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Abstraa

The global increase in antimidnial resistance develgoment hascreated a critical need
for the development of novedntimicrobial agents. Antimicrobial peptides (AMFs) are
one such class of novel antimitials, but they have several disadvantages such as
high manufacturing cost and loselectivity that must be addressed before they can
achieve clinical use. In this sguthe rehtively large size and high cytotoxicactivity of
the natural, venom derived AM®np24 wereaddressed using several different

approaches.

A formulation approach waswestigated by incorporation of the peptide into sol-gel
coatings in order to inhibit oprevent the growh of bacterial biofilms, showing that
the unique physiochemical pperties of the peptide canbe utilized to improve and

control the properties of the cating.

Furthermore, a drug desigrpproach wasalso used, based on several stages. Frstly,
an investigation of the peple structure wasdone creating a regianal breakdown of
the 3D structure and mechasm of action of the early stages of the pore formation
using planar patch clamp elecphbysiology. Abridge wasbuilt between the structure
and mechanism via the usé molealar dynamics smulations of the peptide-bilayer
interactions in order to estaldha structure medanism relationship. Based on this
relationship several truncatkvariants of the parent peptide weredesigned an
evaluated, firstin silicoshowng that the simulations can givedirect feedback during
the design process and vitro showing that two of the truncated andogs hadboth
smaller size, improved antimids@l properties and reduced cytotoxicproperties
compared to the parent peptie. The best andogs were Urther develgoed via amino
acds substitutions in two itations, with a total of 19andogs evaluated in silico with
11 of those also being evaluaten vitro. Again, multiple andogs were produced with

improved antimicrobial activitand selectivity.

Overall, additional insight intthe structure and biophysical behaviour of Smp24 was
gained and utilized to guidé¢ design of new andogs with significantly smaller size
and improved selectivity wibut lossof antimicrobial activity rektive to the parent

peptide.
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1. General introdudion

Antimicrobial resistance (AN anatural phenomenon in which microorganisms
exposdl to the selective presre of an antimicrobial agent will, over time,become
more resistant to the effects ohtt compound. This ocairsasthe population of the
bacteria which is susceptible tbe antimicrobial agent will be killed or inhibited while
those which are naturally more sistant or have acquired antibiotic-resistant traits will
survive and multiply1). The medhanisms behind such antibiotic-resistancetraits can
be due to a variety of adaptatns of the bacteria such asproduction of enzymes that
break down the antimicrobial copounds, mutations in the structure of the target of
the compound leading to a deiced binding efficacy, adoption of new pathways that
bypasses the target of the cground and the prevention of accessof the antimicrobial
agent to its target such as by excrgit from the cell via efflux pumps (2). The
resulting effect of such resigstae develgoment is that commam bacterial infections no
longer can be easily treated withe traditionally used first line antimicrobial
therapeutic. Instead, more @ensve therapeutics with potentially greater risks of
adverse effects are needed soccesdully treat the infection. However, he bacteria
can also eventually develop sstanceto these alternative therapeutics leading to
multidrug resistant bacteriapecies such as methicillin-resistant Saphylococasaureus
which is ot only resistant to médiicillin but usually also aminoglycasides, macrolides,

tetracycline, chloramphenicaodnd lincosamides (2).

In 2014 the UK prime minister conmsdoned a report on the topic of AMR supported
by the UK government anthé¢ WellcomeTrust. Thisreport reviewed and andysed the
rise of antimicrobial resistance djaly andsuggest actionsthat could help tackleit on
an international leve(3). Thisreport estimates that by 2050, gldally 10 million livesa
year could be lost due to antimicimal resistant infections if no proactive actions are
taken to curb the increase of AMR addition, a more recent report from The Lancet
estimates that globally 1.27 millhadeaths could be attri buted to bacterial AMR
resistance in 20194). The UK govamment report concludesthat the current supply of
new medicines is insufficient to keep with the rate of resistance develgoment and
therefore the crisis must beatkled with a multitude of approaches. These include
improved public awareness, pnoved hygiene, reduction of unnecessay use of

antimicrobials, improved survaalhce of drug resistance, better diagnostics and further
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promotion of the developmet of new alternatives to traditional small moleaile
antibiotics. One of these alteetives specifically highlighted in the report is
antimicrobial peptides (AMBP£3).

1.1 Antimicrobial peptides

AMPs are a diverse group of cpoundswhich canbe chssfied based on several
different traits such as their sioce/ origin, selectivity,structure or presence ofspecific
residues. Naturally occurring AlglBanbe found from many different sources ranging
from microorganisms, nemammalian animals such asamphibians arachnidsand
insects where they can botblay a role n the animal's immune defence orasa
component in venoms and béer secretions, and in mammals such ashumanswhere
they again play a role in the imune defence both due to their direct antimicrobial
activity and due to their immmne regulatory properties. AMPs can also have a relative
wide range of selectivity wittifferent peptides showing activity agains Gram-positive
and Graranegative bacteriafungi, viuses, paragtes and tumour celks. Pehapsthe
most critical classification fromdrug design point of view sbased on their secondary
structure.Four general categorgexst including linear alpha-relical peptides, beta-
sheet peptides, combined@ha-telical and beta-sheet peptides and linear
extended/random coil peptidse(5). However, he archetypal AMP s generally alpha-
helical, with a cationic chargendhasan overall amphiphilic nature with one side of
the helx being rich in polarrad charged residues while the other is rich in hydrophobic
residues.This unique structure offtese peptides allows them to nteract with and
insert into bacterial cell memhanes, although some of hese peptides do not adopt
their helical structure untilliey start interacting with the menbranes, being mainly
unstructured while in solutio (6).

One of the key reasons why ABI&e of nterest asnovelantimicrobial agents relates
to their interplay with AMR. Atibugh resistance develgpment againg AMPs can ocaur,
often via modifications to meftyrane conposition, resistance develgoment is still less
prevalent than that for small moleée antimicrobial agents, since the targets for AMPs
are diverse and any changes tese targets can often significantly interfere with the
normal function of the cel(7). Futher evidence for this lower resistance develgpment

is that AMPs havexested in rature for millions of years, yet resistance ocairrence is
9



still very limited(8). In additio, the use of AMB in combination with conventional
antibiotics can also lead to ewdower rates of resistance develgoment and synergistic
antimicrobial effectg9).

While AMPs are a promisingasisof antimicrobial drug anddates, they still present
several challenges that needstie overcome wih further drug develgoment.
Instability of the formulategeptides, limited selectivity leading to lo@l or systemic
toxicity, adverse inflammatory effegthigh manufacturing ccsts and non-ideal
pharmacokinetic properties atleedsto be addressed through a combination of

improved drug design, formation and manufacturing metodologies (9).

1.2 Mechanism of action of AMPs

In addition to their structure,lte medanism of action of AMR is one of the key
aspects that separates them fromragentional antibiotics.

Their mechanisms of actiomigbe split into two categories, either menbrane
disruptive or membrane nodisruptive. Howeveran individua peptide annot always
be placed into one specific categ@ythe antimicrobial action can often be attri buted
to a combination of both typs of medanisms (10).

Even within the two main categosehe individuad medanisms of action can vary
substantially. Nucleic acids, protesynthesis, protein function and cell wall synthesis
have all been identified as mdwrane non-disruptive targets for AMP (10). Smilarly
for the membrane disruptiveategory e exact medanism of action canalso vary

between peptides.

Traditionally 3 main mechanishave been proposed (figure 11):

The barrelstave model is baskon the mehanism of action of alamethicin. In this
model the peptides insert ppendicularly into the menbrane and form abunde with
a central lumen like a barrelhe hydrophobic parts of the peptides align with the core
of the phospholipid bilayerrad assuch the inner lumen of the pore is only made of the
more hydrophilic regions ohe peptides. Each pore an congst of different numbers
of peptides thus producing ange ofdifferent pore sizes (11).

In the toroidal pore model he peptides insert into the menbrane and force the lipid

bilayer to bend into a pore. #such, the pore surface willbe conposed of both the
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phospholipid heaehroups awl the hydrophilic part of the peptides. Beause of this,
the pore size can vary moreahin the barrel-stave malel. The pore formation is
possible due to the interactiobetween the phospholipid headgroupsand the
peptides that shields the chargef the peptides thusallowing them to as®ciate
together(11).

Lastly, in the carpet model theeptides acaumulate on the suface of he menbrane
like a carpet. Once a criticalrezentration is reached the peptides will disrupt the
membrane in a detergerike mannrer leading to Ipid remowal through micelle

formation (11).

m e

Figure 1.1 Schematic of the three traditional models for the AMP induced membrane
disruption. A) Barrel-stave model, B) Toroidal pore model, C) Carpet model.

Although these 3 models al®y far the mast reported, they still cannot perfectly
explain the behaviour of all AMfand the same peptide hasbeen described with
different models by differenauthors (11, 12. Some also suggest that the madels are
not distinct but that there isa continuous graduaion between ion chanrel, pore
formation and membrane mpture (11). Bedinger etal. suggests an alternative madel
for membrane disruption caltethe in-plane diffuson model. In this model the
peptides insert into the memlane suface which creates adisturbance n the
properties of the bilayer in aarea around them. The peptides can then movearound
in the plane of the bilayer andhoe they approach each other a critical distance s
reached, leading to increaddocal destahilisation and trangent openings in the bilayer
(12-14). Further refinement by Bdangerhasled to the SMART model, n which AMPs
are first separated into twoategories based on their amphiphilicity. Hydrophobic
peptides with a low amphiphilicitguch asalamethicin are sad to form
transmembrane helical bunddesimilarly to those described in the barrel-save madel,
although he argues that the prosgis more conplex thaninitially thought. The second

set of peptides are cationic grhiphilic peptides such as melittin and magainin. Like in
11



the in-plane diffusion modelhese peptides are sad to first insert into the menbrane
in an in plane alignment, howevhow this leadsto the menbrane disruption can
vary. Bechinger argues that the niacism of menbrane disruption isnot intrindc to
the peptide structure but depadent on both the peptide cancentration and the
properties of the lipid bilayeasboth respond to each other in a transent mannrer. As
such an individual AMP can Ihdead to stabilisaion of a bilayer anddisruption via
mechanisms akin to the tord@ pore madel or arpet model depending an the

conditions of the systen(15).

1.3 Antimicrobial coatings

Together with AMR, biofilnas®ciated infectionsare the two major challenges related
to the treatment bacterial infectigs diseases. A \ariety of different factors as®ciated
with biofilms leads to a starkérease in the antimicrobial tolerance of hese typesof
infections and if combined whitantimicrobial resistance the infections can be very
difficult to treat using traditbna approaches (16, 17. Biofilns can both be as®ciated
with chronic tissue infectionsuch aswith P. aeruginosain lung tisste related to cystic
fibrosis or leg ulcers, or with ndeeal devices such urinary or venous catheters,
ventilation tubes or differensurgical implants, with medical device reated infections
being responsible for 600% ofall hospital acquired infections (16, 17. The risk of
acquiring medical device relatenfections can be rektively high, for example the risk
of developing an infection wita urinary catheter increasng by approximately 10%for
each day the catheter is ingale (16). As mentioned, the treatment of biofilm
associated infections can be vefificult and for some madical device reated
infections even require surgicprocedures andassuch preventative approaches could
be more effective both in tersof clnical outcomesand caost (16, 17. Antimicrobial
coatings could reduce the risk of mhieal device reéted infectionsand wound

dressings could be used tolitgecurring infections (16, 17.

A variety of antimicrobial @tingsandwound dressngs have already been develgoed
relying on controlled localiskdelivery ofdifferent antimicrobial agents such as
antibiotics, biocides or silveranoparticles encased in different polymersystems (16-

19). However, one group of copoundsthat have receive lessclinical attention is
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AMPs, even though AMPs have arpotential againg biofilm infections via their
metabolic independent meamism of action and with some AMR even showing the
ability to eliminate establishebiofilms (20). Many different antimicrobial coatings
utilising AMPs have been devpkal andundergone pre-clinical testing. In general,
these formulations can be splip into two different approaches, either having the
AMP elute from the coatingpia caontrolled manrer orhaving the AMP coslently

immobilised onto the coating cating a suface-based killing metanism.

Most controlled release formationsrely a the physical entrapment of the AMPs
within polymer(21-30) or calcum-phosphéae (31-34) networks. Several formulations
alo utilise the unique ampbphilic physiochemical properties of AM in their design
such as with the addition of klyophobic/amphiphilic conpoundsto entrap or
influence the diffusion of the AMR21, 22, 24, 29, 310ne example of thisis Lim et
al. who designed a dual layeratmg with the AMP HId36 trapped within a poly- x
cgprolactone film with a Jpalmitoyl 2 pleoylsnglyeroB phosphocholine layer on top.
The phospholipid layer worlkssa diffuson barrier and leadsto a lowerburst and
longer overall release compatevith the polymer byer itself (22). Altematively,
Shukla et al. utilises the positivédnarge of he AMP Poericin G1 to ecapsuate the
peptide within their multilayer filmdue to interactions with different negatively

charged polymer§25).

As the main mechanism of aati@f AMF isnot dependent on internalisation into the
bacterial cell, a unique form affug deliverysystems can be made where the peptides
are immobilized rather than reteed from the caating (35). This type of cating has
the potential to be active for a veryng timeperiod asthe AMR are not lost over
time and the constraint camer the risk of degradation by enzymes (34). However,
one challenge with this appach is that the killng medanism is approximation based
and if proteins and dead bacterbuild up on the suface of he cating the efficacy
will be drastically reduced arallow for biofilm formation (36). To caunter this, many
formulations utilise antiadhesive cgranents such ashydrophilic polymers, multilayer
polymer systems or hydrophilolymer gefts. However, if he cating istoo
antiadhesive the bacteria willever comento contact with the AMP. Muszanga et
al. explored this with a hydrphilic polymericbrush coating made from the triblock
copolymer Pluronid--127 whidt acts asthe antiadhesive with an AMP cajugated to
13



the terminal end.They found hat increasng the amount of canjugated AMP ncreased
the number of bacteria adherg to the caating suface but in most cases the degreeof
the adhering bacteria that weraive wasalso reduced (36). The resutsdemongrate
the balancing act between thantimicrobial and antiadhesive properties of such
coatings. Another challenge withese types of caatings is the grafting of the AMPs @
the coating itself. Rapsch att investigated the grafting ofseveral different AMPs
using several different meths and found reductionsin the activities based on the
grafting method even if thedtal number of giafted peptides wasincreased. In
addition, all grafting methaoslalso showed a reduction in the activity conpared with
the free AMPg35). However,sometimes the immailiztion can also have the
opposite effect, such as withn AMP(ILPWRWPWWPWRR+t) which showed
improved efficacy specifically tards Giam-negative bacteria when immabilized
compared to when in solutiof36). The sufacedensty of grafted AMPs canalso
influence the antimicrobial pgerties asshown by Raris et al. They designed a coating
made from hyaluronic acid witnisin Z coalently grafted on and tested different
grafting strategies. By graftindné AMP @ the hyaluronic acid while still in solution a
lower grafting surface densityagachieved conpared with grafting it on a subdrate
coated with hydrolysed hyatonic acid, even if the total amount of peptides grafted
was greater.The higher density @fting cating showed increased antimicrobial
activity and the authors sugges that both the densty and the freedom/availability of
the AMPs are important faots for grafted AMPs (37).

The two design strategies haaso been directly conpared by Casm etal. They
designed two polyelectrolyte mitilayer caatings congsting ofhyaluronic acid and
collagen with the AMR.L37 either entrapped within the polymers or coalently
grafted onto the polymers usg arbodiimide chemistry. Comparing the two
formulations they found thathe cating with the immaoilised peptide wasdlightly
more efficient at reducing the covage of livebacteria andsignificantly more efficiat
at killing an &isting bacteriadyer (although in both cases the difference was mainly
seen at the low peptide cona&ration levek). However, he cating with the
entrapped AMPs did also sifjcantly reduce the number of planktonic bacteria and
was less taic to rat hepatocyts aultured on the caatings (26). Townsend et al. also

compared the two strategieshis time regrding a calcium phosphae caating. They
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found that the coating with the calently grafted AMP was much better at reducing
the bacterial growth on theaating suface but wasworse at inhibiting the planktonic
growth. Interestingly, they ab made caatings that combined both approaches and

this coating seemed to conserveetadvantages from each of the others (34).

There are both advantages @disadvantages to both design strategies and the
optimal strategy must be determéd on anindividua design bass taking both the
properties of the chosen AMé&nd the targeted application into accaunt. Covalent
immobilization might offerlte potential for a longer period of activity and increased
efficacy for direct surface Isad killing, but addtional challenges regarding the
antiadhesive properties andh¢ grafting itself must be cansdered. For the eltion
strategy the release of antimidogl agent to the surrounding tisste anbe an
advantage in many circunesices, such asfor surgical implants, where the natural
immune defence can be reduggost-surgery(31) and by madifying the formulation,
the release profiles can be optised towardsdifferent clinically relevant timeframes
In addition, the release also allevor the menbrane non-disruptive medanisms of

actions of the AMPs to conlniite.

1.4 Sol-gel coatings

A very promising approach foraking antimicrobial wound dressngs and coatings for
medical devices is to createsidica polymernetwork impregnated with antibiotics
using solgel processinglhesesol-gel materials are generally bioconpatible, anbe
processed at gentle reaction editionsandallow for a high degree of astomisallity
regarding many of the aspexteleant to drug delivery(38). The central conponent in
a solgel is silica alkades (or oher alkoxides) such astetraethyl orthosilicate (TEDS)
that serve as the precursorsrfthe polymernetwork. These alkoxides can polymerise
via first a hydrolysis reactiondeing to a free hydroxyl graip that can then react with
another alkaide molecule eher via water or alcohol candensaion. Ths leadsto a
covalent linkage between the two moleles and this processcan be repeated creating
a highly crosslinked polymeetwork. Thisprocessleadsto aphas dange of he
system, from the sol phase whereetsilica alkoxides are in a collodal susgension to

the gel phase where the netwotlasformed, often susgended in a liquid phase (38).
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Because of the hydrolysis gtéhe overll polymerisaion will be dependent on the
addition of water. In addition he pH salso crucial asthe reaction kinetics of the
hydrolysis and condensationaetions each have their gptimum at different pH valies
This can be utilised to stronglyfluence the structural outcome of he network. Under
aciic conditions hydrolysis issfoured, leading to an ordered mesoporousstructure,
while at neutral or basick condensdion is favoured which can be used to produce
silica nanopatrticles or everdlly a gel without a mesoporousstructure (38). Following
the polymerisation, further procang @nbe made to the bulk mormphology of he sl-
gel. Different deposition teatiques followed by a curing step can be used to make
coatings or thin film and, via dmyg, xeroged and aerogek can be made and moulded
into specific dimension&8). Sol-gel processng @n also be performed in conbination
with organic polymers yieldg hybrid sol-gel materials. These polymers can be added
either because of their ownhysiochemical propertiesandhow it affects the final
product or as structure direatg agents limiting the aggregation of the sol-gel

precursors during the saelprocess(38).

Sol-gel processing has beesag to make several different formulations targeted
towards biofilm infections sicas caatings, wound dressngs and implants.

Much work regarding antimictmal and biopharmaceutical loaded sol-gel materials
and coatings has been perforehey Ducheyne and colleges. They have nvestigated
the effect of synthesis and foraetion parameters such asdrug loading (39-43), the
water/silica precursor rati¢41) and pH (44). They have cansstently found that
increasing the drug loadingdreases the release rate. However, he medanism of
release seems to differ bagd@n the sol-gel mophology, wih the release from
xerogels best described byfflison, whereasfor caatings erasion seens to correbte
closely with the releas€39-43). Increasng the water/silica precursor ratio wasshown
as an alternative way to incaee the release rate without changing the drug loading
(41). In addition, they have so investigated caating specificparameters finding that
the thickness of the coating nde increased when dip-coating by increasng the
withdrawal speed or by coaty the sample multiple times with a canditioning step in-
between(42). However, the effect otloing multiple caatings on the drug release isnot
completely consistent betweagpapers. In a 2007paper both the release rate and

length increased with increasy number of byers which cauld suggest that the release
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is facilitated by bulk erosion ohe cating. However,m a 2009paper only the length
of the release seemed to inaiee which would indicate suface-based erosion. The
two formulations are almostlentical, only deviating regarding the addtion of ethand,
substrate size and the number aylers (1-3 \s 3-5), and thuspredicting the release

mechanism of a sajel coatings not straightforward (43, 45.

When using segel formulatonsfor the drug delivery ofbiopharmaceuticals extra
considerations are requiredompared with delivering small moleailes. Radin et al.
found that the release rateof macromoleales wasinversely rebted to their size for
xerogel formulations and a hg lag time caild sometimes be dbserved. This cauld
however be modified by incesing the sol-gelpore size through changes to the
synthesis method44). Anoher carcem is the stahility of the encapsuated drugs.
Menaa et al. showed how inaeng the bulk hydrophobicity ofa sol-gel caild
increase the interactions betweehe sol-geland proteins leading to ncreased

thermal and structural stabilit{46).

Recently antimicrobial hyhitisol-gel fornulationshave also been used aswound
dressings byeganeh and colkgues. Their core fornulation wasa hybrid silica sd-gel
with silica functionalised polyethane asthe organic polymer with different
antimicrobial additives added he conbination utilises elagic properties of
polyurethane with increased tesle strength of the silica sol-gel To create the wound
dressing, they mould the sglel nto a thin membrane that then hasthe appropriate
physical and mechanical grerties for use in moist wound therapy. Slverand
graphene odde nanoparticle have been encapsuated within the wound dressng
giving it antimicrobial activity, witlow toxicityand improved wound healing in vivo
(47, 48) Further developmaet utilised cowalently bound quaternary ammonium salts n
combination with an aternal kyer ofdextran that reduced the cytotoxicity of he

quaternary ammonium salts hile still preserving their antimicrobial activity (49).

Some research has also gomg¢d combining sol-gek with AMPs. Izquerdo-Barba et al.
incorporated LL37 into a maoporoussilica monolith with Puronic P123asa structure
directing agent, which poterdily cauld be formulated asa caoating. They also made a

parallel formulation that inclded 3-mercaptopropyl-trimethoxysilane asan addtiona

silica precursor which increed the hydrophobic interactions between the sol-geland
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the peptide leading to slower redee kinetics. The release profiles were fitted usng
the NoyesWhitney equation(first order kinetics) showing that the release canstant
was almost halved for the nlified sol-gel The formulations showed low toxicityand
significant antimicrobial activity emeafter 10 manths of storage (50). Braun et al. used
sol-gel processing to produce rs@poroussilica nanoparticles with LL-37 adorbed to
them. A large surface areadnegative charge for the nanoparticles cauld be used to
increase the peptide adsorptidout the negative suface darge reduced the particle
interaction with DOPE/DOH$Hayers and thusthe nanoparticles instead relied on
release of the AMP to see any eff¢bfl). Lagly, Dicsaet al. created large non-uniform
chitosansilica hybrid nanopartickusing water-free sol-gelprocessng (usng sodium
silicate with the chitosan as thetalyst instead of silica alkoxides and water) with the
AMP KRL2 adsorbed on the aterial. By \arying the pH during the synthesis, the pore
sizes and chitosan integration alal be cantrolled, leading to danges in both the
peptide adsorption and relese. Adsorption of the peptides to the particles reduced
their antimicrobial activity ggecilly for the particles where electratatic interactions

were more important for adsqition (52).

1.5 Patch clamp analysis of antimicrobial peptides

Patch clamp electrophysiologya diverse technique that can be utilised in many ways
and with many different setup Thisis also the aase when it comes to the biophysical
investigation of the pore formg abilities of AMR. One of the maost meaningful
distinctions can be made basgen the subgrate that the aurrent is measuwed across,
being either a biological subste such ascelk or a synthetic subgrate such aslipid

bilayers or liposomes.

1.5.1 Lie cells

Patch clamp using live cellsdseveral advantages oversynthetic bilayers. For
example, giving better sign&b-noise ratios when voltages and ionic gradients closer
to physiological levels are udandhavinga more conplexandasymmetrical
membrane compositio}53, 594. However, he main disadsantage s that the most
relevant target of the AMPs amelybacteria, cannot be used because of their small

size (55), a problem further eacerbated by the use of lowaccessresistance patch
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pipettes with enlarged tip$53, 54, 56, 5/ For antimicrobial research this cauld be
concerning since AMPs habeen shown to act differently based on the membrane
charge(58)and prokaryotic ce have more negatively dharged membranesthan
eukaryotic cell§¢59). One aproach for ciraumventing the size limitations of bacteria
could be via the use of giaspheroplads. In thisapproach, Gram-neggative bacteria
(typicallyE. coli) are first eloraged by incubatingthem wih the septation inhibitor
cephalexin, whereafter the cell wll is enzymatically digested to yield an enlarged
spherical spheroplast with diameter of 510 um. Thisallows for the establishment of
a GigaOhm seal using either aditional or planar patch clamp technique (60, 61).
While spheroplasts have bearsed in combination with patch clamp electrophysiology
to evaluate both native andbfeign ion chanrels (61-63), their use in combination with
AMPs have been limited tautirescence microscopy methods (64, 695.

Live cell patch clamp has beesed to investigate both single chanrel events and
macroscopic currents whilst the whole cell corfiguration (53, 56, 57, 6&2), where
the switch between the currr typesis performed by increasng the peptide
concentration (53, 72) Using his method, single chamel eventsfor AMPs acting by
the barrelstavemechanisnsuch asalamethicin canreadily be analysed (53, 66, 70,
72) but investigationof peptides such asQVI15 that form toroidal pores hasbeen less
successful as even at low cont®tionsthe single chanrel events quickly evolvento
macroscopic currentéb3). Altenative mehodsfor single channel investigations have
been created by using differepatch damp configurations. Byutilising the cell
attached,outside-out or inside-out configurationswhile adding the membrane
disruptive agent from the inde of the pipette (cell attached and insde-out) or to the
external bath (outsideout) asmaller contact area between the menbrane andthe

peptides can be achieved gigbetter single chanrel recodings (73-76).

1.5.2 Synt#tic bilayers

Regarding the biophysical irstegation of AMPs, synthetic menbrane models are
more commonly used than live cell ofes. There are several different patch clamp
setups that can be used for #purpose, ranging fromtraditional to morespecialised
equipment. Using a patch clappipette, measuement can either be made directly on
liposomes using different adigurations (66, 7#79) or by the "dip tip method" where

a bilayer is formed across the tf the pipette mimicking the out/inside-out
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configuration(80-84). Another comma approach is to use two Teflon chambers with
a small hole connecting themhich can vary in size to allow for both single camel
and macroscopic investigatie (14, 59, 80, 83, 888). More recantly, a setup hasbeen
developed by Nanion which alleMor plana bilayer experiments using disposalle
borosilicate chipg89-96). These chipshave a hole-sze that is much smaller than what
is possible using other metkdsand thereforeallows for moreprecise measuement of

single channel even{®7).

One of the biggest advantagef using a synthetic system is the ahility to customise
the composition of the bilayeihe main bilayer conponent is phospholipidsand these
can vary both in their head grg and lipid chain. Generally lipid lengthsbetween 16-18
carbons are used althobighe exact type anstill vary, from the fully saurated C16
lipid DPPX) (98), the partiallyunsaurated C18 Ipid DORX)(59, 80, 99, PORX)which
have one chain from each did previous types (59, 80, 84, 8yand lagly PChP(X)
which has branche@l16 chans with 4 metyl subgitutions on each chain (14, 8682,
88, 90, 9496, 100102) The PP(X)type seens to be the mast popular, likelydue to
its strong stability and high electalcresistance although it is lessbiologiclly relevant
(103)

The lipid chain length can albe further utilised to increase the thicknessof the
bilayer. Ashrafuzzman et al.ddihis while investigating gramicidin Sand found that the
thickness had little effect orhe measured signals, thussuggesting that the peptide did
not form distinct pores suchsvia the barrel-stave or torodal pore madel, but instead
likely disrupted the bilayer iaccordance with the in-plane difftuson model (14).
The phospholipid head grpus another key \ariable asthese anboth influence the
charge and fluidity of the @yer. Phosphaidylcholine (PC)is the most used
2witterionic phospholipid althagh phosphdidylethanolamine (PE)is also often used in
combination with other lipidsPhosph&idylglycerol(PQ is the mast commam
negatively charged phosphpid although phosphaidylserine (PS)can also be used. By
combining these different phgpholipids the menbranes of different organisms can be
mimicked. As such eukaryotic cell mananes are often represented using pure PCor
a mixture of RCand PE produeg neutrally charged bilayers whereasfor bacterial
membranes negatively chardéilayersare made usng PGn conbination with FRCor
PE or via the soybean prodwlectin. In addtion, further menbrane conponents
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such as cholesterol or ergostera@talso be added to further mimic nammalian or
fungal cells respectivel{p9) Manz etal. also further distinguishbetween bilayers
mimicking Gram negative armbsitive bacteria by varying the ratio between DIMPE
and DPhPG to 6:4 and 0:1 respecti8§-96).

The bilayer setup also makes @&=er to \vary the extenal conditionsduring the
experiments. As such the effexodf the ionic conposition (77, 79, 86, 88 pH (102,
temperature(80, 104)and peptide solvent (87) have all been evaluated.

Although bilayer gperimentsare mainly utilised for single danrel ewaluations, using
the Teflon chamber setup, acroscopic ewaluations can also be made. These
experiments are mainly used f@roduce IV aurvesusing a voltage ramp protocol.
Different useful information an be retrieved from IV aurves. If the aurvesare non-
symmetrical between the positivend negative voltage range, hen the peptide
induced conductance is voltaglependent which is more comma for peptides
following the barrelstave mebanism such asalamethicin (80). By ewaluating the I/V
curves at different peptideancentrationsand conparing the voltage thresholds
(where the curve becomes panential) with the In of the peptide cancentration the
concentration dependency c¢ebe found. This value an be useful both for conparing
the efficacy of different compandsand when divided by the voltage dependency it
can give an estimation of thappaent number of maomers per canducting

aggregate, although only ii¢ medansm of action isbarrel-stave (80, 83, 87.

Single channel investigations of Adtan be ewvaluated on several different levek. The
lowest level is the raw reconas of the aurrent over time reétionship (current trace).
The response signature can gamidea into the medanism of action and can be
characterised into different fyes of responses such assquae-top, multilevel, flicker,
spike and erratic behavioy®9, 109. Secand to that is the amplitude histogram which
shows the frequency that diffem& current intervals have ocairred during an
experiment. The shape of théiistogram can give hsght into the medanism of action
and using a Gaussian fit the areaurrent can be determined for each conductance
level. When multiple conduatce states are present the histogram canalso be a
useful tool for distinguishing betweghem, asshown by Sondermann et al. finding 6

distinct conductance statesif alamethicin (100).
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For some AMPs I/V curves calso be made during single danrel experiments,
although it generally requiredét there s one main conductance level If the
conductance is relatively corestt it can be performed usng a voltage amp protocol
(79), but otherwise it is mainlperformed by conparing the average pore arrent at
different voltageg59, 77, 79, 83, 88, 92, 93, 30dngle danrel 'V curvesare manly
used to investigate if the peke poresare voltage dependent or not but canalsobe
used to evaluate the ion selectivititham etal. did thisby ewaluating the IV
relationship under symmetra andasymmetrical KO concentrations. Under the
asymmetrical condition the revsd potential wasshifted to a morenegative voltage

indicating selectivity towardgotassum ions (88).

Time related parameters catso be ewaluated based on the aurrent trace. The
lifetime of each pore can be rasured, and the distribution can often be fitted with a
single or two-exponential functia to aid conparison between conmpoundsor bilayers
(59, 77, 102)At the same time, itan also be useful to ewvaluate the frequency ofpore
openings(102)

Lastly, when a pore has mufie different but distinct canductance states, the gpening
and transition probabilities cealso be alculated. Sondermann et al. used these
probabilities to argue that alamhbicin does not form pre-existing non-conducting
aggregates before membram®larisaion, asthe probabhility for the first conductance
state to be the lowest level &8 98%and if the aggreates were performed a larger

distribution of conductance ates would be expected (100).

Patch clamp using synthetilayers have also been widely used for the drug
development and discovery of A~ omparing an AMP wih andogues with small
modifications to the amino agisequence @n highlight the importance ofstructural
motifs or individual amino agds (80, 81, 84, 85, 93, 95, P&onbining patch clamp
with structural analysis tectiques such asCD orsolid state NMR an give nsight into
the effect of the secondary sicture (81, 93, 96 and testing different ssgments of a
larger peptide/protein can helidentify the active part of the sequence for urther
development(85, 101)
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Single channel bilayexgeriments have also been used to distinguish between
different mechanisms of actio Manz etal. defined 5 parameters that can be used to

indicate differences in the mbéansm of action:

x The concentration regired for activity to be seen.
X The latency betweemeptide addtion andactivity.
x The duration of the activity

X The amplitude and nmber of each event.

x Whether the peptide auses the bilayer to break.

However, even using these manetersa clear medanism of action cauld not be
defined for all their tested pgtides (95, 99.

The morphology of the currentdce hasalso been widely used to indicate the
mechanism of action althougthére & little consensuson the area.

The largest consensus is regjag the barrel-stave medanism producing arrent
traces corresponding to theggaare top or flickerng behaviour (80, 86, 100 The
toroidal pore mechanism hdmth been described with squae topsand flickering (83,
89, 92)or by spikes, multilevelnd erratic behaviour (87, 99. However spikes,
multilevel and erratic behawur have also been used for describing the carpet (96) or

the in-plane diffusion modesl(14).

1.6 Molecular dynamics simulations

To understand the behaviour @ntimicrobial agents such asAMPs it is critical to gain
insight into their propertiesstructure and interactions on a moleallar level Molealar
dynamics (MD) simulations are® of the maost powerful tools we have for exloring

the molecular level behaviosof biologicl systems.

MD simulations are built on twaihdamental concepts. Frstly, if the positions of all
atoms in a biomolecular systeane known, the forceby which they nteract with one
another can be calculated bagen their physiochemical properties. Secandly, if these
forces are known, Newtop laws of motion can be used to predict the direction and
velocity at which each atons moving. In MD simulations these two principles are

applied in an iterative stepwisgpproach, where the forcesare alculated,
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transformed to velocities ahthe atoms/moleailes are then allowed to move for a
very short time period (normallground 2 5). Based on these movemats the 3D
positions of the atoms in the stem are updaed and the processis repeated from the
beginning.These steps are peated millions of times in order to generate a trajectory
of the system which functions like3D movieshowing the movemaet of the molealar
components based on mangdividud static frames. Based on this trajectory a great
deal of information can be @hered about the behaviour of the molealar conponents
in the system(106, 107)

The most critical step in the sutation processis the alculation of the interatomic
forces which is performed bagden a so-called molealar medanic's force fietl. Such
force fields generally contain two cqonents. Frstly, the mathematic equation used
to calculate the interatomioofces based on the size of the interatomic potential
energy.This equation consists ekveral termsused to describe the main ways in
which atoms interact with edcother through both bonded and nonbonded
interactions. Bonded interactits contain terms related to the energetic effecs of
positional variation betweematoms which are linked cowalently such asthe energy
related to bond stretching, rgle bending and dihedral and improper torsions. The
nonbonded forces are based&ander Vads interactionsand Coulombic interactions.
A critical aspect to these mfa@matical terms is that they are not designed to be as
accurate to nature as possibl@tiner they are made to describe the behaviour
accurately enough while still beg simple enough to be ewaluated quickly allowing for
an efficient simulation speed herefore, he force fietl also cantainsa second part
which is a specific set of atomaad moleallar parameters. These parameters are
generally formulated basedn quantomechanical calculationsand experimental
observations in order to enge that the oveall force fiell yiedsacaurate resuts
within a given set of applicains even though simplified equationsare used for the
energy calculationgonsequantly, many different force fiedshave been created by
different research groups wittifferent advantages and disadvzantages and optimised
towards different model type Some force fiedls (such asCHARMMand AMBER) are
mainly focused on the simation of biologial systems containing moleales such as
proteins and lipids while otherare more geeralised or foaus on inorganic conpounds
(108)
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MD simulations have a largange ofdifferent uses depending on the
application/topic of interest. fie structural behaviour of large biologial molealles
such as peptides, proteinspilils and nucleotides can be madelled and give coitext to
experimentally derived averaggructures obtained with methodssuch asNMR or X
ray crystallographyQritical to thisis that in MD simulations the dynamics of the
structure are represented allowg for nvestigating phenomena such asthe
conformational changes of molates during unfolding or ligand binding. In many
ways, MD simulations can losed to givea better quditative understandng of resilts
obtained in wet lab gperiments.

MD simulations are also widelyged in connection with structure-based drug
discovery. In this regard, theymboth serveasa filter in the drug discoveryprocessor
as a tool used directly in thedd optimisation process.This can both be in terms of
identifying key interactions betweethe drug @nddate andits target or nin silico
evaluations following changes ade to the design/structure. Again, MDsimulations
have advantages over other cputational methodsdue to the cansderation of the
dynamic changes in the struce of both the drug moleceile andbinding target.
However, this does generally comaéthe cast of an increased conputational demand
(106, 107)

Several different simulation sofae packages exst to facilitate the simulationsand
analysis of MD simulatioif.ar biologial systems, Gronacs, orighally develgoed at the
University of Groningen and nowamtained at Uppsda University, is one of the most
popular. ritical contributors to hisare likely that the program is open source and has
a focus on facilitating the nmsb efficient simulation speed possble on everysystem,
ranging from supercomputsrto home hptops (109). A keyaspect n thisregard is the
support for GPU acceleration,hich allows the simple but computationally expensive
nonbonded force calculations tee offloaded from the CPU ato the GPU wich excels
at completing highly parallskd tasks. This facilitates that complex MDsimulations
that can now be completed, emeon a low budget usng caxsumer giade equipment
(110)
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1.7 Molecular dynamics simulations of antimicrobial peptides

As the main molecular target of AMR the highly adagive anddynamic lpid bilayer,
in silicoinvestigations using mbbds that rely on static models for the binding are of
limited use. Instead, MD simationsare the preferred conputational method for
investigating the behaviourfAMP, at lead for properties more conplex than those
that can be eplored using sirple structural projections. Due to the long and conplex
mechanism of action of AMPMD simulations have been used to explore several
different aspects of the moletar levelbehaviour and interactions relevant to the

antimicrobial activity of thgeptides.

Several studies have utilised Mihulationsto investigate the structural propertiesof
AMPs by simulating their baviour in different moleaular environments. The simplest
way to do this is to model their 3&ructure while in solution. This is often done either
in water or in alrEe/water mkture mimickng the canditionsused in many in vitro
structural experiments.Thesesimulationsare often used to either improve anab initio
predicted structure, give context to parimental investigations of only the secandary
structure of the peptide or to gtore the canformational space of he solution
structure(111-114)

The most common use of AMP Minulationsis to simulate their interactions with
lipid bilayersThe general setp for such simulations consists of a model with a central
lipid bilayer spanning the entireyplane of the simulation box with a water layeron
each side. One or multiple pedes are inserted into the water phas above the
bilayer and as the simulatios exeaited these peptides will begn to interact with the
lipids. Depending on the lengbf the simulation the peptides will generally either
form an association with thbilayer suface or evatually fully insert into one of the
leaflets of the bilayerSome authors place exta emphasgs on this processand have
used MD simulations to desbs a distinct medansm for peptide insertion (115, 116.
Once the peptide(s) are assateid/inserted into the bilayer many different andysis
methods can be utilised to deribe aspects of the systems such asthe position and
orientation of the peptides retive to the bilayer and how the peptide(s)affect the
properties of the bilayer itsel®5, 96, 113, 11827). Someauthorsalso use the
simulation trgectories to calalate the rektive freebinding energy of he peptide-
bilayer complex (117, 123, 129.28).
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Because AMP induced pormrnation typically ocairs on a timescale which is outside
the current capabilities of MBmulations, exploration using this methodology &
difficult but not impossiblelipkin et al. reviewe different approaches used to make
such investigations possib{@29. The two main approaches are either to use
preformed pores or to artifielly pre-insert the peptide in apore formation (124, 130
132) Some authors have reportespontaneous pore formation but that is likely due to
unconventional parameter settgs such asnot adding cainter ions or using a high

temperature which could spekup the process.

In addition to purely gploratory biophysical investigations, MD simulations have also
been utilised in the drug disgery processof new AMB. While the use asa screening
tool beforein vitro evaluation of new peptides should be possble, very few eamples
have been published using sfapproach. Puentes et al. highlight the potential use of
MD simulations as a secondagreening step in their review ofdifferent in silicoand
experimental approaches tdesign, screening and testing of AMR, but do not refer to
any actual gamples of suchge at the time(133). In a recent follow up paper, they
evaluated different aspects oheir AMPdiscoverypipeline includingusng MD
simulations as a screening tobljt only evaluated 5 randomly selected candidates out
of 252 candidate$134)

Much more common is the use of Midnulationsto conpare 2 or morepeptide
analogs and thereby give moldar level caitext to experimentally observed
differences between thesg@5, 113, 118, 12224, 126, 135, 136In these ass, the
MD simulations can help answéretquestion of why one andog midit have a higher

activity than another and thetwy help inform the design of future madifications.

1.8 Aims and objectives

The general aim of this ppect is to work towards overcomng some of he drawbacks
existing for natural AMPs hidjghted in section 1.1, that currently limit the clnical
viability of such peptidespecifially, the natural AMPSMp24, first isolated from the
venom of Scorpion maurus palmatus, will be the starting point for inhibitor
development(137) This 24residue long peptide shows a promising antimicrobial

activity against both clinically relast Gram-positive and Glam-negative bacteria but
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als a significant cytoteicity againg mammalian celk (137, 138. In this project, two
different approaches will based in order to advance the develgoment of this peptide
and bring it closer to a stagehere itpotentially cauld be viable for clnical use. This

gives rise to the following tavaims that will be addressed in this study:

x Aim 1)Formulate Smp24 nh a sol-gel cating to utilise itsantimicrobial and
antibiofilm properties tgprevent the formation of biofilms on the suface of
the coating.

x Aim 2) Improve the selectivity 8mp24 andat a reduced develgoment cost

using a rational drug cgn approach

Additionally in order to fullladdressthe broader secand aim, several objectives also

need to be completed:

x The preexisting knowlelge rehted to the structure and medanism of action
of Smp24 will be further eganded using biophysical approaches, in order to
establish a better strucre-medcanism reltionship that can be used to gude
the design of novel atogs.

X Smp24 will be truncatd using a structure-based conputer aided design
process to yield smallerheaper to procure, and more efficient andogs while
retaining the antimicroial properties of the parent peptide.

x The best of the trunated andogs will be further develgoed in order to
optimise selectivity towrdsbacterial celk over mrammalian celk, by either

improving its antimicrbial properties or reducing its cytotoxic effecs.
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2. Materialsandmethods

2.1 Materials

Antimicrobial peptides were syhesized via Fnocsolid phas peptide synthesis by
either Davids Biotechnologie (i (Regesbug, Gernany) (Chaper 6) or Biserv UK
(Sheffield, UK) Chapter 7) ata purity of >90% Unlessotherwise specified all other
reagents were purchased frofigma Aldrich (Basngstoke, UK.

2.2 Production of sol-gel coating

The solgel coatings were syhésised based Nidhol etal (139), excet usng a different
type of PDMspolymer.Shortly, 05 parts TEOS 1part TMOS 1pat MTMSand 2.18
parts isopropanol were med while slowly addng 235 parts of a 1:1.15 Q07M nitric
acid:isopropanol miture. Thereafter, 0, Q2 or Q4 parts of PDMs-OH(Mn = 550,
viscosity= 25 &) was added t@chieve the desired PDM5-OH level An addtional 2.33
parts of the nitric acid: isopparnol mixture wasslowly added and after 10 mn of
mixing a final 2.4 parts 0.07Mtric acid wasadded. The sol wasallowed to age at

room temperature under rigonas mixing for 3days before cating.

After the ageing period therfal coating mixure wasprepared by mixing 1part of the
aged sol with 2 parts isoprapol. Depending on the peptide level,atotal of 2parts
water and/orSmp24 stock vasadded, such that the amount of peptide in the final
samples was either 0, 150 or 300. {ig create the thin film samples, 37.5 ul of tis
final mixture was spread omta 22mm raind glasscoveslip andallowed to dry

overnight.

2.3 Evaluation of antimicrobial coatings

2.3.1Brightfield (BF) micoswpy characterisation of coating structures

To evaluate the distributionf the PDM5-OH wihin the sol-gel cating, samples
spiked with the hydrophobidye Oil rel O wereprepared. This wasdone by usng a
saturated Oil red O in isoprapol solution instead of pure isopropanol when preparing

the final coating miture.
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Macroscopic Bimages of theeptide-loaded sol-gel catings were taken using a
microscope at appramately 125 megnification, while further magnified images of
both loaded and nodoaded smples were taken usng an inverted Olynpus [X81

microscope.

2.3.2 Matrixassised la®r desorptiorfionization (MALDI) mass spectrometry imaging
(MS)

Peptide loaded samples wepeepared for MALDI MH by spray caating the sample
with a MALDI matrk consisting of 5 mgml r-Gyano-4-hydroxychnamicacid (rCH@)
in 70:30 Acetonitrile:0.5%FA usng a Surcollect MALDI &to-sprayer
(SunchromGmiid, Fiedrichglorf, Germany). A total of 25 hyers of rCHCA were

deposited at a flow rate of 8 [anl for each sample.

Imaging was performed usiragBruker autoflex speed MALDITOF massspectrometer
(Bruker Daltonik Gni, Breman, Gernmany) equipped with a 200 H SmartBeam j laser
using a 5 50 um spot size. Aaisition wascarried out in the massrange of niz
23753000 in positiveon reflectran mode. Images were crated usng a rager size of

50 um2, with 25250 shots perader.

Daa analysis was performeagsing the HexImaging software (Bruker Caltonik GnbH,
Bremen, Germany)he peptde signal wasdetermined based on a massrange
between m/z 2542629 corresponding to the signals from the [M+H]+and [M+Na]+

peptide ions only.

2.3.3 ptide elution from the sotgel coating

The elution ofSmp24 from thesol-gel catings was evaluated by submersing the
individual samples in 600 pl BBncubated at 37°C, 100 pm. The elution media was
periodically collected andxehanged with fresh PESthroughout a 4-weekperiod. The
peptide concentration in edtelution media sample wasdetermined using the
PiercéM QuantitativeHuorometric Pgtide Assg following the protocol specified by
the manufacturer. Briefly, ifluorescence conpatible 96 wellplates, 10 ul elition
sample was med with 70 plassy buffer and 20 plassd reagent. After 5 mn
incubation at R the peptide cocentration wasquartified via fluorescence

measurement at,exc =390nm and ,em = 4751m.
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2.3.4Caating nediated biofilm inhibition

The biofilm inhibitory propertigof sol-gel catings were ewluated againg S aureus
H1000(140)based on a mdified version of Skogman et al (141). An ovemight culture
of the bacteria species was watiéd 1000x m Mueller Hnton broth (MHB) and
incubated at 37, 200 rpm atil an OD600 (2-0.6 wasachieved, to ensue
exponential growth phase asreached. The bacteria susgension wasre-diluted 100
fold in MHB to give a suspensiof approximately 1 CRJ/ ml. Sol-gel cated
coverslips were placed in a 24 wplate with the caating facing upwardsand 1 mlof
the bacteria suspension wadded to each well. After 24 of incubation at 37C°, 100
rpm the planktonically growinacteria were remove and the ORoodetermined. The
biofilms grown on the sejelsufaces were washed twice with 1ml PESand then
resuspended into 1 ml MB by sonicating the samples for 10 mn. The CRJ/ml of the
resuspended biofilm was detern&d by spot plating on MHAplates in triplicate using

factor 10 serial dilutions foragh sample.

2.41n vitrobiophysical evaluation of AMPs:

2.4.1 Hdctro formation of GUVs

Vesicles for the patch clampm@timents wereproduced usng the vesicle prep pro
from Nanion (Munich, Geramy) usng Buggenan et al asthe starting protocol (142),
optimised to work with the specificpiid mixtures. Stortly, 20 pl 3 mgml lipid in
chloroform solution was plaakas multiple small droplets on an ITO sheet and allowed
to fully dry. A rubber @ing wasplaced surrounding the lipid film held in place by a
thin layer of silicon greas@he chamber formed by the Oring wasfilled with 280 pl
1M sorbitol solution and a seod ITO sheet wasplaced on top. The ensemble was

placed in the vesicle prep @andan electro fornmation protocol wasinitiated.

Electro formation protocol ugkfor RCPG tye vesicles. An initial linear voltage
increase from 0 to 3V was perforch@ver T followed by a 2h period with a congtant
voltage of 3V.The protocol vasfinished by reducing the voltage backdown to Oover
10 minutes. At stages were perforhat anamplitude of 5 H anda temperature of
37 C
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Electreformation protocol usd for RCPEtype vesicles: An initial linear voltage
increase from 0 to 3.2V was perforohever T followed by a 50 mn period with a
constant voltage of 3VIhesesteps wereperformed at anamplitude of 10 k. The
protocol was finished by a fafi the amplitude to 4 H over 10 mautes which washeld
for an additional 20 minuted he voltage wasnot changed. Allstages were performed

at atemperature of 37C

Once finished the GUV solutisvasretrieved using a pipette tip, which was cut to
increase the size of the opey, by pipetting the solution up anddown two times to
release the vesicles from theddi The GWswerestored at 4 C in an Eppgendorf tube

until use (ma 5 days).

2.4.2 Patch clamp

Electrophysiology»eriments wereperformed on planar lipid bilayers usng a Nanion
Port-a-Patch planar patch claorsetup, based on a modified version of Bluggenann et
al (142) Bilayers were formely addng 5 pl of GV solution to a 3-5 MChm
borosilicate chip which contaed 5 pl ofpH 4buffer (200 mM KJ, 10 mM HEPES)
solution on each side of thaperture. Afterapplying 1030 mbar of negative pressure a
Gigaohm seal would be forneeand the pressue would be revertad to neutral. The
bilayer was washed byxehanging 20 plbuffer solution 3 times. The gain was
increased to 50 mV/pA and a-®0 mV potential wasapplied acrossthe bilayer. To
ensure the quality of bilayer assaisfactory, the aurrent acrossblank bilayer was
recorded for 5 min before thbilayer waswashed a secand time, this time with 3x 20
pl pH 7 buffer (200 mM &, 10 mM HEPES)In later experimentsusing 16:0 4ME lipids
the buffer solutions were gdsted with Ca® to anaddtional 10 mMC&. Aftera
further 5 min, 3 pl concentratépeptide solution was mixed with 17 plpH 7buffer
solution and added to the 10 jduffer presents on the dip to obtain the active

concentration.

The current traces were reated usng an BPC 10 USB HEKAamplifier and the setup
was controlled using a combation of the Ratchcontrol (Nanion) and Patchmager

(HEKA) software. Analysis dig airrent traces wasperformed usng Ftmager (HEKA
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2.5In vitrobiological evaluation of AMPs

2.5.1 Minimum inhibdry concentration (MIC)

The minimum inhibitory concegration of the peptides againg Staphylococtisaureus
H1000(140) Escherichia coliJM109(143) and PseudomonasaeruginosaPAO1(144)
was determined using the micdblution method (145). Factor two dilutions of the
peptides (2560.5 pg/ml) weremcubated with 10° CRJ/ ml bacteria susgnsionsin
MHB in a 96 well plate for 280h at 37C°. The MICwasevaluated via visud inspection

and further confirmed by absbance measuement at 600 nm.

2.5.2 Rptide only bofilm inhibition assay

The intrinsic ability of the AMRo inhibit the formation of biofilms was evaluated
against S aureus SHL000(140) andE. coliJM109(143) based on a protocol from
Slogman et al(141) An ovenight culture of the bacteria species wasdiluted 500
100k in MHB and incubate@t 37C°, 200 pm until an OD600 ®-0.6 wasachieved, to
ensure exponential growth plase wasreached. The bacteria suspenson wasre-diluted
100fold in MHB to give a suspeion with approximately 10° CRJ/ml. The bacteria
suspension was added to a 96 wplhte and mixed with the peptide, givihg final
concentrations from & the MICto 1/64th MIC.The plate wasincubated at 37C°, 100
rpm for 18h & aureus) or 24 (E.coli). The biofilms grown in the wells were washed
twice with sterile PBwhereafter tie biofilm cell vahility was evaluated by incubating
them at room temp (R with 20 uM Reazuin for 20 mn (S aureus) or 2h (E. coli,
followed by fluorescence quiification at ,exc = 560im and ,em = 5901m. The
biomass of the same biofiimsasevaluated following the Resazuin stain by fixing the
biofilm with 96% ethanol for 15mj staining with 0.02%Qrystal violet for 10 m,
washing twice with water and misolving the stain with 33%aceticacid for 1h. The
biomass was quantified bybsorption at 595nm. The rektive biofilm formation was
evaluated at each concentratio(n=8) conpared to untreated bacteria cantrols

(n=16).
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2.5.3Haemolysis assay

The haemolytic activity of the AMRvasevaluated based on Corzo etal (146).
Defibrinated sheep's blood aswashed with PES3-5 times in order to isolate the
erythrocytes and then dilut@down to a final test concentration of 10%The
erythrocytes were incubated witfactor two dilutions of the peptides (512-1 pg ml)
adjusted to 290 mOsm/I in fpiicate for 1h at 37C°, 100 pm. A 10% tritm-x solution
was added for the positive cdrol and PESfor negative cantrol. After the incubation
the samples were centrifugeat 10,000 x g for 5 miand the absorbance of he
swpernatant was measured at 5#0n. The absorbances were correcte againg the
negative control and the % was estimated relative to the positive cantrol. HGso

values were estimated usinge Hill quation.

2.5.4Cdl culture

TheHEK293147)andHepG2(148) cell Ines wereboth grown in Dulbeccos modified
Eagle's medium (DMEM) suipmented with 10% feél bovine serum (FBS)and 1%
pen-strep.The cells were indeated in T-75 flaksat 37C°, 5%00; and the media was
changed twice a week. Uponaahing a confluence of 90%he celk were washed with
PBS and trypsinised using 0.25%diy.

2.5.5Cadl line toxicity

The cytotaicity of the peptides was evaluated usng the GyQUAN LDH cytotoxicity
assay with methodology baden Rawson et al (149). The cels wereseeded in 96 well
plates at a density of 20,000 c#Well and incubated for 24h. Factor two dilutions of
the peptides (465.9 pg/ml h water) wereadded to the welkandthe plates were
incubated for a further 24h. Followg the incubation period, the LDH relae was
quantified in accordance witthe manufacture § specification. Briefly, s buffer was
added to the mamum LDH cantrols and incubated for 45 mn. 50 plsample from each
well was transferred to new 96 wgllates and mixed with 50 pl reaction mixture.
After a 30 min incubation perit 50 plstop solution wasadded to each well. The
absorbance was measured at 49 and 680nm. The LDHactivity wasdetermined by
subtracting the 680nm abstwance from he 490nm aborbance \alues. The

%cytotaicity was determinedby correctng the LDHactivity againg the negative
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control (water) and then comparing the value rektive to the correctel maximum LDH
control. The IGso values were gtimated using the Hill quation, with the maximum

response based on an average loé ftmaximum response of the peptides.

2.61n siliccevaluation of AMPs:

2.6.1 Molecular dynamics siulations

All molecular dynamics sinations wereperformed using the Gronacs 20202-4
packages. All simulations weperformed using the leapfrog algorithm witha 2 fs
timestep, hydrogen bond ewtraints were performed using the Lincs algorithm, Wan
der Vaals and shortange electratatic interactions cut-offs were 12 nm, Nase-Hoover
thermostat was used for tempature cantrol and the Rarrinello-Rahman barostat for
pressure control with semsotropic canditions for the bilayer malels and isotropic
conditions for the solution mdels.

Unless otherwise specified alloduction runswere performed in the NFI ensembleat

293K, 1 atm and with centref masscorrectian of the system every 10Gteps.

The Gromacs tutorials by Just\ Lemkil wereused asa starting point for the setup

and basic simulation procecde for both the solution and bilayer smulations (150)

2.6.2Ab initostructure generation
The starting 3D structure afl peptides used in the MDsimulations were geerated

using the Pepfold3 servét51) following 100simulations sorted by the SOFEP energy.

2.6.3 eptide water model

The topology of the peptide asdescribed usng the amber99sb-ld all-atoms force
field. In each system a peptideagplaced in the centre of a 7 nm?3 box filled with
water molecules described bizg TIP3P water model. The net charge of he madel
was neutralised by adding chlale ions.

An initial energy minimization asperformed prior to the equilibration. The madel
was equilibrated in two step, firstly a 100ps NVTsimulation wasperformed using the
V-rescale thermostat with mtein and non-protein coupling graipsto equilibrate the

temperature.Thereafter a 10(pbs NPT simulation wasperformed with the addtion of
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the ParrinelleRahman barost to equilibrate the pressue. During both equilibration
steps position restraints wenglaced on the peptide atoms.

The production runs were perforndan the NPT ensemble simulated for 500ns.

2.6.4 Rptide TFEBEvater mixture model

The peptide topology was aigp described using the amber99sb-ild all-atoms force
field. The peptide was placead ithe centre of a 7nm3 box filled with water and TFE
molecules in a ratio of appronately 27-2.8 water to TFEThe water and TFEmixture
model was based on previous wdik Gerig etl. with the TFEBopologydescribed as
THEEmodel V(152)and the water mdel used wasTIP5HE. The net charge of he model
was neutralised by adding chlale ions.Following an energy mnimizaion, the same
equilibration procedure as forme water only models wereused.

The production runs were perforndan the NPT ensemble simulated for 500ns.

2.6.5Bilayer models

Over the span of the studies sewskdifferent bilayer systems were crated to aid in
the exploration of the structure metanism relationship, drug design andin silico
comparison between the AMRII the madels werebased on an orighal base system
with modifications applied in der to explore different aspects of the peptide bilayer
interactions. A short descriptioof the purpose of each model canbe found in table
2.1.Further explanation for thedesign principles behind the different models can be

found in chapter 5.

All bilayers were built using CHARMBUI(153), with lipid and peptide topology
described using theCHARMM36m forcefia. The standard TIP3P vater model was

used for all bilayer simulatis.
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Table 2.1 Overview of baseline bilayer models used in the different simulations.

Bilayer General cangesrelative to | Purpose of simulation
simulation base model
variant
Base Badc madels for ewaluating the early
interactionsand equilibrium state
between a peptide anda negatively
charged phospholipid bilayer
1 Bilayer composition changed | Models for ewaluating the effectsof
to DORCDORE lipids the lipid conposition
2 Larger bikyers with more Models for evaluating the effectof
peptides irserted the peptides on the properties of the
bilayer
3 Sngle towidal pore induced | Models for ewaluating the
in the bilayer interactions between a single peptide
anda toroidal pore
4 Sngle towidal pore induced | Models for ewaluating the
in a largeibilayer with interactions between multiple
multiple peptides inserted peptide anda toroidal pore
5 Reduced ge ofbilayerand | Smaller version of the base modelfor
increased iaic strength increased simulation efficiency
Base model

The central component of thease madel wasa 7 nm? phosphor lipid bilayer,

consisting of 1:1 DAPDOPGIud lipid mixture (72 of each lipid).

A single peptide was insedento the madel with its centre of massabout 1.5 nm

above the bilayer. On eachdsiof the bilayer anapproximately 3nm layer of water

molecules were also addedy ensure the bilayer wasproperly hydrated. Some of he

water molecules werexehangel with potassum and chloride ionsto make the

system overall neutrally chardeFollowing an energy mnimizéion, the madels were

equilibrated in 3 stepsHrstly 100ps NVTsimulation wasperformed usng the V-
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rescale thermostat with protei lipid and water+ions caupling graupsto equilibrate
the temperature. Thereafter two NH simulations were performed with the addtion of
the ParrinelleRahman barost to equilibrate the pressue, the first being 100psand
the second 900 ps. During atjglibration steps 1000 kdmol nm? position restraints
were placed on the peptide atosnThe simulations were hitially smulated for 500ns,
however in some cases thength hadto be increased in order to reach an

equilibrium.
Variant 1

GComposition of the bilayer wachanged to 1:1 DOR.DOHE lipid (74 of each).

Everything else was perforrdaswith the base madel.
Variant 2

Simulations of larger bilaye($2.62-14.21 nm) with 0-16 peptide inserted into the top
leaflet was performed via sevalrsteps.Frstly, different sized DORZ.DOPGilayers
(3.3 nn?, 4.0 nn# and 7.0 nmM) were crated and insertion of a single peptide was
achieved in accordance withd base madel. Larger malels were crated based on the
final frame of the previous siolationsusing the gmx geconf command with the t
nbox flag.This function multipliel the molewlar components of the madel in a grid
like pattern along thex andY axis several times (2x2, 3x3, 4x} yieding a larger bilayer
with multiple peptides alreadyngserted (figure 21). The larger malels were first
simulated at 323K for 500ns tedilitate peptide diffuson/mixing in the bilayer plane
followed by 250ns simulatioat 293Kused for the andysis. Asimilar approach has
previously been used [§hen et al (124).
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Figure 2.1 Creation of larger bilayers with multiple peptides insert&)l.Small bilayer model

with a single peptide inserted was multiplied in the X and Y directions in a grid-like pattern. 2)

The larger bilayer was simulated at increased temperature to facilitate mixing of the peptides.

Variant 3

Bilayer simulations with a préormed toroidal pore anda single peptide were create
using an electroporation appash. The final frame from the base madel smulations
(peptide inserted into 7 nthDORC.DOP Goilayers) wasused asa starting point for
these simulations. A pore was ated using electrgoration by simulating a relatively
large electric field (0.3 V/nmyunning acrossthe bilayer. Under these canditionsa
toroidal pore would form anduickly exanded leading to the conplete destruction of
the bilayer. Via visual inspecti@f the simulation trajectory, a frame wasfound where
a small toroidal pore had been formé&efore the conplete bilayer disruption and this
configuration was &racted. The smulation parameters were tvanged to lower the
strength of the electric fieldat 0.065V/nm. Using the new parameters and the
previously etracted configuratio a simulation could be performed with a relatively
stable toroidal pore which wdd remain open over he full 500nssimulation time

without leading to the completeisruption of the bilayer.

COM corrections, which modifi¢he directional velocities for a group of moleales ©
reduce the overall drift relative tdhe simulation box, were ncreased to every 10 stps
for the bilayer to counteracthe addtional drift induced by the one-directional

electrical field.

The range of possible poresasiated peptide canfigurations were rther evaluated
by manually changing the positi@f the peptide within the pore lumen. This wasdone

using a pull function where a nsgtant force wasapplied to the centre of massof the
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peptide pulling it down anddwards the pore. The pull function wasapplied to the
peptide in two different startng positions (based on the previous set of simulations)
and stopped at three different levebdf insertion giving a total of 6simulations.
Thereafter the system was atljbrated for 5nanosecands with the peptide position
locked.Fnally, the system assimulated for 50nsto see how the position of the

peptide changed over time.
Variant 4

Simulations were performedsing a similar methodologyaswith the variant 3
simulations &cept using thdinal frame of the variant 2 simulation with 16 peptidesas

the starting point.
Variant 5

Simulations were performedsing a similar approach to the base madel, expect the
size of the bilayer was redudeto 5nm? (38 of each lipid). Futhermore,addtional ions
were added to reach adKconcentration of 0.15 M nstead of just to neutralize the

system.

2.7 MD simulation analysis methods

2.7.1 3D structue visualisatin
Viaalisation of the 3D simalion outputs wereperformed using either visud
molecular dynamics (VMD) or PymdMD was generally used for andysis of multi-

frame trgectories while Pymol asused for the ewaluation of static 3Dstructures.

2.7.2 Evaluabn of peptide structure
The analysis of the secondastyucture of peptides based on the MDsimulations was
performed using two appro&es:
The per residue secondary stture over time vasestimated using the VMD plugin
calledTimeline.This yields a 2box plot where each type of secondary structure
corresponds to a specific calo Ths method allows for the detection of all types of
secondary structure includiraphahelixes, 3-10 helixes, beta-sheets and random il
structures. An gample of a 3[peptide structure and the corresponding secandary
structure b plot can be seein figure 2.2:
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Figure 2.2 Correlation between the 3D structure of a peptide and the corresponding
secondary structure 2D box ploWhite represents random coil structure, purple represents
alpha helical structure and blue represents 3-10 helix structure.

Alternatively, for peptides hich werealmost exclusvelyhelical the gromacs function
gmx helix was usedThis functio calculates the average degree ofhelicity for each
residue over a given period of tim€hese per-residue values wereagain averaged

with each other to estimate the ovalt helicity for the peptide.

The changes in the peptide stture over time were eauated using three different
methods:

The Rooimeansquare deviatia (RM) of atomic positions was calculated using the
gromacs gm rms function baed on the backbone of the peptide. Thisandysis gives
an indication of how muchhe structure changes over time redtive to the starting
position and can also give amdication of the moment-to-moment structural
fluctuation.

The root mean square fluctuaigRMSF)was calculated using the gmx rnsf function
and represents the peresidue standard deviation in the atomic positions. This can be
used to identify which residshave rger structural fluctuations overa given time
period.

The radius of gyration was calated using the gmx gyate function and can be used to

estimate the maimum 3D <e of the peptide at a given time point.
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The formation of intermolecal sdt-bridges wasinvestigated based on the distance
between charged atoms over tim€dionic atoms include the nitrogen atoms of the
peptide N-terminal amine or lhe nitrogen atom of the lysine sidechain. Anionic atoms
include the aygen atoms offte carboxylicacid graups of the Cterminal residue and
the aspartic acid sidechain. Ha distance between such two atoms waslessthan 0.32
nm it was taken as an indicatiof the presence ofa sdt-bridge. The distance was

calculated using the gromaasriction gmxdistance.

For some peptides the bending afhelical regian within the peptide structure was
investigated.This was doneising the Bendix plugin for VMD (figure 23). This plugin
looks at a helical structurend trandormsi it into a aurved cylindrical structure based
on shorter cylindrical secti@{4 residue sesgments) following the loal helical axis.
Using these shorter sectionsiebending angle of he helix anbe
represented/calculated for e&cresidue to see where and how much the structure of
the helx deviates from a péect cylnder. Thsandysis can be done for each frame na

simulation to calculate the avage bending angle forall residues overa given

timeframe of a simulation.

Helix axis curvature along helix length

20 T T

>
[ ]

Bending angle (degree)

Figure 2.3 Analysis of the helical bend of a peptide structure using the Bendix plugih=
3D representation of the curve of a helical region. Right = Graphical 2D representation of the
curvature.
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2.7.3Analysisof the position and orientation of the peptide relative to the bilayer
The position of the peptide ratfive to the bilayer over time vas estimated by
calculating the centre of magGOM) over time ofdifferent molealar components
present in the model (figure.2). As the bilayer spansthe XY -pane of the simulation
box the Z-axis coordinates o& given moleale canbe used asa proxy for its position
relative to the bilayerThus, todescribe the changes in the rektive position of the
peptide over time theGQOM of the peptide and the terminal residues were @lculated
relative to theZ-axis. In additia, the GOM of the phosphor atoms for each lipid leaflet
was also calculated to repregethe approximate parameters of the bilayer. The GOM

was calculated using the gxrira) function with the tcom flag.

Center of mass

10 T T

Coordinate (nm)

) ! L | i I | |
50000 60000 70000 80000 90000 le+05
Time (ps)

Figure 2.4 Correlation between centre of mass (Z-axis) over time and the 3D structure of the
bilayer model.The red and green lines correlate to the lipid phosphor atoms and represent
the rough outline of the lipid bilayer. Black and blue correlates to the COM of the C- and N-
terminal of the peptide respectably. Yellow represents the COM of the entire peptide.

The orientation of the peptide ralive to the bilayer suface wasandysed using the
primary helical region, which fohis purpose anbe represented asa ridged cylnder
with a local ais running throug the centre of it (figure 25). The angle between this
helix axis and theZ-axis represents the tilt of the peptide and was calculated using the
gmx bundle function with thetz flag. Thsangle wastrandormed to instead represent
the angle between the hediand the suface of te bilayer (XYplane) to represent the
peptide-bilayer angle.
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Figure 2.5 Correlation between the 3D structure of the peptide and bilayer and the helix-
bilayer angle measurements he angle is measured between the local helical axis and the Z-
axis/bilayer normal. This angle is transformed to represent the angle between the local helical
axis and the bilayer surface (XY-plane).

Changes in the helical orieation/rotation over time vasestimated usng the gnx
helixorient function.The orienttion of each residue rektive to the central helical axs
is estimated and the cumulativédnarges relative to this starting position were
calculated for each time stephereby a line an be created showing by how many
degrees the orientation of eaaesidue hasshifted overa given time period (figure
2.6).
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Figure 2.6 Correlation between the 3D structure of the peptide and the helical rotation over

time.

Investigating the formationfocharged interaction between the peptide andthe lipids
is not practical using directslance @lculationsasspecific residues of the peptide an
interact with many differentridividud lipids over the time spanof the simulation.
Therefore, radial distributioruhctions (ROFs)wereused ingead, calculated using the
gmx rdf function. A RBdescrbes how the densty of a graup of atoms changes
relative to the distance frona single reference atom averaged overa given time
period. An gample of this cald be between the phosphor atoms of the lipid
headgroups and the positivelyharged amine graup of a lysine residue (figure 27). If
these motifs form any strongiteractions between them, a peak will be seen in the
RDFas it is more likely for ahpsphae atom to be positioned at this specificdistance
from the amine groups at a gineime point due to thisdistance yietling the optimal
strength of the interaction. Mong further away from the referenceatom the exact
position of the phosphor atoswill be more \ariable asthe interactionsare weaker,

leading to a flattening of theurve.
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Figure 2.7 Correlation between the 3D structure of the peptide and lipids and the radial
distribution function. The density of the lipid phosphate atoms (orange) is calculated relative
to an amine group of a lysine residue sidechain (blue). The lysine is close enough to interact
with one phosphate group so its position over time relative to the lysine will be constricted
leading to a peak in the graph. The remaining phosphate groups are too far away for strong
interactions to occur so they will move around leading to a flattening of the curve.

After a simulation had reaclklean equilibrium state, the Z-axis position of the peptide
relative to the bilayer can be eluated by clculating the partial density profiles of
specific molecular componesbf the madel. The partial densty profile provides a
clearer overview of the positial distribution of a set of atoms once an equilibrium
has been reached and whenuttiple densty profilesare conbined from the same
simulation it can create a 2Dpeesentation of the madel (figure 28). The average
position of each molecular gup canbe further quartified by fitting the data to a
Gaussian distributionThe dengty profiles were @lculated using the gmxdensty
function, with the tcenter optian which ensures that the resuts are alculated relative

to the centre of the bilayer.
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Figure 2.8 Correlation between the 3D structure of the peptide/bilayer and the partial

density profiles.The middle graph represents the density profile of the entire system, while

the right graph is zoomed in to highlight the positional distribution of the peptide. Green =

lipid headgroups, red = lipid glycerol groups, black = lipid acyl chains, yellow, brown, grey and
purple = different parts of the peptide structure.

Another way a peptide cantieract with a bilayer is through the formation of hydrogen
bonds.The average number dfydrogen bondsbetween a peptide anda bilayer overa
specific period of time wasalculated using the gmxhbond function. The hydrogen
bonds were determined baskon the hydrogen - donor t acceptor angleand the
distance between the donema acceptor (figure 29). The standard cutoff values of
30° (m& deviation from thedeal 180°hydrogen-donor-acceptor angle) and 0.35 nm

were used.

Figure 2.9 Schematic of the geometric parameters used to determine the occurrence of a
hydrogen bond.
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2.7.4 Eprgy calculabns

The key method used for eweting the strength of the oveall interactionsbetween
the peptide and the bilayer asto estimate the rektive binding free anergyusing the
MMPBSA method(154) Using his method, the difference n the Gbbsfree energy
between the bound comple(peptide +bilayer) and the peptide andbilayer on its own
is calculatedThe Gibbs free mergy of ech part isbased on three terms, the
molecular mechanics energyuglthe solvation energy mnusthe temperature
adjusted entropy.The molecur medanics energies are based on the bonded and
non-bonded (electrostatic ashvander Wads) energy for tie conponent in vacuum,
calculated based on the topologgrameters from the MDsimulation E force fietl. The
solvation energy is based on two tesythe polar and non-polar solvation energies
They represent the energyuotributed to the system due to the solvation of the
different molecular componas. Ths is critical to consgder when investigating the
binding between a ligand (imis case the peptide) and its target (in this case the
bilayer), as it often involvese remo\al of hydrogen bondsbetween the solvent and
the ligand/target which has a lvely large energy cat asociated with it. The polar
solvation energy is calculatdzhsed on the Posn tBoltzmann equation, while the
non-polar solvation energy tiditionally isbased on the solvation accessbility suface
area GASA).However, in thisstudy a more malern approach to calculating the non-
polar solvation energy is udavhere it sbased on two terms, the cavity and
dispersion termsThe cavity termgstill based on the SASA while a suface-integration
method is used to calculatée dispersion term. The entropy can be estimated based
on several different methodadded to the MMPERA @lculations, with normal mode
analysis being the most commoHowever, fordrge biologial systems this is very
computationally demandingrad thusthe entropic term b often omitted from the
energy calculation§l17, 123, 12827, 135. This meansthat ablute binding energy
values are not xperimentally correctHowever, vinen conparing two systems (such as
two simulations with differat bilayers) the effect of he entropic term s expected to
be relatively small. As suche rekltive conparison between the two systems is still
relatively accurate when baskon only the standad MMPESA alculation.

The three components of thgystem (complex, peptide, bilayer) that the energy
calculations are based on, cha dbtained via two different approaches. In the multi-

trajectory approach each cagwonent issimulated by itself, increasng the
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computational demands but potgially also improving the acauracy. However, for
AMPs this approach is not wbassimulating the peptide by itself in water likely would
lead to a highly variable unordedestructure. This would introduce a high degree d
variation in the energy calatlons, making conparisons much lesscongstent. Instead,
a single trgectory approachsiused, where all three conponentsare taken from the
same simulationThereby thestructure of the peptide itself is the same asin the
complex so the energy diffengces are only based on how strong the interactions with

the bilayer are.

In some cases, the energyntobutions were urther ewvaluated on a per-residue basis
using a decompositional energyudy of the binding energy. Thisallows for the
investigation of the energetiafluence of hdividua residues/regions of the peptide.
However, as the solvation energiare not strictly deconpositional the foais of this

analysis is on the direct elecstatic and hydrophobic interactions (155).
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3. Devdopmert of a 0l-gd coaingasadrugdelivery system for
Smp24

3.1 Introduction

Previously agheffield Hallam Uhiversity sol-gel catings have been develged for a
range of different applicaties such ascorrosion inhibition andantifouling (156-158).
Another application has also beasan antimicrobial coating for preventing biofilm
related infections during hijr knee arthroplagy (139). The sol-gel wasfunctionalised
to gain antimicrobial propertievia the incorporation of gentamicin, a cancept which
could be replicated with otheantimicrobial agents such asAMPs. Aunigque aspect to
the formulation is that it cordins two polymeric conponents, both classc sol-gel
organosilica precursors whi@ne hydrolysed to yiel a relatively hydrophilic polymer
network and the more hydnahobic preformed silica polymer PDNMb. This hybrid
composition could provide aarting point for controlling the eution of AMR both via

physical entrapment and direatteractionsbetween the peptide and matrix.

Another previous discovery &teffield Hallam University is the natural AMPSmp24,
originally derived from the vem of Scopio maurus palmatus (137). This peptide was
chosen to be incorporated imé caating, n order to provide it with improved biofilm
inhibitory properties The peptie is cationic, adopts an amphiphilic helical structure in
a membrane mimicking enginment andhasa broad spectrum of activity against
clinically relevant, biofilm fornmg pathogenssuch asE.coli S aureusandP.
aeruginosa (137, 149)The peptide also hassome ntrinsc antibiofilm properties below

its MIC explored in chapter 6

In order to eplore the peptidematrix interactions, the general behaviour of the
coating and the parameterange within which the formulation is functional, two key
components of the formulatio were dosen asvariables within the experimental
design.

While the effect of changindhe cacentration of the active pharmaceutical
ingredient (API) has been irgigated for pad sol-gel catings (42), it issuch an
important formulation variabletiat in maost circumstances it should be cansdered
when evaluating new drug delivesystems. When develging a formulation with a

new API it is critical to have sontlea about what concentration of the API an be
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added to the formulation whiletill retaining its properties with adesired range. It is
ale key to have knowledgebaut how the API cacentration interacts with other
formulations variables, in theaee the total dose needsto be adjugsted later in the
development process and other foutation parameters need to be adaped in order
to retain the desired behaviw of the formulation asa whole. Therefore, he amount
of Smp24 in each sample wa®sen asthe first formulation variable.

As the investigation of the p#ide-matrix interactions wasone of the main objectives
of the study, the choice of theecand formulation variable wasfocused on parameters
that might affect these inteactions. Thus parameters related to either the
hydrophobic or hydrophilic pymerties of the caating were casdered, with the
amount of PDNbin the formubtion chosen in the end. This wasdone asit was
deemed the simplest way taffect the hydrophobic/hydrophilic balance of te sol-gel
Gontrary to modifying the orgnosilica precursors, the PDMsisa single conponent,
and it does not need to be inaled in the formulation for a caating to be formed.
Therefore, variations of the foratation cauld also be made without any PDMBIn it,
making it even clearer what effecthason the cating structure and peptide-matrix

interactions.

3.2 Results
3.2.1 Method development

As a starting point for the foralation develgoment, a previoudy develged sol-gel
production protocol was use(139). This protocol includes the stepsnecessay to
create a basic sa@el withoutany APladded, a list of cormponents that could make up
the sotgel and a starting point fat which ratios these conponents should be added.
However, several changes hadlie made to the protocol and the formulation in order
to adapt it for the use oBnp24 asthe active pharmaceutical ingredient (AP) in the
coating.

One key problem was th&np24 wasstored in frozen stock solutionsat 20 mg ml.
Previously antimicrobial compadshadbeen added to the basc sol-gel eiher directly
as a solid to be dissolved inetsolvent already present the sol orasa very
concentrated solution suchhit only a small amount (5% valvol) of addtional water

would need to be adde@139. However, toachieve the desired levek of Smp24 within
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the final coating, the volume @mnp24 stock solution that needed to be added would
exceed the volume of the Is& sol-gel itself. In principle, it should not matter if
additional water were to bedded to the sol phas of the sol-gelshortly before the
coating procedure, as at this paiaddtiona water should not affect the slica
crosslinking substantiallythe addtional water would dilute the sol-gel leading toa
thinner coating, but this coulde cainteracted by increasng the caating volme as
most of the additional wateshould evaporate during the auring process.Howeveras
the solgel consists of a mture of hydrophobic and hydrophilic conponents the
polarity of the solvent in the sgha is important to facilitate the physical stahility of
the suspension. In the initial $8ng of the formulation, partial aggregtion of the sd-
gel was observed after the diion of water volumes equa to those needed of the
Smp24 stock solution. A smallartity of the hydrophobic red dye Oil r&l O was
added to the scbel in order to irther ewvaluate what washappening. Dgyending on
the amount of water present, twdifferent phenomena wereseen. Frstly, at the
highest volumes of added watehd hydrophobic conponents of the sol-gel wauld
aggregate in the sol phase, sday the formation of a red aggregate at the bottom of
the sample tubeThe remainder ofhe sol phase waould become cler, indicating that
all hydrophobic componentsad been removed from solution (Fgure 3.1A). Secandly,
if the volume of water was druced, the physical stahbility of the sol-gel n the sol phase
could be retainedHowever, after he sol wascaoated onto the subgrate (glass
coverslip) and allowed to cure, forton of large, hydrophaobic, droplet shaped
aggregates were seen in thaihed coating and the oveall coveirge of he subgrate
was often uneven (figure 3.)BBot problems were aly exacerbated if the
proportion of PDMbwas incrased in the formulation, further indicating that this was

due to the hydrophobicity oftte sol-gel

Both phenomena can bexplained based on how the addtional water changes the
total polarity of the solvent pase. During the sol stage of he sol-gel production, the
sol-gel consists of a silica ngperticle network and the PDNMS suspended in a solvent
phase consisting of water;@opanol added during the production and ethanol and
methanol which are the hyatysis products from the polymerisation reaction. The
increased water concentratn changes the bulk polarity of the solvent to such an

extent that the PDMscan no lmgerstay in solution. Even if the water concentration is
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kept below this point, aggreaion of the PDMs can still ocaur during the auring
process.The different solvent molaedes do not have the same eaporation rate asthe
more hydrophobic compon#s which evaporate much fager than water. This means
that the relative proportion of \ater in the solvent will increase over timeduring the
curing proces$159) leading to he polarity of the solvent phase again reaching a point

where aggregation of PD&bcairs.

Several solutions were condsired to ciraumvent these problems: In principle the
Smp24 could also be addedasolid directly nto the sol-gelby freeze-drying the
peptide first. However, with he <1mgamounts needed to be added for each sample
this was not deemed a pracéicsolution. The total volume ofpeptide loaded sol-gel
could be scaled up to make tranounts more manageable, but due to the high costof
Smp24 this would not be an emomical solution. The Smp24 cauld also instead be
added with the nitric acid dung the production of the basc sol-gel, thereby avoiding
the need to add additional ser afterwards. However, his would mean that before
the coating could be madémp24 wauld have tobe in anacidic, oxdative, room
temperature solution for 3 dys during the aging of the sol-gel n its sol form. While it
was not investigated it is likelyhtt under such conditionsa significant proportion of
the peptide molecules woulbe degraded, reducing the antimicrobial effectiveness of
the finished coatingHnally, twoapproaches were dentified which did not have the
previous downfallsHrstly, after e aging stage but before adding the addtional water
to the solgel an equitant vaime of 2propanol was mixed into the sol-gel Ths
ensured that the balance betweaethe hydrophobic and hydrophilic conponents of the
solvent phase were not affecteby the addtional water. Using thisapproach, 2 times
the solgel volume of waterauld be added without causng aggregtion of the PDNG
in the sol phase (figure 3.1A leftVhile thisalso did improve the aggregtion
problems during the curing prosesomewhat, it wasstill deemed unacceptable
especially if higher PD®toncentrations wereused. Therefore,a second madification
was made, changing the type of P@Msed in the formulation. In the orighal
formulation the PDNbhad is polymer termnals end capped with methyl graupsand
therefore it would only be inc@orated into the sol-gelnetwork only by physical
entrapment. In the new formlation, the PDMstype was changed to PDM5-OH whid
has a free hydrayl group in @ch termina end. Ths makes the chemistry of the
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terminals similar to that of théydrolysed silica precursors and thusthe preformed
PDMS-OH polymerscould potentially be cowalently incorporated within the sol-gel
network. Incorporation of PDBIOH n silica sol-gels hasbeen investigated in previous
studies, showing that covalent PI3DH ncorporation in a TEDSsol-gelocaurs (160).
The rationale for this modifation wasthat covalently binding the PDN&-OH to he sol-
gel network could inhibit thability of the polymer to aggregate into these large
macroscopic defects seenfigure 31B The madification did improvethe lodk of the
final coatings, although withhie highest level of PDN&-OH n the caating some small
hydrophobic aggregates westll visible to the naked eye (figure 3.4). Sill, the overall
macroscopic structure and homaouggity of the caatings were deemed to be at an

acceptable level after the chgesto the protocol/formulation.

A schematic overview of thdifferent stepsin the final sol-gel production procedure

can be seen in figure 3.2 alsoghlighting how the polarity of the solvent and sol-gel

components changes throdmgput the procedure.

Figure 3.1 Examples of sol-gel where the hydrophobic and hydrophilic parts have separated.
A) Two different preparations of the sol-gel mixture before coating. In the left tube the sol-gel
is well dispersed due to the addition of extra 2-propanol as indicated by the homogeneous red
colour. In the right tube too much water had been added, leading to precipitation of the
hydrophobic parts of the sol-gel, seen as a red precipitate. B) An example of the separation
happening during the curing of the coating leading to large red droplets and uneven coating of
the substrate.
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Figure 3.2 Schematic overview of the production of the sol-gel coating. Step (1), the sol-gel
precursors, PDMS and the solvent mixture are slowly mixed togetliayj.Initial all the silica
compounds added to sol-gel are predominantly hydrophobic. (B) A solvent mixture made of 2-
propanol and dilute nitric acid is used. The nitric acid serves as the catalyst for the
polymerization reaction but is highly hydrophilic. Therefore, the more hydrophobic but still
miscible solvent 2-propanol is also added to improve the suspension of the silica compounds.
Step (2), the sol-gel is aged for 3 dayS)The ether sidechains of the organo-silica precursors
are hydrolysed making the silica compounds more hydrophilic. This also releases ethanol and
methanol to the solvent, making it overall more hydrophobic. (D) The newly hydrolysed
hydroxyl groups of the silica precursors condense together creating a branched polymer
network. The hydroxyl terminals of the PDMS also allow these preformed chains to be
covalently incorporated into the rest of the sol-g&8tep (3), the coating mixture is prepared.

(E) One part sol-gel is mixed with either two parts 20 mg/ml Smp24 or one part 20 mg/mi
Smp24 and one part water. Two parts 2-propanol are also added in order to conserve the
hydrophobicity of the solvent and avoid precipitation of the sol-§elp (4), the sol-gel

mixture is coated onto a 13mm glass cover slide and cured at RT overr(ighAs thedvent

starts to evaporate during the curing process, the hydrophobic solvents will evaporate at the
fastest rate reducing the overall hydrophobicity of the solvent. (G) The change in the solvent
composition will course the hydrophobic regions of the sol-gel (the PDMS) to precipitate the
first, creating small hydrophobic domains throughout the coating.

3.2.2 lermulation overview

For each of the two formulatio variables three different levekwere dosen (table
3.1). In each case the lowest levelsget aseither no PDM5-OH orno Smp24 added
to the formulations, allowing forhe evaluation of the coatings conpletely without
these componentsThe middle level of PDIOH wasset to the same asused in the
original formulation, with thehighest levelset asdouble that amount after initial
testing showed that a reasable looking caating could be made at this level

The middle and high levels §hp24 were ¢osen based on previous experience using
the antimicrobial lipopeptidelaptomycn asa model drug while establishing the

protocolsfor some of the coatig evaluation methodologies and some linted testing
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usingSmp24 at a range of ewentrations. 150 pgSmp24 per sample wasfound to be

the minimum level of peptideeeded to ensure a congstently quartifiable peptide

elution, with double that amant chosen asthe highest level

Based on these variables, coatjs were nade froma total of 9different sol-gel

formulations. Variable levelsxd name scheme @n be seen in the table below (table

3.1).

Table 3.1 Overview of the different formulations and formulation variable levels.

Snp24 per sample
Oug 150 ug 300 pg
PDMSOH per | O pl 0B(no PDM5 | OL(no PDMS | OH(no PDNS
batch no Smp24) low Smp24) high Smp24)
200 pl 1B(low PDNS | 1L(low PDNS | 1H(low PDNS
no Smp24) low Smp24) high Smp24)
400 pl 2B (high 2L (high PDNMg | 2H (high
PDNMNS no low Smp24) PDMS high
Smp24) Smp24)

3.2.3 Evaluabn of sol-gel only coating morphology

A key step in understandinghy two catings might behave n different ways is to
investigate the microscopic sicture of catings. Assome of he catingsused in this
study were made from a hylariof both more hydrophobic and more hydrophilic
polymers their microscopic stribution throughout the caating wasinvestigated. This
was again done by adding thedelye Oil re&l O to he cating. Thisdye svery
hydrophobic and commonlysad to stain lipids in biological samples. Therefore, f the
structure of the scbel is splitnto hydrophobic and hydrophilic phases most of the dye
molecules would accumulate wain the hydrophobic phase colaring it red. The
coatings were investigated ugj brightfield microscopy using two different
microscopes, with one allong for @pturing a slightly magnified image of e whole
sample and the other allowing fbwgher magnification images of smaller sections.

To limit the use of the gpensive Smp24 these investigations were aly done for the
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formulations without peptideadded. This would still givea basline understanding of
the effect PDN&-OH has on the micrscopic structure without complicating it with the

peptide-matrix interactions.

Figure 3.3 Morphology of the 0B (no PDMS, no Smp24) formulation doped with Oil red O.
Macroscopic image taken at about 1.5x magnification. Top and bottom microscopic image
showing the different morphology at the central parts of the coating at 40x magnification.
Bottom microscopic image shows the morphology at the edge of the coating at 10x
magnification.
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Figure 3.4 Morphology of the 1B (low PDMS, no Smp24) formulation doped with Oil red O.
Macroscopic image taken at about 1.5x magnification. Top and bottom microscopic image
showing the different morphology at the central parts of the coating at 40x magnification.
Bottom microscopic image shows the morphology at the edge of the coating at 10x
magnification.

Figure 3.5 Morphology of the 2B (high PDMS, no Smp24) formulation doped with Qil red O.
Macroscopic image taken at about 1.5x magnification. Top and bottom microscopic image
showing the different morphology at the central parts of the coating at 40x magnification.
Bottom microscopic image shows the morphology at the edge of the coating at 10x
magnification.
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Figure 3.6 Average diameter of three categories of hydrophobic domains in the blank
formulations containing PDMS-Omlue = large domains, low PDMS-OH samples, red = large
domains, high PDMS-OH samples, green = medium domains, low PDMS-OH samples, purple =
medium domains, high PDMS-OH samples, orange = small domains, low PDMS-OH samples,
blackk = small domains, high PDMS-OH samples. n=100, N=3

Without PDMB-OH in the formulation the micrascopic structure of cating was
transparent and homogeneawith frequent cracks both independent andbranched
(figure 3.3). In most regiored the caating, small red dye particulates were rebtively
evenly distributed throughat the caating without any distinct structures of high dye
accumulationHowever, in sme parts red fissue-like structures could be seen.
Further magnification reveatethat these structures were made fromareas of slightly
larger and more densely didttited dye particles, but no differences in the sol-gel

structure itself was visible.

For the two formulations with PDIEOH te structure changed dradically (figure 34
and 3.5). In both cases the stture resembled an oil in water emulsion, with droplet
shaped hydrophobic domains caleed by the red dye distributed throughout a clear
phase with occasional dye panletes. The micrascopic cracks seen in the first coating
were no longer presenilhe hydrophobic domains cauld roughly be separated into
three general size group$he largest domainshada diameter above 100 pm, were
located closer to the surface dfie¢ cating and weredispersed much lessconsstently
throughout the coating thanhe others. The madium and small domains were

distributed much more congently throughout the caating and make up the mgjority
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of the microscopic structurel he sizes of these domains were estimated based on 100
domains from three samplg$igure 3.6), with both the small and medium size
domains being significantly larger fdre caatings with the highest level of PDN6-OH
Additionally, the domains atsseemed to be lessdensely packed at the highest PDMS-
OH level.

For all three formulations the mghology of te edge of he catings deviated
somewhat from the rest oftie cating. In the samples without PDMS-OH e edgehad
a much higher concentration diye particles but otherwise the structure wasrelatively
similar.For the formulations with PDM5-OH e hydrophobic domainsbecomesmaller
and smaller until they reachpoint where they seemngly stopped ocarring. After this
point the morphology changk becomig cler with cracks, looking similar to that of

the coating without PDIgG-OH.

3.2.4 NALD-TOF pofiling of the solgel Smp24 system

The heterogeneity of the hylathydrophobic/hydrophilic structure of the sol-gel
coatings containing PDSIOH raised concemsabout how this would affect the 2D
distribution of the AMPs aossthe 2Dplane of the caating. One cauld imagine that in
a @ating with a nonunifornstructure some regims of the cating suface caild
contain less of the API thanlwrs. If this wasthe ase, these regims cauld potentially
serve as hotspots where bactarattachment andbiofilm formation cauld be more
likely. On a small scale thiowuld not be a problem asthe non-covalent encapsuation
of the AMPs ensures that thewediffuse into areasabove the cating where the
concentration gradient is loweand thereby still cover hese areas.However, if he
areas of low peptide loading ararfje and the media exdrange & limited, locl

variations in the peptide conogération might start to becomea problem.

Therefore, to evaluate the 28istribution of Snp24 n the loaded sol-gel catings
MALDFToF mass spec imagingasused. However before imaging of the caatings
could be performed, profiling ofhie Smp24 n the sol-gel formulations needed to be
done to evaluate which compents of the formulations cauld be detected. Profilng of
a pureSmp24 stock solution asdone by mixing it with the MALDI ratrix rCHCA

which gave a clear spectrum Wwitwo main peaks located at around 2578m/z
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corresponding to the [MH™* and one at around 2600m/z corresponding to the
[M+Na} (figure 3.7A)Several lowermtensty peaks could also be seen with lower m/z
ratios, which could be due to puarities, fracturing of the peptide, other peptide
charge states or a combinatief the three. More detailed andysis of these peaks
would have required additical calibration of the massspec metod, but for imaging
purposes the clear detectioof the two main peaks with the highest m/z ratio was

deemed sufficient.

In the next stage of the profihg, spectra were @ptured for peptide loaded andblank
sol-gel samples, again usim§gHCA asthe MALDI ratrix (figure 3.7 C-E) Without
Smp24 in the sample, signals werdyosseen belowa m/zratio of 1000 This wasideal
as it meant that the signalowaesponding to the sol-gel cating itself would not
overlap with the main peptideignals. The sol-gel samples with Smp24 added all
showed clear peaks responding 8np24 ndependently of the PDM5-OH levelin
addition, some smaller sigrsatould also be seen in the regio below a m/z of 900,

which correlated to the signaloserved for the unloaded sol-gelsamples.
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Figure 3.7 M/z spectra from MALDI-TOF profiling of the smp24 sol-gel system u€HEA as

the matrix. A = 100 pg/ml Smp24 without solgel, B = example of spectrum for sol-gel coating
without peptide encapsulated (1B (low PDMS, no Smp24)), C = spectrum for formulation OL (no
PDMS, low Smp24), D = spectrum for formulation 1L (low PDMS, low Smp24), E = spectrum for
formulation 2L (high PDMS, low Smp24). Main peptide peaks marked with red, sol-gel matrix
peaks marked with blue.

Overall, these observations weraken asa strong indication that the peptide
distribution would be possible tmvestigate usng the imaging tednique. However, ¢
further understand the mechastic behaviour of why some regisms might have a
higher peptide localisation #n others, it would be ideal to also detect other
components of the segel to ewaluate if they wauld be colocalized with the peptide.
The most obvious candidate wiol be PDM5-OHasit is the main hydrophobic
component of the coatings. Wile the PDM5-OHused in the formulations isa polymer
its average molecular mass is 559D it should in principle be detectable at the same
time asSmp24 without any ovedp in their signals. Howeverusing rCHCA asthe
MALDI matrk no discerniblalifference were dserved for the sol-gel rebted peaks
when comparing between theamples with and without PDMSincluded, both with

(figure 3.7CE) and withouSmp24 ncluded in the cating (data not included).

To further explore if bothSmp24 and PDMB-OH caild be detected at the same time,

two additional MADI matrk compoundswere tested. 2,5DHB vaschosen asit isa
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common alternative torCH@ for the andysis of peptides (161), while dithranol was
chosen as it commonly used Wwipolymers (162). Both matrixes have also previously
been used for the analysis of PBkblymers (163).

The spectra obtained using 2I8HB were reitively conparable with those dbtained
with rCH@. Smp24 was able tde detected while in the sol-geland produced a
spectrum with high intensity s for the [M+H} and [M+Na]* ions (figure 3.8A).
However, the signals correspding to the sol-gel itself hadan even lower ntensty
making the detection of PD$IOH eva lesspossble.

Gontrary to this dithranol prduced a very low ntensty signal for the peptide
compared with the signal corsponding to the sol-gel itself (figure 3.8B). Howevera
clear difference between theamples with and without PDMS-OH wasstill not
observed (data not shown).

To ensure dithranol and the mkbd wasable to ionize the PDNS-OH,a spectrum was
captured with a mk of pure PDNs-OHanddithranol (figure 3.8C).As expected, a clear
polymeric mass pattern wasbeerved similar to what hasbeen reported in the
literature previously164) While massrange for he pure PDM5-OHsignals does
overlap with the signal masamge for he sol-gelsamples, the distinct polymeric pak
pattern was not present inrgy of the sol-gelsamples. Snce 2,5DHBanddithranol did
not allow for the ionisation bboth Smp24 and PDM5-OH, rCHCA was chosen asthe

matrix for the imaging, as it pouced the mast intense signals for the peptide.

Figure 3.8 M/z spectra from MALDI-TOF profiling using other matrixes th@hCAA =

spectrum for the solgel with Smp24 (1L (low PDMS, low Smp24)) using 2,5-DHB as the matrix,
B = spectrum for the solgel with Smp24 (1L (low PDMS, low Smp24)) using dithranol as the
matrix, C = spectrum of pure PDMS-OH using dithranol as the matrix.
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3.2.5 Evaluabn of peptide distribution and integration into the sgél

As it would not be possible tetermine the colocalisaion of the peptide with the
PDMS-OH, the peptide distiution wasingead conpared with the oveall momphology
of the coatingsHrstly, the ©ating momphology was evaluated for all the samples using
brightfield microscopyThe rektionship between the PDMS-OH levebhnd the
morphology follows the genaltrends observed for the samples without peptides.
Without PDVB-OH the coating were transpaent and relatively homogeneous but

with a high number of miciszopic cracks (figure 39 and 3.10). However, wih the
addition of PDNB-OH the catings become more paque and with fever cacks but also
much less homogenous botmohe macroscopic and microscopic level(figure 311-14).
The 1 (low PDMg low Smp24) sample wasthe maost homogeneous on the
macroscopic level (figure 3.11n the micrascopic images, a droplet structure like hat
for the blank samples coulae dbserved especially near the centre of the sample. The
macroscopic morphology aehges significantly with the higher peptide cacentration
of the 1H (low PDNg highSmp24) sample which cauld be separated into 3 zones
(figure 3.12)The outer zone asrelatively transpaent but black specsanddroplet like
structures could be observetdhe middle zone was conpletely cler with a
microscopic morphology veryuoh like the samples without PDMS-OH The central
zore seemed to be very densegdppulated with droplet like structures.

The morphology of both the Zhigh PDM5 low Snp24) and 2H (high PDMS high
Smp24) formulations were raively smilar (figure 313). Most of the catings [
surfaces had a relatively denaad uniform morphology with some brger fissue-like
structure seen most clearly the 2H(high PDN5 high Smp24) sample (figure 3.14).
However, both samples also etained a large droplet like spot with a conpletely
different morphologyThese pots werenot conpletely unlike the central zone of the
1H (low PDNg highSmp24)sample but did deviate in that they (especially 2H hada
less clear microscopic dropletructure, hada glossy sheen on the macroscopic

images, and seemed to easilyack/d elaminate.

The MADI MSs revealed seval trendsregarding the distribution of the peptide
signals that were consistentitoughout the different samples. For all samples the

areas with the highest peptidegnals cauld be found around the outer edge of he
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coating. The morphology of the @ge of he cating caild differ slightly from the bulk
of the sample, such as withe 1L(low PDNS low Smp24) sample where the very
edge of the coating was lespaxjue than the rest of the sample (figure 311).
However, the correlation betweaethe high peptide signal and the caating momphology
was not consistent throughat the images. Within asingle cating such asthe 1H(low
PDMS highSnp24) sample,te areas of the edge with a high peptide signal did not
seem to have a clear morphologidifference fromareaswith a much lower signal

(figure 3.12).

Another trend was that the ovell peptide intensty of the bulk regia of the cating
increased with an increasing level of PB{UIH h the formulation. The samples
without PDM5-OH in the fornulation both had a detectable peptide signal throughout
the bulk of the sample, but higr laser intensity and longer imaging time wasrequired
in order to obtain the imaged his wasincongstent with the initial profiling studies
where the signal intensity fohese formulations was equivalent to the rest. For the
formulations with a low level of PDBAOH he peptide signal was much eader to
detect, but still relatively low copared to the hot spotsaround the edge. At the
highest PDN$-OH level this differace between the bulk caating and the hotspots was

further diminished.

Lastly, some morphologicallglistinct regias of the caating did correbte with the
peptide signalThe large spat seen for the samples with the highest level of PDM$H
both had a lower peptide intesity than the bulk of the sample. This wasalso the ase
for the centremost region ofe 1H(low PDNMS high Smp24) sample although no large

difference could be seen betweé¢he two other regims (figure 312).

Other large morphological feates of the catings werealso visible in the MALDI
images. In the Bl (no PDN§ high Smp24) sample some flakes of the caating had
detached during the matxideposition (figure 3.10). These were vsible asblack areas
with sharp edges along the paof the MALDI irage. The 2H(high PDMS high Smp24)
sample has some regions Wi fissure-like pattern which hasa slightly darker shade
than the bulk coating when aerved at high magnification, especially near the centre
of the sample (figure 3.14These patterns cauld also be seen on the MALDI irage,
indicated by a slightly high@eptide signal than the bulk caating.
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Figure 3.9 MALDI imaging and brightfield microscopy of OL (no PDMS, low Smp24) coating.
Left) MALDI image highlighting the local signal corresponding to Smp24. Middle) Macroscopic
brightfield image of the sample. Right) Brightfield image at 10x magnification.

Figure 3.10 MALDI imaging and brightfield microscopy of OH (no PDMS, high Smp24) coating.
Left) MALDI image highlighting the local signal corresponding to Smp24. Middle) Macroscopic
brightfield image of the sample. Right) Brightfield image at 10x magnification.
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Figure 3.11 MALDI imaging and brightfield microscopy of 1L (low PDMS, low Smp24) coating.
Left) MALDI image highlighting the local signal corresponding to Smp24. Middle) Macroscopic
brightfield image of the sample. Right) Brightfield images at 10x magnification.

Figure 3.12 MALDI imaging and brightfield microscopy of 1H (low PDMS, high Smp24)
coating.Left) MALDI image highlighting the local signal corresponding to Smp24. Middle)
Macroscopic brightfield image of the sample. Right) Brightfield images at 10x magnification.
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Figure 3.13 MALDI imaging and brightfield microscopy of 2L (high PDMS, low Smp24)
coating.Left) MALDI image highlighting the local signal corresponding to Smp24. Middle)
Macroscopic brightfield image of the sample. Right) Brightfield images at 10x magnification.

Figure 3.14 MALDI imaging and brightfield microscopy of 2H (high PDMS, high Smp24)
coating.Left) MALDI image highlighting the local signal corresponding to Smp24. Middle)
Macroscopic brightfield image of the sample. Right) Brightfield images at 10x magnification.

3.2.6 Evaluadn of peptide elution from the solgel coatings
The elution ofSmp24 over time as evaluated for the 6 fornmulations containing the

antimicrobial peptide over a-deekperiod (figure 3.15).

The inclusion of PD$IOH wasthe main factor determining the shape of the elution

profiles. All formulations with PDSIOHhad an initial burst release of Snp24 over he

first 24h, with the degree of indl release increasng with both high PDM5-OHand

peptide levels. Both formulatias with the highest level of PDN6-OHhad released

more than 40% of the encaplsted peptide within the first 6h, while the burst was
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slightly more gradual at the lower PEBWDH level After the initial burst, the peptide
elution rate slowed down grly, givhg a relatively steady release rate over he next 4
weeks. At the end of thexperiment the high PDM5-OH fornulationshad released
about 75% of the encapsulat@eptide, while the low PDNMs-OH, lowand high peptide
samples had released 49%d62% repectively.

The behaviour of the formulaties without PDVS-OHdiffered greatly. Instead of an
initial burst release, the elutiorate wasrelatively slow during the first 24-48h.
However, after this point the etion rate increased causng the amulative release to
match or surpass that for the PCBMDH fornmulations within the first week of he
experiment. After the full 4 weekof eution more than 94% of he encapsuated

peptide had been released froné caating.

The peptide level had a smalleut expected effect an the elution profiles. In all cases
the higher peptide level pusis¢he rektive release to ocar fager in the begnning of
the curve.The peptide levebnly affected the relative maximum release for the low
PDMS-OH level formulations, Wwere the 1H(low PDMS high Smp24) samples till
retained a significantly higher relee after the full 4 weels.

69



Figure 3.15. Relative cumulative peptide elution profiles for each formulation tyjgdack =

OL (no PDMS, low Smp24), red = 1L (low PDMS, low Smp24), green = 2L (high PDMS, low
Smp24), blue = OH (no PDMS, high Smp24), yellow = 1H (low PDMS, high Smp24), brown = 2H
(high PDMS, high Smp24), n=3.

3.2.7 Evaluadn of the biofilm inhibitory properties of the coatings

To investigate the antimicraial properties of the different formulations, the reduction
in biofilm growth on the coatig sufaces was evaluated relative to the biofilm
formation on substrate onlgamples. The ewaluation wasdone for both caoatings with
and withoutSmp24 so the intmsic prosperities of the sol-gel itself also cauld be
considered.The biofilm inhibition was evaluated againg S aureus SH1000 forseveral
reasonsHrstly, S aureusis a clnically relevant pathogen, with Giam-positive
staphylococci being the leadinguse for medical device refted infectionsand S
aureusoften leading to partialarly serious infections (165). Secandly, Smp24 has
previously been shown to hawestrong antimicrobial activity againg this species with
an MICbetween 816 pug/mi(149). Ladly, S aureushasa low motility meaning that the
biofilm growth mainly occurat the bottom of the wellandnot in the water air
interface (166) Therefore, thesame sample types (sol-gelspread on glasscoveslips)
as used in the othereriments cauld also reasonably be used for the biofilm
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inhibition experiments as the covslip coves maost of the wellbottom in a 24 well
plate. Some biofilm might still grovaround the bottom edge of he well,but if

effective, most growth shodlbe inhibited by the presence of te sol-gelsample.

Again, the PDN&-OH level hal a major effect an the properties of the formulation
(figure 3.16). Asxpected, the OBno PDNS no Smp24) formulation performed
similarly to the substrate saphes but surprisingly the peptide incorporation in the OL
(no PDMg low Smp24) and OHno PDNMS high Smp24) formulationsdid not facilitate a
significant improvement inhie biofilm inhibition. Even at the highest peptide level he
biofilm growth was not signifarntly lower than on the subgrate only samples (P=
0.376).

With PDMB-OH in the formulatian, the biofilm growth wasincreased on the caatings
without peptide, but if peptie was encapsuated, a cancentration dependent
reduction was seen. Even fdra 1L(low PDM5 low Smp24) sample which had the
lowest reduction, the biofilm growtwassitill significantly lower thanthe cantrol
(P<0.0046)The biofilm inhibitory effect \as greatest for the formulations with the
highest level of PDBIOH, reducing the biofilm growth by approximately 98%at the
highest peptide level and 92&bthe lowest peptide level Only peptide loaded
coatings with the highest level of PCBVDHSsignificantly reduced the planktonic

bacteria growth.
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Figure 3.16 Antibacterial effects of the different formulations agail&taureusrelative to
substrate only sampled)-2 corresponds to the PDMS-OH level, B,L,H corresponds to blank,
low and high level of Smp24. Blue = Relative biofilm growth on the surface of the different
coatings after 24h, red = relative planktonic growth in the media above the different coatings
after 24h. n=3

3.3 Discussion

3.3.1 Evaluabh of the peptide distribution using MALDI MSI

While MALDI has been used in cdonation with silica sol-gek before, the foashas
not been on analysis of sgelbased formulations. Ingtead, it hasbeen used in the
methodology called sajel ssdsted laser desorption/ionization massspectroscopy,
where the solgel and 2,5DHB or rCHCA are mixed to form a hybrid structure/ matrix.
These hybrid matxes act like he traditional MALDI natrix but can reduce some of the
background signals, which ispecially useful when andysing small moleailes (167-
169) In these cases, the matrikemical is mixad into the sol directly, something that
cannot be done when analysy a standdone formulation/coating without changing its
structure. Instead, the matrixhemical must be deposited on/in the caating after the
fact which can complicate theterpretation of the final image. Ideally the intensity of
the peptide signal at a givepoint would only be dependent on the loal peptide
concentration at that point, however foihe sol-gel catings this waslikelynot the

case. The total peptide concetration wasthe same forall the low peptide samples,
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but the signal intensity was vedjfferent with the PDM5-OH cmcentration having a
huge impact on the overall intsity of the peptide signal. Therefore, two oter factors
must also be considered, namehetmatrix deposition methodologyand the
interaction between the coatig structure and the peptide desorption/ionizaion

efficiency.

During the optimisation of the MALDI aging and matrix deposition methodology it
was observed that the matxiflow rate hada much greater impact on the peptide
signal intensity than the amat of matrix deposited on the sample. Using a low spray
speed (2 pl/min) therCH@ matrix was mainly deposited on suface of he sample,
which did not allow for constient detection of the peptide. With these parameters he
matrix did not come into close obact with mast of the peptide population located
within coating itself and asush only the small fraction of peptides nearest the suface
were effectively ionizedlo munteract this, a matrix deposition flow rate (8 pl/ min)
and a lowerrCH@ concentratio wasused. This allows the solvent with the matrix to
penetrate into solgel for a &ort period of timebefore it evaporates and thusthe
MALDI matrk became more evay distributed throughout the depth of the cating.
This greatly improved the intsity and consistency of he peptide signal and thus

allowing for higher resolutioimages to be dbtained.

However, a concern in relan to usng these parameters might be that the
penetrating solvent could eithedisrupt the structure of the sol-gel oraffect the local
distribution of peptide. Whilehis might happen on a micrascopic level, he
macroscopic morphology ofi¢ catings seems to be rektively unaffected by the
matrix deposition with maavscopic structures being detectable for both the MALDI

and B-images for most of theamples.

One area of the coatings that nhigbe moreaffected by the high matrix flow rate
could be the edge of the sampl&he high peptide signal intensty areascauld be
explained by the thinnest regits of the sol-gelbeing disrupted by the solvent to a
much greater degreedoser nspection of the images reveals that many of the highest
intensity peptide signals origate from the subdrate suface aitside of the
boundaries of the coating itself hese regios cauld represent an artifact of the matrix

disposition and sample disption rather thanan actual high local concentration of
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peptide. This could alsoxplain why there did not seem tobe a direct correbtion
between where around the edgéese high intensty areaswhere and the specific
morphology of the coating ahbse points. If the high intensty areasinsead are
related to coating disruption itssmoreunderstandalde that one side of the edge midnt
have a higher signal than thehar, asthere caild be differences in the thicknessor

slight damage during sampthending.

In order to eplain the differexce n the oveall peptide signal related to the level
PDMS-OH another factor mst be cansdered. The signal intensty of the different
formulations correlates well whtthe initial burst or lag phase dbserved in the eltion
study. This indicates that thaignal intensity isalso related to how eadly the peptide
can be physically removed frorhe formulation. Park et al. hasprevioudy shown that
even weak interactions sucls hydrogen bonding between the andyte and the
surrounding matnt can signifiantly reduce desorption/ionizaion efficiency (170). This
effect will likely be even greater ifi¢ andyte is strongly physically entrapped within
the matrix as is the case withhé formulations without PDVMS-OH The greatly reduced
desorption/ionization efficiency will thus give he illuson that the peptide
concentration is lower than itsi Thisalso lendsfurther credence to the theory that the
high signal around the edge uld be due to breakdown of the thinner sol-gelduring
the matrix deposition, as this wdd result in peptide being released from the
polymeric network of the sol-gel ipnoving the desorption/ionization efficiency n that

area.

The effect of the formulation coposition on the peptide intensity wasnot observed
during the profile studyHowever, his canbe exlained by the differences in the way
the matrix was deposited ontohe caating. During the profiling stage the matrix was
added as a single drop ontasanall sample of sol-gel which had been directly cated
on a metal MADI sample plateThis single application of a relatively high volume of
matrix relative to the coatingize/ thicknesswould likely conpletely disrupt the
structure of the coating, relesng the peptide for easy desorption/ionizaion

independently on the formulatio conposition.

The relationship between pejke signal and the sol-gek effect a the

desorption/ionization efficiency @nalso giveaddtional insight into the interpretation

74



of each individual imag@he central low signal spots on the 1H(low PDMj high
Smp24), B (high PDNg low Smp24) and 2H(high PDM5 high Smp24) cauld potentially
all be as a result of a lower gtaption/ionizaion efficiency. The micrascopy image of
the central region of the H (low PDN§ high Smp24) sample indicates that this zone
consists mainly of densely pack®DMs-OHdroplets. Thus this cauld be an indication
that in this formulation the pptidesare morestrongly entrapped within the caating
while associated with the dpets rather than the bulk sol-gel This cauld also be the
case for the low signal spotsn the high PDM5samples which looks relatively similar
to the 1H (low PDM5 highSmp24) sample when conparing the MALDI irages.
However, based on the mioscopy images the momphology of hese areasdo differ
greatly.The central spots onhie high PDM5-OHsamples are smaller, have a
completely different gloss/tgture, much higher degree of cacking/detachment and
especially for the B (high PDNg high Smp24) have a more uniform micrascopic
structure.This could indicatehat these regicmsare moreakin to pure PDNS-OH
deposits rather than a PDBIOHsol-gel mixure. As such it might be that in these

cases the lower peptide sighis actually due to a lower peptide cancentration.

While MALDIFMS could be a powedl method for evaluating APdistributionsin
complex drug delivery systessuch asthe sol-gel cating used in this study, the many
complexities in the method procgure and ambiguity in the image nterpretation

suggest that more method devgiment is still needed.

One way to improve the caistency of he imagesand reduce the number of artifacts
could be to change the coay mehodologyused when preparing the sol-gelsamples
While the spread coating ugan this study produces samples with a very casstent
and predictable total API conte the method is not well suted for producing catings
with a consistent thickneséitoughout the individua sample. Altemative caating
methods such as controlledpdcoating orspin-coating caild improve the qudlity of
the MS where the API distrildion and sample uniformity is more inportant than the
overall APl quantity. Additially, if the thicknessof the sample were more casgstent,
the spray flow rate used in theatrix deposition could also more easly be optimised
to ensure that the necessaryatnix penetration is achieved with minimal disruption to
the coating structure.
Lastly, for cases such as witha samples without PDMS-OH, firther pre-treatment of
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the sample might be necessaryarder to dotain a better signal. With the aurrent
methodology quality imagesvestigating the 2Dpeptide distribution cannot be
obtained as the peptide sighfor each spot of the laser issimply too low. However, fi
the coating was treated with volatile acid such asTFA before the MALDI ratrix, some
breakdown of the silica polymesetwork cauld ocaur. If so, this might lead to an
improved desorption/ionizatia efficiency allowing for the apturing ofa higher quality

image.

3.3.2 Rptide-matrix interactions and microscopic structure of-gel coatings

All experiments in the study idicate that the incluson and level of PDN$-OH h the
formulation greatly affectshe properties of the corresponding catings. These large-
sale behavioural differenceseen in the eltion rates or biofilm inhibitionsare likely
downstream effects of how the PDBAHaffects the micrascopic structure of the l-
gel and how the peptides intact with this structure. Based on the ewaluation of the

different coatings, three mioscopic sol-gelstructures are proposed (figure 3.17):

Without the addition of PDI8-OH it & clear from the different micrascopy images hat
the sotgel structure does not caain distinct hydrophobic domains. Instead, the l-
gel only consists of a tightpmogenoussilica polymernetwork with the peptides
physically entrapped within.hE low hitial release rate, desorption/ionization efficacy
and biofilm inhibition all indite that peptides initially are strongly encapsuated
within the coating reducingieir ability to encounter the bacteria on the suface of the
sample.This is due to the relativelaige size of the peptides limiting their ability to
diffuse through the initially sall pores in the sol-gelnetwork. Previasstudies have
shown that the pore size of siksol-gels increases over timeafter immersion in water
due to hydrolysis of the siliagetwork (171), with the eltion profiles indicating that
the pore size reaches a poirtat allows for rapid diffuson of the peptide out of the
coating after 2448h.This initial lag-period in the peptide release is likelyalso the
reason why the coatings witlib PDMS-OHshow no significant biofilm inhibition, as
the experiment is only done ovex 24h period. However after the lag-period the
peptides are no longer stronglyn&rapped within the sol-gelnetwork and the

interactions between the gatides and the sol-gelare maostly limited electrcstatic
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interactions with the hydrgy graups.Therefore,almost all of the peptides eventually
will be eluted from the systemndicated by the high maximum release after the 4

week period.

The addition of PDROH to the sol-geldradically changes the micrascopic structure
of the solgel. As previouslgiescribed, the addtion of PDM5-OH to he formulation
facilitates the formation of hyrophobic domainsduring the aring processasthe
more hydrophobic solvents aporate leading to the aggregation of the PDMs-OH
polymers.These domains can teome extent mimic the physicochemical propertiesof
a phospholipid vesicle/micelle vkita hydrophobic coreanda more hydrophilic surface
in the interface with sebel network Due to the amphiphilic structure of AMR, their
interactions with hydrophobi@ydrophilic interfaces are highly favourable asboth the
hydrophobic and the hydrdplic/ charged residues can form thermodynamically
favourable interactions withhe surrounding environment at the same time (172). It is
thus likely that if AMPs are ddd to the formulation, a large proportion of them will
accumulate around the surface dfehydrophobic domains. Stch principles have
previously been demonstratefor other hydrophobic/hydrophilic AMP fornulations,
showing a change in the secdary structure of the peptide upon encapsuation
indicating direct interactions betweethe peptide and the hydrophobic moieties
(173) Due to the increasedteractions between the peptides and the hydrophobic
domains compared with thelk sol-gel it s likely hat these peptides will be more
strongly encapsulatedhis provdes a possble explanaion for why the central regon
in the H (low PDNg highSmp24) sample hasa lower peptide signal conpared with
the rest of the coating and hy the formulations with PDM5-OHhave a lower
maximum peptide release aftehe 4 weels.

However, the formation of théwydrophobic domainsiis likelynot the only way the
addition of PDNB-OH affects he sol-gelstructure. Several studies have previoudy
shown that the addition of BMS-OH tosilica sol-gek increases the pore-size of the
silica network, although lengtof the PDMs-OHpolymersused in these studies are
much longer than the one uden thisproject (160, 174, 175 Sill, if thisis the ase it
could facilitate a more rapid stion of the peptides not as®ciated with the
hydrophobic domains compaglevith the caatings without PDM5-OH This cauld be

the explanation for the burst relase seen for these formulations which also facilitates
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the increases antibiofilm peerties within the 24h timeframe. Another example of this
can also be seen with the MALDIage of he 1H(low PDNS high Smp24) coating.
While the central morphologat zone is densely populated with hydrophobic domains,
the next zone out has barelginy in it andits overall look 5 much moreakin to the
coatings without PDNS-OH. Thus based on looks alone ane wauld expect the peptide
desorption/ionization efficiacy tobe very low However, he desorption/ionizaion
efficiency does not differ getly from the efficiency of he autermost zone which
consists of a miture of hydrghobic domainsand sol-gelnetwork. This indicates that
the PDMB-OH also affects th@roperties of the sol-gelnetwork itself and that this
effect does not depend on the lalpresence ofhydrophobic domainsafter the

coating is cured.

Based on the samples withoudeptide added, the main effect of ncreasng the levelof
PDMS-OH on the coating sticture is that the size of the hydrophobic domains
increases while the frequen@ptentially slightly decreases. Due to the droplet-like
shape of the domains this @uld result in a reduction in their corrbined suface area,
limiting the proportion of thepeptide population that canbind to the interface. This
would in theory result in amcreased burst release (andthereby increased biofilm
inhibition and desorption/ioizaion efficiency) while also having a lower proportion of
peptides encapsulated aftehe end of the elution study. All these dbservationsare
consistent with the @perimental resuts for the samples with the highest level of
PDMS-OH.

Figure 3.17 Proposed microscopic structures of the different sol-gel formulatibef. = no
PDMS-OH, middle = low level of PDMS-OH, right = high level of PDMS-OH.
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3.3.3 Eféct of the peptide concentration on the coating behaviour

During the initial stages of the foratation develgoment it can be difficult to predict
what level of peptide loading hecessay to dbtain the gptimal clinical propertiesin
vivo. Therefore, it is an advaage if the peptide loading anbe danged, andthe
formulation still behaves in predictable way. This is the ase for both the
formulations with no PDIg-OHand with PDMS-OHat the highest level The peptide
level has a minimal effect ohé sample moiphologyand the expected effect i the
elution profile, increasing the ralive peptide release rate slightly during the start of
the experiment(42). The formulations without PDM5-OHdid not show the expected
concentration dependent lafilm inhibition, but this canbe explained by the lag-period
in the peptide release not bey overcome wiin the timeframe of the biofilm

inhibition assay.

However, with the large changen the caating momphologyanddifferences in the
maximum release the low level PCBYDH forrulationsact in the lead predictable way
when the peptide loading isavied. The large differences in the momphologybetween
1L(low PDNg low Snp24) am 1H(low PDM5 high Smp24) samples cauld indicate
that the coating was oversatared with peptide conpared to the amount of PDM5-OH
at the highest peptide level hE different zones in the heterogeneous mormphologyof
the 1H (low PDNS highSmp24) sample follow the auring rate of the caating, with the
edge drying the fastest anthé¢ centre the slowest. Thus the different morphology
zores could be related to intactions between the peptides and PDMB-OH danging
as the composition of the solaeevolves.

The outer zone seems to costsdf a mixture of sol-gel, PDMb-OHdomainsand
peptide like expected. However, n the middle zone the deposition of the PDN&-OH
domains seems to stoghis cauld be due to an interaction between the high ratio of
peptide relative to the PDIgamount in conbination with the change of he solvent
composition, with the peptideacting assufactants and thereby allowing the PDM5-
OH to stay in solution. At som@oint the solution becomes oversaturated with FDMS-
OH and the central zone is forrde

In the other formulations corining PDN6-OH, he PDNMS-OHdeposition rate seems
to either be consistent througput (1) or cangstent until the solution becomes over

saturated with PDNS-OH anda relatively pure deposit is formed (2Land 2H).
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3.3.4 Optimaldrmulation parameters for the antimicrobial coating

Based on the formulations eatuated in the study the incluson of PDMS-OH n the
AMP loaded sejel coating seesito provide general improvements to the
formulation. The PDM5-OH reduces cracking of the caating surface which cauld
contribute to a less controlled stion via an increased suface area and greater
coating detachment, facilitatea relatively homogeneous 2Ddistribution of peptide
despite the heterogenous micsaopic structure, dianges the eltion profile to a more
desirable burst followed by slowelease profile and significantly improves the anti-
biofilm properties.

The formulations without PDBIOH midnt be significantly improved by increasng the
pore size of the sejel network such asby increasng the water/silica precursor ratio.
However, this might also sigficantly reduce the time it takes to reach the effective
maximum release and thereby limihé timespanover which the formulation is active.
The optimal PDIE-OH level br the arrent formulation is likelysomewhere between
the two levels tested, low eyugh to avoid the PDNM5-OHspot defects seen for the high
PDMS-OH samples while still proding a predictable behaviour at different peptide

levels.

The study also highlights thetéresting properties the caating acquires when having a
hybrid hydrophobic/hydrophilic micszopic structure. Without PDMS-OH he only
variable that can be used to ewol the peptide eltion rate from the caating is the
pore size of the segel network. This limits the extent to which the behaviour of the
coating can be customized fdifferent clinical applications. However, wih the
addition of the hydrophobic doains the peptide canbe catrolled in two stages. The
rate of the burst release cdme madlified by changing the sol-gelnetwork pore size,
while the longterm release an be affected by madifying the properties of the
hydrophobic domainslhus, ifanapplication required a burst release required a burst
release over 12 hours followldy a gradud release over 6 weeg, the PDM5-OH
containing formulation shoulgrovide more gtions to optimise its behaviour to fit

these specific parameters.
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3.4 Conclusions

The antimicrobial peptid@€mp24 @an be utilized to provide biofilm inhibitory
properties to thin film selyel catings. However, he effectivanessof these properties
are not only dependent orhe cacentration of the peptide in the formulation, but
als the presence of thexeipient PDMS-OH Without PDMSOH n the formulation the
pore size of the sefel polymemetwork is initially too small allow for rapid peptide
elution hindering the antibiofilm effiacy. However, if PD-OH s added, the
microscopic structure of the ating dhanges, facilitating both an initial burst releaseof
peptides and a slower lonrterm release. Sich properties would allow for greater
control of the coatings behavie and would likelybe moredesirable in maost clinical

applications.
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4. Investigation of the structure andmechansm of adion of
Smp24

4.1 Introduction

GCompared to many other pharatologi@lly active conpounds both the structure and
mechanism of action of AMHRSs very conplex. While most compoundsact by binding
to a molecular target such asreceptor, either facilitating or nhibiting its activation,
the antimicrobial activity of AMSocars downstream of nultiple biophysical
processes, including membraiénding, menbrane insertion and menbrane
disruption. Understanding howhe structure of the peptide rektes to the individual
aspects of the mechanism of aatican help guide the rational design of new AMPs
The fundamentals of establisig a structure medanism relationship (SMR) for AMPs
is to somehow build a bridgeetween some exerimentally observed medanistic
effects and the structure ohe peptide. This can be rektively difficult asthe
mechanistic information is ofteobserved on a scale many orders of magnitude
greater than total size of thedividud peptide. In the next dhapter (chapter 5)
molecular dynamics (MD) sufations will be used to cannect the structure and
mechanism on a molecularae and provide addtional insght to a range of
experimental observations fd8np24. However, tado so effectively, key médwanistic
and structural features ddmp24 nug first be defined and critical gapsin the
knowledge must be identifiedndfilled prior to cannecting them. In this chapter, the
prior published biophysical @brvations related to Smp24 are reviewel andbuilt upon

using bothin silicoandin vitro approaches.

4.2 Results and discussion

4.2.1 Structue of Smp24

The ability of AMPs to inhibibé growth of micrdes isnot just due to their overall
physiochemical propertie§he structure of the peptides isa central component of
their activity, as shown clearby the lossof activity seen if their sequence b
sclambled (176) The higher oder structure of AMB can range gretly (177), however
for scorpion venom derived ptides most are helical in their active canfiguration

(178) These peptides oftemmave the ability to change their structure depending on the
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surrounding environment, gog froma disordered state in aqueoussolution to the
active helical configuration wimenteracting with a menbrane like eavironment.
When in their helical configation the structure isamphiphilic with the charged and
polar residues on one side die helix and the hydrophobic residues on the other,
allowing the peptide to inteact with the hydrophobic/hydrophilic interface ofa
phospholipid bilayer.

Based on previous results, tlse general observationsare also true for Smp24. The
previous structural informatio comes from two sources.

Firstly, the peptide has beenvestigated using ciralar dichroism (CD) spectroscopy,
which has given informationbaut the secondary structure of the peptide andhow
this structure is affected byhe surrounding environment. CD spectroscopy isa
standard eperimental methal for exploring the structure of peptides in a specific
solution. For AMPs two differat solventsare often used together, water and
trifluoroethanol THE).TH isa relatively hydrophobic solvent but still miscible in water
and thus a méed solution of hose solvents can somewhat mimic the
hydrophobic/hydrophilic envinement of a menbrane/ lipid bilayer. The CD
experiments show thaBnp24 sdisordered in anaqueoussolution but gradudly
adopts a more helical structusthe proportion of TFESs increased until 60% vv. The
experiments also indicate #i the peptide hastwo regims of helical content
consisting of about 59% and 22% bétpeptide based on conmparison to 29 referace
proteins (137, 149)This is still lower tadl helical content thanits closest related
peptide Pandinin 2 which isdlicated to have a total helicity of 99%(146). Smp24 likely
consists of a large helical reg, a smaller helical regian (about a third of the size of
the large one) and a/somengtructured regian(s) but the CD spectra does not indicate

where these regions are locat@long the primary structure.

The second approach was to trypeedict the 3Dstructure of the peptide usng ab
inito computational modelling149). This model indicates that the peptide is alpha-
helical from the Nlerminal to residue 20 wit the final 4 residues forming a non-ideal
helix (figure 4.1A)However, seveal factors call into question the \alidity of the
predicted structure based orhis model. Frstly, the presence of te different regions
of secondary structure indicateby the CD andysis cannot clearly be dbserved in the
predicted structureThe longalphahelical regia in the predicted structure cauld fit as
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being the combined helical regis(approximately 80% of e peptide) from the CD
analysis but no clear separati between them @nbe dbserved. This would also
indicate that theCterminal regiaom should count asungructured while the predicted
structure suggests it to be hedicFuther questionsabout the structure of the C-
terminal regions come fromhe 3D Gargedistribution which indicates that the
negative charges from Asp28d Ser24 are loated on the same side of the helix as
most of the hydrophobic resies (figure 4.1B). This might be possble for the structure
while the peptide is in solutiobut is unlikely when the peptide is interacting witha
bilayer/membrane as the netgive charges would likelynot be orientated in the same
direction as the hydrophobic selues. Lagly, the madel annot show the change n
the structure based on thenzironment asseen with the CD spectra. Snce the
structure of the peptide is sdependent on the surrounding environment,
modelling/simulation that dognot use an explicit solvent model waould likelynot be
able to predict an accurate 3iructure. For the purposes of creating the SMRa more
reliable predicted 3D structure @&mp24 s needed, and such structure needsto agree

with the experimental obseration from the CD data.

Figure 4.1 Previous attempts at predicting the 3D structure of Smp24 using in silico
modelling. A = Predicted 3D structure of Smp24, B = 3D charge density distribution of Smp24.
Figures adapted from Rawson et(@49).
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4.2.2 More accurae In silicomodelling of the solution behaviour of Smp24

One aspect of MD simulatisrthat makes them the preferred method for predicting
the structure of biological wiecules is their use of exlicit solvent models. In this case,
it is not only the biological olecule of nterest that is smulated but also each solvent
molecules surrounding it, allving for much moreacaurate predictions of the solvent §
effect on the structureSncebiological moleales such aspeptides are largeand very
flexible, their interaction with he surrounding solvent is key forunderstandng how
they fold into their optimal 3Btructure. The maost important solvent moleaile in a
biological contat is water, aul therefore MDsimulations can utilize several different
models for water, which range conplexity to dotain the maost acaurate or efficient
simulations.These water mdels generally differ based on how many distinct sites
each molecule consists of, Witnoresites givinga moreacaurate model, but at a
much higher computational b 3-ste water models such asSPC or TIP3Pare the
most used for MD simulation diological moleailes asthey provide a reasonable
degree of accuracy at a high cpuatational efficiency. The structure of the 3-site water
model is very intuitive as thestes in the madel match the actual atomic structure of
the water moleculg179) One of he more conplex water models often used isthe 5
site water modellP5RE. This model hastwo extra so-called Hummy_atoms
representing the lone pair @toms of the oxyga atom. This gives the water molealle
a more eperimentally accurate tetthedral structure, especilly important for correct
mixing behaviour with othesolvents (179). In addtion to water, other solvent
molecules can also be utilidén MD simulation to conpletely aisomize the

environment surrounding hiological moleaile.

In order to gain increased insiginto the structural resuts obtained for Snp24 n the
(D experiments, the two met extreme canditions (0% TFE 60%TFE)wvere replicated
in silicousing MD simulationdgo mimic tie 60% v solution a molar ratio of
appraximately 2.73 water ralecules per TFEmolealle wasused. The simulationsin
pure water were done usingné AMBER9IB-ildn force fietl usng the recommeded
water model, TIP3P.The TRH water mixture smulations werebased on workby Gerig
(180) also using the AMBER®ildn force fied. A key fnding of Gerigs wasthat the
use of the 5site water modelllP5RESsignificantly improved the mixing behaviour

between the two solvent molades compared with using the standard TIP3P mdel
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which produced much largerater clusters. Therefore, TIPSHE wasused asthe water
model for these simulations h€ topologyused for the TFEmolealles were adopted
from the same paper (callebFEmodel V), which wasshown to produce the maost

accurate results.

MD simulations require a 38ructure for the peptide/protein of interest to be used as
the starting configuration fortte simulation. Ideally an experimentally derived
structure would be used, butsnone exsts for Snp24 another approach must be
used.Smilarly to the previouslylescribed study an ab initio structure was generated,
although a different server veused (151). Again, the predicted structure does not
correspond with what woulde expected for the structure in water. A large portion is
helical although a larger portioof the peptide around the Cterminal isungructured
than previously predictedHowever, eva if it isnot a realistic canfiguration for the
peptide in water, having a more dered starting structure cauld be anadvantagefor
the simulations. It is easier simulate the lossof secandary structure rather thanthe
modelling the folding frommungructured configuration to a helical structure, assemi
stable intermediary 3D struates can be formed during the simulation delaying the
formation of the most ideal adfiguration. The two Smp24 solution simulations were
thus designed to show whethehé helical starting structure waslost in pure water
and retained in the 60%HE salition, aswould be expected based on the experimental

results.
An overview of the completesimulations canbe seen in table 4.1

Table 4.1 Overview of solution-based Smp24 models.

Number of Length Names
simuktions
Simulation of 3 500ns sw24 (1-3)
Smp24 in water
Simulation of 3 500ns st24 (1-3)
Smp24 in 60% v/v
TFE
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4.2.3 Slution structue of Smp24
A key indication if the simulatis produce acaurate predictions of the structure of the
peptide, is the evolution of theecondary structure over time m the different solvent

environments (figure 4.2).

Figure 4.2 Secondary structure of Smp24 in water or 60% TFE over time, determined using
the VMD plugin‘Timeline” (A,B,C) 3 500 ns simulations in water, A=sw24_1, B=sw24_2,C =
sw24 3. (D,E,F) 3 500 ns simulations in 60% TFE, D =st24_1, E =st24 2, F =st24 3. Pink
indicates alpha-helix, blue indicates 3-10 helix, green indicates turn, yellow indicates isolated

bridge and white indicates random coil.

In the water simulation@mp24quickly leses the cantiguous alpha-telix that is present
in the starting structureShorter alphahelical regions of 4 to 6 reidues in length and 3
residue length 3.0 helkes takes overbetween residue 1and 17. However, here does
not seem to be any consigtey re@rding the placement of these helical regimns
between the repeat simulatiwzs. Over time he proportion of helical content gradually
declines, reaching no helicalrdent in sw24_1 The regia between residue 1824

adopts almost eclusively either coil or urn structure.

Smp24 behaves significantifferently in 60%TFEIn st24_2andst24 _3 he peptide

retains a continuous alpha hedicegian between residue 3and 17. In st24_lanalpha

helical region can be seen betwesesidue 3and 12, wih asmaller 3-10 helix

between residue 14 and 17. Howevsppradic transtionsbetween alphahelixand 3-

10 helk can also be seen in thattier part of the helix in the other simulations. In all
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three simulations, residues2and 1824 adopted a coil structure throughout the

majority of the simulation perid.

Due to the overall unstructurenature of the peptide in pure water a representative
static 3D structure cannot groduced. However,m 60%TFEhe structure is stable
and relatively consistent so ihis case determining a representative structure is

possible (figure 4.3).

Figure 4.3 Representative 3D structure of Smp24 in a 60% TFE solution.

The main observation that odbe made from the 3Dstructure is that the helical region
has a kink around residue 13.d to the proline residue present at position 14. This
could explain why the end oftie helix s more \ariable between the replica
simulations, with the higher flelity of the kink influencing the type ofhelicity d the
last part of the hek. Based on sud inspection of the simulations it seems the angle
of the kink can vary significantbased on the position of the undructured regian, with
the kink being less dramatia simulation st24_2 To ensure the possble presence of
the kink was accounted for iimé structural andysis, the representative structure
(figure 4.3) was taken from sifation st24_3 where the kink is clearly present.

It can also be seen that whilba N-terminal end does not form anideal alphahelix it

can still be thought of as mosthyelical. As seen in the secondary structure andysis the
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regions near th&Cterminal areundructured andin this specific canfiguration it isbent

around the back end of the hedicregian.

To further evaluate the avege structural stahility of the peptide the relktive mean
square fluctuations (RI8F were @lculated (figure 4.4). Most of the structural
fluctuation is associated witthé terminals and the two central lysine residues (Lys7
andLlLys11), independent ohk solvent. The RMBFare generally lower n the 60%T He

simulations &cept for the termnals which reach similar levek asthose seen in water.

Figure 4.4 The root mean square fluctuations of the peptide per resid@@s Smp24 in water,
black = sw24 1, red = sw24_2, green = sw24_3. (B) Smp24 in 60% TFE, black = st24 1, red =
st24 2, green =st24 3.

All these observations clearlydicate that, asexpected, the stahility of the helical
structure is highly dependentnathe conposition of the surrounding solvent. The
hydrophobic/membrane mimichg properties of the TFEmolealles stahilized the
hydrophobic residues in thieelical regian from around residue 1 to 17 allowing this
region to broadly retain its atting helical structure and lowering the structural
fluctuations over the simulatioperiod. However, he regio near the Cterminal is

unaffected by the solvent, reaming ungructured in both environments.

Gonsistent with what was obserdgefor the experimental approach, the helical part of
the peptide can be separatedto two distinct regins. The MDsimulations reveal that
this separation happens arad residue 13 Depending an which helix residue 13 is
counted as belonging to, therger helix sabout 2.4-3.3 times the size of the smaller
helix, which correlates well whtthe experimental resut of a 2.7 times size difference.
Overall, the MD simulationsdicate a total helical content of 71%(residue 1-17) which
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is slightly lower than thex@erimental resut of 81%(137). Howeverasprevioudy
mentioned the value obtained fronhé CD spectrum isnot due to adirect
measurement of the helical atent but based on a conparison with a protein library
which could lead to a slight ovestemation. Ths wasthe case for Ranindin 2 which
when investigated using the moeeaurate structural NMR tetinique showed a lower

total helicity than theCD specta initially indicated (146).

Figure 4.5 Radius of gyration of Smp24 in water or 60% TFE over fh&mp24 in water,
black = sw24_1, red = sw24_2, green = sw24_3. (B) Smp24 in 60% TFE, black = st24_1, red =
st24_2, green = st24_3.

To gain further insight into dw the 3Dstructure and the size of the peptide is affected
by the solvent the radius of ggtton was calculated (figure 4.5). The size of the peptide
in water varies significantly thughout the simulations. Many short spikes can be see
in the radius of gyration wheréné peptide extendsto a morestretched out 3D
structure before returning t@ more conpacted structure for varying amounts of time.
Sw24 2 seems to adopt a dtée conpacted structure for the longest time, between
30-350ns, but towards theral of the simulation it also presents similar spikes in the
size like the other two simulatios. However ovedll, the average radius of gyation in

all 3 simulations is smallerdh that of the starting peptide structure.

In 60%T FE all simulations shoan initial increase in the peptide size. Following that,
st24 1 and st243 enter a lmgerperiod where the size varies significantly with the Rg
ranging between 0.9 and 1n. Eventually the peptide in both simulationsadopts a
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more stable size, that being88 + 003nm forst24 1and 1.01 + 004 nm forst24 3
Contrary to the rest, st242 adopts a stable size much sooner than the other

simulations with a Rg of 0.94 6 nm.

Based on the secondary and 3ucture it sesemead most likely that that the variations
in the Rg would be due to thendructured regian near the Cterminal, asit hasa
much greater flgibility than the helical regian. The sudden reduction in the size
variation could indicate thahtermoleaular interactions werebeing formed, restricting
the position of the unstructure region. Smp24 hasan interesting distribution of
charged residues, with twodiyne residues present in the main helical domain (lys7 and
lys1l) and 4 charged residueear the Cterminal (Lys21, Ly22, Assp23 and Ser24)
lonic interactions between the two $ine residues of the helical regian and
Asp23&er24 could restricthe movemaet of the more flexble random coil end of the

peptide giving increased struatal stability.

Figure 4.6 Distance between charged atoms of select residues of Smp24 in 60% TFE
simulations over timeA =st24 1, B =st24 2, C = st24 3. Black = Lys7 to Asp23, Red = Lys7 to
Ser24, Green = Lys11 to Asp23, Blue = Lys11 to Ser24.

Investigating the distance betwadhese 4 residues in the 60%T FEshows that the
distance between the chargesoms reaches levek below 32 A ndicating the
formation of salt bridges (fige 4.6). The timepoints where the shortest distancesare
reached also correlates well Withe smaller and more stable periods of the radius of
gyration. All 4 residue commtions canseem to ocar, although for st24_1 Lg7 to
Ser24 is dominant, for st28 Ly11 to Asp23 orSer24 sdominant andfor st24 2a
combination of all the interactins ocairs, but Lys 7 to Asp23 s the mast dominant. An
example of one of these sdliridges canbe seen in figure 4.3 where lys11 nteracts
with both the Cterminal and he Asp23 side dhain.
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The presence of these salt @igies and their potential impact on the stahility of the
peptide f structure while inaution, clls into question the robusnessof a TFEWwater
mixture as a membrane mimiclkj environment. While the TFEloes seem to mimic
the hydrophobic characterissmf a membrane, the dharged characteristics of the lipid
headgroups are not well repsented. Due to this, the peptide forms structure
stabilizing charged interactis with itself which in a true menbrane environment
could instead occur with the extaal environment. This cauld over enphasze the
importance of anionic residugewhen evaluating the ahility of the peptide to adopt its
helical structure iNTHE. Remoa or madification of Asp23 and Ser24 cauld potentially
increase the % OFFE needed forhe peptide to adopt its maximum helical structure
but might not affect the willingessfor the structural transtion in a true menbrane

environment.

There are other AMPs that alal potentially also be affected by this phenomenon such
as Magainin 2 and Panindinfagainin 2 hasa similar structural motif asSmp24 with
lysine residues positioned ihe central helical region anda negatively darged
glutamic acid ng to the Cterminal which potentially cauld form crasspeptide sdt
bridges.The peptidep structre hasbeen investigated with NMR wvhile inserted into
DSvesiclesHere magainin Zdopts a predominartly helical structure but no sdt
bridge formation is seen, witthé ationic residues insead being able to interact with
the anionic®S moleculeg181). Sructural NMRstudies of Ranidinin 2 show that it is
disordered in water but aduas a majority helical structure in both TFEand when
inserted in DEvesiclesSmilarly, to what isseen in the Smp24 n TFESimulations
Pandinin 2 also has an unstrucdd regian near the Cterminal starting at about
residue 1920 (146) The anonic Cterminal and the flexbility of undructured regon
could facilitate the formatio of sdt bridges in TFEwhich does not seem tobe present

when the peptide is interaatg with the vesicles.

A key process in the structlrinvestigation of peptides and proteinsis to break their

overall structure into smaller regns or motifs. The distinguishing features between

different regions can be based several factors such assecondary structure, 3D

orientation and residue coposition.

Smp24 can be separated intaldferent regions (figure 4.7, table 4.2). Frst is the

primary helical region consisg of the long, strait helix starting at the N-terminal and
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spanning till around residue 1¥ollowing that is the smaller secondary helix from
residue 1417, characterized blgaving a different special orientation than the primary
helix. Residue 13 could arghbig belong to either of the helical regicnsdepending on
how dramatic the kink is irhe specific canfiguration. However asit is the proline
residue at position 14 that facitites the distinction between the helixes, this residue
seems like a good starting pbifor the secandary helical regian. The next regin
consists of three glycine resids in a row which facilitates a link between the helical
regions and the remainingnatructured residues. The glycne linker region can be
separated from the rest of thengructured part of the peptide due to the large
difference in the physicochenalproperties between it and the remaining 4 residues
The last 4 residues of the piede are all charged, either via their side chain or v the
Gterminal itself and form the fiial region called the tail regian. The fully charged
nature of this region makes unique from the other major regians of the peptide as

these consists of a xiure of hydrophilic and hydrophobic residues.

The separation of the peptidatp these 4 regims can help in the cangtruction of the
SMR by allowing for analysibthe peptide-bilayer nteractions in a segmented way

without needing to do it in a per selue manrer.

Figure 4.7 Regional structural breakdown of Smp24.
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Table 4.2 Overview of structural regions of Smp24.

Residues Golour Sructural regin
1-13 Blue Primary helix
14-17 Magenia Secondary helix
18-20 Green Glycne linker
21-24 Red Tal

4.2.4 Mechanisnof action of Smp24

As is the case for most AMPRBetmedanism of action of Snp24 s conplex Its
primary activity relates to howhe peptide andisrupt the bacterial menbrane(s),
causing leakage of intercellular conents leading to celldeath. Due to the
heterogenic and dynamic nate of cell merbranes, interactions with the peptide will
be comple and change over tim& herefore, he use of multiple biophysical methods
IS necessary, in order to obtea relatively conplete picture of the interactions. Snp24
has previously been investted with a range of mehods, allowing for the formulation

of three overarching mechasiic statements.

Smp24 shows selectivity baken the lipid headgroup conposition

While the lipid selectivity of Sp24 hasbeen demonstrated using several techniques,
the clearest @ample is via fiosomal leakage assgs (figure 4.8). Lposomes of different
lipid compositions loaded witcarboxyfluorescein were exyosed to Smp24 at two
different concentrations andhe vesicle lysis wasestimated. The key dservations
from this experiment were ttat the peptide induced lysis was greater for the overall
negatively charged®G vesickewhen conpared with the neutral PCPE vesicles.
However, this difference wadramatically reduced once the ionic strength of the
surrounding solution was incaged, shielding electrastatic interaction. From this, two
mechanistic conclusions can Beawn. Hectrostatic interactions between the
positively charged peptideral the negatively dharged lipidsplay a key role m the
selectivity and the selectivity oars early in the medanism of action as changes in the

solution can affect the final s level(58).
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Smp24 contains several cationisie residues anda charged N-terminal which all
could play a role in the initiahteractions between the peptide and the phospholipid
headgroups, however it is not ke how exactly these initial interactionsare formed
and if all the cationic residgdave a similar contribution and function during this

process.

Figure 4.8 Smp24 induced lysis of liposomes with different lipid compositidmapted from
(58).

Smp24 can insert into lipid hilers

Quartz crystal microbalance \witlisgpation monitoring (QCGM-D) can be used to
measure structural changes@increase in the massof a bilayer due to the addtion of
membrane active peptideSmp24 wasadded to a DORZ.DOPGoilayer at different
concentrations and the changen the disgpation and frequency were masued. At
low concentrations the frequecy decreases with increasng disspation indicating that
the peptide is accumulatingn the bilayer. At increagng peptide cancentrations, a
threshold is reached where #&wing back _in the disgpation is seen, indicating a

change in the membrane struge (figure 4.9).

These results indicate that theeptide first accumulates on the suface of he bilayer

likely due to electrostatic int@ction between the peptide at the lipid headgroups. The

eventual Swing back in thedisspation cauld indicate the peptides inserting to the
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bilayer, resulting in a reduckinteraction with the aqueous phase. Thus the peptide
interacts with the bilayer in gepwise processof first electrostatic attr action,

followed by accumulation ahinsertion (58).

This raises the question of howese acacumulation and insertion processes happen on
a molecular levelThe stepwisegrocessindicates that three ntermediary equilibrium
peptide configurations ®st, a solution structure, a structure where the peptide is
accumulated on the surface die bilayer and lagly a structure where the peptide is
inserted within the bilayer. &ning ngght into how the structure, orientation and
position of the peptide relative tohe bilayer changes throughout these different
configurations would be a kegtep in establishing the SVIR

Figure 4.9 QCM-D analysis of Smp24 at increasing concentrations against a DOPC:DOPG
bilayer. Adapted from(58).

Smp24 can disrupt lipid bilaysvia pore formation

The most detailed mechanistiformation in relation to the structure of menbrane
pores induced byAnp24 come from atomic force micracopy (AFM). This
methodology allows for the sudization of peptide induced pores in lipid bilayers by
measuring the change in thiitknessof the bilayer. Negatively charged DORZDOPG
planar bilayers werexposed to 125 uM Smp24. Beforepeptide addtion the bilayer
had a smooth appearance vibut any visud defects (figure 4.10A). However after 30
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min incubation with the peptle the formation of differently sized stable pores is seen
(figure 4.10B)These pores ave adepth of 24 nm and an average diameter of 80 + 40
nm. The presence of distinct posaf greatly varying size indicates that at leas under
these conditions the pore struate is toroidal in nature. Higher peptide cancentrations

(2.0 uM) lead to the completdestruction of the bilayer (58).

Figure 4.10 AFM image of Smp24 induced pore formatiérs Bilayer before peptide
addition, B = bilayer after peptide addition. Adapted fr{od).

For the purposes of this studysing anly the ARV images asthe experimental bags for
the SVIR would be challengin@he pores seen in the ARV image cauld be sad to
represent matureSmp24 induce pores asthe image s taken 30 mn after peptide
addition once the growing poshave stahilized in size. At this point the average pore
diameter is 8@ 40 nm whichg 40 times the approximate length of the peptide itsef.
At such dimensions the lumen ofi¢ pore wauld have a suface area of hundredsto
thousands of nrhand there waild be asa minimum hundreds of individua peptides
associated with itThese coulitions cannot easly be enulated usng MDsimulations.
Both in terms of the timescaland model size simulating a bilayer with such a pore
would not be feasible usinghall-atoms methodology. Modelling of ane of the smaller
pores over a limited time pergbcauld potentially be done using a lower resolution
coarse grained MD simulatip where the molewles are made up of larger simplified

subunits rather than individuadtoms. However, his limits the amount of detail that
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can be determined for the inteactions between the pore and the individud peptide,

which is the most importantspect for better understandng the SMIR

Instead, eperimental informatia related to the earlier stages of the pore's lifespan
would be better suited to be sed in conmbination with MD simulations. The main
factor for this is that pores startub much smaller in overall size rektive to at their
mature state.Therefore, the necssay dimensions of the madel cantaining the pore
would be much less computanally demandng and fewer ndividua peptides would
participate in the poregpeptide asembly. Thisboth simplifies the ovesll andysis and
represents a more direct cori@lon between the structure of the individua peptide
and the pore compared to aaure pore where the macroscopic behaviour based on

many peptides is dominant.

4.2 .5Investigaton of Smp24 induced pore formation using planar patch clamp
electrophysology

While AFM provides direct \wud information about the structure of the fully formed
peptide induced pores, other mhbdologies can provide such information earlier in
the process via indirect waysn®such approach is to measue the change n the
current running across a bilaydue to adisruption of the bilayer's structure. The
effect of a membrane disruptivagent such as AMPs on the bilayers structure can be
explored on both a macrosgic and micrascopic (commaly clled “single danrel )
level depending on the sizé the bilayer that the disruptive agent is exposed to. The
molecular level changes thé menbrane structure can be difficult to determine
based on the interpretatiorof macroscopic airrent changes, asthe oveall signal can
stem from a multitude of indidua events happening at the same time However,fi
the size of the bilayer is sufficity reduced individua events can be isolated, giving a
much more direct correlatiobetween the airrent spike and the nature of the pore.
Factors such as the shape, sizagth and repeatabhility of the canductance evaats can
be used to gain insight into thenderlying size, structure and stahility of the
membrane poreFurthermore,some nformation in relation to the kinetics of the pore
formation and membrane diuption can also be dbtained. However, corpared with
the kinetic information that anbe dotained in experiments on the macroscopic scale,

the variance in the kinetic datbtained at the single danrel level $ much greater as
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it is generally based on singi®chadic events rather than the average response of

many events.

In this study the membrandisruption induced by Smp24 wasinvestigated via planar
patch clamp electrophysiology wisynthetic bilayers usng the Nanion port-a-péch.
The porta-patch is a portabl@atch clamp system that utilizes disposalle borosilicate
microchips containing a smalperture insead of a traditional patch clamp pipette.
The size of the chip apertudetermines how large ofanarea of bilayer the
measurement occurs on antusallows for measuement of singular pores or
channels using an aperture Wwia diameter ofapproximately 1 um(142). In the
experiments a bilayer is fornteacrossthis aperture using gant unilamellar vesicles
(GUVSs) as an intermediaryhrele for the lipids. These vesiclesare added to the
external solution atop the clpiandnegative pressue isapplied through the bottom of
the chip to move the vesicles t@nds the goening. Once a vesicle hits the surface of
the chip near the aperture the g&le bursts creating an open lipid bilayer that is then
sucked into place atop theparture. After a tight seal between the bilayer and the chip
is achieved the pressure can beutralized asthe bilayer i kept in place va
hydrophilic interactions betwaethe bilayer and the boro-glicate glasssubgrate of
the chip surface, which are proved by forming the bilayerat pH 4 In this state the
bilayer creates a high resistance afghm barrier between the outer and inner
compartments of the chip, serating the two silver electralesused to measue and

control the current or voltage gag acrossthe bilayer.

Due to the use of synthetic layers the conposition of the menbrane can be highly
customised. In this set ofkperimentsa 1:1 mix of DO®and DOPG fids were used,
which was chosen for severala®ns. Frstly, these lipidsare partially unsaurated
containing a cis double bond até 9" carbon atom of the lipid chain. Thisimpacts the
packing of the lipid chains, lowag the phas trangtion temperature below room
temperature and thereby ensing that the bilayer & in the disordered liquid
crystalline phase during the periments. The inclusion of the DOPGpidsalso ensues
that the bilayer has an overalegative charge which mimics the dharged state of the
bacterial inner membranehe main target of Snp24. Ladly, the 1:1 DOBRDOPG

mixture is the same bilayer cquosition used in the previous biophysical
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characterizations o8nmp24, so keping the conposition cansistent allows for a more

direct comparison between theifferent experiments.

After the formation of the bdyer aholding potential isapplied acrossit to ensue a
high resistant seal between th®layer andthe dip hasbeen achieved. The extenal
solution is exchanged, washg the bilayer n two rounds.The first round isdone to
remove the remaining vesidéehereby limiting peptide binding to Ipidsnot as®ciated
with the main bilayer and seadly to increase the pH of te solution to 7, after
ensuring the bilayer is stable. AH 7 he protonation state of both the peptide and
the lipids will be the physiologilly relevarnt states, but formation of the bilayer s
much more difficult. After gdsting the amplifier gain and starting the recoding of the
current trace, theSmp24 wa added to the extenal chip solution at different

concentrations, denoting thetarting point for each experimental run.

The general trectory of an egerimental run is that after an initial lag period where
the current is at the baseline levahort periods with an increased current running
across the bilayer start to ogcdenoted asa canductance evat. To beghn with, these
events will often be reversible witthe aurrent returning to the basline levelshortly
after the disturbance begin&ach of these canductance events represents a moleallar
level disruption of the bilayestructure leading to ncreased ahility for water and ions
to penetrate the bilayerThe holding potential placed acrossthe bilayer drives the
translocation of chloride iongroducing the measued change n the arrent. Based on
the shape of the current trace, cosponding to the canductance evet, they anbe
separated into different categorsand in addtion the length and current distribution
of the event can be analyseah iost cases, these individud reveisalde events will
eventually escalate in intensignd frequency eventually leading to the irrevesible
disruption/destruction of thebilayer. This will lead to a large drop in the menbrane
resistance and thus the current will edeilevel which canbe measued at the
amplifier gain level and thexgeriment/ measuement is ended. If the gain level &
dropped the membrane resiatce b often returned to a level clee to that of the diip

alone, indicating the completdestruction of the section of bilayer spannng aperture.

The membrane disruptive effect die peptide wasevaluated at 5 different

concentrations with 5 indepestent repeats at each level
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4.2.6 Kieticsof membrare disruption

In general, the lag time betweehe peptide addtion and the ocairrence of e first
conductance event was veryart, with the first event happening within 20s in more
than half of the runs (figure.41B. However at peptide cancentrationsbelow 485
UM some runs starts to have auch longer g period, although it is not congstent for

all repeats.

Similar observations can beade for the lag timebetween the peptide addtion and
the complete destruction ofte bilayers (figure 411A). Athigh concentrations the
bilayers were often destroyewithin the first 5 min of the peptide addtion, though
greater variation was seen cgared with the lag time to te initial event. However at
concentrations below 3.9 uM large hcrease in the variation wasagain seen, and the
average is shifted drasticallyr dddtion, for some of he runsat the two lowest
concentrations the bilayer wsstill intact after 30 mn, with 2 examples where no

conductance events were saeat all.

Figure 4.11 Kinetics of pore formation observed for Smp24 during the patch clamp
experiments.A = Time between addition of peptide to the bilayer and the occurrence of an
irreversible disruption of the bilayer resistance. B = Time between the addition of peptide to
the bilayer and the observation of the first conductance event. * Significant difference based
on unpaired t-test (P<0.05).

The short delay between peplg addtion and the first events indicates that the initial

interaction between the peptie and the bilayer ocars at a rapid rate. However, he
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buildup in membrane disruptioleading up to the total menbrane destruction is the

much slower process.

The concentration dependency dfd responses seens to be threshold based rather
than a linear dose dependency, Wwiitnuch greater variation at the two lowest
concentrations.Quch threshall-based behaviour is consstent with what was observed
previously in the @QVI-D experiments (58). The large \ariations between the individua
experimental repeats at theolver cancentrationsis due to nmultiple factors. Frstly, the
stochastic nature of individual moleler level evets such asthe formation of
membrane pores will intrinsatly have an increasng variability in the time to ocar as
the concentration decreaseSecandly, the kinetics would likelybe moreaffected by
variation in the eternal experimental factors at these canditions. Due to the use o a
single bilayer perxeriment,small sample voumes anda limited abhility to ensure
consistent mking of the peptile with the exteinal solution buffer, the experimental
setup was relatively susceptible torrto run variations, especilly impactful at a low

peptide concentration.

The mechanism of action himd the menbrane disruption cannot be determined
based purely on the kineticdata, however it @npotentially be narrowed down. In the
traditional carpet model of AMPiduced membrane disruption, the disruption
happens as an irreversible emeonce a specificnumber of peptides are bound to the
surface of the bilayef95). If Snp24 acted primarily through this medanism, we would
not expect the high frequency of reveade canductance events before the conplete
membrane destruction. In additm variation in the kinetics between individual runs at
the same concentration wodlbe expected to be rektively lowasa large number of
peptides would be needed in der to form the carpet on the bilayer before the
membrane disruption is triggede The knetic doservationsdo not correlte well with
these &pectations and thushie resuts suggest that at leag under the tested
conditions the mechanism aiction is not well described usng only the carpet model.
The complete and irreversibtésruption of the bilayer at the end of the experiments
could still occur via a mecham related to the arpet model, but other medanisms

of membrane disruption are sd ocarring prior to that point.
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4.2.7 Qualitatig analysi®f conductance events

In addition to the kinetic masuements a quaditative andysis of the aurrent traces was
also done in order to evaluatehe individual membrane disruptive events induced by
the peptide. Multiple different tpes of event signatures were faund throughout most
runs, which could broadly betegorized into 3 distinct event typesbased on Chu et
al. (105)

Multilevel events (figure 4.12Avere the type ofsignal that most closely represents
what would be epected foradistinct pore. The start and end of the signal are both
sharp transitions from the basele. During the event a congstent but highly variable
increase in conductance coubé dbserved, laging between a 100 nsto a few
seconds. Depending on thenigth of the event anaverage canductance level cald be
estimated using amplitude $tograms fitted with a Gaussan distribution function.
However as seen in figure 4.12Retspread of the aurrent distribution corresponding
to the multilevel event is murcgreater than the baseline. Comparing the average
current measured between diffent multilevel events also shows a large distribution

of values ranging from 2.8 to I8pA.

Like multilevel events, spike ewus (figure 412B) also have a clear trangtion to and
from the baseline albeit the gth of the event is much shorter (<50ns). Agin, no
consistent average/mamum airrent level @n be found when conparing different
individual events, even withiasingular run. Spke events wereboth observed aslone

events or coming in multipgawith a short time gap between them.

Erratic events (figure 4.1Q were Iang (often multiple secands)but with a relatively
low and very variable conduace level Unlike the other event types, they did not
have a very clear beginning ane but rather gradudly increased or decreased the
conductance. Over the lifetime ohé event the canductance level cald shift multiple
times and often return to agtial baseline with increased noise and canductance n
between. Due to the more gdaa conductance evoltion, the amplitude histograms
did not show an independent aductance level for he event, but rather a broadening

of the baseline peak.

All the different event types were tmd at all peptide cancentrations, however likefor

the kinetic data a large variatian the number of events were seen within the same
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peptide concentration.Therefore,no significant relationshp between the peptide
concentration and the likelihoa of a specific evat type ocairring caild be found.
However, for the entire dataet spike events were he mast likely to ocar followed by

erratic events and lastly multilevel evs.

Figure 4.12 Representative examples of the current trace and amplitude histograms for the
three different event types observed in the patch clamp experimems= multilevel event, B
= spike events, C = erratic event.

There is no welkstablished sigular approach for interpreting the aurrent traces
induced by AMPsSome authors take an approach that is similar to how one wauld

analyse the single channel activitypsbtein ion chanrels, which works for peptides
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creating very ordered pore sictures such asvia the barrel stave metanism (100).
Manzo et al. Investigated p&des with lessdefined chanrel activity and focused more
on the morphology of larggveriods of aurrent trace rather thanisolating the
individual conductance eves({182). However, wih the main objective of his chapter
being to gain insight into the molelar levelstructures responsble for the pore
disruption, the best approdcwould be to lookat the momphology of tie individual
conductance eventsInce hundreds of canductance events were cainted acrossthe
experimental runs, the events were grped in to three ategories to simplify the
analysisHowever, the interpdtion of the canductance event categories is still highly
theoretical so the mechanism a€tion and pore structure cannot be decidedly

determined using only this &physical method.

The structural characteristmf the peptide induced pores that the aurrent trace
analysis can give the most diresfarmation about is if the poresare ordered or
disordered in natureThe archetyal example ofan AMP forming ordered pores is
alamethicin, which forms thbags for the barrel-ssave malel of pore formation. This
peptide produces conductance ewes which canbe ategorized asclear squae top
events.These events show peatable distinct canductance states strongly ndicating
the formation of different odered moleailar levelstructures with different opening
levels based on the numbef peptides the pore asembly cansgsts of (100). Peptides
thought to act through thedroidal pore madel such aspleurocidin can also show
Aquare top_and flickering_conductance evets indicating that the type of toroidal
pores that this peptide induceare ofa relatively ordered nature (83). Howevernone
of these event morphologies werdeerved to be induced by Smp24. Repeating
events of all types have diffemeconductance event level within the same trace and
the conductance level of indowa events varies much more hanwhat isseen in the
literature for ordered poresThe patch clamp experiments are thusa strong indication
that at least under these calitions the metansm of menbrane disruption and the

pore structures are disorderkin nature.

The multitude of different evat types observed is consstent throughout all the

experimental runs at all thdifferent concentrations indicating that the peptide

induced membrane disruptoocairrs via several different competing medanisms. In

the traditional view of the mdtanism of action of AMP, each peptide is thought to
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intrinsically act via one of théntee madels of menbrane disruption (barrel-stave,
toroidal pore or carpet) due tdhe specificstructure of the peptide. Howevernewer
alternative models such as tf@ART model put a greater emphass on the
mechanism of action being nohty dependent on the structure of the peptide but
als the other conditions offte specificsystem such asthe peptide cancentration and
the properties of the bilayefl5). Suich models better account for the peptide acting
via multiple competing me@mnisms of action at the same time,asobserved in this
study.The observation that aariety of different event types is seen for asingle
peptide is not uncommon for AM®While some examples of pore formation result in
consistent and distinct congttance leves following the squae-top or flickerng
signature can be foun(B3, 183, they are not always cansistent between different
studies(184) Many AMPs show dier erratic behaviour or a conbination of different
event types likeSmp24 (87, 96, 99, 182, 1840ne particularly interesting example is
cyclic beta sheet AMP Grangici S.While having very little n comman with Smp24
both structurally and origin v8e, the canductance behaviour of the two peptides is
remarkably similaf14). Due to he structural dissmilarity between the two peptides,
this again indicates that thdisruption ocairs in a more geeralized anddisordered

manner rather than by the foration of distinct structural asemblies.

The disordered nature of the nductance events makes it moredifficult to establish a
direct theoretical correlatiometween the increased current running acrossthe bilayer
and the change in the molatar levelstructure of the bilayer. Howeversome general
characteristics can still be grosed to explain the underlying biophysical differences

between the event types.

Both the spike and multilevel ewgs share a key haracteristic in that they both have a
distinct and clear beginningnd end to the signal. This mimics the behaviour that can
be observed for more orderednachanrels in which the cdhanrel aanhave either an
open or closed state dependingythe canfiguration of the protein menbrane
assembly. While the spike anduttilevel events do not have any specific welldefined
open states, the open/closedichotomy still seems to be present. Therefore, he
structural change of the bilayerus be at leag somewhat akin to what happens
during the opening and closing af ion chanrel. Based on these doservationsit is
likely that the spike and multilevel ents represent the formation of some type of
106



toroidal pore, with the inside ohe pore lumen congsting of mixure of the
phospholipid headgroups drpeptides. The main difference between the two event
types seems to be that in theage of the multilevel events the open state of the
toroidal pore is better stabided, greatly increasng the lifetime of he pore. Snce rot
all spike events transition iatmultilevel events, it seems that the canditions for
stabilizing a pore do not alwayollow the canditions necessay for forming ane.
Furthermore, the higher fragency of ocarrence ofspike eventsalso seemsto
indicate that it is easier foihe peptide to induce the canditionsnecessay for pore

formation rather than pore sthilisation.

It is well known that AMPs at lower gentrations can induce non-disruptive changes
to the biophysical properties ohé bilayer such asmembrane thinning, Ipid de-mixing
and line tension reductio(iL18, 185, 18p In the lateral diffuson model for low
concentration AMP induced melbnane disruption, these changes to the bilayer
happen as the peptides inserntto the top bilayer leaflet and then affect the bilayer n
a small area around each jptede. The peptides can diffuse in the lateral plane of the
bilayer leading to overlaps im¢ area of the bilayer they affect, which can potentiate
their disruptive effect and theilgy lead to the canditionsnecessay for the formation
of a pore(187) Thus, the pore formtion cauld be induced even without the peptides
directly taking place in the porgructure, with the pores thereby missng aut on the
stabilizing effect the inclusion dfi¢ peptides in the structure likely waild have. Quch a
mechanism could be respob for the spke events (figure 413A). By catrag, in the
case of multilevel events the l@t conditionsat the pore formation cauld include more
peptides in the praimity, albwing for the peptides to be incorporated into the

toroidal pore structure itself, gegly increasng the lifespanof the pore (figure 413B).

Proposing an underlying moldler structure corresponding to the erratic event type is
more challengingThe lack ofa distinct start and endpoint makes it lesslikely hat the
‘bore _structure is similar ta water chanrel in the traditiona sense. Insdead, the
event type could represent a moremgral form ofdisruption of the menbrane
structure increasing theteakness_of the bilayer, allowing for water and ions to
sporadically cross the bilayet an increased rate. Chamges to the structure of the
bilayer such as membrane timing, ncreased lipid chain disorder, a higher portion of
membrane defects or lipid remaklvia micelle fornation cauld all be factors lowering
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the intrinsic resistance of thieilayer and thereby lead to periods of increased
conductance (figure 4.13.

Another option could be the foration of lesswell-defined peptide-lipid aggregites. It
has previously been proposedhdt micellr like peptide-lipid aggregates could form
within the bilayer creating stictures that somewhat functionsasa pore but without
the toroidal or channel likehape (187). This would produce a much lessdefined path
for the water and ions to penedte the bilayer which cauld explain the more gadual

shifts in the conductance seen fdrese events (figure 4.13D).

Figure 4.13 Proposed molecular level structures corresponding to the conductance events
observed in the patch clamp studA = The short-lived spike events are caused by

unsupported toroidal pores without peptides in the pore lumen, B = The longer-lived

multilevel events are caused by supported toroidal pores with peptides taking part in the pore
structure, C = General disruptions to the bilayer structure such as membrane thinning could be
the reason for the erratic events, D = Micellar like aggregates within the bilayer could be the
reason for erratic events.

Overall, the results of the pataclamp study show that Smp24 f medanism of pore
formation is complg. The AAM resuts do not show the same range ofdisruptive
events but that is to bex@ected. The pores investigated using the patch clamp
methodology represent pores eking early in the menbrane disruption processand
are thus both smaller in siznd much shorter lived thanwhat is likely tobe dbserved
using AM. On the contrary,te larger, morestable and mature pores observed using
AFM would likely not be obseatle usng the patch clamp setup, asthe small
unsupported bilayer wouldat be able to sugain such pores without it leading to its
complete disruption Sill, both experiments suggest that a significant part of the
membrane disruption is due tdé formation of toroidal pores and these pore
structures also xst on a smaller scale than what was observed with AFM. To
formulate theSMR it would husbe key tobetter understand how the structure of the

peptide relates to the stabilation of these small toroidal pores. It is likely hat the
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peptide structure would need tadopt a specific canfiguration that would allow it to
be positioned within the poraumen, while retaining its favourable interactions with
the bilayer.Jecific residues or regns cauld potentially be more inportant than

others for making any conforational change posdble and thereby the peptide-lipid

pore assembly more favourable

4.3 Conclusions

Like many other amphiphilic AMEhe secondary and tertiary structure of Smp24 is
highly dependent on the envinment surounding the peptide. Therefore, he
structural prediction could be iproved usng MDsimulations which allows for the
explicit simulation and custors#tion of the solvent aswell. The new predicted 3D
structures based on th&FE sinulations correbted well with previous experimental
investigations of the peptidstructure, based CD spectroscopy. Both approaches
indicated the presence of twielical and one ungructured regian with the MD
simulations providing additiwal ingght into where along the sequence these regians

are likely located.

Investigation of the early stag®f the Smp24 nduced menbrane disruption in
synthetic bilayers indicated #h the medanism of action might be more conplex than
can be explained by the traditioal models for AMPpore formation. Three distinct
conductance event types werebeerved which likely correspondsto at lead three
different pore structures, howevehey all show signs of being disordered in nature.
The spike and multilevel emts cauld be correbted to the early stages of toroidal pore
formation, which correlatesatthe mature pore structures observed previoudy in AFM

experiments.
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5. Sructure mecharnsm relationship of Smp24

5.1 Introduction

MD simulations have the raively rare ahility to investigate both the structural and
functional properties of a systeat the same time,such asthe structure ofa ligand
and strength of its interactiagwith a target. Futhermore, his information canbe
gained at an atomic level relsition, which allows for the influence of ndividua
residues or regions of a pe@é/protein to be ewaluated. This makes thisapproach
uniquely suited to be utilizedhithe cangtruction of the SVIR, where the structure and
function of the drug moleculaeedsto be canected.

Another advantage of MD siitations is that they @n investigate a system gong
towards an equilibrium stateél hereby details of processes happening an a femto-
micro-seconds scale can hevestigated, something nmuch moredifficult to do using in
vitro biophysical techniques.

However, in the case of simatlons there are always several factors that need to be
considered to ensure efficiersnd acaurate use. Complex simulations are always going
to be limited in scope compadeto the real-world phenomenon that they are
mimicking, whether that is irhe conplexity of the conponents and interactions, or in
the scale of time and size dfd system. Therefore,simplificationsand assumptions
must be made in the model dgn to ensure a reasonable level ofsimulation efficiency
and lower the simulatiosto-smulation variahility. To ensure that the simplified model
is still relevant to the real wal| wheneverpossble the outcomes of the
model/simulations should behecked againg experimental resuts. In some ases,
outcome values can be directly cpared between the smulation andan experiment,
however often this is not podde. If not, general trends observed in the simulations
should at least be consistent wWitthe experimental observations, giving an indication

of a consistency in the behauio.

5.2 Results and discussion

5.2.1 @signof MD simulatns
As the main target o8np24 s the (inner) bacterial cell menbrane, the central

objective in eploring theSVIR wauld be to gain ingght into the interplay between the
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peptide and the membrane. gsshown previoudy the menbrane can reasonably be
replaced with a simplified synetic bilayer without the peptide losing its activity (58).
Therefore, the obvious appach would be to design a simulation modelling the
interactions between the gatide anda synthetic bilayer. However, to d@illy maodel all
the different aspects of thenterplay between Smp24 and the bilayer a single
simulation would not be sufficré. Therefore,anapproach was chosen in which abase
model was designed which ald then be further madified into supdementary variant

simulations gpanding the scpe of the investigations.

The base model was desight® investigate the basc interactionsbetween Smp24 and
a negatively charged bilayehd central conponent of the madel isa 7 nm?2
phospholipid bilayer, which bbtallows for efficient simulation and is large enough o
awid artifacts due to the pgtide interacting with itself. Adua lipid mixture was
chosen for bilayer consistirgf 1:1 DOR.DOPG (iids. Ths bilayer conposition is
much simpler than for real biogical menbranes but allows for a high degree of
consistency at molecular scalehile still representing some of he heterogeneity
present the real membranen kddtion, it also mimics the canditions previoudy used
in in vitro synthetic models allowmg for easy conparisons (58). The bilayer
composition serves as a rongpproximation for the suface darge profile present for

prokaryotic membranes.

TheSmp24 peptide was insertkinto the madel with its centre of massabout 1.5 nm
above the bilayer, allowingf a veryshort delay before the peptide-bilayer
interactions start. As previay shown, the vag majority of Smp24 moleailes will
adopt a random coil structure ithe water phase which will gradudly cdhange toa
helical structure during the intections with the bilayer. However simulation-wise this
introduces two mgor problens. Frstly, starting with the peptide in a random
structural configuration will intrduce a large amount of variation between
simulations, which is conceng due to the lownumber of replicate simulations that
are feasible to do using MD sihations conpared with other techniques. Secandly,
having the peptide needing tandergo myjor structural changes would likely require a
significant increase in simulatidime per madel, further limiting the oveall number
of simulations possible to runTherefore,an already helical peptide canfiguration from
the pepfold3 server (figure 5) vas chosen asthe starting structure used in the
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simulation.

On each side of the bilayer approximately 3nm layer of water moleales werealso
added, to ensure the bilayeragproperly hydrated. Some of he water moleales
were exchanged with potassiurand chloride ionsto make the system overll neutrally
charged.The simulations weregsa starting point, initially simulated for 500ns,
however in some cases thenigth had to be increased in order to reach an

equilibrium.

Figure 5.1 Starting structure of Smp24 used in the MD simulati@msnerated via the
PEPFOLDS3 sen@b51)

The first simulation variant asdesigned to evaluate the effect of te bilayer's lipid

composition.The only change ade conpared with the base madel was changing the
DOPG lipids to DOPE lipidhis gives the bilayer an overall neutral charge, mimickng
that of the outer leaflet of a ekaryotic menbrane. Again, thisbilayer conposition is

also consistent with what hagrevioudy been used in in vitro experiments (58).

The second set of simulatioanants were crated to explore the effect of ncreasing
the peptide to lipid ratioThis wasdone by having larger bilayers with multiple
peptides inserted in eactHowever, to inprove the efficiency of he simulation setup,
the larger models were builhiseveral steps.Frstly, simulations were un using the

same conditions as the base ded excet with smaller bilayers. This ensures the
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peptide insertion can be completkin an efficient manner. Once the smulationshave
reached an equilibrium they wereuttiplied in a grid like pattern along the XandY
axis several times (2, 33, 4x9, yielding a larger bilayer with multiple peptides
already insertedThe larger mdels weresimulated for some time toallow the bilayer
to equilibrate and the peptidemix, before the final smulation run wasexeated. A

similar approach has previdy been used by Chen et al (124).

The third set of simulation vanits builds onto the base madel in order to investigate
the peptidef role in membrae disruption. Based on biophysical experimental
approaches, the formation of tordal pores seems to be the mast consistent way the
peptide induces membrane sguptions. Therefore, malels weredesigned to
investigate how the peptidean interact with the toroidal pore andbe incorporated
into the pore structure. Undemormal simulation conditions it is veryunlikely that
peptide induced pores can forndue to the limited timeframe ofa simulation (129).
Therefore, an approach wabasen where the pore is manudly induced. With this
type of approach, the role ohe peptide in inducing the nucleation event creating the
pore is not explored. Instead,nvestigating the way the peptide is incorporated into
the pore structure is the mainkjective The pore was created using electrgoration
by smulating a relatively large electric f{0.3 V/nm) running acrossthe bilayer. Pore
creation can also be done viaher methods (129), but electrgporation was chosen as
it mimics the conditions prese in the patch clamp experiments. The starting points
for the simulations were theredpoint from the base simulationsasthis way the
peptide was already insertedtio the bilayer. Once the electric fiedl had induced a
small but consistent pore, tharength of the electric fiedl waslowered to 0.065 Vhm

which allowed for the pore to remin open over he full 50hssimulation time.

The range of possible poresasiated peptide canfigurations were rther evaluated
by manually changing the positi@f the peptide within the pore lumen. This wasdone
using a pull function where a pgant force wasapplied to the centre of massof the
peptide pulling it down anddwards the pore. This changed the position of the peptide
relative to the pore such that it mimickiea deeper/more extrememserted
orientation. The pull function wasapplied to the peptide in two different starting
positions and stopped at thregifferent levek of insertion giving a total of 6
simulations.Thereafter the sgtem wasequilibrated for a few nanosecands with the
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peptide position lockedHnally, he system wassimulated for 50nsto see how the

position of the peptide changkover time

The fourth and final simulatn variant explored if the peptide-pore interactions
changed at a higher peptide t@id ratio. The design/setup wasdone aswith the
previous variants xept the sarting point wasthe endpoint of one of the secand
variant simulations (mbcd.6). Thereby the pore is formed in a larger bilayer with
several peptides inserted, suthat a pore structure which included multiple peptides

could be eplored.

Table 5.1 Overview of Smp24 bilayer models.

Simulati | Smulati | Bilayer | Number | Bilayer | Peptide | Smulati | Number

on on compas | of Size to lipid | on of

name variant | tion peptide | (nm?) ratio length repeats

S (ns)

bpg24 ( | Base DORCD |1 7.03 1:144 500970 | 3

1-3) OPG

bpe24 ( | 1 DORCD |1 7.02 1:148 500980 | 3

1-3) OPE

mbcg 0 | 2 DORED |0 13.64 na 100 1
OPG

mbcg 4 | 2 DORCD |4 14.21 1:144 500 1
OPG

mbcg 9 | 2 DORCD |9 12.62 1:48 250 1
OPG

mbcg 1l | 2 DORED | 16 14.20 1:32 250 1

6 OPG

Long pb | 3 DORCD |1 7.1 1:144 500 3

cg 1-3 OPG

Pull_N_ |3 DORED |1 7.1 1:144 50 3

pbcg 1- OPG

3

Pull_C_ | 3 DORCD |1 7.1 1:144 50 3

pbcg 1- OPG

3

Multi_p | 4 DORCD | 16 14.20 1:32 100 5

bcg 1-5 OPG
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5.2.2Initial interactions and insertion of the peptide into the bilayer

Before the mechanism of insertinof Smp24 nto the DOR.DOPGilayer anbe
explored, the evolution of thesecondary structure mus first be investigated. If the
secondary structure changes over time, tsinbe cansdered during the insertion
analysis making it much more cphcated. The secondary structure of Snp24 over
time in the simulations is coparable to what wasfound in the 60%T FEmodels and
remains relatively stable tbughout the insertion processin all three DOR.DOPG
simulations (figure 5.2)he peptide ishelical starting at around residue 1until residue
16-17.The rest of the peptidesiungructured. The cangstent structure allows for the
treatment of the primary helia regian asa static geometricstructure which canbe

used to easily evaluate the ongtion relative to the bilayer.

Figure 5.2 Secondary structure of Smp24 over time in the DOPC:DOPG simuRiti&n.
indicates alpha-helix, blue indicates 3-10 helix, green indicates turn, yellow indicates isolated
bridge and white indicates random coil.

In all simulations, the peptide followlea consistent medhanism of nsertion into the
negatively charged bilayerahcan be separated into multiple distinct steps.
Following an initial lag perawith some sporadic electrastatic interactions between
the peptide and the bilayerhe first consstent step seen in all the simulationsis the
anchoring of the Nerminal regia to the bilayer (figure 5.3A& 5.4A). Ths interaction
is, initially, driven by electroatic interactions between the N-terminal amine and the
lipid phosphate groups then, follomg a short delay supported by further electrosstic
interactions between the kalyer andthe two lysine residues (lys7 and lys11),

positioned in the helical part ohe peptide (figure 5.4B). In this position/orientation
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most of the hydrophobic resigs were orientated facing away from the bilayer except
for the sidechains of the #&rminal ilelandphe4, so hydrophobic interactions were
limited to those residues. Due tbé position of the helical lysine residues, the helical
region of the peptides was oméated with a tilted angle rehtive to the bilayer normal
of 125140 degrees which inbiis interactions between the latter half of the peptide
and the bilayer (figure 5.3B)h&@ length of this stage of he insertion varied from afew
ns to hundreds of ns, likely dendent on how cangistent the lysine-phosphae
interactions were.

The net stage of the insertiorsidefined by a major rotation of the helical regian of
the peptide, changing the ong¢ation of the hydrophobic residues to facing down
towards the core of the bilaydfigure 53C& 5.4C).This rotation also drove further
changes to the peptide orieation, such asa reduction in the tilt angleanda change n
the overall position of the peple f centre of mass bringing it claser to the coreof the
bilayer. These processes weret ingant, taking around 50ns or more from he
beginning of the rotation untilite peptide reached a stable orientation and insertion

depth (figure 5.4D).
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Figure 5.3 Characteristics of the insertion of Smp24 into the negative bilay&hanges over

time in the Z-axis centre of mass of peptide (yellow) and N-terminal (blue) relative to the
phosphor atoms of the top leaflet (red). B: Changes over time in the tilt angle relative to the
bilayer norm of the helical region from residue 1-12. C: Cumulative changes in the local helical
rotation of residue 2-10 during the rotational stage of the insertion process. Figures shown are
based on one simulation (bcg24_1).
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Figure 5.4 Representative 3D structures of Smp24 during the different stages of the insertion
processA = Initial lag period, B = N-terminal inserted stage, C = Helical rotational stage, D =
Fully inserted peptide.

Due to the dynamic naturefahe bilayer there sa relatively large \ariation in the
kinetics for some of the transitis between the stages in the insertion processwhen
comparing between the repat simulations (table 5.2). However similar changes in the

peptide position and orientatio cauld be found in all repeats.

Table 5.2 Breakdown of insertion stages for Smp24 DOPC:DOPG bilayer models.

Simulation Initial lag N-terminal Helical Fuly inserted
name period inserted rotation

bcg24 1 0-32ns 32-450ns 450500 500970
bcg24 2 0-2.2ns 2-6ns 6-80 80-500
bcg24 3 0-7.7ns 8-60ns 60-110 110500
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5.2.3 Mechanismof insertion
The ability to separate the $artion processinto distinct phasesbased on a set of
consistent and repeatable @grvationsstrongly suggests that the peptide hasa

specific mechanism of insertio

The first stage is named the imitlag period and it isanecessay incluson asthe
peptide starts the simulatiomisolution and is thereby not directly as®ciated with the
bilayer. However, due to the lovetarting distance between the peptide andbilayer,
interactions happen almosh#antaneoudy, driven by electrastatic interactions
between positively chargeddiye residues and the negative phosphae groups.
Contrary to the observationsithe other stages, the specifics of these interactionsare
not consistent between thelifferent simulations. Therefore, eve though interactions
occur they are still countedsgart of the lag period until consistent behaviour can be
overserved.

Another aspect in which the irdilag period is incongstent between the different
simulations is in the length ohé stage. An example of thisis the bcg24 _1simulation
in which the initial lag periogiover 4 times longer than in the other simulations. This
could be eplained by consist interaction between the bilayer andboth lys7 and
lys11 in this simulation. As bdotysine residues are part of the primary helix they
would lock the orientation oftte helix n parallel with the bilayer suface, nhibiting
the downwards movementfahe Nterminal necessay for the transtion to the next
stage. In the other simulatics these interactions were lesscangstent so the helix

could more easily adopt the tiltborientation and thusthe trangtion happens fager.

The process of thedrminal movihg fromsolution to the same levelat the
phosphate groups could haween designated asits own distinct stage of he insertion
processHowever, this proceshappens overa cauple of hundred psand s therefore

on a completely different timgeale thanthe other parts of the insertion process.

Instead, the ngt stage is calle the N-terminal inserted stage. During the duration of
this stage no active change either the peptide position or orientation ocairs, the
stage instead describes an interdiary equilibrium which is facilitated by a cauple of
specific salt bridge€onsistent nteractions were seen between the lipid phosphae

groups and the Nerminal, lys7 andto a lesser extent lysl1,asthe polar part of the
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primary helk is positioned dwn towards the bilayer. All these residues have an
inflexible relative orientationall being part of the primary helix which induces an angle
between the hek and the bilayesuface ofaround 30-50 degrees. Futher indications
of how these electrostatic intexctions affect the peptide orientation canbe seen in
the bcg24 1 simulation Here the interaction between lysl1 and the bilayer was much
more consistent, providing dird contact point between the peptide and the bilayer
further away from the Nerminal. This induced a slightly narrower angle between the
helix and the bilayer comparkwith the other simulations where the lys11 nteraction
was less dominant. Other abibrs have similarly found that lysine residues closer to
the Nterminal play a key rolduring the early part of the insertion process(115).
Again, large variations can kseen in the length of thisstage. The cansistency of the
different electrostatic interactinsagain likelyplays a role but the adagability of the
bilayer must also be considetteThe loal environment surrounding the peptide an
vary regarding both the lipid cgoosition and their positioning and this is likely to

affect when the transition tole next stage spossble.

A key observation of this part diie¢ insertion processis that not all parts of the
peptide seem to contributed the interactionsbetween the peptide and the bilayer.
The tilted orientation of the prirary helical region makes it such that the secondary
helix and tail region are orienteaway from the bilayer. As such, the interaction is
mainly facilitated by a set of 5 keysr@ues located on the primary helix (figure 5.5). As
previously mentioned, the cabnic residues (N-terminal, lys7 and lys11) likelyplay the
most significant role but indlition some other residues near the N-terminal are also
positioned in such a way thahéy @n contribute. The hydrophobic sidechains of the
N-terminal llel and phe4 areoth positioned relatively lowand oriented down
towards the core of the bilayeThus unlike the rest of the hydrophobic residues,
these two residues could stile cantributing to the binding at thisstage of he
insertion and potentially helanchoring the N-terminal to the bilayer. Subsit ution of
the phe4 residue i8mp24 b a smaller lesshydrophobic alanine residue leadsto a
consistent reduction in activitipoth againg prokaryotic (2x reduction) and eukaryotic
cells (about 1.X reduction) wih especilly the haemolyticactivity being affected (5.5x
reduction)(149) The specificityn the activity losstoward the erytrocytes could

indicate that the residue speciéity playsa role n the binding/insertion, which would
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be consistent with the obseations made in the simulation. The smaller alanine
residue would not be able to otribute to the anchoring of the N-terminal to the
same atent as the larger pheylalanine, leading to a reduced insertion efficiency.
Finally, the sidechain of tHger3 residue is also positioned to allow for the formation
of hydrogen bonds with thepid headgroups. While such polar interactions would be
less energetically significanhin the sdt bridges, it would still contribute to the

overall stability of the peptiddilayer sufaceasembly.

Figure 5.5 Bilayer surface associated configuration of Smp24 representing the N-terminal
inserted stage of the insertion proceskiteractions between the peptide and bilayer occur
through the two lysine residues (light blue), N-terminal isoleucine residue (green),
phenylalanine residue (purple) and serine residue (yellow).

The importance of the derminal regian hasbeen observed in MD simulations for
other AMPs as well, with mutie examples of the N-terminal forming the initial

interactions with the bilayerrad serving asan anchor during the start of the insertion
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process(115, 123, 125, 126, 18However,n vitro studies indicate that the
importance of the Nlerminalamine in driving the insertion processmight be
dependent on the membrane coposition. A fewauthors have nvestigated the effect
of acetylating the Nterminal and thereby removng its positive charge. As expected,
this seems to strongly reducke antimicrobial efficacy againg fungusand Gram-
negative bacteria however amst Gram-positive species the efficacy s conservedor
even increase@188, 189)This effect cauld be explained by the acetylation allowing
the Niterminal to insert deper into the bilayer improving the menbrane disruption
(188) It is thus still possiblénét the acetylation reduces the initial interactions with
the Grampositive bacteria, bt improved membrane disruption still leadsto an overall

increase in the antimicrobial efficy.

The intermediary equilibrium ediguration between the peptide and the bilayer
surface could be a reasonablepresentation of the proposed suface attached state
of the peptide. It is seen caistently throughout all the repeats, supported by several
highly favourable electrostatiateractionsandat leag in one simulation hasa
relatively long lifetimeCounting againg this theory & the fact that a large part of the
peptide does not interact wh the bilayer. This might be due to the more odered
starting configuration of thg@eptide used in the simulations. In a more realistic
scenario where the peptide a&tts its interactions with the bilayer in a lessordered
state, increased structural fkebility could potentially also allow the tail regian to
contribute to the binding/assoetion. Snce the secandary helixdoes not seem to
actively contribute to the inteaction with the bilayer, there should not be a strong
driving force for it to fold irt its helical state at this point. Therefore, ae cauld
imagine a more energeticallafourable suface as®ciated caonfiguration where this
region is unstructured allowindn¢ tail region more freelom to interact with the
bilayer. However, in any casée tilted canfiguration of the primary helix wauld likely

still be the most fundamentadart of the sufaceas®ciation.

The net stage of the insertioprocessis where the greatest change n both the

positioning and orientation oftte peptide happens. The major event characterising

this is a rotation of the helicglart of the peptide rektive to the suface of te bilayer.

Previously most of the hydpiobic residues were pointing away from the bilayer to

facilitate the initial electrostatiateraction from the lysine residues on the other side
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of the helx. However, after the rostion the hydrophobic residues are now positioned
towards the bilayer core allowy for hydrophobic aswellaselectrastatic interactions
between the peptide and tayer. The bcg24_1simulation shows this rotation the
clearest as it had a longer time tqulibrate the helical rotational orientation in the N-
terminal inserted stage, shong a very clar rotation of around 180degrees over
around 90ns. As the rotatiomappens much earlier in the two other simulations, the
peptide structure does not rach full equilibration before the rotation starts making it
more difficult to evaluate the ect degree of he rotation.

The rotation is accompaniday both a large reduction of the angle between the
peptide helix and the bilayer ad a large dange n the position of the GOM of the
whole peptide. In depth coperison of the timings between these different changes
shows that the helical rotatiostarts slightly earlier thanthe change n angle orCOM,
which indicates that it is the ration that drives the other changes. The electrastatic
interactions that facilitated the ori@ation and position relative to the bilayer in the
previous stage are still presedtring the rotation. However, he cantact points shift
from being below the peptide torothe side andabove the helixasit is rotating. This is
what allows for the initial redction in the angle between the peptide andbilayer
which also brings th€OM d the whole peptide down. As the helix rotates further full
hydrophobic interaction betweagthe hydrophobic residues and the lipid acyl dains

can be realized, leading to theilfy inserted positioning of the peptide.

Recently, other authors havown similar stepwise insertions medansmsusng MD
simulations for other AMPs.

RamosMartin et al. (2020) decribes a 3-4 step insertion medanism for the AMP K11
with bilayers containing nefjively darged lipids. Smilarly, to Smp24 the first step is
anchoring of the Nerminal facilitated mainly by electrctatic interactions. Thisis
followed by step 2 and 3 wheréé peptide first twists causng a deformation of the
bilayer that allows for the insertio of two aromatic residues, one near the N-terminal
and one near th&€€terminal. While residues near the Cterminal do not take part in
the insertion process fd8np24,phe4 s inserted during the Niterminal inserted stage
like the trp2 residue in the Kldeptide. Lagly, for some bilayers a 4th step is seen,
where the helk rotates and dill internalisaion into the upper leaflet of the bilayer is

seen.Thus, the two insertion mdwansmsare verysimilar excliding the twisting step,
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which is associated with a ahge to he area per lipid not observed for Snp24.
However, this step is likelynty possble due to the large amount of lysine residues
present in K11 pulling on thalayer, whereasSmp24 anly interacts through the N-
terminal amine, lys7 and lys1115).

Annaval et al. (2021) have fodian insertion medanism for the peptide BLP3 that is
very similar taSmp24. Initial mteractions were established through the N-terminal
amine, which then allowed foufther sdt-bridge fornmation of the more cetral lysne
residuesFurther into the sinulations the helical regian rotates allowing for ull
insertion into the top leaflef116).

While some differences angresent in the insertion medanisms depending on the
specific structure of each AMMese dbservations cauld indicate that the 2 nain steps
being Nterminal anchoringdllowed by a helical rotation represents a consistent

mechanism across this clasfsAMPs.

5.2.4 Evaluadn of the sysem equilibrium

After the rotational stage oftie insertion processis conpleted, the peptide isassumed
to be in its fully inserted statéNhile smaller changes can till be seen in the time
dependent properties analyskduring the insertion process none are conparable in
proportions or repeatability tolte dhanges that were previoudy described. Therefore,
the system is assumed to haveached an equilibrium with further changes in the

peptide position and orientatin being dynamic \ariation.

5.2.4.18ructure, orientationand positioning of the fully inserted peptide:

Figure 5.6 Figures related to the structure of Smp24 in the DOPC:DOPG simul&ierbhe
radius of gyration of the peptides over time. B = The root mean square deviation of the
peptide backbone over time. C = The root mean square fluctuations of the peptides after full
inserted into the bilayer. Black = bcg24_1, Red = bcg24_2, Green = bcg24_3.
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It could be epected that upm insertion into the DOR:DOP Gilayer Snp24 wauld
have a relatively stable 3D stture. However,m all simulationsa high level of
variation in both the backbone R#d and peptide radius of gyrtion canbe seen
throughout most of the run timesuggesting congtant changes in the structure (figure
5.6 A&B).

The bcg241 simulation, whib runsfor the longest time with the peptide in the fully
inserted state, does reach a pbtowardsthe very exd of the smulation where both
the RMED and radius of gyratiois lowerand lessvariable. This cauld suggest that with

more equilibration time in theniserted state a stable structure cauld be found.

The RN&Fhighlights that thestructural fluctuationsare much greater around the last 4
residues, reaching similar legeb what wasseen in the solution models (figure 5.6C).
The remaining residues showuah lower structural fluctuations, generally even lower
than what was observed irhé 60%T FEmodels. In addtion, the variation between the

3 simulations is also much lowdran what was observed in the solution models.

These observations indicatedtthe tail region isstill very flexble after the peptide is
inserted into the bilayerThis sunlike what wasobserved in the 60%T FEsolution
simulations where the fbability eventually wasdiminished due to the formation of
intramolecular salt bridge§he simulations were tecked for the formation of such
salt bridges, however over a ttof 130(s of simulation in the inserted state only a
single 20ns period could beund where the Cterminal or Asp23 were clge enough to
the helical lysine residues fedt-bridge formation to be posgble. Thishappened right
at the end of the bcg24lL sinulation where the variation in the size and structural
deviations are greatly redudesimilarly to what wasseen in the solvent models.
Instead, the tail residues intact with the phosphor lipids which will be further

explored in later sections.

The structural flgibility of the il regian is further highlighted in the representative 3D
structures of the insertion pepde (figure 5.7). While the position of the tail regian
relative to the bilayer is relatively cgistent in the two representative examples, the
orientation of them deviates sigficantly. In one ase, the tail is pointed away from

the bilayer while in the other it I&almost in parallel with the primary helical regim.
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This is thus a directxampleof the range of cafigurationsthe tail region canadag.
The orientation of the rest ohe peptide is lessvariable. The structure and orientation
of the primary hek is relatively cosstent in the inserted state, lying almost in parallel
with the bilayer surfacelhe knk between the primary and secondary helical regians is
clearly present however the mlve direction of the secandary helix \aries throughout
the tragjectories.The glycine hker regim is congstently oriented away from the bilayer
core although the gact shapeanddirection dependson both the secandary helixand
the tail region.

Overall, the secondary structure dfet peptide is consstent with what wasfound in
the 60%TH simulation and the gructural reginsare till clearly identifiable and

relevant to the 3D structure.

Figure 5.7 3D structure of Smp24 inserted into a DOPC:DOPG bitagken from bcg24_1 at
A =640 ns and B = 890 ns. Blue = primary helix, magenta = secondary helix, green = glycine
hinge, red = tail, orange = lipid phosphor atoms.

While some information abouthe position of the different peptide regims relative to
the bilayer can be obtainedased on the 3Dstructures, a better overview of he
positional distributions can behbained by looking at the partial densty profiles (figure
5.8).The partial density relative tdie z-axis was calculated for the different peptide
regions and compared to theold headgroups, glycerol stersandacyl dains. The
density profiles show that th@rimary helical regian is inserted at the deepest level,
overlapping in position withhe lipid glycerol stersand the top of the acyl dains.
Next follows the secondary hedicregian which is still located in the same regim of
the bilayer although on avage sdlightly higher than the primary helixasit is depicted

in figure 5.7BThe glycine mge Blocated further up in the bilayer, overapping mainly
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with the lipid headgroupd.ocated the furthest from the bilayer centre is the peptide
tail region, which partially oveapswith the lipid headgroupsbut is also partially above
the bilayer in the water phaséhe peptide positionsare rektively cangstent between
all 3 simulations although fdicg24_2 ke helical reginsare loated slightly higher in
the bilayer compared with the ber.

Figure 5.8 Partial density profiles of Smp24 inserted into DOPC:DOPG bilayers, with positions
relative to the z-axesA = bcg24_1, B =bcg24_2, C=bcg24_3. Black = Lipid acyl chains, Red =
Lipid glycerol esters, Green = lipid headgroups with phosphates, Blue = whole peptide, Yellow
= primary helix, brown = secondary helix, Grey = glycine hinge and purple = polar tail region.

High resolutions structures of AMkhserted into bilayers or vesicles canalso be
derived via g&perimental mehods such assolid state or solution based structural
NMR. While this has not ba&lone for Snp24 yet, eperimentally derived structures
for other similar sized AMP®sve been found and can be conpared with the structure
of Smp24 predicted by the sirations.

Piscidin 1 and 3 (both 22 rdsies) both adopt analmost fully helical structure with the
alpha helical region spanning fromgdue 3-20, when inserted into either 1:1 PG
or 3:1 FJPG bilayers. As witSmp24 the Cterminal regian is positioned slightly higher
than the rest of the peptidehut further evaluation usng MDsimulationsshows it is
still inserted well below the ligiheadgroupsunlike the tail regian of Snp24 (190) The
key structural difference irhts case is that the piscidin peptides do not have nearly as
large of an unstructured regm at the Cterminal.

Magainin 2 (23 residues) has leshown to have a magjority helical structure when

inserted into a 9:1 PAFPOPoilayer, with some unravelling of the helixnear the C-
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terminal observed from residue 2Blowever,m a 3:1 DMEE/DMP Ghilayer the C-
terminal region was obserdeo better retain the helical structure (191). Thus like
piscidin this peptide also laskhe cansstent large ungructured reginsnear the C-
terminal.

Pandinin 2 (24 residues) is thetural peptide with the highest sequence homology b
Smp24, which includes a sianifesidue sequence near its Cterminal (KK vs KKD.
However, a key difference it it lacks the glycne linker region before the polar tail.
The tail instead comes directter a secondary helix ending with an ungructured
phenylalanine residue similarly tohat precedes the glycie linker n Smp24. Likefor
Smp24 the tail region is unsittured while the rest of the peptide is helical, however

no information about the pation of the regimsrelative to a bilayer exsts (146).

Gonsequently, it is not unhedrof for AMR to have an undructured regian near the C-
terminal positioned slightly higr in the bilayer, but neither is it consstent. However,
for Smp24 the large size and catetely distinct position of the Cterminal tail regon
do represent a unique structal motif conpared with maost similar sized AMPs. The
uniqueness is further facilitateby the incluson of the glycne linker regia which even
Pandinin 2 lack$dowever, sarching AMPdatabass for the triple glycne motif
reveals that one other peptide nigalso have a similar overall structure asSmp24.
The AMROON10 PNSFVKAAKILELIGGGDDNESS)ound in the venom of the
sarpion specie©. @yaporum also cantaining 3 glyane residues followed by a range
of only polar and charged ano acids. Smple in silico structure prediction indicates
that this part of the peptide wold be non-helical but more advanced in silicoor NMR

studies would be needed to nbrm the structural similarities (192, 193.

The inclusion and position dfi¢ tail region cauld potentially offeraunique
opportunity to influence theselectivity of he peptide after it is inserted into the
membrane. As one of the majdifferences between the prokaryotic and eukaryotic
membranes are the lipid headgrp conpositions, having part of the peptide being
positioned there could presergn opportunity to optimise the structure for
interactions with only one type of memnane. Other peptides might only interact with
the variable part of the lipid hegroupsduring the insertion processand thereby
selectivity based on the headams cannot be efficiently exploited after the peptide is
fully inserted.
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Another aspect that the tail regngprovides to Smp24 & that the peptide not only has
an amphiphilic separation abg the helical regian but also along the primary sequence
with the Cterminal end being mch morepolar thanthe rest of the peptide. Swch a
structural motif could be involin binding Smp24 to other targets thanthe
membrane. It has previousbeen hypothesised that the Cterminal regian cauld be
involved in binding oBmp24 tosiderophores assub{etha concentrationsleading to
changes in regulation of seatigenes related to siderophore uptake and synthesis
(194)

The unique orientation of thpolar tail regian also affects the 3Dhydrophobic
moment vector of the peptidePreviaidy the vectorhasbeen estimated for Snp24 to
be at an angle of 127 degreeelative to the Z-aes, pointing towards the N-terminal of
the peptide(149) However, his estimation wasbased on a fully helical structure of
Smp24 which is not supportday the dbservations of the MDsimulations or the prior
(D spectra datg137, 149)Taking the position of the tail regian from the MD
simulations into account, theydrophobic moment vector willnot be shifted to the
same atent towards the Nterminal. The increased flexbility of the tail regian would
aloo facilitate a greater variabilityithe hydrophobic moment, and it cauld potentially
shift during pore formation. Howevea,clear relationship between the 3D

hydrophobic moment and antimichial efficacy s yet tobe established.

One structural motif presennithe inserted structure of Snp24 which isalso
conserved in many other simai sized AMPs is the kink between the helical regions
often facilitated by a proliner a glycne residue. Melittin (195), Magainin 2 (196),
BrevininbdEMa(197) Piscida 1+3(190) and Gaegurin P14(198) all have a kink
somewhere around the cendt part of their helical regian. Multiple studies have
compared the effect of remong the kink, mast indicating that the kink influences
pore formation however the eact effect s not clear. Computational studies indicates
that inclusion of a helical kink noves the thermodynamics for formation of toroidal
pores but inhibits barrestavepores (199), while another study indicates that kinks @n
reduce pore formation but inceese menbrane trandocation and secondary targeting
(200)
The kink could therefore hawan important role in the medanism of action of Smp24.
However, while the positiomf the proline residue in Smp24 at position 14
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consistent with the previously neioned peptides, the large undructured regian of
Smp24 necessitates that tisecondary helical region of smp24 s much smaller than
for other comparable AMPshiB reduced size of the secandary helix caild impact the
effect of the kink folSmp24. A indication for this canbe found in a previous study
where the proline residue assubgituted with a more flexble G/G motif, which
reduced the taicity for Pin2 lot hadno effect a the toxicity ofSmp24 while reducing

the antimicrobial efficacy137).

After the full insertion oB8mp24 he primary helix s oriented almost in parallel to the
bilayer surface. Using solidas¢ NMR wih oriented bilayersand N15 &belled peptides
the orientation of many antimictaal peptides in bilayers have previoudy been
investigated.There is a broad amensusthat for amphiphilic peptides such asSnp24,
the peptide helbk will be oriental in parallel with the bilayer at low peptide to lpid
ratios. Some peptides suchssPGh have been shown to change nto a more tilted
state when the peptide to ligiratio is increased, but asthe base simulations were
done at a very low peptide topid ratio, the dbservation of the in-plane orientation is
expected(13, 190, 191, 26203).

Some helical tilt can come frornelical kinks such aswith the peptide CAMA which has
two helical regions separatdy a GIGnhinge. Bot helical domainsare tilted at about
20 degrees from the bilayerae but if taken together, the overll orientation of the
peptide is in parallel to the kalyer (204). Ths effect @analso be seen for Smp24 n
figure 5.7A and canxlain ©me of te variation seen in the helix-bilayer angle as only
the primary helical region is nadered for these clculations.

Reiter et al have directly copared peptide bilayer orientation obtained by solid state
NMR and MD simulations fordéfferent helical AMPs. While they did find systematic
differences in the rotation angle dh¢ helix, the tilt angle between the peptide and
bilayer were almost identicagll being about 6-11 degrees from the bilayer plane
(205) Other authors have atfound goad consstency between the tilt angles from
MD simulations and»@erimental methods (190, 2032.

Thus, the orientation of the hela regian of smp24 found in the DOR.DOPG
simulation is in good agreemewith what hasbeen observed for similar peptides

both experimentally andn silico.
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Overall, the predicted insertestructure of Smp24 based on the MDsimulations has

both some aspects that are nastent with most similar sized AMPsandsome that are

more unique.The unique pars of the structure cauld potentially be avenues for

improving the properties o8np24 conpared to other peptides, but the lack of

homology with other peptide cauld also indicate that they are not critical for the

antimicrobial activity.

5.2.4.2 Interactions betweefimp24 and the bilayer:

The second aspect in whichet equilibrium state wasandysed wasregarding the

interactions between the gatide and the bilayer. It is the strength of these

interactions that thermodyamically pushes the equilibrium towards the inserted

state, a key step in the prosstowards the menbrane disruption. Therefore, it &

crucial to understand whichinderlying forces drive the interactionsand which parts of

the peptide are involved.

Table 5.3 Breakdown of the free binding energies for the Smp24 PC:PG bilayer compidixes.
values are in kcal/mol.

Simulation| Van der | Electrastatic | Pokbr Non- Non-polar | Delta G
name Waals energy solvation | polar solvation total
energy energy solvation | energy
energy (Dispersion)
(Cavity)
bcg24 1 -158.379 | -406273 £+ | 373265 +| -126257 | 230808 + |-86.835 *
+ 11.984 | 19.321 16.237 + 8806 13591 10.343
bcg24 2 -158.159 | -416964 + | 383224 +|-127211 | 230030+ |-89.080
+ 13.887 | 19.799 16.380 + 10513 | 15.905 10.958
bcg24 3 -156.655 | -407.661 + | 374050 +|-124739 | 229112+ |-85893 +
+ 15.107 | 20.622 17.427 + 10915 | 17501 11465
Average |-157.731 |-410299+ |376846 +|-126069 | 229983+ |-87.269
negative |+0.766 |4.747 4521 + 1018 0.693 1.337
bilayers
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The free binding energy of theeptide-bilayer conplex was estimated using the
MMPBSA method (table 5.3). Amentioned previoudy the MMPEBA metod is best
suited for analysing the relativ@nding energies when conparing between two
systems, however some tres canstill be andysed from a single system.

The calculations reveal thate ovemll binding energy & relatively cansistent between
the repeated simulationslhis supports the idea that a consstent equilibrium exists
and is reached in the simulatis. The total binding energy & negative, so the
formation of comple is energetially favourable aswould be expected. The
electrostatic energy contributiois by far the largest, however tis is somewhat
balanced by a relatively highston the polar solvation energy. The hydrophobic
interactions are lower than the electstatic onesbut still significant even when
correcting for the norpolar solvation terms. These general observationsare cansstent
with what has been found for ber AMP, with electrcstatic interactions consstently
being shown to play a greater rolean hydrophobic interactions for the overll
binding energy(119, 125, 126, 172

Since the electrostatic interactis were the main energy cantribution, the formation
of salt bridges between the catioc residues and phosphae groupswereagain
analysed using AB (figure 59). The functionsshow that after insertion all the
positively charged residues amvplved in electrastatic interactions with the
phosphate groups, whichxglains the high electrcstatic energy cantribution. Thisis
contrary to what was obsengeduring the insertion processwhere the two lysine
residues near th€terminaldid not form cansstent interactions. The interactions
based on the Nterminal amne are still the most consistent of all the electrastatic
interactions.The position 7 Igine now seems to form the leag congstent interactions
out of all the lysine residues,hile it wasone of the mast consistent in the previous

stages of the insertion.

These shifts in the Fprofiles indicate that the importance of he loation of the
lysine residue is not the sanarring the insertion processand the fully inserted stage.
While the positioning of the e residues on the correctside of the helix s important

in both stages, during the insertigpositioning nearer the N-terminal seems to be
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facilitate more consistent intections. However gfter the full insertion this isno
longer the case. At this stageet increased positional flexbility of the lysine residues
on the tail region might allow fohe formation of more casistent interactions
relative to the more inflgible positions of the lysine residues on the helix. The
orientation of the inserted helixsibased on what is optimal for all the helical residues
as a total, which might makestxch that the Iys7 residue isnot positioned optimally to

consistently form interactios.

Figure 5.9 Radial distribution functions between the positively charged amine groups of

Smp24 and the phosphate groups of the leaflet of the bilayer that the peptide is interacting

with, while the peptide is fully inserted into the bilayer (see table 5.2 = bcg24 1,B =

bcg24 2, C=bcg24 3. Black = N-terminal, red = Lys7, green = Lys11, blue = Lys21 and yellow =
Lys22.

If, as proposed, the peptide medanism of action follows a stagewise mediansm
(initial interaction, surface acmulation, insertion and memnbrane disruption) a key
indication would be that théully inserted state is more energeticlly favourable than
the surface associated state. et energysaved upon the peptide-bilayer conplexes
are fully inserted> surface acamulated > nitial interaction the aascade wauld be
driven towards the membrandisruption. Based on the MDsimulations thisseems b
be the caseHrstly, in all threesimulations full insertion is eventually achieved,
demonstrating the feasibility ohe cascade at low peptide canditions. Secandly,
hydrophobic interactions havasignificant impact on the binding energy of te fully
inserted complg, interactians which must have been much smaller in the earlier

stages of the peptiddilayer asociation due to the different orientation and position
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of the peptide.Lastly, even thagh electrastatic interactionsseem tobe the main
driving force in the earlier agjes, at lead for the canfigurations observed in the MD
simulations more residues canrtdbute to the electrcstatic interaction after the full

insertion of the peptide.

5.2.5Influence of membrare composition on insertion, structure and selectivity

In order to understand th&MR for AMRit isnot only important to understand which
forces drive the mechanisbiut also which can inhibit it. As the target foractivity and
toxicity in both cases is the cell mbrane, understandng the medansms behind the
selectivity is necessary for imprayithe properties of the peptide. Therefore, he
insertion process and equililown state werealso investigated with a neutral bilayer
mimicking the eukaryotic mebnane, to highlight where differences are dbserved

relative to the base model.

5.2.5.1 Insertion 08np24 in DOBDOMEDbilayers:
The insertion o8mp24 into theneutral DORC.DOREDbilayers shae some similarities

with the DOIDOPG bilayerdut also some mgjor differences. The relevant time

frames for the insertion pro@sare summarized in table 5.4.

Table 5.4 Breakdown of Smp24 DOPC:DOPE bilayer models.

Simulation | Overall Initial lag N-terminal | Ful Inserted
name Insertion period inserted insertion/ro

level tation
bce24 1 Rull 0-101 101-424 424490 490980
bce24 2 Partial 0-389 389465 460475 475500
bce24 3 Full 0-93 93-100 100190 190-500

In general, the initial lag perbvassomewhat longer conpared with in negative

bilayer, which is likely due tde extra layer ofpositively cdharged lipid headgroups

which inhibited the insertion oftte ctionic Nterminal. Thisincreased lag timebefore
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significant structure stabilizg nteractionsbetween the peptide and the bilayer caild
be established also lead torse degradaion of the helical structure of the peptide in
some of the simulations (dataot shown). Only in simulation bce24 _1did the peptide
achieve a structure/configuratioconpletely equivalent to the structures observed
with the negative bilayerContrary, in the bce24 2 he peptide did not achievea full
insertion below the phosphatepiid graups.

5.2.5.2 Position o8np24 insertel into the neutral bilayer
A much greater variation in theengty profiles is seen with the DORDOHEbilayers

compared with the base mode(figure 5.10). However, his is to be expected when
taking the differences in sendary structure into accaunt.

The bce242 simulation onlyachieved a partial insertion and that is clearly reflected in
the density profileThe peptde is mainly located around the lipid headgroups and a
large part of the peptide is stelbove the bilayer. The residues normally making up the
primary helical region spaté entire peptide profile, clearly indicating the lack o
structure.

Bce24 1 and bce243 have more comparable densty profiles. The position of the
primary helical regions is dfidy higher thanin the DORDOPGoilayers, but still in the
same overall regiorThe seonday helical regian and tail regian in bce24_1both seem
to be somewhat lower than irhe DOR:DOPGoilayer malels, but this observation is
not consistent with the bce24_8mulation. However,n all the DOR:DOHRE
simulations the tail region seeso adopt a narrower distribution conpared with the
other bilayer and in the bce24 simulation the tail does not extrude into the water

phase.

Compared to the DODOPGoilayer simulations, the structural variation of Smp24
inserted in the DOBDOPE kalyers is much greater. It ispossble that further
equilibration of the inserted stte cauld lead to a more casistent outcome if e
specific configuration is morenergetially favourable, but this would require a much
longer simulation timeHowever, fordirect conparison with the DORDOPG
structures only bce24l will be used asthe secondary structure of the inserted peptide
is stable and the structural regieare cangstent with what is observed in the

DORCDOPG bilayer simulatis.
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Regarding the peptide positing in the DORZDOHREDbilayer there are two important
things to note Frstly, the primary helical regian is not asdeeply inserted asin the
DORCDOPG bilayefecondly,although the position of the tail regian isnot congstent
between the simulations, iall cases the densty distributionsare tighter than for the
DORC.DOPG bilayerdhis is & indication that the tail region also behaves differently
depending on the lipid headgups potentially due to an increased abhility of the last
two anionic residues to intect with the lipid headgroups. If such interactions ocaur,
they would somewhat limithe flexbility of the of these residues which otherwise
have the highest fbability in the entire peptide. This cauld also explain the lower
moment to moment variatiorseen in both the peptide size and RMD. Thereby there
are two aspects in which the gition of the peptide in the neutral bilayer deviates
from that in the negative bilayeboth of which cauld play a role in the selectivity of

the peptide.

Figure 5.10 Partial density profiles of Smp24 inserted into DOPC:DOPE bilayers, with
positions relative to the z-axedA = bce24 1, B = bce24 2, C=bce24 3. Black = Lipid acyl
chains, Red = Lipid glycerol esters, Green = lipid headgroups with phosphates, Blue = whole
peptide, Yellow = primary helix, brown = secondary helix, Grey = glycine hinge and purple =
polar tail region.

5.2.5.3 Effect of membrane cqusition on peptide-bilayer nteractions
A clear difference in the relatii@nding energies can be seen between the two types

of bilayers.The average bindig energybetween Smp24 and the neutral bilayer is
significantly lower than withhe negative bilayer (table 5.5). Even the mast favourable
Smp24 DORDOPE bilayer copfex (bce24 1 isstill around 40% lower than with

DORC.DOPG bilayers.
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A closer look reveals that theajor difference b related to the electratatic
component of the binding energyich is more than 4 times smaller in the
DORC.DOPE bilayerslowever, te largedifferences in the electrcstatic energyare
somewhat balanced by a coraed change n the polar solvation energy. The
hydrophobic interactions aralso on average slightly reduced in the DOR.DOHRE
bilayers, but the difference is mor conpared with the electrotctic energyand
overall not significantThe bce24_Zimulation deviates by far the mast from the rest,
but this can be ¥plained by he peptide only achieving a partial insertion in this
simulation.The superficial aciation of the peptide with the bilayer significantly
reduces the hydrophobic intactionsbut the electrcstatic energy ssimilar to the
other DORZDOPE simulations

Taking together the differensan the electratatic interaction energy +polar solvation
energy vs the Wan der Vaatgdraction energy +non-polar solvation energy for he
DORCDOPG models compatavith bce24_1, bhe polar effects contribution to the
overall binding energy differee sstill almost 5 times greater than the non-polar

effects.

The small difference in the & der Vads energies between the two bilayer madels
could be eplained by the sligt reduction in insertion depth of the primary helix
observed in the DOBDOPE halyer, limiting the interactions between the hydrophobic
residues and the bilayer acyian. Howeverpcg24 2also shows a slightly reduced
insertion depth compared wltthe other DORZ.DOPG mdels, but no reduction in the
Wan der Vaals energy is obsedveThus no clear correltion between insertion depth
and Wan der Vaals energyrdae seen. Thereby the MMPEBA @lculations overall

strongly indicate that the selectivit thisstage sbased on electrastatic interactions.
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Table 5.5 Breakdown of the free binding energies for the Smp24 bilayer compléXegalues
are in kcal/mol. * Significant difference (P<0.05) between the two bilayer types based on a
one-sided two sample independent t-test.

Simulation | Van der Electrestat | Pobr Non-polar | Erergy Delta G
name Waals ic energy | solvation | solvation | dispersion | total
energy energy energy
bce24 1 -152.837+ | -86.366 + | 82472 + |-124948 +| 229429 + | -52.250 +
12.721 21471 17.064 11.186 16910 9.977
bce24 2 -61.716+ |-60.134+ | 55703+ |-56.719+ |108958 + |-13908 +
18.101 15.607 13422 15.606 25.807 9.982
bce24 3 -148.569+ | -56.942 + | 59131+ |-117596 +| 218056 + | -45920 +
16.724 16.943 14.956 12.839 20.356 11.552
Average |-121.041+ |-67.814+ |65769+ |-99754+ |185481+ |-37.359+
neutral 41.985 13.183 * 11894 * 30.578 54.309 16.783 *
bilayers

To further investigate the diffeneces in the interactionsa per-residue deconpositiona

energy analysis was done, cpaning the average \alues for all the DOR:DOPG

simulations with the bce24l simulation. With this method the energy cantribution of

individual residues can be cared to identify if specific hdividud residues have a

greater contribution to the selectivityhan others (figure 5.11).

Figure 5.11 Per-residue decompositional energy analysis comparing the average of three

negative bilayer simulations with the bce24_1 simulatioBlue = negative bilayer, red =

neutral bilayer. The difference between the two figures is only the y-axis scale.
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This breakdown again hightigs that the main driving force for he interactions
between the peptide and bbtbilayers come from he positively tharged residues
However, multiple clear diffeneces can still be seen between the two bilayer types
While the positively charged s&lues still form strong interactions with the neutral
bilayer, they are much smallehan with the negative bilayer aswas expected based
on the overall MMPBA calalations. The interactions facilitated by the more
hydrophobic residues are mhcloser between the bilayers, with some residues like
leul6 even showing slighthigher interactions with the neutral bilayer but this could

alo be due to variation.

The most significant difference atds to the negatively darged residues Asp23 and
Ser24. While these residues areatalely large caontributors to the binding with the
neutral bilayer, they seem tahibit the interactions with the negative bilayer. The talil
region overall seems to hawemuch greater relative cantribution to the interaction
with the neutral bilayer, likelgue to the negatively dharged residues being able to
interact with the PE headgr@s. In addtion, the positively charged lysine residueson
the tail region also seems twve rehtively ncreased energy catribution conpared
with the other lysine residugwhen interacting with the neutral bilayer. This difference
in how effective the tail lysine selues are based on the lipid conposition cauld be a
downstream effect of the incresed interaction between the bilayer and the anionic
residues. In the case of the regiye bilayer the anionic residues cannot form
consistent interactions with thepids so insead they midt form intermittent
interactions with the cationic dues of the tail regian. Stch intermittent interactions

could on average lead to the deced relative energy cantribution.

Based on these observationshe tail region seens to have a negative impact on the
selectivity at this stagddowever, tisis likely verydependent on the specific
composition of the bilayer/merbrane. In the simulations the keydifferentiating factor
seems to be the inclusion dfi¢ FElipidsin the neutral bilayer. However, his lipid type
is not unique to eukaryotic csliMany Gam-negative species such ask.colicontain a
significant amount of PE lipid206), so in these ases the tail regian might also be

important for the antimicrobal activity.
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Figure 5.12 Radial distribution functions between the positively charged amine groups of

Smp24 and the phosphate groups of the leaflet of the bilayer that the peptide is interacting

with, while the peptide is fully inserted into the DOPC:DOPE bilayer. bce24_1, B =

bce24 2, C=bce24_3. Black = N-terminal, red = Lys7, green = Lys11, blue = Lys21 and yellow =
Lys22.

The consistency of the sditidge formation wasalso investigated usng RF-s(figure
5.12).For bce24 1 and bce24_3he RDFsare conparable with DORZDOPG mdels
and in both cases mainly dete by greatly reduced interactionsat the N-terminal.
Otherwise, most of the lysine selues still form relatively cansistent interactions

except for lys21 in bce28.

The bce242 simulation deviate greatly from the others showing interactions only for
the Niterminal, lys7 and lys2But this can be explained by the lack ofsecondary

structure and reduced insedn depth.

In addition to evaluating the differee n the electrctatic interactionsbased on the
salt bridge formation, the avage number of hydrogen bonds formed during the
equilibrium state were alsoatculated (table 5.6). In most of the simulationsa lower
average number of hydrogdrondsis achieved between the peptide and the neutral
bilayer, although overall the differee snot significant. The excetion isbce24 1
which reaches a similar levasthe DOR.DOPilayers but with a much greater

degree of variation.

Taken together with the peresidue MMPERA andysis it seens that the difference n
the electrostatic energy compent is more rebted to the strength of the cdharged

interactions rather than an ovall reduction in polar interactions.
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Table 5.6 The average number of hydrogen bonds once Smp24 peptide were fully inserted
into the bilayers.* Significant difference (P<0.05) between the two bilayer types based on a
one-sided two sample independent t-test.

Simulation name Avelage number of
hydrogen bonds
(inserted)
bcg24 1 8.855 + 218
bcg24 2 10.049 + 2431
bcg24 3 8.585 + 234
Average negative 9.163 + (636
bilayers
bce24 1 9.746 + 341
bce24 2 6.861 + 501
bce24 3 7.619 + 689
Average neutral 8.075 x 1222
bilayers

When comparing the totality ofte simulations, a clear trend can be seen that the
selectivity occurs throughoube entirety of the peptide-bilayer interactions, andit is
mainly driven by differences the electrastatic interactions. These doservations are
consistent with eperimental resuits from several different methodologies, showing
lipid dependency both durinbinding (liposomal leakage assgs)andduring pore
formation (AM) (58). The selectivitys both expressed on a molealar level vhere
important binding points arshielded from the peptide and on a broader
thermodynamic level wherehe interactionsare lessenergeticlly favourable.

While lipid dependent differaces in the menbrane disruption have previoudy been
shown (58), the early stagesf the medanism of action before the menbrane

disruption also seems to beumial for the endpoint selectivity.
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5.2.6Camcentration dependent effects on the bilayer biophysical properties

The previous sections of trsemulationshave mainly foaused on how the peptide is
affected by the bilayerHowever,bilayers are dynamic macromoleailar structures
which can readily respond tdhanges in their environment. The insertion of the
peptide into the leaflet of thebilayer will tosome extant affect both the loal and
macroscopic structure of thieilayer asthe peptide takes up space between the lipids.
Any macroscopic changes teetbilayer f properties coauld be difficult to identify based
on the base model only, sinckd peptide to lipid ratio is relatively low. A clarer
indication of any effects wodlbe if cacentration dependent changes to the
properties could be obsendby increasng the peptide to lipid ratio.

Simulations were done at thregifferent peptide to lipid ratios in addtion to one

simulation of only the bilayeand serval bilayer rebted properties were exlored.

The area per lipid (APand menbrane thicknessare two measuements related to the
macroscopic structure of thieilayer. Both of which wereaffected by the insertion of
the peptides in a concentratiodependent manrer (table 5.7). The increasng peptide
to lipid ratio led to a reductiomithe bilayer thicknessandan increase in the APL
The increase in the ARan besomewhat counterintuitive. While the average area
each lipid takes up is greater aftdretpeptide insertion, it does not necessaily mean
that all the lipids are more speal out. In the top bilayer leaflet where the peptidesare
inserted space between theplds will be taken up by the peptide cusng the total ske
of the bilayer to &pand.The bottom bilayer leaflet will at leag to some extant match
this expansion to ensure thentegrity of the bilayer core $ retained, causng a
relatively straight forward incrase in the APL forhat leaflet.

The behaviour of the lipids it top bilayer leaflet is more conplex Some of he
lipids will be pushed togetherhile others will have a large direct distance between
them due to being separatealy the inserted peptides. However, hisamounts to an

increased APfor the leafletand the bilayer asa whole.

The macroscopic changes teettop leaflet of the bilayer @an also have ndirect effects

on the properties of the pepties. One such property cauld be the abhility for the

peptides to move around inhe lateral plane of the bilayer. The lateral diffuson

constant for the peptides weresimated for the different bilayer systems showing a

concentration dependent deciese asthe peptide to lipid ratio isincreased (table 5.7).
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This suggests that as moreptieles are inserted into the bilayer their ability to move

around becomes highly restriate

Table 5.7 Area per lipid, membrane thickness and lateral peptide diffusion constants of the
DOPC:DOPG bilayers after insertion of Smp24 relative to the peptide:lipid ratio.

Simulation Peptide:Ipid Areaper lipid | Bilayer Lateral peptide

name ratio (nm?) thickness(nm) | diffusion
congant (107
cm2s)

mbcg 0 na 0.696 + 0006 | 3.797 £ 029 | na

mbcg 4 1:144 0.707 £ 0006 |3.789 + 0030 | 1.52 + 052

mbcg 9 1:48 0.736 £ 007 | 3.752 £ 0030 | 0.99 + 037

mbcg 16 1:32 0.758 £ 006 | 3.711 £ 0029 |0.32 %026

Another key indicator for if thetructure of the bilayer is changing due to the peptide
insertion is the lipid acyl chabrder parameters (figure 5.13). These order parameters
are calculated for each carb@tom in the lipid's acyl dhainsbased on the orientation
of the C-Hbond relative to he bilayer normal. If the structure or oder of the lipid
chains changes the lipid acylan order parameters will also shift for the affected

parts of the chains.

No differences could be sedretween the bilayer anly smulation and the lowest
peptide to lipid ratio, howeveas morepeptides are added the lipid order starts to be
affected. A small increase ihd order parameters cauld be seen for the top of the lipid
chains but the main effect is amzentration dependent reduction in the order for the
lower half of the lipid chainsndicating the orientations of the lowerpart of the lipid

chains shifts due to the presee of he peptides.
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Figure 5.13 Deuterium order parameters of the multi-peptide simulatioAs= snl chain, B =
sn2 chain. Black = mbcg_0, red = mbcg_4, green = mbcg_9, blue = mbcg_16.

All the different macroscopic effexon the bilayer are likely Inked to the molealar
level changes to the lipid sicture that they need to make in order to adap to the
inserted peptides. When theeptides are inserted into the leaflet, the lipidsare
pushed apart leading to the inaee in the APLTO retain the integrity of the
hydrophobic lipid core, some dfi¢ lipid chainsneed to bend underneath the peptides
as the peptide does not@&rude all the way to the centre of the bilayer. This causes he
change in the order parametenof the lowerhalf of the acyl dains. Lagly, with some
of the lipid chains adapting adsstraight configuration, the ovell thicknessof the

bilayer will be reduced.

Changes to the properties otk bilayer/ membrane such asthinning have been shown
for other AMPs before and bedinked to menbrane disruption.

Grage et al. found that ampphilic AME such asMagainin 2and BP100 aused
concentration dependent chages to the deuterium order parameters, increased the
AR and reduced the memlane thicknessof DMRChilayers when investigated using
solid state NMR207)

Chen et al. have investigateket reltionshp between membrane thinning and the
transition of the AMPs from suface parallel to a trangnembrane likestate. They
hypothesise that the peptidenduced menbrane thinning caild make it more
favourable for the peptide to &mstion to an orientation indicative of torodal pore

formation (208)
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5.2.7 Modelling of pore as®ciated configurations of Smp24

As the eperimental results idicate that the formation of toroidal pores is one of the
most consistent ways that thgeptide induces menbrane disruption, understandng
how the structure of the peptle adaps to the pore cauld give nsght into how the
peptide stabilises the pore sicture. Smulations were first done at a low peptide to
lipid ratio to investigate howraindividua peptide cauld interact with a preformed

pore in an unrestricted way.

Throughout the three simulatits two different pore-as®ciated peptide
configurations were obsend where n both cases the peptide positioned itself at the
interface between the poreral the rest of the bilayer. In the first configuration (figure
5.14A) the peptide is oriented viithe N-terminal towards the centre of the pore. The
primary helical region is positied along the top of the pore lumen andthusto follow
the higher curvature of the @yer n this regia it adopts a higher tilt angle (30
degrees relative to the bilayasurface) conpared with the normal orientation of the
helix in the nonpore bilayer.The secondary helix i positioned further away from the
pore where the bilayer curvate is lessextremeand thusadopts a les<r tilt angle (10
degrees relative to the bilayesurface), more n line with the normal orientation. The
trp2 residue is inserted the deest within the pore, with anaverage position around
0.6 nm above the bilayer centrtn the secand configuration (figure 5.14B) the helical
regions of the peptide are positied in reverse. Assuch the secandary helical regon is
now the one oriented towats the centre of the pore. Therefore, it 5 the secondary
helix that adopts the higher tilstate (-25 degrees relative to the bilayer suface), while
the primary helk is only tilted slightly (-6 degrees) conpared with the normal
orientation. In this configuratio the leul6 residue wasinserted the deepest at an

average position of around & nm above the bilayer centre.

In both cases the tail region sesito behave rehbtively ndependently from the
membrane pore, while the hebtregims facilitate the positioning and orientation
between the peptide and thpore. Assuch, due to the difference n the position of the
secondary heliin the two canfigurationsthe tail regian is also positioned very
differently. In the A configuratiothe tail regian is positioned the furthest from the
pore itself and therefore likeljpasvery little nfluence m the pore structure. In the B
configuration the transition fromhe helical to undructured regionsstartsalmost in
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the centre of the pore givinghe tail regian a much better opportunity to impact the
pore. However, the interactiosstill seem tobe reltively mnimal. In the canfiguration
shown in figure 5.14B the tai$ positioned in the solvent phase above the pore, while
in other examples it is positined above the peptide khelices. The oveall
inconsistency in the positionral orientation of the tail indicates that its role n the

peptide-pore assembly struate is minimal conpared to the helical regims.

Throughout the 3 simulatia{combined 1.5 ps simulation time) the peptide spent
appraximately 150 ns in the A ofiguration, 720nsin the B cafiguration and 630ns
in configurations not associadaevith the pore. The A canfiguration only ocairred in
one simulation where the poreucleation site wasclose to the Nterminal of the
peptide whereas the peptide &mstioned to the B caofiguration at some point in all

three simulations.

Two key observations can beade from the peptide-pore canfigurations. Frstly, a key
property of the configuration that peptides adopt is that they allow the helical regons
to align with the increased cuature of the pore interface. Thisability isto a large
extent driven by the inclusion ohe knk between the two regimsallowing the oveall
shape of the helk to be bent However, wih the singular flexible point the alignment is
not perfect. This might eplain why the B cafiguration is more commaly found. In
the A configuration the largenilexible primary helix & positioned further within the
pore lumen where the curvate is the greatest, with the kink itself being positioned
right at the interface betwes the pore and the rest of the bilayer. However,n the B
configuration the lumen positio is taken up by the secandary helixand thusthe kink is
als positioned within the hilg curvature regia itself. Thisallows the helical regons ©
adapt and have an overall curvest better aligns with the pore and s likelyslightly

more favourable.

The second key observatiorasthat at no point does the peptide adopt a fully
transmembrane configuratiowhere it is oriented tangentially to the bilayer sufaceor
is positioned with parts of thpeptide gong through both sides of the pore. The
peptide seems limited to beg positioned at the top half of the pore lumen, which is
als consistent with previous @erimental observationsusng AAM (58). This might

again be related to the shape ohé helical regians. The long-helix short-helix motf
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seems to be better suited talign with the upper or lowerhalf of the pore lumen
where the curvature is uneveat each side of the knk. If instead the kink was
positioned more centrally witin the ovell helical regian an orientation more centel

in the lumen might be more pusble.

Figure 5.14 3D models of the two pore associated configurations seen for Smp24 in the
long_pbcg_1-3 simulationg\) The helical regions of Smp24 are aligned with the curvature of
the pore interface with the secondary helix positioned within the top of the pore. B) The
helical regions are aligned in reverse such that the primary helix is positioned within the top
half of the pore.

To further evaluate whethertte lack ofa trananembrane peptide canfiguration was
due to it being unfavourable alue to kinetic limitations of the simulation timeframe,
several more ®reme inserton configurations were nduced. The peptide waspulled
down deeper into the poreumen at three different levek, starting from eiter of the
previously described configations. The centre of massrelative to the Z-axis was
evaluated over a 50 ns period tavestigate if the peptide wauld stay in the more

extreme positions or transitio back to the orighal canfigurations (figure 5.15).

At the lowest level of pull (fige 515 Aand D), the positions were more or lesthe
same as they were in the ursteicted simulations. While the 3Dpositions of the
peptides were locked duringhe equilibration step after the pull, the position of the
bilayers were not. It seems #hthe bilayer/pore itself quicklyadaged to the dlightly

deeper insertion peptide insertioleveland assuch when the unrestricted simulation
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started the peptide was basilty already posited asprevioudy observed. Both starting
positions were relatively stabl@though for the canfiguration with the primary helix
positioned towards the porehie peptide did eventually moveaway from the pore after
about 30 ns.

In all the remaining cases whefgetpeptides were pulled further down the pore
lumen, the peptide relativelguickly move away from the extremestarting position.
For the configurations wherehie primary helix wasinserted the deepest within the
pore (figure 5.15 E an@, thepeptide ended up reaching a state where both the
primary and secondary hglwere positioned in same plane indicating that the peptide
was no longer associated witthe pore. In the cases where the peptide started with
the secondary hetipositionel the deepest within the pore (figure 515 BandC) the
peptide either transitioned @ the previoudy described pore as®ciated canfiguration

or to an unassociated configation.

These observations indicatedththe lack ofa true trangnembrane peptide
configuration in the unrestrictd simulations wasnot just due to the limited simulation
time. The deeply inserted configationsdid not seem tobe verystable supporting the
previous observations reladeto the peptide f shape. Other factors such asthe pore
size could also impact the stability dig deeply inserted canfigurations, but a larger
pore would be difficult to indce without completely disrupting a bilayer of the size

used.
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Figure 5.15 Center of mass over time for Smp24 after being pulled into more extreme
positions within the pore.A-C) Peptide pulled from a starting position with the secondary

helix oriented towards the pore opening. D-F) Peptide pulled from a starting position with the
primary helix oriented towards the pore opening. Black = COM of the phosphate group of the
top leaflet, red = COM of the whole peptide, green = COM of the primary helix, blue = COM of
the secondary helix.

As previous ¥erimental resllts have ndicated that the Smp24 nduced membrane
disruption follows a thresholbased behaviour, the peptide-pore asembly structure
was also investigated at a tigr peptide to lipid ratio. To achieve tis, a pore was
induced into the endpoint offte mbcg_16simulation containing 16 nserted peptides
in a 14.2 nmbilayer.This albws for the vsudizaion of a dlightly larger pore with
multiple peptides associated wiit and it ocairsat a much higher peptide to lipid
ratio (1:32 vs 1:144Yhis ratp is within the levelneeded to observepore creation in
vitro for other AMPs such as meliit{209). As the smulation of the larger system is
much more computationally gensve, the simulations were aly done over 10@s but

instead 5 repeats were done \witndependent pore formation.

As in the single peptide simulatismaost of the peptides adopted either a

configuration associated withhe top of the pore lumen or one conpletely
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independent of the poreThe number of peptides as®ciated with the pore at the
endpoint of each simulationanged from 4 to 5, wih 33%being n the A cafiguration,
58% in the B configuratiomd 8%adopting a more sideways facing canfiguration.
However, while the peptide adigurationsin the multi-peptide setup broadly align
with what was observed withhe single peptide, n some @ases the position and
orientation of individual peptes were more extremeln all the simulations, 1-3 of the
peptides adopted a deepenserted position with part of the peptide reaching below
the centre of the bilayer at som@oint in the simulation (figure 5.16). In addtion, to
accommodate the new positis of the peptides within the pore more tilted
orientations of the helical regits werealso observed. Both types of the previoudy
described poreassociated configrations were doserved to be able to trangtion to this
greater inserted state, alth@h the specific 3Dstructure, position and orientation of

the peptide was more variableetween different insances of thisnew state.

The A configuration (figure 5.1%#Wasnot too dissmilar to the single peptide
configuration with the tilt of he primary helix us increasng by up to a further 20-30
degrees.The secondary hetiwasstill mostly positioned at the interface between the
pore and the rest of the bilayer

However, for the B configuratio(figure 5.16B) the deeper insertion meant that the
primary helk now also was pted within the pore lumen and thushad to adopt a
much steeper tilt angle in der to align with the bilayer arvature, varying greatly

depending on the specific positio

The relatively similar positioand orientation of the primary helix micht explain why
both configurations can transitioto the moredeeply inserted states. With its large
size and central position in thpore the inflexible primary helix 5in both cases the
main contributor to the peptle-pore structure. Thisis further supported by the
behaviour of the secondarigelix. In the cases where the primary helix & in an extreme
orientation the kink betweentte secondary helix & often much lesspronounced,
especially when the secondanglix s positioned the deepest within the pore lumen.
Thus, in these cases the behanramf the two helical regimnsis closer to how asingle
contiguous helical region wad act, placing lessimportance an which end is inserted
the deepest.
This is also in agreement Wwithe previous observation that the position of the kink
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within the helical region seem mogeited to allow the peptide to align with the

curvature at the top of the poraimen rather thanthe mddle of the pore.

The investigation of peptidpore structures of AMB usng MDsimulation hasbeen
done for several different paides using different approaches. The mast similar
overall peptidepore structures were faund by Marrink and colleagues investigating
the pore formation of both the Mgainin andog MG2Hand melittin. Spontaneous
pore formation was achievedue to the use ofa high temperature, short chained
lipids, a high peptide to lipidatio, close positioning of the peptides and potentially
aided by a lack of counter i@nn the system. The dbserved peptide-pore structures
are consistent with what was fmd for Smp24, with one or two peptides located near
the centre of the pore lumen kle the rest remainsbound close to the mauth of the
pore. A high degree of variatiovasseen between the different pore as®ciated
peptide configurations in termof their position and orientations. The authors suggest
that this behaviour is not wetlescribed by the traditional toroidal pore madel where
it is assumed that the pore is awrical with the peptides positioned between the lipid
headgroups in a transmembre/perpendicular orientation. Instead, a disordered
toroidal pore model is more agrate where the shape of the pore and
position/orientation of the pgtides is more \ariable with only a fraction of the

peptides being positioned deay within the pore lumen (209, 210.

However, other studies indicaténét the behaviour of melittin is different. Sunet al
found that unconstrained melitti peptides gradudly moved down into the pore lumen
of a preformed pore, created aiinduced lipid flip-flop. The peptides adopted
transmembrane/perpendicular edigurations within the centre of the pore umenas
would be epected by the taditional toroidal pore madel. Remowal of the peptides
from the pore lumen led to aapid closure of the pore indicating that the peptide-pore
assembly had a strong stabifigieffect(132). Like forSmp24 the incluson of a proline
residue in the helical regioof the peptide allowed it to better align with the pore
curvature.However, unlikeSmp24, melittin's proline residue is located at the centre of
its helical region which could ptein the difference n the preferred pore as®ciated

orientation.
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Figure 5.16 Examples of transmembrane peptide configurations in the multi peptide pore
simulations.A = Example of peptide with the primary helical region positioned the deepest in
the pore lumen, B = example of peptide with the secondary helix positioned the deepest in the
pore lumen, C = two peptides in transmembrane configurations in the same pore, D = example
of a top-down view of a pore with multiple peptides associated with the pore interface.

A key question raised by thpre simulations is what causes the peptide to be able to
transition to the more gtreme inserted canfigurationsasthe peptide to lipid ratio is
increased. If the peptides had formhan ordered peptide-pore asemblies one might
have epected that a certain umber of peptides would be needed to form the
structure, however the disordetenature of Snp24 f peptide-pore structures suggest
that this is not the case€Some AMR like Magainin 2 and PGl have been shown to
synergistically interact with eamther through specific diarged interactions between

the two peptides.These interctionshelp PGh to transtion into a more casstent
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configuration positioned deeply wiin the pore lumen andare, assuch, an example of
how peptidepeptide interaction can change the peptide-pore structure (191, 203.
However, no consistent direchieractions cauld be seen between the Smp24 peptides
and even when the peptide agts one of the more extreme cofigurations the
surrounding peptides are ngiositioned within the range needed for the formation of

strong interactions betweerhem.

However, one aspect that theérease in the peptide to lipid ratio would affect is the
general properties of the bilayes mentioned previoudy, the insertion of the
peptides changes the structure dfi¢ bilayer leading to macroscopic effecs such asan
increase in the AP While the nacroscopic changes affect the bilayer asa whole,on a
molecular level the direct effect oars in the top leaflet where the peptides are
inserted.The effect on the bttom leaflet is more secondary asthe changes are due to
it adapting to the structure bthe top leaflet. Thus a mismatch ocairs between the
ideal macroscopic properties dig two leaflets, with the top leaflet, for example,
ideally wanting to take up a larger oallrarea to accommalate for the inserted
peptides, while the bottom laflet still wants to retain the orighal dimensons.

The addition of a pore in thieilayer represents a bridge between the two lesflets
changing the dynamics of ttsgstem. Lpids can transtion from one leaflet to the
other by moving through theore lumen at a much lower energy cat thanthrough
lipid flip-flop that would be rguired in the intact bilayer. Thus the difference n the
properties between the two leflets can relatively easly be equilibrated over he

duration of the pore simulatios.

The movement of lipids betweethe two leaflets over time vasinvestigated by
calculating the density of eaclpilil species in the bottom leaflet over 1nstime
intervals (figure 5.17)Iwo key trends can be doserved. Frstly, de-mixing of the DO
and DOPG lipid occurkhe negtively dharged DOPG ids were affected by the
electric field running acroséé bilayer, leading to them casstently moving from the
top leaflet to the bottom.To retain the integrity of the bilayer the neutral DOR lipids
that are less affected by the electric flainoveacrossthe leaflets in the gpposite
direction. For the simulatiors with a single peptide the lipid movemaents resut in an
overall wash where the comired lipid density in the bottom leaflet stays relatively
stable throughout the entire simation. However, his isnot the ase for the
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simulations at a higher pejpk to lipid ratio. The general DO, DOP Gle-mixing
behaviour is still present althah it seems to ocar at a much slower rate. Thisis likely
an artifact of the evaluation mabd aswith the larger bilayer more Ipids would need
to transition in order producehie same dange n the dengty. The key dservation is
that the combined lipid density oht bottom leaflet does not stay stable through the
simulation but instead gradlly increases especially doing the first 30 ns of the
simulation. Until around 90s0f simulation time have pas®d, the densty of the DO
lipid is even increased in the bottomafet. Thus in these smulationsa net

movement of lipids from the toleaflet to the bottom leaflet ocaurs.

The different behaviour of the twsystems canbe explained by the increased number
of peptides inserted into the tp leaflet. These peptides affect the properties of this
leaflet and cause the need f@bme Ipidsto trangtion to the bottom leaflet in order
to establish an equilibrium betweehem. This behaviour of the lipids cauld be part of
the explanation for why thepeptides can trangtion into the more extremelyniserted
configurations at the highepeptide to lipid ratio. Combined with the previous
observation that the ability ér the peptide to move hroughout the bilayer i inhibited
at a higher peptide to lipid ratio e peptides interacting with the movhg DOPGpids
could be forcing or pulling therdown further into the pore lumen. Thereby deeper
peptide insertion would be xpected even if the new peptide-pore structures
themselves are not intrinsically moravburable. The lowerpeptide diffusion rate and
physical interference from otherearby peptides adaging more avourable peptide-
pore configurations could ge#ly inhibit the ahbility of the inserted peptide to moveout

of the pore lumen, forcing thpore to stay gpen for longer.

Other authors have also founddications that the asymmetric effect he peptides
have on the bilayer leafletsals a key role m the pore formation such asby inducing
tension leading to a differenca the equilibrium area for each leaflet also leading to
redistribution of lipids away fronhe leaflet with the peptides inserted after the pore
is formed (210)
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Figure 5.17 Average lipid density in the bottom leaflet over time for the pore simulatiohs:
Single peptide pore models (n=3), B = Multi peptide pore models (n=5). Black = Combined
density for both DOPC and DOPG lipids divided by 2, Red = Density of DOPC lipids, Green =
Density of DOPG lipids.

The peptidepore structures ad behaviour observed in the MDsimulations correbtes
well with the toroidal pore asciated resuts from the patch clamp experiments. The
lack of a consistent favourableatiamembrane peptide canfiguration explains why not
all pore openings lead to a tmation from the unsupported spike eveats to the longer
multilevel events. Instead, theeptide prefers to be positioned around the top of the
pore lumen only providing limitéstability to the pore structure and therefore lealing
to rapid closer seen as spike ete

The simulations also suggehtt the transtion to peptide canfigurations which likely
provides improved pore stabilitg verydependent on the loal bilayer environment.
As the deeply inserted peplié canfigurationsare not based around one single highly
favourable configuration a gakdeal of variation anddisorder dominates even the
stabilised pore structureghis leadsto the large \ariation in the canductance levels
and life spans of the multilevel ens.

On a molecular level the traition from the unsupported to supported pore is
random, likely needing the jpides to be positioned in such a way that multiple of
them achieves a deeper insemideveland othersaround them restrict them from
moving out of the pore lumerHowever, he dhances of this ocairring should increase
with the local peptide cong#ration asimbalance between the properties of the top
and bottom leaflet would be gater and morepeptides cauld be incorporated in the

disordered assembly and intedfe area.
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5.2.8 Us of MD simulabns © investigate the mechanism of action of AMPs

The complaity of the mecharsm of action of AMP makes it difficult to study how
they work directly during thdisruption of the bacterial membranes. This challenge is
further exacerbated due to themall size ofbacterial celk, limiting the use of
techniques that potentially add directly measue live cell merbrane disruptions such
as such as patch clamp elesphysiology (63). Therefore, synthetic phospholipid
bilayers are often used as a mel instead, asthey an mimic he properties of cell
membranes, bacterial or otherag. Synthetic bilayers have been used with many
experimental techniques sincas electrgphysiological measuements (184), liposomal
release(58)and binding assa&y211), QQVID (58), solid state NMR(212) and more.
Synthetic bilayers can be ubasthey represent some of he most important key
features of cell membranesush astheir amphiphilic structure andability to form a
barrier which is mostly impenetble to ions. However, comared to actual
membranes their compositiaare much simpler, with cell mentranes having mud
greater diversity in terms of thepid composition (206) andalso cantainsa roughly
equal proportion of membrangroteins (213). Therefore, he use of synthetic bilayer
models relies on the assumptidhat even though the madels are much simpler than
real membranes, they still peesent the aspects of cell menbranes that are the most
critical for the activity of the rtimicrobial peptides. Some ndicationsthat thisis the
case could be the ability of AMRo lyse both synthetic liposomes andsimple cells
such as hemocytegd 37)or the similarity seen in single danrel canductance evenits

between cell derived and symetic patches (72, 100Q.

For investigations using MD sitations the relance m several assumptionsis even
more apt as one also needsassume that the simulation of the synthetic system is
accurate to realityThe limited scale of the simulationsalso introduces the potential
for more faulty assumptionssashortcuts needsto be taken in the madel setup such as
stating the peptide in an alesly helical configuration. Therefore, it s unlikely that MD
simulation will ever be ableotby themself predict the more conplex behaviors of
AMPs such as the overall nfiegism of action. Ingtead, the strength of the simulations
lies in the contgtualization of eperimental observations. The autput of biophysical

experiments often requires a lot afata interpretation to understand how the
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measurements relate to changeé the system on a moleailar level By mimickig the
conditions expected based 0 the experimental observationsin the MDsimulations
setup, predictions can be made @¥ding some of he more mnute details allowing
the researcher to create a more cpiate interpretation of the orighal data. In the
case of this chapter, the patcharhp observations only provided information related
to the overall structure/shape oht peptide induced pore. However, give the
toroidal pore shape, the MD sutationsallowed us to make some predictionsasto
where the peptides might bpositioned under different conditions, increasng the

detail of our models for thelifferent pore/ event types.

5.3 Conclusions

A critical aspect in the procesf designing AMB with improved properties, is
bettering the understandingf how their medanism of action relates to the structure
of the peptide. MD simulatiosisuch asthose performed in this chapter cauld play an
important role in this procesasthey allow for simultaneous prediction of both the
peptide structure and bilayemnteractions on an atomic level Smulations replicating
the conditions of mechanistimophysical experiments cauld thusallow for

contextualization of such mdwanistic observations with structural predictionsaswell.

Simulations of the interactits between Smp24 and lipid bilayers showed that the
peptide insertion potentiallyocaurs in a stepwise fashon, driven mainly by the N-
terminal and primary helical regicof the peptide. Following the full insertion, the
unique structure and physiochenaigroperties of the different regions of Smp24
likely both affects how deeplyaeh regim inserts within the top menbrane lesflet and
how strong their interactions wit the surround lipidsare. Futhermore, he
interactions between the insertepeptide and the lipidsalso affects the oveall
properties of the bilayer, wit concentration dependent effects on aspects such asthe
bilayer thickness, lipid chain der and the ability of the peptide to diffuse around in

the bilayer plane.

The simulations of the interactis between Smp24 and pre-formed toroidal pores
predicted that the kink motibetween the helical regians of the peptide plays a key

role in the ability for the peptle structure to align with the aurvature of the pore.
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However, at low peptide to lipi ratios the peptide seems to prefer to adopt
configurations near the porenterface rather thanposition itself deeply within the
pore lumen.The simulationsndicated that this cauld potentially change if the local
peptide to lipid ratio around lte pore is increased, asthe high peptide cancentration
induces a difference in the ideproperties of the top andbottom lipid leaflets causing
a net migration of lipids towals the bottom leaflet. The movemaet of lipids could help
pull the peptides deeper withithe pore lumen while restricted peptide movement
could inhibit the ability of thepeptide to leave this caonfiguration, facilitating the
formation of a pore with amverall improved stability. Swch predictions of the peptide
pore interactions could help g@kain why the short-lived toroidal pores observed in the

patch clamp gperiments notalways evolval into more stable pores.
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6. Raiond design of truncaed Smp24variants

6.1 Introduction

Naturally occurring peptidesuch asSnmp24 cauld form the bags for the develgoment
of new antimicrobial molecuke These conpoundscanbe some of he mast potent
pharmacological molecules the world due to natural optimizaion through millions
of years of evolutionHowever, he orighal properties of such moleales might not be
ideal for medical use&Components from natural sources such asvenom are adaped
towards specific functions relawt to the animal of origh. Thus the potency ofa
venom derived molecule mig thereforebe strongeragaing cellular targets not
related to humans.

Invertebrates such as scorpi®lack an adagive immune system and therefore rely
completely on the innate immne system for protection againg infections. Their
venom gland is especially askiasit is in direct cantact with the environment and
therefore can fall victim to infectits from soil or prey relted pathogens. Therefore,
AMPs in the venom are thobhgto play a dud function. Frstly, the serve toprotect the
sarpion from infections viatheir antimicrobial properties and secandly, they assst in
the venomous action againgdte scomion's prey by inducing paralysisanddigestion. In
addition, the composition agcorpion venom @anbe very complex cataining multiple
peptides, proteins, nucleotidg lipidsand more. Therefore, he functions of the AMPs

can also be mediated in contmtion with other conpounds(178).

The dual function of venomerived AMPs such asSmp24 meansthat their native
structure is likely not optimal for diical use. The micrdial species that the scorpion
venom gland is commonlyxposed to are likelynot the same asare clnically relevant
to humans, their venomousctivity againg eukaryotic prey sundesirable and their
potential ability to interact wih other conponents of the venom isnot necessay in a
medial formulation. As such, nall residues or regimsare necessaily critical for their
clinically relevant antimicrolal activity, and some midit confer unfavourable

properties to the peptide.

With a more atensive grasmn the SVIR ofSmp24 achieved in the previous chapter,
the next logical step would be to trgnd apply the newly gained knowledge to inprove
the properties of the peptideThis canbe done by utilising rational drug design
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principles to develop novehalogs using the structure of Smp24 asthe baxline
framework. With theSVIR in mind, the peptide structure canbe madified in a rational
manner by making specifibanges which would be expected to improve the
properties of the peptide, eithemnirelation to the medanism of action or in general
terms related to the drudike properties of the molealle. It would be expected that
the success rate of such anasatesigned according to the SMR wauld be better than
analogs based on random mhfications, leading toa more effectivedevelgoment

process.

A second logical step wou#tko be to start expandng the SMR nto a proper structure
activity relationship $AR).Ths meansstarting to moveaway from simplified, synthetic
in silicoandin vitro biophysical mdels, towards the utilisation of morephysiologiclly
relevantin vitro models.This mekes the cangruction of the SAR more hallenging for
several reasons.

Firstly, cells (bacteria and earlgotes)are a much more conplex target thansynthetic
bilayers. Both on a molecular level tvia much more diverse menbrane conposition
containing a range of differentdid types, menbrane proteins, leaflet asymmetry,
multiple membranes in thease of Gem-negative bacteria and many unique
membrane components suds cholesterol or lipopolysaccharides. All of which cauld
potentially greatly affect howhe peptide interacts with the menbrane in all stagesof
the mechanism of actiorrurthermore, live cefi are also a much moredynamic system
than bilayers, with them growg, nultiplying and responding dynamically to their
environment including the atition of drug moleailes.

Secondly, the concept of the activity dietpeptide isa much moredifficult response
to relate to the structureThe activity is the accumulation of all the different
mechanistic processes, all ohish might have conpletely different relationshps with
the structure of the peptide. fierefore, it 8 impossble to directly nterpret the
relationship between the struetre and the activity of a peptide without comparing
different analogs with distinatructural maodifications. Sill, usng this approach the
SAR would be very simplistic if iagnot paired with medanistic data to cantextualise

the structure related changen the activity.

The specific approach usedder the guidelines rational drug design can vary
depending on the main glective of he develgoment step. For AMPs, improvement of
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antimicrobial activity, antibiiim activity, stability and selectivity cauld all be
objectives of the design ofr@ew peptide variant. However, if he develgoment isdone
in an iterative fashion somebgectives should be a higher priority earlier in the
development processor naturally derived AMPs such asSnp24, truncation of the
structure could be an ideal firstep for multiple reasons.

Firstly, shortening the size die peptide sequence cauld significantly reduce the st
of synthesising new analogsidng the develgpment process.Lnear AMPs are often
produced via solid phase pegé synthesis during the develgpment process asit is
relatively easy and allows f@eamlessinclusion of different modifications. However,
as the length of the peptidencreases each addtional residue will reduce the yield,
increase the synthesis timend likely conplicate the purification process(214). Thus,
on a limited budget a smallgreptide scaffold cauld mean that a larger number of
structural modifications codlbe explored.

Secondly, during the early stagef the drug discoveryprocessnew andogs also play a
key role in the continued prossof expandng the understandng of the SMRand SAR
The removal of residues cée a veryuseful tool for this purpose. Cuting aut a
residue can in some instances giveuts that are eader to interpret conpared with a
residue substitution where the salue still exists but hasits properties are changed.
However, the effect of a truration is also dependent on the position of the residue
within the sequence, so thepgroach must be used carefully. If truncationsare utilised
both carefully and efficiently hey @nallow for the ewaluation of the
importance/function of an entirestructural regian at once, providing medanistic or
activity-based information rare clcsely relted to the higher order structure of the
peptide.

Lestly, for the later stages afevelgopment in an iterative design processit canalsobe
an advantage to have a smaller more efintipeptide scaffold. Having fewerpossble
modification sites can speeag the develgoment processand further reduce the
number of new analogs that nddo be designed, synthesised and evaluated. For a
larger peptide there is a greateskiof timeand effort being spent on modifying
residues or regions of the pedé which in the end do not have that large ofanimpact
on the activity of the peptide

Furthermore, truncating th@eptide during develgpment canalso improve the

properties of the final drug cadidate. Asmaller peptide agent could potentially be
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improved in terms of productio costs, formulation ease and in relation to its

pharmacokinetic properties.

While the primary olective ofany drug design processis to improve the propertiesof
the drug lead in some regardssecondary objective salso to do it asefficiently as
possible.This can primarily belone by trying to ncrease the successrate of the newly
designed analogsThereby, he total number of andogs needed to conplete the
development process can bedweced, also leading to reduced synthesis cost and less
time spent on then vitro evaluation. One of the mast effectiveapproaches for
achieving this is via computeided drug design, leading to two keyadvantages.
Firstly, using computational miedds potential drug anddates andandogs can be
screened against a targéihis can be used to predict whether a specific molecle
would likely be active or notral thereby the number of potential drug moleailes can
be narrowed down to a more amageable number for the in vitro evaluation stage.
Secondly, computer modelaicalso be used directly in the design process.
Viaualization of the 3D structure ohé base moleale andandogs canhelp the
researcher envision the speteffects of madifying the structure ofa molealle. With a
rational approach to the drudesign, a largedegree of he processisa creative
endeavour trying to solve aomplex 3Dpuzze in the mast efficient way possble.
Having tools to aid in this prossis critical to achieving an efficient drug design
process and forploring the &rge range ofposgbilities.

Therefore, a secondary gxtive of his chapter isto explore whether the MD
simulations developed in thgrevious chapter cauld be used in the conputer aided
drug design of new AMPs.Mle the base simulation does not conveyany direct
predictions related to the patide induced pore formation, it should still be able to
produce consistent and quantiile resuts related to the inserted state of the
peptides. These two factorsre a critical prerequisite for the ability to use the madels
to compare and evaluate diffené designs. In addtion, several response variables such
as the insertion deptti215)and the degree ofhelical structure (216) could still be
potential predictors of the pore for@tion properties even though a direct reltionship
is not established within the nuel itself. Lagly, it is well established that pore
formation is a concentration geendent processand thereforeby optimising the

relative binding energy betweethe peptide and the bilayer the thermodynamic
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equilibrium could be shifted toardsa greater degree of nserted peptides, indirectly

reducing the peptide concerdtion needed to induce pore formation.

6.2 Results and discussion

6.2.1 ®lection of truncaton targets

The first step of the truncaiin processis to identify which residues/regions of the
peptide could be a potentialarget for truncation or which most likely needs to be
conserved in order to retainhie activity of the peptide. The mast optimal approach
would be if the truncations add be performed based on the previoudy described
structural regions. Adopting a regid rather thana residue-based view of he peptide
would better allow for the tuncation of multiple residuesat a time and thusit would
take fewer steps to reach the mimum peptide size. To do this, a selectset of results
from the previous chapter asreandysed with the purpose of conparing each of the
structural regions (table 6.1). Al resuits werebased on the period where the
peptides were fully inserted whin the bilayer. The average helicity for each residue
was calculated and again aagred for the residues within each regian. The mean
distance of each region to the miee of the bilayer was calculated by fitting the density
profiles using Gaussian digtution. The rektive cantributionsto the total binding

energy were calculated bag®n the per-residue deconposition andysis.
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Table 6.1 Overview of key properties of the different structural regions of Smp24 based on
the simulations from chapter 5.

Mean distance

Rebktive

contribution to

Rebktive

contribution to

Average helicity total binding total binding
from bilayer
(%) energy wih the | energy wih the
centre (nm) S _
neggtive bilayer | neutral bilayer
&0 {0
Primary hek 83.84+1.12 1.251 + 0089 88.62 + 032 51.63
Secondary heti | 29.33+ 14.38 1.340 £ 0072 1.62 £ 014 5.12
Glycine linker | 1.26+£0.75 1.856 + 0009 0.96 £ 019 3.53
Tail 1.40+0.29 2.544 + 0089 8.80 £ 016 39.72

Based on broadly recognized tnelsrelated to the SAR of AMBone wauld expect

regions with a high helicity, dpensertion level,high energy catribution anda

selectivity towards the negativiglayer tobe the mast critical for the peptide's activity.

The primary helical region facgies all these demandsandisalso cangstently better

than all the other regions in evenategory, often by a largeamount. Thisisa clear

indication that this region shuld asa starting point be canserved in any truncated

designs.

While the secondary heliisoverall helical it is to a much lesser degree hanthe

primary helk. Some of this idue to the greater variabhility in the type ofhelical

structure, switching betweealphahelical and 3-10 helix throughout the simulations.
Another reason is the phel7sidue which often adopts a random coilstructure. The
region is positioned slightlyither from the bilayer centre than the primary helixbut
has a much lower energy conlrition due to its smaller size and lack ofany ctionic
residues.The selectivity of the regiois towards the neutral bilayer type asmost of its
energy contribution comesdm hydrophobic interactions which have a larger relative

impact on the binding with tha@eutral eukaryotic mimickng menbrane.
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The tail region is both nehelical and positioned over 1nm further away from the
bilayer centre than both hela regions. However, itdoes have a greater impact on the
binding energy than the sendary helix. Based on the dhosen lipid conpositions of the
two bilayer models the selectivitg strongly towards the neutral bilayer, howeveras
mentioned previously memianes for bacteria such asE.colialso cantain a large
amount of PE lipids so in realityet tail regians effect an the selectivity midnt be more

complex.

Based on the previous obseations, the main role of the glycne linker regio seems o
be as a spacer between the higpolar tail and the amphiphilic helical regians which
need to be positioned differgly in the bilayer. Therefore, \alues such asits helicity
and binding energy contributioare probably lessimportant for this regian. Sll, it has
a low helicity, high distance frormhé bilayer centre, low energy cantribution and low

selectivity towards the negativalayer.

In addition to the regiosbasal andysis from table 6.1, some ganeral observations
from the last chaptefp MD sinalations werealso cansidered when choosing the
truncation targetsThe primary helical region seemed to play the mast significant role
during the insertion process, witresidues asfar aslysl11 taking part in the initial
stages, while the other regins did not consistently contribute. The rektive position of
the residues within the regiois critical, so truncating any of them cauld either
interfere with the initial anchorig of the N-terminal or shift the rektive helical
position of the lysine residugesupporting the N-terminal inserted configuration. In
addition, other residues neahé N-terminal such asphe4 andser3 also seemed to aid
in the anchoring of the Xerminal, a further indication that truncation cauld inhibit
insertion.The other regions oftte peptide cauld likelybe either fully or partially

truncation without affecting he insertion processgrestly.

The concentration dependent effexof the peptide on the macroscopic properties of
the bilayer stemmed from thbending of the lipid acyl tails to accommalate the
helical regions of the peptiddhus truncating the tail and glycne linker regissnot
positioned near the lipid chagwould likelyhave a minimal influence an these effects
In addition, due to the smallesze and reduced insertion depth the effect of he

secondary hekwould probablyalso be smaller thanthat of the primary helix.
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During the stabilisation of the tordal pores by the peptide, the primary and
secondary helical regionsag seem tohave the mast critical role. It is these regions
that can adapt to the curvature ohe pore lumen/interface providing stahility to the
structure and ensuring that gtays open for a longer time The kink between the two
regions seems important fohé peptides ahility to adopt its favourable pore
associated configurations atlow peptide to lipid ratio. Howeverat higher peptide to
lipid ratios where deeper insertioof the peptide into the pore lumen can be achieved,
the shape of the peptide indates that the kink might be lesscritical. Thus it isnot

clear if the secondary helisnecessay for pore formation or not.

Based on the totality of these loservations the following guidelines for the truncation

process were made:

Full or partial truncatim of the primary helix between residue 1-11 should be
avoided

- Rull truncation of thesecandary helix cauld be done

- FRull or partial truncatio of the tail regian cauld be done

- Rull truncation of the glycie linker regio could be done if its role asa spacer

region is no longer nessay

6.2.2 Truncatin design

Since multiple different truration targets had been identified, an iterative approach
was adopted with the opective ofdesigning the smallest active andog possble. As
such, the truncation was dona a stepwise fashon, with in silico evaluation of each

new analog before the ne truncation step wasapplied.

Traditionally truncations wald be done at one of the terminal ends of a peptide as
this does not affect the relative der of the individud residues in the primary
sequencelruncating a regio in the mddle of a peptide would generally be more
complicated as it has a greatelnance of inpacting the properties and behaviour of
the rest of the peptideHowever, tuncation of the central secandary helical region
was still chosen as the first gban the truncation process.This was mainly done to aid
in the validation of the MD siatationsasa drug discovery tool If a difficult design

challenge such as the truncatiof a central regian can be done succesully it would
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provide greater confidencenithe output of the simulationsasthey rehte to solving
more simple challenges suelsingle residue subgitutions.

One of the challenging aspedaif this truncation wasthat this regian represents the
transition point between thénelical andundructured parts of the peptide. Therefore,
there is a risk that removindpis regian cauld significantly affect the structure,
orientation and position of the & of the peptide. It is therefore inportant that the
secondary structure and oriestion of the primary helix snot disrupted by moving
the transition point.Furthermore, the position of the tail regian among the lipid
headgroups should also be rgerved, which again is verydependent on retaining a
correct transition betweenhe two types of secandary structure.

To try and achieve this the tneated regim of the secandary helix wasshifted slightly,
removing residues 136 rather thanresidues 14-17 (residues previoudy designated as
the secondary hefl). Qutting 4 residues removes approximately one helical rotation
which is the size of the secdary helix The regio of truncated residues wasshifted
by one residue to allow fortte canservation of the phenylalanine residue at the erd of
the secondary heli(previots position 17,now 13).

Another key part of this truration step wasthe remonal of the proline residue and
thereby the kink in the overalielical regian. This wasdone aswithout the secondary
helix there is no longer any nedor a residue inducing a kink, at leas not at the 14"
residue position.

As such the 2@esidue long pptide Smp20 wascreated (table 6.2).

The second iteration of theuncation processfoaused on the tail regian of the
peptide. A partial truncatiorof the tail region wasdone to elimnate the lag two
residues in the sequence, tlspatic acid and the Cterminal serine. This truncation
thereby removed the two redues responsble for the unfavourable energy
contribution when binding to he negative bilayer. However, he two lysine residues
responsible for strong eleaistatic interactions with the bilayer werestill conserved.
This led to the creation of the 18gidue long peptide Smp18, which hasan overall

charge increase from3 to +4 conpared to the previous peptides (table 6.2).

Lestly, in the final iteration lhe glycne linker region wastruncated, autting the peptide

down to almostjust the prirmary helix. The tail regian wasalso further truncated by

one of the lysine residues, wiit thereby being so small that it wasdeemaed that the
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glycine linker region would nongerbe necessay. The new position of the final tail
lysine residues would now Isamilar to the lysine residues of the primary helix nstead.
In addition, as the position ohé anionic dharge of he Cterminal would now be
moved much deeper withirhe bilayer, it wasamidated to elimnate the negative
charge.This also retains the tat charge of he peptide at +4 similar to the lag
iteration.

Thus, the smallest truncated jpide Smpl4a wasdesigned, which is 42%smaller than
the original parent peptid&mp24.

In addition, before the truncatiostrategy wasfully develgped one peptide (Snp21)
was created and modelled whichelped in the processof creating the full set of

truncation guidelines.

Table 6.2. Overview of truncated peptides.C-terminal amidation not accounted for in
calculations.

Name | Sequence Number | Mw Chageat
of (9/mol) pH 7
residues

Smp24 | IWSFIKAAKLIPSEGGGK 24 257806 |3

KCs
Smp2l | IWSFIKAAKLIPSGGGKK 21 220264 |4
S

Smp20 | IWSFIKAAKLFGGGKK®D | 20 216755 |3

Smpl8 | IWSFIKAAKLFEGGGKK | 18 196538 |4

Smplda| IWSFIKAAKLK-NH 14 166507 |4

6.2.3In sili® modelling

The primary simulations uddo aid the design processwere the bas bilayer
simulations (DO@DOPG) and it asbased on the ewaluation of each of these
simulations that the iterativelesign processwasimplicated. Abase simulation time of

500ns was used as in all caslis tvaslong enough to ensure full insertion of the
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peptide into the bilayer. In oneimulation (bpgl4a 1) anaddtional 10ns were added

to the simulation as the time taifi insertion happened relatively kte.

Following the DOEB.DOPG simlations, models werealso performed usng the
DORC.DOPE bilayer to givepassble indication of the toxicity of he novelpeptides

The simulations were analydesng the same methodsasin the previous chapter.

Table 6.3. Overview of simulations with the truncated peptides.

Number of Length (ns) Names
simuktions
Smp21with 1 248 bpg21_1
DORCDOPG bilayer
Smp20with 3 500 bpg20 (1-3)
DORCDOPG bilayer
Smp20with 3 500 bpe20 (1-3)
DORCDOPE bilayer
Smp18with 3 500 bpg18 (1-3)
DORCDOPG bilayer
Smp18with 3 500 bpel8 (1-3)
DORCDOPE bilayer
Smpl4awith 3 500600 bpgl4a (1-3)
DORCDOPG bilayer
Smpl4awith 3 500 bpelda (1-3)
DORC.DOPE bilayer,

6.2.3.19mp21- An exampleof a failed truncation effort
As mentioned previouslifmp21 wasdesigned before a concrete truncation strategy

had been fully formulated, aftough it can serveasan example of what a failed
truncation attempt could look likeThree residues were truncated relative to the
parent peptide Lleul6 and Rel7 from he secandary helixand Asp23 from the tail
region. Asp23 was a clear target fourtication due to its negative charge and the

removal ofLeul6 and Phel7 asanattempt at truncating the secandary helix without
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removing the proline residu@sits purpose in shapng the direction of the

unstructured region of the gatide wasnot clear yet.

The truncated peptide was sutated with a DORZDOPGoilayer for 248nsand the
following observations were ade.

While the starting structuref the peptide included analphahelical region from r1-12
the end close to the truncatio(r9-12) loses much of the helical structure over time
(figure 6.1A)Like the other ungtructured regians of the peptide this previoudy helical
region does not fully insert intde bilayer but rather lies on the surface, shifting the
partial density profile of the gatides away from the core of he bilayer (figure
6.1B&C). While the helical part ohe peptide is till inserted, it isnot asdeep andat a
steeper angle (20.18 11.05 degres) conpared with the primary helical region of
Smp24.

All the observations are cleardicators that the truncation effort wasunsucesgul
and deliberate changes in tharther truncations were made to ensure helical stability

and complete insertion.

Figure 6.1 Overview of the Smp21 DOPC:DOPG simuladignsecondary structure over time,
B = Partial density after insertion, C = 3D structure of the inserted peptide.

6.3.2.3 Bilayer insertion of theuncated peptides
The insertion mechanism of theutncated peptides generally follows the medanism

outlined for Smp24. In most ases the insertion processcauld be separated into the
previously defined stages, &l on the peptide position and orientation asseen in
table 6.4.

In the simulations with the DA OPGoilayer full insertion wasachieved for all the

peptides except for the bcg20_2imulation, where anly partial insertion wasachieved.
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This was due to loss of the halistructure between residue 11-13, @usng these

three residues to adopt a lesnserted canfiguration.

Greater variability can be sedor the insertion into the DORZDOHREDilayer. In 5 d the
simulations the peptides onlchievesuperficial interactions with the bilayer surface
and in 2 of those the interactisare only intermittent with the peptide ending the
simulation period in solutionather thanbeing as®ciated with the bilayer. However,
for all the truncated peptidefull insertion into a DORZDOME bilayer wasachievedat

least once.
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Table 6.4 Overview of the insertion process for the different simulations with the truncated
peptides.

Simulation | Overall Insertia | Initial N-terminal inserted | Rotation | Inserted
name level lag / superficial

period interactions

bcg20 1 Rull 0-5 511 11-95 95-500
bcg20 2 Partial 0-21 21-155 155220 | 220-500
bcg20 3 Rull 0-10 10-160 160-240 | 240-500
bce20 1 Full 0-20 20-365 365440 | 440500
bce20 2 Quperficial 0-120 120500 na na
interactions
bce20 3 Full 0-8 8-13 13105 | 105500
bcgl81 Full 0-26 26-85 85180 | 180500
bcgl82 Full 0-8 8-30 30-150 | 150500
bcgl83 Rull 0-15 15-255 255330 | 330500
bcel8 1 Quperficial 0-270 270500 na na
interactions
bcel8 2 Full 0-35 3585 85-140 | 140500
bcel8 3 Quperficial 0-340 340500 na na
interactions
bcgldal | Full 0-2 2-415 415470 | 470600
bcglda? Full 0-5 5-17 17-100 | 100500
bcgl4a3 Full 0-45 45195 195250 | 250-500
bceldal Intermittent Na na na na
superficial

interactions

bcelda? Intermittent Na na na na
superficial

interactions

bcelda3 Full 0-120 120270 270-320 | 320500
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6.3.2.43ructure, orientationand positioning in the DORZDOP Goilayer
The secondary structure of theuimcated peptides is relatively cansistent when

inserted into the DO@DOPGoilayers (figure 6.5). A catiguousalphahelix spannng
from residue 113 can be seen fall the peptides with some \ariable lossof structure
near either the beginning ortie end of the helix in individua simulations. The variable
region after residue 13 has arwstent random coilstructure throughout all the

simulations.

The 3D structures of the fullgserted canfigurationsare also cangstent, with
representative &amples show in figure 6.6. In all smulationsthe helical regian is
oriented very close to parallel viitthe bilayer, with the average angle rekbtive to the
bilayer surface in most caséging lessthan 5degrees (table 6.5). Only inbcg20 2 is
the average angle above tégrees, however hisisalso the only smulation where
insertion is only partially achiedeThe helical regian isin all cases inserted the
deepest into the bilayer, in gimilar position to the primary helical regian of the parent
peptide. Some variation in the rekive position is seen between the replica simulations
but no overall consistent differee @n be seen between the different peptides (figure
6.7).

For Smp20 andSmp18 the wstion and orientation of the glycne linker and polar tail
regions are also agected. h both cases the polar tail regian is mainly positioned
among the lipid headgroups, Wito discemible difference n the positioning between
Smp20 and the parent pepie. The truncation of Aspl9andSer20 n Smpl8 aly
affects the part of positional dribution furthest from the bilayer core, wih the tail
region no longer being positied partly in the solution phase.

The glycine linker region hascongstent position between the tail regian and the
helical region, both when coparing the truncated peptides and the parent peptide.
The 3D structures reveal thdte transtion between the helixand random coil
happens when the local hebtrotation points away from the bilayer coreallowing the
glycine linker and tail region toe oriented tangentially to the bilayer surface.

While the final residue oBmpl4adoes not adopt a helical structure and thus cauld be
characterized as the remainder dfet tail regian, its small size necesstates that it

follows the curvature of théelixand thusdo not have nmuch positional or
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orientational freedom.

Figure 6.5 Secondary structure of the truncated peptides over time in the DOPC:DOPG
simulations.A-C = Smp20, D-F = Smp18, G-I = Smp1l4a. Pink indicates alpha-helix, blue
indicates 3-10 helix, green indicates turn, yellow indicates isolated bridge and white indicates
random coil.

Figure 6.6 3D structure of truncated peptides inserted into a DOPC:DOPG biBiyer =
helical region, green = glycine hinge, red = tail, orange = lipid phosphor atoms. A = Smp20, B =
Smp18, C = Smplda.
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Table 6.5 Average angle between the primary helix (residue 1-12) and the bilayer (x-y plane),

for the truncated peptides during different periods of the simulatior'sResidue 1-10.

Simulation name

Helixbilayer angle during

Helixbilayer angle after full

n-terminal insertion insertion
bcg20 1 33.70 + 1086 2.59 + 776
bcg20 2* 39.24 + 1646 1139+ 1270
bcg20 3 50.83 + 1156 3.20 + 822
bcgl81 4789 + 1171 -2.23 £ 978
bcgl8 2 2316 + 751 4.89 + 969
bcgl8 3 3405+ 174 -6.93 + 907
bcgldal 25.70 + 898 -1.68 + 850
bcgl4a?2 -50.70 + 1240 3.29 £ 853
bcgl4a3 27.07 + 1107 0.83 £ 931
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Figure 6.7 Partial density profiles of the truncated peptides inserted into DOPC:DOPG

bilayers, with positions relative to the z-axef-C = Smp20, D-F = Smp18, G-I = Smp14a. Black

= Lipid acyl chains, Red = Lipid glycerol esters, Green = lipid headgroups with phosphates, Blue
= whole peptide, Yellow = helical region, Grey = glycine hinge and purple = polar tail region.

6.3.2.5 Interactions with the D@ OP Goilayer
To evaluate the interactionbetween the truncated peptides and the bilayer the

relative binding energies werealculated (table 6.6).

Overall, the average total bintj energy & relatively similar for all the truncated
peptides, being slightly loweihtn the average of-87.27 kal/mol for the parent
peptide. However, the energigdo vary significantly for both Smp20 and Smp18, with

the median values indicatingpdt the difference between the peptides could be
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greater than the averages sw. The outlier for Smp18 (bcg18_3 is likelydue to the
loss of helical structure neahé¢ N-terminal for thissimulation.

Looking further into the indidua energy conponents a cauple of trendscanbe
identified. Compared with theparent peptide the Vander Wads interactionsare
significantly reduced for all thgeptides, with a further reduction between Smpl4a
and the other truncated pepties. Bot the cavity anddispersion terms follow a similar
trend. The electrostatic intesctionsare slightly increased for Snp20 conpared with
the parent peptide but a muclarger ncrease ofaround 100 kal/ mol can be seen for
Smpl8 and@nplda.However, hese increases are somewhat balanced by increases ©

the polar solvation energy as well
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Table 6.6 Breakdown of the free binding energies for the truncated peptides and
DOPC:DOPG bilayer complexédl.values are in kcal/mol. * Value is significantly different
from Smp24 based on one-sided two-sample independent t-test (P<0.05).

Simulation | Van der | Electrostatic | Polar Cavity Dispersion | Delta G
name Waals energy solvation total
energy energy
bcg20_1 -140.81 + | -436.77 396.00 -113.71 | 203.84 + -91.44
12.25 26.69 22.04 +8.35 12.21 +11.70
bcg20_2 -124.42 + | -418.77 382.64 + -99.57 + | 182.29 + -77.83
11.81 29.03 24.96 10.40 15.75 +9.88
bcg20_3 -126.72 £ | -428.80 391.25 + -103.50 | 188.62 + -79.15
11.31 20.16 16.49 + 8.90 13.49 +9.61
Smp20 -130.65+ | -428.11 + 389.96 + -105.59 | 191.58 + -82.81
average 7.25* 7.36* 5.53* +596* | 9.04* +6.13
bcgl8 1 -133.67 £ | -523.47 + 478.18 + -106.48 | 194.05 + -91.40
10.55 20.01 16.22 +7.40 10.63 +10.23
bcgl8_ 2 -124.14 + | -517.89 + 471.33 -102.59 | 185.59 + -87.70
11.38 17.68 14.50 + 8.06 12.11 + 9.69
bcgl18 3 -118.32 + | -501.21 459.18 + -95.21+ | 17742 -78.14
10.66 18.95 16.01 8.26 13.08 +8.78
Smpl8 -125.38 £ | -514.19 + 469.56 + -101.43 | 185.69 -85.75
average 6.33* 9.46 * 7.86* +467* |6.79* +5.59
bcglda 1 |-115.22 + | -490.44 + 448.80 + -93.74+ | 170.34 = -80.26
9.02 14.63 12.52 6.32 9.33 +8.3
bcglda 2 |-118.16 + | -506.11 + 461.78 + -95.87 + | 174.25 + -84.11
8.96 14.78 12.09 5.61 8.15 + 8.26
bcglda 3 |-116.79 + | -509.78 £ 464.32 + -94.05+ | 170.86 + -85.45
8.35 14.81 12.30 5.35 7.78 +7.94
Smplda -116.72 £ | -502.11 + 458.30 = -9455+ | 171.82 + -83.27
average 1.20* 8.39 * 6.80 * 0.94 * 1.73* +2.20
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The pefresidue decompositin binding energies were estimated in order to
investigate to what etent the differences in the binding energies for the oveall
peptides were due to the rema¥ of specific residues versusthe truncations affecting
the behaviour of the conserdgeresidues (figure 6.8).

All the conserved cationic rekies of the truncation peptides (llel, Iys7, lysl1land
lys21) have a small but consisteenergy ncrease rehtive to the residues of Smp24
(figure 6.8A). Individually me of these increases are statistically significant, however
together they could ¥plain the oveall significant increase in the electrastatic energy
for the Smp20 peptide whiclhasthe sane oveall charge asSmp24. The positive 4G of
the anionic residues (Asp28@dSer24) wasagain slightly increased for Smp20 but of
course completely eliminagwhen the residues are truncated in Smpl8and Smpl4a,
explaining the large increasa the overll electrcstatic energy for hese peptides.
Another key observation relasgo the effect ofamidating the Cterminal. For Smp18
the Cterminal residue is mowkto one of the tail lysine residues which corresponds ©
lys22 ofSmp24.The effect of he move $a large reduction in the 4G conpared to
what would be epected forastandad lysine residue. The 4G sstill negative due to
the cationic charge of the sidéan but the unfavourable anionic dharge of he
terminal carbaylic acid stronglgiminishes the strength of the oveall interaction. Far
Smpl4a theCterminal is loated on the neighbouring lysine residue corresponding o
lys21 ofSmp24.The effect of he amidation conpletely elimhates the energetically
unfavourable interactions ohe darged Cterminal asno reduction in the 4G ocairs

for this terminal lysine residue cqrared with the other lysine residues.

For the noncharged residueso significant difference between the truncated
peptides andSnp24 were observe. lle6 s the only residue with a consistent change
in the 4G for the residue onhie truncated peptides being slightly lower than for
Smp24, although the diffenee Bnot statistically significant.

Camparing the total 4G sum of e different structural regians, the binding energyof

the primary helical region veeconsistently slightly increased for the truncated peptide.

Based on 4G of the individual re@dues this increase was mainly due to the difference

between the cationic residuedlodifference wasseen between the glycne linker

regions, &cept for withSmpl4a where the regim is fully truncated. The largest

difference between the pepdies wasin their tail regions. For Snp20 where the regbon
179



is conserved thedG was consient with Smp24, however forSmpl8 and Smplda
where the overall charge ohe regio isincreased to +1 te 4G ssignificantly
increasedThe slightly largerds forSmpl8 cauld be due to the cantribution from the

extra Cterminal lysine residue

Figure 6.8 Per residue energy contribution to the total binding energy for Smp24 and the
truncated peptides based on the negative bilayer simulatiods= Charged residues, B =

neutral residues, C = sum of structural regions. * * Value is significantly different from Smp24
based on one-sided two-sample independent t-test (P<0.05).

To further elaborate on the electsbatic interactionsbetween the peptides and the
bilayer the average number d¢fydrogen bondsand the ROFbetween the polar
sidechains and the phosphate gis were @lculated.

While the absolute numbeof hydrogen bondsdecreases with the number of residues
truncated, if agusted to a per radue bass the number of hydrogen bondsare
relatively stable and larger #n for Smp24 (table 6.7). However, oly the values for
Smp1l4a are significantly differefrom the parent peptide, with the total number
being lower (B 0.018) but theper residue number being higher (P= 0043).

The RBs show that for all theeptides, all lysine residues are positioned to allow
them to form strong electrostic interaction with the negatively darged phosphate
groups (figure 6.9)For the pobr sidechain residues, Thr10 shows very little
interaction, whileSer3 showsa peak at a similar distance to the charged groupsbut
often also a secondary pealittle further from the phosphae graups. While the first
peak indicates direct interactios between the serine sidechain and the phosphae
groups the second peak is mstdikely anartifact caused by the interaction between
the Nterminal and the phosipate graups.The secandary peak is not present for
bcgl18 3 (figure 6.9) which corrspondsto a change n the rektive position between

Ser3 and the Merminal due to Issof the helical structure.
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Table 6.7 The average number of hydrogen bonds once the truncated peptides were fully
inserted into the DOPC:DOPG bilayers in absolute and per residue numb¥iaue is
significantly different from Smp24 based on two-sided two-sample independent t-test
(P<0.05).

Simulation name Hydrogen bonds Hydrogen bondsper
residue

bcg201 11183 + 2735 0.559

bcg20 2 8.772 £ 2299 0.439

bcg203 8.387 + 2549 0.419

Smp20 average 9.447 + 1237 0.472 £ 0062

bcgl81 7.956 + 2356 0.442

bcgl82 9.576 + 204 0.532

bcg18 3 6.959 + 2156 0.387

Smpl8 average 8.164 + 1078 0.454 + 0060

bcgldal 6.053 + 2124 0.432

bcgl4a?2 7.023 + 1936 0.502

bcgl4a3 7.362 + 1988 0.526

Smpl4a average 6.813 +£ (655 * 0.487 + 0040*

181



Figure 6.9 Radial distribution functions between select polar sidechain atoms of the

truncated peptides and the phosphate groups of the leaflet of the bilayer that the peptide is
interacting with, while the peptide is fully inserted into the bilayeA = bcg24 1, B =

bcg24 2, C=bcg24 3. Black = N-terminal, red = Ser3, green = Lys7, blue = Thr10 and yellow =
Lys11, violet = Lys17 (Smp18 and Smp20), cyan = Lys 18 (Smp18 and Smp20), brown = Lys14
(Smp1l4a) and grey = C-terminal amide (Smpl4a).

6.3.2.6Sructure, orientationand positions in the DOR.DOHREbilayer
As mentioned earlier, the insertioof the truncated peptides into the DOR.DOPE

bilayers was much less cog®int. For Snp20 and Smp18 there sa clear correktion
between the simulations wherasignificant lossof the helical structure ocarred and
only superficial interactions vhtthe bilayer wereachieved (figure 6.10). Interestingly,

this correlation is not as clear f@nmpl4a where lessof the secondary structure isonly
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seen towards the very end dfi¢ simulations. The retention of the helical structure
might be the reason why irhése simulations the superficial interactions were anly
intermittent.

In the cases where full inseriavasachieved the secondary structure wassimilar to
that of the peptides insertechithe DOR.DOPGoilayers, excet for the bcelda 3
simulation where some loss helical structure wasseen near the Cterminal.
However, taking the observaties from the other insertionsinto accaunt this is likely
just some structural variatiom ithis specificsimulation rather thana repeatable

structural difference basedmthe bilayer type.

For further evaluation and coperison between the insertion structures in the
different bilayers only the siatations where full insertion wasachieved wereused.
As seen in figure 6.11 the 3Ductures of the truncated peptides inserted into the
DORC.DOPE bilayers are vesiyilar to in the DOR:DOPGoilayers. The helical regbns
are oriented in parallel with theilayer suface with anangle ofbelow 10degrees
(table 6.8).The angle is slightlgigher for Snpl4a thanthe others, however thisis
likely due to the gtra random coiktructure near the Cterminal. However, m most
cases the position of the helat regian is further from the core of he bilayer thanin
the DORZDOPG bilayers (fige 6.12). Cbservations related to the glycne linker and
polar tail regions are in genarsimilar asto with the DOR.DOPGbilayers. However,
like for the parent peptide the min difference between the two bilayer types seems
to be that the positional disthution of the tail regian, that is much tighter in the
DORC.DOPE bilayer althoughis is only the case with the full-size tail region. For the
truncated tail region o8np18 te positional distribution is slightly broader in the
DORCDOPE bilayer.
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Figure 6.10 Secondary structure of the truncated peptides over time in the DOPC:DOPE
simulations.A-C = Smp20, D-F = Smp18, G-I = Smpl4a. Pink indicates alpha-helix, blue
indicates 3-10 helix, green indicates turn, yellow indicates isolated bridge and white indicates
random coil.

Figure 6.11 3D structure of truncated peptides inserted into a DOPC:DOPE biklyer=
helical region, green = glycine hinge, red = tail, orange = lipid phosphor atoms. A = Smp20, B =
Smp18, C = Smplda.
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Table 6.8 Average angle between the primary helix (residue 1-12) and the DOPC:DOPE

bilayer (x-y plane), for the truncated peptides after insertion.

Simulation name Helixbilayer angle after full
insertion

Bce201 -0.36 + 750

Bce203 1.07 + 810

Bcel82 3.10 + 826

Bcelda3 9.78 £ 1159

Figure 6.12 Partial density profiles of the truncated peptides inserted into DOPC:DOPG
bilayers, with positions relative to the z-axeé. = bce20_1 B = bce20_3, C=bcel8 2,D =
bcelda 3. Black = Lipid acyl chains, Red = Lipid glycerol esters, Green = lipid headgroups with
phosphates, Blue = whole peptide, Yellow = helical region, Grey = glycine hinge and purple =
polar tail region.
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6.3.2.7 Interactions with the D@ OHREDbilayer
The total relative binding energyielatively similar for the truncated peptides in the

DORCDOPE bilayer as well fla 6.9). Snpl4a deviates somewhat from the others,
but the slight misfolding mig have nfluenced this. Oveasll, the rektive binding
energies are in all cases lekan half of what wasfound for the DOR.DOPQoilayers

The Van der Waals energiasd both non-polar solvation terms all follow similar
trends as was observed for the DOPOP Goilayer malels. However, he electrosttic
and polar solvation energiese both relatively smilar for all the truncated peptides,

unlike what was observed vhithe other bilayer.

The number of hydrogebondsbetween the peptides and the bilayer follow the same
trends in the DOGDOPE halyerasfor the DOR.DOPGoilayer, with a stepwise
reduction in the absolute nuber but a relatively stable number of hydrogen bonds
per residue (table 6.10However,both numbersare in general lower conpared with
the DORZDOPG bilayer model

The RBs show that all the psitively dharged amine graupsare still involved in
interaction with the lipid phoghate groupsalthough in general the peaks as®ciated
with the lysine sidechains asmaller thanfor the corresponding DOR.DOPG
simulations (figure 6.13Yhe Nterminal amine still seems to form the mast consistent

interactions, while the unchargipolar sidechainshave the lowest interactions.
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Table 6.9 Breakdown of the free binding energies for the truncated peptides and DOPC:DOPE
bilayer complexesAll values are in kcal/mol.

Simulati | Van der Electrstati | Polr Non-polar | Erergy Delta G
on Waals C energy solvation | solvation | dispersion | total
name energy energy energy

bce20 |-117.26% -68.50 + 66.09 -96.48 + 17712+ |-39.02 +
1 10.56 18.10 15.35 8.50 11.88 9.19
bce20 |-120.25+ -72.39 6853 + -97.32 18011+ |-4131+
3 10.54 19.96 16.77 9.01 14.42 8.28
bcel8 |-114.71+ -65.65 * 6273 + -9147 + 16848 + | -40.62
2 11.46 15.49 12.66 8.70 13.54 9.29
bcelda | -97.57+ -62.26 58.83 * -79.63 £ 14619+ |-3443+
3 10.12 12.48 9.96 7.00 12.07 7.34

Table 6.10 The average number of hydrogen bonds once the truncated peptides were fully
inserted into the DOPC:DOPE bilayers in absolute and per residue numbers.

Simulation name Hydrogen bonds Hydrogen bondsper
residue

bce201 7.807 £ 2599 0.390

bce20 3 8.095 + 3100 0.405

bcel8 2 6.412 + 2548 0.356

bcelda3 5.640 + 2161 0.403
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Figure 6.13 Radial distribution functions between select polar sidechain atoms of the

truncated peptides and the phosphate groups of the leaflet of the bilayer that the peptide is
interacting with, while the peptide is fully inserted into the bilayeA = bce20_1, B =

bce20 3, C=bcel8 2 D = bcelda_3. Black = N-terminal, red = Ser3, green = Lys7, blue = Thr10
and yellow = Lys11, violet = Lys17 (Smp18 and Smp20), cyan = Lys 18 (Smp18 and Smp20),
brown = Lys14 (Smpl4a) and grey = C-terminal amide (Smpl4a).

6.3.3Camputer aided drug design of the truncated Smp24 variants

The first line of concern whenuncating a peptide is to not to lose the activity of the
parent peptide. Due to the werstandng gained regarding the behaviour of Smp24 n
the previous chapter compaans cauld be made between it and the truncated
variants.The properties of the coeserved regiansin each design iteration could be
compared with those of theparent peptide to ensure aspects such ashelicity, nsertion
depth, interactions and bindingrergydid not change for he new designs. If these
properties did not change, it astaken asan indication that the truncated peptides

would likely also inherit thergimicrobial properties of the parent peptide in vitro.
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This computational evaluation dfi¢ new peptides could be done during the design
process, allowing for partiablidation of the different design iterations without
synthesis andh vitro evaluation. Thus all three andogs and parent peptide cauld be
synthesized and evaluatead vitro at the same time,savzing manths conpared to a true

step by step iterative approac

The first iteration in the trunation processwasthe design of Smp20, which focused on
truncating the secondary heli®s mentioned in the design section, the position of the
secondary helical region ihe centre of the peptide introduced some addtional
concerns during the design prosgaswithout the presence of he secandary helix the
transition from helical to random catructure is shifted. This cauld potentially greatly
affect the behaviour of the amerved regians of the peptide, an both sides of the
truncation. An @ample of ths is the failed initial attempt at truncating the peptide,
Smp21. In this case the transitidid not ocaur correctly, wich led to a disruption of
the back part of the primary helibaasng it to partially unfold andno longerbe
oriented correctly relative tohe bilayer.

2 key observations were lezad from this failed truncation attempt:

Firstly, when truncating the sendary helix, the proline residue needed to be
removed.The inclusion of g@roline residue in an AMP nust be verydeliberate due to
its intrinsic ability to disrupthte helical structures. The kink it induces in the peptide
backbone can be utilized tmuotrol the rektive orientation between different regions
of a peptide.This can be done whin a helical regian without completely dianging the
secondary structure, as the halstructures on each side of the proline limithow
large the structural fluctuatio induced by the flexbility of the knk canbe. However, fi
the proline is present betweaea helical andungructured regian the disruption of the
helix is likely only going to be aserbated. The high flexbility of the ungructured
region is already going to ssthe back end of the helical structure, with the proline
residue further limiting the nutmer of structure stabilizing hydrogen bondsthat can be
formed between the peptiddackbone. Therefore,alternative approaches should be
used to ensure the correct omgation between helical and random coil regios.
Secondly, anchoring of thends of the helical region seemed key for retining the
correct orientation while insertd in the bilayer. With the tail regian being both

unstructured and positionedufther away from the core of he bilayer it anto some
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extent pull on the back endfdhe helical regian causng it to adopt a tilted/partially
inserted orientation event if isilessfavourable for the helical regian by itself. The
truncation of the secondary helishanges the endpoint of the helical regian which @an
disrupt the anchoring, with theroblem potentially being even further exacermated by

the tail region making up an emndarger proportion of the total number of residues

Based on these design obseations the succesgulnessof the truncation of Smp20 was
evaluated based on three critexi

Firstly, the transition betweethe helical regian andungructured tail must be efficient
with the correct relative orietation between them. To do so a schematic of the
structure ofSmp24 while insertd into the bilayer wasdrawn and it wasimagined how
it would look without the seandary helix (figure 6.14). In both cases, the primary helix
forms a consistent structure hyg flat at the bottom of the drawings. Both schematics
also have a similar position oh¢ tail regian in the top right of the structures. The tail
regions are shown with a aalr gradient to represent their moredynamic position
among the lipid headgroups otvary to the morestatic position of the primary helix.
Smp24 also contains the sewary helix that canadap a range of orientations relative
to the primary hek depending an the angle of he kink. The glycne linker region
connects the end of the secadiary helix with the tail regian but asthe length of the
linker region is static, the spa mugt be variable in order to accommalate the
different orientations of the seawary helix. When the secandary helix s tilted
upwards the linker region is not very effisiehowever itstill needsto be long enough
to ensure that the link can oaccorrectly when the helix s tilted down. For the
truncated peptide the dynamicature of the linker regia isno longernecessay. The
structure could instead be dgned around a single orientation of the linker regon
and as the horizontal positioof the tail regian isnot critical, the most efficient
orientation of the linker regin would be tangential to the bilayer creating a direct link
between the hek and tail regios.

To achieve this orientation ohe glycne linker regia the helical rotation of the
endpoint residue in the helical regiovasused. Due to the amphiphilic separation of
the residues in the helical regipthe rotational orientation of the helix rehtive to the
bilayer surface is restricted onche peptide is fully inserted with a specificside o the

helix always facing away fronhé bilayer core This meansthat depending an at which
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residue the transition to therker regio ocars the orientation of this transtion point
relative to the bilayer can vary daty. The 13" residue wasdeliberately chosen to be
the endpoint of the helical regrmoin the truncated peptides asthis led the end of the
backbone to be oriented directhading away from the core of he bilayer. Therefore, if
the linker region was to stattere andadap a relatively straight configuration it would
be oriented tangentially to theilayer suface. The 13" residue position ended up
being the last residue desigied to be part of the primary helix n Smp24, however f
that was not the case the tncation would still have been conpleted at this position
as it was accounted for in theuncation guidelines that a partial truncation cauld be
done of the primary heki after the lag lysine in the 11" position. The 3Dstructures
from the simulations 08mp20(and Smp18) show that this criterium was met (figure
6.6). Due to the more variable ontion of the tail regian the orientation of the
glycine linker region is not afwys straight and thereby not conmpletely tangential with
the bilayer surface, which migsuggest that the length of the linker itself also coutl
be reduced without affecting stfunction. However, lookig anly at the first of the
glycine residues its orientain is cangstently pointing away from the bilayer centre
which was the core aspect die design objective

The second criterium was thatd behaviour of the primary helix should not be
disrupted by the truncation. A keaspect in achieving this wasto ensure that the
orientation of the fully insertd regian was conserved. This wasdone by shifting the
truncation window by one redue such that the final residue of the secandary helix
(position 17) replaced the final sielue of the primary helix (position 13). The 17
residue ofSmp24 is the largéydrophobic residue phenylalanine which cauld serve the
function of helping to anchoihe end of the helix within the bilayer vaodownwards
pulling hydrophobic interaadbns with the core of he bilayer. In Smp24 krge,aromatic,
hydrophobic residues sucls phenylalanine and tryptophanare only present near the
end and beginning of the hebtregians which cauld speak to them having this
function. This is the same forhe structurally related peptides Pandnin 2and Con10
and thus could further suggeatcomma anchoring motif. In addtion, the per-resdue
decompositional analysis afi¢ binding energysuggests that the energy cantribution
of a phenylalanine residue isaut twice that of a leucine residue, showing how it
would be more suited for thanchoring role Based on the orientation of the inserted

helical region oBmp20 (and SW18) the anchoring was mostly successul. In maost
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simulations the hekwas orieted in parallel with the bilayer surface and positioned
with a similar partial densitgrofile aswith Smp24. The only simulation where this is
not the case is in bcg2@. In hissimulation the end of the helical regian isboth
partially unfolded and not fullynserted into the bilayer. It is more likely hat the lack
of insertion is due to the paul unfolding rather thana lack ofanchoring, but it still
highlights that the transition regiois still susceptible to structural disruption even
without the proline residue. fiis problem cauld potentially be somewhat diminished
by truncating the tail such akne with Smp18, but otherwise it is difficult to imagine
how it could be solved withoudoing any amino acid subgitutions. The andysis of the
interactions between the priary helixand the bilayer also indicates that the
behaviour is conserved fror@mp24. The RFsshow that all the dharged interactions
with the lipid phosphate gragusstill ocaur which is supported by the binding energy
calculations. Interestingly, theer-residue deconpositional energyandysis indicates
that the interactions stemnmg from the ctionic residues of the primary helixare
slightly stronger for the trurated peptides conpared with Snp24. This cauld be a
downstream effect of remowig the secandary helix allowing the primary helix to
adopt a slightly more favoubde position/orientation in the bilayer. For Snp24 the
exact position/orientation is likelgependent on what is the mast optimal for both
helical regions at the same timehereasin the truncated peptides there s more
freedom to optimize it for therimary helix leading to the cansstent improvement n
the electrostatic interactionsAslight shift in the orientation of the primary helix s
further indicated by a consistie reduction in the energy catribution of lle6 n all the
truncated peptidesThis is thehydrophobic residue that is positioned the furthest up
the side of the hek towards te lipid headgroupsand thuswould likelybe the first
residue affected by a realignmeof the helix's rotational orientation. Oveasll, the
simulations indicate that the tmcation could potentially disrupt the back end of the
primary helk somewhat but nder ideal conditions the interaction might actually be
slightly improved.

Finally, the last criterium wagdt the truncation should not disrupt the behaviour of
the tail region. Due to this regids random coilstructure and relatively large positiona
flexibility (especially in the netjve bilayer) this waslessof a cancem, so no addtiona

design decisions were impleméed in order to achieve it The partial density profiles
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and energy contributions of theail regian is congstent with what wasprevioudy

observed forSmp24, so this criteum wasalso deemed to have been achieved.

Figure 6.14 Schematic comparing the structural design of Smp24 and Smp20. A = Schematic
of the structure of Smp24 while fully inserted in the bilayeB.= Proposed schematic of what

the structure would look like for Smp20. Blue = primary helix, purple = secondary helix, green =
glycine linker, red = tail region.

GCompared withSmp20 the daign of the next truncation iteration was much simpler.
The focus was on removinget potentially unfavourable residues from the tail region
which happened to be positieed asthe two g residues of the peptide sequence
making the design dinpl18 verystraight forward. Sill, two criteria for a succesgul
truncation could be formulate.

Firstly, the position of the tail regishould become more efficiet. The partial density
profiles for the tail region oboth Smp24 and Smp20 nserted in the negative bilayer
indicated that part of the tail regiowaspositioned above the bilayer n the water
phase.This part of the tail regin isnot likely to formstrong interactions with the
bilayer headgroups and is nan efficient part of the oveall peptide structure.
Truncating the aspartic acichd serine residues conpletely removael this section from
the density profiles 08mp18 while the position of the remaining part of the tail was
still conserved.

Secondly, the removal of the twosidues previoudy indicated to negatively affect the
binding energy should yielchaverll improvement in the energy cantribution of the

tail region.This criterium was oly partially achieved. While a significant increase in
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the energy contribution of thedil region asa whole wasseen, moving the Cterminal
to the lysine residue strongly deced the energy catribution of this residue. Based on
the known properties onp24and the position/orientation of the Cterminal in
Smpl8 among the very togd the lipid headgroups the negative charge of he
carboxylic acid is likely not coptetely detrimental to the activity of the peptide even if
it negatively affects the bindg energy. However, if lhe tail region wasto be movel to

a different position it might st to becomea problem.

The design oBnpl4a was more ad balancing act than Smp18. As the size of the tall
region is further reduced theationale for including the three-residue linker region
which by itself does not seem fway a large role n the peptide-bilayer nteractions
becomes lesgistifiable.However, ifboth the glycne linker region and the tail regon
were to be fully removed, theewly inproved binding energy cantribution of the
truncated tail region would be #. Therefore, he dbjective of he design wasto
truncate the regions in suchway that the desirable properties of the tail regian could
be retained without the presace of he glycne linker. Ths wasachieved in two steps.
Firstly, the three glycine resids from the linker regior and one lysine residue from
the tail region were truncate. This would dradically change the position of the last
remaining lysine residue ofi¢ tail regian. Howeverdue to the orientation of the
backbone following the final selue of helical regian, the new position and orientation
of the Cterminal lysine residue wad be rektively similar to that of the lysine
residues present in the primahelixand therefore likelynot unfavourable. The RIF
for this residue showed thate lysine side chain wasstill able to formstrong
interactions with the surrouding lipid phosphae groupsindicating that moving the
position of the residue did nonhhibit its function.

However, the truncation also naat that the position of the negatively charged C-
terminal carbaylic acid chang® While in its previous position the Ctermina might
just have had a negative iragt on the binding energy,but the new position would be
like that of the primary hetiaround the glycerol etersand lower parts of the lipid
headgroups. This is directlyoverlapping with the position of the negatively dharged
lipid phosphate groups which witt repel the negatively darged Cterminal, risking
that the full insertion into thebilayer wauld be inhibited. To tackle this, the negative
charge was neutralized by asating the Cterminal. Swch a post-trandational C-
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terminal modification is not scomma for AMB, even in nature where peptides
which do not have significaningructured regicnsnear the Cterminal such as melittin
and mastoparan have the@-terminal amidated (212, 217. The smulations indicated
that this approach was succ#al, with the primary helix of Snp14a behaving similarly
to those ofSmp24 and the other wincated peptides in terms of structure, orientation,
position and interactions. laddtion, the amidation also conpletely elimhated the
negative impact of th&€+erminal on the binding energyand thusthe design objective

was fully achieved.

During the use of the MD sinfations in the design process the doice of truncation
targets based on th@mp24 sinulations werealso further validated. The truncation of
the back half of the peptiddid not seem to inpact the insertion medtanism to a great
extent, with the same stepwge dhanges in the position and orientation ocairring for
the truncated peptides as witSmp24. N-terminal insertion followed by a helical
rotation leading to a full insertimwas observed for all simulations with the negative
bilayer, except for one wherehe insertion wasonly partial due to some lcssof the
helical structure.The timeframes for the insertion processwerealso in line with the
previous observations fddnp24. As for Smp24, the insertion into the neutral bilayer
was much less consistent, sontghg potentially exacetbated by the partial truncation
of the tail region with botfBmp18 and Smpl14a only achieving nsertion in 1/3
simulations Furthermore, in twosimulations Smpl4a only achieved intermittent
interactions with the bilayerwsface ndicating that the negatively darged
residues/terminal could plag role n sufaceattachment and thereby cauld affect the

selectivity of the peptides.

The solution behaviour of theuncated peptides wasalso cangstent with Smp24.The
main difference was that the tincations of the tail regian did start to inhibit the
formation of intermoleculasdt-bridges (partially for Snpl18 and fully for Snpl4a).
This did lead to an increasethe structural fluctuations for Snp18 in the 60%T FE
solution compared tdSmp20, especily in the tail regian of the peptides. Howeverall
truncated peptides still retairgtheir helical structure in 60%T FEeven without the

consistent cross peptide intactions.
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The very limited reduction irhe oveall binding energy for he truncated peptides
relative to Smp24 also confirmthat the primary helix wasthe main cantributor to the
binding energy. Asxpected,a slight shift towardshydrophilic interactionsbeing even
more dominant for the peptle-bilayer nteraction was observed for all the truncated
peptides, driven by removaif mainly hydrophobic residues, elimnation of
unfavourable electrostatic intectionsand the slight improvement of the electrcstatic
interactions of the cationic sidues of the helix. This shift trandates into a relatively
large reduction in the bindingnergy wih the neutral bilayer forall three truncated
peptides of 2134% compared wht the bce24 _1Smp24 simulation, potentially
indicating an improvementfahe selectivity of tie peptides. In addtion to the dhanges
to the balance between the diretiydrophobic and electrastatic interactions, a size
dependent shift in the norpolar solvation terms wasalso seen for all the truncated
peptides, favouring a smaller owal size. Initially one caild expect that the non-polar
solvation energy would be mora¥ourable for a larger peptide asbinding cauld
facilitate a greater reductiomithe solvent accessble sufacearea, but due to the
dynamic nature of the bilayehe size of the binding pocket willalso change with the
peptide size. A more accuratestenation of this effect caild potentially be done by
using a multiple trgectory MMPERA approach but factors such asthe energy cat of
dispersing lipids upon peptid@nding still complicates the binding energy etimations

for peptide truncations.

6.2.4Antimicrobial and cyatoxic properties of the truncated peptides

The antimicrobial properties ohé truncated peptides were haracterised by
evaluating their MC against aange of clnically releant bacteria (table 6.11).
Truncation of only the secoiady helical region seens to facilitate a general reduction
in the antimicrobial efficacy witSmp20 showing a twofold increase in the MICagainst
both a Grampositive and Granmegative pathogen conpared with the parent peptide.
However, with further truncatio of the polar tail regian general reductionsin the
MICs were seen for botBmpl18 and Smpl4a. In total for smpl4a, a two-fold reduction
in the MICs was seen for bbotGlam-negative pathogensanda 2-4 times reduction was

seen againsk aureus, based o the pugml values.
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All the peptides showed a Higr selectivity towards S aureus, excet for Snp20 which

has similar selectivity towardbsoth S aureusandE.coli

Table 6.11 MIC of the truncated peptides and smp¥4lues are in pg/ml with the values in
parentheses being the equivalent in pM.

Peptide S aureus E.coli P. aeruginosa
Smp24 16 (6.2 32(12.4) 32(124)
Smp20 32 (148) 32(14.8) 64 (29.5)
Smp18 8 (4.1 16(8.1) 32(16.3)
Smplda 4-8 (24-4.9) 16(9.8) 16 (9.8)

As the primary mechanisnf action of AMP like Smp24 s againg the cell menbrane,
erythrocytes can serve as a detenodel for nvestigating the toxicity of AMB against
eukaryotic cellssheep erythrocyts were ncubaed with Snp24 and the truncated
peptides at a range of conceraions to investigate their haemolyticactivity, based on
the haemoglobin release (tablel®). Qear differences can be seen in the haemolytic
activity of the different peptids. Snp24 hasthe highest haemolyticactivity followed
by Smpl14a8mp18 andSmp20. The HGso0 values for all the truncated peptides are
significantly higher than fd@np24, showing a consistent reduced haemolyticactivity.
Between the truncated pepdes they followa similar trend as observed with their
antimicrobial activity, witFBmp20 having by far the lowest activity while Smpl4ais
slightly more active thaBmp18. These differencesare still observable when
correcting for the molecular msschange.

Table 6.12 Hévalues for Smp24 and the truncated peptide based on the haemolysis of

sheep erythrocytes.* Value is significantly different from Smp24 based on one-sided two-
sample independent t-test (P<0.05).

Peptide HGso (ug/ ml) HGso (UM)
Smp24 88.33 + 182 34.26 + 071
Smp20 24547 + 5938* 11325 + 2739*
Smp18 156.35 + 2119* 79.55 + 1078*
Smpl4a 12061 + 228* 7244 + 137*
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To further evaluate the cytotoxicity ohe truncated peptides against a more conplex
cellular target, two secondatyuman celtlines representing toxicologielly relevant
tissues were @posed to the petides at different concentrations. The cellsurvival
rates were estimated usindgné LDH relase which isa marker for menbrane damage
(table 6.13).The celtline cybtoxicity forall the peptides follows the same trends
against both the kidney celine (HEK293 and the liver ceHline (HepG2), although
based on the Esovalues the pptides are slightly more toxicagaing the HIK293 cells
Smp20 is consistently signditly lesstoxic than Smp24 and the other truncated
variants.However, unlike aging erythrocytes the activity of both Snp18 and Smpl4a
Is not significantly different fror@mp24, at leas within a certain concentration range,
At concentrations above 58 iyl the response for Snpl4astarts to deviate from the

other peptides, giving this tide an overll lower maximum cytotoxic reponse.

Table 6.13 Egvalues for Smp24 and the truncated peptide based on the LDH release from

the secondary cell linesThe E€& values for all peptides are calculated against the average

maximum LDH release rate for Smp24, Smp20 and Smp18 relative to the positive control.
Average maximum LDH release was 52.2 £ 5.71% and 52.2 + 2.78 % against HEK293 and HepG2
cell lines respectively. * Value is significantly different from Smp24 based on one-sided two-
sample independent t-test (P<0.05).

Peptide HEK293 HEK293(uM) | HepG2(ug/ml) | HepG2(uM)
(ng/ml)

Smp24 35.66+ 7.59 13.83 + 294 4252 + 825 16.49 + 320

Smp20 54.38+ 7.10* | 2509 + 328* | 58.86 + 487* | 27.16 + 225*

Smpl8 38.41+ 6.56 1954 + 334 40.86 + 562 20.79 + 286

Smplda 37.01+4.61 2223+ 277 | 4292 + 580 2577 + 348*

6.2.5 Tle truncatonseffect on the antimicrobial activity and selectivity

From a molecular viewpoint tmcation can often be thought of asa balancing act,

between how much of the gatide structure canbe removel without significantly

impacting the biophysical prosees leading to the biologial activity. Howeveras sea

with the truncatedSmp24 varants, in some @ses the activity canbe improved. Such

improvements could occur vigerval different mechanisms. Frstly, the truncated

regions could have had an o@megative impact on the activity of the parent
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peptide. Thereby, removinghliem from te structure (without disrupting the remaining
regions) would facilitate a direct pnovement of the activity on a per molealle basis
The activity could also be impraye an indirect way by removng residues or regons
that had no impact on the ovell activity. This would not change the activity ofan
individual molecule, howeven imicradoiology he activity of an antimicrobial agent is
commonly evaluated basednats massand thusreducing the size of the peptide
would increase the numbesf moleailes per gram leading to an indirect improvement

of the activity.

The biological evaluation &np24 and the truncated peptides indicates that both
types of improvements anddirect decrease of the activity ocar following the
different truncation iteratiors. While MICsdo not produce the mast detailed output
for comparing relatively smatifferences in activity between antimicrobial agents,
they are the gold standard miedbdologyand canstill provide insight into the trends
related to the activity.The first truncation iteration (Smp20) hasa slight but congstent
reduction in its antimicrobiadctivity conpared with the parent peptide. This isnot
completely unepected based o the dbservations from the MDsimulations where this
peptide has the lowest overallinding energyand potentially some dallenges related
to the structural stability of thered of the helical region. Futhermore, here salsothe
removal of the helical kink kich wasindicated to potentially play an important role in
stabilizing the peptide induckpore structures. While the reduced antimicrobial
activity ofSmp20 could indicatehtat truncation somewhat inhibited the menbrane
disruptive properties, the chages are not so great that the secondary helix should be
deemed critical for the antimictwal activity.

The 27residue alpha helical AMF®wIicidin-3, unlike Snp24, does not contain a
proline kink in its helical regn. Ingead, it containsa larger tAGIN hinge regiam which
also provides flgibility to the helical backbone due to the glychne residue (218).
Truncation of the parts of thpeptide before andafter this region elimnated the
antimicrobial activity but tracation of only the hinge regiam only affected it slightly.
However, the truncations sigficantly reduced the haemolyticactivity of the peptide
(219) These observations corrak well with the resuts for Smp20, urther indicating
that kink/hinge regions mightot be necessay for the antimicrobial activity of AMPs
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The partial loss in activity due tbe truncation of the secandary helix n Smp20 @anbe
compensated for by increasinge overll charge of he peptide asisdone with Smp18
and 9npl4a. Both show castent improvements in their antimicrobial activity
compared withSmp20 and in met cases also conpared with Smp24. Some of hese
improvements might be indirealue to the size reduction with the molewlar weight of
Smpl4a being around 35% lowbaah Snp24. Howeverbased on the uM MIC values
some direct improvementsfathe activity are also likely, wit the MIC of Smpl4a
against S aureusbeing betwea 2.4-4.9 uM meaning that the MIC of Smp24 (6.2 pM)
should have been one levadwer if the molealar activity wasthe same.

These results are comparable vidbservations from the simulations where Smp18
and 9nmpl4a behaved very siraily to Snp24 an a moleallar level Futhermore, as
indicated by the nospolar sohation terms, the smaller size of the peptide cauld also
facilitate some energic advaages independent of the direct interactions, such asby
reducing the energy cost of @akng the binding pocket n the lipid leaflet. Other
factors related to the overallharge of he peptides might play a larger rolein vitro
than indicated purely basednahe simulations. Due to the peptides starting already in
their helical configuration very de to the bilayer n the simulations, the importance
of the overall charge in the veryry stages of the medanism of action is not well
modelled.The increased charge ualal ensure that the peptides getadsorbed to the
membrane surface faster araf higher cancentrationsin vitro andstronger
electrostatic interactions codlmake the folding nto the helical structure more
favourable. All in all, this califacilitate that more peptides, in their active
configuration, get inserted intohe bacterial membranes at a lower oveall

concentration yielding an incese in the activity.

Increasing the overall charge afh AMPs is one of the most consistent ways of
improving its antimicrobial activityl' he activity of Smp24 wasprevioudy broadly
improved by substituting any ohe three serine residues for lysine residues, although
the improvement was the gatest for the position 3 serine (149). Jang etal
systematically investigated the effect dfacging the net charge of he AMPV13Kby
substituting in either cat or anionic residues, showing a goad correbtion betweennet
charge and MT although thespecificposition and net number of the ationic residues

also played a rolé220) Truncations of ungructured Cterminals regimnshave also
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previously been shown to ipnove the properties of AMP. Nine residues from the
unstructured tail region of the AMPV30 were tuncated and the Ctermina amidated
which did not inhibit the oveall antimicrobial properties of the peptide but improved
is killing kinetics and reduced ltlaemolyticactivity. Futher truncation of the helical

region eliminated the antimicitmal activity (221).

For AMPs especially, improgiectivity is not always a purely desirable property. As he
primary target for the peptidegaing both bacteria and eukaryotic celk is the cell
membrane, higher activity cd also lead to increased cytotoxicity Therefore,
evaluation of new peptides cytotoxjoroperties is also necessay during an iterative
design processThe activity & AMPs againg eukaryotic celk isdownsream fromboth
the membrane disruptive activitgnd selectivity of te peptides so both must be

considered when evaluatinghé results.

The cytotaicity of the peptides against eukaryotic cels were ewaluated againg both
sheep erythrocytes and sesdary human celtines. Haemolysisassgs are the most
universally used way of evaluagj the toxicity of AMBdue to the simplicity and ease
of use of the methodThe rehtively ssimple celllar structure of erythrocytes and their
encapsulation of haemoglabwhich can serveasanatural dye, meansthat
erythrocytes can serve as atoral version of adye filled liposome. Therefore, he
membrane disruptive activity of ANFan easly be ewaluated againg a cell membane
with a lipid composition repr&nting eukaryotic celk. The secandary cell Ines
represent a more compiecellular model, with the celk potentially being able to
response to the peptides in modynamic ways. These assgs also allow for selection
of cells from specific tissuesweh might be moreat risk for a toxic response in vivg,

giving further contet to the cytotoxicdata.

GComparing the two methods retively large differences can be seen in the peptide
concentrations needed to mduce a 50% cytotoxic rgponse. This cauld be due to
differences in the propertiesf the celkbut, it is more likely bat it isdue to
differences in the overalixperimental conditions. The cancentration dependent
activity of AMPs is very depdent on the number of cels it is tested againg.
Therefore, in some biophysicexperiments where the experimental conditions can be

highly controlled, it is comon to describe their activity in terms of peptide to lpid
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ratio which corrects for bothhe peptide and lipid concentration. In the haemolysis
assay used in this study thercentration dependent activity wastested for 1h against
a 10% erythrocyte suspensiavhich would be expected to yield a cell cacentration of
around 5108 cells/ml(222) However, n the cell alture assg the celk wereseeded at
2x1( cells/ml and then grown for 2¥before the peptides wereadded. Bven if the
cells had more than doubled the 96 wellplates, the cancentration would still be
around 1000 times lower thrain the haemolysis assg and the cels werealso exposed
to the peptide for much longer, lich cauld explain the lowerpeptide cancentrations
needed to kill the cells. Greco @t conpared the use ofhaemolysisand cell Ine
assays and found that humaell Inesare generally more rdoug against AMPs than
erythrocytes(222) althoughother authors have found that the opposite to be the ase
(149, 223, 224Furthermore, he specific \alues obtained from in vitro tests mightnot
have much direct relevance tbe cancentrationsneeded to induce a cytotoxic
responsen vivg where thepharmacoknetics of the drug moleale also play a large
role.

Therefore, than vitro cytotoxicity resuts are better utilised in a relative manner such
as when comparing betweeie different andogs to identify in which direction the
cytotoxicity trends. Although, wit this viewpoint the resuits of the two assgs still
differ, with the differences betwaethe peptides being morepronounced in the
haemolysis assay than with the cealel, something also found in other studies (222).
This might indicate that differg aspects of the medanism of action are more or less

important for the overall activityn each of the cytotoxicity malels.

Smp20 shows the clearestdw@ction in cytotoxicity, wih statistically significant shifts
in both assayslogether with MICresults this further suggests a general activity
reduction compared wittBmp24. Comparing the MICandthe cell allture assg the
peptide has around 1.66 and4b times shifts in the activity respectively conpared
with the values for the parergeptide (in pg' ml). However, for he haemolysis the
HGso value is shifted 2.78 tingeThis cauld indicate that structural changes that affect
the selectivity and nojust theactivity have a larger impact in the haemolysis model
Most erythrocyte types comin either none ora verysmall fraction of negatively
charged lipids in their outer melonane leaflet and therefore forma goad bags for

evaluating the lipidbased selectivity adntimicrobial peptides (225). Stch lipid
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compositions are also the sa for other eukaryotic cell types under normal conditions.
However, when a cell becors&anceraus one of the changes it undergoes can be an
increase in the proportion afegatively dharged lipidspresent in their outer leaflet
(226) This change in their mebmanes is also thought to be the reason why some AMP
like peptides can have antieeer properties (227). Little nformation exsts in regad to
the leaflet specific lipid compdion of HIK293and HgpG2 cels, but astheyare cancer
celkines they could potentiallizave morenegatively darged lipidsin their outer
leaflet than normal diminishinghe effect ofselectivity-based differences between the
peptides. This could eplain why the dose response aurves differ between the two

assays.

All truncated peptides show adaced haemolyticactivity conpared with Snp24. This
IS n good correlation with the MBimulations showing an overall decrease in the
binding energy with the neudt bilayer forall the truncated peptides. Futhermore,
the interactions with the bilayerwerealso shown to be shifted away from
hydrophobic interactions whithave previoudy been indicated to be a keydriver in
the haemolytic activity228) All three peptides had a relatively similar 4G when
inserted into the neutral bilayer ch correspondswith Smpl4a and Smpl8also
having similar molar basddGo values. Snp20 deviates from the others, but this could

be explained by the general s of activity in addtion to the change n selectivity.

The cytotaicity levels againste two cell Ines are very clee between Smp24, Snpl8
and Smpl4a.However, wha taking the dhange n their size into accaunt the toxicity is
somewhat reduced for bothhe truncated peptides conpared to Smp24. Sill, when
considering the improved antimiclial activity of these two peptides, it does indicate
that the overall selectivity haseen somewhat improved even againg the HEK293and
HepG2 cellines.

One interesting observatios that Smpl4a shows a lower maximum toxicity resporse
than the other peptides in the celutture assgs. However, ather than this being due
to an actual lower taicity response it is more likelydue to aggregation of the peptide.
Smpl4a has a higher ratio lmfdrophobic residues than the other peptides due to

removal of polar tail whichauld lower its solubility and even though its charge b
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higher thanSmp24 andSmp20,aggregtion cauld likely ocar at higher cancentrations

if the media has a relatively Higonic strength.

6.2.6 Us of MD simulabn for the design of truncated AMPs

Like in the previous chapter these MDsimulations relies on several assumptions,
both inherited from the differaces between synthetic bilayer malels and bacterial
cell membranes and from thdifferences between simulations and experimental
observations.However, theassunptions that need to be made are even greater when
it comes to predicting the belvior of a novel conpound rather than contextualizing
already obtained observatis. The prediction of whether the new truncated andogs
were likely to retain the antimictmal activity of the parent peptide wasbased on the
simulated inserted state of thgeptides, prior to the pore formation itself. As
previously mentioned, the peence of his state hasbeen demonsrated for many
helical amphiphilic AMPs ugj solid-gate NMR(13) and many madels created to
describe the mechanism of actioof AMR includes this state asan intermediary state
between the free peptide anche menbrane disruption (15, 229. If these madelsare
true, the ability for an AMP tadopt this state would be a critical aspect forachieving
the endpoint of membrane diuption and thereby celldeath. Therefore, te
assumption is that if the conserg@@rimary helical regian of the peptides behaves
similarly to the parent peptidehe likelhood of the new andogs retaining their
antimicrobial properties ar@igher thanif they do not. However, hisassumption does
not consider any secondary targatf the peptides or how the truncations would
affect the pore formation itselfFuthermore, here are also several examples of
peptides with antimicrobial activity fich do not adopt a helical inserted state (230),

so this state is clearly not nessay in all cases.

The fact that the truncate@mp24 andogs do retain antimicrobial activity even after a
significant reduction in their 2 cauld suggest that the predictive ahbility of the madels
was reasonable, but to say wita higher degree of cafidence we waild also need to
demonstrate the ability of thaimulations to predict when the activity ofa new andog
would be lost.Smulation of he fist designed andog (Snp21) showed that the helical
region of this peptide did not rain the behavior of the parent peptide, if this peptide
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also had been evaluateuth vitro and if it showed a significant reduction in the
antimicrobial activity the vadition of the assumptions made in the madel design

would have been much impved.

6.2.7 Evaluabh of the antibiofilm properties of the truncated peptides

In addition to their broad antimictmal activity, AMR have several other
characteristics that make themitr active alternatives to the standard small moleaile
antibiotics. One of these is thegotential ability to better conmbat biofilm related
infections due to secondary mieanisms of action targeting some step in the biofilm
formation proces$231) This salso the ase for Smp24 which hasprevioudy been
shown to be able to inhibit mfilm growth at the MIC concentration of ceriin E. coli
specieq232) As mentioned previady, treating biofilm related infections isa massive
healthcare challenge, so ideallge antibiofilm properties of an AMPshould also be

considered during the drug devglment process.

To help estimate if further evabtion of the biofilm inhibitory properties of Smp24 and
the truncated analogs would beecessay the peptide sequences were un through
the dPaBBs serv€233) This serveruses two machine learning madels trained with
two datasets, a positive dagat cantaining peptides with known antibiofilm activity
and a negative one containimegptides as®ciated with quorum sensng. Using these
two models a score has beenmgeated for Smp24 and each of the truncated peptides,
indicative of the likelihood foraeh of them to processantibiofilm activity. For the
SVM score a positive value ingtes that the peptide is biofilm-active with a greater
value indicating higher certaintyhite the WEKAprobabhility indicates the probahility
of antibiofilm activity from 01 (table 6.14).

While the SYM score folSmp24 b positive the WEKAprobalility is relatively low, tius
giving no decisive prediction ofhether the peptide would have anti-biofilm activity or
not. However, with the net two truncationsa stepwise increase in both values is seen,
with Smp18 being predicted tbave a high probabhility of having antibiofilm activity.
However, with the final trunation down to Smpl4a a large discrepancy between the
two predictions models can nobe seen, with the peptide having the lowest S\M

swre of all the peptides whilehe WBKAprobahility is still relatively high.
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As the predictions indicatedhét some of he peptides were likely tohave antibiofilm
properties, this activity was &ed in vitro using biofilm inhibition assgs. S aureusand
E. colbiofilms were grownn media containing peptide cancentrationsaround and
below the MGs, followed by gartification of the cell vability andbiomassusing

resazurin and crystal violetashs respectably (figure 6.15).

In most cases almost completgibition wasseen at concentrationsat or above the
MIGs, with the only &eptionbeing for Snpl8 againg E.coli Howeverbelow the
MIGs clear differences in thahibition curves can be seen between the two species
Against S aureusall peptidesshow a significant reduction in the biofilm formation at
1/2 X MICwith Smp24 also showg a slight reduction at 1/4 X MIC, howeverat
concentrations below this levelo significant biofilm inhibition was observed (P>
0.280).For all peptides gcept for Snpl8, the reduction in cell vahility and biomass
follows each other closely,vereasfor Snp18 the biomassis slightly lower than the
cell viability at the lower conc#rations.

Against E. colall the peptideshow a cangstent difference between the inhibition of
the cell viability and the bioass with the biomassreduction being greater. In all cases
biomass initially increases butdn reaches a local minimum at 1/8 X MIC, with all
peptides except Snpl4a achievig greater than 50% reluction relative to the cantrol.
At concentrations below thgtoint the biomassincreases in a concentration
dependent manner reaching anmd 80-86% of he cantrol at 0.5 pug ml. The cell
variability curves run in parallel withe biomasscurves although in most cases the
local minimum at 1/8XMICis lesspronounced. For all peptides the cell \ariahbility
reaches close to 100% at the losveoncentration. The biofilm inhibition of Smpl4a
deviates the most from the ber three peptides. At /2 X MICthe highest values for
both the biomass and the celaxability were achieved, with the cell \ariability

reaching almost 150% of the rtool.

To evaluate if the effect onhie biofilm formation cauld be explained by the peptides
affecting the growth rate belowhie MIC concentrations, growth curves were made for
E. colusing the same conditisasused in the biofilm inhibition assg (data not
shown).

In some cases, the initial grolwtate waslower forsamplesat 1/2 X MICbut below
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that there were no consistent cmentration dependent differences in the growt

rates for any of the peptides.

Table 6.14 Anti-biofilm prediction scores for Smp24 and the truncated peptidgs-terminal

amidation not accounted for in calculations.

Name SW score WEKAprobahility
Smp24 0.45 0.35

Smp20 0.80 0.47

Smp1l8 141 0.85

Smpl4a 0.25* 0.71*
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Figure 6.15 Biofilm inhibition caused by Smp24 and the truncated peptides at different
concentrations relative to untreated control8Black = resazurin stain, red = crystal violet stain.
A,C,E,G S. aureusB,D,F,H E.coli A,B = Smp24, C,D = Smp20, E,F = Smp18, G,H = Smpl4a.

N=1, n=8
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6.2.6.1Computer aided desig of antibiofilm peptides
Due to the range of proposemedanisms of action for the biofilm inhibition it is

impossible to define a specific moldar level trget that forms the underlying bass
for the observed activityTherefore,structure-based design approachesusing tools
such as MD simulations caotreasly be applied, to predict the antibiofilm properties
of anovel peptide. Insteadequence-based approaches have been develgoed that
utilize machine learning in order fedict the activity of new or madified AMPs, such
as with the dPaBBs serv@33). Thisapproach hasa lot of limitations, asit does not
consider the higher order sticture of the peptide, is not based on a specific
mechanistic relationship andbes not accaunt for the differences in the biofilm
formation between differenbacteria species. In the ase of the dPabbsserver, he
result of the model also only m@ks to a prediction of whether the peptide hasany
antibiofilm activity or not andhot if the activity is improved conpared to another

peptide.

The dPaBBs server uses twodals based on different machine learning took to
predict the antibiofilm propertis of peptides, however for he 4peptides tested the
results were not consistent betwedhe two madels. The S\WM model predicted that
all peptides would have atiofilm activity, which corresponded to the doservations n
the biofilm inhibition assays, witthe WEKA malel only givhg Smpl18and Smpl4a
more than a 50% chance ading antibiofilm activity. In addtion, the two malels
disagreed with the effect theufl truncation down to Smpl4a would have a the

probability.

These inconsistencies in thestéts from the madels together with the binary nature of
the result call into question howseful the server sin the design of new AMB. Fa the
purposes of an iterative desig@pproach, such asthat done with the truncation of
Smp24, a more sophisticatedtput from the madels would be necessay if the
objective of the development were to pnove the antibiofilm properties of the new
variants. Ideally the output wdd give nsight into if the activity of a modified peptide
would be likely to have improwkor not. With the airrent output, anincrease in the
likelihood of an analog haviragtibiofilm properties is not that useful for peptides
such asSmp24 which are alr@dy known to have antibiofilm properties.

The models could still be us#asa secandary screening toolduring the develging
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process, highlighting if anyadifications induce a dragic shift in the predicted
properties, such as an analsgdcdenly having a very lowprobabhility of having
antibiofilm activity. In such aase it cauld serveasan indication that in vitro evaluation
of the antibiofilm activity wald be necessay before further iteration isdone on the
new analog. Otherwise, the server hignostly be useful for predicting the properties
of alarge library of peptides whitverydifferent amino acids conposition, where the
properties of the individual patides are more likely tadeviate than for closely related

analogs.

6.2.6.2 Mechanisms of pep meadiated biofilm inhibition
The differences in tha vitro biofilm inhibitory activity of the peptidesare much more

dependent on the bacterial spe@é¢han the structural differences between the
peptides. Againsg aureusthe inhibition only ocairs consstently at 1/2 X MICwhile
against E. colinhibition of espeailly the biofilm masscan be dbserved all the way
down to 1/64 X MIC. The reducel biofilm formation againg S aureusat 1/2 X MIC
could be due to a more gendrinhibition of bacterial growth at this peptide
concentration and not directly mé@anistically related to the inhibition of pathways of
biofilm formation, whereas the cwentration dependent response againg E. coli
strongly suggests that the pegé directly nteracts with the biofilm formation in some
way. Grarmnegative and Grampositive bacteria species have significant differences n
the molecular components involden the biofilm formation, starting at the beginning
of the process with differencan their attachment due to the presence of LB or
teichoic acid, to differences signalling and regulation due to differences in quorum
sensing molecules with Granegative bacteria producing acykhomoserine lactones
and Grarmpositive species piucing autoinducing peptides (234). These molewlar
level differences couldxplain why the response to the peptide differs so dradically

between the two bacteria speae

Two important observationsan be made relted to the biofilm inhibitory properties
of the peptides againdkt. coliFrstly, the biomassof the biofilm is congstently reduced
to a much greater gent than the cell vability. This indicates that the primary
mechanism of biofilm inhibitiois related to the production of the extracellular matrix

rather than the direct killingr inhibition of the celk within the matrix. The degreeof
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cell viability reduction that istill seen cauld be a downstream effect of e reduced
matrix limiting the number of cedlthat can be positioned in the smaller biofilm
volume. However, since AM&can interact with the biofilm formation processin a
variety of ways, multiple méanisms of actions cauld likelystill be taking placeat the
same time.

Secondly, the shape of the curgmot what would be expected for adirect
concentration dependent retionship. At peptide cancentrationsbelow 74 X MIC he
curve is linear (relative to Iggose)) asexpected for a dose-response aurve between
the max and minimum respase. Howeverbetween 1/4 X MICand 1 X MIC the biofilm
growth often seems higher #m expected. This cauld be explained by two goposite
peptide induced effects affeaty the biofilm growth at the same time,an inhibitory
effect that occurs at all peptide noentrationsanda growth inducing effectat 1/2-1/4
XMIC Antimicrobial compondssuch asampicillin and triton X-100 that cause cell
lysis and thereby release of interagir DNAand RNAhave previoudy been shown to
induce an increase in biofilm foaton for Ertercocais faealis at subinhibitory
concentrations(235) A similar effect add be present for Snp24 and the truncated
peptides where at 1/2 and 1/XMIC the peptide cancentration is still high enough to
cause some cell lysis or mdarane disruption, releasng intercellular DNAand RNAand
thereby inducing increased biofilm foation. At the same timea different mechanism
could also cause a concentratidependent inhibition of the biofilm formation. At 1/8
XMiICthe threshold peptide aacentration for inducing biofilm growth is likelyno
longer reachedHowever, thebiofilm inhibitory medanism still ocaurs, leading to an

overall greater reduction in biofilm growtthanat 1/4 X MIC.

The bacterial response @npl4adeviates the mast from the other peptides. It is the
only peptide that does not re&cmore that 50%biofilm inhibition at 1/8 X MICagainst
E. coliand the induced biofilm grovitat 1/2 X MICis much larger than for the other
peptides. These differences add be due to the large structural change between
Smpl4a and the other peptidewith the conplete remonal of the polar tail region.
Bose et al used machine leang to andyse a dataset of 242antibiofilm peptides and
found that the most importantistinguishing dharacteristics of the antibiofilm
peptides was the alternatiobetween charged and hydrophobic graips(236). The

presence of both the chargeditand morehydrophobic primary helical regions cauld
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represent such an alternating motif, proving the biofilm inhibition conpared with
the primary hek only.Furthermore, he tail region hasalready been hypothesised to
be involved in the binding betw®e8Smp24 bacteria secreted moleales such as
siderophoreq194) it could ao be involved in binding to moleailes related to biofilm

formation.

6.2.7Biophysicakvaluaton of the pore formation

The last step in the evaluatimf the new truncated andogs wasto investigate if the
truncations had affected the mbaanisms of peptide induced pore formation. Like
the earlier chapter, the me@mnisms of the menbrane disruption were nvestigated
using planar patch clamp \kisynthetic bilayers. However some thanges were made

to the experimental parametes in this round of experiments.

Firstly, a few steps were taken tacrease the successrate of the bilayer formation
and improve its stability, leanly toan increased experimental throughput. Frstly, the
1,2-dioleoytsnglycera3-phosphor type lipids (DOX)were danged to the 1,2
diphytanoytsn-glycerae3-phosphor type lipids (4ME 16:0 IX).These lipidsare more
commonly used for synthetibilayer forpatch clamp experiments due to the improved
stability and high membrane sstance (237). In addtion, the buffer solutions were
adjusted withCa2*ions, thoudnt to improve the binding between the bilayer and the

glass surface of the ch{g38.

Secondly, to limit the total nuber of experimental runsneeded, the peptides were
only analysed at a single comteation each. For the optimal evaluation, the
concentration needs to be higenough to cangstently induce canductance events,
however not so high that theilayersare conpletely disrupted too soon in the
recording. In addition, it wodlalso be ideal if the cancentrations cauld be adjusted to
take into account the intrinsidifferences in the dose-response of the peptides, asit is
the mechanism of action thas investigated not the activity. Therefore, followng
some initial tests the final concgrations of 32 ugml for Snp24 and Smp20and 16
pug/ml for Snpl8 andSnpl4a were hosen, corresponding to their MICagaing E. coli
Lastly, due to the significantianges in the activity of the truncated peptides against
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erythrocytes, the mechanisms a€tion of the peptides werealso tested against a

neutral PCPE bilayer.

Like with the previous evaluatiocof the cancentration dependent response of Smp24,
the current traces were anadgd both in relation to the kinetics of the menbrane
disruption and qualitative categaation of the individualy observed eventsin

accordance witlthui et al.(105).

The time between the additimof peptide to the bilayer and the ocairrence of he first
current event and the time paot where conplete/irreversible menbrane disruption
occurred was calculated (figurel®). In some @ses, no irreversible disruption
occurred within the measurenme period andassuch in those ases the maximum
timepoint of 80 minutes wassad instead. For all peptides andboth bilayer types, a
high degree of variability waen within each group of repeats. Therefore, urther
statistical modelling was utiliskto evaluate any potential differences.

One aspect of thexperimental setup that could contribute to the high variation could
be differences in the biophysicproperties of the individua bilayer. While factors sich
as the overall lipid compositicand vesicle production parameters were ket constant
for each type of bilayer, onlysingle bilayer i utilized in each experiment. Even within
the same batch of vesicles tipeoperties of each bilayer @an vary slightly in aspects
such as the lipid packing/orden order to take this into accaunt the baseline arrent
was measured over 40s at thstart of each experiment before the peptide wasadded.
This baseline current was inded in the statistical modelling asa cowariate for each
experiment.

The effect of the peptide anbilayer type on each of the kinetic responses was
analysed using ABDVA modelfhig. None of the variables had a significant influence on
the time till the first event oaarred (P>Q05) but the peptide type (P=00347) did
significantly impact the time till irrevable menbrane disruption.

Further posthoc analysis wacarried out usng TukeyHD showing that Smp20 s the
biggest outlier although none oli¢ specific conparisons were statistically significant

(Psmp20-smp14& 0.085, Bmp20-smp1s= 052, Bmp20-smp240.090).
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Figure 6.16 Kinetics of pore formation observed for Smp24 and the truncated peptides
during the patch clamp experiments with both negative and neutrally charged bilayArs.
Time between addition of peptide to the bilayer and the occurrence of an irreversible
disruption of the bilayer resistance. B = Time between the addition of peptide to the bilayer
and the observation of the first conductance event. Blue = negative bilayer consistent of 1:1
4ME 16:0 PC:PG, red = neutral bilayer consistent of 1:1 4ME 16:0 PC:PE.

The qualitative analysis waarded out by characterising the individua current events
from all the experiments, wih 4 different general event types being found. As in the
previous set of gperiments wih Smp24 and the DORDOP Goilayers, spike,
multilevel, and erratic conduahce evats dominated the aurrent traces. Each of these
three event types was obserdet leag once forall the peptide-bilayer conbinations
(table 6.15). In addition, spike emes wereagain the first event to ocaur in the
majority of experimental rurs.

However, on rare occasiora addtional previoudy unseen event type wasalso
observed in this set of eriments, namely the flickerng event type (table 6.16). Like
for the spike and multilevel ewmetypes, individua flicker evats also have a distinct
beginning and end althouglhé lifetime of ech flicker @anboth be short like the spike
or longer like the multilevel evé. Thus the distinguishing feature of flicker evets
relative to the other event tpes is their canductance ather than the shage of the
current increase. Not only dadividud flicker evets only have ane or twodistinct
conductance levels across their lifetimehen multiple flicker evats ocair in a row,
they will all share similar caluctance leves. Sll, when conparing multiple
experimental runs no consisté conductance level vasfound, with the average
current for the events being. 461 pA (Snpl8), 7.692pA (Snp20) and 3.289pA
(Smp20).
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Table 6.15 Examples of the spike, multilevel and erratic event types observed in the current
traces for the different experimental combinations used in the studdll three event types
were observed for all peptides with both bilayer types in at least one experimental run.

Sike Multilevel Eratic

Smp24
/DORC
DOPG

Smp24
/DORC
DOPE

Smp20
/DORC
DOPG

Smp20
/DORC
DOPE

Smpl8
/DORC
DOPG

Smpl8
/DORC
DOPE

Smpl4
a/DOP
C:DOP
G

Smpl4
a/DOP
C.DOPE
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Table 6.16 Examples of the current traces and corresponding amplitude histograms for the
flicker event type.

Hicker Anmplitude histogram

Smpl86

Smp205

Smp205

Smp206

Due to the large variation irhe length of the period where distinct aurrent events an
be observed and the difficulty distinguishing between what isa long single event vs
multiple shorter events, direct coparison of the raw number of events between the
different peptides is not straig forward. Ingead, the different peptides were

compared based on how manymsthe different events ocairred in (figure 6.17).

When added to the negative layer all the peptides except Smp20 have both spke,
multilevel and erratic events oaring in all 6 uns. Those three event types werealso
the most consistently seen ents for Snp20, although not in every un. Hicker evats

were by far the rarest event pg, anly seen in two Smp20 unsand one Smpl18 mn.
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With the neutral bilayer the oeerence of he different event types is lessconsistent,
however for all peptides spike, uttilevel and erratic events ocaur at leas once. No

flicker events were observagsing the neutral bilayer.

Figure 6.17 Overview of the number of experiments where each event type occurred for the
different peptides and bilayers.

6.2.8 Eféct of the truncatbns on the mechanisms of pore formation

While the biological results dicate that activity of the truncated peptides wasnot
lost, it would not necessarily na@ that the metanism of action wasunaffected. The
reduced activity oBnp20 ard slightly improved activity of Snp18 and Smpl4a cauld
be both cases be downstream effedtom dhanges to how the peptides interacts with
the bilayer during the poreofmation. If such changes were doserved, they caild give
valuable insight into the functioof the truncated regiansin Smp24 leading toan
improved SVIR which could diin future designs. If no changes were dserved, it
would indicate that the truncate regians werenot critical to the SMRand therefore

further validate their selectioastargets for truncation.
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The kinetics of the membrardisruption and first conductance events follow similar
trends as observed in the preusexperiments with Smp24, especilly in terms of the
high degree of variation betweendividua experimental repeats. However, viien
considering that the peptide cwentrationsused in this set of experiments were
considerably higher than evethe maximum Smp24 cacentration from the earlier
chapter, the kinetics are maclower thanwould be expected. This can be explained
by the change of lipid typassed to form the bilayers. As seen from the kinetics, the
4AME 16:0 Rbilayers are mutmorestable than DO bilayers allowing for congistent
evaluation of individual pore stictures even at the eleated peptide cancentrations.
This is especially useful in these where nultiple peptides were ealuated, asit
allowed for the evaluation ofaeh peptide at one cancentration without the needfor

extensive optimisation of the gperiment's canditions for each peptide type.

The statistical evaluation ohé menbrane disruption kinetics did indicate that the
peptide type affected the kinetesomewhat with the biggest differencebeing
betweenSmp20 and the othepeptides. Still, the overll similarity in the knetics
between most of the peptidesdicate that the activity-concentration corrections
made were relatively succds$ meaning that the activity canditions were clse
enough between the peptidethat their aurrent traces cauld be conpared in a
qualitative way. If one change werelbe made, it wauld have been to increase the
Smp20 concentration somewat, consdering its congstently reduced activity in all of
the biological assayslowever, éough individual events werestill seen for Snp20 to

reasonably compare the meahism of action with the other peptides.

A somewhat surprising obsetion related to the kinetics wasthat the bilayer
composition did not show a snificant effect even though the same peptide
concentrations were used fdroth bilayers. Previais experiments have shown that
Smp24 has higher selectivity texds negatively dharged lipids resuting in a higher
leakage from DOBDOPG v&cles conpared to DORZDOHE(58). The increased
selectivity for the truncated patides towards prokaryotic celk suggests that thisalso
would be the case for them. Howeven,the patch clamp experiments the kineticsand
the probability for no irreverbie menbrane disruption to ocar are aimost the same
These discrepancies could bepkined by a concentration dependency of he
selectivity.The concentratio of Smp24 used in these experiments wasaround 6-10
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times greater than in the liposoahleakage exeriments, which will likely gretly
diminish any bilayer specififferences. However, he use ofhigher cancentrations
was needed in order to achieve nastent membrane disruption and thereforea
greater number of events toralyse for the qualitative investigations.

When comparing betweerhe two bilayer types for the individud peptides, the
kinetics ofSmp24 deviates fsm the rest. Its membrane disruption kinetics with the
neutral bilayer were faster thn for the other peptides which cauld be correbted with
the lower membrane selectivity ohé peptide asseen with its high haemolytic
activity. However, it is still suyprising that the kinetics were oveall fager with the
neutral bilayer compared wit the morebacteria like negative bilayer. This cauld be
due to intrinsic differences irhe stahility of the two bilayer types. The FEtype lipids
added to the neutral bilaydnave a different shage thanthe RCor PG pids, which
could affect the elastic stress waih the bilayer (239). Thus even if the peptides are
less selective towards the neul bilayer, the canditionsneeded to induce conplete

disruption might still be reded more eadly for other reasons.

In terms of the qualitative aalysis of the canductance evaents there are also no
significant differences betwee the two bilayer conpositions. In both cases three
event types (spike, multilevahd erratic) wereby far the most dominant. However, m
previous biophysicab@eriments some quditative differences have been seen in how
Smp24 affects bilayers depding upon their conposition. Using AAM Smp24 was
shown to create distinct poreof different sizes when added to DORDOPGhilayers,
while with DOR:DOPE bilaysrit instead created defect patterns which could
eventually develop into holes the bilayer at higher cancentrations (58). As planar
patch clamp can only measurbarges in the bilayer that leadsto a significant
difference in the conductancapn-destructive effecs on the bilayer such as
membrane thinning, or denixing @nnot be adequately investigated. Futhermore,as
previously described, the sathsize and free-sandng nature of the bilayers only allows
for investigation of the early atjes of the menbrane disruption, cantrary to the larger
disruptions seen with BM. Neverheless the previous resuts would indicate that the
membrane disruption of a D@ OMEbilayer should be lessdominated by the
formation of distinct pore structres. As the moiphology of he doserved event types

are in complete agreement witthe previous observations for Snp24 alone, the
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proposed molecular level sictures corresponding to the canductance ncreases
should still be the same for theew bilayer types and new peptides. Therefore,basel
on the AAM results, one could gect to see a shift towards the erratic event type
being the more dominant eve type for the DOR:DOHE bilayers. While all event types
occur less consistently witlihné DOR.DOHEbilayers, multilevel and flickerng events
do see the largest reduction imé cangstency, ndicating that stabilised pores are less
likely to occurThe presencef spke eventsis still slightly more cangistent than erratic
events, but they are also by fdra mast frequent event type when conparing all the
experiments. Another interestig doservation is that the likelhood of an erratic event
being the first observed event afrun also seesan increase from 25% to 46% ken
changing to the DAPDOPilayer. Teken together these doservations cauld suggest
that the distribution of the evat types cauld be shifted towardsan increased
likelihood for erratic eventsotocaur, but further experiments at different

concentrations would be na#ed to confirm this.

The structural predictions fromhe MDsimulationsalso correbte well with there rot
being any dramatic differenca the pore formation medanisms. While the peptides
do not insert into the DODOHEbilayers with the same candstency, if Ll insertion is
achieved the structure andaggition of the individua peptides is verysimilar for both
bilayer types.The main differace lies in the rektive binding energies, but this would
mainly affect the thermodynamidriving force for mserting into the DOR.DOHRE
bilayer and not necessarilyé pore formation itself. Based on the structure and
position of the peptides, relativelsimilar local conditions for the pore formation and
stabilisation should be possible footh systems. However, @ a macroscopic scale a
much greater diversity in peplé structure and insertion level waild likelybe
prevalent in the DOBDOPEystem. If assuned that the peptide needsto be in the
helical configuration to bestupport the formation and stabilization of toroidal pores,
the greater structural diversity wad shift towardsspike eveats and more geeralized

erratic membrane disruption

The truncation oBnp24 did not bange that the spke, nultilevel and erratic events
were the dominant event type This indicates that reductions to the peptide size done
in this study were not greatr®ugh to significantly change the medanism of pore
formation and earlhystage menbrane disruption.
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In the case of the truncatioaf the tail and linker regims, these results corrdborate
the observations related to themulations of the pore as®ciated configurations of
Smp24. In all cases, the peptigere canfigurationssuggested that the tail region

operated relatively independly of the pore and therefore it wasdeemed unlikely

that it had much effect on th@ore structure.

Predicting the effect of truncaig the secondary helix wasmore conplicated asit
constitutes two structural chages that could be more likely to impact the medanism
of action. Arstly, it removes the kik in the helical regi, thought for other AMR to
modulate how they associate withe pore structure andaffect the activity (199, 200.
The second aspect is the reductiof the overll length of the helical regian which has
als previously been showrotaffect activity (240). However asprevioudy highlighted,
the structure of the kink i8mp24 is somewhat unique conpared with other AMPs
While the sequence positioof the proline residue that induces the kink between the
primary and secondary hglis consstent with other AMP of similar length such as
melittin or magainin 2, the seod half of the Smp24 peptide hasa much lowerdegree
of helicity. It has previously beendicated that the effect ofshortening the helix
length of AMPs mainly worka threshold dependent manrer, likely redted to the
ability of the peptides to sparhe thicknessof the bilayer (240). Thus if the helical
regions ofSmp24 were already toshort to spanthe bilayer, asseems to be the case
based on the MD simulations @np24, further reduction would not alter thisand
therefore no threshold lendithasbeen crassed by the truncated designs.
Furthermore, even if this is thege, the short secondary helix caild also make the

impact of the kink motif muig lesssignificant.

These factors couldxplain why the impact of truncating the secandary helix was
relatively minor both in terms oftte medanism of action and the overll activity level
While the previous MD simatiions of the Smp24-pore canfigurationsdid indicate that
the kink aided in the favoulslity of the pore interface as®ciated structures at low
peptide to lipid ratio, for the more extreme ofigurationsat the higher peptide
concentrations it seemed less critic Therefore, pore formation and stabilisaion still
occur even if the secondahgelix s truncated. The remo\al of the kink likely malulates

how likely it is that a peptidespositioned around the pore interfaceasitsahility to
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adapt to the bilayer curvatures probably somewhat reduced, but this isnot enough to

completely change the mecingsm of action or remove is antimicrobial activity.

One interesting observatiofor the truncated peptides is the ocairrence of flickenng
events, although they were uch rarer thanthe other types. The rektively cangstent
conductance level for both thendividua events and between multiple events suggests
that the molecular level poretructure responsble for these events is more odered
than for the other event typs. Potentially indicating that Smp20 and Smp18 @n form
ordered toroidal pores in atition to the disordered toroidal poresand generalised
membrane disruption seen fohé other peptides.

There could be multiplexplanaions for why thisaddtional event type is seen.
Experimental conditions cadgrongly affect which type of events are seen for a given
peptide, such as for pleuradin which hasboth been shown to predominantly form
flickering events or multilevelnd erratic events by different authors (83, 184.
However, the structural changanduced by the truncation cauld also theoretically
increase the likelihood of the foration of more odered peptide-pore asemblies.
Sengupta et al have previoushighlighted the theoretical differences between the
classical toroidal pore modehd the disordered toroidal pore madel (209). The
disordered toroidal pore model riires the peptides to align with the high bilayer
curvature near the opening ohé pore and therefore favours high flexbility in the
helical region, such as thatdoced by a kink motif. However, m the chsscal toroidal
pore model the peptide adats a trangnembrane orientation within the centre of the
pore, where the degree of gide flexbility could be lessimportant. Therefore, by
removing the secondary helixye truncated peptides could be pushed towards the

formation of more ordered gre structures.

Overall, no clear link can betablished between the quadlitative aspects of the
mechanism of pore formatimembrane disruption and the differences seen in the
activity and tadcity for the tuncated peptides relative to Smp24. Thisagain highlights
the compleity and multifacetel nature of the medanism of action of AMP, with
pore formation only makingmone aspect of the conplete biologial response to
these types of peptides. Othaspects such asthe initial peptide menbrane

interactions, peptide insertio, non-conductive peptide induced changes to the
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membrane and secondary lilimg targets also play a key role m the activity and

selectivity of the peptides.

6.3 Conclusions

The relatively large overallzei of Snp24, high proportion of random coilstructure in
membrane mimicking systesiand presence of multiple structural regians which were
predicted to have limited ipact on bacterial membrane binding, wereall indications
that truncation of the peptidesequence without significant loss of activity cauld be
possible Therefore, truncatim of the peptide sequence wasperformed in a rational,
stepwise fashion aided by Msimulations throughout the design processto ensue
that the predicted behaviour ofhe canserved regicnsdid not change n an
unexpected way compareditthe parent peptide. This led to the develgpment of three
novel truncated analogs, whiovere ealuated both in silico andin vitro. The two
smallest analogs showed siamito slightly improved antimicrobial activity to the
parent peptide, without affectig the cytotoxicityagaingt secondary cell Ines. In
addition, all truncated analaghowed significantly reduced haemolyticactivity andall
peptide, includingSmp24, showd the ahility to reduce biofilm formation bellow their
MIGs. Biophysical evaluationaypatch clamp experiments indicated that the
truncations did not significantlgffect the early-stage medanism of menbrane
disruption/ pore formation, wit the pores remain mostly disordered in nature

although some ramples of more atered conductance events werealso seen.
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7. Optimisation of the primary sequenceof Smpl4a

7.1 Introduction

Setting out in the developmemrocessof Smp24 three main objectives were
identified as reduction of theize of the peptide, inprovement of the antimicrobial
activity and improvement ofhe selectivity. With the develgoment of Smp18and
Smpl4a all three gbctives wereat lead partially addressed, however irther
improvements to the therapetic index werestill deemed possble.

Both Smp18 andSmpl4a havalifferent advantages, making them promising
candidates for further developma. Smpl8 hasan interesting structural motif in the
hydrophilic tail region and rsshown promising anti-biofilm properties, while Snmpl4a
has a smaller size and slightlypnoved antimicrobial activity.

In the end, Smpl4a was chogsefor further develgoment for two main reasons. Most
of the sequence oBnpl4a istilly canserved in Snpl8andassuch any residue
substitutions leading to improvenrés in the properties of Smpl4a could be
transferred toSmp18 with a rasonable expectation of a conparable change n
properties.This could signifantly speed up any future develgoment of Smpl8and
allow for the focus to be on the morenique tail region. Secandly, the fully helical
structure ofSmpl4a is also och moreandogousto the structure of other AMP of
similar sizeTherefore, knowlelge guined related to the structure activity relationship

of Smpl4a could be more gby appicable to other peptides.

7.1.1 [@signof the first generation Smpl4a analogs

The initial step in the design praaswasto identify different sitesalong the sequence
where substitution of a resige cauld improve the properties of the peptide. Ths was
mainly done based on the WMsimulationsdescribed in chapter 5&6, supdemented
with previously published fitings regarding mutations of Smp24 and other AMP.
Three general design strategi@ere fornulated, mainly foausng on affecting the

early stages of the mechanismauition.

Improvement of hydrophiliclearged interactions between the peptide andbilayer:
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From the previous results it asidentified that electrostatic interaction between the
peptide and bilayer were largely sponsble for both the initial interactions with the
bilayer and a mpor driving brce for e insertion equilibrium. Therefore, the non-ionic
residues along the structure,hich after full insertion were oriented towards the lipid
headgroups/solute, were idetified assites where residue subgitution cauld be done.
The RDBs shows that the serine3 sielue already takes part in interaction with the lipid
phosphate groups, howeveh¢ per-residue breakdown indicates that the energy
contribution of the serine reidue is more than 30 times smaller than for the ationic
lysine residuesThis suggestdat subgituting the serine residue to a cationic residue
could greatly improve the intections. The serine to lysine subgitution seemed to be
the most obvious one as it is line with the rest of the peptide conposition and has
previously shown promising sdts for Snp24 (149). In addition, the serine to histidine
substitution was also evaluatk Even though histidine is not fully protonated at
physiological pl the protruson length of the sidechain is closer to serine, which cauld
be a factor affecting the insertivasthe 3position is inserted within the bilayer in he
early stages of the insertigorocess.

Further functionality could ab be added to the peptide via the subgitution. A
histidine residue in the thirgosition from the N-terminal is the key fature of the
structural motif called the ammo-terminal copper and nickel (ATGJN) binding unit. As
the name suggests, this strucal motif allows the peptide to bind Cu(l) ions which
can be involved in the generatmof reactive oxyge species (RG5) leading to cell
damage. AMPs have previoublyen modified with ATGJNunits in order to utilise the
selectivity of the AMP and the abative properties of Cu(l) to improve the oveall
antimicrobial efficacy, witharying degrees of success(112, 241, 24p

Another polar residue positieed towards the lipid headgroupsis threoninel0,
however the RB indicates hat the interactions of the native residue with the
phosphate groups are minimadhstead thr10 forms a relatively cansstent hydrogen
bond with the backbone carbwyl graup of lle6and thus cauld be important for
structural stability of the heli. In this canfiguration the methyl graup of the sidechain
Is positioned upwards, awdyom the lipidsand thus contributes minimally to any
hydrophobic interactions.

The increased reach of a lysisubgitution cauld allow the residue to interact with the

lipid phosphate groups and thgositive charge cauld improve the strength of the
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interaction.

In addition, a substitution t&er wasalso performed in order to ewaluate minor
optimisation of the structureThe per-residue deconpostional andysis of the binding
energy fornp24 revealedhat the Vander Wads energy conponent for thr10 was
not significantly greater than foihe two serine residues (-2.281 kal/mol vs t2.210
kcal/mol and t2.510 kcal/moland thusin thermodynamic terms the addtiona methyl
group of the threonine reside does not seem to inprove the binding. Subsitution

with serine would reduce the ovall size and hydrophobicity of the peptide.

Improvement of hydrophobimteractionsbetween the peptide andbilayer:

Another way to improve the hding caild be by increasng the hydrophobic
interactions.Therefore, residies which were oriented towards the centre of the
bilayer were identified andub4ituted for residues with larger hydrophobic
sidechainsHowever, quantifiation of the ovemrll hydrophobicity of the different
hydrophobic amino acids is nasimple matter. Multiple different scales have been
made, ranking the hydrophobicity dfi¢ 20 comma amino acidsand often there isa
significant difference when coparing the internal rankings of the mast hydrophobic
residues such dsu, Iso, PhandTrp. These variationsare due to differences in the
underlying eperimental mehodologyand observationsused to formulate the
individual scal¢243) Therefore, for he madification aimed at increasng the
hydrophobicity of the peptide two sedues were tosen, phenylaniline and leucine,
which also differ in the overadtructure of the sidechain.

Isoleucine 1 faces the core fone bilayer both during and after insertion and is
therefore one of the residuswhere the hydrophobic interactions might have the
largest impact on the activityAs lle s already rektively similar to Leu, so only a
Substitution to Phe was made

Both Ala8 and Ala9 were idified aspotential maodification targets but based on
visual evaluation of their positioin previous simulations Ala9 seens to be positioned
towards the centre of the bilayer nsbconsstently. Subsit utions with both Leu and

Phe were investigated.
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Reduction of potential catiompi interactions between the peptide and cationic lipid

headgroups:

The overall ofective with the @irther develgoment of Smpl4a isnot only to improve
its interactions with the bilayémembrane but also the selectivity towardsbacteria.
One way to achieve this coube to limitany interactions which are morespecific
towards the eukaryotic mebrane. The previoussimulationsshowed that the peptides
often have difficulty in estaldhing the initial condstent interactions with the neutral
bilayer which could be an anee of the selectivity tat could be further exploited.
During this part of the insertio processthe interactionsare driven by electrcstatic
interactions, but these mightot be limited to only the charged and polar amino acids.
Previous studies have highlighitéhat electrostatic interactionsbetween < electran
systems of aromatic residuesd the ationic doline andamine lipid headgroups
could play a significant role fohé anchoring of menbrane proteins (244-246). As
zwitterionic lipids are much more comman the outer leaflet of eukaryotic
membranes, especially comparith the Gam-positive menbrane, limiting the
ability of the peptide to form aion-pi interactions could improve the selectivity.
Smpl4a contains two aromaticgdues that could take part in cation-pi interactions,
namelyTrp2 and Phel3, witfirp in general being known to form stronger nteractions
compared with Ph€247) Therefore, Trp2 was chosen asa subgitution to investigate
if a reduction in the peptide'potential for ction-pi interactions cauld reduce the
cytotoxicity. The orientationof the Trp sidechain after insertion indicated that the
residue still needed to be kyophobic and assuch subgitutions to both Leu and Phe
were investigated, with Phe sengasa reduction and Leu asa conplete elimnation

of the cationpi potential of he 2nd position.

Following the first round of simlationsan initial rough evaluation of the simulations
was done in order to choose a few did single residue subgitutionsthat could be
combined into dual and triplsubgitutions. Under ideal ciraumstances each single
residue substitution would havieeen fully evaluated both in silicoandin vitro before
higher order substitutions wad be made but due to time cograints these

substitutions were done witm the same drug design iteration.
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The followingSmpl4a analogweredesigned and evaluated in silico during the first

block of simulations (table 7)1

Table 7.1 Overview of the physiochemical properties of the first generation Smpl4a analogs.
Hydrophobic moment calculated usiht ps.//h eliguest.ipme.cnrs.fr/, * C-terminal amidation
not accounted for in calculations.

Name Sequence Mw Charge at| Hydrophobic moment*
(g/mol) | pH7

Smplda IWSFLIKAATKLFK- | 1665.07 | 4 0.626
NH

Smplda_l1F PWSFLIKAATKLFK-| 1699.09 | 4 0.626
NH

Smplda_W2L ILSFLIKAATKLFK:NH1592.02 | 4 0.596

Smplda W2F IFSFLIKAATKLFK:NH1626.04 | 4 0.601

Smplda_S3K IWKFLIKAATKLFK- | 1706.17 | 5 0.678
NH

Smplda_S3H IWHFLIKAATKLFK- | 1715.13| 4.1 0.617
NH

Smpl4da_A9L IWSFLIKAKLFK-NH| 1707.15| 4 0.721

Smplda_A9F IWSFLIKKLFK-NH 1741.17| 4 0.727

Smplda_T10K | IWSFLIKAKLFK-NH 1692.14 | 5 0.673
IWSFLIKAKLFK-

Smplda_T10S NH 1651.05| 4 0.636
FISFLIKAATKLFK:NH

Smplda_|11F W2l ILKFLIKAATKLFK-NH1626.04 | 4 0.595

Smplda W2L_ S3KILSFLIKWKLFK-NH | 1633.11| 5 0.649

Smpl4a W2L A9LIWKFLIKATKLFK- | 1634.10 4 0.690

Smpl4a_S3K_A9L Nk 1748.25| 5 0.771
ILKFLIKATKLFK-NH

Smplda_ W2L_S3K 1675.19| 5 0.741

_A9L
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7.1.2In silio evaluatbn strategy

Due to the large number ofavel peptides to be ewaluated in the first round of the
drug design process the rangesrhulationsandandysis methodshadto be refined.
In the previous computer aidisdesign processwhere Smp24 wastruncated down to
Smpl4a, the most useful set smulationswereby far the baseline bilayer simulations
(7 n? DORC.DOPG bilayer)he solution-based models gave very little critiel
information that could not alsbe determined from the base bilayer simulation. The
information from the variant simulations (DORCZDOHE bilayer) was moreuseful but
they had a low success rate in teswf achieving full peptide insertion making them
very inefficient when investaging a larger lbrary of peptides. The addtional
simulations used for the ingi evaluation of Smp24 (variant 2-4) were eitier very
complex, computationally gpensve or resuted in lessquartifiable data that would be
difficult to use for comparists between closely rebted peptides. Therefore, aly base

bilayer models were used irhis round of simulations.

For the analysis of the simulatig a foaus wasput on aspects that could be reduced to
a single value for each sinatibn. For some andysis methods this such asthe rektive
binding energy this was alreadyet ase with their previoususe, while for other such
as the partial density profilemn addtional step wasadded to further refine the

output.

In addition, based on the specificsrdue madification addtional andysis method were
sometimes added if more ctext were to ewaluate the effect of langing that specffic

residue.

7.2 Results and discussion

7.2.1In silio sceeningof Smpl4a analogs

For the in silicodesign procesof the first generation Smpl4a andogsa total of 42
simulations were performed=ul insertion of the peptides wasachieved within 1000
ns simulation time in more #m 90% of hese simulations. In three simulations only a
partial peptide insertion washserved, with a significant proportion of the peptide

being unstructured and positied around the surface of he bilayer rather than having
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the expected structure and pation. In one simulation, only adsorption of the peptide

to the bilayer surface was achiale

As epected, the insertion mdtansm of the Smpl4a andogs in most cases followed
the stepwise mechanism previdy described for Snp24 (table 7.2). In around 12%of
the simulations the peptides giped the N-terminal inserted stages gong directly
from the initial interactionsda the rotation stage,but with the number of simulations it
Is not unepected that in someases the loal lipid caonditions would allow this to
happen.

Overall, the kinetics of the gartion processes were casstent with observationsfrom
the previous rounds of simulats. The initial lag period was on average the shortest
stage taking 5% 101 nsThe Nterminal insertion stage wason average the longest
stage and the most variable taky 160 + 192, with asmentioned some simulations
where it is completely skipk The rotation stage wasthe most congstent, takingon

average 8k 53 ns and overallhe full insertion processtook an average 279 = 19hs.

The relatively large variati@nn the knetics of the insertion processmakes it difficult
to determine any specific effesbn thisdue to the amino acid subgitution. However,
no modifications seemed to be cqietely detrimental to the insertion processwith
evenSmpl4a BK A9, that dd not achieve 1ll insertion in one of the smulations,
behaving in an equivalent fashido the other peptides in the remaining two

simulations.
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Table 7.2 Overview of the insertion kinetics for Smpl4a and the first-generation analsigs.
values are in ns.

Simulation name Overall Initial lag N-terminal | Rotation Inserted
Insertion | period inserted
level

bpg_I1F_1 Full 0-105 105-155 155-250 250-500
bpg_I1F 2 Full 0-55 55-122 122-169 196-500
bpg_I1F_3 Full 0-54 na 54-337 337-500
bpg_W2L_1 Full 0-74 74-107 107-165 | 165-500
bpg_W2L_2 Full 0-27 27-109 109-162 162-500
bpg_W2L_3 Full 0-6 6-44 44-110 110-500
bpg_W2F_1 Full 0-2 2-265 265-307 307-500
bpg_W2F_2 Full 0-220 na 220-350 350-500
bpg_W2F 3 Full 0-4 4-236 236-246 | 246-500
bpg_S3K_1 Full 0-6 6-80 80-117 117-500
bpg_S3K 2 Full 0-513 na 513-555 550-750
bpg_S3K_3 Full 0-13 13-126 126-192 192-500
bpg_S3H_1 Full 0-17 17-38 38-122 122-500
bpg_S3H_2 Full 0-161 161-211 211-266 | 266-500
bpg_S3H_3 Full 0-134 na 134-309 309-500
bpg_ A9L 1 Full 0-15 15-43 43-162 162-500
bpg_A9L_2 Full 0-320 320-364 364-515 515-750
bpg_A9L_3 Full 0-13 13-34 34-115 115-500
bpg A9F 1 Full 0-5 5-136 136-330 | 330-500
bpg_ A9F 2 Full 0-19 19-80 80-128 128-500
bpg_A9F 3 Full 0-10 10-139 139-208 208-500
bpg_T10K_1 Full 0-5 5-122 122-195 195-500
bpg_T10K_2 Partial 0-5 5-823 823-842 | 842-1000
bpg_T10K_3 Partial 0-24 24-788 788-895 | 895-1000
bpg_T10S_1 Full 0-1 1-11 11-74 74-500
bpg_T10S_2 Full 0-6 6-365 365-446 446-750
bpg_T10S_3 Full 0-2 2-467 467-572 572-750
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bpg_I1F_W2L_1 Full 0-80 na 80-112 112-500
bpg_I1F_W2L_2 Full 0-3 3-12 12-30 30-500
bpg_I1F_W2L_3 Full 0-31 31-134 134-245 245-500
bpg W2L_S3K_1 | Full 0-6 6-495 495-516 | 516-750
bpg W2L_S3K_2 Full 0-6 6-194 194-293 293-500
bpg W2L_S3K_3 | Full 0-5 5-60 60-152 152-500
bpg W2L_A9L 1 | Full 0-18 18-148 148-207 207-500
bpg W2L_A9L_2 Full 0-72 72-92 92-152 152-500
bpg W2L_A9L_3 Full 0-12 12-74 74-108 108-500
bpg S3K_A9L_1 | Full 0-32 32-111 111-196 196-500
bpg S3K_A9L 2 Surface 0-43 43-1000 na na
bpg_S3K_A9L_3 Full 0-9 9-198 198-303 303-500
bpg_W2L_S3K_A9L] Full 0-17 17-102 102-138 138-500
1

bpg_W2L_S3K_A9L| Partial 0-230 230-415 415-500 500-750
2

bpg_W2L_S3K_A9L| Full 0-17 17-205 205-355 | 355-500
3

As previously shown, the helicity dfetSmpl4a wasrelatively cansstent and relatively
high after the insertion into théilayer, having an average helicity of 846 + Q9 %.
Therefore, there is likely limitkopportunity for increasng the oveall helicity of he
peptide by substituting anyndividua amino acids. However subgit utions cauld still
have a disruptive effect to the ovall or loal structure which might lead to a reduced

activity of the peptiddn vitro.

As &pected, none of the mdified peptides hada higher % ofhelical structure than
Smpl4a but 21% of them @hed an average helicity above 80% Wile 43%had an
average helicity above 70% (fig 7.1). Several general trends could be dbserved
related to the effect of the anmo acid subgit utions on helicity of te structure.
Firstly, substitution to largesromatic residues generally induced a reduction in the
helicity both in comparison tde native peptide and the other subgitution types.

Examples of this could be thgubdit ution to a leucine residue in 2" or 9" position
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which in both cases only led tosmall disruption of the helical structure while the
equivalent substitution to pheylalanine residues more casstently reduced the
helicity. This was also the case fdrd isoleucinel to phenylalanine subgitution which
reduced the helicity both withhe singleanddua maodifications. This phenomenon
was nhot just isolated to the hgrophobic residues with the serine3 to histidine also
reducing the helicity compadewith both the native peptide and the lysine
modification.Li PinglLu et al invatigated the propensty of different residues to induce
the formation of a helical sticture in a menbrane mimickng environment and found
residues with aliphatic hydphobic sidechains such asleucine and isoleucine generally
were better than aromatic redues such astryptophanand phenylalanine,
corresponding well with th@bservations from the simulations (248).

Secondly, substitution to nearomatic residues in general do not markedly affect the
helicity. The main outlier for lis observation wasthe threoninel0 to \sine
modification which could indate that this residue position hasa larger nfluence ;n
the overall peptide structure.dgly, there wasnot always a direct correbtion between
the single amino acid subsitionsand the multi amino acid subgitutions. Individually,
both the serine3 to lysine analanine9 to laucine madificationsdid not affect the
structure substantially, howevertven conbined the helicity wasconsstently reduced.
In other cases, such as the coimation of the isoleucinel to phenylalanine or the
serine3 to lysine with the tpthophar? to leucine the behaviour is more exected,
yielding a helicity of the dual nadications somewhere between the average helicities

of the individual modificatios.
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Figure 7.1 Average helicity of the first generation Smpl4a anald@tatistically significant
difference from parent peptide (Smpl4a) calculated based on two-sided, unpaired,
independent t-test.

Ersuring that the modified pptides retain their level of hsertion within the bilayer
could be a key indicator thatiey wauld be likely to regin their antimicrobial
propertiesin vitro. Most of the peptide andogs retained a mean distance from he
centre of the bilayer of arond 1.25-1.30 nm similar to that of the native Smpl4a
(figure 7.2). While none of sartion depths weresignificantly different from Smpl4aa
few trends could still be obserde
Again, substitution to the largearomatic residues seemed to have a relatively
consistent effect leading to glight reduction in the insertion depth conpared to both
the native peptide and other nuificationsat the same residue position. As expected,
the threoninel0 to lysine suditution led to the largest reduction in the insertion
depth due to the peptide onlyachieving a partial insertion state in two of the
simulations.
One might have xpected thatsubgit uting the small downwards facing alanine 9
residue to a residue with a largkydrophobic sidechain cauld have ncreased the
overall insertion depth of theeptide, but thisdid not seem tobe the ase. Both the
alanine9 to leucine and to phgy/lalanine subgitutionsled to a reduction of the
average insertion depth oft@ve 13 nm from the bilayer centre.
Surprisingly the substitution kich led to the greatest increase in the insertion depth
was the serine3 to lysine modifion, with the single subgitution and one of the dua
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substitutions being the only two naified peptides with improved insertion level
compared withSmpl4a.The W2L S3Kpeptide was especially improved with a more

than 5% increase in the insertiaepth.

Figure 7.2 Average distance from the centre of the bilayer of the first generation Smpl4a
analogs * Statistically significant difference from parent peptide (Smpl4a) calculated based
on two-sided, unpaired, independent t-test.

The relative binding energyg one of the key taracteristics where the madified
peptides could more readilghow potential improvements over the parent peptide.
As &pected, the greatest ipect seen on the 4G waswhen the overll charge of he
peptide was increased by baituting in another lysine residue (figure 7.3). While the
binding energy was increased fal peptides with this lysine madification conpared
with the parent peptide, thedrgest and most statistically significant increases were
seen for theBK (R0.0027)and W2L S3K(P=00165) peptides. The average 45
increases were smaller and morariable for the other peptides with a +5 darge likely
due to increased variability itheir structure. A few oher peptides had smaller but
statistically insignificant inceses, mast notably the 11Fand W2Lpeptides which both
have an averagelG of abovet86 kal/mol. The 1IF W2Lpeptide wasthe only one
with an average4s below that of he parent peptide although the difference wasless

than 0.2 kcal/mol.
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By breaking the binding energyrfher down into its electrcstatic and hydrophobic
components further contgt could be dbtained related to the changesin the overall
binding energies (figure 7& 7.5). As expected, the lysine subgit utionssignificantly
increased the electrostatic energyall cases. The tryptophar? to leucine madification
seems to facilitate a small but eively cangistent increase in the electrastatic energy
seen for both the WR, 11F W2L, W2LS3Kand W2L S3K_A9lpeptides. Thsis
somewhat surprising as the deine residue wauld not be exXpected to impact the
electrostatic interactions mucby itself. The change cauld therefore nstead be one
that indirectly improves the electsbatic interactions of other residues asseen
previously with the truncatio of the secandary helix of Smp24.

The most notable reductiomithe electrctatic energy s for the S3Hpeptide which
was a maodification of one ofite keynon-charged residues responsble for the oveall
electrostatic interactionsThis is one indication that the histidine residue wasnot able
to form stronger interactions wit the bilayer than the serine residue, at leag under

the conditions used in the sisgtions.

Two of the modified peptidesiada statistically significant increase in the hydrophobic
component of the binding energyirst wasthe 11F peptide (P=0046) which could be
expected based on the subattion to another phenylaniline residues, asthis residue
type did show a generally tigr energy cantribution than leucine and isoleucine
residues in previous paesidie energybreakdowns of Snp24 and the truncated
peptides. The specific increase td¢ energy cantribution would also be somewhat
dependent on the position bthe residue, but with the dbserved position of the
sidechain of the Nerminal residue the increase in the vander Waads energy wauld
likely be a direct result of th@¢reased energy cantribution of the larger sidechain.
The second and more surprigisignificant increase wasseen for the S3Kpeptide
(P=0.019). Neither a serine atysine residue itself would be exected to have a large
impact on the hydrophobimiteractions, so the energy ncrease calld likely nstead be
a secondary effect of the substiton improving the interactions of the other residues
This observation does line up Wwithe slight increase in the insertion depth also seen
for this peptide.

While several of the modifiedeptides hada dlight decrease in the van der Wads

energies, taking the large vationsbetween the replicate simulationsinto accaunt
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these reductions could bexplained by the conciding structural variation of these
peptides. However, one notable atlier is the W2Lpeptide which had reduced vander
Waals energy with a relativegmall variation. This suggests that the gpposite of what
happened for the IE modifiction is ocarring with the direct interactionsbetween
the leucine residue and the hjler being lessenergeticlly favourable thanwith the
tryptophan residue.

Another set of peptides withotable Vander Wads energies are the A9Land A%
peptides. One couldxpect that the subgitution of the small alanine residue to the
larger more hydrophobic leuw and phenylalanine residues would have led to an
overall increase in the hydphobic interactions, but this wasnot the ase. Agin, the
explanation is likely due toreindirect effect of e subgitutions reducing the oveall
structural stability and causg a reduced overll insertion depth of the peptides

limiting the hydrophobic inteactions of the peptides asa whole.

Figure 7.3 Average relative free binding energy of the first generation Smpl4a analogs.
Statistically significant difference from parent peptide (Smpl4a) calculated based on two-
sided, unpaired, independent t-test.
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Figure 7.4 Average Van der Waals energy of the first generation Smpl4a analogs as
calculated as part of MMPBSA analysisStatistically significant difference from parent
peptide (Smpl4a) calculated based on two-sided, unpaired, independent t-test.

Figure 7.5 Average electrostatic energy of the first generation Smpl4a analogs as calculated
as part of MMPBSA analysis Statistically significant difference from parent peptide
(Smpl4a) calculated based on two-sided, unpaired, independent t-test.
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In addition to the previous sebf characteristics andysed for all the peptides some
more specific analysis methsavereutilised to investigate the loal effects that the

individual amino acid substitutis had on the andogs.

A key aspect of modifying thmlar residues in the 39 and 10" position wasto
investigate if the polar interactits between the residues in these positionsand the
phospholipids could be improdeTo ewaluate if this wasachieved the ROFsbetween
the main polar sidechain atoand the phosphae groups of the lipid were @lculated
(figure 7.6).

In the 39 residue position theserine residue previoudy did show some interactions
with the phosphate groups asdicated by the peak at around 0.38-0.40 nm. However,
as epected from the energyatculations, subgitution to a lysine residue strongly
improved these interactions &ling to a higher and more cagstent peak due to the
increased strength of the fullyherged interaction.

A similar effect was not seenhen subdituting in the histidine residue, again
consistent with the energy caldations. The main reason for this is that the non-
protonated form of histidine \asused in the simulations, asthe mgjority of histidine
residues would be neprotonated in the experimentally relevant pH range. Pobr
interactions between the higdine hydrogen bond donor and the phosphae graups
still occurred, but RBindicates that they were eva smaller than with the serine
residue. Part of thex@lanaton for this cauld be the largersize of the histidine
sidechain limiting the consigtey of he interactions. In vitro a small proportion of the
histidine residues would stitle charged likelyallowing for nteractions moreakin to
those observed for the lysine sidue. Thus it isdifficult to estimate if the interactions

between the residue and thepids would be improved or reduced asa whole.

At the 10" position the threonne residue of the native Smp14a peptide showed
almost no interactions withhte lipid phosphae graupseven though the rektive
position/orientation of the side cald in theoryallow for interactionsto ocaur.
However, this changes for blosubdit utions. As expected, the subgitution to the
lysine residue had the greatieimpact on the interactions, however conpared to what
has been observed for other $ine residues the variation in the interactionsbetween
the repeated simulations were msh greater. Thisis likelyan effect aused by the
greater variation in the struate and insertion level dserved for this peptide andog.
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However, when investigatingie R for the bpg_T10K_1simulation where the best
insertion was achieved, a clepeak at 3.9 nm wasobserved (data not shown). The
substitution to the serine resiue did significantly increase the peak conpared with the
native threonine residue, althmh conpared to the peak seen for the serine residue in

the 34 position it was still relativelgmall.

Figure 7.6 Radial distribution functions between select polar residues and the lipid phosphor
atoms. A = Comparison between the average RDFs of the different residues ifi gusifion

of the peptide sequence. Black = the serine3 in Smpl4a, red = the lysine3 in the S3K analog,
green = the histidine3 residue in S3H analog. B = Comparison between the average RDFs of the
different residues in the I0position of the peptide sequence. Black = the threoninel0 in

Smpl4a, red = the lysinel0 in the T10K analog, green = the serinel0 in the T10S analog.

To further investigate why theolar interactionsbetween the position 10 residuesand
the lipid phosphate groups wewnaller than expected, the ocarrence of
intermolecular hydrogen bais facilitated by the position 10sidechain were exlored
(table 7.3).For the nativeSmpl4a peptide a very camsstent hydrogen bond was
formed between the hydmy graup of the of the threonine sidechain and the
backbone of the isoleucine6gidues. When the subgitution to the serine residue is
performed the occurrence ohts bond wasalmost halved, explaining why interactions
instead could occur with theplid phosphae graups.

Substitution to the lysine elirmated the formation of this intramoleailar hydrogen
bond.
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Table 7.3 Hydrogen bond occupancy of the hydrogen bond between the residue 10 side
chain doner and the lle6 backbone after full insertion into the DOPC:DOPG bilayer.

Peptide Hydrogen bond ocaparcy
Smpl4a 9191+ 147 %

T10K 0.00 + 000 %

T106 47.39 + 1665 %

Another key hydrogen bondhét might be affected by the amino acid subgitutions
could be related to the resige in the 2 position. The native peptide cantainsa
tryptophan residue which notry cauld interact with the bilayer through hydrophohic
interactions but also via the foration of a hydrogen bond facilitated by the nitrogen
atom in the indole ring strucire. Subsitution of this residue to either leucine or
phenylalanine would eliminatenée possbility of such a hydrogen bond to be formed.
The average number of hydragbondsbetween the whole of the 29 position resdue
and the bilayer was calculated fdre rele\ant peptides to accaunt not only for the
loss of the hydrogen bondodier of the indole ring but also to see if the side dhain
affected the hydrogen bontbrmation coming from te backbone of the residue (table
7.4).

As &pected, the substitution oftte tryptophanresidue led to a reduction of the
average number of hydrogdrondsin all cases. The reduction wasthe largest when
the larger aromatic phenylaféne residue wasadded, either in the 1stor 24 residue
position. The change was safler when the subgitution wasmade to the leucine
residue but consistent for botthe W2Land W2L S3K peptides.

Table 7.4 Average number of hydrogen bonds between tligrgsidue in the peptide
sequence and the lipid bilayer.

Peptide Average number of hydrogen bonds
Smpl4a 1.073 £ 02829

wW2L 0.7065 + (022

W2F 0.4687 + 01320

I1F W2L 0.4507 + (1383

W2L_SK 0.7389 + (1511
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The modifications of the hydptobic residues in the 1stand 9" positions were
performed in order to improvehe hydrophobic interactions with the bilayer and
potentially lead to a deeper level afgertion of these residues among the lipid acyl
chains.Therefore, the mean dtance between the centre of the bilayerand the
individual residues was investigd (table 7.5).

The substitution of the Merminal isoleucine residue to a phenylalanine did inducea
very small but nossignificant ncrease in the insertion depth of the residue. The small
effect could be due to the @nged N-terminal amine forming strong interactions with
the phosphate groups limitingny effect of ©ianging the sidechain.

For the substitutions of the B residue the effect were brgerbut not necessaily what
would be epected. In both ases the larger residues werepositioned further away
from the bilayer centre thanhie orighal alanine residue, which correbtes with the

observations for the insertin depth of the entire peptide.

Table 7.5 The average distance from the centre of the bilayer between select residues in the
Smpl4a analogs.

Peptide Residue 1distance frombilayer centre
(hm)

Smpl4a 1.0496 + 0210

I11F 1.0417 + Q1190

11F W2L 1.0280 + 1024

Residue 9distance frombilayer centre

(hm)
Smpl4a 1.0827 + (0543
A9L 1.1252 + 01248
A9 1.2038 + 01956

7.2.2 $lection of the most promising analogs
Based on the totality of than silicoinvestigations, predictions canbe made asto if
their antimicrobial activity waold be improved, reduced or be unchanged conpared

with the parent peptide. In allases a predicted improvement would be ideal but as
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the modifications might alsaffect other aspects of the behaviour of the peptides such
as their selectivity a predictioof a similar level ofantimicrobial activity migt also be

considered a succes$o allow fora conplete andysis of the \alidity of the previously
described design principles, a nimum of ane Smpl4a variant was chosen for each of

the modification sites to moveroto in vitro evaluation.

For the residue 1 substitutiosite only one madification wasmade, that being the
substitution of the isoleucine t@ phenylalanine residue. While the simulationsdid
indicate that the substitution tothe largeraromatic residue cauld potentially reduce
the stability of the helical struate, the energy @lculationsindicated that the
hydrophobic interaction betweagthe peptide and the bilayer had been increased
thereby fulfilling the main ofective of he subgitution. In all other aspects the
modified peptide behaved whin the limits of what would be expected for a peptide
with a similar level of activitgsits parent peptide.

The increased hydrophobic ineations of the N-terminal cauld also impact other
aspects of the behaviour olfi¢ peptide not directly nvestigated in this set of
simulations. As indicated bia¢ orighal simulations for Smp24, the sidechain of the N
terminal is one of the few tdrophobic residues which might play a role during the
insertion and surface adhesi®f the peptide. While no clear effect of he subgituti on
on the insertion kinetics coulde dbserved, a small effect midnt still be relewant in

vitro when averaging over nmg orders of magnitudes more peptides.

When comparing the two mdifications of the position 2 subgitution site the
tryptophan to leucine substitutio would be predicted to be the mast successul, as
the greater helical disruption ohe phenylalanine residue isnot compensaed by a
significant improvement inhie other properties of the peptide. The dlightly helical
disruptive tendency of the leum subgitution cauld be due to the elimnation of the
hydrogen bond between the tptophanand the lipids providing some loa@l stahility to
the helix. However, even wh the dlightly reduced helicity of te peptide, itstill had
similar or slightly improved pperties in the other aspects evaluated and therefore
the W2 variant would be prdicted to have similar antimicrobial properties asthe

parent peptide.
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As mentioned previously, th&ubgit ution of the serine 3 residue to a lysine residue
was expected to yield an improwepeptide based on previous maodifications of Smp24
(149) Thein silicomodelling agreswith these exXpectationsshowing a large ncrease
in the electrostatic interactiog) while retaining the other properties of the parent
peptide.

The effect of the substitution tae histidine residue is lessclear. Ovesll, the S3H
peptide is predicted to be sligly worse thanthe parent peptide in most of the
investigated aspects. Althobdo some extet this canbe explained by one of the
simulations deviating significtly from the rest, lowering the average \alue and
increasing the variance. Whilbed interactionsbetween the phospholipids of the
histidine sidechain might beverall slightly worse than with the serine residue they
still occur and were reasobly cangstent, so the madified peptide would be predicted
to have an antimicrobial activitground the same level orlightly lower than the
parent peptide. In addition, witthe potential presence ofan ATGJN motif he S3H

peptide does show enough prosa to warrant further in vitro evaluation.

Improvement of the hydrophlaic interactions between the peptide and the bilayer
through substitution of the anine9 residue wasseemingly lesssuccessul thanthe
residue 1 modificationLike at he other madification sites the addition of a
phenylalanine seemed to digpt the helical structure of the peptide while not
providing any significant improvemes over he parent peptide in any of the other
investigated aspect§he behaviour of the A9Lpeptide wasmore conplex. While the
helical structure of the pepdie in the simulations wasvery casistent, the other
properties of the peptide suchsthe insertion depth and the binding energies varied
much more than would bexpected based on the structural variation alone. This
makes it more difficult to préict the behaviour of the peptide in vitro. In one
simulation the insertion depth ohe peptide wasdeeper than for the parent peptide
als leading to an increasedriing energy,however n the others the ogpposite was
the caseThis was also the sa when looking at the insertion depth of the leucine
residue only, potentially indating that it isdifficult for this residue to achievea
consistent/optimal position witin the parameters of the simulations. The ability of the
peptide to adopt the most ptimal position within the bilayer might be more

dependent on the specific ediguration of the lipidssurrounding itasit could be more
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difficult for the larger leucineidechain to properly align with the lipid acyl dains. This
could increase the amount of time idltes for the peptide to reach its true fully
inserted state leading to gater variation within the short timeframe of the
simulations However, in arin vitro setting such kinetic differences might not be as
relevant, while the potentiallyncreased hydrophobic interactions coauld lead to an

overall increase in the activity die peptide.

Many of the amino acid substitions indicate that a balancing act micht exist between
trying to improve the interactios between the peptide and the bilayer without
disrupting the helical structure ohé peptide too nuch. For the TLOKpeptide sucha
balance did not seem to be aehed. While the lysine residue did increase the
electrostatic interactions withhte bilayer, the helical structure and insertion level were
both consistently disruptedThis cauld be relted to the lossof the intramoleaular
hydrogen bond between thenteonine sidechain and the peptide backbone which is
completely lost following the ine subgitution. Some structural stahility could in
principle instead come fromhe interactions with the surrounding phosphor lipidsbut
the relative position/orientation of residue sidechain might not be gptimal for such
interactions while in a helical ofiguration.

The substitution to the serine selue seemed to instead facilitate a middle point
between favouring internal ahextemal interactions. The increased structural
flexibility of the serine sidedin relative to the threonine allowed for interactions with
both the lipids and the peptie backbone. The madification cauld thusallow foran
investigation into how criticahis intramoleaular hydrogen bond isand if even a slight
change to its stability would ipact the activity of the peptide. Based on the
simulations no difference irhe antimicrobial activity would be expected which is
consistent with the very mior structural difference between the threonine and serine
residuesHowever, it wouldstill be interesting to getan indication about how large the
modifications need to be in der to have anin vitroimpact on the activity. This would
both help answer the quesin whether it is worth subgit uting polar residues such as
threonine for other norchargel residues and would help validate whether the
modelling is accurate enoligo predict activity changes based on such small structural

modifications.
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Out of the 5 analogs contang 23 residue madifications two were ¢osen for further
evaluation. Based on the simatlons the W2L S3Kpeptide wasoverall the mast
promising analog, with a gadelicity, the deepest insertion leveland the largest
increase in both the bindingnergyall giving the indication that the activity is likely
improved.

The second dual modified alog dhosen wasthe 11F W2Lpeptide which had more
mixedin silicoresults indicatig that the andog wasmore likely tchave a smilar
antimicrobial activity aSmpl4a. However, it vasstill chosen asit sesemed to improve
the helicity slightly compared tdé I1F, potentially due to ncreasng the space

between the large aromatic salues located near the N-terminal.

7.2.3Biologicalevaluaton of Smpl4a analogs

To assess the vitro properties of the peptides, the antimicrobial, haemolyticand
cytotoxic activity of a new batcof Smpl4a (new manufacturer) and the 8 ¢cosen
analogs were evaluated (table6]. The new batch of Smpl4ahada slightly lower
antimicrobial efficacy than thpreviousbatch, shfting the MICvalues againg S aureus
from 4-8 to 8 pg/ml and agast P. aeruginosafrom 16 to 1632 pudg ml, however hese
changes are within thexpected range ofbatch-to-batch variation. The AL ariant
was found to have very limite solubility in the test media making it impossble to
determine any consistent Mlivalues. Several of the other peptides showed some
degree of aggregation at the Iest test concentration leading to slightly elevated
absorbance readings in these vgelHoweverasthe peptide cancentration was
reduced the absorbance conformevith the negative growth control until the MIC

had been surpassed.

Excluding the Af analog only pe of the remaining Smpl4a andogs hada consstently
reduced antimicrobial efficacy, viithe activity of the [IF W2Landog being reduced
against all the tested bactesispecies by up to a factor of 2 However, he remaining 6
analogs all showed an overatjevalent efficacy with some ases of small
improvements against specifspecies.

The only analog which hacdh @amproved activity againg S aureuswasthe W2Lpeptide,
achieving an M of 4 ug/ml which isa 2-fold increase conpared with Smpl4aand a 4-
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fold increase relative t&np24. However, his improvement did not carry over toany
of the Gramnegative species. Blotlouble madified peptides which included the WA
modification lost the activityncrease againg S aureus, with the W2L S3Kpeptide
instead having a similar Kko Smp14a.

Several analogs had an inoged activity againg the Gam-negative species E.coliand
P. aeuginosa, with all of themshainga comma motif relating to the subgitution of
the serine3 residuelhe oveall best activity wasachieved for the double mutant
W2L_SK which had a factor 2 provement againgt both E.coliand P. aeruginosa
compared withSmpl4a anda 4-fold improvement againg E.colicompared with

Smp24.

These results correlate well \mithe predicted properties of the peptidesbased on the
MD simulations. Most of the tides were eyected to have a similar activity to the
parent peptide and this seesrio be the case. The peptide andogs with an increased
charge 83K and WR_SK) were egected to have an improved antimicrobial activity
based on their increased bding energybut this wasonly agains the Gam-negative
speciesThe effect of increasg the charge wassmaller in this round of designs
compared with the differencéetween Smp20and Smpl18 where the dharge ncrease
led to 2-4 fold improvementsn the MICagaing all the bacteria species. Smilar
observations have been made forlar AMF in the pag, showing both a general
diminishing return on the activitycrease when increasng the charge of he peptide
and that this diminishing retn happens fager agains Gram-positive species (220,
249)

The improved activity of the W2indog waslessexpected based on the MD
simulations, indicating thate activity change midnt be rekted to other aspects of the
peptide-bilayer interactions not well naelled in the simple peptide-bilayer

simulations, such as changes ke pore formation itself.

The activity increase of thi88Handog cauld either be due to increased interactions
with the bacterial membrane aan effect of he ACTUN motif Previasstudies of
AMPs modified by @TUN notifs show that an activity increase simply due to the
presence of a potential @IUN motif s not a given. The specific residues comng

before the position three histine anhave a large effect e how efficiently reactive
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oxygen species can be produtevith the IWH motif faind in the S3Handog not being
previously eplored or found m nature (242). Most studies have previoudy found
inconsistent effects even whreadding the same ACTUN motif todifferent peptides
and often do not take into acemt how much of the activity increase issimply due to
increasing the size of the pegé (112, 241, 242 When Aghale etal tested their most
promising ACTUN modified AMRndogs in the presence ofa Cu(l) chelator which
should eliminate the effect bthe peptide-copper binding, aly a 2-fold change n the
MICwas observed, indicatingpdt the real effect of he ACTUN motif & relatively mnor
(112) Snce the activity changeof S3H mimic hose seen for the S3Kandog it s more
likely that the slight improvem isdue to the partial protonation of the histidine

sidechain under thex@erimental conditions.

The observations related ttné¢ A9Landog highlight that solubility should also be a key
concern when designing AMPWhile the rektively high proportion of hydrophobic
residues can be somewhatwaerbalanced by the incluson of ctionic residues, this
still makes the solubility of theeptide verydependent on the ionic strength of the
surrounding solutionThe lowsolubility can in practice reduce the cancentration of
active peptides and thereby deice the measuwed antimicrobial activity or lead to loss

of peptides during the samplereparation.

Table 7.6 MIC values for Smpl4a and the first-generation analogs in pgda2, n=3

Peptide S aureus E.coli P. aeruginosa
Smpl4da 8 16 16-32
Smpl4allF 8 16 32
Smpl4aWw?2L 4 16 16-32
Smpl4aBK 8 8 16
Smpl4a8H 8 8 16-32
Smpl4aAd >128 >128 >128
Smp14aTl0S 8 16 16-32
Smpl4allF W2L 8-16 32 32
Smpl4aW2l_ 3K 8 8 8-16
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The first round of peptide ahogs showed both improvements and reductionsin the
selectivity against erythrocysdtable 7.7). The solubility of the A9Landog wasbetter
in PEBSallowing for the evalation of its haemolyticactivity which wasby far the
highest of any of the peptides, Wit significantly decreased HGCso value conpared to
Smpl4a (B0.006). Most oflhe remaining andogs had a haemolyticactivity rektively
close to that ofSmpl4a.

TheHGo values of theS3H and T10Sandogs both deviated by lessthan 10% from hat
of Smpl4alarger but still mnggnificant changes wereseen for the 11F (P=0086), W2
(P=0.1187) and LW2L (P=0.2812 showing a higher haemolyticactivity for the first
and a reduced activity for thetter two. However, two ofhe peptide andogs did
show a significantly reduced activitgamely SSK(P=00254) and W2L S3K(P=00024).
The haemolytic activity is espalty reduced for the W2L S3Kandog shifting the HGo
value 2.9%old relative toSmpl4a and 4.65-fold relative to Smp24.

Focusing further on the 4 pepmtes with reduced haemolyticactivity, an interesting
observation can be made in tersrof the shape of the does response airve (figure 7.7).
While the 3K analog has a Iigr HCso value thanthe W2Land 11F_ W2Landogs at the
lower concentrations the %ddis is lower for hese two peptides. Howeverat 64 pg/mi
for 11F_ W2L and 128 pug/ml fortie W2Lpeptide their %l\sis overtakes that of the SSK
peptide and reaches similar lewdb Snpl4aat either 254 or 512 pgnl. This
difference in the shape of thauove caild givesome nsght into how the W2L
modification has affected the mbanism of action of the peptide. The reduced activity
at the lower concentrations add indicate that the madification inhibits the ability of
the peptide to insert into the mebrane of the erythrocytes which is likely the rate
limiting step of the mechanism attion at these canditions. This correbtes well with
the hypothesis that the remaV of the tryptophanresidue wauld inhibit the initial
interactions between the gatide and zwitterionic lipids through cation pi interactions.
If this is the case, a lower proportimf peptides would reach the fully inserted stage
necessary for the membrardisruption under these canditions explaining the low
%lysisHowever, as the conctration of peptides in the surrounding solution is
increased the actual number afserted peptides will reach a critical point where pore
formation and membrane diuption can more readily ocar. Futhermore, he fact

that the W2 and IF_W2L peptides reaches similar levek of lysisasSmpl4aat the
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higher concentration could dicate that the W2L mdlification increases the efficiency
of the membrane disruptiomfter the critical concentration hasbeen reached. An
increased membrane disrupticefficiency cauld also explain the increased
antimicrobial activity of the W2peptide againg S aureus.

A potential explanation for vy the W2L mdification leadsto an increased membiane
disruption efficiency could béné removal of the hydrogen bond between the
tryptophan and surroundinggids. Previais studies have ndicated that limiting the
polar interactions between an AM&hd the lipid bilayer comng from the areasnear
the terminals of the peptide add allow the peptide to more esly adopt a tilted
configuration that could servasan initial step in the pore formation (188, 24(). This
concept could alsoplain the reluced activity of the SSKpeptide asthe lysine residue
would also make it more diffidt for the N-terminal end of the peptide to nsert more
deeply into the bilayer, yieldg more ofadirect shift of the dose response arve asa

lower membrane disruption efficiey affects the lysisat all concentrations.

As such, both the W2and S3K malifications seem to &cilitate a reduced haemolytic
activity at the lower peptide awentration but via different effects on the medanism
of action. This might eplain why their conbined effect n the W2L S3Kandog seem

be synergistic with the reductioin the haemolyticactivity being several times greater.
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Figure 7.7 Concentration dependent haemolysis of sheep erythrocytes by Smpl4a and
analogs.Black = Smpl4a, red = Smpl4a_|1F, green = Smpl4a_W2L, blue = Smpl4a S3K,
yellow = Smpl4a_S3H, brown = Smpl4a_ A9L, grey = Smpl4a_T10S, violet = Smpl4a I1F W2L,
cyan = Smplda W2L S3K, N=3, n=3.

Table 7.7 H& values for Smpl4a and the first-generation analogs based on the haemolysis
of sheep erythrocytes.* Value is significantly different from Smpl4a based on two-sided two-
sample independent t-test (P<0.05).

Peptide HGso (ug/ ml)
Smplda 13737 £ 1223
Smpl4allF 11070 £ 229
Smpl4awaL 16591 + 1586
Smpl4aSBK 18791 + 1573*
Smpl4aS3H 12810 + 1497
Smpl4aA9L 63.15 + 510*
Smpl4aTi0S 13140 + 794
Smpl4allF W2L 154,79 + 1540
Smpl4aW2l_ 3K 41062 + 7277*
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As with the previous set of pgriments related to the truncation of Snp24, the efect
of the peptide modificationsn their selectivity seems to be much smaller against the
cell lines such as thdEK293 cedlconpared with the erythrocytes (table 7.8). As with
Smpl4a all the modified analpbave a reduced cytotoxic response at the highest 1-3
concentration levels, likelyuk to aggregation in the alture media. As such, these
data points were not used fomlzulating the EGo values. The average maximal
cytotoxic response for the pgeides wasalso relatively low, reaching 3042 + 100 %
over the three replicate perimental runs. This leadsto anappaent shift in the Eso
values compared with the prewig set of experiments where they were alculated
based on the maimum respnse of the larger peptides such Smp24 at around 52.2 +
5.71 %4 DH release, with the Go value for Snpl4a gong from 3701 + 461 pgml to
23.40£ 0.80 pg/ml in this nevget of experiments. However, if he EGo values for the
first set of eperiments were alculated usng 3042%asthe maximum response, the
average Bsovalue would nobe significantly different from the 2340 = 080 pg ml
found in the new set ofx@eriments (P=02025.

The onlySmpl4a analog wit a statistically significantly different EGo value wasthe
S3K analog é8.0262), producig a lower cytotoxic reponse than the parent peptide
at similar concentrations, corrating with the dbservations for the haemolyticactivity
of the peptide.However, the oher three peptides that showed a reduced haemolytic
activity did not have a signifiatly reduced cytotoxic response, with the W2Landog
even having a slightly loweGk value than the parent peptide. The reduced resporse
at the lower peptide concenations for the andogs cantaining the W2Lsubgitution
were still seen but to a mucémaller extent thanin the haemolysis assg (figure 7.8).
These observations couldag indicate that the different aspects of the medanism of
action of the peptides do ndiave the same impact on the selectivity n the two
toxicity models. If as hypotlsised the W2L mdification mainly impacts the initial
interactions/insertion of the pptide into the menbranes the differences in the
membrane compositions mig resut in this effectbeing lesssignificant in the cell Ine
assayHowever, if theS3K malification instead impacts the menbrane disruption

efficiency it would &plain why this peptide shows reduced toxicity n both assgs.

This might alsoxplain why the W2LS3Kandog shows no significant reduction in its
toxicity in the cell line assay. He effect of he W2Lsubdgitution on the initial
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interaction/insertion is insigificant, the slight increase in the menbrane disruption
caused by the substitution mig balance aut the slight reduction caused by the S3K
modification, similarly to wéat was observed with the antimicrobial efficacy against S

aureus

LikeSmpl4a the 2@residue bng AMPCA-MA also cantainsa tryptophanresidue in the
2nd position. Donghoon et aubdituted this tryptophanto a leucine residue and asfor
Smp1l4a this substitution diabt inhibit the antimicrobial activity of the peptide. While
the haemolytic activity of thpeptides wasnot investigated the cytotoxicityagaing a
range of cell lines was redut¢250).

Bi et al substituted severaldeine residues to tryptophanresidues in the 13residue
long AMPLK6 and found thaaddng the tryptophanresidues near the N-terminal in
general improved the antimicriaial activity while tryptophanresidues near the C-
terminal reduced itThe parent peptide showed no haemolyticactivity and this was
not significantly changed bgdding the tryptophanresidues (251).

For the 16residue long peptidelCATH(1 t16) subgitution of the position 4 tryptophan
residue led to both reducednéimicrobial activity and cytotoxicity(252). However as
the substitution was made ta much smaller alanine residue rather thana leucine

residue a general activity reductiags not surprising.

Overall, 3 (WR, 3K and WR_S3K) out of the 8peptide andogs showed clear
improvements to theiiin vitro biologicl properties with only one peptide (A9L being
clearly worse. With the overabest antimicrobial activity andby far the lowest
haemolytic activity the W2 S3Kandog was chosen asthe bass for the next round of

the iterative drug design pross.
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Figure 7.8 Concentration dependent LDH release from HEK293 cell caused by Smpl4a and
the first-generation analogsBlack = Smpl4a, red = Smpl4a_I1F, green = Smpld4a W?2L, blue =
Smplda_S3K, yellow = Smplda_S3H, brown = Smpld4a A9L, grey = Smplda T10S, violet =
Smplda_l1F_W?2L, cyan = Smpl4a_W2L_S3K. N=3, n=3.
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Table 7.8 E€gvalues for Smpl4a and the first-generation analogs based on the LDH release
from the HEK293 cell lind.he E& values for all peptides are calculated against the average
maximum LDH release rate for all peptides excluding A9L relative to the positive control.
Average maximum LDH release was 30.42 £ 1.00% against the HEK293 cell line. * Value is
significantly different from Smpl4a based on one-sided two-sample independent t-test
(P<0.05).

Peptide EGo
Smplda 2340 + 080
Smpl4allF 2422 + 317
Smpl4aWw?2L 22.78 + 359
Smpl4aBK 3245 + 247 *
Smpl4a8H 2112 + 149
Smpl4aA9L 19.64 + 294
Smp14aT10S 23.00 * 234
Smpl4allF W2L 24.70 * 566
Smpl4aW2l_3BK 2452 + 150

7.2.4 &signof the second generation Smpl4a analogs

Following thein vitro evaluatian of the first generation of Smpl4aandogsasecond
iteration of peptides were degned based on the W2L S3K variant. Two new design
strategies were implemented witthe hope that they midit lead to improvements in

the antimicrobial efficacy.

Building on the hypothesised effegten for the W2L mdification where remo\al of
polar interactions between théilayer and the area of the peptide near the N-terminal
potentially led to an improved mehrane disruption efficiency, the Niterminal amine
was acetylated to remove thpositive charge and thereby elimnating the strong
interactions between it andhe lipid phosphae groups. While removig this charge is
likely to negatively impact thegrength of the binding between the peptide and the
bilayer, the hope is that it will mke it much eager for the N-terminal regian to adag a

deeper insertion level which otd lead to greater pore formation.
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The second strategy was to try tomgbduce the helical kink motif, remove from
Smp24 during the truncatiostage of tie drug design. While in that case the impact of
removing the kink could be oateracted by increasng the darge, a kink motif could
potentially be a way to improvehe activity of Snpl4a W2L S3Kagaing S aureus
where further increases of thehange seem likely tohave a limited effect

As previously mentioned, twdifferent residues can be used to introduce bending in a
helical region. Proline resideereates a distinct kink due to a lossof a backbone
hydrogen bond and due to steriatéractions between the proline ring and the
carbonyl aygens in the preding turn of the helix. Glycne residues canalso induce an
increased curvature of the heliue to its small size and high torsional flexbility (253).
As both types of residues cae found in other AM (199), subgitutionswere nade
to both proline and glycine sidues.

The net question was then wich residue in the sequence should be subgituted to
the proline/glycine. Ideally a s@lue should be chosen which isnot by itself criticalfor
the activity of the peptide ashthe position should be rektively central in the helical
region to facilitate the creatig ofa reasonably sized helical regian on each side o the
kink. Another question is wheréé kink is introduced relative to the rotational
orientation of the helk. InSmp24 the proline residue is positioned on the side of the
helix relative to its orientatio when the peptide is insertion in a bilayer. With these
considerations in mind the two nsbobvious choices for madifications sites are the
8th position alanine and the 1Bfposition threonine. Bot native residues are
expected to have a relatively mor impact on the peptide-bilayer nteractions, so the
substitutions should not impacthe binding directly. The main cancem is ingead to
which degree the substitutizs would impact the structural stability of the peptide and

how much such structural stiuptions would impact the in vitro activity.

Based on these design strate@® new secand-generation andogs weredesigned and
evaluatedin silico (table 7.9).

For the in silico evaluation of his generation of peptide andogs, a few dhanges were
made to the base bilayer ndel leading to the creating of the 5" bilayer madel variant.
The first change was to redudeet ovesll size of the bilayer. Ths wasdone asthe
bilayer size in the original nuel was chosen based on the size of Snp24. However,

with the now much smalleBnpl4a and its derivatives a smaller model should be able
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to serve the same role withat leading to artifactsandat the same timesignificantly
reduce the computational cost ofi¢ simulations.

A second change made wasitcrease the sdt concentration in the solution phase of
the simulation. While theresia cansensusthat enough ionsshould be added to a
model to at least neutralise the owal charge of he system, the addtion of extra ions
beyond that varies betweeauthors. Therefore, he change wasmade to explore the
effect of the salt concentratioon the simulation of the interactions between AMPs

and bilayers, in order to infornufure model design.

Table 7.9 Overview of the physiochemical properties of the second generation Smpl4a
analogs.Hydrophobic moment calculated usiht ps.//h eliguest.ipmc.cnrs.fr/, * C-terminal
amidation not accounted for in calculations.

Name Squence Mw Chage | Hydrophobic
(@mol) | atpH 7 | moment*

Smpl4a IWSFIKAAKILFK- 166507 |4 0.626
NHz

SmpldaW2l S | ILKFUKAAKLIK- | 163311 |5 0.649

K NH:

Smpl4 ACE ACE 167518 |4 0.649
ILKEUKAAKLEK-
NHz

Smpli_A8G ILKFLUKGATK K- 161911 |5 0.644
NHz

Smpl4&_A8P ILKFLUKPATKLEK- 165918 |5 0.657
NHz

Smpl4_T10G ILKFLUKAAGKLFK- 158909 |5 0.660
NH2

Smpl4_T1O0P ILKFLUKAARK K- 162915 |5 0.632
NHz
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7.2.5In silio evaluatbn of the second generation smpl4a analogs

For the second generation ohé Smpl4aandogdesignsa total of 18simulations were
done. Smulations for the W2LS3Kpeptide were rgpeated to take nto accaunt the
differences in the bilayer sizandion cancentration.

Full insertion was achieved \wih 1000ns for 8333% of he simulations with two
simulations yielding a partiallpserted peptide due to major but not conplete loss of
the helical structure and ongmulation where the peptide only achieved a suface
level association with the bilayeAll three smulations where full peptide insertion
was not achieved were relatkto peptide andogs with the threoninel0 residues
substituted. All kinetics of thensertion were within the range exected based on the

previous rounds of simulaties (table 7.10).

As the charged ferminal previady hasbeen shown to be one of the keystructural
characteristics that drives thgpecific nsertion medanism for Smp24 and its
derivatives, one mightxgect that the acetylation of the dharged amine graup would
significantly impact the meemism. Howeverpbased on the positions of the peptide
and the Nterminal the effectseemal to be rektively mnor (figure 7.9). In 2/3
simulations the peptide still seerdeo have adopted an N-terminal inserted state,
where the Nterminal was paitioned below the rest of the peptide, around the same
level as the phosphate groggbefore the full insertion wasachieved. The position of
the N-terminal was not as gwstent or asdeep within the bilayer asseen in previous
simulations, but the behaviw wasstill clearly different thanin the case where onlya
lag period was observed (fige 7.9C).However, \8ud inspection of the smulation
trajectories revealed that tkipseudo N-terminal inserted stage was more likelydue to
the orientation of the lysine3idechain (figure 7.10). Compared with the other lysine
residues, the sidechain of lysineasworiented in line with the helical axis rather than
tangentially to it.This meanshat the charged sidechain to some extent mimics the
behaviour of the charged ferminal allowing the peptide to adopt a tilted
configuration where some hdrophobic interactionsbetween the bilayer and residues
such as the acetylated-términal can ocair at the same times asthe charged
interactions via the lysine rahies. The position of the acetylated N-terminal is
therefore still often positiond moredeeply within the bilayer during the insertion, but

the function has changed cqrared to with the nonacetylated N-terminal.
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Figure 7.9 Changes to the centre of mass over time for the three Smpl4a W2L S3K_ACE
simulations.Black = Top leaflet phosphate groups, green = whole peptide, blue = acetylated N-
terminal. A= bpgs_ACE_1, B =bpgs ACE_2, C=bpgs_ACE_3.

Figure 7.10 3D structure of the surface associated (pseudo N-terminal inserted) configuration
of Smpld4a_W2L_S3K_AQe acetylated N-terminal is labelled yellow and the lysine
residues in cyan. A = side showing the orientation of the N-terminal, B = side showing the

orientation of the lysine3 sidechain.
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Table 7.10 Overview of the insertion kinetics for the second-generation analdgsialues
are in ns.

Simulation name Oveasll Initial lag N-terminal | Fudl Inserted
Insertion | period inserted insertion/r
level otation

bpgs W2L_ 3K 1 | Full 0-6 6-358 358440 | 440-750
bpgs W2L_3K 2 | Full 0-20 20-239 239620 | 620-750
bpgs W2L_3K 3 | Full 0-6 6-60 60-144 144500
bpgs ACE 1 Rull 0-109 109258 258355 355500
bpgs ACE 2 Full 0-7 7-142 142178 | 178500
bpgs ACE 3 Full 0-144 na 144212 212500
bpgs A8G 1 Full 0-119 119205 205247 247-500
bpgs A8G 2 Full 0-27 27-52 52-233 233500
bpgs A8G 3 Full 0-5 5-11 11-82 82-500
bpgs A8P 1 Full 0-93 na 93-185 185500
bpgs A8P 2 Full 0-15 1570 70-302 302750
bpgs A8P 3 Full 0-47 47-231 231533 | 533750
bpgs TL0G 1 Qurface | 0-36 36-51 51-177 177-500
bpgs TL0G 2 Partal 0-6 6-139 139209 | 209500
bpgs T10G 3 Rull 0-55 55-400 400-866 866-1000
bpgs TLOP 1 Partal 0-9 9-62 62-107 107-500
bpgs TLOP 2 Full 0-38 3853 53-94 94-500
bpgs T10P 3 Full 0-76 76-214 214370 | 370500

The helicity of the W2_SK parent peptide wasdlightly lower i this round of
simulations compared with thprevious one (figure 7.11) This cauld be due to the
increased salt concentratiamsed in the simulation, with the addtional chloride ions
somewhat shielding the intexctionsbetween the bilayer and the ationic residuesof
the peptide which play a key role stabilising the helical structure while the peptide is
still mostly located in the solutiophase. The A8Gandog hasa similar level ofaverage
helicity while the acetylatedrelog hasan average helicity ofabove 80%similarity to

the maximum helicity found for lte peptides in the previous round of simulations. The
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remaining three peptidesT¢0G, ABPT10P all hada loweraverage helicity although
due to the relatively high vationsbetween the repeat simulations, only the resut of

the A8P analog was significandijferent from the parent peptide (P=00417).

Figure 7.11 Average helicity of the second generation Smpl4a anatdgstistically
significant difference from parent peptide (Smpl4a) calculated based on two-sided, unpaired,
independent t-test.

In terms of the insertion level ohé peptides, the resuts for the W2L S3Kparent
peptide again deviates somevat from the values found in the previous round of
simulations (figure 7.12Yhis cauld be due to the different size of the bilayer leading
to a change in the peptide topid ratio, but more likely his isa downstream effectof
the slightly lower average helicityhe main outlier from the other peptides wasthe
acetylated analog which relhed an average nsertion levelaround 0.2 nm or more
closer to the bilayer centre thn the other peptides. This cauld be due to the
acetylation of the Nerminalallowing the peptide to nsert deeper asthe strong
interaction between the Nerminal and the lipid phosphae groupswasremove.
However, it could also agalve explained by the more camsstent helical structure of
the peptide analog. If compageo the previous round of simulations, the insertion

level of the acetylated analogin line with the insertion level of he W2L S3Kandog.
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Figure 7.12 Average distance from the centre of the bilayer of the second generation Smpl4a
analogs.* Statistically significant difference from parent peptide (Smpl4a) calculated based
on two-sided, unpaired, independent t-test.

The binding energy of the W2&Kparent peptide wasaround 25 ka@l/ mol lower han
what was found in the previgs simulations (figure 7.13). When broken down into the
electrostatic and hydrophobicnergy conponents the main contributor to the oveall
4G reductions seems to come froimetelectrcstatic energy which wasreduced by
around 33% compared witthé orighal set of simulations (figure 7.14 & 7.15).
However, again this changerche exlained by the increased sdt concentration used
in the new simulations shiela the electrcstatic interactions between the peptide

and the bilayer.

The A8G analog had the best aalerelative binding energy which wasalso in line with
the parent peptide in terms ohe Vander Wads and electrastatic energy
contributions. Following that coms the A8Pandog with anaverage binding energy
that is around 5% lower tharhét of the parent peptide but taking the loweraverage
helicity into account this differece s smaller than cauld be expected. Both andogs
with the threonine substitutd have an even lower rehtive binding energy which could
be explained by reductions irhe Vander Wads interactions, likelydue to the less
consistent insertion of these ides. The acetylated andog also showed an overall

reduction in the relative bindg energy which canbe exlained by a significant
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reduction in the electrostatimteraction energy(P=0017). This reduction is due to the
removal of the cationic charge di¢ Nterminal residue which for Snpl4a wasshown

to be the single residue withhe highest energy cantribution.

Figure 7.13 Average relative free binding energy of the second generation Smpl14a analogs.
Statistically significant difference from parent peptide (Smpl4a) calculated based on two-sided,
unpaired, independent t-test.

Figure 7.14 Average Van der Waals energy of the second generation Smpl4a analogs as
calculated as part of MMPBSA analysisStatistically significant difference from parent
peptide (Smpl4a) calculated based on two-sided, unpaired, independent t-test.
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Figure 7.15 Average electrostatic energy of the second generation Smpl4a analogs as
calculated as part of MMPBSA analysisStatistically significant difference from parent
peptide (Smpl4a) calculated based on two-sided, unpaired, independent t-test.

As one of the key aspects of si@f the madifications wasto improve the ability of
the helical structures to bendhé natural curvature ofa selectset of the peptide
analogs was investigatethe W2L S3Kpeptide was chosen to represent the basline
for the helical curvature whilene alanine8 malified peptides were dosen for
comparison as their helical sicture wasmore cagstent thanthe andogsbased on
modifications of the threoninel0 sxue. The investigations showed that in the
simulations the parent pepdie had on average a slight curvature with a maximum
cumulative angle glust over 5degrees at the 8" residue (figure 7.16). Subsituting this
8 residue to a glycine had ondimited effect an the aurvature, shifting the
maximum bend slightly to redue 6and 7 but not increasng it by much. However,
when the residue was substitutieto a proline the aurvature wasgreatly increased,

with a maimum curvature loated at residue 7-8 at on average above 20degrees.

This highlights the structurdifferences between the proline or glyane residues with

the proline residue introducingdistinct kink in the helical structure leading toa high

curvature even when the pptide isinsertion into a flat bilayer. On the other hand, the

effect of the glycine residus more rebted to an increased flexbility of the helical

curvature.This means that whilehe peptide is inserted into a flat bilayer no significant

effect can be observed, but e peptide were tobe position in a higher aurvature
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environment such as wherssociated with a membrane pore the increased flexbility
would at least in theory allowhe peptide to better align with the bilayer. Sill, the

effect would likely be smalleh&in with the distinct kink of the proline residue.

Figure 7.16 Average degree of cumulative helical curvature for each residue in select Smpl4a
analogsBlue = W2L_S3K, red = A8P, green = A8G.

Due to the more complbenature of the effect of the madifications on the structure
and behaviour of the peptidandogs, predicting their activity is moredifficult.

The results for the acetylatemhdog were verypolarising, being either clearly the
most promising candidate as \ithe helicity and insertion depth or showing ane of
the clearest worsening of ifgroperties aswith the binding energy. Based on the
relative binding energy alonene would expect to see a reduction in the antimicrobial
properties compared with th@arent peptide, however tis cauld be somewhat
counteracted by the good helicignddeep insertion. Futhermore, the previous
round of experiments showedhat a change n the binding energy/ reduction in the
overall charge would most likedffect the activity againg the Gam-negative species

to the greatest &tent.

Predicting the activity of thandogs which had the glycne orproline residues added is

even more difficult as the part ohé medanism of action that they are likely toaffect
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(pore formation/stabilizatiofis not well madelled within this set of smulations.
Overall, the modifications tde alanine8residue performed better in all aspects
compared with the threoninel0 mdified peptides. Thisis likelybecause o the effect
the specific residue positiorals on the stahility of the helical structure. Subsitution of
the threonine residue not only remoséhe intramolealar hydrogen bond from the
side chain, but it is also miicloser to the end of the helix furthering the disruptive
effect. The A8BG analog behasgeelatively similarly to the parent peptide in the
simulations, so a similar antimidsial activity cauld be expected, potentially with an
upside if the increased fkbility improvesthe pore formation. The activity of the AP
analog could go either way gending on whether the increased curvature of the helix
further improves the pore form@tion or if the disruption to the helical structure istoo

great for the peptide to constently fold into the active canfiguration.

7.2.6In vitro evaluaton of the second generation Smpl4a analogs

None of the second generatin analogs showed improvementsin their antimicrobial
activity relative to theSmpl4a W2L S3Kpeptide (table 7.11).

The acetylated analog retaidéts activity againgt S aureus but lost activity against
both Gramnegative species.hls is consstent with previousstudies for other AMPs
showing that acetylation genatly lowers the activity against Gram-negative species
while in somecases leading to iprovements against Gram-positives (189, 254. This is
likely due to the change in the oalircharge of he peptide which, asseeninthe

previous set of MIs,was criti@l for the activity against the Gram-negatives.

Table 7.11 MIC values for Smpl4a and the second-generation analogs in Jg#8|.n=3

Peptide S aureus E coli P. aeruginosa
Smpl4a 8 16 16-32
Smpl4aW2l_SK 8 8 8-16
Smpl4aW2l BK ACE |8 16 16-32
Smpl4aW2l_SK ASG | 16 16 16-32
Smpl4aW2L_SK A8P | >256 256 32-64
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Both modifications to the alaine8 residue led to a general reduction in the
antimicrobial activity. As thdifferences in the physiochemical properties between the
alanine and the glycine or prole residues are rektively mnor, the most likely
explanation for the activity r@uction is the helical disruptive properties of the new
residues.

Previous studies have showmet incorporation of such residues into helical AMPs can
lead to an overall reductionf the helicity (198). Prolne residues are known to disrupt
the helical structure to a larger extethan glycne residues (253), which also
correlates with the relative réuction of the antimicrobial activity being much greater
for the proline modified analaghe structure disruptive effectseems to have the
greatest impact again& aureuswith the A8Pandog conpletely lasing its activity
against this species althoughsitill retaining some activity againg P. aeruginosa
especially. While the activigf the A8Gandogs is reduced overall conpared with the
W2L_SK parent peptide, thactivity agains the Gam-negative species is till
comparable toSmpl4a and he activity againg S aureusis like that of Smp24.

While no activity improvemerstwere achieved, the resutsstill correlate well with the
predicted properties from the M@Bmulations. The acetylated peptide did show a large
reduction in the binding energywch would be expected to inhibit the ability of the
peptide to bind to the bactesl cell menbrane. Aging S aureusthese reduced
interactions are likely balandewith an improved menbrane disruption efficiency
leading to an equivalency irhé overll activity change.

The simulations for the two reaming peptides both showed a reduction in their
helicity which again couldxplain the activity reduction. However, he difference
between the W2_SK and W2LS3K _A8Geptides wasnot enough to clearly predict
an activity reductionThis midnt indicate that the effect of ntroducing the glycne
residue is more pronouncedlring stages of the medanism of action not modelled in
the simulationsThe structuredisruptive effect of he glyche residue cauld be more
relevant during the transition ohe peptide from itsungructured to helical
configurations rather than oncehe structure of the peptide isalready fully helical. The
helical structure of the fullynserted peptide might be rektively cansstent and stable
even with the glycine residubut if the energy cat of folding into the helix & greatera

smaller proportion of peptidgare likely to rexch that point at a given concentration.
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The antimicrobial activity aleveral helical AMPs of similar size to Smpl14a with and
without glycine and proline idues have been investigated previoudy. The 17residue
long AMP P18 derived froparts of both Gecropin and Magainin 2 hasa kink in its
helix induced by a proline rediie in the 9" position. Subsit uting this residue to either
a leucine or serine led to gerareductions in the antimicrobial activity rektive to the
parent peptide(255) However, conpared with the Smpl4a andogs P18 s both larger
and has a greater chargeg(1at pH 7) which might help counteract the structure
disruptive properties of the@roline residue and thereby insead allowing the improved
pore formation caused by therk to dominate the oveall effect an the activity.

The 13residue peptide BaRhastwo glyche residues, one at the 7" and one at the
10" position. Qubstitution of the 7" position glycne to anarginine reduced the
antimicrobial activity of thgeptide againg most pathogens even though the charge of
the peptide was increase@56). Anotable difference between GHaRand
Smpl4aW2l SK A8G is theposition of the central glycne residue rektive to the
hydrophobic and hydrophiligdes of the helix. The glyche residue in GHiR &
positioned on the hydrophiliside of the helix cantrary to the glycne's position in the
Smpl4a analoghis could indiate that the specificposition of the glycne residue in
the helix could be critical fortte effect o the activity, asthe improved helical
flexibility should preferably aligwith the peptide-pore asembly structure.

The 14residue peptide masiparan-Cdoes not contain a proline or glyane residue.
However, when the 7 position leucine residue wassubgituted to a glyche residue a
general reduction in the antimicitaal activity wasseen, especially againg S aureus
(257)

It thus seems that the effedf inserting these residues into smaller AMPs is very
dependent on the specific geide and potentially on where in the sequence the

substitution is performed.

Even if none of the modificatis led to improved antimicrobial properties,
improvements to the selectivity ohe peptides werestill possble. The haemolytic
activity of the acetylated analogassignificantly increased conpared to the W2L S3K
parent peptide (R0.0003) wih the HGso0 value reaching a level more corparable to
Smpl4a (table 7.12However, for he two rensining peptide andogs the haemolytic

activity was greatly reduced eneonpared with the W2L S3Kandog. For both
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analogs a single run with adldition higher peptide cancentration (1024 pgml) was
done in order to ensure a conoiation dependent haemolysis increase cauld be
detected. Even at this elevateoncentration lessthan 10%haemolysis wasachieved

making it impossible to accately clculate the HCso values.

These results are consistent twgimilar modifications for other AMFs. N-terminal
acetylation has previously beeshown to both increase ordecrease the haemolytic
activity compared to parent gtides (189, 254. The incluson of proline or glyane
residues have consistently led todueed haemolyticactivity conpared with their

analogs without hek disruptive raidues (255-257).

The large reduction in the haemoly#ctivity for glyane and proline andogs indicates
that the ability of the peptids to fold into their helical configuration is critical for their
activity. This is also the case agst bacterial celsbut in this case the structure
transition is aided by the incased electrastatic interactions with the menbrane
surface, helping the peptide overcomigetentropy cast of folding into the helical
configuration.Sructure disrytive residues such asglyche orproline cauld thus
improve the selectivity of th@eptides by disproportionally inhibiting the structural

transition when the peptideare interacting with eukaryotic cell menbranes.

Table 7.12 H&values for Smpl4a and the second-generation analogs based on the
haemolysis of sheep erythrocytes: Value is significantly different from Smpl4a W2L S3K
based on two-sided two-sample independent t-test (P<0.05).

Peptide HGso (ug/ ml)

Smpl4a 137.37 £ 1223
Smpl4aw2l IK 41062 + 7277
Smpl4aw2l_IK ACE 11299 + 301*
Smpl4aW2l_IK A8G NA(7.32%at 1024 ugml)
Smpl4aw2l_IK A8P NA(1.70%at 1024 pgmi)

The cell line cytotdcity assagagain show smaller differences in the selectivity
between the peptides compadewith the haemolysisassy (table 7.13). However,
relatively large reductions irhe cytotoxicity werestill observed for the W2L S3K_A8G
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and W2_._SK A8P analogs.hHE EGo value for the W2L S3K_A8Gndog wasshifted
more that 3fold compared wih the parent peptide meaning that the therapeutic
index for the peptide is still iproved even when taking the 2-fold antimicrobial
activity reduction into accaut. The cytotoxicity for he W2L S3K_A8P wasreduced to
such as rtent that that a sigificant LDH relase wasonly measued at the highest
evaluated peptide concentratio.

These results indicate that theelectivity inprovements created by impacting the
structure of the peptides traslate better to the cell Ine assy conpared to the

modifications inhibiting thenitial interaction with the eukaryotic menbrane.

Table 7.13 Egvalues for Smpl4a and the second-generation analogs based on the LDH
release from the HEK293 cell linEhe E6& values for all peptides are calculated against the
average maximum LDH release rate for all peptides excluding A9L relative to the positive
control. Average maximum LDH release was 30.42 + 1.00% against the HEK293 cell line. *
Value is significantly different from Smpl4a W2L_ S3K based on one-sided two-sample
independent t-test (P<0.05).

Peptide EGo

Smplda 2340 + 080
Smpl4aW2L_ 3K 2452 + 150
Smpl4aW2L_SK ACE 21.91 + 459
Smpl4aW2L_BK A8G 7548 + 1466 *
Smpl4aW2L_3K A8P NA(6.32%at 465 ugml)

Overall, the optimization of theequence ofSmpl4a only led to limited improvements
to the antimicrobial efficacyf the peptide. However significant improvements were
achieved regarding the selectivity dietpeptides towards prokaryotic rather than
eukaryotic cellsThis was espesdlly the as when it comes to their ability to attack
red blood cells, with the haemolytactivity of both the best first-generation andog
(Smpl4aw2L_ SK) and the bg second-generation andog (Snplda W2L S3K_A8G%

being significantly reducedaeh time.
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7.2.7Camputer aided drug esign of AMPs using MD simulations

Like in previous chapters, these of MDsimulation for the drug design purposes
comes with several assumptisand limitations. These limitationsare even greater for
this chapter as we not only try faredict if new andogs behave n a similar way to the
parent peptide but also if thantimicrobial activity is likely tobe improved. The reailts
indicate that the ability forlie simulationsto be used for this purpose is relatively
limited. For some analogs sh@sSmpl4a W2L, he improved activity wasnot clearly
predicted, while all peptides witthe S3Kshowed a large ncrease in the rektive
binding energy but only mar improvement in the antimicrobial activity. Futhermore,
the simulations could not pakct the large reduction in activity of the Smpl4a A9
peptide as factors such as aggatign werenot taken into accaund in the madel. To
improve the further use of M simulationsin conputer aided drug design of AMPs
would require the determinatio of a clearer in silico n vitro correktion, by
investigating AMPs with amge ofantimicrobial activity and correhting the activity to
the correspondingn silico variables, likely wit help of a machine learning. However,
the overall complgity of the medianism of action of AMF might limmit how strong

anin silico n vitro correlation can be found, even for a large dataset.

To conclude if the use of MBmulations cauld be a successul drug design approach, a
systemic comparison with othepproaches would need to be performed, to identify if
this new approach would bieetter at finding andogs based on the same parent
peptide with improved propertis that would be missed by other approaches. As this
was not done, the best we ¢edo to getsome ndication of the usefulnessof the
approach would be to compare wipreviousdesign efforts for similar peptides.
Amino acid substitutions hay@evioudy been done for both Smp24 (149 and Smp43
(232) with 11 and 8 new analsdpeing designed for each respectively These andogs
were also designed based aimuctural predictionsbut usng much simpler
computational methods withat explicit simulation of the surrounding solvent or
bilayer. Table 7.14 shows aoverview of he antimicrobial activity of the designed

analogs relative to each of theyarent peptides.

271



Table 7.14 Overview of outcomes from amino acids substitutions for the Smp family of
AMPs.Similar activity as the parent peptide defined as maximum 1 factor 2 deviation in the
MIC against a maximum of one species. Improved activity is defined as at least 1 factor 2
improvement in the MIC against one or more species. Consistently reduced activity is defined
as a factor 2 reduction in the MIC against at least 2 species or a greater than factor 2 reduction
against one species.

Snp24 Smp43 Snplda
Similar activity as | 9% 38% 36%

the parent peptide
Improved activity | 36% 0% 36%

compared to the
parent peptide
Consistently 45% 63% 27%

reduced activity
compared to the

parent peptide

For the Smp24 andSmp43 the mat comman outcome fora new madification wasa
reduction in the activity of theew peptide, however wih the use of the MD
simulation approach this outcomeasthe leas comman for the Smpl4aandogs. This
could be an indication that the MBmulations cauld help sort out andogs which are
likely to have a reduced activitigyt it could also be down to an intringc difference
between the parent peptideshe Snp24 andogs hada similar rate of madifications
with lead to improved activitpswith the Smpl4a andogs, andin both cases these
improvements were mainly driveby increasng the charge of he peptide. Thisagain
indicates that the MD simulatioapproach isnot that much better at identifying
modifications directly leading to ipnovements of the antimicrobial activity. Many of
the modifications that yielde the improved activity for the Smp24 andogs would
likely also have been identifiaisng the new approach and vice vesa.Howeversome
examples can be found wherbeé MDsimulation approach might have elimnated one
of the "bad" analogs from th@np24 study. The Smp24 D2¥ andog hasa relatively
major modification with the sbdgitution of the negatively darged Asp23 toa

hydrophobic Phe residu@his design choice waslikelydone based on the simple
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structural prediction, which pmicted that the 23 residue wauld be positioned and
oriented similarly to most oftte hydrophobic residues of the peptide. However, if MD
simulations had been used, #iriesidue would have been predicted to be positioned
among the lipid headgroupenda moreappropriate subgitution to a polar or ct ionic

residue could have been done

7.3 Conclusions

While Smpl4a have a signifactly smaller size than Smp24 further improvements
regarding the antimicrobial activiggnd selectivity wauld still be needed in order to
make the peptide a more atictive drug @anddate. Optimizaion of the peptide
sequence was performed by amiacid subgitution of 6different residues acrosstwo
design iterations leading to thdesign of 18new andogs evaluated in silico, 11 of
which were also evaluatei vitro. Qut of the synthesised andogs, 72%had
comparable antimicrobial preerties to the parent peptide with 36%showing small
improvements against at lshone of the bacteria species tested, however oveall the
improvements to antimicrolal activity that could be achieved were rebtively miror.
CGontrary to this, much greater iprovements to the selectivity of te peptides cauld
be achieved, especially reganditheir haemolyticactivity, with multiple andogs
showing several fold increasen their HCso values. Subsitution of polar residues with
cat ionic residues seemed to beetmost congistent way of inproving the
antimicrobial activity of the aadogs while reduction in the ahility of the peptides to
form cation pi interactionsrad especially the addtion of helix disruptive residues
improved the selectivityHowever, itseems that the addtion of such structure
disruptive residues needs to lene in a balanced approach asthe addtion of a highly
disruptive proline residues s almost completely elimhated the antimicrobial

properties of the peptide aginst several bacteria species.
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8. General discusson and future perspedives

8.1 Advanced formulation of antimicrobial peptides

While the cytotaxic acivity of AMPsto a large exent can be addressed using drug
design, the cell line cytotricity assgs of Smp24 and its derivates show that there are
some limitations to the efficacy offis approach. While the haemolyticactivity, which
is the first concern for intraveus systemic administration, can be rektively dficiently
reduced as was the case fanplda W2L SBK_AG oter toxicity cacems still arise
as the peptides are distributethroughout the body. Limited knowledge exists asto
the in vivocytotoxicity mechaisms of AMPs with the most widely studied AMP-like
antimicrobial agent being theplopeptide colstin (polymyxin E)(258). For colstin
nephrotoxicity is a mgr concem, due to the reabsorption of colstin by specific carrier
systems in the renal tubulesdding to an ele\ated peptide exposure for these cells
(259).9uch a todcity mecharsm could also be aconcem for AMPs such as Smp24 and
its derivatives limiting their gssbilities for clinical use via a systemicadministration
route. Therefore, avoiding kidey exosure to the AMPs via local administration of the
peptides via an advanced uly delivery system cauld be a critical step towards the

clinical ise of AMPs.

The intrinsic antibiofilm propertgshown by the peptides (Snp24-14a) cauld make
them very attractive candidaggfor usesin antimicrobial coatings such asthose
described in chapter 3. A kegroperty of such antimicrobial coatings would be the
ability for its behaviour to badapted to the different demandsset by different clinical
applications Some applications might require a longer orshorter time period of
peptide elution, and for soma high burst release midht be critical to eliminate an

initial bacterial load.

The coating could be used Wwimedical implants such asthose used during hip
replacements to prevent biofilm foration from extemnal pathogens that have
colonized the surface of the ipfant during the procedure. The broad spectrum of
activity of the peptides coulle anadvantagefor this purpose asthe diversity of
pathogens that can cause Hilon infections on devices such asprosthetic joints can be
relatively high (260)However,for many medical devices such asprosthetic joints,

central venous catheters and miegnical heart valves the coating wauld in practice
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lead to a delayed release pamtal administration and thus cytotoxicity caild still be a

concern.

There is however still one type of wlieal device vhere the AMP |laded caating could
have an obvious use, namely fminary catheters. Araund 80-90% ofurinary tract
infections are due td. coli (26}, so the strong biofilm inhibitory properties shown by
Smp24 and the truncated analeggaing E. colibiofilms might make the sol-gel
coating especially effective fohis purpose. The ahility of Smp24 to eiadicate biofilms
formed by clinical strains afropathogenic E. colihaspreviousbeen shown to be
limited with an MBE of 256 pgml (232). However, m practice the ability for the
peptide to inhibit the biofilm growh might be more releant for a catheter caating as
the peptides would not bexposed to a preformed biofilm in this situation. Biofilm
inhibition properties of the pptide even below the MIC might also allow the caating
to still be effective towards the red of the use period asthe drug eltion rate
decreases. Depending on thepg; the use period for asingleurinary catheter can vary
greatly with long term catheterbeing in place for overa month (262). Therefore, it is
important for the coating to bable to release the peptides overa long timeperiod as
shown for the coatings with PDSIOH n the formulation. It isalso important for the
formulation to facilitate a redtively congtant release of peptide asthe infection risk is
not just associated with the indi insertion of the catheter but persists throughout the
entire use periodThis also mansthat the initial burst release wauld be lessimportant

for a coating when used on wary catheters.

Alternatively, the segel coatng caild be used asa wound dressng. However, his
purpose would likely completehhange what the mast optimal behaviour of the
coating would look like. Antimictmal wound dressngs are often not used until the
wound shows clinical signs af infection, so when the formulations would be applied
there would likely already ba pre-formed biofilm present (263). Therefore, he initial
burst release from the coatingecomes critical asenough APIneeds to be released in
order to fight the initial biofilm \kich likelyhasa high tolerance againg the
antimicrobial agentThe broad spectrum of activity for Snp24 and its derivatives
would again be an advantageswound infectionsare often polymicrdoial in nature
(19). However, as the biofilm exdication efficiency of he peptides are likely much
lower than their inhibitory prperties, their effectivenessin a wound dressng woul
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be limited.This could potentiallyoe improved by formulating the peptides together
with another antimicrobial commound, given that they togeter cauld conbat the
biofilms in a synergistic wayhe properties of the sol-gel cating caild be wellsuted
for the formulations of such cobmation therapies due to the different drug release
mechanisms. If the AMP were foatated together with a polar small moleaile
antibiotic, the initial burst relase would likely cangist of both conpoundsfacilitating
the eradication of the initial biofilm, le the hydrophobic domains would ensure that
it would be followed by a slow redee of AMB, perfect forpreventing the formation

of a new biofilm.

Due to the two distinct peptide rekese metanisms from the sol-gel catings with
PDMS-OH in the formulation, astomisation of the behaviour of the cating relevant to
the different applications codlbe achievable. Howevera prerequisite for this would
be that each mechanism of relee caild be cantrolled relatively ndependently. Based
on the proposed microscopstructure for the sol-gel formulations one would expect
that the burst release mechasm is mainly determined by the pore size of the sol-gel
network. If this is the case the rdoobvious way to cantrol the rate of the burst
release would be to change theater to silica precursor ratio. Previaisstudies have
shown that the water/precursoratio affects the hydrolysis rate during the
polymerisation which can lead tdanges in the pore size anda thereby a fager or
slower drug release rat€264, 263.

Gontrol of the slower releaseate would ingead mainly rely o the properties of the
hydrophobic domainsthis release rate cauld be madified in two different ways. It
could be done in a direct wayy changing how tightly the peptides are bound to the
hydrophobic domains, suchsd®y dhanging the physiochemical properties of the
surface of the domains by chging their conposition. Altematively, it caild be done
in an indirect way by changinbd proportion of peptides bound to the hydrophobic
domains. As seen when comng the formulations with the low orhigh levek of
PDMS-OH, when the hydropobic domainsare smaller a higher proportion of the
peptides are bound to them kling to a fager effective relase rate after the initial
burst has concluded, even thgh the release rate of each individua peptide is likely
similar. There might be otheapproaches to changing the size of the hydrophobic

domain that would have a saller impact on bulk properties of the caating rather than
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changing the level of PDBAOH n the formulation. The properties of the solvent phase
during the curing process nfigbe one such alternative aspect that could affect the
domain size, as indicated blyeacaumulation of very &rge PDN&-OHdeposits during
the initial optimization of the cating process.If the domain size cauld be affected by
changing the amount of water orf@opanol added to the formulation during the step
just before the coating procedle it cauld be an easy way to indirectly affect the

peptide elution profile.

The compleity of the peptide relase medansms seen for the sol-gel catings
highlights the potential interply between the drug formulation and the drug design.
The initial lag period seen fane formulations without PDMS-OH caild potentially be
alleviated using smaller pepts such asSnpl4a which may be able to diffuse through
the pores of the silica polymeetwork without the need for it to partially break down.
The smalle@npl4a peptides migt also affect the number of peptides that could be
bound to the hydrophobic dmainsat a given peptide loading, shifting the eltion
profile toward relying moren the slower giadud release rate. Futhermore,asthe
slow release rate is likely directtiependent on the strength of the interactions
between the peptides and the foraation, madifying the sequence of he peptide
such as done during the optiraion of Smpl4a cauld also greatly affect the eltion
behaviour of the coating. Moraydrophobic peptides such asSmpl4a_A9L migt be
more tightly bound to the hgrophobic domains, slowing the ovesll release rate

down.

Some questions remain regding the interactionsbetween the peptides and the sd-
gel formulations. Other methas not used in the project cauld be used to further
explore the microscopic accwitation of the peptides within the caating. With the
relatively high transparencgf the cating, fuorescence micrascopy cauld potentially
be used to visualize the locat@f peptides if they were tggead with a fluorophore. If
such microscopy could be usen show the peptide loalized at a higher cancentration
on/around the hydrophobic doains, it cauld serveaskey euvilence for he proposed
microscopic structure of the ating andthe two distinct release metanisms.
Furthermore, it is unknown kst the secondary structure of the peptides is while
encapsulated within the coatg. As AMPs such asSmp24 @an change their secondary
structure based on their envinment one would expect them toat lead to some
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extent adopt a helical structure knen interacting with the hydrophobic domains. Other
studies have indicated that p#®lding AMR into their alpha-telical structure cout
potentially improve their activity, Wich cauld further explain the improved biofilm
inhibitory abilities of the formlations with PDM5-OH(266). Secandary structure of
proteins encapsulated in sgiek hasprevioudy been investigated usng FTR,as
certain amine bonds shift geendent on the secondary structure (267). This method
could potentially also be used tavestigate the secondary structure of Smp24 n the

sol-gel coating.

Other than antimicrobial coatigs, polymericnanoparticles are one of the main drug
delivery systems that resedrers try to use in conmbination with AMPs (268, 269. This
is often done because of thationale that encapsuating the peptides within the
nanoparticles could improveheir ability to penetrate biofilms asthe peptides are
shielded from the many commpents of the extra celular matrix that they otherwise
would bind to. One of the ugue properties of sol-gek are that they @n either create
bulk polymeric networks (sucmsused for the caatings) or smaller nanoparticles
networks depending on theonditionsused during the polymerizaion process(38). As
such the fundamentals of the fomfationsused for the caatings in this study cauld, at
least in principle, relatively ealy be cawerted into nanoparticle formulations instead.
A key criterion that could limite feagbility of such a conversion is that nanoparticles
require the polymeric network tcatilitate a much higher encapsuation efficiency of
the drug molecule than whas needed for a sol-gel cating where mast of the solvent
Is evaporated during the curingocess.Howeverbased on the slow release of Smp24
from the formulations contaiing PDMs-OH, it § likely hat a high encapsuation
efficiency could be achievddr sol-gelnanoparticles if they have a similar structure as
seen in the segel coatings. Aus formulating the peptide with sol-gelnanoparticles
using the principles learned frorhis study cauld potentially be worth exploring in the

future.
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8.2 Structure activity relationship and structure based design of Smp24 and
analogs

TheSAR of AMPs is difficult @efine for two main reasons. Frstly, the structural
properties of both the peptidend the target are much more \ariable and dynamic
compared with a traditional s@ail moleale-protein system, highlighted by the
previous discussions of the merism of pore formation. Secandly, the oveall
mechanism of action involgseveral steps, from the initial interaction of the peptide
with the membrane(s) up to caleath. Accaunting for the entire processat once @n
obfuscate which underlying bptysical processes are affected by a change n the

peptide structure.

Figure 8.1 Schematic of the different stages in the mechanism of action of antimicrobial
peptides, making up the partial structure activity relationshipk) Peptide is unstructured in
solution, 2) Initial unstructured surface associated state, 3) surface associated but helical state,
4) full inserted state, 5) pore formation.

The mechanism of action die¢ AM canbe broady separated into four different
intermediate equilibriums, beg the trangtion of the peptide fromsolution to a
bilayer surface associated stateatrstion to the helical structure, nsertion into the
top membrane leaflet and cetion of menbrane pores/membrane disruption (figure
8.1).Together these equilibums form a cascade leading from the unbound peptide to
membrane disruption. Whilenireality these separationsare not rigid, with the
processes likely overlapping some extet, from a drug design perspective it @n be
useful to separate and theby simplify them. Each of these equilibriums can be
viewed as giving rise to a disti structure activity relationshp for that part of the
overall process, with each dfig¢se partial SARs together making up the SAR for he
entire processThe equilibriuns can be pushed to further the progressthrough the
cascade by optimising the intactionsbetween the peptide and the bilayer for each

end point and thereby increasg the difference n the standad Gbbsfree energy. The
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thermodynamic driving force foraeh step canalso be optimised to favour one type of
lipid environment over anotheand thereby facilitate the selectivity of he peptide.
However, changes to the péide structure might affect more thanone of the
equilibriums and the effect mig pull the cascade in opposite directions. If one

intermediate structure is fawared too greatly it might inhibit the next step.

In addition to the changes tdé structure of the peptides that ocaur throughout the
process, so too does it affedte bilayer. The mast significant change s of caurse in the
pore formation step, but as previgly shown the peptide insertion can also affect
other properties of the bilayesuch asthe lipid packing and thicknessin a
concentration dependent mamer. These changes might affect the different
equilibriums, making the coneceration dependency more complex thanat first glance.
However, from a drug desigoerspective we an only cantrol the system from the
point of view of the peptide, iad thissomewhat ‘peptide centric _approach will allow
for simpler but still relatively gabpartial SARs.

The design of new AMPs can be moradly done by foausing on just one or twoof

these partialSAR dependingn the dbjective of he madification.

To efficiently improve the selectivity ohé AMP, foasshould be put on the first two
steps of the cascade. If a higegree ofselectivity @nbe achieved in these early parts
of the process the proportion gdeptides that reach the full insertion andpore
formation will be greatly reduakin the eukaryotic menbrane. Thereby gptimisdion
of these steps can be fully foged on improving the activity anddo not need to take
selectivity into account.

One challenge with designim@sed on these partial SARs is that the peptide is
unstructured at this stage andh¢refore, the positions of individua residues in the
peptide-bilayer can be difficult tpredict. The peptide design must thus mainly relyon
the overall physiochemical pperties and residue conposition, with lessfocusneeded

on the sequence order itself.

If improving the activity of th@eptide is the main objective the partial SAR of he final
two steps should be the fosuOptimizing canfiguration (4) and (5) cauld help to push

the cascade to the conclusi@md thereby menbrane disruption and celldeath.
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While the pore formation stepsithe mast critical for the peptide activity, several
factors make it a more diffudt partial SAR touse for design purposes. The variations n
peptide positions and orientatios, the likely reuirement for multiple peptides to take
part in the pore structure and greater impact of the bilayers physiochemical
properties that can be affecteboth by extenal factors and the peptide cancentration
all make it much more difficult toseablisha reliable partial SAR Howeversome
characteristics such as the insertidepth in canfiguration (4) might be indirectly
linked to the pore formatiorand thusthe partial SAR calld be explored in indirect but
simpler ways such that the pgdes still canbe rationally optimised for pore

formation.

The fully inserted configuratn (4) might be the mast useful partial SAR froma drug
design point of view. At this sfethe peptide is folded into a stable structure with a
consistent position and oriemtion relative to the bilayer. While the dynamic nature of
the bilayer still makes the peple-bilayer structure conplex, it s simpler and more
consistent than all the other adigurations, improving the predictive apahlities of
methods such as MD simulatie. Another aspect is how this canfiguration relates to
the concentration dependency foh¢ overll process.The stoichiometry of te final
equilibrium is different from he rest, requiring multiple peptides in canfiguration (4)
to transition to configuratior{5). Therefore, making canfiguration (4) asenergetically
favourable as possible could pnove the ovesll activity, even if on aper molealle

basis it makes the transition tae pore formation lessfavourable.

This highlights that improvindpe activity of the peptide based on the two final SARS is
somewhat of a balancing ackme peptide madification, such aswith the S3Kanalog,
might at the same time imprové¢ insertion efficiency of the peptide while reducing
membrane disruption efficiencyhe biologial effect ofsuch a madification is thus
very dependent on the propertgeof the specific target menbrane with the improved
electrostatic interactions leding to an improved activity against Gram-negative
bacteria while the reduced menane disruption efficiency led to a reduced activity

against the eukaryotic cells.
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8.3 Improving the therapeutic index of Smp24 using drug design
Improving the therapeutic index ain AMP anbe achieved in two different ways,
either by increasing the activiggaing the target pathogens or by reducing the
activity against the off target csltissies. However, froma drug design perspective
this binary viewpoint mainly woskf the medansm of action is different between the
target and the off targetThat way an SAR @n be established for each process and
either be optimized or deoptinzed depending an the dbjective, n such a way that the
second3AR is unaffecteddowever, for AMBsuch asSmp24 a clear medanistic
distinction between how th@eptides kill prokaryotic and eukaryotic cels cannot be
seen, with loss of membranstegrity being doserved in both cases (137). Thus as the
mechanisms seem to be lintkereducing the intringc activity againgt eukaryotic cells is
alo likely to reduce the activitggaing bacteria and vice vesa.In this case, thinking of
the antimicrobial activity and cytotoxactivity astwo distinct things is not the most

productive approach.

A more effective approachauld be to view he therapeutic indexasa measue of the
selectivity of the compoundnstead of foausng an how well the peptide disrupts the
different cell membrane typg the foaus should be on how many peptides reach the
pore formation step at a givecancentration in the different membrane
environments. Even if a peg# is intringcally very godl at disrupting the menbrane
of eukaryotic cells once insedanto the menbrane, if very fewpeptides reach full
insertion at clinically relevant cgentrations the therapeutic index willstill be gad.
The key step in achieving thssto identify the differences and similarities between the
membrane systems and how best exploit them. In this regard, the maost important
difference between the prakyotic and eukaryotic cell menbranes is the higher
proportion of negatively chargglipidsin the outer leaflet of the prokaryotic cell
membrane(s)The clearest way of gkoiting this isby the incluson of ctionic residues
in the peptide sequence, an idsupported in the MDsimulations by the dbservation
that electrostatic interactios are the main factor discriminating the rektive binding
energy between the two bilayer pes. This isalso supported experimentally with
peptides with an increased @nge such asSmp18, Smpl4a and Smplda S3Kall
showing increased selectivigt leag when comparing between bacteria and

erythrocytes.Contrary to this, hydrophobic interactionsdo not seem to inpact the
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selectivity much in the MD sifations. In the synthetic menbrane madels the
hydrophobic core of the bilaysare verysimilar, while in reality a greater diversity
exists such as with the inclumn of dholesterol in the eukaryotic menbrane. This
difference could affect somef the more conplex cacentration dependent peptide-
membrane interactions (thinng, lpid disordering, bteral diffuson etc.), but these are
likely more difficult to gploit. If only the favourabhility of the inserted peptide is
measured, the contribution otie hydrophobic interactions seems to be almost
independent of the bilayer fye and likelyhasa negative correhtion with selectivity.
The &perimental observatiogin the study support this, showing that increasng the
hydrophobicity negatively imaets the selectivity. The best example of thisis
Smpl4aA9 which has the md direct increase in hydrophobicity rektive to its
parent compound. While the lowolubility in MHB nade it impossble to detecta

consistent MCvalue, the taicity cauld be evaluated showing increased activity.

However, altering the hydnohobicity of a peptide cauld still be used asa potential
strategy for improving the selectivityy instead subgituting larger hydrophobic
residues such dsu or lle wih residues such asAla to reduce the ovesell
hydrophobicity of the peptideAs the oveall binding to the prokaryotic menbranes is
much more favourable, suchaaction in the hydrophobic interactions might
disproportionally inhibit thenteractions with the eukaryotic menbrane. However,
some hydrophobic interactiosare necessay to ensure adeep insertion and correct
orientation of the peptide intolie prokaryotic menbranesaswell. The question is
then where in the structuréydrophobic residues cauld be subgituted without
affecting the peptide positioand orientation in the negatively dharged bilayer? To
ensure that the fully insertedtructure is achieved, an overall hydrophobic side of the
helix is necessary, but the imaity of these hydrophobic interactionsdo not need to
be the same across the entihelix. For the peptide to adopt the orientation in parallel
with the bilayer surface it isnty necessay to anchor the two ends of the helix. Thus,
any hydrophobic residues ihé centre of the helical axis cauld likelybe subgituted
without affecting the orientatio too much. However, fofSmp24 and its andogs the
two most central hydrophobic sdues alanine 8and 9 are already relktively small

making this strategy difficult to 8t for these peptides.
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In addition to selectivity baskon the ovesll differences between the rektive strength
of the electrostatic and hydphobic interactions between the peptide and the
membranes, smaller more riie differences in the menbrane conpositions can also
be exploited. Snce the chargé interactions between the peptide and the lipid
phosphate groups are reduddor the zwitterionic lipids making up the eukaryotic
membrane other sources of elecstatic interactions might become more critial for
the initial peptidebilayer inteactions. Astrategy for inproving the selectivity caild be
to inhibit these niche interactims asit would disproportionaly affect the oveall
electrostatic interactions betweaethe peptide and the eukaryotic bilayer. In this
project this was done by regting the tryptopharn? residue with a leucine residue to
retain the hydrophobic nature ohe sidechain but eliminate its ability to form ction-
pi interactions with the catioic lipid headgroups. Peptides such asSmpl4a W2L
showed that this approach assomewhat succesdul, reducing the haemolyticactivity
of the analog when the peptideagadded in low cacentrations. However, very little
effect was seen in the cell line cytotoxicaysy indicating that the thermodynamic
driving force caused by thaton-pi interactions quicklybecomes overshadwed by
other electrostatic interactios. Thus the effect of remowig tryptophanresidues is
limited and very dependerin the menbrane conposition of the target menbrane,

containing either a completelgeutral or verysmall negative charge.

Perhaps the most impactfuldividua strategy for inmproving the selectivity of he
peptides is to modify their laility to fold into the activity helical configuration. To a
large edent this selectivity Bsed on the helical folding is downstream from the
selectivity based on the electstatic interactions, asthese interactionsare the main
driving force for the transitio from the ungructured to the helical state. Snce te
electrostatic interactions betweethe peptide and the bilayer are greater for the
prokaryotic membrane it is sb eager for the peptide to fold into the helical
configuration when associatewith it. In thermodynamic terms, the entropy ccst
associated with the structuraldanstion is intrindcally determined by the propertiesof
the peptide itself while the emialpy saved due to the formation of bondsand
interactions between the gatide and the bilayer s much greater for the prokaryotic
membrane.Thus, if the entrpy cast is increased by a set amount it will

disproportionally impact thetructural trangtion when the peptide is interacting with
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the eukaryotic bilayerTherefore, meking it moredifficult for the peptide to transtion
to its helical structure can kseen asa secondary way to further exploit the
differences in the electrostatiateractionsbetween the menbrane systems. In this
project this was most effectivelyone with the Smpl4a W2L S3K_A8Geptide with
the flexible glycine residue likelpgreasng the entropy cast of the trangtion.
However, if the cost of transitiois increased too much aswasthe ase with the
proline substituted variant the fding anbe made so unfavourable that the
proportion of peptides that rach their active canfiguration is reduced to such a
degree that activity is lost emewvhen interacting with the more ethalpically

favourable prokaryotic membne(s).

Another key observation in raion to optimising the selectivity of hie peptides is that
synergy can occur between tligfferent approaches. The best example of this is with
the Smpl4a W2L_SK analog Were the rekltively mnor reductions in the haemolytic
activity seen for the individual selue subgitutions were gretly improved when
combined. Mechanisticallyhts makes sense when looking at the medanism of action
in a stepwise manner as dedmd in the previous section (figure 81). If the initial
interactions between the gatide and the eukaryotic menbrane are reduced, a smaller
proportion of peptide will reals the suface as®ciated stage. Futhermore, if he
transition to the helical strucire is made moredifficult a smaller proportion of an
already smaller proportion will eke it to the next stage etc further and further
reducing the number of peptes that reaches the final pore formation stage. The
synergistic approach for imprang the selectivity of he peptide wauld therefore be b
optimise the selectivity in as amy ways aspossble rather than inhibiting the
interactions between the gatide and the eukaryotic menbrane in one step to such a
great degree that it also starts sgnificantly impact the interactions with prokaryotic

membranes.

Overall, the strategy for imprawy the selectivityshould be first to identify differences
and similarities in the interacties between the peptides and the two bilayer types
(figure 8.2)Secondly, to try b exploit these differences and similarities such that the
interactions between the pgatide and the eukaryotic menbrane are disproportionally

inhibited. And lastly, to cobine different approaches to obtain a synergistic effect

285



Figure 8.2 Schematic highlighting the relative size of the different interactions and energy
costs during the first three processes of the mechanism of action of the AMPs when
compared between a prokaryotic and a eukaryotic membrane.

A critical way of evaluatindgh¢ overll selectivity ofa peptide is to create a therapeutic
index comparing the concendtion needed to reach a therapeutic effect with the
concentration needed to observetoxic response. This wasdone for Snp24 and the
best of its derivatives from ach generation of the design created in this project (figure
8.3).The values are based ohd MICfor the individual peptide vs the cancentration
needed to induce 5% haemaiyin the haemolysisassy or 10% relase of LDHagainst
HEK?293 cells in the cell line cytotoxiassd. The figures show a clear trend that the
therapeutic index is generally irproved for each new generation of the develgpment
process.The biggest differenceare seen when conparing against the haemolytic
activity with theSmpl4a W2L SBK_A8Ghaving a therapeutic index 63126 times
greater thanSmp24.The differences are much smaller when conparing againg the
cell line cytotaicity, but the herapeutic indexes are still improved by 35-7 times
betweenSmp24 andSmpl4a W2LS3K_A8GThese stepwise improvements to the
therapeutic indees validate he efficacy of he rational, iterative design processused

throughout this prgect.
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Figure 8.3. Therapeutic indexes for Smp24 and select peptide designed thorough this study.
A = MICs relative to the concentration needed to induce 5% haemolytic activity, B= MICs
relative to the concentration needed to induce 10% LDH release against HEK293 cells. Blue =
based on the MIC againSt aureusred = based on the MIC agaifistcoli green = based on

the MIC againgP. aeruginosa

8.4 Mechanism of membrane disruption and drug design

When looking at the mechasm of menbrane disruption of AM from a perspective
focusing purely on the activignd selectivity of he peptide there snot strong
evidence that one mechanism agtion is better thananother. However, froma drug
design perspective this is nohé ase. The conplexanddisordered ways peptides like
Smp24 and its derivatives digat the menbrane makes it difficult to design new
analogs based on the pore foation andstructure. A keyaspect of rational drug
design is the ability to predictie outcome ofa modification and the greater variation
and compleity in the structures underlying the SAR he moredifficult it is to make
accurate predictionsTherefore, if the dbjective & to perform rational drug design
based on the partiaBAR hidplighted in canfiguration (5) (figure 8.1), the first step
should be to modify the peptie such that the peptide-pore asembly is more

consistent.

One way could be to make theatranembrane pore as®ciated canfiguration more
favourable than the standarslrface-oriented caonfiguration (Hgure 81 (5) (4)). Far
the peptide to adopt a more ecwstent configuration there nmust be a strong

thermodynamic driving forceniplace to fcilitate the transtion between the two
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configurations. As mentionechichapter 5 thisdoes not seem tobe the ase for Smp24
with the transition instead beig driven by the cancentration dependent effect the
peptide has on the bilayer's pperties. If the peptide should be madified to havea
greater intrinsic preferenceof the trangmembrane canfiguration the differences in
the structure of the bilayer betweethe two cafigurations must first be identified.
The clearest difference is therwature of the bilayer. If the peptide cauld be designed
to strongly prefer the high cumlture of the pore lumen it could both pushthe
equilibrium towards the porestate and givea more cansistent structure. This principle
is already observed to a lesser enttéor Smp24 with the two pore interface asociated
configuration observed in the MBmulations. However, eva if the peptide alignment
with the high curvature poresimade more fivourable it would still not necessaily
lead to a sufficiently consistermieptide-pore structure for drug design purposes. If the
improved alignment is achieddy increasng the flexbility of the helix the peptide will
still be able to adopt a muliitde ofdifferent relatively favourable canfigurations
within different positions of thgoore and the pore-bilayer nterface. To avoid this the
helical curvature could be nda more rdged by including certin intramoleaular
interactions, retaining the cuagure of the helixbut reducing the flexbility. This could
limit the range of favourable eigurations that the peptide cauld adopt within the
pore. The disadvantage is #h locking the peptide structure cauld negatively impact
the selectivity of the peptidehy limiting or eva eliminating the step of the
mechanism of action where thgeptide transtions from undructured into the active

configuration.

Another approach could betintroduce nteractions between the peptide andsome
other molecular component Bsdynamic than the lipids in the bilayer. This cauld be
done using two different AM&with a strong and specific nteraction between them
such as between their terma ends. One peptide cauld serveasan anchor peptide,
strongly preferring to be positieed in the pore interface rather thanindde the pore
itself. In contrast, the seconakeptide cauld be designed to more readily adopt a
configuration within the poreHoweverdue to the interactions with the anchor
peptide, the range of differenpore-as®ciated canfigurations that this peptide wuld
adopt would be greatly reduckeconpared with the peptide on its own, leading to an

overall much more consisteipore-peptide-peptide asembly.
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An example of this principle inature cauld be the heterodimeric nteractions of
Magainin 2 and Pi@, two AMR found in the skin of the Afrian frog species Xenopus
laevis. When used together hiese two peptides show a synergistic effect with
maximum membrane permdailizaion at a 1:1 moér ratio, indication that a dimeric
assembly is formedrandberg etal have nvestigated the structure of the peptide-
peptide-pore assembly usingplid-gate NMRand MD simulations, showing that PQ.a
adopts a more greme tilt angle conpared to Magainin 2, ndicating a difference n
their positions in the pore asseaty. The interaction between the peptides cauld be
facilitated by charged interactits between the Cterminal reginsasthe Cterminal
region of Magainin 2 contagtwo negative dharges which if removel reduces the
synergistic effectThe propose model for the pore conplex & that Magainin 2 s
positioned around the porenterface while PGh is inserted deeper with the two G
terminal regions overlappingeauring the rektive positions of the peptides (270, 27).
As the regions of the two p#ides which interact with each other are reltively small it
should be possible to modify ber peptides to gain a similar heterodimeric function by
only modifying theCterminal regian of each peptide, potentially gaininga more

consistent pore structure and synergistic effect

8.5 Further development of Smp24 and its analogs
While large improvements tdie oveall properties of the antimicrobial peptide have
been achieved going fron24 toSmpl4a W2L S3K_A8Gurther structural

improvements could still be ade.

While the modification from8mpl4ato Smplda W2L S3Kdid show signs of the
peptide reaching the point wheraufther increase of the ationic dhange wauld likely
have diminishing returns, thaanine to glycne subgitution cauld potentially change
this. Based on the reduction the antimicrobial activity seen for the W2L S3K_A8G
peptide and the observationhiat electrostatic interactionsare the main
thermodynamic driving force fohe structure change,adding another lysine residue
to the Smpl4a W2L_SK A8G cald potentially improve the antimicrobial activity of
the peptide by allowing it to more eglily fold into the active helical canfiguration.
However, further lysine substitionsstart to become tallenging. Cbvious targets for
polar substitutions are fewampared to in the earlier stages of the develgoment

process with residues sucls serine3 still being part of the peptide. The threoinel0
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residue is the only neohargel polar residue left in the peptide structure, but asseen
for several of the analogs evated in silico, subgit ution of this residue seems to
disrupt the structure of the patide. Another option cauld be the isoleucine6 residue
which while hydrophobic is stilhé hydrophobic residue which is positioned the
furthest up the side of the helibue to these positional challenges, it micht be
necessary to rearrange whigositionsthe other lysine residues ocaipy. This cauld for
example be changing the positief the threoninel0and lysinel1such that
substituting the isoleucine6 ®due to a lysine becomes more feasble asthe change ©

the size of the polar face of thmeptide helix wauld be smaller.

Another structural modificatin that might be worth trying caild be the truncation of
the lysinel4 residue. As preudy discus=d, elimnating dharges/polar interaction
near the terminal of the peptie cauld improve menbrane disruption efficiency by
making it easier for the peptide @dag a tilted configuration in the bilayer. This
strategy was tried with limiteduccessfor the Smpl4a W2L S3K_ACEandog,
however the removal of the erminal charge wasseemingly a big detriment
especially for the activity agat the Gam-negative species. Some exlanation of the
limited effect could also beuw to the ationic lysine3 residue being positioned so
close to the Nterminal, locking the position of this end of the helix even if the N-
terminal change is neutralideEmploying the strategyat the other end of the peptide
could be a better approachsahe critical N-terminal would be unaffected and similar

modifications has been shown tcaléto improved activity for other peptides (240).

While efforts have been made tawds improving both the antimicrobial activity and
selectivity ofSmp24 and its vaants, there sanother aspect of the properties of the
peptide which might require irovements via structural modifications. In several
administration routes, the patides will encounter different proteolytic enzymes
excreted by cells or bacterialwch canbreak down the peptides before they reach
their actual target and thetgy reducing the ovesll activity. Thus madifying the
structure of the peptide to ihibit such degradaion cauld potentially be a must before
the peptide could see clinicake. Several studies have shown that the antimicrobial
activity of AMPs is significantlydeaced if evaluated in physiologial fluidssuch as
serum rather than microbiobical broths (272, 273. Common strategies to ciraumvent
the low proteolytic stabilityof AMPs are to incorporate unnaural amino acids,
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changing some amino acids taeir D-configuration, madifying the terminals of the
peptide such as by acetylation by remo\al of known enzymatic cleavage sites (221,
274, 275)Several of these degn strategiesare yet tobe explored with Smp24 and its

derivates.

Lestly, a natural net step in tie develgpment processof the peptide wauld be to
move into somen vivoanimal testing. As the activity of AMR is verydependent on
the conditions of the surrouting environment a strong in vitro activity isnot a
guarantee that the peptide wdd be effective n ain vivosetting. The pharmacoknetic
properties of the drug such aké stahbility, off-target binding and excretion will also
greatly affect the overall effecy. In vivoanimal models such asneutropenic mause
thigh and lung infection modgkauld be used to investigate the PKPD ndexand
further demonstrate the ovall effectivenessof the peptides (276). Futhermore,
animalin vivotoxicity studies cauld also be performed to geta better understanding of
which tissues are most effeady the peptides anddetermine a more relistic

therapeutic inde for the peptdes (277).

While most of the structural eptoration and optimisation in the latter parts of this
project have been focused ddmpl4adue its small size and favourable biologicl
properties, the larger peptidestill have some nteresting structural motifs such as the
distinct tail region which codlwarrant more nvestigation. One keyproperty of the
tail region is that it serves amatural spacer between the Ctermina and the main
helical body of the peptidel'his cauld allow for further madificationsto be
investigated at theCterminal end of the peptide potentially without disrupting the
function of the rest of the patide. One strategy topotentially increase the potency of
AMPs is to cgugate them wih something, such asa small moleaile antibiotic, giving
it a secondary activity278) The rationale for thisapproach is that it can exploit the
cell selectivity of the AMP tdeliver the high potency small molealle more effectively
to the bacterial cellsTo take 1l advantage of hisapproach the small moleaile
antibiotic should be relativelgolar and thereby have a low ahbility to penetrate the cell
membrane by itself. In thisaee the tail regian of Snp24 orSmp18 wauld be ideal for
the corjugation as it would pstion the polar conpound far away from the

hydrophobic region of the ligibilayer.
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