal structure reveals 

that the positioning of lysine residues in α2/α3 appear to be predisposed to facilitate a transition 

from upperleaflet binding to membrane insertion. The motifs in α1 and α4 known to initiate 

bilayer insertion can align with K26 and K30 in α3 and K17 and K24 in α2 respectively (Fig 

5.10), enabling electrostatic interaction with the surface to be maintained during insertion.  

 

Figure 5.10. Cooperative structural arrangements in NI01. Solvent exposed K24 and K17 form 

a planar face with W50, facilitated by π-π interactions between W50 and H25. Reproduced from 

ref. [236], licensed under CC-BY-NC-ND. 

Thirdly, of the two terminal helices, α1 emerges as the main driving force for channel 

formation, with the morphology of NI01 channels only reproduced when α1 is present (Fig 

5.8A, Fig 5.9A). When α1 is missing and transmembrane defects are driven by α4, a wider 

variety of transmembrane morphologies are observed (Fig 5.8C, Fig 5.9B). α4 contains four of 

the five π-π staples that stabilise the global helical arrangement of NI01 and its main role may 

instead be controlling overall structue of the peptide.  

5.2.5 The importance of NI01’s fully folded structure  

Despite some helical segments being able to induce multimodal poration, they are unable to 

produce a networking effect. This prompts a hypothesis that the overall tertiary arrangement of 

helices plays an important role in ensuring a synergystic mechanism. To probe this, the folding 

behaviour of NI01’s helical segements is shown in Figure 5.11.  
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 Figure 5.11. CD spectra for NI01 helical segments in aqueous solution and with lipid vesicles. 

(A) α1/α2; (B) α2/α3; (C) α3/α4; (D) α1/α2/α3; (E) α2/α3/α4.  

Helical segments capable of inducing the two modes of membrane disruption, α3/α4, α1/α2/α3, 

and α2/α3/α4 are folded in aqueous solution (Fig 5.11C-D). Unlike NI01 however, their helicity 

significantly increases upon membrane binding, demonstrating that interhelical interactions that 

drive and stabilise a fully folded structure are compromised in these segments. Loss of 

cooperativity between helices provides a possible explanation for the loss of cooperativity in the 

resulting mechanism of membrane disruption, and is supported by data shown in Figure 5.12. 

Simultaneous addition of α1/α2 and α3/α4 to anionic SLBs does not reproduce the networking 

mechanism of the full peptide, despite all helical components of NI01 being present, with 

channels and thinned patches occuring in isolation.  
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α1/α2 and α2/α3 show no secondary structure in solution (Fig 5.11A, B) However, whilst α1/α2 

can fold into strong helical structures in response to membrane binding, the structure of α2/α3 

remains poorly defined, even in a membrane environment. As the only segment to exhibit weak 

folding in membranes, and the only segment to induce solely membrane thinning effects, this 

indicates more flexible structural requirements for this mode of action. This is supported by our 

findings in Chapter 3, in which bienK peptides also showed partial folding and induced 

membrane thinning effects. 

 

Figure 5.12. Simultaneous addition of α1/α2 and α3/α4. AFM topography images, with depth 

profile measured along the dotted line for anionic SLBs treated with both α1/α2 and α3/α4. 

Isoltated transmembrane channels and patches of thinned membranes appear across the 

surface. Scale bar 500 nm (left image) and 200 nm (right image). Colour scale 15 nm. Peptide 

concentrations 0.25 µM.  

5.2.6 Promoting a single mode of disruption can abolish the multimodal mechanism 

To test the resiliance of NI01’s mechanism, we next compare the activity of NI01 to a mutant, 

in which all lysines are replaced by arginine (Fig 5.13). This retains the distribution of positive 

charge and the nature of electrostatic interactions, but increases the ability of the peptide to bind 

to the membrane surface. Arginine residues exhibit stronger electrostatic interactions with 

phospholipid head groups, providing five hydrogen-bond donors and resulting in tighter binding 

to upper leaflet phospholipids.[197],[246] Consistent with this, the peptide preferentially 

induces membrane thinning, with no transmembrane defects observed. This implies that to 

achieve multimodal poration, a strong preference for a single poration mode should be avoided. 

In the mutant, the central H25 was also replaced with arginine, again maintaining the position of 

positive charge but abolishing the π-π staple between α2 and α4. Loss of this staple results in 

only partial folding in solution, demonstrating that every interhelical interaction is important in 

controlling the conserved tertiary structure of NI01 (Fig 5.13C). Together, the Arg mutant 

reveals that both the multimodal poration and fold regulation of NI01 result from a delicate 

balance of electrostatic and aromatic interactions.  
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Figure 5.13. Disruption and folding of an Arg-mutant. (A) Topography images of an anionic 

SLB treated with an Arg mutant of NI01, with depth profiles measured along the highlighted 

lines. The mutant induces patches of membrane thinning. Scale bar 500 nm (left image) and 200 

nm (right image). Colour scale 15 nm; (B) CD spectra for the Arg mutant of NI01 in aqueous 

solution and with lipid vesicles.  

5.2.7 NI01 combines the biological activity of its α-helical segments  

We have shown that helical segments of NI01 induce distinct modes of membrane disruption in 

SLBs. Consistent with this, minimum inhibitory concentration (MIC) assays conducted against 

a range of Gram-positive and Gram-negative bacteria show that all helical segments of the 

peptide are independently antimicrobial (Table 5.1). Like many bacteriocins from Gram-

positive organisms, NI01 shows strong preference for killing Gram-positive bacteria. Gram-

negative strains are protected by an additional outer membrane, rich in lipopolysaccharides 

(LPS), which can form barrier to bacteriocins, shielding the cytoplasmic membrane.[247],[248] 

Although preferential activity against Gram-positive strains is still observed for the helical 

segments, a significant increase in activity against Gram-negative strains is found. 

To further probe the effect of LPS, the activity of NI01 and its helical segments against E. coli 

(ATCC 15597) was compared with E. coli (SBS363) and E. coli (ML35). SBS363 is a short-

chain LPS or rough strain, whereas ML35 is a smooth strain, comprising full-length, mature O-

chains.[249] All peptides show increased activity for short-chain LPS strain and decreased for 

the full-length mature O-chains, confirming an inherent susceptibility of NI01 and its 

derivatives to the LPS virulence factor.  
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Table 5.1. Biological activities of NI01 and its constituent parts. Antimicrobial activity against 

Gram-positive and Gram-negative bacterial strains assessed by minimum inhibitory 

concentration (MIC) assays, and haemolytic activity by lysis of human erythrocytes.9  

Cell 

Peptide 

L- NI01 D- NI01 α1/α2 α2/α3 α3/α4 α1/α2/α3 α2/α3/α4 

Minimum Inhibitory Concentration, μg / mL, Gram-positive 

S. aureus (ATCC 6538) 5 5 8 >120 5 6 6 

EMRSA (12817) 4 4 4 >128 4 32 16 

EMRSA (12845) 4 4 2 >128 4 32 16 

EMRSA (12873) 4 8 4 >128 4 32 16 

B. subtilis (ATCC 6633) 3 3 16 14 3 6 6 

M. luteus (ATCC 49732) 2 2 3 2 9 6 3 

 Minimum Inhibitory Concentration, μg / mL, Gram-negative 

E. coli (ATCC 15597) 18 18 8 14 19 6 6 

E. coli (SBS363) 8 8 1 8 4 4 4 

E. coli (ML35) 64 64 8 32 32 64 32 

S. typhimurium (DA6192) >300 >300 32 >50 40 20 12 

K. pneumoniae (NCTC 5055) >300 >75 16 28 40 20 12 

P. aeruginosa (ATCC 27853) >300 >300 >140 14 >80 12 6 

 HD50,
a  μg / mL 

Human erythrocytes 500 600 150 UDb 150 200 200 
amedian haemolytic doses to achieve 50% lysis; bundetectable 

No single segment shows stronger activity across the range of pathogens tested, with each 

showing subtle preferences for different strains. Differences in the make-up of the cell wall and 

plasma membrane of each strain will have unique effects on the activity of each component. 

Noteworthy contrast is observed for the activity profile of α2/α3, the only component to show 

no activity against S. aureus or its related methicillin-resistant strains. The distinct behaviour of 

α2/α3 is mirrored in our biophysical studies, being the only segment unable to induce 

transmembrane poration in SLBs (Fig 5.8B) and the only segment without a well-defined 

secondary structure in solution or in membranes (Fig 5.11B). The inability of α2/α3 to kill S. 

aureus strains impacts on α1/α2/α3 and α2/α3/α4, which feature α2/α3 as a significant 

component and show reduced activity against methicillin resistant S. aureus strains compared to 

the full sequence and to components that do not contain α2/α3.  

As NI01 has potential for therapeutic development, its selectivity is of interest. The producer 

organism of NI01, S. Epidermidis (strain 224), is a common bacterial coloniser of mammalian 

skin.[233] In order to maintain a commensal relationship, NI01 is therefore expected to be able 

to distinguish between host and bacterial cells. Indeed, it shows no haemolytic activity for 

concentrations that are > 100 x MIC as measured on target Gram-positive strains (Table 5.1). In 

marked contrast, all helical segments of NI01 show significant increase in haemolytic activity 

(Table 5.1). Whilst subdomains can independently produce strong antimicrobial effect, they do 

 
9 Assays were performed by Dr. Helen Lewis (National Physical Laboratory) and Dr. Florie Desriac 
(Plymouth University). 
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not exhibit specificity. The exception again is seen for α2/α3 which, as well as showing reduced 

antimicrobial activity, shows no haemolysis even at high concentrations. From this, we can 

conclude that the full sequence synergistically combines the independent activities of 

subdomains into a potent but differential mechanism. 

5.2.8 The major target for NI01 is achiral  

As discussed, AMPs can have a range of targets beyond the pathogen membrane. To confirm 

that membrane disruption is the main mode of NI01’s activity, we conducted analysis of the 

enantiomeric D-form. The enantiomeric form adopts the same helical structure in solution, (Fig 

5.14A) acts interchangeably with achiral phospholipids (Fig 5.14B) and, crucially, shows 

identical activity to L-NI01 in minimum inhibitory concentration (MIC) assays conducted 

against a range of Gram-negative and Gram-positive pathogens (Table 5.1). MIC data 

corroborates the assumption throughout this chapter that NI01 attack does not rely on additional 

chiral targets such as receptors, as this would be expected to result in a significant decrease in 

activity.  

 

Figure 5.14. Characterisation of D- NI01. (A) CD spectra of D- NI01 in aqueous solution is the 

mirror image of L- NI01; (B, C) Topography images of anionic SLBs treated with D- NI01, with 

depth profile along the highlighted lines. The enantiomeric form reproduces the same 

mechanism of disruption. Scale bar 500 nm (B) and 100 nm (C). Colour scale 15 nm. 
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5.2.9 Extension across the bacteriocin class: aureocin A53 

In this chapter, we have demonstrated that the bacteriocin NI01 exerts a novel antibacterial 

mechanism by inducing multimodal poration in model bacterial membranes. Cooperative 

interactions between helices produce a highly stable, fully folded peptide that can combine the 

activity of individual helical segments into a synergystic mechanism. The tertiary arrangement 

of the four helix bundle is conserved across the bacteriocin class, raising the final question: does 

a multimodal mechanism extend across this class? 

To answer this, we investigate a second member of the class, aureocin A53. The NMR structure 

of A53 was recently solved and shows a conserved helical arrangement to NI01 (Fig 

5.1A).[250] Consistent with this, we find A53 exhibits strinkingly similar folding in solution 

(Fig 5.15). The peptide folds independently of concentration, with a nearly identical helical 

content to NI01 and a ratio of [θ]222/208 characteristic of helical bundles (Fig 5.15A, B). TFE 

does not increase % helicity (Fig 5.15C) showing that A53 is also fully folded in buffer 

solution,[172] but again decreases [θ]222/208  reflecting a loss of interhelical hydrophobic 

interactions.[237] A53 is equally stable, with a  TM of ~ 54°C, retaining appreciable helicity 

even at 90°C, and exhibiting reversible folding (Fig 5.15D-F).  

Consistent with its highly conserved structure, A53 induced a similar, multimodal mechanism 

of membrane disruption (Fig 5.16). Simultaneous patches of thinned membrane and 

transmembrane channels form across the surface, with transmembrane channels orginating 

nearly exclusively from patches of thinned membrane. The depth profiles of each mode, and the 

cooperativity between modes is identical to that observed for NI01. Unlike NI01, thinned 

membrane is the dominant mode of disruption and these patches exhibit branch like structure. 

Whilst the overal mechanism is conserved, difference in the primary sequence of each peptide 

likely control the specific morphology and growth of each defect type. 
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Figure 5.15. CD spectra for aureocin A53 under different conditions. (A) Comparison to 

epidermicin NI01 in aqueous solution; (B) At varied peptide concentration in aqueous solution; 

(C) With increasing % 2,2,2,-Trifluoroethanol; (D) At 2 ºC intervals during the thermal 

unfolding from 20 ºC to 90 ºC; (E) Before and after thermal denaturation; (F) The thermal 

unfolding curve at 222 nm and its first derivative. A single transition point (TM) is found.  
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Figure 5.16. Disruption modes of A53. (A- C) Topography images of anionic SLBs treated with 

A53, with depth profiles measured along the highlighted lines in (B). Scale bar 1000 nm (A, C) 

and 200 nm (B). Colour scale 15 nm. 

5.3 Conclusions 

In this chapter we have presented detailed analysis of the membrane disruption induced by 

NI01. AFM data provides the first observation of a networking, multimodal mechanism, 

confirming the initial hypothesis that more complex folds support more complex mechanisms of 

membrane disruption. Time-resolved studies reveal dynamics that are reminiscent of pore-

forming proteins such as lysenin and equinatoxin. Our proposed model, whereby NI01 self-

concentrates at thinned boundaries to enable poration thresholds to be reached more quickly, 

may enable disruption to occur at lower concentrations. Indeed, we demonstrate that while the 

kinetics of defect growth are concentration limited, the mechanism itself is not. Furthermore, 

analysis of helical segments of the peptide reveals that subcomponents can elicit specific modes 

of NI01’s disruption, as well as being independently antibacterial. The full peptide combines the 

activities of subcomponents into a synergistic and selective mechanism. Comparison to its 

enantiomeric D-form confirms membrane disruption as its main mechanism of attack. Finally, 

we demonstrate that this novel mode of disruption extends to another bacteriocin of the same 

class, further supporting the hypothesis that multi-helix peptides can support more complex, 

multimodal mechanisms than single helix animal derived AMPs. 

Thus far, this thesis has investigated the effect of peptide motifs on membrane interactions at 

increasing levels of complexity, a single amino acid mutation to the face of a single α-helix, the 

addition of a T/S rich face to a single α-helix, and, here, the effect of multiple α-helices. This 

leads to the next question, addressed in Chapter 6: can membrane disruption mechanisms also 

be controlled at the supramolecular level?  
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6 A self-assembling antimicrobial peptide capsule 

Many of the results presented in this chapter have been published in: Kepiro, I. E.; Marzuoli, I.; 

Hammond, K.; Ba, X.; Lewis, H.; Shaw, M.; Gunnoo, S. B.; Santis, E. D.; Łapińska, U.; 

Pagliara, S.; Holmes, M. A.; Lorenz, C. D.; Hoogenboom, B. W.; Fraternali, F.; Ryadnov, M. G. 

Engineering Chirally Blind Protein Pseudocapsids into Antibacterial Persisters. ACS Nano 

2020, 14 (2), 1609–1622. 

6.1 Introduction 

6.1.1 Higher-order peptide systems 

Peptide sequences can be designed to self-assemble into supramolecular structures such as 

matrices, hydrogels, nanofibers and nanoparticles.[251] Such higher order systems are 

increasingly being used to modify and improve the biological activity of AMPs.[252] A variety 

of design approaches have been adopted. Micellar nanoparticles can be assembled by 

conjugating antimicrobial peptides to lipid moieties. Such assemblies have potent activity 

against drug-resistant bacteria, yeast and fungi,[253] as well as in vivo activity against C. 

neoformans induced meningitis in rabbits.[254] Hydrogels can be assembled using single amino 

acid or dipeptides functionalised with an N-terminal aromatic groups such as Fmoc to drive 

self-assembly through π- π interactions. Addition of a C-terminal pyridinium group increases 

potency, and results in gels with strong bactericidal effects.[255] Nanofibers can be formed by 

conjugating antimicrobial peptides to β-sheet forming peptides, restricting the AMP 

conformation and resulting in improved therapeutic index .[256] Spherical peptide cages can be 

assembled using trigonal peptide conjugates with directed intermolecular interactions.[257] This 

mimics viral capsid proteins and vesicle coat proteins which, through three-fold rotational 

symmetry, spontaneously assemble into polyhedral lattices that close into spherical constructs 

(see, e.g. Fig 6.1).[258]  

 

Figure 6.1. Schematic showing example structures that can form when proteins with three-fold 

rotational symmetry and directed intermolecular interactions self-assemble into polyhedral 

lattice cages. A single clathrin triskelion within the hexagonal barrel is shown in blue. Figure is 

reproduced from ref. [258], with permission from Springer Nature, © 2004. 
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Our group has used this approach to design a self-assembling peptide cage termed “capzip”. The 

construct is based on a native antimicrobial sequence and the resulting assemblies show potent 

activity against Gram-negative and Gram-positive bacteria.[259] 

6.1.2 Introduction to capzip 

Capzip consists of three copies of a self-complementary sequence, conjugated to a trimeric hub 

βAla-Lys-Lys-NH2 (Fig 6.2A). Each peptide monomer shows three-fold rotational symmetry 

(Fig 6.2B), and every arm is designed to spontaneously pair with the arm of another monomer 

(Fig 6.2C). The sequence itself is based on the active component of bovine lactoferricin, an 

antimicrobial hexapeptide RRWQWR.[260] This has a high propensity for β-sheet formation, 

with an alternating PHPHP motif. Furthermore, the WQW motif in the core of the sequence is 

analogous to tryptophan zipper motifs, WTW, which promote antiparallel β-sheet assembly by 

packing together tryptophan rings on opposing peptide strands.[261] To capitalise on this 

interaction, glutamine was replaced by threonine. Finally, the C-terminal arginine was replaced 

with glutamic acid to produce electrostatic interactions between opposing terminals.  

 

Figure 6.2. Capzip design. (A) Chemical structure of the trigonal conjugate, with a βA-K-K-

NH2 hub and three self-complementary RRWTWE arms. (B) Molecular model of the peptide 

monomer. (C) Schematic showing anti-parallel β-sheet association between arms of different 

monomers. (D) Single-walled icosahedron assembly of the peptide monomer and (E) double-

walled assembly. (F) Snapshot of molecular dynamic simulations showing a double walled 

pentagonal assembly unit, with a higher resolution image (inset) showing the two β-sheet walls 

(green and yellow) form an internal interface of tryptophan side chains.(A) and (C) are 

reproduced from ref. [259], licensed under CC BY-NC 3.0, published by The Royal Society of 

Chemistry; (B) and (D-F) reproduced from [262], licensed under ACS AuthorChoice, © 2019 

American Chemical Society.10  

 
10 Molecular dynamics simulations were performed by Irene Marzuoli (King’s College London).  
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The resulting construct is predicted to spontaneously assemble into pentagonal and hexagonal 

containing β-sheet lattices, with increasing curvature of the lattice as well as “sticky edges” of 

individual peptide strands promoting closure into a 3D sphere. Molecular dynamics (MD) 

simulations confirmed that the peptide monomer can support such structures (Fig 6.2D, E).[262] 

Peptide cages were found to be more stable as double walled structures. Monolayer β-sheet 

capsules (Fig 6.2D) collapsed within 600 ns of simulation, whereas bilayer β-sheet capsules (Fig 

6.2E) were stable over 1 μs simulations. Unlike the single walled structure, the bilayer structure 

packs hydrophobic tryptophan side chains into a hydrophobic core (Fig 6.2F), preventing 

unfavourable exposure to an aqueous environment. 

Assembly of capzip was confirmed experimentally by the biometrology group at the National 

Physical Laboratory, using a combination of in-air AFM, transmission electron microscopy and 

scanning electron cryomicroscopy. Particles of heterogeneous sizes were observed, with 

diameters predominantly between 20 – 200 nm.[259] Such a polymorphic assembly indicates 

that capzip monomers adjust their local conformation in response to different packing 

requirements. This behaviour is consistent with many viral capsids which, through 

conformational flexibility, adopt polygonal assemblies of different sizes.[263],[264] In addition, 

the trimeric hub of capzip is asymmetric. The asymmetry will propagate into assemblies that 

contain distinct pairing combinations, and this may result in a range of preferences for local 

curvature. The antimicrobial activity of the assembly was confirmed by both MIC assays and by 

live-dead imaging. Furthermore, the capsules were shown to be membrane-active, with in-liquid 

AFM imaging performed by Dr. Hasan Alkassem resolving individual capsules embedded into 

SLBs and converting directly into pores. Collectively, the results show capzip to be a promising 

higher-order peptide system with biological activity.  

However, many open questions remain. Self-assembly has been postulated to offer protection 

against proteolysis, a major hurdle for peptide antibiotics.[252] However, it is unknown whether 

capzip assemblies are stable to proteolysis and also whether self-assembly can provide the same 

level of protection as synthesis via D- amino acids. Secondly, high resolution characterisation of 

capzip assemblies in aqueous solution has not yet been optimised. Most self-assembled capsule 

systems are currently characterised using electron microscopy techniques (transmission electron 

microscopy, scanning electron microscopy, cryogenic electron microscopy).[257] We 

hypothesise that using in-liquid AFM with an imaging mode that continuously records force-vs-

distance curves at the surface may provide unique access to high resolution topographical and 

mechanical mapping of assemblies under near-native conditions. Finally, and most importantly, 

it has not yet been shown whether self-assembly offers a mechanistic advantage over 

monomeric peptides with respect to its modes of membrane disruption.  
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6.2 Results 

It should be noted that throughout this chapter, capzip is pre-assembled by overnight incubation 

in 10 mM MOPS (pH 7.4) at a peptide concentration of 100 µM. The composition of SLBs for 

AFM imaging is DLPC:DLPG (3:1 molar ratio).  

6.2.1 Stability assays 

Peptides made from all D- amino acids are more therapeutically promising than their L-

counterparts, being less likely to trigger immunogenic responses, and less susceptible to 

proteolytic degradation.[265],[266]  However, self-assembly may also provide protection 

against proteolysis.[252] To determine whether D-capzip shows increased stability when 

compared to L-capzip, we test the susceptibility of both assembled constructs to the archetypal 

protease trypsin, an enzyme found in the small intestine of many vertebrates. Trypsin cleaves 

proteins at the carboxylic side of underivatized arginine and lysine residues.[267] It is an 

endoprotease and cannot release terminal amino acids. Capzip contains a trypsin-susceptible site 

at the second arginine of each RRWTWE arm, with each cleavage expected to release a 

dipeptide RR with a mass of 312 m/z.  

15 min incubation of L-capzip with trypsin produces species at 3092.9 m/z, 2779.9 m/z (-313), 

and 2468.9 m/z (-624) (Fig 6.3A, left). These masses are consistent with intact L-capzip, L-

capzip with RR cleaved from one arm, and L-capzip with RR cleaved from two arms. After 24 

hr incubation, these higher masses are no longer present (Fig 6.3A, right). A peak occurs at 

2157.2 m/z (-935.7), the expected mass for capzip with RR cleaved from all 3 arms. No intact 

capzip can be observed. Collectively these results show that trypsinisation of capzip begins 

rapidly and proceeds to completion. This is supported by analytical RP-HPLC analysis (Fig 

6.3B). After 24 hr incubation, no peak is observed at the original retention time, verifying that 

no L-capzip remains intact. Furthermore, the longer retention time observed is consistent with 

the trypsinised product; loss of arginine will increase hydrophobicity and result in slower 

elution.  

In contrast, D-capzip shows no susceptibility to trypsinisation. After 24 hr incubation, a single 

peak at the expected mass of capzip is observed (Fig 6.3C).  Similarly, analytical RP-HPLC 

traces of D-capzip before and after 24 hr incubation are identical, verifying that no degradation 

takes place (Fig 6.3D).  
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Figure 6.3. Comparative stability of L- and D- capzip assemblies to proteolytic degradation.. 

(A) Mass spectra of L-capzip following 15 min and 24 hr incubation with trypsin. After 15 min, 

species are observed at 2779.8 m/z and 2468.9 m/z, consistent with capzip with an RR dipeptide 

cleaved from one and two arms respectively. Some intact capzip still remains (3092.9 m/z). 

After 24 hr, a species at 2157.2 m/z is observed, consistent with capzip with RR dipeptides 

cleaved from all three arms. No intact capzip is seen. (B) Analytical RP-HPLC of L-capzip 

before (black) and after (blue) 24 hr incubation with trypsin. After incubation, no peak at the 

original retention time is observed, confirming that no intact peptide remains. A main product 

with a longer retention time indicating a more hydrophobic peptide is seen. (C) Mass spectra of 

D-capzip following 24 hr incubation with trypsin. A single species at the expected molecular 

weight of capzip is observed. (D) Analytical RP-HPLC of D-capzip before (black) and after 

(blue) 24 hr incubation with trypsin. The traces are identical, confirming that no degradation 

has taken place. All incubation was performed at 37 °C. 

6.2.2 Characterisation of self-assembly 

6.2.2.1 Confirmation of capzip secondary structure  

Having demonstrated the increased stability of D-capzip to proteolytic degradation, we next 

confirm its structure and assembly. Figure 6.4 shows a comparison between the secondary 

structure of the two assembled systems. Identical folding is observed for D-capzip (Fig 6.4, 

solid line) and L-capzip (Fig 6.4, dashed line), demonstrating that the two enantiomers adopt the 

same secondary structures in capsules. The L-capzip spectra show a maxima at ~ 190 nm, 

double minima at 200 and 214 nm and a maxima at 225 nm (Fig 6.4, dashed line), and the D-

capzip spectra show the exact opposite. Such a signal is consistent with a combination of β-turn, 
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β-sheet and aromatic tryptophan interactions [261],[268],[269] and is therefore compatible with 

the molecular dynamics prediction for capzip assembly, with β-turn like folding within the 

trigonal conjugate and β-sheet and tryptophan zipper interactions between the arms of different 

conjugates.  

 

Figure 6.4. CD spectra for assembled L- and D- capzip. The enantiomers fold into the same 

secondary structures. Spectra taken at 100 μM peptide, pH 7.4, 10 mM MOPS, 20˚C. 

6.2.2.2 Optimising in-liquid AFM characterisation of capsules 

Experimental observation of capsule formation was previously conducted using transmission 

electron microscopy, scanning electron cryomicroscopy and in-air AFM.[259] In-liquid AFM 

was also used, but was performed on gold substrates, which do not provide atomically flat 

backgrounds and no high-resolution images were obtained (see ref. [259], Fig S3). Furthermore, 

for all characterisation techniques, a relatively small population of capsules were resolved (see 

ref. [259] Fig 2, Fig S2, S3). We set out to optimise in-liquid AFM imaging conditions to enable 

the characterisation of a large population of capsules in a more native environment.  

To give an atomically flat background, freshly cleaved mica is used as a substrate. However, 

very few capsules are observed with the imaging conditions developed previously (milliQ 

water, 5 µL assembled capzip). Reasons for this may include that capsules do not bind to the 

mica surface, or that the capsule binding is so weak that the scanning AFM probe moves the 

capsules and thus prevents them from being imaged. We obtain significantly improved binding 

when substrates are hydrated by a solution of a higher ionic strength (120 mM NaCl, 20 mM 

MOPs, pH 7.4). In addition, we obtain greater particle coverage by increasing the volume of 

pre-assembled capsules added to 50 µL. Under these conditions, large populations of assembled 

D-capzip are resolvable by in-liquid AFM (see e.g. Figure 6.5A, B, D). 

The size distribution of over 400 capsules is shown in Figure 6.5C. Particle diameter is 

determined by capsule height, which is less subject to tip-broadening effects than the capsule 
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width.[270] Assemblies range from 15 to 45 nm, in good agreement with recent characterisation 

of D-capzip assemblies by transmission electron microscopy.[262] The range is consistent with 

findings from the previous study (20-200 nm). However, with many more particles analysed, 

and no labelling or drying effects present, the distribution provided here gives a more reliable 

assessment of size. In support of this, MD simulations show that capzip monomers readily 

accommodate assemblies in this range (Fig 6.5E). Furthermore, having determined particle size 

experimentally, the number of peptide monomers per capsule can be calculated (Fig 6.5E).  

 

Figure 6.5. In-liquid AFM imaging of D-capzip assemblies. (A,B) Topography images of pre-

assembled D-capzip capsules bound to a mica substrate at (A) lower and (B) higher 

magnification. Scale bar 500 nm and colour bar 50 nm in both. (C) Size distribution of D-

capzip assemblies, measured by particle height using the topography image in (B). Diameters 

range from 15 – 45 nm, with over 400 particles measured. (D) 3D representation of AFM 

topography image of D-capzip capsules bound to mica. Colour bar 60 nm; (E) Coarse grained 

MD simulations showing optimal number of trigonal peptide monomers for a double walled β-

sheet assembly at each size distribution.11  

6.2.2.3 High-resolution confirmation of a hollow nature under native conditions 

Whilst topography imaging allows for the characterisation of particle size, it cannot verify the 

cage-like nature. Confocal microscopy was previously used to confirm that capzip assemblies 

are hollow: by incorporating a 1:100 mix of fluorescein-labelled capzip into the assembly, an 

outer peptide ring and inner cavity could be resolved (Fig 2c and S2c in ref. [259]). However, 

the resolution limit of confocal microscopy means that this technique can only be performed on 

larger capsules which represent outliers to the main size range. In addition, the introduction of a 

 
11 Coarse grained MD simulations performed by Irene Marzuoli (King’s College London).  
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label may alter the assembly process. Here, we validate a cage-like assembly for particles of 15 

– 40 nm, in solution and without labelling. The approach we use is force-curve-based AFM 

imaging. Elastic modulus maps of the assemblies can distinguish hollow and solid particles, as 

hollow particles may be expected to show greater compliance in their centres when compared to 

their surrounding edge whereas solid particles will not. This is on the assumption of the 

particles remaining static (i.e., not moving sideways) under AFM indentation. Having optimised 

the imaging conditions, we are now able to characterise the mechanical properties of a large 

number of capsules in high resolution in their native environment.  

The corresponding topography and elastic modulus maps of capzip assemblies are shown in 

Figure 6.6A and 6.6B respectively. The elastic modulus is derived from the force-distance 

curves using the Derjaguin-Muller-Toporov (DMT) model.[189] Calculation of quantitative 

values requires non-trivial determination of the tip shape and radius. Here, we show the 

qualitative changes in the elastic modulus across the surface, described in arbitrary units (a.u.). 

Cross-correlation averages for the topography and elastic modulus of small, medium and large 

capsules are shown in Fig 6.6C, with corresponding line profiles in Fig 6.6D.  

 

Figure 6.6. Mechanical characterisation of D-capzip assemblies. (A,B) Topography and elastic 

modulus maps of D-capzip assemblies, obtained simultaneously by Peak Force QNM imaging. 

Elastic modulus is derived from force-distance curves by using the Derjaguin–Muller–Toporov 

(DMT) model. Scale bars 300 nm. (C) Cross correlation average of elastic modulus (top) and 

topography (bottom) for small, medium and large capsules respectively. Calculated using 

Gwyddion (htttp://gwyddion.net). Scale bar 20 nm. (D) Topography and elastic modulus cross 

sections shown in (C) for small, medium and large capsules. Height scale 50 nm (topography) 

and qualitative increase (elastic modulus, purple to green).  
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Firstly, particles appear softer at their edges (Fig 6.6B-D). This is expected for any particle 

loosely absorbed to a surface irrespective of whether the particle is hollow or solid. During 

scanning, the particle will experience a sideways force from the indenting tip, causing slight 

movement and leading to an apparent softness at its edge. Confirmation of the artefactual nature 

of this edge effect is found in Fig 6.6C; particles appear more compliant at the left-hand edge 

than the right-hand edge, which reflects the left-to-right scan direction. Away from the edges 

and closer to the centre positions of the particles, the AFM tip approaches the capsules in a 

more vertical manner and sideways forces become negligible. Indeed, capsules appear stiffer. 

What is significant however, is that the very centre of the capsule appears softer again. This is 

indicative of hollow spheres, as for solid particles the centre would be expected to be the stiffest 

location. The effect is consistent across all capsules imaged, at all size ranges (Fig 6.6B-D). 

Together with fortuitous transmission electron microscopy observations of collapsed capzip 

capsules showing a double walled outer structure and hollow interior,[262] these results provide 

the first experimental evidence that capzip assemblies in the size range of 15 – 45 nm are 

forming as spherical peptide shells. 

6.2.3 Interaction of D-capzip with SLBs 

The proposed model for the antimicrobial activity of capzip is that each capsule binds to the 

bacterial membrane surface, before embedding into the lipid bilayer, disintegrating, and forming 

a pore at its landing point. This model is based on in-liquid AFM imaging performed by Hasan 

Alkassem which showed embedded capsules in an SLB (with a height of ~ 2 nm) converting 

into pores (over a timescale of 3-15 min).[259] We repeat these experiments with D-capzip 

assemblies. Our results agree with and expand upon previous findings. 

6.2.3.1 Capsules disintegrate into the SLB via intermediates 

Figure 6.7 (left) shows the SLB surface 5 min after addition of pre-assembled D-capzip. A 

range of capsule sizes are observed. Some have heights of around 15 nm above the membrane 

surface, consistent with freshly bound, intact capsules. Others have heights of around 5 nm 

above the surface, indicating disassembly of the capsule has begun. By 9 min (Fig 6.7, middle) 

many capsules have disintegrated into the bilayer. Remaining capsules have started the 

disassembly process, with heights above the membrane surface of less than 5 nm. By 13 min 

(Fig 6.7, right) most capsules have completed their disassembly.  
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Figure 6.7. D-capzip assemblies with SLBs. Sequential topography images of an anionic SLB 

treated with pre-assembled D-capzip. Capsules can be observed landing, embedding and then 

disintegrating into the SLB, forming pores and lesions at their landing sites. Corresponding line 

profiles for labelled capsules (1-6) are shown at each time point. Scale bar 200 nm, colour bar 

10 nm.  

Line profiles taken across 6 particles over the first 15 min (Fig 6.7) show that capsules shrink in 

both height and in diameter before completely disassembling to leave a pore or lesion. This 

effect is exemplified by Figure 6.8, which overlays three of the capsule profiles as a function of 

time. 

 

Figure 6.8. Disassembly of D-capzip capsules over time. Line profiles across three capsules 

(Fig 6.7, 1-3) at 5, 9 and 13 min after introduction to the SLB. All capsules shrink in height and 

diameter before complete disintegration takes place.  

One explanation is that the capsule rearranges into smaller polygonal assemblies as peptide 

monomers are released to interact with the lipid bilayer. This is supported by the polymorphic 

nature of capzip assemblies in solution. The triskelion demonstrates conformational flexibility 

and could feasibly support structural rearrangement into smaller, metastable intermediates. 

Indeed, a similar range of intermediates has been observed by AFM for the minute virus of 

mice, a simple icosahedral viral capsid.[271] An alternative explanation is that the polygonal 
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starting structure collapses when it comes into contact with the bilayer, with the range of 

transitional sizes reflecting different sized aggregates of peptide monomer. In any case, the data 

confirms that binding to the membrane surface initiates disassembly, and reveals that 

disassembly proceeds via intermediate structures. 

6.2.3.2 Membrane disruption occurs in under 1 min 

A closer look at the first image taken after addition of D-capzip (Fig 6.7, 5 min) shows that 

significant disruption to the membrane has already taken place. The scan rate used is 4 min / 

scan, and the scan was taken from top to bottom. As such, the top of the scan represents 1 min 

after peptide addition. To better visualise the disruption that has occurred, a digital zoom of the 

scan is shown in Figure 6.9 (the top RH 500 nm2 of the 1000 nm2 image, representing 1 min to 3 

min after peptide addition). A smaller colour scale is used to provide enhanced contrast, and the 

untreated membrane surface is shown for comparison. Considerable roughening of the SLB 

with pores and lesions is observed across the surface, indicating that many capsules have 

already landed and disintegrated into the SLB. As such, capsules can exert their effects in under 

1 min of addition.  

 

Figure 6.9. Loss of membrane integrity occurs less than 1 min after peptide addition. AFM 

topography images before (left) and after (right, 1-3 min from top to bottom of scan) addition of 

assembled D-capzip.  Before peptide addition, the membrane surface is featureless and flat to 

within 0.2 nm. After peptide addition, significant loss of integrity is observed. Pores and lesions 

across the surface can be seen, up to 1 nm deep. Colour scale 2.5 nm, scale bar 100 nm. RH 

image is a digital zoom of Figure 6.7, 5 min, and is the top right hand 500 nm2 of the 1000 nm2 

image. 

AMPs typically exist as unfolded monomers in solution, and upon membrane binding, must 

transition into folded forms and oligomerise until threshold concentrations are reached.[272] 

This introduces a lag-time for antimicrobial activity. Indeed, in Chapter 5, the bacteriocin NI01 

repeatedly showed a lag time of ~ 1 min before any disruption events were observed (see 
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section 5.2.3.). The peptide is pre-folded but monomeric in solution and the delay can be 

attributed to peptide oligomerisation on the membrane surface. A self-assembled system 

removes this requirement; the AMPs are pre-concentrated, landing on the membrane above their 

threshold concentrations, and can therefore exert instantaneous lytic effects upon binding. 

Indeed, time-kill assays for S. aureus and E. coli cells treated with capzip show a rapid 

transition from peptide binding to membrane rupture (5 – 10 min).[262]   

Besides rapid antimicrobial activity, pre-concentrating the AMP may also increase its spectrum 

of activity. Monomeric AMPs rely on the membrane itself to promote oligomerisation. In 

contrast, a pre-concentrated (self-assembled) system may be less dependent on membrane-

driven oligomerisation and therewith on membrane composition, with variations in factors such 

as membrane fluidity, charge and thickness having a smaller impact on antimicrobial activity. 

This hypothesis is supported by the wide range of activity observed for capzip. It can target 

Gram-negative and Gram-positive bacteria, including persister and multi-resistant strains.[262] 

That said, a rigorous validation of this hypothesis would require further investigation.  

6.2.3.3 Prolonged membrane effects 

Finally, whilst many capsules are observed to completely disintegrate within 10 mins of landing 

on the membrane surface, some particles are found to be stable in a partly disintegrated form. 

Figure 6.10 shows such an intermediate structure - 4 nm high – that is stable 35 min after initial 

addition to the membrane surface. Then, over a 15 min period, it completes its disassembly.  

 

Figure 6.10. D-capzip assemblies provide a reservoir of antimicrobial peptide. AFM 

topography images showing some capsules have stable intermediates during disassembly. Here, 

a part disintegrated capsule (4 nm above the membrane surface) is stable 35 min after initial 

addition. Then, over a 15 min period, the capsule completes its disintegration. Digital zoom of 

the dotted white box is shown as an inset. Scale bars 50 nm (inset), 200 nm (main image). 

Colour bar 10 nm for all. Corresponding line profile across the enlarged capsule is also shown.  
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The particle acts a reservoir of antimicrobial peptide that is bound to the membrane surface but 

has not yet released its effect. Such a reservoir enables D-capzip to exert an antimicrobial effect 

over a more prolonged time period than conventional AMPs. Indeed, in Chapter 5, the 

disruption effects of NI01 plateaued after 10 min of peptide addition, and we demonstrated that 

this plateau was due to a lack of available peptide (see section 5.2.3.). When combined with the 

protection against proteolytic degradation, we hypothesise that capzip will show more sustained 

antimicrobial effects than conventional AMPs. In agreement with this, a single injection of 

capzip into G. mellonella larvae pre-infected with a methicillin-resistant S. aureus (MRSA) 

bacterial strain shows continued antimicrobial activity over a period of 5 days.[262] 

6.3 Conclusions 

In this chapter we have optimised in-liquid characterisation of capzip to enable high-resolution 

measurement of the size of assemblies formed, as well as validation that assemblies are hollow. 

The ability to effectively characterise the sizes of capsules formed is a useful tool for the future 

development of capzip, as the effect of adjusting the peptide sequence on its assembly can be 

directly observed, and can then be related to the kinetics of membrane disruption and 

antimicrobial activity in both in vitro and in vivo assays. Furthermore, simultaneous mechanical 

and topographic mapping of nanoscale systems in solution can be applied to other self-

assembling systems. We have also demonstrated that the enantiomeric form of the peptide 

assembles and folds in the same manner as the L-amino acid form, whilst showing increased 

stability against proteolytic degradation. This indicates D-capzip is a more promising 

therapeutic target. 

Finally, we have resolved the disintegration of capsules into SLBs. Our data suggests that a self-

assembled system enables more rapid disruption of the surface by removing the lag-phase for 

membrane oligomerisation. Simultaneously, the presence of stable intermediates allows 

prolonged membrane disruption effects by providing a reservoir of peptides bound to the 

surface. Taken together these results indicate that self-assembly into peptide capsules enables 

AMPs to exert their antimicrobial effects over a wider timescale than monomeric peptides, 

confirming the therapeutic potential of self-assembled systems. 

Collectively, the chapters in this thesis have provided direct visualisation of different modes of 

membrane disruption induced by peptide motifs at different levels of complexity. However, 

individual peptides could not be resolved, and the modes of action have been inferred from 

changes in the overall membrane topography. This illustrates two very generic limitations of 

AFM: its lack of chemical resolution and its difficulty in resolving small, highly dynamic and or 

flexible molecules. This leads to our final question, addressed in Chapter 7. Are there 

improvements to AFM methodology that can be made to enable more specific interactions to be 

resolved? If so, can an AFM based approach with improved specificity provide new insights 
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into peptide-lipid interactions? Could it advance the existing models of membrane disruption 

(membrane thinning, toroidal pore) which currently lack both detail and physical accuracy?  
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7 Improving the structural and chemical resolution of AFM 

on membranes 

In this final chapter, I describe our developments of AFM methods to more specifically resolve 

AMPs and their interactions with lipids, using charge mapping (part one) and chemical labelling 

(part two). We anticipate that such developments will provide more insight into peptide-lipid 

interactions, and will allow us to build upon the existing models for modes of disruption 

(toroidal pore, carpet, membrane thinning, etc) by introducing more detail and more physical 

accuracy. The data presented is preliminary. 

7.1 Part one: Resolving peptide-lipid interactions by charge mapping 

7.1.1 Introduction to AFM- charge mapping 

Local, nanoscale chemical resolution may be obtained by combining AFM with spectroscopic 

methods. For example, in-liquid AFM-IR is gradually progressing towards simultaneous 

chemical and topographical imaging at nanoscale resolution.[273],[274] For AMPs on a 

bacterial membrane, another way of obtaining chemical resolution is by making use of their net 

positive charge, which contrasts with the negative surface charge of the membrane. Hence, we 

may relate topographical features to AMPs or to lipids depending on their surface charge.  

For mapping surface charges with nanoscale resolution, a common approach is so-called Kelvin 

probe force microscopy (KPFM).[275],[276] In this technique, two bias voltages are applied to 

the cantilever: a DC bias (𝑉𝐷𝐶) and an AC bias (𝑉𝐴𝐶 cos 𝜔𝑚𝑡), where 𝜔𝑚 is the modulation 

frequency (radians / s). The resulting electrostatic force experienced by the tip, 𝐹𝑒𝑠, depends on 

the externally applied voltages, the surface potential of the sample, 𝑉𝑠 and the tip-sample 

capacitance as a function of height, 𝐶𝑧
′. The force can be separated into its static and dynamic 

components, with the latter occurring at the first and second harmonics of the modulation 

frequency of the applied AC voltage, 𝐹𝜔𝑚
and 𝐹𝜔2𝑚

, described by Equation 7.1 and 7.2 

respectively. In KPFM, a lock-in amplifier monitors the cantilever response induced by 𝐹𝜔𝑚
. A 

feedback loop is then used to constantly adjust 𝑉𝐷𝐶 such that it nullifies the response. Equation 

7.1 shows that this occurs when 𝑉𝐷𝐶 matches 𝑉𝑠, and as such, the approach enables the surface 

potential of the sample to be determined.  

𝐹𝜔𝑚
=  − 𝐶𝑧

′(𝑉𝐷𝐶 − 𝑉𝑠)𝑉𝐴𝐶 cos 𝜔𝑚𝑡 (7.1) 

𝐹2𝜔𝑚
=  𝐶𝑧

′ 1

4
𝑉𝐴𝐶

2 cos 2𝜔𝑚𝑡  (7.2) 

Whilst KPFM has been used extensively in vacuum, in air and in non-conductive media, it is 

not compatible with ionic solutions such as physiological buffer solutions. The applied voltages 

drive ionic currents and electrochemical reactions at the probe and/or sample surface, greatly 
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compromising experimental stability. This has motivated the development of alternatives, such 

as Open Loop Electric Potential Microscopy (OLEPM), a technique reported by Fukuma’s 

group at Kanazawa University to enable simultaneous topographical and potential 

measurements in aqueous solutions.[277]–[279] In OLEPM, surface potential is calculated not 

by applying a matching 𝑉𝐷𝐶 bias, but by monitoring the cantilever response to both 𝐹𝜔𝑚
 and 

𝐹2𝜔𝑚
 components. The amplitudes of induced cantilever oscillation at the first and second 

harmonic modulation frequencies of the AC voltage, A1 and A2, can be described by Equation 

7.3 and 7.4, where 𝑘 is the cantilever spring constant, and 𝐺(𝜔) is the transfer function that 

describes the cantilever response to a force as a function of frequency (Eq. 7.5, where 𝑄 is 

cantilever quality factor). From measurement of A1 and A2, the surface potential 𝑉𝑠 can be 

calculated (Eq. 7.6, including also the phase of the cantilever 𝜑1 at 𝜔𝑚 to determine the polarity 

of |𝑉𝑠|). 

𝐴1 = 𝐺(𝜔𝑚)
|𝐹𝜔𝑚|

𝑘
= 𝐺(𝜔𝑚)|𝐶𝑧

′𝑉𝑠|
𝑉𝑎𝑐

𝑘
 (7.3) 

𝐴2 = 𝐺(2𝜔𝑚)
|𝐹2𝜔𝑚|

𝑘
= 𝐺(2𝜔𝑚)|𝐶𝑧

′|
𝑉𝑎𝑐

2

4𝑘
 (7.4) 

𝐺 (𝜔) =
1

√[1−(
𝜔

𝜔0
)

2
]

2

+[
𝜔

𝑄𝜔0
]

2

 (7.5) 

𝑉𝑠  = 𝑐𝑜𝑠𝜑1
𝑉𝐴𝐶

4

𝐺(2𝜔𝑚)

𝐺(𝜔𝑚)
× 

𝐴1

𝐴2
 (7.6) 

The major advantage of OLEPM is that surface potential can be calculated without the need to 

apply a 𝑉𝐷𝐶 bias. This reduces the induction of electrochemical reactions and unstable imaging 

conditions that prevent KPFM from being operated in ionic solution. Whilst the application of a 

𝑉𝐴𝐶 bias could induce similar effects, modulating the voltage at a high enough frequency 𝜔𝑚 

ensures that redistribution of ions is slow in comparison to the applied voltage and that effects 

on imaging are negligible.[277] In October 2019, I spent 4 weeks in Fukuma’s group 

conducting a pilot study that explores the potential of OLEPM to resolve the distribution of 

cationic AMPs across the model membrane surface, as well as any peptide-induced 

phospholipid segregation or clustering effects. The aim of the research project was to determine 

whether we could obtain surface potential maps of AMP-treated SLBs, and whether these maps 

could provide a more detailed understanding of AMP-lipid interactions that are taking place. All 

experiments were performed with Kaito Hirata. Here, I report on our findings.  

7.1.1.1 Basic operation of OLEPM 

A schematic showing the basic set up of OLEPM is shown in Figure 7.1. Topography 

measurements are performed using conventional AFM imaging methods. The cantilever is 

oscillated at its resonance frequency 𝑓0 by photothermal actuation, operation is performed in  
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AM mode, and the surface topography is measured by adjusting the tip-sample distance to 

maintain the cantilever oscillation at a user defined amplitude 𝐴0.  For simultaneous electric 

potential measurement, an AC bias voltage 𝑉𝐴𝐶 cos(𝜔𝑚𝑡) is applied to the tip. The cantilever 

response at the first and second harmonic modulations of the AC bias (𝐴1 and 𝐴2) are 

monitored using a lock in amplifier.  

 

Figure 7.1. Schematic of in-liquid OLEPM set up. An AC bias voltage, 𝑉𝐴𝐶 𝑐𝑜𝑠(𝜔𝑚𝑡), is 

applied between the tip and the sample. The cantilever is driven by an actuation laser (omitted 

for clarity) and the cantilever deflection is monitored using a detection laser and a quadrant 

photodiode. Detection is at 𝜔0 for topography measurements and at 𝜔𝑚 and 2𝜔𝑚 (using lock in 

amplifiers) for calculation of 𝑉𝑠. The phase of the cantilever 𝜑1 at 𝜔𝑚 is also measured. Figure 

is reproduced from ref. [277], with permission from AIP Publishing. 

7.1.1.2 Dual frequency OLEPM 

As discussed above, the modulation frequency of the AC bias voltage 𝜔𝑚 should be as high as 

possible to supress unwanted electrochemical reactions and redistribution of ions and enable 

OLEPM to be operated reliably in ionic solution. However, the maximum modulation frequency 

that can be applied is limited by the resonance frequency of the cantilever, 𝑓0. Calculation of the 

surface potential requires monitoring of the cantilever response at the first and second 

harmonics of the modulation frequency (𝑓𝑚 =
𝜔𝑚

2𝜋
, and 2𝑓𝑚 =

2𝜔𝑚

2𝜋
 respectively) and, as the 

cantilever response to forces rapidly deteriorates at frequencies above 𝑓0, the modulation 

frequency of the applied AC bias must be low enough that 2𝑓𝑚< 𝑓0. To reduce this limitation, 

dual frequency mode OLEPM has recently been developed.[278] This follows the same 

principles as conventional OLEPM, but applies two AC voltages with two different frequencies 

(𝑉1 cos 𝜔1𝑡 and 𝑉2 cos 𝜔2𝑡 ), inducing frequency mixing in the cantilever response. The 

resulting electrostatic force on the cantilever now contains components at the first and second 

harmonics of the modulation frequencies (𝜔1, 2𝜔1, 𝜔2, 2𝜔2) as well as components at 𝜔𝐻 and 

𝜔𝐿, where 𝜔𝐻 = 𝜔1 + 𝜔2 and 𝜔𝐿 = 𝜔1 − 𝜔2. It has previously been shown that the surface 

potential can be calculated solely by monitoring the cantilever response at 𝜔1 and at 𝜔𝐿, via 
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Equation 7.7.[279] Crucially, this removes the need to measure cantilever response at the 

second harmonic of the modulation frequency, allowing higher modulation frequencies to be 

used.   

𝑉𝑠 = cos 𝜑1
𝐴1

𝐴𝐿

𝐺(𝜔𝐿)

𝐺(𝜔1)

𝑉𝐴𝐶

2
  (7) 

All measurements in this chapter were conducted with dual frequency OLEPM. The modulation 

frequencies applied were 𝑓1 =
𝜔1

2𝜋
= 700 𝑘𝐻𝑧 and 𝑓2 =

𝜔2

2𝜋
= 800 𝑘𝐻𝑧. These frequencies are to 

be compared with the resonance frequency of the cantilever used, 𝑓0 = 1.3 𝑀𝐻𝑧 in water (USC-

F2-k3 (Nanoworld), nominal spring constant 𝑘 = 3 𝑁/𝑚, nominal resonance frequency in air 

𝑓0 = 2 𝑀𝐻𝑧 in air). 

7.1.2 Protocols for OLEPM measurement of SLBs 

OLEPM measurements require an electrical circuit to be formed between the cantilever and the 

sample, meaning that both the cantilever tip and the substrate must be conductive, which is not 

generally the case in AFM experiments. The following protocols were therefore developed to 

enable OLEPM imaging of SLBs on a conductive substrate and with a conductive tip.  

7.1.2.1 Cantilever preparation 

USC-f2-k3 cantilevers were used in all experiments due to their high resonance frequency 

(allowing high modulation frequency for the applied AC bias) but low spring constants (for soft 

biological imaging). The cantilevers are manufactured with gold coating on both sides, but an 

uncoated tip. Therefore, prior to experiments, focussed ion beam- scanning electron microscopy 

(FIB-SEM) was used to coat the tip with a 30 nm Au layer (Helios CX DualBeam FIB-SEM, 

equipped with a GIS Gas Delivery System, Thermo Fisher Scientific). FIB can be used to 

directly deposit thin metal films with nanoscale precision.[280] A high purity ion beam, usually 

from a liquid metal ion source, is finely focussed to sputter coat the surface. When combined 

with SEM, this allows high resolution visualisation of the sample and increased precision of 

deposition.  

7.1.2.2 Substrate preparation 

To produce a flat and conductive substrate, a mica substrate was coated with a 200 nm Au layer 

using thermal evaporation. This results in atomically flat islands of gold across the surface, 

suitable for high resolution AFM imaging. To enable SLB deposition, the gold surface must be 

made hydrophilic. Functionalisation of gold surfaces can be achieved through alkyl thiol self-

assembled monolayers (SAMs), a technique first demonstrated by Nuzzo and Allara in 1983 

and used extensively since.[281] Alkyl thiols with carboxyl, phosphate and sulphate terminal 

functional groups have all successfully been used for the deposition of SLBs on 

gold.[282],[283] In this project carboxy alkyl thiols were used. Au coated mica substrates were 
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submerged in a 1 μM solution of 10-carboxy-1-decanethiol in ethanol overnight to allow SAM 

formation. The substrate was then rinsed five times with fresh ethanol, dried under compressed 

air and attached to the sample holder with adhesive carbon tape. A copper wire was secured to 

the SAM-functionalized gold surface and placed under a protective rubber seal using stage clips 

(Fig 7.2).  

 

Figure 7.2. Optimised sample set-up. SAM-functionalized Au coated mica disc is attached to the 

sample holder with adhesive carbon tape. A copper wire is held against the SAM- functionalized 

gold surface using a stage clip, and a rubber seal isolates the copper wire from the imaging 

droplet to prevent copper ions entering the imaging solution.  

7.1.2.3 SLB formation and peptide addition 

Throughout the experiments, POPC:POPG (3:1 molar ratio) was used for SLBs. However, the 

standard physiological buffers we have used in this thesis to date (120 mM NaCl, 20 mM 

MOPs) are not compatible with OLEPM. The frequency of modulation that is required to 

supress the induction of unwanted ionic currents and unstable imaging conditions when 

applying the external AC bias increases with the ionic strength of solution. Kobayashi et al 

demonstrated that for an imaging solution with an ionic strength of 1 mM, a modulation 

frequency above 50 kHz is required while for a 10 mM solution a frequency above 300 kHz is 

required.[278] Solutions with an ionic strength above 10 mM have not yet been validated. 

Therefore, to ensure uncontrolled electrostatic forces were not induced, the ionic strength of 

solution was limited to 5 mM and the modulation frequencies were kept significantly higher 

than 300 kHz (𝑓1 =
𝜔1

2𝜋
= 700 kHz, 𝑓2 =

𝜔2

2𝜋
=800 kHz). Specifically, POPC:POPG (3:1 molar 

ratio) SUVs were prepared in H2O, and, for SLB formation, vesicles (5 µL 1 mg / mL) were 

added to the substrate with 70 μL H2O and 1 μL 1M MgCl2 solution. After 45 min of 

incubation, the surface was rinsed with 4 mM NaCl, 0.67 mM MOPS pH 7.4. As such, the 

imaging solution has a final ionic strength solution of < 5 mM. TriAMP, described in Chapter 4, 

was used as the test AMP for all OLEPM experiments. Peptide solutions were prepared in H2O 
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and added to the SLB during imaging through a syringe pump system, or via manual addition. 

The peptide concentration in the imaging droplet was approximately 0.5 -1 μM. 

7.1.3 Preliminary results 

7.1.3.1  OLEPM measurements of an untreated SLB 

The morphology of the underlying Au-coated mica substrate is shown in Figure 7.3A, with 

atomically flat islands of around 500 nm in diameter observed. Figure 7.3B shows that 

following SAM functionalisation, SLBs can be formed on the Au surface, and that with the 

developed sample set up, OLEPM can produce simultaneous topography and potential maps of 

the surface. Good SLB coverage was achieved, with the lipid bilayer following the underlying 

morphology of Au islands. The potential across the SLB appeared quite uniform, with the main 

points of contrast occurring between individual islands.  

 

Figure 7.3. OLEPM measurements of an untreated SLB. (A) Topography measurement of the 

underlying Au-coated mica substrate. Au forms in atomically flat islands across the surface. (B) 

Topography (left) and potential (right) maps of a POPC:POPG (3:1 molar ratio) SLB formed 

on a SAM/Au substrate. The SLB covers the underlying SAM/Au islands, and the potential is 

uniform across the surface. Scale bars are (A) 250 nm and (B) 500 nm.   

7.1.3.2 OLEPM measurements of an AMP-treated SLB  

Figure 7.4 shows a series of images taken before, during and after the introduction of AMP to 

the SLB. Before peptide addition, continuous lipid bilayer forms across the underlying islands, 

and the potential appears uniform (Fig 7.4A). When peptide enters the system, there is a 

significant change in potential (Fig 7.4B). In parallel, topographical images show that the 

peptide is solubilising the bilayer, with the remaining lipid showing a convoluted boundary 

length indicative of AMP-induced lowering of the line tension (Fig 7.4B-D). 
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Figure 7.4. OLEPM measurements of an SLB, before during and after treatment with AMP. 

Simultaneous topographical images (LHS) and potential measurements (RHS) for a 

POPC:POPG (3:1 molar ratio) SLB prepared on a SAM/Au surface. (A) is taken before peptide 

addition; (B) AMP begins to flow to the surface (0.8 μM peptide, 6 mL / min, 600 μL) and (C-D) 

The effects of the AMP treated SLB can be observed. The system remains stable and repeated 

measurements can be taken. Scale bar 300 nm. 

7.1.3.3 Correcting for long range surface potential before and after AMP addition. 

The direct effect of the local surface potential on the tip will extend only as far as the Debye 

screening length, which, for a 5 mM ionic solution consisting of predominantly monovalent 

ions, will be < 5 nm. However, it has previously been demonstrated that OLEPM measurements 

can also include contribution from longer-range interactions, due to electrostatic forces acting 

not on the tip apex but on other parts of the cantilever.[279] As such, the images shown in 

Figure 7.3 and 7.4 represent qualitative but not quantitative maps of the potential distribution at 

the lipid bilayer surface. To obtain a more quantitative measure, the long-range contribution, 

which appears linearly dependent, can be empirically subtracted from the potential profile as a 

function of height.[279] 

Figure 7.5A (blue line) shows potentials as a function of height, taken on an untreated 

POPC:POPG (3:1 molar ratio) SLB for distances of up to 1000 nm. Long-range contributions to 

the electrostatic force experienced by the tip are clearly present. Following subtraction of the 

long-range background, the SLB shows a surface potential of around 0 mV (Fig 7.5A, red line). 

This was surprising. With 25 % anionic phospholipid, the SLB was anticipated to have a 

negative surface potential, and the neutral value observed may imply that anionic POPG is 

being sequestered to the inner leaflet leaving zwitterionic POPC at the surface. Figure 7.5B 

(blue line) shows potentials as a function of height after adding AMP to the SLB. Following 

subtraction of the long-range background, the potential of the lipid surface becomes positive 

(Fig 7.5B, red line). This is consistent with AMP binding to, and diffusing across the lipid 

bilayer, indicating that even though we cannot resolve the cationic AMPs topographically, we 

can detect them by charge. 
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Figure 7.5. Measured potential as a function of height (distance) above the sample (blue); these 

enable correction for long range interactions between the tip and the sample. The long-range 

potential is linearly dependent and is estimated by the black line. Following subtraction of the 

LR contribution, a more accurate value for the surface potential is obtained (red line). (A) 

Measured potential versus distance taken on an untreated POPC:POPG (3:1 molar ratio) SLB. 

Following subtraction of the long-range potential, the untreated SLB shows a surface potential 

close to neutral. (B) Potential versus distance taken on a POPC:POPG (3:1 molar ratio) SLB 

treated with AMP. Following subtraction of the long-range contribution, the AMP-treated SLB 

has a positive surface potential. 

7.1.3.4 An edge effect 

The data described so far provides a proof-of-concept that OLEPM can be used to 

simultaneously map the topography and potential of AMP treated SLBs in real-time, and that 

changes in the surface potential can both be detected and quantified. In addition, preliminary 

data from higher magnification images was obtained which indicated a non-uniform charge 

distribution at bilayer edges for both treated and untreated SLBs. For untreated SLBs prepared 

as isolated patches, a more negative potential at the edge of the bilayer was observed when 

compared to the bilayer center (see, e.g., Fig 7.6A). This is intriguing, suggesting a higher 

density of anionic POPG occurs at bilayer edges. As lipid packing is different in the bulk phase 

and edge phase (Fig 7.6B), the two lipid species may well show different preferences for each 

phase, leading to lipid heterogeneity. The opposite behavior was observed for AMP-treated 

SLBs, with a more positive potential at the edge of lipid patches when compared to the bulk 

(see, e.g., Fig 7.6C). This indicates a higher concentration of AMP, consistent with many 

studies that have shown AMPs to preferentially bind to boundary edges (see e.g. [120]). To 

date, this argument has been based on their ability to reduce the line tension of the boundary 

edge. The preliminary data shown in Figure 7.6A indicates that there could be an additional 
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charge argument, in which AMPs are also driven to boundary edges by increased electrostatic 

attraction.  

  

Figure 7.6. Preliminary data indicating an edge effect. (A) Topography measurements of 

untreated POPC:POPG (3:1 molar ratio) SLBs prepared as individual lipid patches, with 

corresponding potential measurements and line profile showing a more negative surface 

potential at the patch edge. (B) A schematic demonstrating that edge and bulk phases have 

different lipid arrangements. (C) Topography and potential measurements of a continuous 

POPC:POPG (3:1 molar ratio) SLB treated with AMP, with corresponding line profiles. The 

peptide has solubilised much of the bilayer, but the remaining lipid has a positive surface 

potential, with more positive potential at the lipid edge. Scale bars are 200 nm (A) and 100 nm 

(B).  

7.1.4 Discussion 

Overall, correlative charge mapping using OLEPM appears to be a promising avenue for future 

AMP-lipid experiments. We have demonstrated that OLEPM can resolve the topography and 

surface potential of SLBs during peptide treatment, in aqueous solution. Topographical images 

visualized an AMP solubilizing the lipid bilayer, with the remaining lipid exhibiting an 

extended boundary length characteristic of AMP-induced bilayer remodeling. Potential 

measurements revealed that the surface potential of the bilayer is close to neutral before peptide 

addition and becomes positive after peptide addition. As the peptides are cationic, this increase 

in surface charge indicates that AMP diffusing across the lipid surface can be detected. Finally, 

higher magnification images resolved a non-uniform charge distribution at the edge of lipid 

bilayers. In peptide treated bilayers, a more positive potential was observed, further confirming 

the ability of the technique to detect cationic AMP, which are known to preferentially bind at 

lipid edges. In untreated bilayers, a more negative potential was observed, indicating a higher 

proportion of POPG at lipid edges, and, consequently, an additional driving factor for the 

accumulation of cationic AMP at lipid edges.  
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Having optimized the sample setup and demonstrated that stable imaging conditions, control 

measurements are now required to confirm the preliminary findings and to validate the methods 

developed. First, confirmation is needed that the surface potential of an untreated bilayer is a 

reliable measure of the proportion of anionic and zwitterionic lipid present. To do this, 

POPC:POPG bilayers with different amounts of PG should be prepared at, e.g., 0% (i.e., POPC-

only), 10%, 25% and 50%. If the surface potential does reflect the lipid composition, the 

measure potential value will be lower for higher POPG contents. This will validate the use of 

surface potential to identify clustering effects of POPC-rich or POPG-rich lipids. Secondly, 

confirmation is needed that POPC:POPG bilayer edges have an increased negative charge due 

to increased accumulation of POPG lipid. To do this, the potential distributions of POPC only 

patches and POPC:POPG patches should be compared. If POPG edge clustering is a real effect, 

we would expect to see no contrast at the edge of POPC patches, and again observe a more 

negative potential at the edges of the POPC:POPG patches. Finally, the peptide concentration 

needs to be optimized. The preliminary data presented here shows an AMP solubilizing a lipid 

bilayer. At lower peptide concentrations, poration and thinning effects should become visible. 

Furthermore, taking higher resolution images and smaller scan sizes may give more detailed 

contrast in the potential measurements, and enable better identification of localized lipid 

clustering and AMP-rich areas.  

7.2 Part two: a labelling approach to distinguish lipid heads and tails in disrupted 

membranes 

7.2.1 Improving the model for localised AMP-induced membrane thinning 

In part two of this chapter, we use chemical labelling to directly address the challenge of 

improving on the chemical detail and physical accuracy of the current models to describe modes 

of membrane disruption. Specifically, we look at the case of membrane thinning (Fig 7.7). 

 

Figure 7.7. Proposed models for localised membrane thinning. (A) a thinned bilayer and (B) a 

lipid monolayer. For each model the domain can be entirely or partially covered by AMP.  

Discrete regions of thinned membrane, 1-2 nm lower than the bilayer surface are commonly 

observed by AFM following AMP treatment.[118],[124],[125],[139] Indeed, in this thesis 

alone, localised domains of thinned membrane were repeatedly observed. However, the 

underlying physical nature of such domains has yet to be resolved. Current models propose 

either that the peptide induces a thinned bilayer by splaying the lipid tails (Fig 7.7A), or that the 
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peptide removes the upper leaflet lipids to result in a peptide stabilised monolayer (Fig 7.7B), 

with domains either entirely or partially covered in AMP. In the case of partial coverage, this 

would leave either exposed phospholipid head or tail groups at the surface of the domains. In 

this section, we use AFM combined with chemical labelling to identify such exposed 

phospholipid head or tail groups. In particular, we rely on biotin-streptavidin binding, noting 

that biotinylated phospholipids are commercially available and can be purchased with a biotin 

molecule attached to the phospholipid tail or head group. Streptavidin binds to biotin with 

extremely high affinity (KA∼1014 M−1), and, crucially, is large enough to be resolved by 

AFM,[284],[285] yet not so large that it completely occludes details of the membrane 

topography. As such, streptavidin can act as a visible marker for the biotinylated lipid and by 

extension, for the distribution of surface exposed lipid head or lipid tail groups. 

7.2.2 Experimental methods 

7.2.2.1 Concept of the assay 

A schematic of the experimental design is depicted in Figure 7.8. An SLB doped with 

biotinylated lipid is prepared, AMP is added to induce domains of membrane thinning, 

streptavidin is added to bind to exposed biotins, and the surface is imaged by AFM. If 

streptavidin is observed in the thinned domains when biotinylated head groups are used, this 

will indicate exposed phospholipid head groups are present i.e. the domain is a thinned bilayer. 

  

Figure 7.8. Schematic of the streptavidin-biotin assay. An SLB doped with biotinylated lipid 

heads (A) and tails (B) is treated with an AMP known to induce localised membrane thinning. 

Streptavidin is then added to the system, providing an AFM-visible marker for the exposed 

biotin and by extension, for the exposed phospholipid head or tail groups. Yellow circles 

(peptide), green stars (biotin) red pentagons (streptavidin).  
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If streptavidin is observed in the thinned domains when biotinylated tail groups are used, this 

will indicate exposed phospholipid tails are present i.e. the domain is a lipid monolayer. If no 

streptavidin is observed in the thinned domains for either experiment, this will indicate no 

exposed phospholipid tails or heads are present, and that the domains are entirely covered by 

AMP. Our proposed method cannot determine whether a domain entirely covered in AMP 

features an underlying thinned bilayer or a lipid monolayer, although in the AMP-coverage 

scenario, a lipid monolayer appears more plausible given that the membrane thickness is 

reduced in spite of additional coverage by AMPs. 

7.2.2.2 Preparation of biotinylated SLBs and addition of reagents 

For experiments with biotinylated lipid heads, 0.75 mg POPC, 0.25 mg POPG and 0.01 mg 18:1 

biotinyl cap PE were combined in chloroform, dried under N2 to form a lipid film and 

rehydrated to a final lipid concentration of 1 mg / mL. For experiments with biotinylated lipid 

tails, 0.75 mg POPC, 0.25 mg POPG and 0.01 mg 18:1-12:0 biotin PC were combined in 

chloroform, dried under N2 to form a lipid film and rehydrated to a final lipid concentration of 1 

mg / mL. Subsequent formation of SUVs and SLBs was performed in the usual way, as 

described in the main methods section of the thesis. The resulting SLBs consists of 

POPC:POPG (3:1 molar ratio) with ~ 1% biotinylated phospholipid. Epidermicin NI01 was 

used as the test AMP throughout, as it provides a reproducible and controlled system in which 

to compare the surface of three clear levels: transmembrane defects, thinned domains, and full 

bilayers. Peptide was manually injected to the SLB in all experiments (2.5 µL of 2.5 µM, final 

concentration ~ 62.5 nM). Streptavidin was also manually injected to the SLB in all 

experiments (10 µL of 0.01 mg / mL, final concentration ~ 1µg / mL). Following streptavidin 

addition, at least 5 min was given to enable binding before imaging. 

7.2.3 Results  

7.2.3.1 SLBs doped with biotinylated phospholipid heads 

Figure 7.9A confirms that addition of 1% 18:1 biotinyl cap PE does not interfere with NI01’s 

membrane disruption: SLBs doped with biotinylated phospholipid heads and treated with NI01 

showed the expected disruption of networking patches of membrane thinning and 

transmembrane channels. Figure 7.9B shows the effect of adding streptavidin to the system. 

Whilst the added streptavidin is clearly present at the membrane surface, it is poorly resolved. 

Topography imaging became challenging, with streaking effects and unstable imaging. This 

may be expected; the bilayer surface contains many exposed biotins each of which will bind 

streptavidin and, as the SLB is fluid with each lipid is diffusing at ~ 2 µm2 s–1 [37], individual 

streptavidin will be moving faster than the AFM tip is scanning. Furthermore, if the tip becomes 

contaminated with biotinylated lipid, strong, uncontrolled interactions will occur between the tip 

and the sample, resulting in unstable imaging and streaking effects such as those observed here.  
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Figure 7.9. AFM topography images of POPC:POPG (3:1 molar ratio) SLBs doped with 1% 

biotin-functionalised lipid heads. (A) Treated with epidermicin NI01; (B-C) Treated with 

epidermicin NI01 and streptavidin: (B) The AFM images show a lot of poorly resolved 

protrusions and streaky features aligned to the fast scan direction, indicative of loosely bound 

and mobile material at the surface; (C) cleaner imaging showing non-specific streptavidin 

binding in transmembrane defects (i) and possible streptavidin observed in patches of 

membrane thinning (ii,iii). Scale bars are (A, B) 500 nm and (C) 200 nm. Colour scale is 18 nm 

in all images.  

A small number of cleaner images were obtained (Fig 7.9C). Features consistent in size with 

streptavidin can be observed in transmembrane channels, indicating non-specific binding to the 

underlying mica surface (Fig 7.9C(i)).[285] Furthermore, some features consistent with 

streptavidin can be observed in the patches of membrane thinning (Fig 7.9C(ii)), indicating the 

presence of exposed phospholipid head groups. Whilst the poor imaging quality prevents 

definite conclusions, the data in Figure 7.9 does demonstrate the viability of the assay. The 

observed protrusions and streaky features confirm that streptavidin is binding to the membrane 

surface, verifying our hypothesis that streptavidin labelling can be used to identify exposed lipid 

domains at the membrane surface during peptide treatment.  

7.2.3.2 SLBs doped with biotinylated phospholipid tails 

Figure 7.10A provides confirmation that addition of 1% 18:1-12:0 biotin PC does not interfere 

with NI01’s membrane disruption. Figure 7.10B shows the effect of adding streptavidin to the 
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system. In contrast to SLBs doped with biotinylated heads, topographical imaging remained 

clean and stable. Furthermore, features consistent in size with streptavidin appeared only in the 

transmembrane channels (i.e. streptavidin adsorbed to the underlying mica). Taken together, 

these results indicate that the thinned domains induced by epidermicin NI01 do not contain 

exposed phospholipid tails, and as such, do not represent an exposed lipid monolayer. 

 

Figure 7.10. AFM topography images of POPC:POPG (3:1 molar ratio) SLBs doped with 1% 

biotin-functionalised lipid tails. (A) Treated with epidermicin NI01; (B) Treated with 

epidermicin NI01 and streptavidin. Topography images show particles only appear in the 

transmembrane channels. Corresponding line profiles for the right hand image are provided. 

Scale bars are (A) 500 nm and (B) 200 nm. Colour scale is 18 nm in all images.  

7.2.3.3 Improving the experimental design by reducing lipid fluidity 

To improve on the experimental design, we hypothesised that using gel-state (So) SLBs, with 

much lower lateral diffusion of lipids, would make bound streptavidin easier to resolve. 

Therefore, control experiments were run to confirm the compatibility of NI01’s membrane 

disruption with So SLBs. The lipid mixture DPPC:DPPG (3:1 molar ratio) was chosen as it has a 

Tm of 41 °C and exists in the gel-state at room temperature. SLBs were formed in the usual way, 

but vesicle incubation and adsorption were performed at 51 °C. This allows initial formation of 

a Ld SLB, which is then cooled to room temperature, producing a homogenous So SLB (Fig 

7.11A (i)). However, addition of NI01 to the So SLB caused no observable change over 30 mins 

of imaging (Fig 7.11A (ii, iii)). For comparison, the archetypal AMP magainin 2 was also 

tested. Like NI01, the peptide caused no observable change at the concentration required for 

disruption of Ld SLBs (Fig 7.11B (i,ii)). To assess whether So SLBs simply require a higher 

quantity of peptide to induce disruption, a 6-fold increase in concentration was added (Fig 
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7.10B (iii)). Although areas of bilayer were removed from the surface, the effect appeared 

mechanical rather than peptide induced, with the remaining bilayer homogenous and defect free. 

Collectively, Figure 7.11 shows that neither NI01 or magainin 2 are able to penetrate into and 

re-arrange the packing of So SLBs.  

 

Figure 7.11. AFM topography images of AMP treated gel-state SLBs. (A) DPPC:DPPG (3:1 

molar ratio) imaged at room temperature before (i) and after (ii,iii) addition of  0.25 µM 

epidermicin NI01 (10 and 30 mins respectively). (B) DPPC:DPPG (3:1 molar ratio) imaged at 

room temperature before (i) and after (ii,iii) addition of magainin 2 (0.1 µM and 0.6µM 

respectively). Scale bars: 500 nm. Colour bar: 18 nm. 

To attempt to circumvent this problem, AMP was added to the Ld SLB before cooling to a So 

state. Figure 7.12A shows a DPPC:DPPG (3:1 molar ratio) SLB imaged at 51 °C before peptide 

addition. As expected, a continuous defect-free bilayer was observed. Figure 7.12B shows the 

SLB imaged at 51 °C after addition of magainin 2. Domain separation is observed, despite the 

temperature remaining above the Tm of the lipids. The lower domains (consistent with a Ld 

phase) appear porated, whilst the higher domains (consistent with So domains) appear defect 

free, providing further evidence that the AMP is not able to penetrate into So domains. The 

sample was then cooled to room temperature and re-imaged (Fig 7.12C (iii)). Despite the initial 

bilayer containing peptide-stabilised pores, cooling below the fluid-gel transition did not 

solidify these defects as expected. Instead, significant lipid rearrangement occurred, with only 

small domains of defect-free So SLB remaining on the surface. 
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Figure 7.12. AFM topography images of an AMP treated SLB above and below the lipid 

transition temperature. DPPC:DPPG (3:1 molar ratio) is imaged at 51°C (A) before and (B) 

after addition of 0.1 µM magainin 2. Phase separation is observed with high regions of 

continuous SLB and low regions of porated SLB (shown at higher magnification in the right-

hand image); (C) The sample is then cooled to room temperature and re-imaged. Poration is no 

longer observed. Scale bars: 1000 nm (A) and 200 nm (B,C). Colour bar: 18 nm. 

7.2.4 Discussion 

In this section, we have demonstrated through biotin-streptavidin binding that patches of 

membrane thinning induced by epidermicin NI01 are unlikely to contain exposed phospholipid 

tail groups. However, our approach was unable to give a definite conclusion as to the nature of 

these domains. Imaging fluid SLBs doped with biotinylated lipid head groups did not provide 

clean or stable conditions and reducing lipid fluidity did not provide the anticipated 

improvement, due to the inability of the AMPs tested to disrupt So SLBs. This resistance of So 

SLBs to AMP disruption is itself notable. Although native biological membranes are fluid, 

much of the eukaryotic membrane exists in a highly ordered, Lo state.[81] Although there is 

emerging evidence that Lo domains can form in bacterial membranes, the lack of high quantities 

of Lo-promoting lipids and hydrophobic molecules (such as cholesterol and sphingomyelin) 

means it is generally considered to be more disordered.[36] Our findings support the hypothesis 

that this difference in lipid order contributes to the selectivity of antimicrobial peptides for 

bacterial cells, with increased rigidity providing protection for eukaryotic cells against peptide 

induced disruption (see, e.g.[136]).  

Looking ahead, a better approach may be to functionalise an AFM tip with streptavidin, and 

take multiple force measurements across the surface. Silicon nitride tips can be functionalised 

by first coating the tip with biotinylated bovine serum albumin via overnight submersion in a 

biotinylated bovine serum albumin solution, and then coupling streptavidin via 5 min 

submersion in streptavidin solution.[286],[287] With this tip, adhesion forces to a biotinylated 

surface could be measured. A significant difference in binding energy will occur when the 

streptavidin-functionalised tip is interacting with a biotin tag to when it is not, and this may give 

a cleaner and more quantitative indication of the distribution of exposed biotin tags across the 

surface.  
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8 Summary and outlook 

It is widely accepted that antimicrobial peptides can act by targeting the lipid bilayer assemblies 

of microbial membranes, disrupting the lipid packing, leading to permeabilisation and cell 

death. Due to their multifunctional nature however, native sequences are likely not optimized 

for microbial membrane disruption. Indeed, most AMPs lack sufficient potency for direct 

clinical use. Therefore, there is a requirement to redesign AMPs or to create sequences de novo.  

If the relationships between peptide sequence, mode of lipid disruption and biological activity 

were better understood, detailed guidelines on how to design more promising sequences could 

be developed. However, resolving modes of lipid disruption remains challenging. Peptide-lipid 

interactions are dynamic, localised, and adapt to different environments, meaning different 

biophysical techniques can give conflicting information.[30] The high temporal and spatial 

resolution of in-liquid AFM make it a powerful tool for directly observing dynamic and 

localised membrane disruption, and over the past decade, in-liquid AFM has gained popularity 

for resolving peptide-lipid interactions. Throughout this thesis, we have used this technique to 

directly address the challenge of relating antimicrobial motifs to the modes of lipid disruption 

induced. Our results have revealed novel sequence-function relationships that can now be used 

for further AMP development. 

Starting with a simplified antimicrobial peptide template that conserved the core biophysical 

properties of animal-derived AMPs, we demonstrated that highly simplified sequences down to 

9 amino acids in length can maintain comparable membrane disruption modes and biological 

activity to native sequences. This validates the hypothesis that native peptides have a large 

degree of sequence redundancy, and supports the development of simpler designs. Indeed, we 

showed that the specific membrane interactions of peptide sequences can be controlled at the 

single amino acid level. A mutation from alanine to lysine in the hydrophobic face of an 

amphipathic α- helix triggered a switch from conventional transmembrane, circular defects, to a 

disruption mechanism restricted to the upper leaflet of the bilayer with fractal-like morphology. 

We showed that these distinct pathways of lipid disruption translated into distinct antimicrobial 

activity and selectivity, with the conversion to upper-leaflet defects in model membranes 

correlating with a loss of haemolytic activity. Interestingly, a similar finding was observed in 

Chapter 5. The central subcomponent of epidermicin NI01, H2, was the only subcomponent 

showing no haemolytic activity, and the only subcomponent to only induce defects in the upper 

leaflet of lipid bilayers. A possible explanation for this observation could be that mammalian 

membranes resist this mode of disruption better than microbial membranes. If this is the case, 

adjusting sequences to favour upper-leaflet interactions may lead to improved therapeutic index. 

The general applicability now requires further research, but this represents a promising avenue 

for designing and optimising sequences for clinical use. 
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Having assessed a model system that maintained the archetypal properties of a native 

antimicrobial α-helix, we next demonstrated that the basic design rules for such systems can be 

expanded. The presence of a T/S rich face, in combination with a hydrophobic and cationic face, 

triggered additional membrane interactions compared to archetypal amphipathic AMPs. The 

construct interacted with both anionic and zwitterionic lipids via distinct pathways, whilst 

exerting antimicrobial behaviour but no toxicity. As such, it fulfilled the criteria for a de-novo 

AMP whilst also possessing additional ALPS-like properties. The biological implications of 

such auxiliary lipid interactions require further investigation. However, as ALPS-like motifs 

enable peptides and proteins to sense membrane curvature and membrane defects, we 

hypothesise that combining this with conventional AMP-motifs the design may be particularly 

useful as an anticancer sequence. Malignant transformation can lead both to increased exposure 

of anionic phospholipid, and to increased variability in the curvature and architecture of the 

membrane. A peptide sequence that is sensitive both to charge and to lipid packing 

arrangements may be able to better target such membranes. The anticancer activity of triAMP 

has been confirmed,[119] but the contribution of the faces to this activity requires further work.  

Moving on from a single α-helix system, we then confirmed the hypothesis that the multi-helix 

peptide epidermicin NI01 supports a more complex multimodal mechanism. Subcomponents of 

the sequence induce discrete modes of this disruption, with the full peptide combining these 

modes into a synergistic and selective mechanism and the mechanism is conserved in another 

member of the bacteriocin family, aureocin A53. It seems likely that a multimodal mechanism 

will confer biological advantage and in support of this, NI01 has more potent activity than many 

AMPs. Such increased potency can be explained by our proposed model, whereby the initial 

formation of thinned membrane creates domain boundaries in the bilayer which can then 

actively recruit more peptide to reach a poration threshold more quickly. Therefore, the work 

presented in Chapter 5 highlights multi-helix peptides as an exciting route to develop more 

potent peptide sequences. 

Following on in increasing levels of complexity, we then characterised the membrane 

interactions of a supramolecular system. As well as demonstrating that force-spectroscopy 

based imaging can be a useful tool to resolve the mechanical and topographical properties of 

peptide capsules under near-native conditions, we showed that self-assembled systems can 

induce membrane disruption both more rapidly and on a more prolonged timescale than 

monomeric AMPs. These results support the development of self-assembled peptide systems as 

therapeutic targets.[252]  

Finally, we explored methodological enhancements to overcome the general limitation of AFM 

imaging: its inability to provide chemical information. Firstly, we demonstrated that correlative 

charge-mapping of a biological system in aqueous solution can be achieved using OLEPM. We 

mapped the topography and potential of an SLB, before during and after treatment with AMP, 
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and showed that the surface potential of the bilayer becomes more positive following peptide 

treatment, indicating that surface bound cationic peptide can be detected. Secondly, we 

demonstrated that the distribution of exposed phospholipid head or tail groups during peptide 

treatment can be resolved via chemical tagging. With this approach, we showed that thinned 

domains induced by NI01 likely do not contain exposed phospholipid tail groups, excluding the 

possibility that such domains represent an uncovered lipid monolayer and therefore improving 

on the current model. Our results confirm that both charge-mapping and chemical tagging are 

promising avenues to more specifically resolve AMPs and their interaction with lipids. The 

continued improvement to the chemical resolution of AFM methodologies is an important area 

of the field, as it will undoubtedly lead to a better appreciation of the processes occurring at the 

bilayer surface. In turn, this will enable better optimisation and design of peptide sequences for 

translational application.  
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A. Appendix 

Figures A.1- A.8 show the “quality control” (QC) of the peptides synthesised in this thesis. 

MALDI-ToF MS spectra and analytical RP-HPLC traces are shown. Calculated and found 

values of m/z are provided. Next, captions for Video A.1 and A.2 (electronic attachment) are 

given. Finally, Table A.1 provides the abbreviations (3-letter and 1-letter) for canonical amino 

acids. 

 

Figure A.1. QC bienA7 – A11. MS [M + H]+: bienA7, m/z 854.11 (calc), 855.6 (found); 

bienA8, m/z 1010.3 (calc), 1011.6 (found); bienA9, m/z 1123.46 (calc), 1125.0 (found); 

bienA10, m/z 1236.61 (calc), 1238.4 (found); bienA11, m/z 1392.8 (calc), 1395.6 (found). 
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Figure A.2. QC bienK7 – A11. MS [M + H]+: bienK7, m/z 911.21 (calc), 910.8 (found); 

bienK8, m/z 1067.39 (calc), 1069.9 (found); bienK9, m/z 1180.55 (calc), 1182.2 (found); 

bienK10, m/z 1293.71 (calc), 1295.6 (found); bienK11, m/z 1449.89 (calc), 1451.2 (found). 
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Figure A.3. QC FhHDM-149-66 and triAMP. MS [M + H]+: FhHDM-149-66, m/z 2141.52 (calc), 

2144.3 (found); triAMP, m/z 2083.62 (calc), 2084.9 (found). 
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Figure A.4. QC HDM mutants 1 – 4. MS [M + H]+: mutant 1, m/z 2205.75 (calc), 2207.5 

(found); mutant 2, m/z 2145.86 (calc), 2146.2 (found); mutant 3, m/z 2157.52 (calc), 2160.5 

(found); mutant 4, m/z 2069.59 (calc), 2072.2 (found) 
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Figure A.5. QC HDM mutant 5. MS [M + H]+: 2053.39 m/z (calc), 2054.4 m/z (found).   

 

 

 

Figure A.6. QC epidermicin NI01. MS [M + H]+: 6073.3 m/z (calc), 6072.8 m/z (found).   
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Figure A.7. QC L- and D- capzip. MS [M + H]+: L-capzip, m/z 3090.5 (calc), 3092.3 (found); 

D- capzip, m/z 3090.5 (calc), 3092.8 m/z (found). 

Video A.1. Anionic SLB (POPC:POPG (3:1 molar ratio)) treated with 0.375 µM epidermicin 

NI01. The video shows consecutive scans from 3 min prior to peptide injection, to 30 min after 

peptide injection. The images were taken on a Cypher ES, with an AC40 cantilever, in tapping 

mode, at a line rate of 20 Hz and therefore 25.6 seconds per frame. Scan size is 4 µm.  

Video A.2. Anionic SLB (POPC:POPG (3:1 molar ratio)) treated with 0.75 µM epidermicin 

NI01. The video shows consecutive scans from 1 min prior to peptide injection, to 6 min after 

peptide injection. The images were taken on a Cypher ES, with an AC40 cantilever, in tapping 

mode, at a line rate of 20 Hz and therefore 25.6 seconds per frame. Scan size is 4 µm. 

Table A.1 Abbreviations (3-letter and 1-letter) for canonical amino acids 

Amino acid 3 letter 

abbreviation 

1 letter 

abbreviation 

Alanine Ala A 

Arginine Arg R 

Asparagine Asn N 

Aspartic acid Asp D 

Cysteine Cys C 

Glutamine Gln Q 

Glutamic acid Glu E 

Glycine Gly G 

Histidine His H 

Isoleucine Ile I 

Leucine Leu L 

Lysine Lys K 

Methionine Met M 



 

145 
 

Phenylalanine Phe F 

Proline Pro P 

Serine Ser S 

Threonine Thr T 

Tryptophan Trp W 

Tyrosine Tyr Y 

Valine Val V 
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