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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 digrupting microbial lipid bilayers. This alternative mode of action
attacks aonserved structural component of tedl andoffers a promising alternative for

treating infections caused by mulésistant pathogens.

To facilitate the translational dewgiment of antimicrobial peptides, it is beneficial to develop a
fundamental understanding of their behaviour. However, resolvirigtdractions between
antimicrobial peptides and lipid bilayasschallenging. Disruptiomo the lipid packingccuss at

the nanoscaléas oftendynamic andadapts undedifferent environmentonditions

Consequently, the rules linking peptide sequeaceechanisms of membrane disruptenmd

biological activity remaitargely unknown

The work presented here directlgldreses this challenge. AFM imaging of model membrane
systems is used to visualidsruption mechanisms wittigh temporal and spatial resolution
The findings are then compared to biological assays, and reveal new sefguetioa
relationshipsStaring with a simplifiedd-helicaltemplate, we demonstrate that btite mode
of lipid disruption andhe biological selectivityof a sequencean be controlled at the single
amino acid levelNext, we demonstrate that incorporating motifs fioembraneactive but
nonl ytic pept i de -hsliealgesigmcanecsenfaiuxiiarydipidsimeratiions.
Movi ng on fhelices)ywesrovingthedirst Bvidence of membrane disruption by
multi-helix bacteriocins, resolving a hitherto unkmomultimodal mechanisnn additionwe
resohe the membrane interactions iipramolecular peptide structuresnfirming hat self
assemblycan offermechanistic advantagginally, preliminary datds presentethat improves
on thechemical andtructural specificity of AFMand therefore the insights into peptigsd

interactions that it can provide.



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 uaddinsg of the relationship

between sequence, mode of action and biological activitgddgled t@nable rational design of

more promising sequences.

The findings presented here will aid other researchers designing peptide sequences, by
providing possibleptimisation strategies. For example, our results indicate that more complex,
multimodal mechanissof membrane disruption induced by miiglix bacteriocingan

produce more potent antimicrobial responses. Furthermaregsultsin both Chapter 3 and
Chapter Sshow a loss of haemolytic activity when peptidducedmembrane defectre

restrictedto the uppeteaflet of the lipid bilayerThissuggestthat the design of sequendhat

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

In addition,thehere revealedequencdunction relationships may motivate more studies to be
conducted via the same approach, hgh-resolution imaging of model membrane systems
treated with closely related peptide seqesnender otherwise identical conditioheoking
ahead, significant progress would be made in the field if nanoscale AFM imaging could be
bestowed with chemical specificity. The final chapter describesjofecdncept methodologies
that advancéowards this goal, highlighting current progress (chang@ping 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 pemviewedjournals. In addition, a second review has been

submitted, and a fourth research paper is now ready for submission (s&sfpadetail3.
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1 I ntroducti on

Much of this introduction has been publisheddammond, K. Ryadnov, M. G.; Hoogenboom,

B. W. Atomic Force Microscopy to Elucidate How Peptides Disrupt Membr&nashim.
Biophys. Acta Biomembr2021, 1863(1), 183447

1.1 Antimicrobial peptides: structure and function

Antimicrobial peptides (AMPs) are a vast faynilf peptides secreted by nearly all organisms as
defence against invading pathogghisHumans alone secrete more than 100 different tijes,

with surface epithelial cells expressing an arsenal of AMPs that continuously prevent infection
[3] and neutrophil granules storing high concentrations that are released during phagi@gytosis.
Whilst conventional antibiotics target intracellular processes, many AMPs act by permeabilising
the pathogen membrafte. This alternative mode of action attacks a conserved structural
component of the pathogen, ueihg its ability to develop resistanf.Indeed, despite

coevolution with bacteria over millions of years, highiel resistance to these peptides has not
emerged7] 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 §rjf8¢&lost of these

mechanisms are nespecific, have wider implicatns for the cell physiology and confer only
moderate resistan¢é] 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 gg@jd3aptomycin, an AMP in therapeutic use
since 2003, provides clinical evidence for this with bacterial resistance observed at both low

frequency and low potend$0]

AMPs are multifunctional agents. They are actgainst a wide range of organisms beyond
bacterial cells, including fungal cell$1]i [13] cancerous cellg4]i [16] parasiteg17]i [19]
biofilms[12],[20] and viruse$21]i [26] In addition to direct attack of the pathogen membrane,
these peptides can have intracellular tarfiEtsFurthermore in higher organisms, they can act
indirectly by modulating the host immune response to infection, inducing chemotaxis,
stimulating cytokine release anedducing inflammatiofi28] This thesis focusesn 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 liphis system selbrganises 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 goobvéem, protein

lipid and lipicHipid interactiors as well as from associations with the underlying

cytoskeletorj29] Many AMPs target the lipid assembly, exerting thetiity by inducing

16



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 protgi$.and the ability of a

particular AMP to target a particular membrane depends on this distinct compf@iion.

Over 3000 antimicrobial peptides have been discovered to date. Sequences are typically
between 10 and 100 amino acids long and are of varying compositiongaggcstructure,
charge and hydrophobicity (Fig 1.[2)]. Non-ribosomally produced peptides can further
diversify through the inclusion of ngeroteinogenic amino acids, cyclisations and additional

functionalisations.

A

Figure 1.1. The structural diversity of AMP3he four main structural classes of AMPs are (A

D) hel isaketh mixed U/ b and extended. Exampl
(E, F) backbone cyclised peptides; (G) head to side chain cyclised peptides; and (H)

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

[33], with permission from ElseviePDB IDs of NMR structures are 2K60, 1KFP, 1ICA,

1G89, 1INB1, 1E68, 1Q71,2MIJ,forlA r espe-ei velkg. aUe ssheetwn i n

in green and disulphide bonds in yellow.

Despite this variety, conserved properties can be found thdigpese the peptides to interact

with their target membraseThese include the ability to fold into an amphipathic structures, as
well as the possession of a net cationic chip@mphipathicity drives membrane binding and
insertion by enabling simultaneous interaction with the hydrophiiid bpayer surface and its
hydrophobic corg34],[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 (PE6] 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 othengia in lipid compaosition, this

increase in surface charge results in increased cell susceptibility to AMP[&6h/{38] For
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example, the anttancer activity of the AMP temporhCEa correlatedirectly with the
overexpression of phosphatidylserine (FB9). Theexactrelationshig between peptide
sequencgandtheirmembrane activitarecomplex andreatingmore effectivesequences
(existingor de novy, i.e.with abetter therapeutic inderemainschallenging Antimicrobial
potency can depend anvariety ofbiophysical parameters such as charge, hydrophobicity,
kinetics of peptide selissembly, andtructuralamphipathicityf40] Increases in
hydrophobicity, however, often come at the expense of increased toxicity; for improved
therapeutic function, finrtuning the biophysical parameters of native peptide sequences is

commonly achieved through mass screening studileerrthan through rational desifi.

1.2 Resolving membrane disruption mechanisms

1.2.1 The use of modehembranes

To study thanechanisms of lipid disruption induced by AMRsd the fundamental peptide
lipid interactiongaking placesimplified phospholipid systensich as bilayers, monolayers
and vesicles areftenused Phospholipidsire the main component biblogical

membrane§37] They are omposedf a phosphate group attached to a glycerol with two
esterified fatty acythains (glycerophospholipids, Figeh) or to a sphingosine with a single
amidated acyl chain (phosphosphingolipids, FRP), andspontaneously assemble into
bilayers and vesicles in aqueous environments by packing their acyl chains into a hydrophobic
core. Chains are typically4to 24 carbons long and can be saturated, raomsaturated or
poly-unsaturated (see, e.g. Fi@R). The phosphate head group is further esterified to a
hydrophilic group such as ethanolamine, choline, serine or glycerol, gisentp phospholipids
with differing charge and curvature (see, e.g. FBf). The specific lipid compositiodictates
the thickness, surface charge and packing of the resulting bilayénanddel systes can be
chosen to better mimic theroperties of the target membrane.

1.2.2 Current findings

Using such model systems, the mechanisms of AlidRuption have been studied extensively

over the past few decades by a wide variety of experimental techniques. Fluorescent dye
leakage assays have beeadito confirm permeabilisation and quantify the size and kinetics of
defectd41]i [43] NMR has been used to resolve the 3D structure and organisation of peptide in
lipid membrane§44]i [47] circular dichroism (CD) spectroscopy and oriented circular

dichroism (OCD) spectroscopy have been used to measure peptide conformation and alignment
to the membrane surfa¢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 ¢5@[b[e8] In

parallel, molecular dyamic (MD) simulations are increasingly used to provide atdaviel

structural descriptionfa4]i [58]
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Figure 1.2. Phospholipids are the main lipid component of biological membrgAg&eneral
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 groeps {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, vaithesponding 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 hydrophilieadgroup (here choline).

This variety of techniques has shown that different peptide sequencesacteamnge lipid
assemblies in different way80] and has led to a number of disruption models (F3y The
barretstave poration model features peps 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 3A).[59] The toroidal poration models feature peptides that remain
bound to the lipid head groups and form pdnggulling the lipid head groups inward. Such
pores are larger and are lined with both peptides and lipids @By.[60],[61] Nor-porating
models include the carpet model, in which the peptide material remains surface bound,
roughening and disrupting the lipid packing (FigQ).[62] At threshold concentrations, the
lateral pressure can result in membrane collapse. Other models proposed arbageutge

phospholipid clustering (Fig 3D), the induction of nolamellar phases (Fig 3E) and
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localised thinning and thickening effe¢tsg 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[@8bugh.
Furthermore, segregation of lipids into discrete domains restricts their lateral mobility, reducing
the ability of the bilayer to repdi64]
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Figure 1.3. Different sequences exert different modes of membrane disrufttisrincludes (A)
barrel-stave poration; (B) toroidal pores; (C) carnpdisruption leading to micellization; (D)
phospholipid clustering; (E) induction of ndemmellar phase; (F) bilayer thinning; (G)

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

Unlike the case for poforming proteins that form weltlefined structures in lipid bilayers that
are amenable to cryoEM and AFM imagieé]i [70] much of the details of peptidaembrane
interactions remains uncleg] Peptides are smaller and more disordered, and their membrane
interactions appear to be less static and less well defined than thamsigxrular protein
counterparts. Current studies indicate that peptidaced membrane permeabilisation is a
dynamic process, with defects consistent with different models able to grsealrand inter
convert[30] Furthermore, defect formation can lisgrd to resolve as it is occurs on a nanoscale
and can be heterogenaarzross the surfac€onsequently, different biophysical techniques can
give conflicting resultsThis issue is exemplified through the case of the archetypal membrane
permeabilising petide 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 membraf#y.

One technique weluited for dynamic mechanistic analysis of peptide sequencebdsith
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 cantileveminesd across a surface;

the distancalependent 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 adtipn for imaging in liquid, AFM has made significant
contributions to our understanding of biological systgf@$ Samples can be visualised under
nearnative conditions, at (sub)nanometre resolution over timescales of seconds to hours. Over
the past decade,-liquid AFM has successfiyl been used to directly observe different peptide

induced disruption mechanisptiscussedn section 1.3.

1.3 In-liquid AFM to study peptidedisruption

1.3.1 Supported lipid bilayers (SLBs)

As with other biophysical techniques, AFM studbépeptidelipid interactionshave

predominantly used modeiembrane system$o 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 methodg4],[75]. The LB method uses sequential

deposition of lipid monolayers. The vesicle fusion method relies on the spontaneous adsorption
and rupture of liposomes tma 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 pHiand ion
strength of the solutiofv.6] 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 Angstromsenabling higkresolution imaging77]

Vesicle

. Adsorption Flattening and rupture

4 bbb H

Bilayer

=

I

Figure 1.4. Schematic showing the vesiflsion methodVesicles 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 phasekd) or more solid gel state phases)(@pending on the

temperature and the composition of the lipids, with every lipid having a unique melting
temperature (#) below which they constitute membranes in a solid gel state and above which
they preferentiallyadopt liquid phases. Biological membranes control their compositions to
exist as liquid phases and, with the exception of very specific examples (sE&]e.the gel

state phase is not physiologically observed. These liquid membrane phases have traditionally
been considered as 2D fluids, with lipids and proteins freely diffyg@igzvidence for lateral

heterogeneity and the formation of discrete domains is updating this to a more complex pict
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of the membrane as a compartmentalised syR6irin eukaryotic cells particularly, fluidity
across the membrane isttmmogenous. Sterols such as cholesterol can interact preferentially
with lipids such as sphingomyelin, condensing int@albed liquid ordered phasedjldomains,
which show increased packing density and lateral order of acyl chains whilst retaining
fluidity.[80] The mammalian plasma membesis rich in cholesterol and recent analysis of the

plasma membrane of live HelLa cells measured 76%dions to 24% 4regions[81]

Unlike mammalian cells, bacterial membranes lack high quantities mfmoting lipids and
hydrophobic molecules, and are typically modelled by single phase, anidlidk. Some

evidence now indicates they may also contain donjd8ig82] with regions of higher fluidity
drivenbyclust r i ng of | i[®3]athd regioms ofllower fluidity ;duced by the

presene of hopanoids, proposed to act as a functional equivalent to cholesterol and detected in
some bacterial straif84] Factors such as lipid curvature preference, protein interactions and
the underlying cytoskeleton can also leaddtehogenous 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 coefficientO ~10°3 um? s'%).[37] AFM imaging of such assemblies has resolved
individual lipid head groups with sutanometre lateral resoluti¢®6] However in more
physiologically relevant fluid bilayers the diffusion of each lipid is orders of magnitude faster
than even the highespeed AFM can currently acquire an ima@e-@ unt s'!) [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 frohygiological membranes by being in
close proximity to the solid suppofthe hydration layer between the lower leaflet lipids and the
underlying support (around 1 nm thidB)’] conserves lipid fluidity and dynamics, but
depending on lipid compositidnthe diffusion coefficient in SLBs can be arouna times
smaller than in free standing bilayers such as G[88EThis is thought to be due to atomic
scale corrugation on the substrate surf89Model membranes such as tethered and polymer
cushioned bilayers have been used to introducaeesipetween the solid support and the
lipids, reducing the influence of the substii@@],[91] Recent advances in the preparation of
floating bilayers, with tuneable agueous layers 6BQ(hm represenmhore accurate biomimetic
models[92] andtheir 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 issparening ayers,

which retain the frestanding nature but introduce solid support at the pore edges. Such systems
22



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 mgaiilP-induced membrane
disruption[93]

Secondly SLBs are composed of simple phospholipid mixtures that clearly do not reproduce
the complexity of the cell membrarendadvances in AFM studies of more physiological

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

membranes and purple membranes have been extracted, ruptured and adsorbed onto mica
substrates for AFM imagin@4],[95] providing both native lipid mixtures and incorporation of
membrane proteins. Recently, high resolution imaging of a vesicular bacterial chromatophore,
i.e., a cuved native membrane, was also reported, despite it being supported only by the fluid in
the vesicle and the mechanical properties of the membrangd96glf.

Studieshave also beeconducted on whole pathogen cells. Many have been conducted in air
(see, e.qg., refl@7]i [105]) although dynamic information gained fromair studies remains

limited, and the risk of introducing drying artefacts cannot be ignored. A numbeliguiith

AFM studies with live cells have also been attempt@é]i [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 rougbfhiegli cells after

peptide treatment, correlating the kinetics of roughening with cell §i&E8hThanks 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 compgatalthat obtained on SLBs
[114],[115]and it may now be possible to visualiscal peptidenembrane interactions in live

cells.

Whilst more physiological approaches have advantagedel membranes aceirrentlybetter

suited to study thfundamental basics of peptitlpid interactions AFM is a surface technique

that providesio 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 dnativitgellstress
induced membrane changes. As w8llBs provide access to larger length and timescales than
would be possible in live cellandthe highly controlled experimental conditions endhke
contribution of different variables (e.g. lipid charge, fluidity, thickness) to be directly assessed.
Therefore thefocus of this thesis is ofFM imaging of peptidenduced lipid disruption within

a model membrane systein section 13.3, we reviewthe findings of previoumodel

membranestudies

1.3.3 In-liquid AFM studiesof peptideinducedmembranelisruption
Over the past decade, direct observation has been made of membrane topographies consistent

with barrel stave poration modglkl6],[117]carpet disruptioifl18] toroidal poreg§119]
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bilayer thinning[120],[121]transitons to noAamellar phas§l20]i [122] and formation of
localised domaingl18],[123]i [126] Through parallel experiments, domain formation has been
attributed to peptidénduced lipid clustering] 23] localised membrane thinning or thickening
[118],[124],[125]and localised changes to lipid fluidity26]

What is perhaps surprising is that different peptide sequences interact with lipids in very
different ways to elicit disruption and permeabilisationeftamongst sequences containing the
same secondary structure and similar biophysical properties, divergent modes of disruption are
induced[30] To emphasiséhe diversity of mechanism observed, igl.5 shows examples of
disruption modes observed for peptides with shared biophysical properties. All peptides are

| i near a nhelicds,antaih only prdieinogenic amino acids, and possess a net cationic

charge.
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Figurel5.Var i abl e modes of membrane disrupti on
helices with a cationic net charg&FM 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)
Smp43 induces fractalike 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) f&19] with permission© 2019 American
Chemical Society(B) ref.[118] licensed under CC BY 4.8nd (C) ref[127] licensed under

CC B¥NC 3.0, Published by The Royal Society of Chemistry

Magainin 2 is a 23 amino acid sequence secreteéldogfrican clawed froglenopus laeviand

folds into delixvdtmenbticharae oh+4.d oderved to form pores in SLBs

consistent with the toroidal pore model (between 10 and 20 nm in diameter, Fig11LSA).

Cecropin B is a 35 amino acid seque secreted by the giant silk md#yalophora cecropia
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and fol ds i nt-belixaithamehghargepfa7.i observéd to act via a non

porating mechanism, roughening the surface of SLBs, consistent with aldapeodel (Fig
1.5B)[118] Smp43 is a 43 amino acid sequence secreted in the venom of the Egyptian scorpion
Scorpio maurus palmatys and f ol ds i sheli®gwith anetchmaméddf piakt hi ¢ U
observed to form defects in SLBs that are confilndthé upper leaflet lipids and expand in a
distinctive fractallike morphology (Fig 1.5C)j127] 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 peptideluced monolayer removal (PC:RG)

Whilst sequences with similar biophysical properties can exert very different effects, sequences
with very different biophysical properties can induce similar efféPjgGKY20, a peptide

modelled on the Gly271 to 11e290 sequence of the human throfoluis,into a linear

amp hi p-hdixhandisodderved to induce charggased phospholipid clustering in muilti
compositional SLB$126] Colistin is an AMP secreted by the bactdgcillus polymyxawith

entirely differentproperties (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 peptidénsamnA

proteinogenic amino acids. Despite the difference in sequence and structure, it too is observed to
act via lipid clustering123] Addition of colistin to multicompositional POPC/LPS SLBs

induced membrane separation into k®fistin rich domains and LP&listin poor domains

(Fig 1.6B). Collectively these resuliemonstrate two things. Firstly, that membrane
permeabilisation can occur through a number of-defined modes. Secondly, that subtle,
currently poordefined properties of the peptide sequence control the mode of disruption that is

induced.

1.3.3.1 The role ofamphipathicity

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 secopdaructurg120] 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)nehile
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 assenmiglipaidhes spontaneously form

compact, round areas, due to the line tension that arises from the energy cestafgimng

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

elongation of the patch boundary. In coatralamethicin showed no line active behaviour.
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Figure 1.6. Colistin induces phospholipid clustering in mixed SlE&semical structure of

colistin consists of a-7amino 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 (i) treatment
with colistin. Clusters 2 nm high appearrass the membrane surface. A model schematic is
shown in (iii). Reproduced from rgl.23] licensed under ACS AuthorChoi& 2018 American
Chemical Societyscale bars 1 um.

The authors propose that imperfect amphipathicity is a prerequisite for peptides to adopt to the
curvature of membrane edges if they are to staldlisepropagate boundaries. This idea has

been proposed previoudli28] and is consistent with other AFM studies of imperfect
amphipathic sequences with SLB patcfigtl],[129]and with AFM studies on phase separated
Lo/Lq bilayers (see, e.g. Fig 1.[030],[131]In Lo/L4 SLBs, there is a hydrophobic mismatch
between the two phases angdomains form in compact round patches to minimise the
boundary length (Fig 1.7A). Liractive AMPs such as melittin can, besides inducing poration,

cause domain edges to become extended d@atblyenous in shape (Fig 1.7B).
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Figure 1.7. Melittin-induced remodelling of lipid boundary edg&) AFM topography image of

a phase separated,Lq 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 L (brighter) and ks (darker) domains; (B) Topography image after addition of nmlitt
Besides causing poration, the peptide induces heterogendosnains with extended boundary
edges. Adapted from rg¢l.30] with permission© 2016 American Chemic&8ociety

1.3.3.2 Resolving disruption dynamics

While timeresolved 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 cgrow over timg132] A de-novopeptide sequence termed ambhelin,
designed to f ol d i-heticesloagepoughpoagama lipithperairtducedn i ¢
pores that expanded and merged. Consistent with subsequent studies, defect growth progressed
in a heterogenous wd¥30],[132],[133]The authors proposed thance 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 sedrpioni -hediadhl AP

Smp43, demonstrates fracthk e expansion (Fig 1.50)27] The morpholgy of the defects is
consistent with a twalimensional diffusiodimited 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 toetfaggregate 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 fractalike 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 synthié® pHD108 can form both stable and
metastable pores, the latter fluctuating on-setond timescald$34] With a temporal

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

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

membrane recovery and pore sealhgs]

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. Theleshmature of SLB
experiments enables-otepth analysis of factors that enhance or reduce peptide activity.
Detailed comparative studies have been conducted on the effect of lipid fluidity, thickness and
charg€g119],[127],[129],[130],[136][141], the pH and ionic strength of solutifitB4] and

peptide concentratiofl.19],[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 (sed418@j,[136]). Lower
fluidity bilayers, such as those containing cholesterol (liquid ordegedrithose prepared
below the gefluid transition temperature (gstate $) have higher lateral order and increased
hydrophobic interactions between fatty acyl chains, reguiti an increased energy barrier for
peptide insertion.

Incorporation of anionic phospholipids generally increases the activity of cationic
peptideqd127],[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 bilgytdi@]. This is consistent with
manyother studies that show that AMPs are charge seld@4dt 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 chargeedonot influence their disruption abilit$30],[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 factorsncrease 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 B31] Similarly, differences in lipid
fluidity can alter the mechanism. A synthetdi

different effects in the gettate and fluidstate SLB$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, prdt€B(

1), an 1 8 -harpii peptide aausesiboumdary remodelling at low concentration (Fig
1.8B), bulk poratiorat a higher concentration (Fig 1.8C) and induction of alaotellar worm

like phase at higher concentrations still (Fig 1.8203] Collectively, these results demonstrate
that AMPs are highly flexible agents that can adapt their modes of membrane disruption under

different conditions.

A

Figure 1.8. The AMP protegriril induces different modes of membrane disruption at different
concentrations(A) With no peptide, the SLB is defect free andtiémsion maintains a smooth
boundary edge; (B) with low concentrationRiB-1, the peptide acts at the SLB edges,
elongating the boundary; (C) with increased concentration oflRgeration is observed and

(D) at high concentrations of PG the bilayer is transformed into a structure with much
reduced thickness, consistent witbrm-like micelles. Reproduced from rff43] with

permission from Elsevier

1.3.3.4 Tuning disuption 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 tisruption mode, native AMP sequences can be used
as templates to produce combinatorial libraries of sequences and condtibrbigynput
screening to identify analogue sequences with more desirable lipid interactions (e.g. vesicle
lysis at lower peptideoncentration)144] The change in mode of action can then be validated
by AFM. This apprach wassed for the peptide melittin, a 26 amino acid peptide toxin
produced in honeybee vendiai5] The firstgeneration analogue, MelP5, elicited defects with
depths in two main gaulations, 0.3 nm deep and 1 nm deep. (Fig 1.9B,C). In contrast, the
seconegeneration 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.
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Figure 1.9. Comparison between two sequenasilting from higkthroughput screening of
melittin-like peptidesAFM topography images of SLBs treated with (A) the segendration
analogue, macrolittin 70 and (B) the firgeneration analogue, MelP5. Scale bars 50 nm; (C)
The defect depth disttittion for each sequence. Both sequences disrupt the bilayer, with
macrolittin70 showing greater variability in defect depth. Reproduced frorfilds] with
permission© 2018American 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 specifieffifiite or
peptidepeptide interactions. Whethtire intended effect has taken place can then be validated
using AFM. Some work has been conducted in this, améhel-helical AMP cecropin BThe
peptidesequenceNH-KWKVFKKIEKMGRNIRNGIVK AGPAIAVLGEAKAL -CONH;,)

contains an AGPA motifAla-Gly-Pro-Ala), known tointroduce kinks in alpha helic¢$46]

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 contrest\terminal region is

highly cationic and hydrophobic and plesposed 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] Removingthe 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[AE\).
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In the same study, Pfeil et al demonstrate the effect of promotingh®dixxinteractiong118]

Glycine zipper motifs, G(X wher e X is any resi du-belcayn d n =
and this motif isused in AMP sequences to tune membnasponsive folding and to reduce

helix oligomerisatioj147],[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 helixhelix interactions by converting i, i+7 spacings of similaidees to i, i +3 and

i, i +4,[149] CD indicates the sequence now exists as caitéid. 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. AB&®A motif and C terminal domain

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

peptide oligomerisation into organised pores rather than independesgdipide interactions.

1.4 Concluding remarks

AMPs are a highly diverse family of peptiddisked by their common ability to disrupt lipid
bilayers.It is nowwell accepted that different sequendesupt and rearrange lipid bilayers in
different ways and thaeven for single sequengegptide lipid interactions can baighly

dynamic, heterogenous and responsive to different environments. This versatility exalains
least in part why AMPs are so challenging to study: different experimental techngiues, with
different experimental conditions andfdifent 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 resdipel -peptide
assemblieghe nanoscale without losing information to ensemble averagikgshis

technique a powerful tool for better understandingptiysical basis ainembrane disruption
mechanismsOver the past decade;liquid AFM studies havevisualiseda wide variety of
defect morphologies, with different sequences shown to exhibit distinct butlefeied modes
of permeabilisationDisruption kneticshave also been resolvadith defects observed to

expand, to remain static and to reseal.

Despite tlis successin-liquid AFM remairs an underutilised technique compared to more
traditional methods of characterising peptide actiiyrthermore, studies to date have
predominantly focused arsolvirg the mechanisms of native sequenagsido not attemipto
resolve more generalised relationships between peggigitgencanddisruption modesThe
research described here addresses this challenge. The thesis focusesliffe feoty
antimicrobial motifsaffectlipid-peptide interactions, from the levelsihgle amino acids in
Chapter 3 to supramolecular systems in Chapter éntrast to most previous studiés;M
imaging ishereemployednot just to the system of interest but to a range of closely related
sequencedBy 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 elucidatédrthermore, the findings are then compdrethe

biological activity of the peptides.

Using this approactthis thesisnvestigates botsimplified model sequenceand more
complexnative systemdn Chapter 3ve start withanidealised-helicalantimicrobial

template, astool to trigger distinct lipid interactionsith single amino acid mutationk
Chapter 4we expand tis archetypal AMPU-helicaltemplate and demonstrate thite

expansion conferadditional membrane propertigsthe segence In Chapter 5we move from
single helix peptides torative,clinically promising, bacteriocirwith a more complex,
multihelical fold. We demonstrate thte multihelix arrangement supports a hitherto uknown
multimodal mechanism of membrane disruption, and that this is conserved across the
bacteriocin clasdn Chapter 6yve move to a supramolecular leveharacterigmg aself
assembling antimicrobial stgsnandrevealing the differences in membrane disruption
mechanisms when compared with monomeric AMPs. The refdtsibedrovide novel
insights into AMP sequence to function relationships, and will help to inform the future
optimisation of antimicrobiasequences for application either as laboratory tools or for clinical
developmentHowever, the lack of chemical information that ARMaging can provide means
that moleculattevel insights remain speculative. To address this limitation, the final chadpter
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 met hods

2.1 Preparation of AMPs

The peptides in thithesis were made chemically, using microwassisted solid phase peptide
synthesis (SPPS), explained in detail in the following secfis,[151] | synthesised and

purified all peptides, with the excen of some described in Chap&emwhich were provided

by Dr Brunello Nardone at the National Physical Laboratorng(p i der mi ci n, U1/ U2
U3/ U4, U1/ 02/ U3mutadtg/ U3/ U4, and Arg

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

CY N terminus by sequential addition of amin
products to be washed away after each reactior] B5®pAmino acid building blocks used in

SPPS have protecting gr ouqabxykctacidaThd polymericct i v e
resin on which peptide synthesis takes place is functionalised with a chemical linker, and the

first amino acid is attached to the linker viallksarboxyl. Once the first amino acid has been

attached to the resiits N-U p rtirgyigreup is selectively removed to leave a free amine. The
second amino aci d i s-cardoglgrougofarp aneamidetbendda hi s v
facilitate the coupling reactioh, h ecarlidyl is activated to increase iectrophilicity (see

below for further detailg)152] The peptide is assembled by repeating thisdtep process of

selective deprotection ofthe® pr ot ecting group of the anchol

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

Figure 2.1.
R1 R1 O R1
H
O P '1 H e [ll\)-‘\
E deprotection M activation O r?]
H 0 and coupling z H 0
R,
Ro
0.
QL,\Ij H
H
0

Figure2.1. Thetwes t ep processThe fCiYr Nt SPRiISno -aamnd d, pr
group (red circle), is attachedai t -sarbbkyl to a polymeric resin support via a chemical

linker (black filled circle) In step 1 selective deprotection of th&/N pr ot ecti ng grou
free amine. i step 2 the second amino acid is coupled to the chain. This requires activation of

the U-carbaxyl of the second amino acitty increasdits electrophilicity.

2.1.1.1 Protecting groups
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The most common protection scheme employed in SPPS is the orthogonaBEmpmaatection
schemd153],[154]Abasel abi | e Fmoc g raminedFig®2A) tweilstbcel t he U
labile groups such as Boc aifii protect reactive side chains (Fig 2.2B). The orthogonality

all ows sel ect i vamiteawingsyntasis indenrelaively rmild leasid)

conditions (Fig 2.2C), with no premature cleavage of side chain protection qid&R}s.

A
Oy
0
i (]
0
0
» )
Boc tBu Pbf o// X Trt ‘
C

Figure 2.2. Fmoc/Bu protection scheméA) Thebasé abi | e Fmoc graming pr ot
group; (B) acidlabile groups protect reactive side chains, with Boc commonly used for amines

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

guanidinium (Arg) andrt for amides, imadazoles and thiols (Asn, GIn, His, Cys); (C)

Piperidine removes the Fmoc grofipm the amino acid e s u |l t i n @minenThea fr ee U
dibenzofulvene bgroduct is scavenged by more piperidine.
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2112 Activati-cabbxypf the U

Coupling reagestare used to increasiee electrophilicityof the U-carboxyl A general

schematic is shown in Rige 2.3A. The coupling reagent reacts with thearboxyl group via
nucleophilic acyl substitution reactions to geneeatgore electrophilicarbonyl carbonvith

better leaving grougd.55] In this thesisthe aminum saltHBTU was usedsa coupling
reagentHBTU is used in combination with the tertiary amine base DIPEA, as the first step of
the reaction requires attack by the carboxylate afibafull mechanism is provided in Rige
2.3B, and results inlaenzotriazolyl estefThiscan then be attacked Hye amineof the

growing peptide chairto form an amide bond

A
R
H
0 coupling 0 \f}l/ 0
reagent " H :
R 0 R / Act R N
0 ' H

B Y
o R
)J\ Y 3
0 N 4He |— N
X v DIPEA
0

0 R 0 R — |
G oA e
I 5 \. ‘\( . G /N;:
Sl
Ny PRy N/
N N
N N

HBTU © benzotriazolyloxy anion

N
i~
N

.
l R N
h I i |
PFe N Sy N )J\ B
i~ | (T
tetramethyl °
etramethylurea O benzotriazolyl ester

Figure 2.3. Coupling reagents in SPPG.A) The gener al mechani sm f o
carboxyl group is a nucleophilic acyl substitution reaction that results in a more electrophilic
carbonyl, enabling amidation; (B) Mechanism for aation by HBTU Thetertiary amine base

DIPEA deprotonast h ecartidxylic acicto form a carboxylate ion. This can then attack the
electrophilic HBTY with benzotriazolyloxy anion acting as a leaving group. The

benzotriazolyloxy aniothenreattacks the intermediate ester to fottme benzotriazolyl ester.
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2.1.1.3 Chemical linkers and resins

The resin itself consists of an inert, insoluble cliodsed polymer. Polystyrene crosslinked
with 1-2 % divinylbenzene is widely used, as are polyethylene glycol based[f&s6ih$157]
The polymer is functionalised with an adabile linker to enable attachment of the growing
peptide chain. The choice of linker determines titer@inal functionality of the final
peptide[158] Most commercial resins contain linkers that produger@inal acids and amides

although linkers that produce @rminal alcohols, aldehydes and thioesters are also aeailabl

2.1.1.4 Cleavage of the acithbile linker and acidabile protecting groups

Following assemblyan excess atoncentrated trifluoroacetic acid (TFA) is used to cleave the
peptide from the solid resin support and remove the protecting groups on amino achdside
(see, e.g. Fig 2.4Reactive carbocations are generated during the cleavage reastions a
scavengersontaining mobile protonsuch as triisopropylsilane (TIS) and®are added to the
cleavage mixture to minimise unwantEdeproductg.159]

e

Figure 2.4. TFA cleavage of acithbile Bocprotecting grougromt h @mird group of Lys
Only the amino acid side chain is shown. The resulting product is aalEA
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2.1.2 Synthesis conditions used in this thesis

All peptides were assembled ohiberty Blue microwave peptide synthesiser (CEM
Corporation) using standard Fmé& protocolsPeptdeswere made at 0.1 mmol scaResin
loading was between 0.3 mniaj and 0.6 mmol / grhe choice of resin depended on the
desired C terminus functional group. For carboxylic acids|qaded Wang resins were used.
For amides, 4nethylbenzhydrylamine (MBHA) rink amide resins were ugedino acids were
added in 5x excess (0.5 mmdiBTU/DIPEA were used as coupling reagegi®$ mmol

HBTU, 1.0 mmol DIPEA)N-U Fmoc deprotection wasinachieved
DMF. Exemplaryconditionsusedfor microwavedeprotection andoupling are given in Table
2.1.For longer sequences, double pling was performed-or Arginine,bothdeprotectiorand
coupling was performed at a lower temperafarea longer timedeprotectiory5°C, 60W,

180s; coupling’5°C, 60W,300s). Following synthesis, the peptide was cleaved using 95 %
TFA, 2.5 % TIS an@.5 % HO (v/v), precipitated from the acidic solution using cold diethyl
ether, resuspended in ¥D and lyophilised using a VirTis Benchtop Pro 8ZL Freeze Dryer to
give a crude peptide powder.

Table2.1. Standard couplingyclesused for SPPS of peptidiesthis thesis

Conditions
Step| Temperature, °q 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 Ghamaueptide
epidermicin NIO1 contains an-términal formyl group. Formylation was performed on the resin
with p-nitrophenyl formate used as the formylation agent. 5 equivalentsitfophenyl

formate, 10 equivalents of DIPEA and 1 mL dimethylformamigee added to the resin, which
was rotated for 16 hours. The peptide was then cleaved as normal. For the triskelion capzip
discussed in Chaptér a twostep synthesis was used. First, a tripeptide was synthesised on a
rink amide resin: [Nk b-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 [MHb-Ala- Lys- Lys- MBHA rink amide resin], a tiunctional

hub to whichthree peptide arms (RRWTWE) were then attached via standard SPPS procedures.

37



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, sicl®reasucltasguanidinylation

can cause premature termination of peptide chains that result in truncated sequences, and side
products can be produced during TFA clead®®] The desired peptide can be separated from
these impurities using reverpbase high performance liquid chromatography-(RP

HPLC)[161]

2.1.4.1 Basic principles of gradient RRPLC

The basic principle in RIPIPLC 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 nonpolar 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 separatéd from
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 agigergase the affinity of the peptide

for the stationary phase.

CH,

CH T
NN Ny
(H2C\3)1? (l) OH oH ?'\,
i“SiﬁoHo 0O
v

‘ OH
Sio,

Figure 2.5. Schematic of a C18 stationary pha$he stationary phase is packed with silica
particles (5 em in diameter) that are functd.i

The mobile phase begins as a polar phase and is gradually shifted tpaargoshase. In this
thesis the mobile phase consisted of agaemetonitrile (ACN), starting from 10%s/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 arp@ining reagent. The negatively charged
trifluoroacetate (TFA) binds to psitively 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 RPHPLC fractions

Eluates are monitored by UV spectrosgognd collected from the column in fractiaghe 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
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most widely used1S methods is matrix assisted laser desorption ionization coupled to time of
flight analysers (MALD!} ToF). Advantages of this technique include soft ionization, which
allows mass determination of intact peptides, high sensitivity allowing small quaittities
analysis and high speed of acquisition allowing large sample sets to be analysed bb@ikly.
Following MS analysis, fractions that contain only the peptfdthe corectmass are

combined. The purity is then confirmed by analyticatf#PLC. 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 thespea

2.1.4.3 Protocols used in this thesis

All crude peptides were dissolved in®iprior to purification. Serpreparative RFHPLC was
performed on a Thermo Scientific Dionex HPLC system (Ultimate 3000) using a semi
preparative Vydac C18 5 em column. TIfkle%mobil
agueous ACN, 0.1 %FA) and B 00 % aqueous ACN, 0.1 % TFA)V/v). A gradient was

initially run from 106 70 % solution B over 30 min with a flow rate of 4.7 mL / min. The

gradient, rurtime and flow rate were then optimised for each peptide to improve separation.

UV detection was at 2land 280 nm.

MS analysis of peptide containing fractions were manually acquired using an Autoflex Ill mass
spectrometer and the FlexControl software (v
each fraction was ©Oiydioxyberza acu,depbsitetl onola steef 2, 5
Mtp 384 Target Plate (Bruker Cooperation) and allowed to air dry (15 min) before MS
characterisation. Pure fractions were combined and analyticelFRE performed on a 300 uL

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

Vydac C18 5 e€m column and two solutions: A (
agqueous ACN, 0.1 % TFAJv/v). A gradient was run from 1070 % solution B over 30 min

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

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

stored at80 °C until use. If < 90 % purity was observed fractions weqrdied. The final

MALDI -ToF mass spectromgtspectra and analytical RPPLC traces for all peptides

synthesised in this thesis are shown in the appendix (FigA88). The yields calculated from

the theoretical mass of the peptide produced from 0.1 mmol synthesigacgé from 5%

(more comgex or longer sequences such as epidermicin NI01 (Chapéed Capzip(Chapter

6) to 20% gsimple linear sequences, bienA and bienK (Chapter 3) and tri@vWiBpter 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 inl mL H2O. The concentration of this stock solution was determined using the
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BeerLambert Law Eg.2.1, whered = absorbance; = molar extinction coditient, (M cnr

1), ®= concentration(M) andd= optical path lengthcm)).
6 - oa (21)

The molar extinction coefficientof 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 disulphidg 1@8ids.
- & - € - € - (2.2)

- 5500 Mcmt, - 1490 Mcm', - 125 M cm!andé jf = number of tryptophan,

tyrosine and cysteine residues in the sequence.

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

coeffident 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 efat 214 nm combines experimentally calculated contributions from
both[164] Following concentration determination, staxlo | ut i ons wer e al i quo
frozen, and stored &t80 °C. Single aliquots were removed when needed and discarded after

use, avoiding freezthaw cycles that can lead to peptide degradation.

2.2 Biophysical characterisation of AMPs by circularidimism (CD)spectroscopy
Throughout this thesis, circular dichroism (Cfpectroscopis used to assess the secondary

structure of peptides in different conditions.

2.2.1 Basic principles of CD

CD spectroscopyneasures the differential absorption of circylgblarised light. Chiral
molecules absorb lefand righthanded circularly polarised light to different extents, giving rise
to positive CD signals when more Kifanded light is absorbed and to negative CD signals
when more righhanded light is absordgEq. 2.3, wheré y = absorbance of left/right

handed circularly polarised light,y = molar extinction coefficient of left/rigitanded

circularly polarised light{M! cm) o= concentration of chromophoff!) anda= optical path
length,(cm)).[165] Achiral molecules absorb left and righénded polarisations equally and do

not give a CD signal.
YO 6 0 - oa- ©d(2.3)

2.2.2 Resolving peptidsecondary structure

The peptide amide bond has two transitions a
nm and a n"* transition at ~ 222 nm. Althoug
arrangement of amide bonds in the chiral field of the protein leadSBbsagnal, as coupling of

electronic transitions between peptide groups results in composite transitions that are optically
40



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.6). This is extremely powerful and has led to widespread use sp&groscopy

for determination of the secondary structure of peptides and proteins in sfilétdFor

e x a mp-HeliEes gite CD spectra with 3 bands, a positive band at 19&ma
perpendicular ~~* transition, a negative ban
negative band at 222[16AAm from the n”* transi:t
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Figure 2.6. Characteristic CD spectra of different secondary structutdselix (1), anti-
p ar aisheet®)and random coil§). Reproducedrom ref. [168] with permission© 1969,
American Chemical Society.

2.2.3 Processing and analysis

2.2.3.1 Units of measurement

Left-handed and rigkttanded circularly polarised light of equal magnitude superimpose to give
linearly polarised light (Fig 2.7A). Aftanteraction with a chiral sample, differential absorption

of the lefthanded and righhanded components means that the resulting vector is no longer

l' i nearly pol arised, but traces an ellipse (F
is the ratio of the minor to major axis of the ellipse. This is the standard unit of measurement
usedin CDinstrumenfd69]d i s numerically rel atyéelat o t he
factor of 32.98 (Eq. 2.4).

— oy Yo (2.4)

2.2.3.2 Normdisation
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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 |
converted to mean r]edegcitdmel!rest))by Guaiion 2.%wyere( MR E ,
0 'Y is the mean residue molecular weigh¢moldn®) is the peptide concentration amis

the path length (cm))his normalises for the concentration of the sample and for the number of
amide bonds.

S — (2.5)

T he u daso allbws fhelfraction helicity of any peptide to be estimated (Eqg. 2.6). This
estimation is derived from experimental edétions of | for proteins with 0% (3000
degcnidmol?) and 100% (33,0000 degédmol?) helical contenf170],[171]

QOO QO Réwo—— (2.6)

Figure 2.7. Schematic of circular dichroisrtd) 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 Il eft (L6) and r
magnitude, and theirvemtr s um produces elliptically polar
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 JASCOspectropolarimeter

fitted with a Peltier temperature controller. The spectra presented are the averaganst 4

The measurements were taken in ellipticities
converted to mean gerhottes) Thad data \was colkectead fraens300[ d ]
to 190 nm, with a 1 nm step and 1 s collection time per &tely. data with a HT voltage below

600 V wasused as above thiimit the signal to noise ratio is too low. Therefdog,some

samples, spectra ameincated belov200 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

Chapters peptides were also analysed with increasing % of the solvent-Zy#|Roroethanol

42



(TFE). TFE promotes the formation of intramolecular hydrogen bonds and is used to assess the

maximum helical propensity of a peptide.2]

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
palmitoyl2-oleoylsnglycero3-phosphocholig), POPG (thexadecanoy?-(9Z-
octadecroyl)-sn-glycera3-phosphe( irécglycerol)), DLPC (2dilauroytsnglycero3-
phosphocholine) and DLPG (i¢lauroytsnglycere3-phosphe( trécglycerol)). All lipids
were purchased from Avanti Polar Lipids (Alabaster, AL) in powder form and store2D#C.

For the preparation of zwitterionic SUVs, PC phospholipids were used (POPC in Ghapdier
7, and DLPC in Chaptef} 4 and 6). For the preparation of anionic SUVs a 3:1 molar ratio of
PC:PG phospholipids were used (POP@?G (3:1 molar ratiojn Chapter$ and7, and
DLPCDLPG(3:1 molar ratiojn Chapters3, 4and6). PO phospholipids reflect the thickness
and saturatioeommonly found in plasma membranes. DL phospholipids produce slightly
thinner bilayers. Their use in Chap&# and 6 was to enable direct comparison with

computational studies performed by our collaborators.

SUVs were prepared using the vesigktrusion methodtl 73] 10 mg of lipid was weighed out

in a clean glass vial and dissolvedmlihor100 ¢
single lipidsuspension@OLPC, POPC) this lipidn-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) POPCPOPG(3:1 molarratio)) 75 eL PC soluti or
mL)ad 25 e¢eL PG solution (100 mg / mL) were coO
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 \\@réewe 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 sonicat&f &Hz 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 Lifescienceghd 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 diametersi~180 nm. For CD analysi
peptide:lipid ratios of 1:100 were used. The required volume of 1@ mlg 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 pL arfthtigeptide concentration

stated.

43



2.2.6 Thermal melts

CD spectroscopys also commonly used to assess protein secondary structure as a function of
temperatur¢l74] Depending on stability, proteins lose some or all of their secondary structures
at higher temperatureB o rhelitkes, the change in mean residue ellipticity at 222 nm with
increasing temperature provides information about the unfolding process. Asigrgtadal

curve reveals that unfolding occurs as a single transition, whevedappingsigmoidal 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 curvedtetieither a less well defined
starting structure or a heterogenous populdtién)],[174] The midpoint of each transition,T

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 temperéti@s.
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Figure28.Exampl e unf ol di ng c-lelical prateina(A)aiig2 nm f or
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. TheyTor each transition ishown. Proteins are (A) wild type tropomyosin

rat protein (£131) and (B) a A109L mutant. Adapted from j&€T7], licensed undeCC-BY.

In Chapteib, thermal melts were conducted for epidermicin NIO1 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 2C / min ramp rate. Unfolding curves at 222 nm were simultaneously

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

2.3 Biophysical characterisation of AMPs Hdynamiclight scattering (DLS) and
electrophoretidight scattering (ELS)

In Chaptel5, the size distribution of epidermicin NIO1 in solution is assessed by dynamic light
scattering (DLS). I n DLS, a |l aser |l ight (@&
scattered light is detected. Due to Brownian motibe,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.tAhort 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 trexestatt

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,ugtothe Stokeg&instein equation, the
hydrodynamic radius of the particles can be determined (Eq. 2.7, Wheteanslational

diffusion constanfQ i s Bo | t z ma fYis ermperatorey 5 tlyaamic yiscosity andis

the hydrodynamic radius).
o — (2.7)

In addition the approximate surface charge of epidermicin NI0O1 is assessed by electrophoretic

light scattering (ELS). Here, an electric field is applied to the sample. Charged particles move
towards tle 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 (whéris particle velocity—is the scattering angle

and_ is the incident wavelength). From the particle velocity, the electrophoretic mobility

can be determined (Eq. 2.9, wh@es the applied electric field). The zgtatential- (the

potential at the partictfluid interfac, can t hen be esti mated usi n
where- is the solvent dielectric constantis the zetgpotential, Ol i s Henrydés func
—is the viscosityL 78].

3Q

(2.8)

- (2.9)

© ——— (210

For both zetgotential andhydrodynamic radius measurements, a Zetasizer Nano (ZEN3600,
Malvern Instruments, UK) was used. Epidermicin NIO1 was resuspended in 10 mM phosphate
buffer, pH 7.4, at a final concentration of 900 pM. DLS and ELS measurements were carried

out at 25 °C (indw volume disposable cuvettes and folded capillary cells, respectively). From
DLS and ELS measurements, hydrodynamic radii andpratntial values were obtained
through the fitting of autocorrelati onmredat a
(version 7.03)as outlined above. Zefzotential 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 consig8bngadrdings.
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2.4 In-liquid AFM
Following the synthesis and biophysical characterisation of AMPs;rbei&giution imaging of

their membrane disruption mechanisms was conducted usliugiidd AFM.

2.4.1 AFM principles

A schematic of a standard-iigquid 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 rasterscanned across the surface, the cantildeledion (w changes due to distarce
dependent interaction forces between the tip and the sai@placcordingttiio ok ed6s Law

(Eq. 2.11, wher&Js the cantilever spring constant).
O Qo (211

These cantilever deflectioase continuously monitoredidng scanning by reflecting a laser

beam off the back of the cantilever onto a quadrant photo{lil@® 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 rightigdrants corresponds to the torsional movement.

A B
Mirror
Laser
Photodiode Cantilever N H
Liquid =l |\ ¥
Sample N By
z Sample
I y Z position NS
X .
XYZ scanner ggﬁgg}ﬁ‘;

Figure 2.9. Basic principles of idiquid AFM.A schematic of an AFM setup. The sample to be
imaged is mounted on a piezoelectric scanner that can ma@vevidA nanometre sharp tip
extending from the free end of a cantilever is raster scanned across the surface. A detection
laser is aligned on tahie 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 ref180], with permission from Springer Nature, © 20{R) 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 adjdspesitgon of

the sample to maintain a constant, yokefined defletion 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 adjustiipestion of the sample with a piezoelectric
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positioner (Fig 2.9B}.Protrusions in the sample topography increasedipple interaction
forces (and therefore cantilever deflection), and the feedback system lowensasiéion of

the sample in responseo®ersely, depressions in the sample decreasatiple interactions
(and therefore cantilever deflection), and the feedback system raisepdbiion of the
sample in response. These precisestimple 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 employedhiedisis
amplitude modulation AFM (AMAFM) and PeakForce Tapping (PFT), both operate on this
principle.

2.4.2.1 Amplitude modulation AFM (AMAFM)

In AM-AFM the cantilever is oscillated near to its resonance frequency atdefimed

amplitude, whictthanges 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
samplefeatures will dampen the amplitude of oscillation, and the feedback system will increase
the tipsample distance in response. Similarly, lower features lead to an increase in the
amplitude of oscillation and cause the feedback system to decreasesémegi@ distance. A

main advantage of AM\FM is that the tip only encounters the sample at the bottom of each
oscillation, removing the high lateral forces present in contact fif@lé&M-AFM is also the

fastest mode of imaging and, with suitable cantilevers, controllers, piezoelectrierscand

detection systems, this mode can be operated at up to ~10 frames pef{E&tpnd

Cantilever oscillation in AMAFM is generally achiezd via a piezoelectric actuator attached to

the cantilever holder. This method is simple, but subjects the entire fluid cell to mechanical
excitation |l eading to a 6forest of peaks6 th
cantilever duringperation (Fig 2.10A)182] To avoid this, direct methods of cantilever

excitation have been deloped including photothermgl83] magnetid184] 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,ingusne-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 ofntie. However, the actuation laser can affect sensitive samples.

We found that wuen using a drive laser with 1 mW DC power, 405 nm wavelesgti

1In some AFM setups, it is thepdsition of the cantilever that is continuously adjusted.
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diameter ~ 5um 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 slimgsumt

0.3 mW DC power, 405 nm wavelength and spot diameter ~ 5um no such artefact was observed
(Fig 2.10C).
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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 cantileagarlting in a single peak.
Spectra taken in water, reproduced from [&86], with permission © Microscopy Society of
America 2018; (B) Scanning artefacts introduced by high input power. & topography

image taken after multiple scans (i) can clearly be identified in a wider’&gan taken later

in the same area. Persistent scanning of the 6arem (iii) leads more scanning artefacts, and
in a later, larger scan of the same area (iv) bthte 4 uni and the 6 prhscan areas can clearly
be identified; (C) Scanning artefacts are not introduced at a lower input power. Agcpm
area subject to continuous scanning (i) is indistinguishable from surrounding sample
topography subsequently reced at a larger scale (ii). Scale bars 1 um 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~
5um. All images taken on a Cypher ES system with an AC10 probe.

2.4.2.2 PeakForce Tapping (PFT)

Another mode oAFM operation is forcalistance curve based imagifig7] 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 toctais at a significantly lower
frequency than the cantilever resonance (typically betwe®kHz). A schematic of the

cantilever deflection during each oscillation cycle is shown in Figure 2.11A ke

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). Ddp® 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 pdefined value by continuous adjustments to thesdmple

di stance (APeak .RAsomthcothér imaghg rgodes thd adjGstmerds)of the tip

or sample position are used to reconstruct the sample topography.
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Figure 2.11. Schematic showing PeakForce Tapping operaiiah 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 sampiaface (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 brces are present (6); (C) Fora#istance curves can be derived from the fanoe

curves in (B). The different mechanical properties that can be extracted are labedlpd (a
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
zeroforce (Fig 2.11B, label (1), (6)) is updated with each oscillation. This allows for proper
referencing of the free deflection signal (as measured whekRlktip 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 fordistance based imaging, the applied

force at the deflection setpoint is a moeBable measure of the tgample force. This enables

low imaging forces (< 100 pN) to be maintained over long imaging pdii88%The

production of force curves also allows various mechanical properties of the sample to be
extracted in realime (Fig 2.11C, (#)). We have used FHor its access to stable leforce

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 sedfembled peptide capsules, was the modulus map used.
The modulus is calculatagsing the DerjaguiMuller-Toporov (DMT) mode[189] from the fit
of the linear gradient shown by the ddéshed 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 MSNLE (Bruker) silicon nitride cantilevers, with sifin tips sharpened by

oxidation.

2.4.3.1 Imaging parameters

A list of the typical parameters used is provided in Tal#e@Rhough the exact values were
regularly adjusted during scanning to optimise the imaging qubtigging force was kept as

low as possible without deterioration of the tracking of the surface. Forces betwie@s htv

were used. For MSNE cantileverwith a spring constant of 0.1 Nm and a deflection

sensitivity of ~ 40 nnmi V, this corresponds to an imaging force ofi4D00 pN. Feedback gains
were adjusted throughout the experiments to yield optimal imaging conditions (sharpness and
contrast of thémages, 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, value2@hh®

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 obtaioethe-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 sizeph4x 4 um 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 52, results in 4 forcelistance curves per pixel.

Table2.2. Typical imaging parameters used in PFT mode on a MultiMode 8 AFM (Bruker) with
MSNL-E (Bruker) cantilevers.

Parameter

Scan size 10007 5000 nm
Resolution 512 x 512
Scan rate 1Hz

Feedback gain 20-50

PeakForce Setpoint | 10- 25 mV
PeakForce Amplitud¢ 107 20 nm
PeakForce Frequeng 2 kHz

Lift Height 71 15 nm
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2.4.3.2 Accuracy of the measurements

MSNL-E cantilevers have a nhominal spricgnstant of 0.1 Nm, 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 featres 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 throughahietsie are much

larger than the tip (10 100s of nanometres) meaning that both the morphology and depth can

be measured by MSNE cantilevers without significant risk of such-tiptefacts.

AFMs use piezoelectric materials, which expand or contracsporese to an applied voltage,

to control® @ émovement. The accuracy of the resulting images relies on alefaled
relationship between the applied voltage and the distance moved. All piezoelectric scanners
show nonrlinearities in®, ®and, 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 cfeets ¢hat 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 scan3.o reduce artefacts from hysteresis, sequential images irctiorse

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 whersdian size or location is

altered. To avoid imaging artefacts, the scanner is always given timstabikse before

capturing more data. Creep can also lead to overshoot inakis when tracing steep

protrusions or depressions. This effect is undadole but can be reduced by using higher

feedback gaing-urthermore,lte MultiMode 8 uses a piezoelectric tube scanner for controlling

@ @ énovement. The setup of a tube scanner results in spurious coupling betweaiatiokd
direction that can lead to errors in the measurement of vertical angles. As the angle of
membranalefect edges is not investigated here, this scanning artefact does not affect the

interpretation of data.

2.4.3.3 CypherES

For the images in Figurés5F,5.6A, 5.6C,5.7,5.16 and Video A.1, A.2, a Cypher ES AFM
was usedThese experiments were conducted with Dr. Jonathon Moffat (Oxford Instruments).
The Cypher ES incorporates an additional position sensor that measures position independently

of the applied voltagand applies a corrective voltage to counter the effects of hysteresis and
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creep. It also uses piezoelectric stacks which decaupiEndd electrodes, giving more

accurate measurement of vertical angles than a tube scanner. The Cypher ES was operated i
AM-AFM mode, using photothermal excitation, with an Olympus AC10 probe (nominal
resonance frequency in air = 1500 kHz; nominal spring constant =/, Np radius < 10 nm,

tip side angle = 10 °). As with PFT imaging, the imaging parameters werawaumly

optimised to obtain the lowest imaging force without sacrificing resolution.

2.4.3.4 Postimage processing

All image processing was done using Gwyddion (http://gwyddion.net/). During scanning the
sample and the probe are never complgielpendicularThis introduces a tilt across the image
which is removed by planiting and firstorder 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 ca 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 usigi Ori

(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 inilli
water. The pH of the buffer was adjusted to pH 7.4 using 1 M solutions of NaOH and HCI

2.4.4.2 Preparation o6UVs

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 I|ipid
to a concentration of 10 mignL. Singlelipid suspensions (DLPC, POPC) were dried to form 1

mg lipid films and for mixed lipid suspensions (DLBPCPG (3:1 molar ratio) POPCPOPG
(3:1molarrati)), 75 eL PC solution (10 mgmil)wereL) and
combined in a new glassaliand 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 mignL. These were vortexed, sonicated and extruded as described in

2.25., to give a final SUV suspension of 1 iMgL. Again, PO phospholipids are used in

Chapters and 7 while DL phospholipids are used in Chafterand 6.

2.4.4.3 Preparation of AFM substrates

All imaging was done on mica substrates. These were prepared lattisted 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-adtfesive fluorinated ethylene propylene (FEP)
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coated Bytac laminate (Saiobain Performance PlagtiCorp) (Fig 2.12B). A smaller mica

disc ( 9.9 mm, Agar scientific) was then glued to the FEP surface with Araldi{e@®t2poxy

resin (Huntsman Advanced Materials) (Fig 2.12C). This gives a hydrophilic (mica) surface,
surrounded by a hydrophobic (FERYé&r, which reduces leakage of the aqueous solution during

imaging.

A B C
Figure 2.12. Assembly of mica substrates for ARM) Magnetic steel sample disc; (B) PTFE

adhered to magnetic steel sample disc; (G3avtiisc 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 mgthpfl’5] The

success of vesicle adsorption and rupture into a continuous lipid bilayer depends a humber of
factors including favourable lipidubstrate interd@ions, vesicle curvature costs and the

availability of neighbouring vesicles or pifemed bilayer patches to induce vesicle

rupture[76] Bilayer formation can be optimised by increasing the ionic strength ufeu|

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 enhanceilipithte

interactions; and by increasing the density of vesicles to prame@bbour induced vesicle

rupture. Furthermore, the addition of divalent cations{IMQ&*) can have a significant effect

on bilayer formation as besides screening electrostatic charges, these cations can form a bridge
between the mica substrate andghesphate head grouf®91],[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 foismaller vesicle§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 tapeobtain an atomically flat, clean surface. This is immediately
hydrated with 70 uL AFM imaging buffer and 1.5 pL 1 M Mg@Qiiving a final concentration
of 20 mM Mg™). Freshly prepared SUVs (5 uL 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 solth®isLB 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 bilajEd3] Phospholipids with negative

charge havetsonger 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 leafld.94] For the PC:P&3:1 molar ratiophospholipicbilayers

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 pepide 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 bitayéace. The fluid cell used in this thesis
has a volume of about 100 pyL and generally, peptide solution was prepared at twice the desired
final concentration with 50 uL added. Injection was performed parallel to the bilayer surface to
prevent mechanicalanage 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
washedafter peptide addition (Fi§.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, irsitu injectionof peptide was performed for the images shown in
Figuresb.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
replacedwith the injected solution and as such, the concentration of the peptide solution was
prepared at the final desired concentration.

2.5 Invitro biological assays

Throughout this thesis the interaction of peptides with phospholipid bilayers is compared with
their activity on live cells. The assagsesentedvere performed by Dr. Helen Lewas the

National Physical Laboratory assisted with the assays in Chapter 3 and 4Darfeorie

Desriacat Plymouth Universitperformed some of the assays presented in Chaptebrief

overview of the techniques is provided below.

2.5.1 Minimum inhibitory concentrations (MICs)

A common method to measure thevitro activity of an antibiotic against a bacterial isolate is

to use brdt microdilution assay$sequential tweold dilutions of an antibiotic solution are

added to consecutive wells of a microwell plate. A broth suspension of the bacterial strain is
54



then added to each well and the plate is incubated at 37 °C for 24 holos/tbaterial

growth. The minimum inhibitory concentration (MIC) is defined as the lowest concentration of
antibiotic that prevents any visible growth of bacteria. Thiketermined by measuring the

optical density of the sample at 600 nm @ 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 abdkie MIC, the solution will appear clear, with an D
typically < 0.04. At concentrations below the MIC, the solution will appear turbid, with an

ODesootypically > 0.1.

In this thesis, 100 pL of bacterial suspension in Mueller Hinton media broth was t@dbie0

pL of peptide solution in a 9&ell plate, and incubated for 24 hours at 37 °C on a 3D orbital
shaker. Peptides were generally tested at a final concentration of 100 uM, 50 pM, 25 uM, 12.5
UM, 6.25 uM, 3.125 uM, 1.5625 uM and 0.78125 puM. All testsre done in triplicate. In broth
microdilution assays, the bacterial suspension added to each well should be approximately 5 x
1 colony forming units per mL (CFUmL). The CFU mL of a bacterial suspension can be
calculated by incubating dilutions tife suspension on an agar plate and counting the number of
colonies formed. It can also be estimated by thgo) the suspension. In our lab, for the
bacterial strains tested, a CFohL of 5 x 10 is found to correspond to an (@k) of ~ 0.002

OD. Assuch, bacterial suspensions were prepared at ag 6f0.004 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 assessethbybating peptide solution with human erythrocytes for

1 hr in phosphate buffered saline, centrifuging the sample, and analysing the absorbance of the
supernatant at 550 nfh95] This gives a measure of the concentration of haemoglobin released
from the cells. Reference values of 100 % and 0 % haemolysis are gireubgtion with

deionized water and phosphate buffered saline respectively.
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3 Switching modes of membrane d
acid mutation

The results in this chapter are part of a manuscript ready for submission tereviesed
scientific jaurnal: HammondK.; 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-shtEn switch between pation and

floral ruptures in phospholipid bilayeilReady for submission.

3.1 Introduction

Native AMPs are often long sequences, containing a wide variety of amino acidsisahey

can have multiple functiongheymay notbe optimised for membrane disruptiobhis adds to

the complexity of linking peptide sequence and structure to regliftid interactionsas
emphasised byhe ability ofapparently disparate peptide sequences to induce similar modes of
membrane disruptiomnd gparently similar sequencasinduce disparate modeshpwn in

Fig 1.5 and Fig 16 To begin toaddress more fundamental sequettemechanism
relationshipsit can be useful to reduce antimicrobial sequences to their very bBEsicmajor

bi ophysical properti es t Fhalital AMPS areavidetyaaodptech n e i
to be amphipathity and a cationic charg&his gives ris¢o a number ofjuestionsWhat are

the limits of sequence redundancy in native peptitfeaPphipathicity and cationic charge are
maintained, can a highly simplified sequest# induce membrane disruptipandif so, is
antimicrobial activityalsomaintained®Vithin sucha simplified systemat what levelof
complexityis the mechanisnof lipid disruptioncontrolled Candifferent disruption pathways

be determined at the level of an individual amino adid® | does this translate to disparate
biological activitiesTo answer these questionsg first resultchapterof this thesigpresents a
simplified peptide templatelesigned to trigger twdistinct modes of membrane disruption via
a single amino acid mutation. The templaintains the biophysical properties of
amphipathicity and cationic charge but is ultrasfitriL1 residuesand contains only two

amino acid typesAs well asprovidinga highly simplified modelo study sequence to function
relationshipsshorter 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 triggéwo disruption pathways

The simplified t e mpelixadnssting efargimne anthlpeutinepBoth hi ¢ U
possess high helical propensity, ensuring a-defined secondary structu®96] Furthermore,

both exhibit strong interactions with lipids. Leucine is the most abundant hydrophobic residue

found in AMP sequencdg] whilst arginine forms a network of electrostatic interactions with
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phospholipid headgroup97] As such, the designed sequence is expectkd tembrane

active.
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Figure 3.1. The design of two peptide series linked by a single mutéfidRrimary sequence

of the series. Pepti des a-hdicegwattsléeugine and arginine f o | d
faces. A single mutation to alanine or lysine (bienA and bienK respectively) is placed in the

middle of the hydrophobic face. To illuste this (B) helical nets, (C) helical wheels and (D)

spatial coarsegrained moded are shownwith arginine in blue and leucine in yelloThis

figure is part of a manuscript currently being submitted for publication in a-peéewed

scientific journal?

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 seriedinaryencoded with alaning;or to lysine bienK seriesbinaryencoded

with lysing(Fig 3.1). Alanine was chosen for the first series as a control residue. Alanine
removes all s i d ecarban whilst mdintainirsg thp jpeptitie backbene b
structure, and alanine mutagenesisasmmonly used to directly resolve the influence of specific
sidechain$198] In this case, the mutant should maintain perfect amphipathicity without
introducing additional hydrophobicity (Fig 3.1). 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 (Ei§-B). Indeed, simulations

run by Dr. Flaviu Cipcigan at IBM research UK predict that a cationic mutation at this location

i n a mp h-hefichl peptides willinduce the highest degree of orientational frustration

(cal cul at eddveruhslicavdp eed &t @& d €199)r Thevebork, bienK isr e f .
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 coarsg@rained models were provided by Patrick Simcock (Oxford University).
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lysine sidechain can exist in its defonated 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 acfiVay]}

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 whiaksarthbn 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 beave differently in a membrane environment. For membbaoeu n d = Hhéliees, K U
the lysine side chain was observed tornent toward the phospholipid head groups, breaking
amphipathicity and inducing significant orientational frustration to the helicaltare (Fig3.2,

right) while membrand o u n d  theéliees were dbserved to maintain perfect

amphipathicity (Fig3.2, left).

6 ]

Figure 3.2. Data-driven helical wheels for bierAleft) and bienkK (right). MD simulations are

run in which the pept i <dixandkptpceeintbecupperdeafietrofi t i a l
an equilibratedDLPC:DLPG (3:1 molar ratio)ipid bilayer. Blue and red circles represent the
average centref mass of aminacid backbone and sigghain 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 orientatitnugtration

as lysine reorients its side chain toward lipid head grodjb& simulations used Martini
forcefields.These forcefields represent alanine as a sidgbead, and consequently there is no
sidechain representation for this residéie.

Furthernore, 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 simulatiags3(8). 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 ps MD
simulations showed bienK molecules were more likely to orient perpendicular to the membrane
normal and remain in the upper leaflet wizesrbienA molecules showed an increased

propensity for transmembrane orientations, deeper penetration, and a higher probability of water

molecules penetrating the bilayer.

.........
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distance to membrane midplane (A)

Figure 3.3. Potential meaforce (PMF) calculations show that biegiK less prone to
membrane insertiorf.o force the peptides from the bilayer surface (dotted blue line) to the
middle of the bilayer requires more energy for big(dteen) than for biend(red). A
DLPC:DLPG (3:1 molar ratio) lipid bilayer was used.

Collectively, computational analysis indicates that the two series will induce disparate lipid
bilayer disruption modes, wit h-hdixteanrésultpinedi ct
shallower bilayer insrtion and decreased permeabilisation. In this chapter, we provide
experimental evidence that confirms these predictions. We resolve the two distinct modes of
disruption using higliesolution AFM imaging and relate the different mechanisms to the
secondangtructure 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 analysihilst zwitterionic
membranes consist of DLPC only.

3.2.1 Secondary structure in membrane environments

BienA pepti des f-hellcal srdcturiesirt anionie xepices (BigA). The

degree of helicity iareases 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. Thesigogtcant

increase we observe is betwdrBanAs and benAs, correlating with an increase in the size of

4 Datawas provided by Dr. Flaviu Cipcigan at IBM research UK.
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the hydrophobic face (from 6 to 7 amino agidis contrastBienK peptides showed only partial
helicity in anionic vesicles, confirming thatthemut i o n  d e-Betixdobmation (Fig s U

3.4B). Furthermore, no length dependent folding is observed.
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Figure 3.4. Secondary structures of bienK and bienA in SWsspectra taken in anionic
SUVs (A, B) and zwitterionic SUVs (C, D) fet Fmers. Peptide concentration 40 uM.

When bienA peptides were incubated with zwitterionic vesicles, malyAcandbienA:

f ol d e dnhelices (Fig3.4@). Folding in zwittébnic 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 hydphiobic face of 7 amino acids is the minimum length to instigate
folding. This is also consistent with the large increase in helicity observekfoko,11in

anionic SLBs.

BienK peptides showed no folding in zwitterionic SUVs (BigD). Thisagreeswith 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 bilg28@] 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

memlyanes 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 disrugsti

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.ABbbgraphy images @hionic
SLBsfollowing incubation with both serieweshown in Figure 3.5. With the colour scale used
to indicate variations in heighfjembraes treated with bienfpeptidegdisplaydarker defects,
3-4 nm in depth, consistent with transmembrane poraltiocontrastmembranstreated with
bienK peptideslisplaylighter defects1-2 nm in depthThis provides experimental
confirmation thahighly simplified sequence®aintain the ability tsearrange lipid bilayers,
and that a singlmutationcanactivatedifferent modes of membrane disrupti®uch distinct
pathways are observed down to 9 amino acids, with shorter sequences bienk and

bienAs showing little to no disruption effects. Furthermore, not only do the peptides induce
different depths, thenorphology of the defects is distinct. Whilst bienA induces defects that
appear more circular, bienK induces defects with frditalmorphology.
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Figure 3.5. BienA and bienK activate distindisruption modes in SLBAFM topography
images showing anionic SLBs treated with bienlénd bienA.:. Corresponding line profiles
are alsoshown. BienA is consistently observed to form deeper defects than bienK. Furthermore,
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the two series induce fits with distinct morphologies. Colour scale 7 nm, length scale 1 um.
Peptide concentration 0.3 pM.

3.2.2.2 Fractatlike defects

A fractal can be defined as a ssifmilar object with a noimteger dimension. When a self
similar object is divided into parts eaphrt represents a smaller copy of the full object. Objects
showing seklsimilarity follow the scaling law (E@.1), where) is the number of segments
created when dividing the objeétjs the length of each segment &dés the dimension of the
objed. Simple geometries such as line segmée@ts (), squares@ ¢) and cubes® o

are selfsimilar and have integer dimensions. Fractals aresgaifar but have nointeger
dimensions.

6 0 (3.1)

The boxcounting method is a common approackdtrulate the dimension of a fractél (. In
this method, the fractal is covered with a mesh of square boxes of I8hgtid(the number of
boxes that contain a part of the fracta) @re counted (see, e.g. B$A).
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Figure 3.6. Box counting method to determine fractal dimen€ar(A) Example of the bex
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 sgu@rgthat contain the pattern are

counted. This is repeated using squares of different giyea plot ofd ¢ 0Qsa € ('Cllows
calculation ofO . (B) Analysis of bienK induced defects. The defects analysed (top row) are
taken from the AFM inges shown in Figurd.5. CalculatedO values as well as

corresponding logog plots are shown. All defects show a linear relationship betéreetiQ

vsa € ('Gand a norinteger value oD , consistent with fractals. Fractal analysis was
performedusing 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 plotiofi 0@si T0Cor a fractallike defect will produce a

linear relationship with a gradientO . For all bienK peptides, plots bf 1 0@si T0Ghow the
expected linear relationship that indicates-sgtfilarity, and calculation dD give the

expected nofntegerdimensions characteristic of fractals (Fig 3.6). For approximately circular
defects/O will be close to 2. Therefore, comparisorifvalues induced by different bienkK
peptides can provide an indication of how much the fractal morphology deviatesifcular
morphology. We find thaD becomes lower with decreasing peptide length: bie(K867),
bienKio (1.730) and bienlK(1.697). For shorter sequences, a single lysine mutation will have a

greater impact, and this may explain the increasedgiwee observed in defect morphology.

However bienk does not fit the trend, showing a more simarto bienki; (1.826). Visual
inspection of the defects induced by bien&nd bienls confirms a similar morphology.
Furthermore, both peptideghibit similar dynamics, forming defects that can rapidly expand
and merge to the point of complete membrane disruptior3(F)g This is in contrast to bierK
and bienko which induce thinner fractals that show slower growth that does not proceed to

complete membrane disruption over the timescale analyse8.@®ig

bienK, bienK,, bienK,, bienKg
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Figure 3.7. Dynamic behaviour of bierikinduced membrandisruption.AFM topography

images showing the change in anionic SLBs treated with bienK over 20 min &ehBienko
induced fractals grow slowly on this time scale. In contrast, hieaid bienk induced defects
rapidly expand and merge over 20 min leading to complete membrane disruption. Colour scale
10 nm, length scale 1 um. Peptide concentration 0.3 pM.
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Examination of the sequences shows that bieaKd bienk feature a @erminal arginine,
whereas bienkg and bienks have Gterminal leucine. Arginine exhibits strong interactions with
lipid head groups, and its location in the sequence may well influence the precise mode of
membrane disruptiofl.97] 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 peptidéuced membrane disruption

In theclassical model for membrane poratialembranes are treated as thin films under
externally applied lateral tensiovith poration driven by the external lateral tensiph and
opposed by the line tension of the pgre[R01],[202] In the case of peptideriven poration,
peptide accumulation on the membrane surface can create a strgateatjto lateral tension

» » driving poration, whilst peptide binding to the pore edge will lower the line tehsiomther
facilitating porationf203] The energy of a pore of radiuss defined by EquatioB.2, and has a
maximum at the critical radius (Eg. 3.3), below which pores are unstable and may reseal and

above which pores can expand.
Oi [l U R (3.2)
[ (3.3)

Thepores formed by bienAvhich have circular morphology and are observed to grow and
merge over timgare consistent with this mod@lig 3.8).However, the classical model for
poration cannot be used to describe the defects induced by Biealéssumption that pores

have acylindrical, transmembrane nature does not fit either the frilotatnorphology

observed, or the restriction of defects to the bilayer ulgadiet.

bienA, bienA,,

uiw o¢

Figure 3.8. Dynamic behaviour of biefiAnducedmembrane disruptio’AFM topography
images showing the change in anionic SLBs treated with bienA over 20 min. BoianiénA
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bienAoinduce defects that expand and merge on this time scale. Colour scale 7 nm, length
scale 1 um. Peptide concentration QUg.

Fractatlike rupture in supported membranes has previously been obserGiizbwy et alfor
multilamellar vesicles spreading onto a surfi@t®l] 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 Safiffraylor fingering instabilities which arise

when a less viscous fluid displaces a more viscous [fB@if]] 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 obseineechare

consistent with invasion percolation displacement, in which one fluid displaces another in a
porous medig206] Unlike SaffmanrTaylor dynamics, invasion percolation occurs in bursts

with the invading fluid taking the patif least resistance. The propagating defect can be thought
of as the displacing fluid, with membrane heterogeneity resulting in islands of intact membrane
and a fractalike morphology G6zen et aproposed that the spontaneous rupture they observed
for multilamellar bilayers spreading on a solid support was driven by merimamérane
adhesion. They argued that as adhesion is common in biology (such as plasma membrane
adhesion to the underlying ogkeleton) these rupture mechanisms may well occur in cell

membranes.

In the case of our experiments, rupture formation and propagatipeatide inducedDespite

this differencepoth 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 Rerdractallike morphology to occur

in our systems, theelocity of rupture propagation must betier than the relaxation time

required for rearrangement into more favourable circular interfaces. Whether this is the case will
depend on specific peptidipid interactions, which in turn will dictate factors such as line

tension of defects and membranscosity. Further work is required to resolve and quantify the
peptidelipid interactions thasupportfractal 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 Sevees.
minimum length required for antimicrobial activity was founde 9 amino acids, consistent
with the cutoff length for initiating two distinct pathways of membrane disruption in SLBs (Fig
3.5).Both series are found to be active agathrstm-negative andsram-positive strains, with
similar potency (Tabl8&.1). As such, vhilst 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 peipes 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
haemdysis whilst retaining antimicrobial activity, and that this change in activity correlates
with a reduced interaction with neutral lipi00],[207]

Table3.1. Biological activities of bienA and bienK peptids8C assays show the antimicrobial

activity of each series against a range@hmnegative andsram-positive bacterial strains.
Haemolytic activityagainst human erythrocytes is also shown.

bienA bienK

11 1o o 1 o
Cell Mi ni mum I nhibitof
E. coli(ATCC 15597) 3 3 6 3 3 3

S. aureugATCC 6538) 3 3 25 |12 25 12
P. aeruginosdATCC 27853) 3 25 |50 |12 25 6
S.typhimurium(DA6192) |12 |6 50 |50 50 50
K. pneumoniaéNCTC 5055) 6 3 50 [>50 |>50 |>50
B. subtilis(ATCC 6633) 6 15 |6 3 6 3
M. luteus(ATCC 49732) 15 |15 |15 |15 |15 |15
% haemol ysis at 2
Human erythrocytes 25 [25 [25 o Jo o
ashortes equences show no activity, > 100 eM

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 Univeysitsing a multichannel microfluidics device, as

described previouslf208] 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 brigdigld images to be acquired of the channels throughout
peptide treatmenEigure3.9 shows the effects of bienA and bienK peptides on sigeli

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 identi§yveitt
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, suscegilsiare

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 mafddisruption in lipid bilayers, and

the MIC assays which indicate that despite this difference, both series remain active.

SAssays were performed by Dr. Helen LefMiational Physical Laboratgrwith assistance from myself.
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Figure 3.9. Example optical micrographs for single E. coli cells treated withAigop) and
bienK (bottom)Peptide is added to the channels at t = 0 and brfgdtl 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 aetinrowth. Micrographs are taken att = 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 pM.
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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 thego biophysical properties were

observed to induce similar mechanisms of membrane disruption and to possess similar
antimicrobial potency as native sequences, supporting the developmedtcédeptide

systems. A minimum length requirement of 9 anaoias was found.

Within such a simplified systermye then demonstrated that the mechanism of lipid disruption
can be controlled at the level of an individual amino acidingle mutation in the hydrophobic
face fromalanine to lysingdestabilisdt h ehelix)formed in an anionic membrane
environmengnd switchedhe disruption mechanism from classical transmembrane poration
with a circular boundary length, to fractsde morphology confined to the upper leaflet. The
observations agree with MD simulat®that predicted helix destabilisation and shallower
peptide insertion for bienK series. The defects induced by bienK cannot be explained by
classical models of poratipand sing parallels to a previous study on rupture mechanics of
supported membranese propose that such modes of peptituced membrane disruption

can be better modelled as a viscous fluid being displaced by a second invadinghguid.

6 Experiments were performed by collaborators at Exeter University.
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introduced mutation not only triggers a distinct mode of lipid disrupbanalsotranslates to
disparate biological activityshowing that this too can be controlled at the level of individual
amino acidsSinglecell experiments indicate that, despite having the same antimicrobial end
point, each peptide series attacks the cell iiffardnt way Furthermorebiological assays
performed on the two series show that the mutation, despite maintaining antimicrobial activity,
removes haemolytic effects. This is consistent with previous staddzorrelates with the loss

in ability of thepeptide to interact with neutral lipids

Havingdemonstrated thasimplified peptide modeghatmaintairs the core biophysical
properties of native helical AMPs (cationic, amphipathax) maintain similar lipid disruption
and biological activitythe next chaptesddressswhether theecore biophysical propertiex
antimicrobial peptidesan be expanded phy incorporating motifs from other membrane

active sequences.
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4 Hel midretfhremmocleecul es as design t
A MP s

The results presented in this chapter Hasen published irdammondK.; Lewis, H.; Faruqui,
N.; Russel, C.; Hoogenboom, B. W.; Ryadnov, M. G. HelmbefenceMolecules as Design
Templates for Membrane Active Antibiotic&CS Infect. Dis2019 5 (8), 1471 1479.

4.1 Introduction

To assess whether thphysical propertiesf U-helical cationic AMPs can be expandel
and whether there is any advantage in thiesgesigned andharacterisg a model peptide
templatewhich, instead of folding into a twiaced hydrophobic: cationic helix, folds into a
threefacedhydrophobic: cationicT/Srich helix. This conserves not just thgroperties of
nativeAMPs but alsdncorporategproperties of*helical peptides secreted by helminth
parasitesThe latter arenembraneactive but nodytic sequences, and vgpothesie that
incorporatingelements of these sequences may cadditional membrane propertigsthe

templatewhen compared toonventional AMPs.

Helminth parasites secrete many molecules whilst infecting their host. These molecules
facilitate theabsorption of nutrients, enable migration of the parasite through the host organism,
and interact with the host immune syst@®9],[210] The helminthdefencanolecules (HDMs)

are a family of immunomodulatory peptides secreted by human trematode p§2adites.
FhHDM-1, an archetypal HDM secreted Bgsciola Hepaticaacts to supress the inflammatory
response of its host byatralising bacterial endotoxifid11] preventing the activation of
inflammasome$212] and inhibiting vacuolar ATPases in macrophd@4s]

A conseved Gt e r mihalia is foudd across the HDM family (Fig 4.1A,211]

I ntriguingly, this helix s FhaicabAMPsRalhltyis bi ophys
amphipathic, contas cationic residues, and has polar to hydrophobic ratios of approximately
3:2[214]Despite structural si mil a-helixtdoegrotlyseo AMPSs ,
cellular membrane15]
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Figure 4.1. Helminth defence peptidg#) Helical wheel diagrams of four HDM peptides. The
conserved -helixshewnisihighightedly the red line in (B); (B) HDM primary
sequence alignment as performed by Robinson[2fia].Alignment was perfaned 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 angaatic acid are depleted when compared to their

natural abundance in proteins (Tabl&), whilst in HDMs, anionic amino acids appear more

prominent. This

cationic face (Fig 4A).

| o wleelix nd praventsithe formatibnafragudstamtial

Tabledl.Compar ati ve abunda-hdioal AMPs ami no aci ds
Amino acid | UniProt, 9% | Uhelical AMPs, %% |Re | at i ve a-belical AMPAs,e
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
GlIn 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
lle 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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2in all proteins calculated for the total of 559,228 entries in UniBooessed Feb 132019
Pacr oss 2-Relical mrgiriérobial peptide sequences collated by Eliseeyzditiand
originally sourced from the APD2 databd2&7]

P .
¢ Calculated as—————— WP T PpTT

Furthermore, whilst threonine and serine residues are depleted in AMPs (Table 4.1), they
consistentyappar wi t hi n t h ehelig &g 414y TheahindhBs\bneldf the
highest helical penalties among amino acids capable of forming secondary structures and the
recurrent i ncor p-healaindicates a finctional rofd®6EIndéediVsortde

H D M -h&lices, particularly FnHDM., T and S cluster together. i$hs reminiscent of
Amphipathic Lipid Packing Sensor (ALPS) motifs, a structure used by proteins to sense and
bind specific membrand218],[219]JALPS mot i f s a-helicesamithpalpolgpface hi ¢
rich in T and S but lacking in charged residues (see, e.g.EigThe 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 musttead rely on prexisting defects for insertion into a
bilayer[219]

Figure 4.2. Helical wheel diagrams of two archetypal ALPS mofifé ehelid is amphipathic,
with an uncharged polar face rich in threonine and serine. Left, AfGAP1 (re223%and
right, Keslp (res-29).

The FhnHDM 14966 Uhelix is unique irsupportingthree 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 mef2bthhée
propose that this threfaced arrangement can be used as a novel antimicrobial tentpliiis.
chapter we test thisypothesis by characterising a novel antimicrobial sequence based on the
FhHDM-1496stemplate, termed triAMP (Fig 4.3A, B triAMP, the run of threoninefsom
FhHDM-14966 is conserved, and the T/S rich fasextendedy replacing E (re65) with S.
However the acidic residued (res62) and E(res 51) and the hydrophobic residue | (&)
were replaced with thieasic residue Ko provide acontinuous cationic face armdationic net
charge typical of AMPs Finally, the basic residuR (res 63)was replaceavith the
hydrophobic residug to give a continuous hydrophobic fage. such, triAMP represents an
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idealised thredé a c énalix, idcorporating both the T/S rich face of ALPS motifs and the

cationic face of AMPsDue to the inclusion of enore substantial cationic face and a net

cationic charge, we hypothesise that the sequence will become membartulermore,

we propose that the additional T/S rich face may provide additional membrane active properties

when compared with conventional tvieced hydrophobic: cationic AMPs.

Figure 4.3. Helical wheel diagrams of (A) the native FhHDMgssSsequence and (B) the newly
designed triAMPThe design is an idealised, thrseedU-helix, maintaining and extending the
T/S rich face of FnHDMLgss, replacing acidic residues with basic residues to foroa@onic
faceand net cationic chargeften found in AMPsand replacing interruptingesidues to ensure
continuoushydrophobic : cationic : T/S rich faceBhe design is expected to function as an
archetypal AMP, but may possess additional propertiedaltige inclusion of the T/S rich face,
reminiscent of ALPS motifs.

4.2 Results

It should be noted that throughout this chapter, DLPC and ODPRG (3:1 molar ratiojare
used for zwitterionic and anionic vesicles (CD spectra) and SLBs (AFM data). Peptide
concentrations are 40 uM for CD spectra.

4.2.1 Membrane interactions of the native FnHEIv.ss U-helix

Thenativetemplate, FnHDMLses, I s unf ol ded i n aque-elixsn sol ut
the presence of zwitterionic and anionic lipid vesicles (Fig 4.4Ahows minimal distinction

between the two lipid environments, consistent with ALPS motifs which fold in membranes
independent of their chard@18],[219] Despite folding in lipid bilayers, FnHDM.s s 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 FhtigM

66, bOth membranes remain flat and featureless. This contfirensck of membrane lytic

behaviour previously reported for the peptia&5]
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Figure 4.4. Membrane activity oFhHDM-14966. (A) CD spectra showing the secondary

structure ofFhHDM-14966 in aqueous solution and with SUVs; (B) AFM topography images of
SLBs treated with 0.8 &M peptide, with corre
Images are taken 30 min after piele addition, scale bar 250 nm, colour bar 6 nm.

4.2.2 Membrane interactions of triAMP

Tri AMP is wunfol ded i n aqg+dioiutse preserceidf boinn, but
zwitterionic and anionic lipid vesicles (Fig 4.5A). As such, it maintains the fploghaviour of
FhHDM-14966. However,unlike FnHDM 14966, 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 IViitAMP also disupts zwitterionic SLBsbut,

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
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Figure 4.5. Membrane activity affiAMP. (A) CD spectra showing the secondary structure of
triAMP in aqueous solution and with SUVs; (B) AFM topography images and corresponding
line profiles of tiAMPt r eat ed SLBs: (i) anionic SLB afte

zwi tterionic SLB after additi on padditionf0®d €M p
eM peptide. I mages taken approx 30 mins afte
nm.

Collectively, he membrane behaviour of triAMP is notable. Whilst responsive folding and
poration of ani oni c -h8lcaBAVPS, espaongive foldirglin of cati o
zwitterionic vesicles and a distinct effect on zwitterionic SLBs is more unusual. For

compari son, Figure 4.6 shows -helical AMR mHgainmne ac
2. Unlike triAMP, the peptide folds oniy 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 atfald.kcrease in

peptide concentten (Fig 4.6B (ii)).
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showing the secondary structurerofgainin 2in 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 adsiitibe bar 250

nm, colour bar 6 nm.

4.2.3 Biological activity of triAMP

The biological activity of tiAMP was assessed by MIC and haemolysis assays (Table 4.2). The
peptide was found to be active against athmnegative andGrampositive bacterial strains,

with a potency comparable to archetypal AMPs and peptide toxinai{nmag, cecropin B and
melittin respectively). It was also found to be selective, with no lysis of human erythrocytes
observed at 100 uM peptide. For comparison, the FhHIM template was also assessed.
Consistent with previous studies, no activitpiagt bacterial cells or human erythrocytes was

observed.

Taken together, results from CD, AFM and biological assays confirm that thddbese
FhHDM-1496stemplate can be used to design a membrane lytic, antimicrobial sequence with
biological selectiity. 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
membrane poration. This demonstrates that the design spaeaovcantimicrobial sequences
can be extended to three distinct faces. More intriguingly, triAMP maintains the folding

75



behaviour of FNHDMl4g66. For -hmiaahAP\/IPsDthere is a cotegion between their

ability to interact with zwitterionic lipid bilayers and their haemolytic actij281],[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 behavioturther, we design and characterise a series of triAMP mutants.
Table4.2. Minimum inhibitory concentrations (MICs) and lysis assays of tiAMP compared to
ar c h e thglipabAMPs{magainin 2 ancecropin B), peptide toxins (melittin) and the

FhHDM-14966 template All tests were done in triplicate. The values that are given without
standard deviations are those for which no variations were found within tripli€ates

Peptide
Cell triAMP | magpinin 2 | cecropin B | melittin | FNHDM-Lsg6
Mi ni mum I nhibitory Concent
E. coli (ATCC 15597) 3.1 25 <1 2.3+1.1| >100
S. aureugATCC 6538) 15+2.5 | >50 50 <1 >100
P. aeruginosdATCC 27853) | 25 >50 15 9.4+4.4| >100
S. typhimuriun{6192) 40+5 | >50 15 3.1 >100
K. pneumoniaéNCTC 5055) | 50 12 15 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 &M pep
Human erythrocytes 0 B [0 100 |0

4.2.4 Investigating the role of triAMRaces
4.2.4.1 Design rationa 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 thrfaced template of cationic: hydrophobic: unchargetar, but
changes theroperties of the uncharggmblar 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 peptidewide
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: disaaitydrophobic: 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 detmine 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- 14966 and maintained in triAMP is disrupted

" Assays were performed Hyoth Dr. Helen LewigNational Physical Laboratgrgnd myself.
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Name Sequence Alteration made

triAMP ITKVITKLLNRLTKILSK [cationic: hydrophobic: T/S rich]
mutant 1 | IQKVIQKLLNRLQKILQ [cationic: hydrophobic: Q rich]
K
mutant 2 | IKVIIKLLNRLLKILLK [cationic: hydrophobic: hydrophobic]
mutant 3 | ITKQITKQLNRQTKIQSK | [cationic: disruptedhydrophobic: T/S rich]
mutant 4 | ITKVITKLLNRLSKILSK [cationic: hydrophobic: T/S rich, but without
run of three Ts]

mutant 5 | ITKVIAKLLNRLTKILSK [cationic: hydrophobic: T/&ch, but with
interrupting residue]

Figure 4.7. Design of triAMP mutantddelical 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 tiAMP mutants

Mutant 1 only folds n t o-helixin thel 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 foldirgnt\ubas

s i g ni fstructienirt all énvironments (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 hydrapHabe 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.

Mut ant 4 and mut a-hdixirbthe presente of zavittedionic and anioractipidU
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 attrddtiaever, the single
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mutations to the T/S rich face of triAMP do have an observable effect on pkpitde

interactions.

mutant 2
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Figure 4.8. Secondary structure of triAMP mutanfd:-E) show mutants-b 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, whersanutant 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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Table4.3. Comparison opercent helicity for tiAMP, mutant 4 and mutant 5 in different lipid
environmentsCalculated using the following equat{@@0],[171} "Qi & w &XLE QW QO W

Peptide helicity in unilamellar vesicle U x F OOAM{P Ii[IA
Zwitterionic anionic Al EIAIBRME

tiAMP | 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 likeanohetypal 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 hydropbdace, 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 increakeoncentration, 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 and5 (A
respectivelf) i ) Ani onic SLB treated with 0.3 &M pep
eM pepti dzewi tatnedr i(adniicc SLB treated with 0.5 ¢

profiles are shown in (ivi) 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 observaligzetices 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 coraist, 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 vas detected in the disruption of SLBs by AFM.

A
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[a 18
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Figure 4.10. Dynamic behaviour of tiAMP and mutant 4,/-M topography images showing
anionic SLBs (i) and zwitterionic SLBs (ii) treated with triAMP, mutant 4 and mutantC5 (A
respectively). Timstamps are stated in the images. Scale bar 500 nm, colour bar: 6 nm. Note
that Fig 4.10A (i) 25 min is the sarimeage 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 (Tab)e Mutant 1 showed
activity against botliGramnegative and@rampositive 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 sel§sembles into amyloid like fibres (FdL1). This is
consi st e nsheetlike selcondaty struchure 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 inyakhpid environment. Mutant 4 and

mutant 5 showed activity against bé&hamnegative andGrampositive bacterial strains, as

we | | as

parti al

l ysis

of

human

erythrocytes

to the T/S rich face of triAMP doot appear to impact the antimicrobial activity of the peptide,

they do have a significant impact on its biological selectivity.

Table4.4. Minimum inhibitory concentrations (MICs) and lysis assaymofants 15 All tests
were done in triplicate. The values that are given without standard deviations are those for
which no variations were found within triplicatés

Peptide

Cell Mutant 1 | Mutant 2 | Mutant 3 | Mutant 4 | Mutant 5
Minimuml nhi bi tory Concentratio

E. coli (ATCC 15597) 3.1 >50 >100 2.08+0.9 | 3.1

S. aureugATCC 6538) >50 50 >100 >50 5.2+1.8

P. aeruginosgATCC

27853) 3.1 >50 >100 2.08+0.9 | 3.1

S. typhimuriun{6192) 20.8+7.2 | >50 >100 16.7 £7.2 | 16.7 +7.2

K. pneumoniagdNCTC

5055) 12.5 >50 >100 25 12.5

B. subtilis(ATCC 6633) 42+1.8 21.7568 >100 42+18 |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 &M pepti

Human erythrocytes 0 | 100 |0 | 21.2 +6.8/ 34.01 £ 10.6

NE

Figure4.11. AFM topography images of mutant 2 sa$sembled into fibre®eptide was pre
mM HEP E s ,-hydrdded witk )
imaging buffer (120 mM NacCl, 20 mM MOPSs) and visualised by AFM. Scale bars 100 nm,

i ncubated (2
colour bar 6 nm.

4.3 Discussion

hour s,

20

Firstly, we have shown that triAMP hpstent activity againgbramnegative an@Gram

positive bacteria and exhibits biological selectivity, showing no lysis against human

erythrocytes. As such, it fulfils the basic requirements fie aovoAMP design. This

demonstrates that the design spaceantimicrobial peptides can be extended beyond the

typical

[ cat i ehneilci:x -tlothahooptalis bri addjtional Trgh 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 inteact with zwitterionic lipid bilayers and haemolytic activig21],[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 zwitteriom@mbrane interactions reminiscent of
ALPS motifs, requires all three faces of the design. The necessity of a cationic face is
demonstrated by FhHDMNLg 66 Without a continuous cationic face, the presence of aigS

face and a hydrophobic face caniati#¢ 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 bitogical activity. The necessity of the Tvi8h 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 tisahi iT/Sich

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 peytldanionic 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 saiptimal environments and allowing the thffaeed

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 degpiteing 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 FhHDML4g6s template andonserved 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 sucas NMR to resolve specific peptidgid interactions would be required. In any
case, triAMP represents the only arrangentested her¢hat maintains biological selectivity

whilst providing auxiliary lipid interactions in the absence of electrostdtaction. This

combines properties of AMPs and ALPS motifs, and as such, represents a novel membrane

active antimicrobial design.
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Thetwo resultschapters presentest far describethe modes of lipid disruptiof simplified
peptidedesigns based ansingleU-helix. However,native AMP sequencesanhave more
complexfoldst h an a-hei n etramdThe€urrent modelso describe lipiddisruption
(poration, thinning, rougheningssume a single mode per peptide sequdiiigraiseshe
question: arenore complex structuresmply a matter of structural redundancy that deliver the
same mechanism of disruptioar do more complex folds induce more complex mechanisms?
To address ik, the followingresultschapter investigates the membrane interactionsatise

antimicrobialsequence with a multielix structure.
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5 Resol ving mul ti modal -me £t han
bacteriocins

Many of the results presented in this chapter Heaen published irHammond, K. Lewis, H.;

Halliwell, S.; Desriac, F.; Nardone, B.; Ravi, J.; Hoogenboom, B. W.; Upton, M.; Derrick, J. P.;
Ryadnov, M. G. Flowering PoratidnA Synergistic MultiMode Antibacterial Mechanism by
a Bacteriocin FoldiScience202Q 23 (8), 101423.

5.1 Introduction

More complex foldsre often found among bacteriocins, a family of antimicrobial peptides

secreted by bacteri@hese peptides are further divided into subclasses according to factors such
as their structural organisatipproducer strains, microbial targets and §224] The most
recently reported s-chhirg ¢tysteins free andl do st contaih,a leadere s i
sequenc225]They possess a highly conser-helicds struct
arranged in a compact helical bundleydn by hydrophobic residues packing together to form

a hydrophobic core. The helical arrangement contains a sdpasik e f o | dhelises t h t wo
formingavs hape s e g me ahelix lging gerpenditukai (FigolA)([226] Other

conserved features include solvexpose tryptophan residues (Fi§1B) and a high cationic

surface charge (Fig.1C)[227]

aureocin A53 lacticin Q BacSp222

aureocin A53 S-WLNFLKYIAKYGKKAVS KYKGKVLE
epidermicin N101 FMKLIQFLATKGOKYVSLAWKHKGTIL
lacticin Z GFLKVVQILAKYGSKAVQ ANKGKILD
lacticin Q GFLKVVQLLAKYGSKAVQ ANKGKILD
BacSp222 G-—--LLRFLLSKGRALY KSHVEKVWE

PTLEWVWQKLKKIAGL- 51
QSFEWIYKQIKKLWA-- 51
QATIDWVVEKIKQILGIK 53
QATIDWVVSKIKQILGIK 53
ATYEQIKEWIENALGWR 50

90 ° 90° 90°

Figure51. The structural or gan({AsNMR sotution sirficturedofr s s
members of the subgroup, witht&iminus (blue) to @erminus (red). The characteristic
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saposinl i ke f ol d c an-hdicesimabsstea pree da r(-telveoriettiedi r d U
perpendicular); (B) Clustal Omega primary sepce 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 ref226], licensed under C8Y 3.0, published by The Royal Society of
Chemistry

Current findings indicate that these peptides are membrane active and do not require a
receptorf228]i [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 amphiphiiature of the exposed tryptophan residues, and a
transition i n -hHeltes fraanrarclesedgoeamepantconforimaflt6] This

transition increases hydrophobic interactions between the core of the peptide and the lipid
bilayer, as observed for other proteinsitaining the saposilike fold.[231] In agreement with

this proposed mechanism, a recent conformational study demonstrates that Bacsp222 does not
remain surface bhelices ohtp thelipid bilaygR32p r t s it s U

Thus far, there have been no direct experimeaiisérvation of bacteriociimduced 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 singkaelix AMPs derived from animals. In this chapter, agdresghis

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
understandig of this bacteriocin family. Furthermore, NIOlokinterest as promising

candidate for therapeutic developmi83] In vitro studies show potent activity against
methicillin-resistaniStaphylococcus aure$1RSA) and vancomychnesistanenterococci
(VRE)[233] In vivostudies show that injegoh of NI01 intoGalleria mellonellalarvae confers
protection against MRSA with no adverse toxifd84] and topical applications can treat nasal
infections of MRSA in cotton raf235] A single application clears the nasal infection, a

marked improvement over the current drug of chf28&] The novel modes of membra

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 PGR@®G(3:1 molar ratiojare used for zwitterionic and

anionic vesicles (CD spectra) and SLBs (AFM data). Unless otherwise stated, peptide
concentrations are 20 pM for CD spectra and 0.25 pM for AFM imaging. Whilst | synthesised

and purified epidermicin NI01 and aureocin A53, thmainder of the peptides described in this
chapter(Bepi dermi cin, U1/ U2, U2/ U3 ,-mudibBtyweré, U1/ U2
provided by Dr. Brunello Nardone at the National Physical Laboraidwy two videos (Video

A.1 and Video A.2) were taken thithe help oDr. Jonathon Moffat@xford Instruments).
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5.2.1 The crystal structure of epidermicin NI01

The crystal structure of NIO1 was recently solved by Samantha Halliwell and Prof Jeremy

Derrick at Manchester Universif236] Like other members of its class, the peptide forms a

four-helix bundle (Figh.2B). The characteristic-shape of the saposini ke f ol d i s f ot

and U2, as well as by U3 -dawndeliddihairpimtdpogeaphied ot h
A al o4
' a2 ' o4
I 4 1
al a2 a2 lu o4

f ik 1
NIO1 MAAFN.II:I. IQFLATKGOKYVSLAWKHKGT ILKWINAGOSFEWIYKQIKKLWA
I I+

al/02 MAAFMKLIQFLATKGQKYVSLAWK

a2/a3 QKYVSLAWKHKGT ILKWINA

a3/a4 KGTILKWINAGQSFEWIYKQIKKLWA
al/a2/a3 MAAFMKLIQFLATKGQKYVSLAWKHKGTILKWIN
a2/a3/a4 KYVSLAWKHKGTILKWINAGQSFEWIYKQIKKLWA

B

‘ZA 11014

Figure5.2. The structure of epidermicin NI®Lr i mary structure of NIO1
helices, labelled Ul t-o UdtecCatbiuoers beéeanpetes
helices. The helical methionine stretch is highlighted by i, i+4. Turns are underlined in the
sequences; (B) Crystatructure of NIO1, with Nerminus (blue) to @erminus (red); (C) Stick
representation of the central kink -W23akdi ng U
W32W4 1 bet ween sequential helices (U1 to U2,
three aromatic pai-W5,Y1844B3 and F16-89% Repraduced frohdref. H2 5
[236], licensed under CBY-NC-ND.
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U2 and U3 lie perpendicular to one another,
angle(Fig 5.2C). The hydrophobic residues are buried in the core of the bundle, but the
aromatic residues are not. l nstead, t he si de
interactions, which act as staples between spatially adjacent helicdsistptine global

hel i cal arrangement of fthenpepactdéeon$hénetat
link sequential helices: Ul to U2 amdeUact oc
link U4 to U2 and haréno(steplegwhish itdEbe expeoteéd asitheg lieU 3 s

at an obtuse angle.

5.2.2 Biophysical properties of epidermicin NIO1 in solution

Consistent with its cr y shelzdlinaqteous sotutiom(Big epi de
5.3A). Folding is independentokpp t i d e ¢ 0 n c e#nstsvalaes are angracteristid of [ d ]
helical bundles and coiletbils [237]i [239] revealing that significant helikelix interactions

are present. NIO1 is found to be fully folded in buffer solution, with addition of the helical

promoting solvent TFE causing no increase in % helicity $R38).[172] Instead, TFE causes a

decr easestion al djal ue mor ehelicgsronsisteht withfits abiléydol at e d
displace interhelical hydrophobic interactig@87] In the presence of anionic and zwitterionic

|l i pid vesicles, NI 01 remai ns foppdos(Figh3Co | ded bu
demonstrating that lipithinding induces glab | -helital rearrangement, with helhelix

interactions replaced by heliipid interactions. A similar effect has been observed for lacticin

Q, and is consistent with the hypothesis that proteins with a sdjp@sfold transition from a

closed to anpen conformation upon membrane bindj2g6],[229],[231]

Thermal melts (Fi¢.3D) show the secondary structure of NIO1 is highly stable; even at 90 °C,
the peptide r emal insa lappemand > HUifbldng i8fully

reversible with nearly identicapectra collected before and after the rffély 5.3E). This is
consistent witiNIO1 retaining antimicrobial activity after being subject to elevated temperatures
(80 °C)[233] and illustrates that no precipitation or aggregation occurs at higher temperatures.
The sigmoidal unfolding curva t 2»{(Ri§}.3F) shows cooperative unfolding wihsingle

melting temperaturel) observed at 60 °C. Collectively these resdi®al NI0O1 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 forepidermicin NI01 under different conditiorfé) At varied peptide
concentration in aqueous solution; (B) With increasing % 2 Prluoroethanol; (C)With
zwitterionic and anionic vesicles; (It 2 °C intervals during the thermal unfolding from 20 °C
to 90 °C;(E) Beforeand after thermal denaturatioriF) The thermal unfolding curve at 222 nm
and its first derivative. A single transition pointjTis found.

Further biophysical measurements show that NIO1 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 NIO1 confirmsdlaatgide chains are

found on the exterior of the peptide. A cationic surface charge is confirmed by zeta potential

measurements (Fi§ 4 Bpotential 0f20.8 = 3.8mV). This will act to stabilise the monomeric
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dispersion by preventing aggregation. Byragblation, we can assume that NI01 binds to lipid

membranes as a monomer.

A
(i) size distribution by number (ii) raw correlation data
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Figure 5.4. Monaodispersity of epidermicin NI01 in aqueous solut{@).(i) Size distribution by
dynamic light scattering of epidermicin NIO1 with (ii) correlograms showing rapid correlation
decreases from high intercepts, characteristic of monodisperse, small particles;&B) (i)
potential distribution frequency showiagnet positive surface charge with (i) 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, pHaf.25 °C.

5.2.3 Direct visualisation of the effect of NI01 dipid bilayers

Like many AMPs, we find that NIO1 is charge selective. Zwitterionic SLBs remain featureless
when incubated with NI01 (Fi&5A, B), with no disruption to the lipid packing observed. In
contrast, incubation with anionic SLBs induces signiftadisruption even at lower

concentrations (Fi§.5CF). Furthermore, disruption is multimod&hannels with a depth
corresponding to the full width of the bilayer (B&C-E, blue) and patches with a depth of 2

nm (Fig5.5C-E, black)can be observeacoss the membrane surfaéach separate mode of
disruption is consistent with commonly reported mechanisms for AMPs, namely transmembrane
channel formation and localised patches of membrane thiftdi®}{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 mesnte (Figs.5D). This relationship is confirmed by
imaging the initial formation of a defect (FibF, 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 tnamembrane channels originating from this patch.
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Figure5.5. AFM imaging of SLBs treated with NIQA) Topography of zwitterionic SLBs
treated with 0.6 €M NIO1, with height profil
observable disurption to zwitterionfPOPC)SLBs, with the membrane surface remaining flat

and featureless; (C) Topograplof anionic(POPC: POPG (3:1 molar ratio)yLB treated with

0.25 €M NIO1, with higher magnification i mag
shown in (E). Both transmembrane channels and patches of membrane thinning appear across
the surfacen a highly organised, networking pattern; (F) Topography images of anionic SLB
treated with 0.375 €M NIO1, showing the form
membrane thinning. Images are selected snapshotsvidao A.1 over a period of 2@nin.

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 a&kMP. We next conduct a detailed analysis of the dynamics of

this mechanismFigure5.6A showsformation and expansion of defects over a wider, 4 um scan
(selected frames froviideo A.1). After an initial lag time (~ 1 min), defects form and grow

until a phateau is reached (~ 10 min) and minimal further changes occus.@8Y The same

behaviour is observed at higher peptide concentrationd @@ selected frames frokideo

A.2) but the rate of defect formation and expansion is faster, resultingrigea toverage of

defects across the surface, and a plateau is reached more quicE%igThis reveals that,

like for other AMPs, the kinetics of Nl@ihduced disruption are concentration
limited.[123],[137],[139] The mebanism itself is not concentration dependent, however, with
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NIO1 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 sntalElig

both trarsmembrane channels and patches of thinned membrane can be observed.

A

D

0.0+t—ss—— .
1 2 3 4
Time, min

Figure 5.6. Timeresolved studies of Nl@hduced disruption(A) Topography images of

anionic SLBs during the first 10 min of trea
both membrane thinning and transmembrane channels form and grow, before reaching a

plateau where minimal further change is obsenethges are selected frames frdfidleo A.1

(B) A plot of total defect coverage (including both channels and thinned areas) vs time for
anionic SLBs treated with 0.375 €M NIO1. The
plateau can clearly be obsev e d ; (C) Topography i mages of a
NIO1. The mechanism appears independent of concentration, but the kinetics of disruption are
faster. Images are selected frames fidigeo A.2 (D) Comparison of defect coverage vs time

forani oni ¢ SLBs treated with 0.375 €M and 0.75
of defects is faster and a plateau is reached more quickly; (E) Topography of anionic SLBs
treated with 0.008 €M NIO1 aft e mcer@ratbroofir s of
peptide, both membrane thinning and transmembrane channels can be irCioloed.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, Bigfirehows the

response of the membraneftother injection of NIO1 after a plateau was reached (selected
frames fromVideo 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 pateauing 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 aressatie 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 trapsmbrane pores at their edges (exemplified

in Fig 5.7B anb.7C, and shown over a larger are&.rD). This effect is instantaneous, occurs
across all patches of membrane thinning, and is reproduced for every additional injection of
peptide (Video A.1). Sinificant remodelling of the boundary area signifies NI01 binflli2@]

and collectively, this behaviour is reminiscent of pore forming proteins such as lysenin and
eqguinatoxin which are known to preferelijidind and induce pores at phase
boundarie$240],[241] The intrinst 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 purdixe mechanism, with lipid domains recruiting peptide and

directly converting into transmembrane channels, has been resolved by AFM.

Baseal on the results described thus far and the parallels to pore forming proteins, we propose
the following working model for NIO16ds mul ti
a monomer. Peptide accumulation on the surface can result in eitheranerttinning 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. Thetilag reflectshe 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 NIO1. Increased local conteation 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 surfad®und 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 atiting poration even at low bulk concentratidine proposed mechanism
resembles fourand five helix peptide toxins which assemble in the upper leaflet before

rearranging into porg242],[243]

0.40 3Jf’f’
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Time, min
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injection 1 injection 1

injection 2 injection 2

injection 1

Figure5.7. Response of NlBtteated SLBs to further peptide injecti¢A) Defect coverage by
area vs time, for all frames Mideo A.1 Over 30 min of imaging there are 3 additional
injections of peptide and each peptide injectrestarts defect growth; (BD) 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 shk 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 (BdQao
nm (D).
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5.2.4 Subcomponents of NI01 activate distinct modes of membrane disruption

We have demonstrated that a mbkiix 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 twand threehelix segments of NIO1. In validation of our

hypothesis, we find that two helix segmets] / U 2 and U2/ Udiciteactaoh i nd e
the modes observed for NIO1, wit h588)ahdU?2 i nd
U2/ U3 inducing patchexs 88) . m&Bbtldneanhicansegn
disruption with both membrane thinning and transmembrane defects. 8&igbut unlike NI01,

the two effects no longer network, and the transmembrane defects are no longer channels but

wider areas of lipid removal.

nm 400 800

nm 400 800

Figure 5.8. Disruption modes of twbelix segments ®I01. Topography images of anionic

SLBs treatred wit h -GQrkspddiely), with deptl profilesaneasded U4 (A
along the dotted l|ine. U1/U0U2 induces transme
membrane thinning edpatchdsd8f mebranenhthning ansl larges o | a t
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 diglbosegments (Fig.9).

U1/ 02/ 03 cembiecasenftda/ U2 and U2/ U3 with bo
formation observed, but no networking between them%Fi@ A) . Si mi | arly 02/ U
the effects of 588 Mehbrare thohning gatchéd dorifate the mechanism,
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with some transmembrane defects present but no channel formation observed. Again, no
networking between defect types is observduse results confirm that subcomponents of

NIO1 can individually induce distinct modes of its disruption mechanism, while erspitpsi

that all helical components are required to reproduce the mechanism of the full peptide.
Further mor e, the data provides a number of i

mechanism, discussed below.

nm 250 500

B o2/a3/ad

nm 150 300

Figure 5.9. Disruption modes of threleelix segments of NIOTopography images of anionic

SLBs treatred with (A) U1/U02/U3 and (B) U
dotted | ines. U1/ U2/ U3 chamdluandkpatchésofarierabraped t
thinning while U2/ U3/ U4 induces predomina
pores observed. Scale bar 500 nm (left image) and 200 nm (right image). Colour scale 15 nm.

2/ U
ran
ntl

Firstl y, -haixis neadedifomaasmentbrane poration. This is perhaps not surprising

as U1 and U4 are more than twice the | ength
transmembrane insertion. Consistent with thi
known to initiate medlnr ane i nsertion. Ul features termin
i + 4 spacing of amphipathic residues is a motif found in fusion proteins of envelope viruses to

drive membrane insertig@44] Amphipathic amino acids can exist in both polar and

hydrophobic environments and therefore promote membrane amseftaqueous protein by
supporting hydrophobic interactions with mem
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 U3 is pre
effects, exist as a boomeraliige shape in the crystal strcuture oé thull 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
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surface, corroborating its role for membrani@ning. Furthermore, the crystal structure reveals
that the positioning of lysine residues in U
from upperl eaflet binding to membrane insert
bilayerinse t i on can al i gn 3whthKK?Z 6 aArdspektifed Qfigh n U U

5.10), enabling electrostatic interaction with the surface to be maintained during insertion.

:
s
L>\s{/7\

Figure 5.10. Cooperative structural arrangements in NI@blvent exposed K24 and K17 form
a planar face withiWi@yrafcaciolnist dtee dveleyn W50 a
ref.[236], licensed under CBY-NC-ND.

Thirdly, oft he t wo ter mi nal helices, Ul emerges as
formation, with the morphology of NIO1 chann
58A,Figs. 9A) . When Ul is missing and transmembr ;
variety of transmembrane morphologies are observed3Bi@, Figs. 9 B) . U4 contain
the figeaples that stabilise the global hel.
instead be controlling overall structue of the peptide.

525 Thei mportance of NIO16s fully folded struc
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 impomarole in ensuring a synergystic mechanigim probe this, the folding

behaviour of NIO0O16s hel ibdlal segements is sho
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Figure 5.11. CD spectra for NIO1 helical segments in aquesnisition and with lipid vesicles. 5
(A) U1/U2; (B) U2/U3; (C) U3/U4; (D) U1/ U2/ U
Hel i cal segments capable of inducing the two
and U2/ 03/ 04 are f ol de dD).Unike&Ngluheweves their belicityt i o n
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 agible 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 U1/U2 and U3/ U4 to
mechanism of theufl peptide, despite all helical components of NIO1 being present, with

channels and thinned patches occuring in isolation.

98



U1/ U2 and U2/ 03 show no secondary structure
can fold into strong helical structere i n r esponse to membrane bi nc¢
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 mordlexible structural requirements for this mode of action. This is supported by our
findings in Chapter 3, in whicbienK peptides also showed partial folding and induced

membrane thinning effects.

al/a2+ a3/ad .

-2

-4

nMm " 100 200 300

Figure512.Si mul t aneous addi tAFM topograiphy haged)Rith deptd U 3 / L
profile measured along the dotted I|line for a
Isoltated transmembrane channels and patches ofélinmembranes appear across the

surface. Scale bar 500 nm (left image) and 200 nm (right image). Colour scale 15 nm. Peptide
concentrations 0.25 pM.

5.2.6 Promoting a single mode of disruption can abolish the multimodal mechanism

To test t he rmeesharisin,ave et comparethe &ctlvidy ®f NIO1 to a mutant,
in which all lysines are replaced by arginine (5ifj3). This retains the distribution of positive
charge and the nature of electrostatic interactions, but increases the ability of thetpdgtide
to the membrane surface. Arginine residues exhibit stronger electrostatic interactions with
phospholipid head groups, providing five hydrodmmd donors and resulting in tighter binding
to upper leaflet phospholipid$97],[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 ceral H25 was also replaced with arginine, again maintaining the position of
positive charge but abolishingthée st apl 82 banhwe®4. Loss of thi:
only partial folding in solution, demonstrating that every interhelical interactionportant in

controlling the conserved tertiary structure of NIO1 (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 Arghutant.(A) Topography images of an anionic

SLB treated with an Arg mutant of NIO1, 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 nni8)(CD spectra for the Arg mutant of NIO1 in aqueous
solution and with lipid vesicles.

527 NI 01 combi nes t he Bbhelical seggnentsa | activity of
We have shown that helical segments of NI01 induce distinct modes of membrane disruption in
SLBs. Consitent with this, minimum inhibitory concentration (MIC) assays conducted against

a range ofsrampositive andsramnegative bacteria show that all helical segments of the

peptide are independently antimicrobial (Tahl). Like many bacteriocins fro@ram

positive organisms, NI01 shows strong preference for kilBngmpositive bacteriaGram

negative strains are protected by an additional outer membrane, rich in lipopolysaccharides
(LPS), which can form barrier to bacteriocins, shielding the cytoplasemchrang247],[248]
Although preferential activity again&ram-positive strains is still observed for the helical

segments, a significant increase in activity agadrsimnegative strains is found.

To further probe the effect of LPS, the activity of NIO1 and its helical segments dfjaiadit
(ATCC 15597) was compad withE. coli (SBS363andE. coli (ML35).SBS363 is a short
chain LPS or rough strain, whereas ML35 is a smooth strain, comprisidgrigth, mature ©
chains[249] All peptides show increased agty for shortchain LPS strain and decreased for
the fulklength mature €hains, confirming an inherent susceptibility of NIO1 and its

derivatives to the LPS virulence factor.
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Table5.1. Biological activities of NIO1 and its constituent pa’sitimicrobial activity against
Grampositive andsramnegative bacterial strains assessed by minimum inhibitory
concentration (MIC) assays, and haemolytic activityytsis of human erythrocytés.

Peptide

L-NIO1[D-NI01|U1 //U2/[U3/[U1/ UJU2/ U
Cell Mi ni mum | nhi bi t ofmL GAmposited)
S. aureugATCC 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

Mi ni mum | nhi bi t ofmL GAmmegatvg
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. typhimuriun{DA6192) |>300 [>300 |32 |[>50 [40 |20 12
K. pneumonia¢NCTC 5055)>300 |>75 16 28 40 20 12
P. aeruginosgdATCC 27853)>300 |>300 |>140|14 >80 |12 6

HDso,® € d mL
Human erythrocytes 500 [600 [150 |UD® [150 [200  [200

dmedian haemolytic doses to achieve 50% lysisgetectable

No single segment shows stronger activity across the range of pathogens tested, with each
showing subtle preferences for different strains. Differences in the-upa&ethe cell wall ad

plasma membrane of each strain will have unique effects on the activity of each component.

Not eworthy contrast is observed for the acti
no activity againss. aureusr its related methicillirresistant sains. The distinct behaviour of

U2/ U3 is mirrored in our biophysical studies
transmembrane poration in SLBs (Fig 5.8B) and the only segment withoutdefieéid

secondary structure in solution orinmembraneg (F5 . 11 B) . The in&bility
aureusst rains i mpacts on U1/ U2/ U3 and U2/ 03/ 04,
component and show reduced activity against methicillin resiStaauireustrains compared to

the full sequence andtocompe nt s t hat do not contain U2/ U3.

As NIO1 has potential for therapeutic development, its selectivity is of interest. The producer
organism of NIO1S. Epidermidigstrain 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 distinguishbetween host and bacterial cells. Indeed, it shows no haemolytic activity for
concentrations that are > 100 x MIC as measured on t@rgetpositive strains (Table 5.1). In
marked contrast, all helical segments of NIO1 show significant increase in gtiemdiivity

(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 Uniersity).
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not exhibit specificity. The exception again
antimicrobial activity, shows no haemolysis evehigh 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 NIO1 is achiral

As discussed, AMPs can have a range&agets beyond the pathogen membrane. To confirm

t hat membrane disruption is the main mode of
enantiomeric Bform. The enantiomeric form adopts the same helical structure in solution, (Fig
5.14A) acts interchageably with achiral phospholipids (Fagl4B) and, crucially, shows

identical activity to LNIO1 in minimum inhibitory concentration (MIC) assays conducted

against a range @ramnegative andsrampositive pathogens (Tabtel). MIC data

corroborates the assumption throughout this chapter that NIO1 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 BNIO1.(A) CD spectra of BNIO1 in aqueous solution is the
mirror image of = NI01; (B, C) Topography images of anionic SLBs treated wiINID1, with
depth profile along the highlighted lines. The enantiomeric f@pnoduces the same
mechanism of disruption. Scale bar 500 nm (B) and 100 nm (C). Colour scale 15 nm.
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