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Abstract

The global increase in antimicrobial resistance development has created a critical need

for the development of novel antimicrobial agents. Antimicrobial peptides (AMPs) are

one such class of novel antimicrobials, but they have several disadvantages such as

high manufacturing cost and low selectivity that must be addressed before they can

achieve clinical use. In this study the relatively large size and high cytotoxic activity of

the natural, venom derived AMP Smp24 were addressed using several different

approaches.

A formulation approach was investigated by incorporation of the peptide into sol-gel

coatings in order to inhibit or prevent the growth of bacterial biofilms, showing that

the unique physiochemical properties of the peptide can be utilized to improve and

control the properties of the coating.

Furthermore, a drug design approach was also used, based on several stages. Firstly,

an investigation of the peptide structure was done creating a regional breakdown of

the 3D structure and mechanism of action of the early stages of the pore formation

using planar patch clamp electrophysiology. A bridge was built between the structure

and mechanism via the use of molecular dynamics simulations of the peptide-bilayer

interactions in order to establish a structure mechanism relationship. Based on this

relationship several truncated variants of the parent peptide were designed an

evaluated, first in silico showing that the simulations can give direct feedback during

the design process and in vitro showing that two of the truncated analogs had both

smaller size, improved antimicrobial properties and reduced cytotoxic properties

compared to the parent peptide. The best analogs were further developed via amino

acids substitutions in two iterations, with a total of 19 analogs evaluated in silico with

11 of those also being evaluated in vitro. Again, multiple analogs were produced with

improved antimicrobial activity and selectivity.

Overall, additional insight into the structure and biophysical behaviour of Smp24 was

gained and utilized to guide the design of new analogs with significantly smaller size

and improved selectivity without loss of antimicrobial activity relative to the parent

peptide.
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1. General introduction

Antimicrobial resistance (AMR) is a natural phenomenon in which microorganisms

exposed to the selective pressure of an antimicrobial agent will, over time, become

more resistant to the effects of that compound. This occurs as the population of the

bacteria which is susceptible to the antimicrobial agent will be killed or inhibited while

those which are naturally more resistant or have acquired antibiotic-resistant traits will

survive and multiply (1). The mechanisms behind such antibiotic-resistance traits can

be due to a variety of adaptations of the bacteria such as production of enzymes that

break down the antimicrobial compounds, mutations in the structure of the target of

the compound leading to a reduced binding efficacy, adoption of new pathways that

bypasses the target of the compound and the prevention of access of the antimicrobial

agent to its target such as by excreting it from the cell via efflux pumps (2). The

resulting effect of such resistance development is that common bacterial infections no

longer can be easily treated with the traditionally used first line antimicrobial

therapeutic. Instead, more expensive therapeutics with potentially greater risks of

adverse effects are needed to successfully treat the infection. However, the bacteria

can also eventually develop resistance to these alternative therapeutics leading to

multidrug resistant bacteria species such as methicillin-resistant Staphylococcus aureus

which is not only resistant to methicillin but usually also aminoglycosides, macrolides,

tetracycline, chloramphenicol, and lincosamides (2).

In 2014 the UK prime minister commissioned a report on the topic of AMR, supported

by the UK government and the Wellcome Trust. This report reviewed and analysed the

rise of antimicrobial resistance globally and suggest actions that could help tackle it on

an international level (3). This report estimates that by 2050, globally 10 million lives a

year could be lost due to antimicrobial resistant infections if no proactive actions are

taken to curb the increase of AMR. In addition, a more recent report from The Lancet

estimates that globally 1.27 million deaths could be attri buted to bacterial AMR

resistance in 2019 (4). The UK government report concludes that the current supply of

new medicines is insufficient to keep up with the rate of resistance development and

therefore the crisis must be tackled with a multitude of approaches. These include

improved public awareness, improved hygiene, reduction of unnecessary use of

antimicrobials, improved surveillance of drug resistance, better diagnostics and further
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promotion of the development of new alternatives to traditional small molecule

antibiotics. One of these alternatives specifically highlighted in the report is

antimicrobial peptides (AMPs) (3).

1.1 Antimicrobial peptides

AMPs are a diverse group of compounds which can be classified based on several

different traits such as their source/origin, selectivity, structure or presence of specific

residues. Naturally occurring AMPs can be found from many different sources ranging

from microorganisms, non-mammalian animals such as amphibians, arachnids and

insects where they can both play a role in the animal's immune defence or as a

component in venoms and other secretions, and in mammals such as humans where

they again play a role in the immune defence both due to their direct antimicrobial

activity and due to their immune regulatory properties. AMPs can also have a relative

wide range of selectivity with different peptides showing activity against Gram-positive

and Gram-negative bacteria, fungi, viruses, parasites and tumour cells. Perhaps the

most critical classification from a drug design point of view is based on their secondary

structure. Four general categories exist including linear alpha-helical peptides, beta-

sheet peptides, combined alpha-helical and beta-sheet peptides and linear

extended/random coil peptides (5). However, the archetypal AMP is generally alpha-

helical, with a cationic charge and has an overall amphiphilic nature with one side of

the helix being rich in polar and charged residues while the other is rich in hydrophobic

residues. This unique structure of these peptides allows them to interact with and

insert into bacterial cell membranes, although some of these peptides do not adopt

their helical structure until they start interacting with the membranes, being mainly

unstructured while in solution (6).

One of the key reasons why AMPs are of interest as novel antimicrobial agents relates

to their interplay with AMR. Although resistance development against AMPs can occur,

often via modifications to membrane composition, resistance development is still less

prevalent than that for small molecule antimicrobial agents, since the targets for AMPs

are diverse and any changes to these targets can often significantly interfere with the

normal function of the cell (7). Further evidence for this lower resistance development

is that AMPs have existed in nature for millions of years, yet resistance occurrence is
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still very limited (8). In addition, the use of AMPs in combination with conventional

antibiotics can also lead to even lower rates of resistance development and synergistic

antimicrobial effects (9).

While AMPs are a promising class of antimicrobial drug candidates, they still present

several challenges that needs to be overcome with further drug development.

Instability of the formulated peptides, limited selectivity leading to local or systemic

toxicity, adverse inflammatory effects, high manufacturing costs and non-ideal

pharmacokinetic properties all needs to be addressed through a combination of

improved drug design, formulation and manufacturing methodologies (9).

1.2 Mechanism of action of AMPs

In addition to their structure, the mechanism of action of AMPs is one of the key

aspects that separates them from conventional antibiotics.

Their mechanisms of action can be split into two categories, either membrane

disruptive or membrane non-disruptive. However, an individual peptide cannot always

be placed into one specific category as the antimicrobial action can often be attri buted

to a combination of both types of mechanisms (10).

Even within the two main categories the individual mechanisms of action can vary

substantially. Nucleic acids, protein synthesis, protein function and cell wall synthesis

have all been identified as membrane non-disruptive targets for AMPs (10). Similarly

for the membrane disruptive category the exact mechanism of action can also vary

between peptides.

Traditionally 3 main mechanisms have been proposed (figure 1.1):

The barrel-stave model is based on the mechanism of action of alamethicin. In this

model the peptides insert perpendicularly into the membrane and form a bundle with

a central lumen like a barrel. The hydrophobic parts of the peptides align with the core

of the phospholipid bilayer and as such the inner lumen of the pore is only made of the

more hydrophilic regions of the peptides. Each pore can consist of different numbers

of peptides thus producing a range of different pore sizes (11).

In the toroidal pore model, the peptides insert into the membrane and force the lipid

bilayer to bend into a pore. As such, the pore surface will be composed of both the
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phospholipid head-groups and the hydrophilic part of the peptides. Because of this,

the pore size can vary more than in the barrel-stave model. The pore formation is

possible due to the interaction between the phospholipid headgroups and the

peptides that shields the charges of the peptides thus allowing them to associate

together (11).

Lastly, in the carpet model the peptides accumulate on the surface of the membrane

like a carpet. Once a critical concentration is reached the peptides will disrupt the

membrane in a detergent-like manner leading to lipid removal through micelle

formation (11).

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 are by far the most reported, they still cannot perfectly

explain the behaviour of all AMPs and the same peptide has been described with

different models by different authors (11, 12). Some also suggest that the models are

not distinct but that there is a continuous graduation between ion channel, pore

formation and membrane rupture (11). Bechinger et al. suggests an alternative model

for membrane disruption called the in-plane diffusion model. In this model the

peptides insert into the membrane surface which creates a disturbance in the

properties of the bilayer in an area around them. The peptides can then move around

in the plane of the bilayer and once they approach each other a critical distance is

reached, leading to increased local destabilisation and transient openings in the bilayer

(12-14). Further refinement by Bechinger has led to the SMART model, in which AMPs

are first separated into two categories based on their amphiphilicity. Hydrophobic

peptides with a low amphiphilicity such as alamethicin are said to form

transmembrane helical bundles similarly to those described in the barrel-stave model,

although he argues that the process is more complex than initially thought. The second

set of peptides are cationic amphiphilic peptides such as melittin and magainin. Like in
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the in-plane diffusion model these peptides are said to first insert into the membrane

in an in plane alignment, however how this leads to the membrane disruption can

vary. Bechinger argues that the mechanism of membrane disruption is not intrinsic to

the peptide structure but dependent on both the peptide concentration and the

properties of the lipid bilayer as both respond to each other in a transient manner. As

such an individual AMP can both lead to stabilisation of a bilayer and disruption via

mechanisms akin to the toroidal pore model or carpet model depending on the

conditions of the system (15).

1.3 Antimicrobial coatings

Together with AMR, biofilm associated infections are the two major challenges related

to the treatment bacterial infectious diseases. A variety of different factors associated

with biofilms leads to a stark increase in the antimicrobial tolerance of these types of

infections and if combined with antimicrobial resistance the infections can be very

difficult to treat using traditional approaches (16, 17). Biofilms can both be associated

with chronic tissue infections, such as with P. aeruginosa in lung tissue related to cystic

fibrosis or leg ulcers, or with medical devices such urinary or venous catheters,

ventilation tubes or different surgical implants, with medical device related infections

being responsible for 60-70% of all hospital acquired infections (16, 17). The risk of

acquiring medical device related infections can be relatively high, for example the risk

of developing an infection with a urinary catheter increasing by approximately 10% for

each day the catheter is in place (16). As mentioned, the treatment of biofilm

associated infections can be very difficult and for some medical device related

infections even require surgical procedures and as such preventative approaches could

be more effective both in terms of clinical outcomes and cost (16, 17). Antimicrobial

coatings could reduce the risk of medical device related infections and wound

dressings could be used to fight recurring infections (16, 17).

A variety of antimicrobial coatings and wound dressings have already been developed

relying on controlled localised delivery of different antimicrobial agents such as

antibiotics, biocides or silver nanoparticles encased in different polymer systems (16-

19). However, one group of compounds that have received less clinical attention is
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AMPs, even though AMPs have great potential against biofilm infections via their

metabolic independent mechanism of action and with some AMPs even showing the

ability to eliminate established biofilms (20). Many different antimicrobial coatings

utilising AMPs have been developed and undergone pre-clinical testing. In general,

these formulations can be split up into two different approaches, either having the

AMP elute from the coating in a controlled manner or having the AMP covalently

immobilised onto the coating creating a surface-based killing mechanism.

Most controlled release formulations rely on the physical entrapment of the AMPs

within polymer (21-30) or calcium-phosphate (31-34) networks. Several formulations

also utilise the unique amphiphilic physiochemical properties of AMPs in their design

such as with the addition of hydrophobic/amphiphilic compounds to entrap or

influence the diffusion of the AMPs (21, 22, 24, 29, 31). One example of this is Lim et

al. who designed a dual layer coating with the AMP HHC36 trapped within a poly-�x-

caprolactone film with a 1�rpalmitoyl�r2�roleoyl�rsn�rglyero�r3�rphosphocholine layer on top.

The phospholipid layer works as a diffusion barrier and leads to a lower burst and

longer overall release compared with the polymer layer itself (22). Alternatively,

Shukla et al. utilises the positive charge of the AMP Ponericin G1 to encapsulate the

peptide within their multilayer film due to interactions with different negatively

charged polymers (25).

As the main mechanism of action of AMPs is not dependent on internalisation into the

bacterial cell, a unique form of drug delivery systems can be made where the peptides

are immobilized rather than released from the coating (35). This type of coating has

the potential to be active for a very long time period as the AMPs are not lost over

time and the constraint can lower the risk of degradation by enzymes (34). However,

one challenge with this approach is that the killing mechanism is approximation based

and if proteins and dead bacteria build up on the surface of the coating the efficacy

will be drastically reduced and allow for biofilm formation (36). To counter this, many

formulations utilise antiadhesive components such as hydrophilic polymers, multilayer

polymer systems or hydrophilic polymer grafts. However, if the coating is too

antiadhesive the bacteria will never come into contact with the AMPs. Muszanska et

al. explored this with a hydrophilic polymeric brush coating made from the triblock

copolymer Pluronic F-127 which acts as the antiadhesive with an AMP conjugated to
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the terminal end. They found that increasing the amount of conjugated AMP increased

the number of bacteria adhering to the coating surface but in most cases the degree of

the adhering bacteria that were alive was also reduced (36). The results demonstrate

the balancing act between the antimicrobial and antiadhesive properties of such

coatings. Another challenge with these types of coatings is the grafting of the AMPs to

the coating itself. Rapsch et al. investigated the grafting of several different AMPs

using several different methods and found reductions in the activities based on the

grafting method even if the total number of grafted peptides was increased. In

addition, all grafting methods also showed a reduction in the activity compared with

the free AMPs (35). However, sometimes the immobilization can also have the

opposite effect, such as with an AMP (ILPWRWPWWPWRR-NH2) which showed

improved efficacy specifically towards Gram-negative bacteria when immobilized

compared to when in solution (36). The surface density of grafted AMPs can also

influence the antimicrobial properties as shown by Paris et al. They designed a coating

made from hyaluronic acid with nisin Z covalently grafted on and tested different

grafting strategies. By grafting the AMP on the hyaluronic acid while still in solution a

lower grafting surface density was achieved compared with grafting it on a substrate

coated with hydrolysed hyaluronic acid, even if the total amount of peptides grafted

was greater. The higher density grafting coating showed increased antimicrobial

activity and the authors suggests that both the density and the freedom/availability of

the AMPs are important factors for grafted AMPs (37).

The two design strategies have also been directly compared by Cassin et al. They

designed two polyelectrolyte multilayer coatings consisting of hyaluronic acid and

collagen with the AMP LL-37 either entrapped within the polymers or covalently

grafted onto the polymers using carbodiimide chemistry. Comparing the two

formulations they found that the coating with the immobilised peptide was slightly

more efficient at reducing the coverage of live bacteria and significantly more efficient

at killing an existing bacteria layer (although in both cases the difference was mainly

seen at the low peptide concentration levels). However, the coating with the

entrapped AMPs did also significantly reduce the number of planktonic bacteria and

was less toxic to rat hepatocytes cultured on the coatings (26). Townsend et al. also

compared the two strategies this time regarding a calcium phosphate coating. They
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found that the coating with the covalently grafted AMP was much better at reducing

the bacterial growth on the coating surface but was worse at inhibiting the planktonic

growth. Interestingly, they also made coatings that combined both approaches and

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

There are both advantages and disadvantages to both design strategies and the

optimal strategy must be determined on an individual design basis taking both the

properties of the chosen AMP and the targeted application into account. Covalent

immobilization might offer the potential for a longer period of activity and increased

efficacy for direct surface based killing, but additional challenges regarding the

antiadhesive properties and the grafting itself must be considered. For the elution

strategy the release of antimicrobial agent to the surrounding tissue can be an

advantage in many circumstances, such as for surgical implants, where the natural

immune defence can be reduced post-surgery (31) and by modifying the formulation,

the release profiles can be optimised towards different clinically relevant timeframes.

In addition, the release also allows for the membrane non-disruptive mechanisms of

actions of the AMPs to contribute.

1.4 Sol-gel coatings

A very promising approach for making antimicrobial wound dressings and coatings for

medical devices is to create a silica polymer network impregnated with antibiotics

using sol-gel processing. These sol-gel materials are generally biocompatible, can be

processed at gentle reaction conditions and allow for a high degree of customisability

regarding many of the aspects relevant to drug delivery (38). The central component in

a sol-gel is silica alkoxides (or other alkoxides) such as tetraethyl orthosilicate (TEOS)

that serve as the precursors for the polymer network. These alkoxides can polymerise

via first a hydrolysis reaction leading to a free hydroxyl group that can then react with

another alkoxide molecule either via water or alcohol condensation. This leads to a

covalent linkage between the two molecules and this process can be repeated creating

a highly crosslinked polymer network. This process leads to a phase change of the

system, from the sol phase where the silica alkoxides are in a colloidal suspension to

the gel phase where the network has formed, often suspended in a liquid phase (38).
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Because of the hydrolysis step the overall polymerisation will be dependent on the

addition of water. In addition, the pH is also crucial as the reaction kinetics of the

hydrolysis and condensation reactions each have their optimum at different pH values.

This can be utilised to strongly influence the structural outcome of the network. Under

acidic conditions hydrolysis is favoured, leading to an ordered mesoporous structure,

while at neutral or basic pH condensation is favoured which can be used to produce

silica nanoparticles or eventually a gel without a mesoporous structure (38). Following

the polymerisation, further processing can be made to the bulk morphology of the sol-

gel. Different deposition techniques followed by a curing step can be used to make

coatings or thin film and, via drying, xerogels and aerogels can be made and moulded

into specific dimensions (38). Sol-gel processing can also be performed in combination

with organic polymers yielding hybrid sol-gel materials. These polymers can be added

either because of their own physiochemical properties and how it affects the final

product or as structure directing agents limiting the aggregation of the sol-gel

precursors during the sol-gel process (38).

Sol-gel processing has been used to make several different formulations targeted

towards biofilm infections such as coatings, wound dressings and implants.

Much work regarding antimicrobial and biopharmaceutical loaded sol-gel materials

and coatings has been performed by Ducheyne and colleges. They have investigated

the effect of synthesis and formulation parameters such as drug loading (39-43), the

water/silica precursor ratio (41) and pH (44). They have consistently found that

increasing the drug loading increases the release rate. However, the mechanism of

release seems to differ based on the sol-gel morphology, with the release from

xerogels best described by diffusion, whereas for coatings erosion seems to correlate

closely with the release (39-43). Increasing the water/silica precursor ratio was shown

as an alternative way to increase the release rate without changing the drug loading

(41). In addition, they have also investigated coating specific parameters finding that

the thickness of the coating can be increased when dip-coating by increasing the

withdrawal speed or by coating the sample multiple times with a conditioning step in-

between (42). However, the effect of doing multiple coatings on the drug release is not

completely consistent between papers. In a 2007 paper both the release rate and

length increased with increasing number of layers which could suggest that the release
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is facilitated by bulk erosion of the coating. However, in a 2009 paper only the length

of the release seemed to increase which would indicate surface-based erosion. The

two formulations are almost identical, only deviating regarding the addition of ethanol,

substrate size and the number of layers (1-3 vs 3-5), and thus predicting the release

mechanism of a sol-gel coating is not straightforward (43, 45).

When using sol-gel formulations for the drug delivery of biopharmaceuticals extra

considerations are required compared with delivering small molecules. Radin et al.

found that the release rate for macromolecules was inversely related to their size for

xerogel formulations and a long lag time could sometimes be observed. This could

however be modified by increasing the sol-gel pore size through changes to the

synthesis method (44). Another concern is the stability of the encapsulated drugs.

Menaa et al. showed how increasing the bulk hydrophobicity of a sol-gel could

increase the interactions between the sol-gel and proteins leading to increased

thermal and structural stability (46).

Recently antimicrobial hybrid sol-gel formulations have also been used as wound

dressings by Yeganeh and colleagues. Their core formulation was a hybrid silica sol-gel

with silica functionalised polyurethane as the organic polymer with different

antimicrobial additives added. The combination utilises elastic properties of

polyurethane with increased tensile strength of the silica sol-gel. To create the wound

dressing, they mould the sol-gel into a thin membrane that then has the appropriate

physical and mechanical properties for use in moist wound therapy. Silver and

graphene oxide nanoparticles have been encapsulated within the wound dressing

giving it antimicrobial activity, with low toxicity and improved wound healing in vivo

(47, 48). Further development utilised covalently bound quaternary ammonium salts in

combination with an external layer of dextran that reduced the cytotoxicity of the

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

Some research has also gone into combining sol-gels with AMPs. Izquierdo-Barba et al.

incorporated LL-37 into a mesoporous silica monolith with Pluronic P123 as a structure

directing agent, which potentially could be formulated as a coating. They also made a

parallel formulation that included 3-mercaptopropyl-trimethoxysilane as an additional

silica precursor which increased the hydrophobic interactions between the sol-gel and
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the peptide leading to slower release kinetics. The release profiles were fitted using

the Noyes-Whitney equation (first order kinetics) showing that the release constant

was almost halved for the modified sol-gel. The formulations showed low toxicity and

significant antimicrobial activity even after 10 months of storage (50). Braun et al. used

sol-gel processing to produce mesoporous silica nanoparticles with LL-37 adsorbed to

them. A large surface area and negative charge for the nanoparticles could be used to

increase the peptide adsorption but the negative surface charge reduced the particle

interaction with DOPE/DOPG bilayers and thus the nanoparticles instead relied on

release of the AMP to see any effect (51). Lastly, Diosa et al. created large non-uniform

chitosan-silica hybrid nanoparticles using water-free sol-gel processing (using sodium

silicate with the chitosan as the catalyst instead of silica alkoxides and water) with the

AMP KR-12 adsorbed on the material. By varying the pH during the synthesis, the pore

sizes and chitosan integration could be controlled, leading to changes in both the

peptide adsorption and release. Adsorption of the peptides to the particles reduced

their antimicrobial activity especially for the particles where electrostatic interactions

were more important for adsorption (52).

1.5 Patch clamp analysis of antimicrobial peptides

Patch clamp electrophysiology is a diverse technique that can be utilised in many ways

and with many different setups. This is also the case when it comes to the biophysical

investigation of the pore forming abilities of AMPs. One of the most meaningful

distinctions can be made based on the substrate that the current is measured across,

being either a biological substrate such as cells or a synthetic substrate such as lipid

bilayers or liposomes.

1.5.1 Live cells

Patch clamp using live cells has several advantages over synthetic bilayers. For

example, giving better signal-to-noise ratios when voltages and ionic gradients closer

to physiological levels are used and having a more complex and asymmetrical

membrane composition (53, 54). However, the main disadvantage is that the most

relevant target of the AMPs, namely bacteria, cannot be used because of their small

size (55), a problem further exacerbated by the use of low access resistance patch
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pipettes with enlarged tips (53, 54, 56, 57). For antimicrobial research this could be

concerning since AMPs have been shown to act differently based on the membrane

charge (58) and prokaryotic cells have more negatively charged membranes than

eukaryotic cells (59). One approach for circumventing the size limitations of bacteria

could be via the use of giant spheroplasts. In this approach, Gram-negative bacteria

(typically E. coli) are first elongated by incubating them with the septation inhibitor

cephalexin, whereafter the cell wall is enzymatically digested to yield an enlarged

spherical spheroplast with a diameter of 5-10 µm. This allows for the establishment of

a Giga-Ohm seal using either traditional or planar patch clamp technique (60, 61).

While spheroplasts have been used in combination with patch clamp electrophysiology

to evaluate both native and foreign ion channels (61-63), their use in combination with

AMPs have been limited to fluorescence microscopy methods (64, 65).

Live cell patch clamp has been used to investigate both single channel events and

macroscopic currents whilst in the whole cell configuration (53, 56, 57, 66-72), where

the switch between the current types is performed by increasing the peptide

concentration (53, 72). Using this method, single channel events for AMPs acting by

the barrel-stave mechanism such as alamethicin can readily be analysed (53, 66, 70,

72)but investigation of peptides such as CM15 that form toroidal pores has been less

successful as even at low concentrations the single channel events quickly evolve into

macroscopic currents (53). Alternative methods for single channel investigations have

been created by using different patch clamp configurations. By utilising the cell

attached, outside-out or inside-out configurations while adding the membrane

disruptive agent from the inside of the pipette (cell attached and inside-out) or to the

external bath (outside-out) a smaller contact area between the membrane and the

peptides can be achieved giving better single channel recordings (73-76).

1.5.2 Synthetic bilayers

Regarding the biophysical investigation of AMPs, synthetic membrane models are

more commonly used than live cell models. There are several different patch clamp

setups that can be used for this purpose, ranging from traditional to more specialised

equipment. Using a patch clamp pipette, measurement can either be made directly on

liposomes using different configurations (66, 77-79) or by the "dip tip method" where

a bilayer is formed across the tip of the pipette mimicking the out/ inside-out

19



configuration (80-84). Another common approach is to use two Teflon chambers with

a small hole connecting them which can vary in size to allow for both single channel

and macroscopic investigations (14, 59, 80, 83, 85-88). More recently, a setup has been

developed by Nanion which allows for planar bilayer experiments using disposable

borosilicate chips (89-96). These chips have a hole-size that is much smaller than what

is possible using other methods and therefore allows for more precise measurement of

single channel events (97).

One of the biggest advantages of using a synthetic system is the ability to customise

the composition of the bilayer. The main bilayer component is phospholipids and these

can vary both in their head group and lipid chain. Generally lipid lengths between 16-18

carbons are used although the exact type can still vary, from the fully saturated C16

lipid DPP(X) (98), the partially unsaturated C18 lipid DOP(X) (59, 80, 99), POP(X) which

have one chain from each of the previous types (59, 80, 84, 87) and lastly PDhP(X)

which has branched C16 chains with 4 methyl substitutions on each chain (14, 80-82,

88, 90, 94-96, 100-102). The PDhP(X) type seems to be the most popular, likely due to

its strong stability and high electrical resistance although it is less biologically relevant

(103).

The lipid chain length can also be further utilised to increase the thickness of the

bilayer. Ashrafuzzman et al. did this while investigating gramicidin S and found that the

thickness had little effect on the measured signals, thus suggesting that the peptide did

not form distinct pores such as via the barrel-stave or toroidal pore model, but instead

likely disrupted the bilayer in accordance with the in-plane diffusion model (14).

The phospholipid head group is another key variable as these can both influence the

charge and fluidity of the bilayer. Phosphatidylcholine (PC) is the most used

zwitterionic phospholipid although phosphatidylethanolamine (PE) is also often used in

combination with other lipids. Phosphatidylglycerol (PG) is the most common

negatively charged phospholipid although phosphatidylserine (PS) can also be used. By

combining these different phospholipids the membranes of different organisms can be

mimicked. As such eukaryotic cell membranes are often represented using pure PC or

a mixture of PC and PE producing neutrally charged bilayers whereas for bacterial

membranes negatively charged bilayers are made using PG in combination with PC or

PE or via the soybean product asolectin. In addition, further membrane components
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such as cholesterol or ergosterol can also be added to further mimic mammalian or

fungal cells respectively (59). Manzo et al. also further distinguish between bilayers

mimicking Gram negative and positive bacteria by varying the ratio between DPhPE

and DPhPG to 6:4 and 0:1 respectively (94-96).

The bilayer setup also makes it easier to vary the external conditions during the

experiments. As such the effects of the ionic composition (77, 79, 86, 88), pH (102),

temperature (80, 104) and peptide solvent (87) have all been evaluated.

Although bilayer experiments are mainly utilised for single channel evaluations, using

the Teflon chamber setup, macroscopic evaluations can also be made. These

experiments are mainly used to produce I/V curves using a voltage ramp protocol.

Different useful information can be retrieved from I/V curves. If the curves are non-

symmetrical between the positive and negative voltage range, then the peptide

induced conductance is voltage dependent which is more common for peptides

following the barrel-stave mechanism such as alamethicin (80). By evaluating the I/V

curves at different peptide concentrations and comparing the voltage thresholds

(where the curve becomes exponential) with the ln of the peptide concentration the

concentration dependency can be found. This value can be useful both for comparing

the efficacy of different compounds and when divided by the voltage dependency it

can give an estimation of the apparent number of monomers per conducting

aggregate, although only if the mechanism of action is barrel-stave (80, 83, 87).

Single channel investigations of AMPs can be evaluated on several different levels. The

lowest level is the raw recordings of the current over time relationship (current trace).

The response signature can give an idea into the mechanism of action and can be

characterised into different types of responses such as square-top, multilevel, flicker,

spike and erratic behaviour (99, 105). Second to that is the amplitude histogram which

shows the frequency that different current intervals have occurred during an

experiment. The shape of the histogram can give insight into the mechanism of action

and using a Gaussian fit the mean current can be determined for each conductance

level. When multiple conductance states are present the histogram can also be a

useful tool for distinguishing between them, as shown by Sondermann et al. finding 6

distinct conductance states for alamethicin (100).
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For some AMPs I/V curves can also be made during single channel experiments,

although it generally requires that there is one main conductance level. If the

conductance is relatively constant it can be performed using a voltage ramp protocol

(79), but otherwise it is mainly performed by comparing the average pore current at

different voltages (59, 77, 79, 83, 88, 92, 93, 101). Single channel I/V curves are mainly

used to investigate if the peptide pores are voltage dependent or not but can also be

used to evaluate the ion selectivity. Pham et al. did this by evaluating the I-V

relationship under symmetrical and asymmetrical KCl concentrations. Under the

asymmetrical condition the reversal potential was shifted to a more negative voltage

indicating selectivity towards potassium ions (88).

Time related parameters can also be evaluated based on the current trace. The

lifetime of each pore can be measured, and the distribution can often be fitted with a

single- or two-exponential function to aid comparison between compounds or bilayers

(59, 77, 102). At the same time, it can also be useful to evaluate the frequency of pore

openings (102).

Lastly, when a pore has multiple different but distinct conductance states, the opening

and transition probabilities can also be calculated. Sondermann et al. used these

probabilities to argue that alamethicin does not form pre-existing non-conducting

aggregates before membrane polarisation, as the probability for the first conductance

state to be the lowest level was 98% and if the aggregates were performed a larger

distribution of conductance states would be expected (100).

Patch clamp using synthetic bilayers have also been widely used for the drug

development and discovery of AMPs. Comparing an AMP with analogues with small

modifications to the amino acid sequence can highlight the importance of structural

motifs or individual amino acids (80, 81, 84, 85, 93, 95, 98), combining patch clamp

with structural analysis techniques such as CD or solid state NMR can give insight into

the effect of the secondary structure (81, 93, 96) and testing different segments of a

larger peptide/protein can help identify the active part of the sequence for further

development (85, 101).

22



Single channel bilayer experiments have also been used to distinguish between

different mechanisms of action. Manzo et al. defined 5 parameters that can be used to

indicate differences in the mechanism of action:

�x The concentration required for activity to be seen.

�x The latency between peptide addition and activity.

�x The duration of the activity.

�x The amplitude and number of each event.

�x Whether the peptide causes the bilayer to break.

However, even using these parameters a clear mechanism of action could not be

defined for all their tested peptides (95, 96).

The morphology of the current trace has also been widely used to indicate the

mechanism of action although there is little consensus on the area.

The largest consensus is regarding the barrel-stave mechanism producing current

traces corresponding to the square top or flickering behaviour (80, 86, 100). The

toroidal pore mechanism has both been described with square tops and flickering (83,

89, 92) or by spikes, multilevel and erratic behaviour (87, 99). However, spikes,

multilevel and erratic behaviour have also been used for describing the carpet (96) or

the in-plane diffusion models (14).

1.6 Molecular dynamics simulations

To understand the behaviour of antimicrobial agents such as AMPs it is critical to gain

insight into their properties, structure and interactions on a molecular level. Molecular

dynamics (MD) simulations are one of the most powerful tools we have for exploring

the molecular level behaviours of biological systems.

MD simulations are built on two fundamental concepts. Firstly, if the positions of all

atoms in a biomolecular system are known, the force by which they interact with one

another can be calculated based on their physiochemical properties. Secondly, if these

forces are known, Newton�[s laws of motion can be used to predict the direction and

velocity at which each atom is moving. In MD simulations these two principles are

applied in an iterative stepwise approach, where the forces are calculated,
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transformed to velocities and the atoms/molecules are then allowed to move for a

very short time period (normally around 2 fs). Based on these movements the 3D

positions of the atoms in the system are updated and the process is repeated from the

beginning. These steps are repeated millions of times in order to generate a trajectory

of the system which functions like a 3D movie showing the movement of the molecular

components based on many individual static frames. Based on this trajectory a great

deal of information can be gathered about the behaviour of the molecular components

in the system (106, 107).

The most critical step in the simulation process is the calculation of the interatomic

forces which is performed based on a so-called molecular mechanic's force field. Such

force fields generally contain two components. Firstly, the mathematic equation used

to calculate the interatomic forces based on the size of the interatomic potential

energy. This equation consists of several terms used to describe the main ways in

which atoms interact with each other through both bonded and nonbonded

interactions. Bonded interactions contain terms related to the energetic effects of

positional variation between atoms which are linked covalently such as the energy

related to bond stretching, angle bending and dihedral and improper torsions. The

nonbonded forces are based on Van der Vaals interactions and Coulombic interactions.

A critical aspect to these mathematical terms is that they are not designed to be as

accurate to nature as possible, rather they are made to describe the behaviour

accurately enough while still being simple enough to be evaluated quickly allowing for

an efficient simulation speed. Therefore, the force field also contains a second part

which is a specific set of atomic and molecular parameters. These parameters are

generally formulated based on quantomechanical calculations and experimental

observations in order to ensure that the overall force field yields accurate results

within a given set of applications, even though simplified equations are used for the

energy calculations. Consequently, many different force fields have been created by

different research groups with different advantages and disadvantages and optimised

towards different model types. Some force fields (such as CHARMM and AMBER) are

mainly focused on the simulation of biological systems containing molecules such as

proteins and lipids while others are more generalised or focus on inorganic compounds

(108).
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MD simulations have a large range of different uses depending on the

application/topic of interest. The structural behaviour of large biological molecules

such as peptides, proteins, lipids and nucleotides can be modelled and give context to

experimentally derived average structures obtained with methods such as NMR or X-

ray crystallography. Critical to this is that in MD simulations the dynamics of the

structure are represented allowing for investigating phenomena such as the

conformational changes of molecules during unfolding or ligand binding. In many

ways, MD simulations can be used to give a better qualitative understanding of results

obtained in wet lab experiments.

MD simulations are also widely used in connection with structure-based drug

discovery. In this regard, they can both serve as a filter in the drug discovery process or

as a tool used directly in the lead optimisation process. This can both be in terms of

identifying key interactions between the drug candidate and its target or in in silico

evaluations following changes made to the design/structure. Again, MD simulations

have advantages over other computational methods due to the consideration of the

dynamic changes in the structure of both the drug molecule and binding target.

However, this does generally come at the cost of an increased computational demand

(106, 107).

Several different simulation software packages exist to facilitate the simulations and

analysis of MD simulation. For biological systems, Gromacs, originally developed at the

University of Groningen and now maintained at Uppsala University, is one of the most

popular. Critical contributors to this are likely that the program is open source and has

a focus on facilitating the most efficient simulation speed possible on every system,

ranging from supercomputers to home laptops (109). A key aspect in this regard is the

support for GPU acceleration, which allows the simple but computationally expensive

nonbonded force calculations to be offloaded from the CPU onto the GPU which excels

at completing highly parallelised tasks. This facilitates that complex MD simulations

that can now be completed, even on a low budget using consumer grade equipment

(110).
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1.7 Molecular dynamics simulations of antimicrobial peptides

As the main molecular target of AMPs is the highly adaptive and dynamic lipid bilayer,

in silico investigations using methods that rely on static models for the binding are of

limited use. Instead, MD simulations are the preferred computational method for

investigating the behaviour of AMPs, at least for properties more complex than those

that can be explored using simple structural projections. Due to the long and complex

mechanism of action of AMPs, MD simulations have been used to explore several

different aspects of the molecular level behaviour and interactions relevant to the

antimicrobial activity of the peptides.

Several studies have utilised MD simulations to investigate the structural properties of

AMPs by simulating their behaviour in different molecular environments. The simplest

way to do this is to model their 3D structure while in solution. This is often done either

in water or in a TFE/water mixture mimicking the conditions used in many in vitro

structural experiments. These simulations are often used to either improve an ab initio

predicted structure, give context to experimental investigations of only the secondary

structure of the peptide or to explore the conformational space of the solution

structure (111-114).

The most common use of AMP MD simulations is to simulate their interactions with

lipid bilayers. The general setup for such simulations consists of a model with a central

lipid bilayer spanning the entire x-y plane of the simulation box with a water layer on

each side. One or multiple peptides are inserted into the water phase above the

bilayer and as the simulation is executed these peptides will begin to interact with the

lipids. Depending on the length of the simulation the peptides will generally either

form an association with the bilayer surface or eventually fully insert into one of the

leaflets of the bilayer. Some authors place extra emphasis on this process and have

used MD simulations to describe a distinct mechanism for peptide insertion (115, 116).

Once the peptide(s) are associated/inserted into the bilayer many different analysis

methods can be utilised to describe aspects of the systems such as the position and

orientation of the peptides relative to the bilayer and how the peptide(s) affect the

properties of the bilayer itself (95, 96, 113, 115-127). Some authors also use the

simulation trajectories to calculate the relative free binding energy of the peptide-

bilayer complex (117, 123, 125-128).
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Because AMP induced pore formation typically occurs on a timescale which is outside

the current capabilities of MD simulations, exploration using this methodology is

difficult but not impossible. Lipkin et al. reviewed different approaches used to make

such investigations possible (129). The two main approaches are either to use

preformed pores or to artificially pre-insert the peptide in a pore formation (124, 130-

132). Some authors have reported spontaneous pore formation but that is likely due to

unconventional parameter settings such as not adding counter ions or using a high

temperature which could speed up the process.

In addition to purely exploratory biophysical investigations, MD simulations have also

been utilised in the drug discovery process of new AMPs. While the use as a screening

tool before in vitro evaluation of new peptides should be possible, very few examples

have been published using this approach. Puentes et al. highlight the potential use of

MD simulations as a secondary screening step in their review of different in silico and

experimental approaches to design, screening and testing of AMPs, but do not refer to

any actual examples of such use at the time (133). In a recent follow up paper, they

evaluated different aspects of their AMP discovery pipeline including using MD

simulations as a screening tool, but only evaluated 5 randomly selected candidates out

of 252 candidates (134).

Much more common is the use of MD simulations to compare 2 or more peptide

analogs and thereby give molecular level context to experimentally observed

differences between these (95, 113, 118, 122-124, 126, 135, 136). In these cases, the

MD simulations can help answer the question of why one analog might have a higher

activity than another and thereby help inform the design of future modifications.

1.8 Aims and objectives

The general aim of this project is to work towards overcoming some of the drawbacks

existing for natural AMPs highlighted in section 1.1, that currently limit the clinical

viability of such peptides. Specifically, the natural AMP Smp24, first isolated from the

venom of Scorpion maurus palmatus, will be the starting point for inhibitor

development (137). This 24-residue long peptide shows a promising antimicrobial

activity against both clinically relevant Gram-positive and Gram-negative bacteria but
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also a significant cytotoxicity against mammalian cells (137, 138). In this project, two

different approaches will be used in order to advance the development of this peptide

and bring it closer to a stage where it potentially could be viable for clinical use. This

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

�x Aim 1) Formulate Smp24 in a sol-gel coating to utilise its antimicrobial and

antibiofilm properties to prevent the formation of biofilms on the surface of

the coating.

�x Aim 2) Improve the selectivity of Smp24 and at a reduced development cost

using a rational drug design approach

Additionally in order to fully address the broader second aim, several objectives also

need to be completed:

�x The pre-existing knowledge related to the structure and mechanism of action

of Smp24 will be further expanded using biophysical approaches, in order to

establish a better structure-mechanism relationship that can be used to guide

the design of novel analogs.

�x Smp24 will be truncated using a structure-based computer aided design

process to yield smaller, cheaper to procure, and more efficient analogs while

retaining the antimicrobial properties of the parent peptide.

�x The best of the truncated analogs will be further developed in order to

optimise selectivity towards bacterial cells over mammalian cells, by either

improving its antimicrobial properties or reducing its cytotoxic effects.

28



2. Materials and methods

2.1 Materials

Antimicrobial peptides were synthesized via Fmoc solid phase peptide synthesis by

either Davids Biotechnologie GmbH (Regensburg, Germany) (Chapter 6) or Bioserv UK

(Sheffield, UK) (Chapter 7) at a purity of >90%. Unless otherwise specified all other

reagents were purchased from Sigma Aldrich (Basingstoke, UK).

2.2 Production of sol-gel coating

The sol-gel coatings were synthesised based Nichol et al (139), except using a different

type of PDMS polymer. Shortly, 0.5 parts TEOS, 1 part TMOS, 1 part MTMS and 2.18

parts isopropanol were mixed while slowly adding 2.35 parts of a 1:1.15 0.07M nitric

acid:isopropanol mixture. Thereafter, 0, 0.2 or 0.4 parts of PDMS-OH (Mn = 550,

viscosity = 25 cSt) was added to achieve the desired PDMS-OH level. An additional 2.33

parts of the nitric acid: isopropanol mixture was slowly added and after 10 min of

mixing a final 2.4 parts 0.07M nitric acid was added. The sol was allowed to age at

room temperature under rigorous mixing for 3 days before coating.

After the ageing period the final coating mixture was prepared by mixing 1 part of the

aged sol with 2 parts isopropanol. Depending on the peptide level, a total of 2 parts

water and/or Smp24 stock was added, such that the amount of peptide in the final

samples was either 0, 150 or 300 µg. To create the thin film samples, 37.5 µl of this

final mixture was spread onto a 22mm round glass coverslip and allowed to dry

overnight.

2.3 Evaluation of antimicrobial coatings

2.3.1 Brightfield (BF) microscopy characterisation of coating structures

To evaluate the distribution of the PDMS-OH within the sol-gel coating, samples

spiked with the hydrophobic dye Oil red O were prepared. This was done by using a

saturated Oil red O in isopropanol solution instead of pure isopropanol when preparing

the final coating mixture.
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Macroscopic BF images of the peptide-loaded sol-gel coatings were taken using a

microscope at approximately 1.25 magnification, while further magnified images of

both loaded and non-loaded samples were taken using an inverted Olympus IX81

microscope.

2.3.2 Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging
(MSI)

Peptide loaded samples were prepared for MALDI MSI by spray coating the sample

with a MALDI matrix consisting of 2.5 mg/ml �r-Cyano-4-hydroxycinnamic acid (�rCHCA)

in 70:30 Acetonitrile:0.5% TFA using a Suncollect MALDI Auto-sprayer

(SunchromGmbH, Friedrichsdorf, Germany). A total of 25 layers of �rCHCA were

deposited at a flow rate of 8 µl/ml for each sample.

Imaging was performed using a Bruker autoflex speed MALDI-ToF mass spectrometer

(Bruker Daltonik GmbH, Bremen, Germany) equipped with a 200 Hz SmartBeam�¡  laser

using a 50 x 50 µm spot size. Acquisition was carried out in the mass range of m/z

2375-3000 in positive-ion reflectron mode. Images were created using a raster size of

50 µm2, with 25-250 shots per raster.

Data analysis was performed using the FlexImaging software (Bruker Daltonik GmbH,

Bremen, Germany). The peptide signal was determined based on a mass range

between m/z 2549-2629 corresponding to the signals from the [M+H]+ and [M+Na]+

peptide ions only.

2.3.3 Peptide elution from the sol-gel coating

The elution of Smp24 from the sol-gel coatings was evaluated by submersing the

individual samples in 600 µl PBS, incubated at 37°C, 100 rpm. The elution media was

periodically collected and exchanged with fresh PBS throughout a 4-week period. The

peptide concentration in each elution media sample was determined using the

PierceTM Quantitative Fluorometric Peptide Assay following the protocol specified by

the manufacturer. Briefly, in fluorescence compatible 96 well plates, 10 µl elution

sample was mixed with 70 µl assay buffer and 20 µl assay reagent. After 5 min

incubation at RT the peptide concentration was quantified via fluorescence

measurement at �„exc = 390 nm and �„em = 475 nm.
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2.3.4 Coating mediated biofilm inhibition

The biofilm inhibitory properties of sol-gel coatings were evaluated against S. aureus

SH1000 (140) based on a modified version of Skogman et al (141). An overnight culture

of the bacteria species was diluted 1000x in Mueller Hinton broth (MHB) and

incubated at 37C°, 200 rpm until an OD600 0.2-0.6 was achieved, to ensure

exponential growth phase was reached. The bacteria suspension was re-diluted 100-

fold in MHB to give a suspension of approximately 106 CFU/ml. Sol-gel coated

coverslips were placed in a 24 well plate with the coating facing upwards and 1 ml of

the bacteria suspension was added to each well. After 24h of incubation at 37C°, 100

rpm the planktonically growing bacteria were removed and the OD600 determined. The

biofilms grown on the sol-gel surfaces were washed twice with 1ml PBS and then

resuspended into 1 ml MHB by sonicating the samples for 10 min. The CFU/ml of the

resuspended biofilm was determined by spot plating on MHA plates in triplicate using

factor 10 serial dilutions for each sample.

2.4 In vitro biophysical evaluation of AMPs:

2.4.1 Electro formation of GUVs

Vesicles for the patch clamp experiments were produced using the vesicle prep pro

from Nanion (Munich, Germany) using Bruggeman et al as the starting protocol (142),

optimised to work with the specific lipid mixtures. Shortly, 20 µl 3 mg/ml lipid in

chloroform solution was placed as multiple small droplets on an ITO sheet and allowed

to fully dry. A rubber O-ring was placed surrounding the lipid film held in place by a

thin layer of silicon grease. The chamber formed by the O-ring was filled with 280 µl

1M sorbitol solution and a second ITO sheet was placed on top. The ensemble was

placed in the vesicle prep pro and an electro formation protocol was initiated.

Electro formation protocol used for PC:PG type vesicles: An initial linear voltage

increase from 0 to 3V was performed over 1h followed by a 2h period with a constant

voltage of 3V. The protocol was finished by reducing the voltage back down to 0 over

10 minutes. At stages were performed at an amplitude of 5 Hz and a temperature of

37 °C.
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Electro-formation protocol used for PC:PE type vesicles: An initial linear voltage

increase from 0 to 3.2V was performed over 1h followed by a 50 min period with a

constant voltage of 3V. These steps were performed at an amplitude of 10 Hz. The

protocol was finished by a fall in the amplitude to 4 Hz over 10 minutes which was held

for an additional 20 minutes. The voltage was not changed. All stages were performed

at a temperature of 37 °C.

Once finished the GUV solution was retrieved using a pipette tip, which was cut to

increase the size of the opening, by pipetting the solution up and down two times to

release the vesicles from the slide. The GUVs were stored at 4 C° in an Eppendorf tube

until use (max 5 days).

2.4.2 Patch clamp

Electrophysiology experiments were performed on planar lipid bilayers using a Nanion

Port-a-Patch planar patch clamp setup, based on a modified version of Bruggemann et

al (142). Bilayers were formed by adding 5 µl of GUV solution to a 3-5 MOhm

borosilicate chip which contained 5 µl of pH 4 buffer (200 mM KCl, 10 mM HEPES)

solution on each side of the aperture. After applying 10-30 mbar of negative pressure a

Giga-ohm seal would be formed and the pressure would be reverted to neutral. The

bilayer was washed by exchanging 20 µl buffer solution 3 times. The gain was

increased to 50 mV/pA and a 50-60 mV potential was applied across the bilayer. To

ensure the quality of bilayer was satisfactory, the current across blank bilayer was

recorded for 5 min before the bilayer was washed a second time, this time with 3x 20

µl pH 7 buffer (200 mM KCl, 10 mM HEPES). In later experiments using 16:0 4ME lipids

the buffer solutions were adjusted with CaCl2 to an additional 10 mM Ca2. After a

further 5 min, 3 µl concentrated peptide solution was mixed with 17 µl pH 7 buffer

solution and added to the 10 µl buffer presents on the chip to obtain the active

concentration.

The current traces were recorded using an EPC 10 USB HEKA amplifier and the setup

was controlled using a combination of the Patchcontrol (Nanion) and Patchmaster

(HEKA) software. Analysis of the current traces was performed using Fitmaster (HEKA).
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2.5 In vitro biological evaluation of AMPs

2.5.1 Minimum inhibitory concentration (MIC)

The minimum inhibitory concentration of the peptides against Staphylococcus aureus

SH1000 (140), Escherichia coli JM109 (143) and Pseudomonas aeruginosa PAO1 (144)

was determined using the microdilution method (145). Factor two dilutions of the

peptides (256-0.5 µg/ml) were incubated with 105 CFU/ml bacteria suspensions in

MHB in a 96 well plate for 18-20h at 37C°. The MIC was evaluated via visual inspection

and further confirmed by absorbance measurement at 600 nm.

2.5.2 Peptide only biofilm inhibition assay

The intrinsic ability of the AMPs to inhibit the formation of biofilms was evaluated

against S. aureus SH1000 (140) and E. coli JM109 (143) based on a protocol from

Skogman et al. (141). An overnight culture of the bacteria species was diluted 500-

1000x in MHB and incubated at 37C°, 200 rpm until an OD600 0.2-0.6 was achieved, to

ensure exponential growth phase was reached. The bacteria suspension was re-diluted

100-fold in MHB to give a suspension with approximately 106 CFU/ml. The bacteria

suspension was added to a 96 well plate and mixed with the peptide, giving final

concentrations from 2x the MIC to 1/64th MIC. The plate was incubated at 37C°, 100

rpm for 18h (S. aureus) or 24h (E. coli). The biofilms grown in the wells were washed

twice with sterile PBS whereafter the biofilm cell viability was evaluated by incubating

them at room temp (RT) with 20 µM Resazurin for 20 min (S. aureus) or 2h (E. coli),

followed by fluorescence quantification at �„exc = 560 nm and �„em = 590 nm. The

biomass of the same biofilms was evaluated following the Resazurin stain by fixing the

biofilm with 96% ethanol for 15min, staining with 0.02% Crystal violet for 10 min,

washing twice with water and redissolving the stain with 33% acetic acid for 1h. The

biomass was quantified by absorption at 595 nm. The relative biofilm formation was

evaluated at each concentration (n=8) compared to untreated bacteria controls

(n=16).
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2.5.3 Haemolysis assay

The haemolytic activity of the AMPs was evaluated based on Corzo et al (146).

Defibrinated sheep's blood was washed with PBS 3-5 times in order to isolate the

erythrocytes and then diluted down to a final test concentration of 10%. The

erythrocytes were incubated with factor two dilutions of the peptides (512-1 µg/ml)

adjusted to 290 mOsm/l in triplicate for 1h at 37C°, 100 rpm. A 10% triton-x solution

was added for the positive control and PBS for negative control. After the incubation

the samples were centrifuged at 10,000 x g for 5 min and the absorbance of the

supernatant was measured at 570 nm. The absorbances were corrected against the

negative control and the %lysis was estimated relative to the positive control. HC50

values were estimated using the Hill equation.

2.5.4 Cell culture

The HEK293 (147) and HepG2 (148) cell lines were both grown in Dulbecco's modified

Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%

pen-strep. The cells were incubated in T-75 flasks at 37C°, 5% CO2 and the media was

changed twice a week. Upon reaching a confluence of 90% the cells were washed with

PBS and trypsinised using 0.25% trypsin.

2.5.5 Cell line toxicity

The cytotoxicity of the peptides was evaluated using the CyQUANT LDH cytotoxicity

assay with methodology based on Rawson et al (149). The cells were seeded in 96 well

plates at a density of 20,000 cells/well and incubated for 24h. Factor two dilutions of

the peptides (465-0.9 µg/ml in water) were added to the wells and the plates were

incubated for a further 24h. Following the incubation period, the LDH release was

quantified in accordance with the manufacture�[s specification. Briefly, lysis buffer was

added to the maximum LDH controls and incubated for 45 min. 50 µl sample from each

well was transferred to new 96 well plates and mixed with 50 µl reaction mixture.

After a 30 min incubation period, 50 µl stop solution was added to each well. The

absorbance was measured at 490 nm and 680 nm. The LDH activity was determined by

subtracting the 680nm absorbance from the 490 nm absorbance values. The

%cytotoxicity was determined by correcting the LDH activity against the negative
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control (water) and then comparing the value relative to the corrected maximum LDH

control. The IC50 values were estimated using the Hill equation, with the maximum

response based on an average of the maximum response of the peptides.

2.6 In silico evaluation of AMPs:

2.6.1 Molecular dynamics simulations

All molecular dynamics simulations were performed using the Gromacs 2020.2-4

packages. All simulations were performed using the leapfrog algorithm with a 2 fs

timestep, hydrogen bond constraints were performed using the Lincs algorithm, Wan

der Vaals and short-range electrostatic interactions cut-offs were 1.2 nm, Nose-Hoover

thermostat was used for temperature control and the Parrinello-Rahman barostat for

pressure control with semi-isotropic conditions for the bilayer models and isotropic

conditions for the solution models.

Unless otherwise specified all production runs were performed in the NPT ensemble at

293K, 1 atm and with centre of mass correction of the system every 100 steps.

The Gromacs tutorials by Justin A. Lemkul were used as a starting point for the setup

and basic simulation procedure for both the solution and bilayer simulations (150).

2.6.2 Ab inito structure generation

The starting 3D structure of all peptides used in the MD simulations were generated

using the Pepfold3 server (151) following 100 simulations sorted by the sOPEP energy.

2.6.3 Peptide water model

The topology of the peptide was described using the amber99sb-ild all-atoms force

field. In each system a peptide was placed in the centre of a 7 nm³ box filled with

water molecules described by the TIP3-P water model. The net charge of the model

was neutralised by adding chloride ions.

An initial energy minimization was performed prior to the equilibration. The model

was equilibrated in two steps, firstly a 100 ps NVT simulation was performed using the

V-rescale thermostat with protein and non-protein coupling groups to equilibrate the

temperature. Thereafter a 100 ps NPT simulation was performed with the addition of
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the Parrinello-Rahman barostat to equilibrate the pressure. During both equilibration

steps position restraints were placed on the peptide atoms.

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

2.6.4 Peptide TFE/water mixture model

The peptide topology was again described using the amber99sb-ild all-atoms force

field. The peptide was placed in the centre of a 7 nm³ box filled with water and TFE

molecules in a ratio of approximately 2.7-2.8 water to TFE. The water and TFE mixture

model was based on previous work by Gerig et al. with the TFE topology described as

TFE model V (152) and the water model used was TIP5PE. The net charge of the model

was neutralised by adding chloride ions. Following an energy minimization, the same

equilibration procedure as for the water only models were used.

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

2.6.5 Bilayer models

Over the span of the studies several different bilayer systems were created to aid in

the exploration of the structure mechanism relationship, drug design and in silico

comparison between the AMP. All the models were based on an original base system

with modifications applied in order to explore different aspects of the peptide bilayer

interactions. A short description of the purpose of each model can be found in table

2.1. Further explanation for the design principles behind the different models can be

found in chapter 5.

All bilayers were built using CHARMM-GUI (153), with lipid and peptide topology

described using the CHARMM36m forcefield. The standard TIP3P water model was

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

Bilayer

simulation

variant

Base

1

2

3

4

5

General changes relative to

base model

Bilayer composition changed

to DOPC:DOPE lipids

Larger bilayers with more

peptides inserted

Single toroidal pore induced

in the bilayer

Single toroidal pore induced

in a larger bilayer with

multiple peptides inserted

Reduced size of bilayer and

increased ionic strength

Purpose of simulation

Basic models for evaluating the early

interactions and equilibrium state

between a peptide and a negatively

charged phospholipid bilayer

Models for evaluating the effects of

the lipid composition

Models for evaluating the effect of

the peptides on the properties of the

bilayer

Models for evaluating the

interactions between a single peptide

and a toroidal pore

Models for evaluating the

interactions between multiple

peptide and a toroidal pore

Smaller version of the base model for

increased simulation efficiency

Base model

The central component of the base model was a 7 nm2 phosphor lipid bilayer,

consisting of 1:1 DOPC:DOPG dual lipid mixture (72 of each lipid).

A single peptide was inserted into the model with its centre of mass about 1.5 nm

above the bilayer. On each side of the bilayer an approximately 3 nm layer of water

molecules were also added, to ensure the bilayer was properly hydrated. Some of the

water molecules were exchanged with potassium and chloride ions to make the

system overall neutrally charged. Following an energy minimization, the models were

equilibrated in 3 steps. Firstly 100 ps NVT simulation was performed using the V-
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rescale thermostat with protein, lipid and water+ions coupling groups to equilibrate

the temperature. Thereafter two NPT simulations were performed with the addition of

the Parrinello-Rahman barostat to equilibrate the pressure, the first being 100 ps and

the second 900 ps. During all equilibration steps 1000 kJ/mol nm2 position restraints

were placed on the peptide atoms. The simulations were initially simulated for 500 ns,

however in some cases the length had to be increased in order to reach an

equilibrium.

Variant 1

Composition of the bilayer was changed to 1:1 DOPC:DOPE lipid (74 of each).

Everything else was performed as with the base model.

Variant 2

Simulations of larger bilayers (12.62-14.21 nm) with 0-16 peptide inserted into the top

leaflet was performed via several steps. Firstly, different sized DOPC:DOPG bilayers

(3.3 nm2, 4.0 nm2 and 7.0 nm2) were created and insertion of a single peptide was

achieved in accordance with the base model. Larger models were created based on the

final frame of the previous simulations using the gmx genconf command with the �t

nbox flag. This function multiplied the molecular components of the model in a grid

like pattern along the X and Y axis several times (2x2, 3x3, 4x4), yielding a larger bilayer

with multiple peptides already inserted (figure 2.1). The larger models were first

simulated at 323K for 500ns to facilitate peptide diffusion/mixing in the bilayer plane

followed by 250ns simulation at 293K used for the analysis. A similar approach has

previously been used by Chen et al (124).
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Figure 2.1 Creation of larger bilayers with multiple peptides inserted. 1) 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 pre-formed toroidal pore and a single peptide were created

using an electroporation approach. The final frame from the base model simulations

(peptide inserted into 7 nm2 DOPC:DOPG bilayers) was used as a starting point for

these simulations. A pore was created using electroporation by simulating a relatively

large electric field (0.3 V/nm) running across the bilayer. Under these conditions a

toroidal pore would form and quickly expanded leading to the complete destruction of

the bilayer. Via visual inspection of the simulation trajectory, a frame was found where

a small toroidal pore had been formed before the complete bilayer disruption and this

configuration was extracted. The simulation parameters were changed to lower the

strength of the electric field to 0.065 V/nm. Using the new parameters and the

previously extracted configuration a simulation could be performed with a relatively

stable toroidal pore which would remain open over the full 500 ns simulation time

without leading to the complete disruption of the bilayer.

COM corrections, which modifies the directional velocities for a group of molecules to

reduce the overall drift relative to the simulation box, were increased to every 10 steps

for the bilayer to counteract the additional drift induced by the one-directional

electrical field.

The range of possible pore associated peptide configurations were further evaluated

by manually changing the position of the peptide within the pore lumen. This was done

using a pull function where a constant force was applied to the centre of mass of the
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peptide pulling it down and towards the pore. The pull function was applied to the

peptide in two different starting positions (based on the previous set of simulations)

and stopped at three different levels of insertion giving a total of 6 simulations.

Thereafter the system was equilibrated for 5 nanoseconds with the peptide position

locked. Finally, the system was simulated for 50 ns to see how the position of the

peptide changed over time.

Variant 4

Simulations were performed using a similar methodology as with the variant 3

simulations except using the final frame of the variant 2 simulation with 16 peptides as

the starting point.

Variant 5

Simulations were performed using a similar approach to the base model, expect the

size of the bilayer was reduced to 5 nm2 (38 of each lipid). Furthermore, additional ions

were added to reach a KCl concentration of 0.15 M instead of just to neutralize the

system.

2.7 MD simulation analysis methods

2.7.1 3D structure visualisation

Visualisation of the 3D simulation outputs were performed using either visual

molecular dynamics (VMD) or Pymol. VMD was generally used for analysis of multi -

frame trajectories while Pymol was used for the evaluation of static 3D structures.

2.7.2 Evaluation of peptide structure

The analysis of the secondary structure of peptides based on the MD simulations was

performed using two approaches:

The per residue secondary structure over time was estimated using the VMD plugin

called Timeline. This yields a 2D box plot where each type of secondary structure

corresponds to a specific colour. This method allows for the detection of all types of

secondary structure including alpha helixes, 3-10 helixes, beta-sheets and random coil

structures. An example of a 3D peptide structure and the corresponding secondary

structure box plot can be seen in 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 plot. White represents random coil structure, purple represents
alpha helical structure and blue represents 3-10 helix structure.

Alternatively, for peptides which were almost exclusively helical the gromacs function

gmx helix was used. This function calculates the average degree of helicity for each

residue over a given period of time. These per-residue values were again averaged

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

The changes in the peptide structure over time were evaluated using three different

methods:

The Root-mean-square deviation (RMSD) of atomic positions was calculated using the

gromacs gmx rms function based on the backbone of the peptide. This analysis gives

an indication of how much the structure changes over time relative to the starting

position and can also give an indication of the moment-to-moment structural

fluctuation.

The root mean square fluctuation (RMSF) was calculated using the gmx rmsf function

and represents the per-residue standard deviation in the atomic positions. This can be

used to identify which residues have larger structural fluctuations over a given time

period.

The radius of gyration was calculated using the gmx gyrate function and can be used to

estimate the maximum 3D size of the peptide at a given time point.

41



The formation of intermolecular salt-bridges was investigated based on the distance

between charged atoms over time. Cationic atoms include the nitrogen atoms of the

peptide N-terminal amine or the nitrogen atom of the lysine sidechain. Anionic atoms

include the oxygen atoms of the carboxylic acid groups of the C-terminal residue and

the aspartic acid sidechain. If the distance between such two atoms was less than 0.32

nm it was taken as an indication of the presence of a salt-bridge. The distance was

calculated using the gromacs function gmx distance.

For some peptides the bending of a helical region within the peptide structure was

investigated. This was done using the Bendix plugin for VMD (figure 2.3). This plugin

looks at a helical structure and transforms it into a curved cylindrical structure based

on shorter cylindrical sections (4 residue segments) following the local helical axis.

Using these shorter sections, the bending angle of the helix can be

represented/calculated for each residue to see where and how much the structure of

the helix deviates from a perfect cylinder. This analysis can be done for each frame in a

simulation to calculate the average bending angle for all residues over a given

timeframe of a simulation.

Figure 2.3 Analysis of the helical bend of a peptide structure using the Bendix plugin. Left =
3D representation of the curve of a helical region. Right = Graphical 2D representation of the
curvature.
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2.7.3 Analysis of the position and orientation of the peptide relative to the bilayer

The position of the peptide relative to the bilayer over time was estimated by

calculating the centre of mass (COM) over time of different molecular components

present in the model (figure 2.4). As the bilayer spans the XY-plane of the simulation

box the Z-axis coordinates of a given molecule can be used as a proxy for its position

relative to the bilayer. Thus, to describe the changes in the relative position of the

peptide over time the COM of the peptide and the terminal residues were calculated

relative to the Z-axis. In addition, the COM of the phosphor atoms for each lipid leaflet

was also calculated to represent the approximate parameters of the bilayer. The COM

was calculated using the gmx traj function with the �tcom flag.

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 relative to the bilayer surface was analysed using the

primary helical region, which for this purpose can be represented as a ridged cylinder

with a local axis running through the centre of it (figure 2.5). The angle between this

helix axis and the Z-axis represents the tilt of the peptide and was calculated using the

gmx bundle function with the �tz flag. This angle was transformed to instead represent

the angle between the helix and the surface of the bilayer (XY plane) 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. The 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 orientation/rotation over time was estimated using the gmx

helixorient function. The orientation of each residue relative to the central helical axis

is estimated and the cumulative charges relative to this starting position were

calculated for each time step. Thereby a line can be created showing by how many

degrees the orientation of each residue has shifted over a 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 formation of charged interaction between the peptide and the lipids

is not practical using direct distance calculations as specific residues of the peptide can

interact with many different individual lipids over the time span of the simulation.

Therefore, radial distribution functions (RDFs) were used instead, calculated using the

gmx rdf function. A RDF describes how the density of a group of atoms changes

relative to the distance from a single reference atom averaged over a given time

period. An example of this could be between the phosphor atoms of the lipid

headgroups and the positively charged amine group of a lysine residue (figure 2.7). If

these motifs form any strong interactions between them, a peak will be seen in the

RDF as it is more likely for a phosphate atom to be positioned at this specific distance

from the amine groups at a given time point due to this distance yielding the optimal

strength of the interaction. Moving further away from the reference atom the exact

position of the phosphor atoms will be more variable as the interactions are weaker,

leading to a flattening of the curve.
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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 reached an equilibrium state, the Z-axis position of the peptide

relative to the bilayer can be evaluated by calculating the partial density profiles of

specific molecular components of the model. The partial density profile provides a

clearer overview of the positional distribution of a set of atoms once an equilibrium

has been reached and when multiple density profiles are combined from the same

simulation it can create a 2D representation of the model (figure 2.8). The average

position of each molecular group can be further quantified by fitting the data to a

Gaussian distribution. The density profiles were calculated using the gmx density

function, with the �tcenter option which ensures that the results are calculated 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 can interact with a bilayer is through the formation of hydrogen

bonds. The average number of hydrogen bonds between a peptide and a bilayer over a

specific period of time was calculated using the gmx hbond function. The hydrogen

bonds were determined based on the hydrogen - donor �t acceptor angle and the

distance between the doner and acceptor (figure 2.9). The standard cutoff values of

30° (max deviation from the ideal 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.

47



2.7.4 Energy calculations

The key method used for evaluating the strength of the overall interactions between

the peptide and the bilayer was to estimate the relative binding free energy using the

MMPBSA method (154). Using this method, the difference in the Gibbs free energy

between the bound complex (peptide + bilayer) and the peptide and bilayer on its own

is calculated. The Gibbs free energy of each part is based on three terms, the

molecular mechanics energy plus the solvation energy minus the temperature

adjusted entropy. The molecular mechanics energies are based on the bonded and

non-bonded (electrostatic and van der Waals) energy for the component in vacuum,

calculated based on the topology parameters from the MD simulation�[s force field. The

solvation energy is based on two terms, the polar and non-polar solvation energies.

They represent the energy contributed to the system due to the solvation of the

different molecular components. This is critical to consider when investigating the

binding between a ligand (in this case the peptide) and its target (in this case the

bilayer), as it often involves the removal of hydrogen bonds between the solvent and

the ligand/target which has a relatively large energy cost associated with it. The polar

solvation energy is calculated based on the Poisson�tBoltzmann equation, while the

non-polar solvation energy traditionally is based on the solvation accessibility surface

area (SASA). However, in this study a more modern approach to calculating the non-

polar solvation energy is used where it is based on two terms, the cavity and

dispersion terms. The cavity term is still based on the SASA while a surface-integration

method is used to calculate the dispersion term. The entropy can be estimated based

on several different methods added to the MMPBSA calculations, with normal mode

analysis being the most common. However, for large biological systems this is very

computationally demanding and thus the entropic term is often omitted from the

energy calculations (117, 123, 125-127, 135). This means that absolute binding energy

values are not experimentally correct. However, when comparing two systems (such as

two simulations with different bilayers) the effect of the entropic term is expected to

be relatively small. As such the relative comparison between the two systems is still

relatively accurate when based on only the standard MMPBSA calculation.

The three components of the system (complex, peptide, bilayer) that the energy

calculations are based on, can be obtained via two different approaches. In the multi-

trajectory approach each component is simulated by itself, increasing the
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computational demands but potentially also improving the accuracy. However, for

AMPs this approach is not used as simulating the peptide by itself in water likely would

lead to a highly variable unordered structure. This would introduce a high degree of

variation in the energy calculations, making comparisons much less consistent. Instead,

a single trajectory approach is used, where all three components are taken from the

same simulation. Thereby the structure of the peptide itself is the same as in the

complex so the energy differences are only based on how strong the interactions with

the bilayer are.

In some cases, the energy contributions were further evaluated on a per-residue basis

using a decompositional energy study of the binding energy. This allows for the

investigation of the energetic influence of individual residues/regions of the peptide.

However, as the solvation energies are not strictly decompositional the focus of this

analysis is on the direct electrostatic and hydrophobic interactions (155).
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3. Development of a sol-gel coating as a drug delivery system for
Smp24

3.1 Introduction

Previously at Sheffield Hallam University sol-gel coatings have been developed for a

range of different applications such as corrosion inhibition and antifouling (156-158).

Another application has also been as an antimicrobial coating for preventing biofilm

related infections during hip or knee arthroplasty (139). The sol-gel was functionalised

to gain antimicrobial properties via the incorporation of gentamicin, a concept which

could be replicated with other antimicrobial agents such as AMPs. A unique aspect to

the formulation is that it contains two polymeric components, both classic sol-gel

organosilica precursors which are hydrolysed to yield a relatively hydrophilic polymer

network and the more hydrophobic preformed silica polymer PDMS. This hybrid

composition could provide a starting point for controlling the elution of AMPs both via

physical entrapment and direct interactions between the peptide and matrix.

Another previous discovery at Sheffield Hallam University is the natural AMP Smp24,

originally derived from the venom of Scorpio maurus palmatus (137). This peptide was

chosen to be incorporated in the coating, in order to provide it with improved biofilm

inhibitory properties. The peptide is cationic, adopts an amphiphilic helical structure in

a membrane mimicking environment and has a broad spectrum of activity against

clinically relevant, biofilm forming pathogens such as E. coli, S. aureus and P.

aeruginosa (137, 149). The peptide also has some intrinsic antibiofilm properties below

its MIC explored in chapter 6.

In order to explore the peptide-matrix interactions, the general behaviour of the

coating and the parameter range within which the formulation is functional, two key

components of the formulation were chosen as variables within the experimental

design.

While the effect of changing the concentration of the active pharmaceutical

ingredient (API) has been investigated for past sol-gel coatings (42), it is such an

important formulation variable that in most circumstances it should be considered

when evaluating new drug delivery systems. When developing a formulation with a

new API it is critical to have some idea about what concentration of the API can be
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added to the formulation while still retaining its properties with a desired range. It is

also key to have knowledge about how the API concentration interacts with other

formulations variables, in the case the total dose needs to be adjusted later in the

development process and other formulation parameters need to be adapted in order

to retain the desired behaviour of the formulation as a whole. Therefore, the amount

of Smp24 in each sample was chosen as the first formulation variable.

As the investigation of the peptide-matrix interactions was one of the main objectives

of the study, the choice of the second formulation variable was focused on parameters

that might affect these interactions. Thus, parameters related to either the

hydrophobic or hydrophilic properties of the coating were considered, with the

amount of PDMS in the formulation chosen in the end. This was done as it was

deemed the simplest way to affect the hydrophobic/hydrophilic balance of the sol-gel.

Contrary to modifying the organosilica precursors, the PDMS is a single component,

and it does not need to be included in the formulation for a coating to be formed.

Therefore, variations of the formulation could also be made without any PDMS in it,

making it even clearer what effect it has on the coating structure and peptide-matrix

interactions.

3.2 Results

3.2.1 Method development

As a starting point for the formulation development, a previously developed sol-gel

production protocol was used (139). This protocol includes the steps necessary to

create a basic sol-gel without any API added, a list of components that could make up

the sol-gel and a starting point for at which ratios these components should be added.

However, several changes had to be made to the protocol and the formulation in order

to adapt it for the use of Smp24 as the active pharmaceutical ingredient (API) in the

coating.

One key problem was that Smp24 was stored in frozen stock solutions at 20 mg/ml.

Previously antimicrobial compounds had been added to the basic sol-gel either directly

as a solid to be dissolved in the solvent already present the sol or as a very

concentrated solution such that only a small amount (5% vol/vol) of additional water

would need to be added (139). However, to achieve the desired levels of Smp24 within
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the final coating, the volume of Smp24 stock solution that needed to be added would

exceed the volume of the basic sol-gel itself. In principle, it should not matter if

additional water were to be added to the sol phase of the sol-gel shortly before the

coating procedure, as at this point additional water should not affect the silica

crosslinking substantially. The additional water would dilute the sol-gel leading to a

thinner coating, but this could be counteracted by increasing the coating volume as

most of the additional water should evaporate during the curing process. However, as

the sol-gel consists of a mixture of hydrophobic and hydrophilic components the

polarity of the solvent in the sol phase is important to facilitate the physical stability of

the suspension. In the initial testing of the formulation, partial aggregation of the sol-

gel was observed after the addition of water volumes equal to those needed of the

Smp24 stock solution. A small quantity of the hydrophobic red dye Oil red O was

added to the sol-gel in order to further evaluate what was happening. Depending on

the amount of water present, two different phenomena were seen. Firstly, at the

highest volumes of added water, the hydrophobic components of the sol-gel would

aggregate in the sol phase, seen by the formation of a red aggregate at the bottom of

the sample tube. The remainder of the sol phase would become clear, indicating that

all hydrophobic components had been removed from solution (Figure 3.1A). Secondly,

if the volume of water was reduced, the physical stability of the sol-gel in the sol phase

could be retained. However, after the sol was coated onto the substrate (glass

coverslip) and allowed to cure, formation of large, hydrophobic, droplet shaped

aggregates were seen in the finished coating and the overall coverage of the substrate

was often uneven (figure 3.1B). Both problems were only exacerbated if the

proportion of PDMS was increased in the formulation, further indicating that this was

due to the hydrophobicity of the sol-gel.

Both phenomena can be explained based on how the additional water changes the

total polarity of the solvent phase. During the sol stage of the sol-gel production, the

sol-gel consists of a silica nanoparticle network and the PDMS, suspended in a solvent

phase consisting of water, 2-propanol added during the production and ethanol and

methanol which are the hydrolysis products from the polymerisation reaction. The

increased water concentration changes the bulk polarity of the solvent to such an

extent that the PDMS can no longer stay in solution. Even if the water concentration is
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kept below this point, aggregation of the PDMS can still occur during the curing

process. The different solvent molecules do not have the same evaporation rate as the

more hydrophobic components which evaporate much faster than water. This means

that the relative proportion of water in the solvent will increase over time during the

curing process (159), leading to the polarity of the solvent phase again reaching a point

where aggregation of PDMS occurs.

Several solutions were considered to circumvent these problems: In principle the

Smp24 could also be added as a solid directly into the sol-gel by freeze-drying the

peptide first. However, with the <1mg amounts needed to be added for each sample

this was not deemed a practical solution. The total volume of peptide loaded sol-gel

could be scaled up to make the amounts more manageable, but due to the high cost of

Smp24 this would not be an economical solution. The Smp24 could also instead be

added with the nitric acid during the production of the basic sol-gel, thereby avoiding

the need to add additional water afterwards. However, this would mean that before

the coating could be made Smp24 would have to be in an acidic, oxidative, room

temperature solution for 3 days during the aging of the sol-gel in its sol form. While it

was not investigated it is likely that under such conditions a significant proportion of

the peptide molecules would be degraded, reducing the antimicrobial effectiveness of

the finished coating. Finally, two approaches were identified which did not have the

previous downfalls. Firstly, after the aging stage but before adding the additional water

to the sol-gel an equitant volume of 2-propanol was mixed into the sol-gel. This

ensured that the balance between the hydrophobic and hydrophilic components of the

solvent phase were not affected by the additional water. Using this approach, 2 times

the sol-gel volume of water could be added without causing aggregation of the PDMS

in the sol phase (figure 3.1A left). While this also did improve the aggregation

problems during the curing process somewhat, it was still deemed unacceptable

especially if higher PDMS concentrations were used. Therefore, a second modification

was made, changing the type of PDMS used in the formulation. In the original

formulation the PDMS had its polymer terminals end capped with methyl groups and

therefore it would only be incorporated into the sol-gel network only by physical

entrapment. In the new formulation, the PDMS type was changed to PDMS-OH which

has a free hydroxyl group in each terminal end. This makes the chemistry of the
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terminals similar to that of the hydrolysed silica precursors and thus the preformed

PDMS-OH polymers could potentially be covalently incorporated within the sol-gel

network. Incorporation of PDMS-OH in silica sol-gels has been investigated in previous

studies, showing that covalent PDMS-OH incorporation in a TEOS sol-gel occurs (160).

The rationale for this modification was that covalently binding the PDMS-OH to the sol-

gel network could inhibit the ability of the polymer to aggregate into these large

macroscopic defects seen in figure 3.1B. The modification did improve the look of the

final coatings, although with the highest level of PDMS-OH in the coating some small

hydrophobic aggregates were still visible to the naked eye (figure 3.4). Still, the overall

macroscopic structure and homogeneity of the coatings were deemed to be at an

acceptable level after the changes to the protocol/ formulation.

A schematic overview of the different steps in the final sol-gel production procedure

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

components changes throughout 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 together. (A) Initially 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. (C) 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-gel. Step (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/ml
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-gel. Step (4), the sol-gel
mixture is coated onto a 13mm glass cover slide and cured at RT overnight. (F) As the solvent
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 Formulation overview

For each of the two formulation variables three different levels were chosen (table

3.1). In each case the lowest level was set as either no PDMS-OH or no Smp24 added

to the formulations, allowing for the evaluation of the coatings completely without

these components. The middle level of PDMS-OH was set to the same as used in the

original formulation, with the highest level set as double that amount after initial

testing showed that a reasonable looking coating could be made at this level.

The middle and high levels of Smp24 were chosen based on previous experience using

the antimicrobial lipopeptide daptomycin as a model drug while establishing the

protocols for some of the coating evaluation methodologies and some limited testing
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using Smp24 at a range of concentrations. 150 µg Smp24 per sample was found to be

the minimum level of peptide needed to ensure a consistently quantifiable peptide

elution, with double that amount chosen as the highest level.

Based on these variables, coatings were made from a total of 9 different sol-gel

formulations. Variable levels and name scheme can be seen in the table below (table

3.1).

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

Smp24 per sample

PDMS-OH per 0 µl

batch

200 µl

400 µl

0 µg

0B (no PDMS,

no Smp24)

1B (low PDMS,

no Smp24)

2B (high

PDMS, no

Smp24)

150 µg

0L (no PDMS,

low Smp24)

1L (low PDMS,

low Smp24)

2L (high PDMS,

low Smp24)

300 µg

0H (no PDMS,

high Smp24)

1H (low PDMS,

high Smp24)

2H (high

PDMS, high

Smp24)

3.2.3 Evaluation of sol-gel only coating morphology

A key step in understanding why two coatings might behave in different ways is to

investigate the microscopic structure of coatings. As some of the coatings used in this

study were made from a hybrid of both more hydrophobic and more hydrophilic

polymers their microscopic distribution throughout the coating was investigated. This

was again done by adding the red dye Oil red O to the coating. This dye is very

hydrophobic and commonly used to stain lipids in biological samples. Therefore, if the

structure of the sol-gel is split into hydrophobic and hydrophilic phases most of the dye

molecules would accumulate within the hydrophobic phase colouring it red. The

coatings were investigated using brightfield microscopy using two different

microscopes, with one allowing for capturing a slightly magnified image of the whole

sample and the other allowing for higher magnification images of smaller sections.

To limit the use of the expensive Smp24 these investigations were only done for the
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formulations without peptide added. This would still give a baseline understanding of

the effect PDMS-OH has on the microscopic 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 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 3.6 Average diameter of three categories of hydrophobic domains in the blank
formulations containing PDMS-OH. Blue = 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 PDMS-OH in the formulation the microscopic structure of coating was

transparent and homogeneous with frequent cracks both independent and branched

(figure 3.3). In most regions of the coating, small red dye particulates were relatively

evenly distributed throughout the coating without any distinct structures of high dye

accumulation. However, in some parts red fissure-like structures could be seen.

Further magnification revealed that these structures were made from areas of slightly

larger and more densely distributed dye particles, but no differences in the sol-gel

structure itself was visible.

For the two formulations with PDMS-OH the structure changed drastically (figure 3.4

and 3.5). In both cases the structure resembled an oil in water emulsion, with droplet

shaped hydrophobic domains coloured by the red dye distributed throughout a clear

phase with occasional dye particulates. The microscopic cracks seen in the first coating

were no longer present. The hydrophobic domains could roughly be separated into

three general size groups. The largest domains had a diameter above 100 µm, were

located closer to the surface of the coating and were dispersed much less consistently

throughout the coating than the others. The medium and small domains were

distributed much more consistently throughout the coating and make up the majority
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of the microscopic structure. The sizes of these domains were estimated based on 100

domains from three samples (figure 3.6), with both the small and medium size

domains being significantly larger for the coatings with the highest level of PDMS-OH.

Additionally, the domains also seemed to be less densely packed at the highest PDMS-

OH level.

For all three formulations the morphology of the edge of the coatings deviated

somewhat from the rest of the coating. In the samples without PDMS-OH the edge had

a much higher concentration of dye particles but otherwise the structure was relatively

similar. For the formulations with PDMS-OH the hydrophobic domains become smaller

and smaller until they reach a point where they seemingly stopped occurring. After this

point the morphology changed, becoming clear with cracks, looking similar to that of

the coating without PDMS-OH.

3.2.4 MALDI-TOF profiling of the sol-gel Smp24 system

The heterogeneity of the hybrid hydrophobic/hydrophilic structure of the sol-gel

coatings containing PDMS-OH raised concerns about how this would affect the 2D

distribution of the AMPs across the 2D plane of the coating. One could imagine that in

a coating with a nonuniform structure some regions of the coating surface could

contain less of the API than others. If this was the case, these regions could potentially

serve as hotspots where bacterial attachment and biofilm formation could be more

likely. On a small scale this would not be a problem as the non-covalent encapsulation

of the AMPs ensures that they can diffuse into areas above the coating where the

concentration gradient is lower and thereby still cover these areas. However, if the

areas of low peptide loading are large and the media exchange is limited, local

variations in the peptide concentration might start to become a problem.

Therefore, to evaluate the 2D distribution of Smp24 in the loaded sol-gel coatings

MALDI-ToF mass spec imaging was used. However, before imaging of the coatings

could be performed, profiling of the Smp24 in the sol-gel formulations needed to be

done to evaluate which components of the formulations could be detected. Profiling of

a pure Smp24 stock solution was done by mixing it with the MALDI matrix �rCHCA

which gave a clear spectrum with two main peaks located at around 2578 m/z
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corresponding to the [M+H]+ and one at around 2600 m/z corresponding to the

[M+Na]+ (figure 3.7A). Several lower intensity peaks could also be seen with lower m/z

ratios, which could be due to impurities, fracturing of the peptide, other peptide

charge states or a combination of the three. More detailed analysis of these peaks

would have required additional calibration of the mass spec method, but for imaging

purposes the clear detection of the two main peaks with the highest m/z ratio was

deemed sufficient.

In the next stage of the profiling, spectra were captured for peptide loaded and blank

sol-gel samples, again using �rCHCA as the MALDI matrix (figure 3.7 C-E). Without

Smp24 in the sample, signals were only seen below a m/z ratio of 1000. This was ideal

as it meant that the signals corresponding to the sol-gel coating itself would not

overlap with the main peptide signals. The sol-gel samples with Smp24 added all

showed clear peaks responding to Smp24 independently of the PDMS-OH level. In

addition, some smaller signals could also be seen in the region below a m/z of 900,

which correlated to the signal observed for the unloaded sol-gel samples.
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Figure 3.7 M/z spectra from MALDI-TOF profiling of the smp24 sol-gel system using �rCHCA as
the matrix. A = 100 µg/ml Smp24 without solgel, B = example of spectrum for sol-gel coating
without peptide encapsulated (1B (low PDMS, no Smp24)), C = spectrum for formulation 0L (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 were taken as a strong indication that the peptide

distribution would be possible to investigate using the imaging technique. However, to

further understand the mechanistic behaviour of why some regions might have a

higher peptide localisation than others, it would be ideal to also detect other

components of the sol-gel to evaluate if they would be co-localized with the peptide.

The most obvious candidate would be PDMS-OH as it is the main hydrophobic

component of the coatings. While the PDMS-OH used in the formulations is a polymer

its average molecular mass is 550 Da so it should in principle be detectable at the same

time as Smp24 without any overlap in their signals. However, using �rCHCA as the

MALDI matrix no discernible difference were observed for the sol-gel related peaks

when comparing between the samples with and without PDMS included, both with

(figure 3.7 C-E) and without Smp24 included in the coating (data not included).

To further explore if both Smp24 and PDMS-OH could be detected at the same time,

two additional MALDI matrix compounds were tested. 2,5-DHB was chosen as it is a
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common alternative to �rCHCA for the analysis of peptides (161), while dithranol was

chosen as it commonly used with polymers (162). Both matrixes have also previously

been used for the analysis of PDMS polymers (163).

The spectra obtained using 2,5-DHB were relatively comparable with those obtained

with �rCHCA. Smp24 was able to be detected while in the sol-gel and produced a

spectrum with high intensity peaks for the [M+H]+ and [M+Na]+ ions (figure 3.8A).

However, the signals corresponding to the sol-gel itself had an even lower intensity

making the detection of PDMS-OH even less possible.

Contrary to this dithranol produced a very low intensity signal for the peptide

compared with the signal corresponding to the sol-gel itself (figure 3.8B). However, a

clear difference between the samples with and without PDMS-OH was still not

observed (data not shown).

To ensure dithranol and the method was able to ionize the PDMS-OH, a spectrum was

captured with a mix of pure PDMS-OH and dithranol (figure 3.8C). As expected, a clear

polymeric mass pattern was observed similar to what has been reported in the

literature previously (164). While mass range for the pure PDMS-OH signals does

overlap with the signal mass range for the sol-gel samples, the distinct polymeric peak

pattern was not present in any of the sol-gel samples. Since 2,5-DHB and dithranol did

not allow for the ionisation of both Smp24 and PDMS-OH, �rCHCA was chosen as the

matrix for the imaging, as it produced the most intense signals for the peptide.

Figure 3.8 M/z spectra from MALDI-TOF profiling using other matrixes than �rCHCA. A =
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 Evaluation of peptide distribution and integration into the sol-gel

As it would not be possible to determine the co-localisation of the peptide with the

PDMS-OH, the peptide distribution was instead compared with the overall morphology

of the coatings. Firstly, the coating morphology was evaluated for all the samples using

brightfield microscopy. The relationship between the PDMS-OH level and the

morphology follows the general trends observed for the samples without peptides.

Without PDMS-OH the coatings were transparent and relatively homogeneous but

with a high number of microscopic cracks (figure 3.9 and 3.10). However, with the

addition of PDMS-OH the coatings become more opaque and with fever cracks but also

much less homogenous both on the macroscopic and microscopic level (figure 3.11-14).

The 1L (low PDMS, low Smp24) sample was the most homogeneous on the

macroscopic level (figure 3.11). In the microscopic images, a droplet structure like that

for the blank samples could be observed especially near the centre of the sample. The

macroscopic morphology changes significantly with the higher peptide concentration

of the 1H (low PDMS, high Smp24) sample which could be separated into 3 zones

(figure 3.12). The outer zone was relatively transparent but black specs and droplet like

structures could be observed. The middle zone was completely clear with a

microscopic morphology very much like the samples without PDMS-OH. The central

zone seemed to be very densely populated with droplet like structures.

The morphology of both the 2L (high PDMS, low Smp24) and 2H (high PDMS, high

Smp24) formulations were relatively similar (figure 3.13). Most of the coatings�[

surfaces had a relatively dense and uniform morphology with some larger fissure-like

structure seen most clearly in the 2H (high PDMS, high Smp24) sample (figure 3.14).

However, both samples also contained a large droplet like spot with a completely

different morphology. These spots were not completely unlike the central zone of the

1H (low PDMS, high Smp24) sample but did deviate in that they (especially 2H) had a

less clear microscopic droplet structure, had a glossy sheen on the macroscopic

images, and seemed to easily crack/delaminate.

The MALDI MSIs revealed several trends regarding the distribution of the peptide

signals that were consistent throughout the different samples. For all samples the

areas with the highest peptide signals could be found around the outer edge of the
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coating. The morphology of the edge of the coating could differ slightly from the bulk

of the sample, such as with the 1L (low PDMS, low Smp24) sample where the very

edge of the coating was less opaque than the rest of the sample (figure 3.11).

However, the correlation between the high peptide signal and the coating morphology

was not consistent throughout the images. Within a single coating such as the 1H (low

PDMS, high Smp24) sample, the areas of the edge with a high peptide signal did not

seem to have a clear morphological difference from areas with a much lower signal

(figure 3.12).

Another trend was that the overall peptide intensity of the bulk region of the coating

increased with an increasing level of PDMS-OH in the formulation. The samples

without PDMS-OH in the formulation both had a detectable peptide signal throughout

the bulk of the sample, but higher laser intensity and longer imaging time was required

in order to obtain the images. This was inconsistent with the initial profiling studies

where the signal intensity for these formulations was equivalent to the rest. For the

formulations with a low level of PDMS-OH the peptide signal was much easier to

detect, but still relatively low compared to the hot spots around the edge. At the

highest PDMS-OH level this difference between the bulk coating and the hotspots was

further diminished.

Lastly, some morphologically distinct regions of the coating did correlate with the

peptide signal. The large spots seen for the samples with the highest level of PDMS-OH

both had a lower peptide intensity than the bulk of the sample. This was also the case

for the centremost region of the 1H (low PDMS, high Smp24) sample although no large

difference could be seen between the two other regions (figure 3.12).

Other large morphological features of the coatings were also visible in the MALDI

images. In the 0H (no PDMS, high Smp24) sample some flakes of the coating had

detached during the matrix deposition (figure 3.10). These were visible as black areas

with sharp edges along the top of the MALDI image. The 2H (high PDMS, high Smp24)

sample has some regions with a fissure-like pattern which has a slightly darker shade

than the bulk coating when observed at high magnification, especially near the centre

of the sample (figure 3.14). These patterns could also be seen on the MALDI image,

indicated by a slightly higher peptide signal than the bulk coating.
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Figure 3.9 MALDI imaging and brightfield microscopy of 0L (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 0H (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 Evaluation of peptide elution from the sol-gel coatings

The elution of Smp24 over time was evaluated for the 6 formulations containing the

antimicrobial peptide over a 4-week period (figure 3.15).

The inclusion of PDMS-OH was the main factor determining the shape of the elution

profiles. All formulations with PDMS-OH had an initial burst release of Smp24 over the

first 24h, with the degree of initial release increasing with both high PDMS-OH and

peptide levels. Both formulations with the highest level of PDMS-OH had released

more than 40% of the encapsulated peptide within the first 6h, while the burst was
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slightly more gradual at the lower PDMS-OH level. After the initial burst, the peptide

elution rate slowed down greatly, giving a relatively steady release rate over the next 4

weeks. At the end of the experiment the high PDMS-OH formulations had released

about 75% of the encapsulated peptide, while the low PDMS-OH, low and high peptide

samples had released 49% and 62% respectively.

The behaviour of the formulations without PDMS-OH differed greatly. Instead of an

initial burst release, the elution rate was relatively slow during the first 24-48h.

However, after this point the elution rate increased causing the cumulative release to

match or surpass that for the PDMS-OH formulations within the first week of the

experiment. After the full 4 weeks of elution more than 94% of the encapsulated

peptide had been released from the coating.

The peptide level had a smaller but expected effect on the elution profiles. In all cases

the higher peptide level pushes the relative release to occur faster in the beginning of

the curve. The peptide level only affected the relative maximum release for the low

PDMS-OH level formulations, where the 1H (low PDMS, high Smp24) samples still

retained a significantly higher release after the full 4 weeks.
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Figure 3.15. Relative cumulative peptide elution profiles for each formulation type. Black =
0L (no PDMS, low Smp24), red = 1L (low PDMS, low Smp24), green = 2L (high PDMS, low
Smp24), blue = 0H (no PDMS, high Smp24), yellow = 1H (low PDMS, high Smp24), brown = 2H
(high PDMS, high Smp24), n=3.

3.2.7 Evaluation of the biofilm inhibitory properties of the coatings

To investigate the antimicrobial properties of the different formulations, the reduction

in biofilm growth on the coating surfaces was evaluated relative to the biofilm

formation on substrate only samples. The evaluation was done for both coatings with

and without Smp24 so the intrinsic prosperities of the sol-gel itself also could be

considered. The biofilm inhibition was evaluated against S. aureus SH1000 for several

reasons. Firstly, S. aureus is a clinically relevant pathogen, with Gram-positive

staphylococci being the leading cause for medical device related infections and S.

aureus often leading to particularly serious infections (165). Secondly, Smp24 has

previously been shown to have a strong antimicrobial activity against this species with

an MIC between 8-16 µg/ml (149). Lastly, S. aureus has a low motility meaning that the

biofilm growth mainly occurs at the bottom of the well and not in the water air

interface (166). Therefore, the same sample types (sol-gel spread on glass coverslips)

as used in the other experiments could also reasonably be used for the biofilm
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inhibition experiments as the coverslip covers most of the well bottom in a 24 well

plate. Some biofilm might still grow around the bottom edge of the well, but if

effective, most growth should be inhibited by the presence of the sol-gel sample.

Again, the PDMS-OH level had a major effect on the properties of the formulation

(figure 3.16). As expected, the 0B (no PDMS, no Smp24) formulation performed

similarly to the substrate samples but surprisingly the peptide incorporation in the 0L

(no PDMS, low Smp24) and 0H (no PDMS, high Smp24) formulations did not facilitate a

significant improvement in the biofilm inhibition. Even at the highest peptide level the

biofilm growth was not significantly lower than on the substrate only samples (P=

0.376).

With PDMS-OH in the formulation, the biofilm growth was increased on the coatings

without peptide, but if peptide was encapsulated, a concentration dependent

reduction was seen. Even for the 1L (low PDMS, low Smp24) sample which had the

lowest reduction, the biofilm growth was still significantly lower than the control

(P<0.0046). The biofilm inhibitory effect was greatest for the formulations with the

highest level of PDMS-OH, reducing the biofilm growth by approximately 98% at the

highest peptide level and 92% at the lowest peptide level. Only peptide loaded

coatings with the highest level of PDMS-OH significantly reduced the planktonic

bacteria growth.
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Figure 3.16 Antibacterial effects of the different formulations against S. aureus, relative to
substrate only samples. 0-2 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 Evaluation of the peptide distribution using MALDI MSI

While MALDI has been used in combination with silica sol-gels before, the focus has

not been on analysis of sol-gel based formulations. Instead, it has been used in the

methodology called sol-gel assisted laser desorption/ionization mass spectroscopy,

where the sol-gel and 2,5-DHB or �rCHCA are mixed to form a hybrid structure/matrix.

These hybrid matrixes act like the traditional MALDI matrix but can reduce some of the

background signals, which is especially useful when analysing small molecules (167-

169). In these cases, the matrix chemical is mixed into the sol directly, something that

cannot be done when analysing a standalone formulation/coating without changing its

structure. Instead, the matrix chemical must be deposited on/in the coating after the

fact which can complicate the interpretation of the final image. Ideally the intensity of

the peptide signal at a given point would only be dependent on the local peptide

concentration at that point, however for the sol-gel coatings this was likely not the

case. The total peptide concentration was the same for all the low peptide samples,
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but the signal intensity was very different with the PDMS-OH concentration having a

huge impact on the overall intensity of the peptide signal. Therefore, two other factors

must also be considered, namely the matrix deposition methodology and the

interaction between the coating structure and the peptide desorption/ionization

efficiency.

During the optimisation of the MALDI imaging and matrix deposition methodology it

was observed that the matrix flow rate had a much greater impact on the peptide

signal intensity than the amount of matrix deposited on the sample. Using a low spray

speed (2 µl/min) the �rCHCA matrix was mainly deposited on surface of the sample,

which did not allow for consistent detection of the peptide. With these parameters the

matrix did not come into close contact with most of the peptide population located

within coating itself and as such only the small fraction of peptides nearest the surface

were effectively ionized. To counteract this, a matrix deposition flow rate (8 µl/min)

and a lower �rCHCA concentration was used. This allows the solvent with the matrix to

penetrate into sol-gel for a short period of time before it evaporates and thus the

MALDI matrix became more evenly distributed throughout the depth of the coating.

This greatly improved the intensity and consistency of the peptide signal and thus

allowing for higher resolution images to be obtained.

However, a concern in relation to using these parameters might be that the

penetrating solvent could either disrupt the structure of the sol-gel or affect the local

distribution of peptide. While this might happen on a microscopic level, the

macroscopic morphology of the coatings seems to be relatively unaffected by the

matrix deposition with macroscopic structures being detectable for both the MALDI

and BF images for most of the samples.

One area of the coatings that might be more affected by the high matrix flow rate

could be the edge of the sample. The high peptide signal intensity areas could be

explained by the thinnest regions of the sol-gel being disrupted by the solvent to a

much greater degree. Closer inspection of the images reveals that many of the highest

intensity peptide signals originate from the substrate surface outside of the

boundaries of the coating itself. These regions could represent an artifact of the matrix

disposition and sample disruption rather than an actual high local concentration of
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peptide. This could also explain why there did not seem to be a direct correlation

between where around the edge these high intensity areas where and the specific

morphology of the coating at those points. If the high intensity areas instead are

related to coating disruption it is more understandable that one side of the edge might

have a higher signal than the other, as there could be differences in the thickness or

slight damage during sample handling.

In order to explain the difference in the overall peptide signal related to the level

PDMS-OH another factor must be considered. The signal intensity of the different

formulations correlates well with the initial burst or lag phase observed in the elution

study. This indicates that the signal intensity is also related to how easily the peptide

can be physically removed from the formulation. Park et al. has previously shown that

even weak interactions such as hydrogen bonding between the analyte and the

surrounding matrix can significantly reduce desorption/ionization efficiency (170). This

effect will likely be even greater if the analyte is strongly physically entrapped within

the matrix as is the case with the formulations without PDMS-OH. The greatly reduced

desorption/ionization efficiency will thus give the illusion that the peptide

concentration is lower than it is. This also lends further credence to the theory that the

high signal around the edge could be due to breakdown of the thinner sol-gel during

the matrix deposition, as this would result in peptide being released from the

polymeric network of the sol-gel improving the desorption/ionization efficiency in that

area.

The effect of the formulation composition on the peptide intensity was not observed

during the profile study. However, this can be explained by the differences in the way

the matrix was deposited onto the coating. During the profiling stage the matrix was

added as a single drop onto a small sample of sol-gel which had been directly coated

on a metal MALDI sample plate. This single application of a relatively high volume of

matrix relative to the coating size/ thickness would likely completely disrupt the

structure of the coating, releasing the peptide for easy desorption/ionization

independently on the formulation composition.

The relationship between peptide signal and the sol-gels effect on the

desorption/ionization efficiency can also give additional insight into the interpretation
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of each individual image. The central low signal spots on the 1H (low PDMS, high

Smp24), 2L (high PDMS, low Smp24) and 2H (high PDMS, high Smp24) could potentially

all be as a result of a lower desorption/ionization efficiency. The microscopy image of

the central region of the 1H (low PDMS, high Smp24) sample indicates that this zone

consists mainly of densely packed PDMS-OH droplets. Thus, this could be an indication

that in this formulation the peptides are more strongly entrapped within the coating

while associated with the droplets rather than the bulk sol-gel. This could also be the

case for the low signal spots on the high PDMS samples which looks relatively similar

to the 1H (low PDMS, high Smp24) sample when comparing the MALDI images.

However, based on the microscopy images the morphology of these areas do differ

greatly. The central spots on the high PDMS-OH samples are smaller, have a

completely different gloss/texture, much higher degree of cracking/detachment and

especially for the 2H (high PDMS, high Smp24) have a more uniform microscopic

structure. This could indicate that these regions are more akin to pure PDMS-OH

deposits rather than a PDMS-OH/sol-gel mixture. As such it might be that in these

cases the lower peptide signal is actually due to a lower peptide concentration.

While MALDI-MSI could be a powerful method for evaluating API distributions in

complex drug delivery systems such as the sol-gel coating used in this study, the many

complexities in the method procedure and ambiguity in the image interpretation

suggest that more method development is still needed.

One way to improve the consistency of the images and reduce the number of artifacts

could be to change the coating methodology used when preparing the sol-gel samples.

While the spread coating used in this study produces samples with a very consistent

and predictable total API content, the method is not well suited for producing coatings

with a consistent thickness throughout the individual sample. Alternative coating

methods such as controlled dip-coating or spin-coating could improve the quality of

the MSI where the API distribution and sample uniformity is more important than the

overall API quantity. Additionally, if the thickness of the sample were more consistent,

the spray flow rate used in the matrix deposition could also more easily be optimised

to ensure that the necessary matrix penetration is achieved with minimal disruption to

the coating structure.

Lastly, for cases such as with the samples without PDMS-OH, further pre-treatment of
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the sample might be necessary in order to obtain a better signal. With the current

methodology quality images investigating the 2D peptide distribution cannot be

obtained as the peptide signal for each spot of the laser is simply too low. However, if

the coating was treated with a volatile acid such as TFA before the MALDI matrix, some

breakdown of the silica polymer network could occur. If so, this might lead to an

improved desorption/ionization efficiency allowing for the capturing of a higher quality

image.

3.3.2 Peptide-matrix interactions and microscopic structure of sol-gel coatings

All experiments in the study indicate that the inclusion and level of PDMS-OH in the

formulation greatly affects the properties of the corresponding coatings. These large-

scale behavioural differences seen in the elution rates or biofilm inhibitions are likely

downstream effects of how the PDMS-OH affects the microscopic structure of the sol-

gel and how the peptides interact with this structure. Based on the evaluation of the

different coatings, three microscopic sol-gel structures are proposed (figure 3.17):

Without the addition of PDMS-OH it is clear from the different microscopy images that

the sol-gel structure does not contain distinct hydrophobic domains. Instead, the sol-

gel only consists of a tight, homogenous silica polymer network with the peptides

physically entrapped within. The low initial release rate, desorption/ionization efficacy

and biofilm inhibition all indicate that peptides initially are strongly encapsulated

within the coating reducing their ability to encounter the bacteria on the surface of the

sample. This is due to the relatively large size of the peptides limiting their ability to

diffuse through the initially small pores in the sol-gel network. Previous studies have

shown that the pore size of silica sol-gels increases over time after immersion in water

due to hydrolysis of the silica network (171), with the elution profiles indicating that

the pore size reaches a point that allows for rapid diffusion of the peptide out of the

coating after 24-48h. This initial lag-period in the peptide release is likely also the

reason why the coatings without PDMS-OH show no significant biofilm inhibition, as

the experiment is only done over a 24h period. However, after the lag-period the

peptides are no longer strongly entrapped within the sol-gel network and the

interactions between the peptides and the sol-gel are mostly limited electrostatic
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interactions with the hydroxy groups. Therefore, almost all of the peptides eventually

will be eluted from the system, indicated by the high maximum release after the 4-

week period.

The addition of PDMS-OH to the sol-gel drastically changes the microscopic structure

of the sol-gel. As previously described, the addition of PDMS-OH to the formulation

facilitates the formation of hydrophobic domains during the curing process as the

more hydrophobic solvents evaporate leading to the aggregation of the PDMS-OH

polymers. These domains can to some extent mimic the physicochemical properties of

a phospholipid vesicle/micelle with a hydrophobic core and a more hydrophilic surface

in the interface with sol-gel network. Due to the amphiphilic structure of AMPs, their

interactions with hydrophobic/hydrophilic interfaces are highly favourable as both the

hydrophobic and the hydrophilic/charged residues can form thermodynamically

favourable interactions with the surrounding environment at the same time (172). It is

thus likely that if AMPs are added to the formulation, a large proportion of them will

accumulate around the surface of the hydrophobic domains. Such principles have

previously been demonstrated for other hydrophobic/hydrophilic AMP formulations,

showing a change in the secondary structure of the peptide upon encapsulation

indicating direct interactions between the peptide and the hydrophobic moieties

(173). Due to the increased interactions between the peptides and the hydrophobic

domains compared with the bulk sol-gel it is likely that these peptides will be more

strongly encapsulated. This provides a possible explanation for why the central region

in the 1H (low PDMS, high Smp24) sample has a lower peptide signal compared with

the rest of the coating and why the formulations with PDMS-OH have a lower

maximum peptide release after the 4 weeks.

However, the formation of the hydrophobic domains is likely not the only way the

addition of PDMS-OH affects the sol-gel structure. Several studies have previously

shown that the addition of PDMS-OH to silica sol-gels increases the pore-size of the

silica network, although length of the PDMS-OH polymers used in these studies are

much longer than the one used in this project (160, 174, 175). Still, if this is the case it

could facilitate a more rapid elution of the peptides not associated with the

hydrophobic domains compared with the coatings without PDMS-OH. This could be

the explanation for the burst release seen for these formulations which also facilitates
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the increases antibiofilm properties within the 24h timeframe. Another example of this

can also be seen with the MALDI image of the 1H (low PDMS, high Smp24) coating.

While the central morphological zone is densely populated with hydrophobic domains,

the next zone out has barely any in it and its overall look is much more akin to the

coatings without PDMS-OH. Thus, based on looks alone one would expect the peptide

desorption/ionization efficiency to be very low. However, the desorption/ionization

efficiency does not differ greatly from the efficiency of the outermost zone which

consists of a mixture of hydrophobic domains and sol-gel network. This indicates that

the PDMS-OH also affects the properties of the sol-gel network itself and that this

effect does not depend on the local presence of hydrophobic domains after the

coating is cured.

Based on the samples without peptide added, the main effect of increasing the level of

PDMS-OH on the coating structure is that the size of the hydrophobic domains

increases while the frequency potentially slightly decreases. Due to the droplet-like

shape of the domains this would result in a reduction in their combined surface area,

limiting the proportion of the peptide population that can bind to the interface. This

would in theory result in an increased burst release (and thereby increased biofilm

inhibition and desorption/ionization efficiency) while also having a lower proportion of

peptides encapsulated after the end of the elution study. All these observations are

consistent with the experimental results for the samples with the highest level of

PDMS-OH.

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

During the initial stages of the formulation development it can be difficult to predict

what level of peptide loading is necessary to obtain the optimal clinical properties in

vivo. Therefore, it is an advantage if the peptide loading can be changed, and the

formulation still behaves in a predictable way. This is the case for both the

formulations with no PDMS-OH and with PDMS-OH at the highest level. The peptide

level has a minimal effect on the sample morphology and the expected effect on the

elution profile, increasing the relative peptide release rate slightly during the start of

the experiment (42). The formulations without PDMS-OH did not show the expected

concentration dependent biofilm inhibition, but this can be explained by the lag-period

in the peptide release not being overcome within the timeframe of the biofilm

inhibition assay.

However, with the large changes in the coating morphology and differences in the

maximum release the low level PDMS-OH formulations act in the least predictable way

when the peptide loading is varied. The large differences in the morphology between

1L (low PDMS, low Smp24) and 1H (low PDMS, high Smp24) samples could indicate

that the coating was oversaturated with peptide compared to the amount of PDMS-OH

at the highest peptide level. The different zones in the heterogeneous morphology of

the 1H (low PDMS, high Smp24) sample follow the curing rate of the coating, with the

edge drying the fastest and the centre the slowest. Thus, the different morphology

zones could be related to interactions between the peptides and PDMS-OH changing

as the composition of the solvent evolves.

The outer zone seems to consist of a mixture of sol-gel, PDMS-OH domains and

peptide like expected. However, in the middle zone the deposition of the PDMS-OH

domains seems to stop. This could be due to an interaction between the high ratio of

peptide relative to the PDMS amount in combination with the change of the solvent

composition, with the peptides acting as surfactants and thereby allowing the PDMS-

OH to stay in solution. At some point the solution becomes oversaturated with PDMS-

OH and the central zone is formed.

In the other formulations containing PDMS-OH, the PDMS-OH deposition rate seems

to either be consistent throughout (1L) or consistent until the solution becomes over

saturated with PDMS-OH and a relatively pure deposit is formed (2L and 2H).
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3.3.4 Optimal formulation parameters for the antimicrobial coating

Based on the formulations evaluated in the study the inclusion of PDMS-OH in the

AMP loaded sol-gel coating seems to provide general improvements to the

formulation. The PDMS-OH reduces cracking of the coating surface which could

contribute to a less controlled elution via an increased surface area and greater

coating detachment, facilitates a relatively homogeneous 2D distribution of peptide

despite the heterogenous microscopic structure, changes the elution profile to a more

desirable burst followed by slow-release profile and significantly improves the anti-

biofilm properties.

The formulations without PDMS-OH might be significantly improved by increasing the

pore size of the sol-gel network such as by increasing the water/silica precursor ratio.

However, this might also significantly reduce the time it takes to reach the effective

maximum release and thereby limit the timespan over which the formulation is active.

The optimal PDMS-OH level for the current formulation is likely somewhere between

the two levels tested, low enough to avoid the PDMS-OH spot defects seen for the high

PDMS-OH samples while still providing a predictable behaviour at different peptide

levels.

The study also highlights the interesting properties the coating acquires when having a

hybrid hydrophobic/hydrophilic microscopic structure. Without PDMS-OH the only

variable that can be used to control the peptide elution rate from the coating is the

pore size of the sol-gel network. This limits the extent to which the behaviour of the

coating can be customized for different clinical applications. However, with the

addition of the hydrophobic domains the peptide can be controlled in two stages. The

rate of the burst release can be modified by changing the sol-gel network pore size,

while the long-term release can be affected by modifying the properties of the

hydrophobic domains. Thus, if an application required a burst release required a burst

release over 12 hours followed by a gradual release over 6 weeks, the PDMS-OH

containing formulation should provide more options to optimise its behaviour to fit

these specific parameters.
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3.4 Conclusions

The antimicrobial peptide Smp24 can be utilized to provide biofilm inhibitory

properties to thin film sol-gel coatings. However, the effectiveness of these properties

are not only dependent on the concentration of the peptide in the formulation, but

also the presence of the excipient PDMS-OH. Without PDMS-OH in the formulation the

pore size of the sol-gel polymer network is initially too small allow for rapid peptide

elution hindering the antibiofilm efficacy. However, if PDMS-OH is added, the

microscopic structure of the coating changes, facilitating both an initial burst release of

peptides and a slower long-term release. Such properties would allow for greater

control of the coatings behaviour and would likely be more desirable in most clinical

applications.
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4. Investigation of the structure and mechanism of action of
Smp24

4.1 Introduction

Compared to many other pharmacologically active compounds, both the structure and

mechanism of action of AMPs is very complex. While most compounds act by binding

to a molecular target such as a receptor, either facilitating or inhibiting its activation,

the antimicrobial activity of AMPs occurs downstream of multiple biophysical

processes, including membrane binding, membrane insertion and membrane

disruption. Understanding how the structure of the peptide relates to the individual

aspects of the mechanism of action can help guide the rational design of new AMPs.

The fundamentals of establishing a structure mechanism relationship (SMR) for AMPs

is to somehow build a bridge between some experimentally observed mechanistic

effects and the structure of the peptide. This can be relatively difficult as the

mechanistic information is often observed on a scale many orders of magnitude

greater than total size of the individual peptide. In the next chapter (chapter 5)

molecular dynamics (MD) simulations will be used to connect the structure and

mechanism on a molecular scale and provide additional insight to a range of

experimental observations for Smp24. However, to do so effectively, key mechanistic

and structural features of Smp24 must first be defined and critical gaps in the

knowledge must be identified and filled prior to connecting them. In this chapter, the

prior published biophysical observations related to Smp24 are reviewed and built upon

using both in silico and in vitro approaches.

4.2 Results and discussion

4.2.1 Structure of Smp24

The ability of AMPs to inhibit the growth of microbes is not just due to their overall

physiochemical properties. The structure of the peptides is a central component of

their activity, as shown clearly by the loss of activity seen if their sequence is

scrambled (176). The higher order structure of AMPs can range greatly (177), however

for scorpion venom derived peptides most are helical in their active configuration

(178). These peptides often have the ability to change their structure depending on the
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surrounding environment, going from a disordered state in aqueous solution to the

active helical configuration when interacting with a membrane like environment.

When in their helical configuration the structure is amphiphilic with the charged and

polar residues on one side of the helix and the hydrophobic residues on the other,

allowing the peptide to interact with the hydrophobic/hydrophilic interface of a

phospholipid bilayer.

Based on previous results, these general observations are also true for Smp24. The

previous structural information comes from two sources.

Firstly, the peptide has been investigated using circular dichroism (CD) spectroscopy,

which has given information about the secondary structure of the peptide and how

this structure is affected by the surrounding environment. CD spectroscopy is a

standard experimental method for exploring the structure of peptides in a specific

solution. For AMPs two different solvents are often used together, water and

trifluoroethanol (TFE). TFE is a relatively hydrophobic solvent but still miscible in water

and thus a mixed solution of those solvents can somewhat mimic the

hydrophobic/hydrophilic environment of a membrane/ lipid bilayer. The CD

experiments show that Smp24 is disordered in an aqueous solution but gradually

adopts a more helical structure as the proportion of TFE is increased until 60% v/v. The

experiments also indicate that the peptide has two regions of helical content

consisting of about 59% and 22% of the peptide based on comparison to 29 reference

proteins (137, 149). This is still lower total helical content than its closest related

peptide Pandinin 2 which is indicated to have a total helicity of 99% (146). Smp24 likely

consists of a large helical region, a smaller helical region (about a third of the size of

the large one) and a/some unstructured region(s), but the CD spectra does not indicate

where these regions are located along the primary structure.

The second approach was to try to predict the 3D structure of the peptide using ab

inito computational modelling (149). This model indicates that the peptide is alpha-

helical from the N-terminal to residue 20 with the final 4 residues forming a non-ideal

helix (figure 4.1A). However, several factors call into question the validity of the

predicted structure based on this model. Firstly, the presence of the different regions

of secondary structure indicated by the CD analysis cannot clearly be observed in the

predicted structure. The long alpha helical region in the predicted structure could fit as
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being the combined helical regions (approximately 80% of the peptide) from the CD

analysis but no clear separation between them can be observed. This would also

indicate that the C-terminal region should count as unstructured while the predicted

structure suggests it to be helical. Further questions about the structure of the C-

terminal regions come from the 3D charge distribution which indicates that the

negative charges from Asp23 and Ser24 are located on the same side of the helix as

most of the hydrophobic residues (figure 4.1B). This might be possible for the structure

while the peptide is in solution but is unlikely when the peptide is interacting with a

bilayer/membrane as the negative charges would likely not be orientated in the same

direction as the hydrophobic residues. Lastly, the model cannot show the change in

the structure based on the environment as seen with the CD spectra. Since the

structure of the peptide is so dependent on the surrounding environment,

modelling/simulation that does not use an explicit solvent model would likely not be

able to predict an accurate 3D structure. For the purposes of creating the SMR a more

reliable predicted 3D structure of Smp24 is needed, and such structure needs to agree

with the experimental observation 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 al. (149).
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4.2.2 More accurate In silico modelling of the solution behaviour of Smp24

One aspect of MD simulations that makes them the preferred method for predicting

the structure of biological molecules is their use of explicit solvent models. In this case,

it is not only the biological molecule of interest that is simulated but also each solvent

molecules surrounding it, allowing for much more accurate predictions of the solvent�[s

effect on the structure. Since biological molecules such as peptides are large and very

flexible, their interaction with the surrounding solvent is key for understanding how

they fold into their optimal 3D structure. The most important solvent molecule in a

biological context is water, and therefore MD simulations can utilize several different

models for water, which range in complexity to obtain the most accurate or efficient

simulations. These water models generally differ based on how many distinct sites

each molecule consists of, with more sites giving a more accurate model, but at a

much higher computational cost. 3-site water models such as SPC or TIP3P are the

most used for MD simulation of biological molecules as they provide a reasonable

degree of accuracy at a high computational efficiency. The structure of the 3-site water

model is very intuitive as the 3 sites in the model match the actual atomic structure of

the water molecule (179). One of the more complex water models often used is the 5-

site water model TIP5P-E. This model has two extra so-called � d̂ummy�_ atoms

representing the lone pair of atoms of the oxygen atom. This gives the water molecule

a more experimentally accurate tetrahedral structure, especially important for correct

mixing behaviour with other solvents (179). In addition to water, other solvent

molecules can also be utilized in MD simulation to completely customize the

environment surrounding a biological molecule.

In order to gain increased insight into the structural results obtained for Smp24 in the

CD experiments, the two most extreme conditions (0% TFE, 60% TFE) were replicated

in silico using MD simulations. To mimic the 60% v/v solution a molar ratio of

approximately 2.73 water molecules per TFE molecule was used. The simulations in

pure water were done using the AMBER99SB-ildn force field using the recommended

water model, TIP3P. The TFE/water mixture simulations were based on work by Gerig

(180), also using the AMBER99SB-ildn force field. A key finding of Gerig�[s was that the

use of the 5-site water model TIP5P-E significantly improved the mixing behaviour

between the two solvent molecules compared with using the standard TIP3P model
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which produced much larger water clusters. Therefore, TIP5PE was used as the water

model for these simulations. The topology used for the TFE molecules were adopted

from the same paper (called TFE model V), which was shown to produce the most

accurate results.

MD simulations require a 3D structure for the peptide/protein of interest to be used as

the starting configuration for the simulation. Ideally an experimentally derived

structure would be used, but as none exists for Smp24 another approach must be

used. Similarly to the previously described study an ab initio structure was generated,

although a different server was used (151). Again, the predicted structure does not

correspond with what would be expected for the structure in water. A large portion is

helical although a larger portion of the peptide around the C-terminal is unstructured

than previously predicted. However, even if it is not a realistic configuration for the

peptide in water, having a more ordered starting structure could be an advantage for

the simulations. It is easier to simulate the loss of secondary structure rather than the

modelling the folding from an unstructured configuration to a helical structure, as semi

stable intermediary 3D structures can be formed during the simulation delaying the

formation of the most ideal configuration. The two Smp24 solution simulations were

thus designed to show whether the helical starting structure was lost in pure water

and retained in the 60% TFE solution, as would be expected based on the experimental

results.

An overview of the completed simulations can be seen in table 4.1

Table 4.1 Overview of solution-based Smp24 models.

Simulation of

Smp24 in water

Simulation of

Smp24 in 60% v/v

TFE

Number of Length

simulations

3 500 ns

3 500 ns

Names

sw24_(1-3)

st24_(1-3)
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4.2.3 Solution structure of Smp24

A key indication if the simulations produce accurate predictions of the structure of the

peptide, is the evolution of the secondary structure over time in 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 � T̂imeline� .̂ (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 simulations Smp24 quickly loses the contiguous alpha-helix that is present

in the starting structure. Shorter alpha helical regions of 4 to 6 residues in length and 3

residue length 3-10 helixes takes over between residue 1 and 17. However, there does

not seem to be any consistency regarding the placement of these helical regions

between the repeat simulations. Over time the proportion of helical content gradually

declines, reaching no helical content in sw24_1. The region between residue 18-24

adopts almost exclusively either a coil or turn structure.

Smp24 behaves significantly differently in 60% TFE. In st24_2 and st24 _3 the peptide

retains a continuous alpha helical region between residue 3 and 17. In st24_1 an alpha

helical region can be seen between residue 3 and 12, with a smaller 3-10 helix

between residue 14 and 17. However, sporadic transitions between alpha helix and 3-

10 helix can also be seen in the latter part of the helix in the other simulations. In all
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three simulations, residues 1-2 and 18-24 adopted a coil structure throughout the

majority of the simulation period.

Due to the overall unstructured nature of the peptide in pure water a representative

static 3D structure cannot be produced. However, in 60% TFE the structure is stable

and relatively consistent so in this 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 can be made from the 3D structure is that the helical region

has a kink around residue 13 due to the proline residue present at position 14. This

could explain why the end of the helix is more variable between the replica

simulations, with the higher flexibility of the kink influencing the type of helicity of the

last part of the helix. Based on visual inspection of the simulations it seems the angle

of the kink can vary significantly based on the position of the unstructured region, with

the kink being less dramatic in simulation st24_2. To ensure the possible presence of

the kink was accounted for in the structural analysis, the representative structure

(figure 4.3) was taken from simulation st24_3 where the kink is clearly present.

It can also be seen that while the N-terminal end does not form an ideal alpha helix it

can still be thought of as mostly helical. As seen in the secondary structure analysis the
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regions near the C-terminal are unstructured and in this specific configuration it is bent

around the back end of the helical region.

To further evaluate the average structural stability of the peptide the relative mean

square fluctuations (RMSF) were calculated (figure 4.4). Most of the structural

fluctuation is associated with the terminals and the two central lysine residues (Lys7

and Lys11), independent of the solvent. The RMSF are generally lower in the 60% TFE

simulations except for the terminals which reach similar levels as those seen in water.

Figure 4.4 The root mean square fluctuations of the peptide per residues. (A) 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 clearly indicate that, as expected, the stability of the helical

structure is highly dependent on the composition of the surrounding solvent. The

hydrophobic/membrane mimicking properties of the TFE molecules stabilized the

hydrophobic residues in the helical region from around residue 1 to 17, allowing this

region to broadly retain its starting helical structure and lowering the structural

fluctuations over the simulation period. However, the region near the C-terminal is

unaffected by the solvent, remaining unstructured in both environments.

Consistent with what was observed for the experimental approach, the helical part of

the peptide can be separated into two distinct regions. The MD simulations reveal that

this separation happens around residue 13. Depending on which helix residue 13 is

counted as belonging to, the larger helix is about 2.4-3.3 times the size of the smaller

helix, which correlates well with the experimental result of a 2.7 times size difference.

Overall, the MD simulations indicate a total helical content of 71% (residue 1-17) which
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is slightly lower than the experimental result of 81% (137). However, as previously

mentioned the value obtained from the CD spectrum is not due to a direct

measurement of the helical content but based on a comparison with a protein library

which could lead to a slight overestimation. This was the case for Panindin 2 which

when investigated using the more accurate structural NMR technique showed a lower

total helicity than the CD spectra initially indicated (146).

Figure 4.5 Radius of gyration of Smp24 in water or 60% TFE over time. (A) 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.

To gain further insight into how the 3D structure and the size of the peptide is affected

by the solvent the radius of gyration was calculated (figure 4.5). The size of the peptide

in water varies significantly throughout the simulations. Many short spikes can be seen

in the radius of gyration where the peptide extends to a more stretched out 3D

structure before returning to a more compacted structure for varying amounts of time.

Sw24_2 seems to adopt a stable compacted structure for the longest time, between

30-350ns, but towards the end of the simulation it also presents similar spikes in the

size like the other two simulations. However overall, the average radius of gyration in

all 3 simulations is smaller than that of the starting peptide structure.

In 60% TFE all simulations show an initial increase in the peptide size. Following that,

st24_1 and st24_3 enter a longer period where the size varies significantly with the Rg

ranging between 0.9 and 1.4 nm. Eventually the peptide in both simulations adopts a
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more stable size, that being 0.88 ± 0.03 nm for st24_1 and 1.01 ± 0.04 nm for st24_3.

Contrary to the rest, st24_2 adopts a stable size much sooner than the other

simulations with a Rg of 0.94 ± 0.03 nm.

Based on the secondary and 3D structure it seemed most likely that that the variations

in the Rg would be due to the unstructured region near the C-terminal, as it has a

much greater flexibility than the helical region. The sudden reduction in the size

variation could indicate that intermolecular interactions were being formed, restricting

the position of the unstructured region. Smp24 has an interesting distribution of

charged residues, with two lysine residues present in the main helical domain (lys7 and

lys11) and 4 charged residues near the C-terminal (Lys21, Lys22, Asp23 and Ser24).

Ionic interactions between the two lysine residues of the helical region and

Asp23/Ser24 could restrict the movement of the more flexible random coil end of the

peptide giving increased structural stability.

Figure 4.6 Distance between charged atoms of select residues of Smp24 in 60% TFE
simulations over time. A = 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 between these 4 residues in the 60% TFE shows that the

distance between the charged atoms reaches levels below 3.2 Å indicating the

formation of salt bridges (figure 4.6). The timepoints where the shortest distances are

reached also correlates well with the smaller and more stable periods of the radius of

gyration. All 4 residue combinations can seem to occur, although for st24_1 Lys7 to

Ser24 is dominant, for st24_3 Lys11 to Asp23 or Ser24 is dominant and for st24_2 a

combination of all the interactions occurs, but Lys 7 to Asp23 is the most dominant. An

example of one of these salt bridges can be seen in figure 4.3 where lys11 interacts

with both the C-terminal and the Asp23 side chain.
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The presence of these salt bridges and their potential impact on the stability of the

peptide�[s structure while in solution, calls into question the robustness of a TFE/water

mixture as a membrane mimicking environment. While the TFE does seem to mimic

the hydrophobic characteristics of a membrane, the charged characteristics of the lipid

headgroups are not well represented. Due to this, the peptide forms structure

stabilizing charged interactions with itself which in a true membrane environment

could instead occur with the external environment. This could over emphasize the

importance of anionic residues, when evaluating the ability of the peptide to adopt its

helical structure in TFE. Removal or modification of Asp23 and Ser24 could potentially

increase the % of TFE needed for the peptide to adopt its maximum helical structure

but might not affect the willingness for the structural transition in a true membrane

environment.

There are other AMPs that could potentially also be affected by this phenomenon such

as Magainin 2 and Panindin 2. Magainin 2 has a similar structural motif as Smp24 with

lysine residues positioned in the central helical region and a negatively charged

glutamic acid next to the C-terminal which potentially could form cross peptide salt

bridges. The peptide�[s structure has been investigated with NMR while inserted into

SDS vesicles. Here magainin 2 adopts a predominantly helical structure but no salt

bridge formation is seen, with the cationic residues instead being able to interact with

the anionic SDS molecules (181). Structural NMR studies of Panidinin 2 show that it is

disordered in water but adopts a majority helical structure in both TFE and when

inserted in DPC vesicles. Similarly, to what is seen in the Smp24 in TFE simulations

Pandinin 2 also has an unstructured region near the C-terminal starting at about

residue 19-20 (146). The anionic C-terminal and the flexibility of unstructured region

could facilitate the formation of salt bridges in TFE which does not seem to be present

when the peptide is interacting with the vesicles.

A key process in the structural investigation of peptides and proteins is to break their

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

different regions can be based on several factors such as secondary structure, 3D

orientation and residue composition.

Smp24 can be separated into 4 different regions (figure 4.7, table 4.2). First is the

primary helical region consisting of the long, strait helix starting at the N-terminal and
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spanning till around residue 13. Following that is the smaller secondary helix from

residue 14-17, characterized by having a different spacial orientation than the primary

helix. Residue 13 could arguably belong to either of the helical regions depending on

how dramatic the kink is in the specific configuration. However, as it is the proline

residue at position 14 that facilitates the distinction between the helixes, this residue

seems like a good starting point for the secondary helical region. The next region

consists of three glycine residues in a row which facilitates a link between the helical

regions and the remaining unstructured residues. The glycine linker region can be

separated from the rest of the unstructured part of the peptide due to the large

difference in the physicochemical properties between it and the remaining 4 residues.

The last 4 residues of the peptide are all charged, either via their side chain or via the

C-terminal itself and form the final region called the tail region. The fully charged

nature of this region makes it unique from the other major regions of the peptide as

these consists of a mixture of hydrophilic and hydrophobic residues.

The separation of the peptide into these 4 regions can help in the construction of the

SMR by allowing for analysis of the peptide-bilayer interactions in a segmented way

without needing to do it in a per residue manner.

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

Residues

1-13

14-17

18-20

21-24

Colour

Blue

Magenta

Green

Red

Structural region

Primary helix

Secondary helix

Glycine linker

Tail

4.2.4 Mechanism of action of Smp24

As is the case for most AMPs, the mechanism of action of Smp24 is complex. Its

primary activity relates to how the peptide can disrupt the bacterial membrane(s),

causing leakage of intercellular components leading to cell death. Due to the

heterogenic and dynamic nature of cell membranes, interactions with the peptide will

be complex and change over time. Therefore, the use of multiple biophysical methods

is necessary, in order to obtain a relatively complete picture of the interactions. Smp24

has previously been investigated with a range of methods, allowing for the formulation

of three overarching mechanistic statements.

Smp24 shows selectivity based on the lipid headgroup composition

While the lipid selectivity of Smp24 has been demonstrated using several techniques,

the clearest example is via liposomal leakage assays (figure 4.8). Liposomes of different

lipid compositions loaded with carboxyfluorescein were exposed to Smp24 at two

different concentrations and the vesicle lysis was estimated. The key observations

from this experiment were that the peptide induced lysis was greater for the overall

negatively charged PCPG vesicles when compared with the neutral PCPE vesicles.

However, this difference was dramatically reduced once the ionic strength of the

surrounding solution was increased, shielding electrostatic interaction. From this, two

mechanistic conclusions can be drawn. Electrostatic interactions between the

positively charged peptide and the negatively charged lipids play a key role in the

selectivity and the selectivity occurs early in the mechanism of action as changes in the

solution can affect the final lysis level (58).
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Smp24 contains several cationic lysine residues and a charged N-terminal which all

could play a role in the initial interactions between the peptide and the phospholipid

headgroups, however it is not clear how exactly these initial interactions are formed

and if all the cationic residues have a similar contribution and function during this

process.

Figure 4.8 Smp24 induced lysis of liposomes with different lipid compositions. Adapted from

(58).

Smp24 can insert into lipid bilayers

Quartz crystal microbalance with dissipation monitoring (QCM-D) can be used to

measure structural changes and increase in the mass of a bilayer due to the addition of

membrane active peptides. Smp24 was added to a DOPC:DOPG bilayer at different

concentrations and the changes in the dissipation and frequency were measured. At

low concentrations the frequency decreases with increasing dissipation indicating that

the peptide is accumulating on the bilayer. At increasing peptide concentrations, a

threshold is reached where a � ŝwing back�_ in the dissipation is seen, indicating a

change in the membrane structure (figure 4.9).

These results indicate that the peptide first accumulates on the surface of the bilayer

likely due to electrostatic interaction between the peptide at the lipid headgroups. The

eventual � ŝwing back�_ in the dissipation could indicate the peptides inserting to the
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bilayer, resulting in a reduced interaction with the aqueous phase. Thus, the peptide

interacts with the bilayer in a stepwise process of first electrostatic attraction,

followed by accumulation and insertion (58).

This raises the question of how these accumulation and insertion processes happen on

a molecular level. The stepwise process indicates that three intermediary equilibrium

peptide configurations exist, a solution structure, a structure where the peptide is

accumulated on the surface of the bilayer and lastly a structure where the peptide is

inserted within the bilayer. Gaining insight into how the structure, orientation and

position of the peptide relative to the bilayer changes throughout these different

configurations would be a key step in establishing the SMR.

Figure 4.9 QCM-D analysis of Smp24 at increasing concentrations against a DOPC:DOPG

bilayer. Adapted from (58).

Smp24 can disrupt lipid bilayers via pore formation

The most detailed mechanistic information in relation to the structure of membrane

pores induced by Smp24 comes from atomic force microscopy (AFM). This

methodology allows for the visualization of peptide induced pores in lipid bilayers by

measuring the change in the thickness of the bilayer. Negatively charged DOPC:DOPG

planar bilayers were exposed to 1.25 µM Smp24. Before peptide addition the bilayer

had a smooth appearance without any visual defects (figure 4.10A). However, after 30
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min incubation with the peptide the formation of differently sized stable pores is seen

(figure 4.10B). These pores have a depth of 2-4 nm and an average diameter of 80 ± 40

nm. The presence of distinct pores of greatly varying size indicates that at least under

these conditions the pore structure is toroidal in nature. Higher peptide concentrations

(2.0 µM) lead to the complete destruction of the bilayer (58).

Figure 4.10 AFM image of Smp24 induced pore formation. A = Bilayer before peptide

addition, B = bilayer after peptide addition. Adapted from (58).

For the purposes of this study using only the AFM images as the experimental basis for

the SMR would be challenging. The pores seen in the AFM image could be said to

represent mature Smp24 induced pores as the image is taken 30 min after peptide

addition once the growing pores have stabilized in size. At this point the average pore

diameter is 80 ± 40 nm which is 40 times the approximate length of the peptide itself.

At such dimensions the lumen of the pore would have a surface area of hundreds to

thousands of nm2 and there would be as a minimum hundreds of individual peptides

associated with it. These conditions cannot easily be emulated using MD simulations.

Both in terms of the timescale and model size simulating a bilayer with such a pore

would not be feasible using an all-atoms methodology. Modelling of one of the smaller

pores over a limited time period could potentially be done using a lower resolution

coarse grained MD simulation, where the molecules are made up of larger simplified

subunits rather than individual atoms. However, this limits the amount of detail that
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can be determined for the interactions between the pore and the individual peptide,

which is the most important aspect for better understanding the SMR.

Instead, experimental information related to the earlier stages of the pore's lifespan

would be better suited to be used in combination with MD simulations. The main

factor for this is that pores start out much smaller in overall size relative to at their

mature state. Therefore, the necessary dimensions of the model containing the pore

would be much less computationally demanding and fewer individual peptides would

participate in the pore-peptide assembly. This both simplifies the overall analysis and

represents a more direct correlation between the structure of the individual peptide

and the pore compared to a mature pore where the macroscopic behaviour based on

many peptides is dominant.

4.2.5 Investigation of Smp24 induced pore formation using planar patch clamp
electrophysiology

While AFM provides direct visual information about the structure of the fully formed

peptide induced pores, other methodologies can provide such information earlier in

the process via indirect ways. One such approach is to measure the change in the

current running across a bilayer due to a disruption of the bilayer's structure. The

effect of a membrane disruptive agent such as AMPs on the bilayers structure can be

explored on both a macroscopic and microscopic (commonly called � ŝingle channel�_)

level depending on the size of the bilayer that the disruptive agent is exposed to. The

molecular level changes to the membrane structure can be difficult to determine

based on the interpretation of macroscopic current changes, as the overall signal can

stem from a multitude of individual events happening at the same time. However, if

the size of the bilayer is sufficiently reduced individual events can be isolated, giving a

much more direct correlation between the current spike and the nature of the pore.

Factors such as the shape, size, length and repeatability of the conductance events can

be used to gain insight into the underlying size, structure and stability of the

membrane pore. Furthermore, some information in relation to the kinetics of the pore

formation and membrane disruption can also be obtained. However, compared with

the kinetic information that can be obtained in experiments on the macroscopic scale,

the variance in the kinetic data obtained at the single channel level is much greater as
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it is generally based on single stochastic events rather than the average response of

many events.

In this study the membrane disruption induced by Smp24 was investigated via planar

patch clamp electrophysiology with synthetic bilayers using the Nanion port-a-patch.

The port-a-patch is a portable patch clamp system that utilizes disposable borosilicate

microchips containing a small aperture instead of a traditional patch clamp pipette.

The size of the chip aperture determines how large of an area of bilayer the

measurement occurs on and thus allows for measurement of singular pores or

channels using an aperture with a diameter of approximately 1 µm (142). In the

experiments a bilayer is formed across this aperture using giant unilamellar vesicles

(GUVs) as an intermediary vehicle for the lipids. These vesicles are added to the

external solution atop the chip and negative pressure is applied through the bottom of

the chip to move the vesicles towards the opening. Once a vesicle hits the surface of

the chip near the aperture the vesicle bursts creating an open lipid bilayer that is then

sucked into place atop the aperture. After a tight seal between the bilayer and the chip

is achieved the pressure can be neutralized as the bilayer is kept in place via

hydrophilic interactions between the bilayer and the boro-silicate glass substrate of

the chip surface, which are improved by forming the bilayer at pH 4. In this state the

bilayer creates a high resistance giga-ohm barrier between the outer and inner

compartments of the chip, separating the two silver electrodes used to measure and

control the current or voltage going across the bilayer.

Due to the use of synthetic bilayers the composition of the membrane can be highly

customised. In this set of experiments a 1:1 mix of DOPC and DOPG lipids were used,

which was chosen for several reasons. Firstly, these lipids are partially unsaturated

containing a cis double bond at the 9th carbon atom of the lipid chain. This impacts the

packing of the lipid chains, lowering the phase transition temperature below room

temperature and thereby ensuring that the bilayer is in the disordered liquid

crystalline phase during the experiments. The inclusion of the DOPG lipids also ensures

that the bilayer has an overall negative charge which mimics the charged state of the

bacterial inner membrane, the main target of Smp24. Lastly, the 1:1 DOPC:DOPG

mixture is the same bilayer composition used in the previous biophysical
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characterizations of Smp24, so keeping the composition consistent allows for a more

direct comparison between the different experiments.

After the formation of the bilayer a holding potential is applied across it to ensure a

high resistant seal between the bilayer and the chip has been achieved. The external

solution is exchanged, washing the bilayer in two rounds. The first round is done to

remove the remaining vesicles thereby limiting peptide binding to lipids not associated

with the main bilayer and secondly to increase the pH of the solution to 7, after

ensuring the bilayer is stable. At pH 7 the protonation state of both the peptide and

the lipids will be the physiologically relevant states, but formation of the bilayer is

much more difficult. After adjusting the amplifier gain and starting the recording of the

current trace, the Smp24 was added to the external chip solution at different

concentrations, denoting the starting point for each experimental run.

The general trajectory of an experimental run is that after an initial lag period where

the current is at the baseline level, short periods with an increased current running

across the bilayer start to occur denoted as a conductance event. To begin with, these

events will often be reversible with the current returning to the baseline level shortly

after the disturbance begins. Each of these conductance events represents a molecular

level disruption of the bilayer structure leading to increased ability for water and ions

to penetrate the bilayer. The holding potential placed across the bilayer drives the

translocation of chloride ions, producing the measured change in the current. Based on

the shape of the current trace, corresponding to the conductance event, they can be

separated into different categories and in addition the length and current distribution

of the event can be analysed. In most cases, these individual reversable events will

eventually escalate in intensity and frequency eventually leading to the irreversible

disruption/destruction of the bilayer. This will lead to a large drop in the membrane

resistance and thus the current will excide level which can be measured at the

amplifier gain level and the experiment/measurement is ended. If the gain level is

dropped the membrane resistance is often returned to a level close to that of the chip

alone, indicating the complete destruction of the section of bilayer spanning aperture.

The membrane disruptive effect of the peptide was evaluated at 5 different

concentrations with 5 independent repeats at each level.
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4.2.6 Kinetics of membrane disruption

In general, the lag time between the peptide addition and the occurrence of the first

conductance event was very short, with the first event happening within 20 s in more

than half of the runs (figure 4.11B). However, at peptide concentrations below 4.85

µM some runs starts to have a much longer lag period, although it is not consistent for

all repeats.

Similar observations can be made for the lag time between the peptide addition and

the complete destruction of the bilayers (figure 4.11A). At high concentrations the

bilayers were often destroyed within the first 5 min of the peptide addition, though

greater variation was seen compared with the lag time to the initial event. However, at

concentrations below 3.9 µM a large increase in the variation was again seen, and the

average is shifted drastically. In addition, for some of the runs at the two lowest

concentrations the bilayer was still intact after 30 min, with 2 examples where no

conductance events were seen at 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 peptide addition and the first events indicates that the initial

interaction between the peptide and the bilayer occurs at a rapid rate. However, the
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buildup in membrane disruption leading up to the total membrane destruction is the

much slower process.

The concentration dependency of the responses seems to be threshold based rather

than a linear dose dependency, with much greater variation at the two lowest

concentrations. Such threshold-based behaviour is consistent with what was observed

previously in the QCM-D experiments (58). The large variations between the individual

experimental repeats at the lower concentrations is due to multiple factors. Firstly, the

stochastic nature of individual molecular level events such as the formation of

membrane pores will intrinsically have an increasing variability in the time to occur as

the concentration decreases. Secondly, the kinetics would likely be more affected by

variation in the external experimental factors at these conditions. Due to the use of a

single bilayer per experiment, small sample volumes and a limited ability to ensure

consistent mixing of the peptide with the external solution buffer, the experimental

setup was relatively susceptible to run to run variations, especially impactful at a low

peptide concentration.

The mechanism of action behind the membrane disruption cannot be determined

based purely on the kinetics data, however it can potentially be narrowed down. In the

traditional carpet model of AMP induced membrane disruption, the disruption

happens as an irreversible event once a specific number of peptides are bound to the

surface of the bilayer (95). If Smp24 acted primarily through this mechanism, we would

not expect the high frequency of reversable conductance events before the complete

membrane destruction. In addition, variation in the kinetics between individual runs at

the same concentration would be expected to be relatively low as a large number of

peptides would be needed in order to form the carpet on the bilayer before the

membrane disruption is triggered. The kinetic observations do not correlate well with

these expectations and thus the results suggest that at least under the tested

conditions the mechanism of action is not well described using only the carpet model.

The complete and irreversible disruption of the bilayer at the end of the experiments

could still occur via a mechanism related to the carpet model, but other mechanisms

of membrane disruption are also occurring prior to that point.
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4.2.7 Qualitative analysis of conductance events

In addition to the kinetic measurements a qualitative analysis of the current traces was

also done in order to evaluate the individual membrane disruptive events induced by

the peptide. Multiple different types of event signatures were found throughout most

runs, which could broadly be categorized into 3 distinct event types based on Chui et

al. (105).

Multilevel events (figure 4.12A) were the type of signal that most closely represents

what would be expected for a distinct pore. The start and end of the signal are both

sharp transitions from the baseline. During the event a consistent but highly variable

increase in conductance could be observed, lasting between a 100 ms to a few

seconds. Depending on the length of the event an average conductance level could be

estimated using amplitude histograms fitted with a Gaussian distribution function.

However as seen in figure 4.12A the spread of the current distribution corresponding

to the multilevel event is much greater than the baseline. Comparing the average

current measured between different multilevel events also shows a large distribution

of values ranging from 2.8 to 18.3 pA.

Like multilevel events, spike events (figure 4.12B) also have a clear transition to and

from the baseline albeit the length of the event is much shorter (<50ms). Again, no

consistent average/maximum current level can be found when comparing different

individual events, even within a singular run. Spike events were both observed as lone

events or coming in multiples with a short time gap between them.

Erratic events (figure 4.12C) were long (often multiple seconds) but with a relatively

low and very variable conductance level. Unlike the other event types, they did not

have a very clear beginning or end, but rather gradually increased or decreased the

conductance. Over the lifetime of the event the conductance level could shift multiple

times and often return to a partial baseline with increased noise and conductance in

between. Due to the more gradual conductance evolution, the amplitude histograms

did not show an independent conductance level for the event, but rather a broadening

of the baseline peak.

All the different event types were found at all peptide concentrations, however like for

the kinetic data a large variation in the number of events were seen within the same
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peptide concentration. Therefore, no significant relationship between the peptide

concentration and the likelihood of a specific event type occurring could be found.

However, for the entire data set spike events were the most likely to occur followed by

erratic events and lastly multilevel events.

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

There is no well-established singular approach for interpreting the current traces

induced by AMPs. Some authors take an approach that is similar to how one would

analyse the single channel activity of protein ion channels, which works for peptides
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creating very ordered pore structures such as via the barrel stave mechanism (100).

Manzo et al. Investigated peptides with less defined channel activity and focused more

on the morphology of larger periods of current trace rather than isolating the

individual conductance events (182). However, with the main objective of this chapter

being to gain insight into the molecular level structures responsible for the pore

disruption, the best approach would be to look at the morphology of the individual

conductance events. Since hundreds of conductance events were counted across the

experimental runs, the events were grouped in to three categories to simplify the

analysis. However, the interpolation of the conductance event categories is still highly

theoretical so the mechanism of action and pore structure cannot be decidedly

determined using only this biophysical method.

The structural characteristic of the peptide induced pores that the current trace

analysis can give the most direct information about is if the pores are ordered or

disordered in nature. The archetypal example of an AMP forming ordered pores is

alamethicin, which forms the basis for the barrel-stave model of pore formation. This

peptide produces conductance events which can be categorized as clear � ŝquare top�_

events. These events show repeatable distinct conductance states strongly indicating

the formation of different ordered molecular level structures with different opening

levels based on the number of peptides the pore assembly consists of (100). Peptides

thought to act through the toroidal pore model such as pleurocidin can also show

� ŝquare top�_ and � f̂lickering�_ conductance events indicating that the type of toroidal

pores that this peptide induces are of a relatively ordered nature (83). However, none

of these event morphologies were observed to be induced by Smp24. Repeating

events of all types have different conductance event levels within the same trace and

the conductance level of individual events varies much more than what is seen in the

literature for ordered pores. The patch clamp experiments are thus a strong indication

that at least under these conditions the mechanism of membrane disruption and the

pore structures are disordered in nature.

The multitude of different event types observed is consistent throughout all the

experimental runs at all the different concentrations indicating that the peptide

induced membrane disruption occurs via several different competing mechanisms. In

the traditional view of the mechanism of action of AMPs, each peptide is thought to
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intrinsically act via one of the three models of membrane disruption (barrel-stave,

toroidal pore or carpet) due to the specific structure of the peptide. However, newer

alternative models such as the SMART model put a greater emphasis on the

mechanism of action being not only dependent on the structure of the peptide but

also the other conditions of the specific system such as the peptide concentration and

the properties of the bilayer (15). Such models better account for the peptide acting

via multiple competing mechanisms of action at the same time, as observed in this

study. The observation that a variety of different event types is seen for a single

peptide is not uncommon for AMPs. While some examples of pore formation result in

consistent and distinct conductance levels following the square-top or flickering

signature can be found (83, 183), they are not always consistent between different

studies (184). Many AMPs show either erratic behaviour or a combination of different

event types like Smp24 (87, 96, 99, 182, 184). One particularly interesting example is

cyclic beta sheet AMP Gramicidin S. While having very little in common with Smp24

both structurally and origin wise, the conductance behaviour of the two peptides is

remarkably similar (14). Due to the structural dissimilarity between the two peptides,

this again indicates that the disruption occurs in a more generalized and disordered

manner rather than by the formation of distinct structural assemblies.

The disordered nature of the conductance events makes it more difficult to establish a

direct theoretical correlation between the increased current running across the bilayer

and the change in the molecular level structure of the bilayer. However, some general

characteristics can still be proposed to explain the underlying biophysical differences

between the event types.

Both the spike and multilevel events share a key characteristic in that they both have a

distinct and clear beginning and end to the signal. This mimics the behaviour that can

be observed for more ordered ion channels in which the channel can have either an

open or closed state depending on the configuration of the protein membrane

assembly. While the spike and multilevel events do not have any specific well defined

open states, the open/closed dichotomy still seems to be present. Therefore, the

structural change of the bilayer must be at least somewhat akin to what happens

during the opening and closing of an ion channel. Based on these observations it is

likely that the spike and multilevel events represent the formation of some type of
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toroidal pore, with the inside of the pore lumen consisting of mixture of the

phospholipid headgroups and peptides. The main difference between the two event

types seems to be that in the case of the multilevel events the open state of the

toroidal pore is better stabilized, greatly increasing the lifetime of the pore. Since not

all spike events transition into multilevel events, it seems that the conditions for

stabilizing a pore do not always follow the conditions necessary for forming one.

Furthermore, the higher frequency of occurrence of spike events also seems to

indicate that it is easier for the peptide to induce the conditions necessary for pore

formation rather than pore stabilisation.

It is well known that AMPs at lower concentrations can induce non-disruptive changes

to the biophysical properties of the bilayer such as membrane thinning, lipid de-mixing

and line tension reduction (118, 185, 186). In the lateral diffusion model for low

concentration AMP induced membrane disruption, these changes to the bilayer

happen as the peptides insert into the top bilayer leaflet and then affect the bilayer in

a small area around each peptide. The peptides can diffuse in the lateral plane of the

bilayer leading to overlaps in the area of the bilayer they affect, which can potentiate

their disruptive effect and thereby lead to the conditions necessary for the formation

of a pore (187). Thus, the pore formation could be induced even without the peptides

directly taking place in the pore structure, with the pores thereby missing out on the

stabilizing effect the inclusion of the peptides in the structure likely would have. Such a

mechanism could be responsible for the spike events (figure 4.13A). By contrast, in the

case of multilevel events the local conditions at the pore formation could include more

peptides in the proximity, allowing for the peptides to be incorporated into the

toroidal pore structure itself, greatly increasing the lifespan of the pore (figure 4.13B).

Proposing an underlying molecular structure corresponding to the erratic event type is

more challenging. The lack of a distinct start and endpoint makes it less likely that the

� p̂ore�_ structure is similar to a water channel in the traditional sense. Instead, the

event type could represent a more general form of disruption of the membrane

structure increasing the � l̂eakiness�_ of the bilayer, allowing for water and ions to

sporadically cross the bilayer at an increased rate. Changes to the structure of the

bilayer such as membrane thinning, increased lipid chain disorder, a higher portion of

membrane defects or lipid removal via micelle formation could all be factors lowering
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the intrinsic resistance of the bilayer and thereby lead to periods of increased

conductance (figure 4.13C).

Another option could be the formation of less well-defined peptide-lipid aggregates. It

has previously been proposed that micellar like peptide-lipid aggregates could form

within the bilayer creating structures that somewhat functions as a pore but without

the toroidal or channel like shape (187). This would produce a much less defined path

for the water and ions to penetrate the bilayer which could explain the more gradual

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

Figure 4.13 Proposed molecular level structures corresponding to the conductance events
observed in the patch clamp study. A = 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 patch clamp study show that Smp24�[s mechanism of pore

formation is complex. The AFM results do not show the same range of disruptive

events but that is to be expected. The pores investigated using the patch clamp

methodology represent pores existing early in the membrane disruption process and

are thus both smaller in size and much shorter lived than what is likely to be observed

using AFM. On the contrary, the larger, more stable and mature pores observed using

AFM would likely not be observable using the patch clamp setup, as the small

unsupported bilayer would not be able to sustain such pores without it leading to its

complete disruption. Still, both experiments suggest that a significant part of the

membrane disruption is due to the formation of toroidal pores and these pore

structures also exist on a smaller scale than what was observed with AFM. To

formulate the SMR it would thus be key to better understand how the structure of the

peptide relates to the stabilisation of these small toroidal pores. It is likely that the
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peptide structure would need to adopt a specific configuration that would allow it to

be positioned within the pore lumen, while retaining its favourable interactions with

the bilayer. Specific residues or regions could potentially be more important than

others for making any conformational change possible and thereby the peptide-lipid

pore assembly more favourable.

4.3 Conclusions

Like many other amphiphilic AMPs the secondary and tertiary structure of Smp24 is

highly dependent on the environment surrounding the peptide. Therefore, the

structural prediction could be improved using MD simulations which allows for the

explicit simulation and customisation of the solvent as well. The new predicted 3D

structures based on the TFE simulations correlated well with previous experimental

investigations of the peptide structure, based CD spectroscopy. Both approaches

indicated the presence of two helical and one unstructured region with the MD

simulations providing additional insight into where along the sequence these regions

are likely located.

Investigation of the early stages of the Smp24 induced membrane disruption in

synthetic bilayers indicated that the mechanism of action might be more complex than

can be explained by the traditional models for AMP pore formation. Three distinct

conductance event types were observed which likely corresponds to at least three

different pore structures, however they all show signs of being disordered in nature.

The spike and multilevel events could be correlated to the early stages of toroidal pore

formation, which correlates to the mature pore structures observed previously in AFM

experiments.
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5. Structure mechanism relationship of Smp24

5.1 Introduction

MD simulations have the relatively rare ability to investigate both the structural and

functional properties of a system at the same time, such as the structure of a ligand

and strength of its interactions with a target. Furthermore, this information can be

gained at an atomic level resolution, which allows for the influence of individual

residues or regions of a peptide/protein to be evaluated. This makes this approach

uniquely suited to be utilized in the construction of the SMR, where the structure and

function of the drug molecule needs to be connected.

Another advantage of MD simulations is that they can investigate a system going

towards an equilibrium state. Thereby details of processes happening on a femto- to

micro-seconds scale can be investigated, something much more difficult to do using in

vitro biophysical techniques.

However, in the case of simulations there are always several factors that need to be

considered to ensure efficient and accurate use. Complex simulations are always going

to be limited in scope compared to the real-world phenomenon that they are

mimicking, whether that is in the complexity of the components and interactions, or in

the scale of time and size of the system. Therefore, simplifications and assumptions

must be made in the model design to ensure a reasonable level of simulation efficiency

and lower the simulation-to-simulation variability. To ensure that the simplified model

is still relevant to the real world, whenever possible the outcomes of the

model/simulations should be checked against experimental results. In some cases,

outcome values can be directly compared between the simulation and an experiment,

however often this is not possible. If not, general trends observed in the simulations

should at least be consistent with the experimental observations, giving an indication

of a consistency in the behaviour.

5.2 Results and discussion

5.2.1 Design of MD simulations

As the main target of Smp24 is the (inner) bacterial cell membrane, the central

objective in exploring the SMR would be to gain insight into the interplay between the
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peptide and the membrane. As shown previously the membrane can reasonably be

replaced with a simplified synthetic bilayer without the peptide losing its activity (58).

Therefore, the obvious approach would be to design a simulation modelling the

interactions between the peptide and a synthetic bilayer. However, to fully model all

the different aspects of the interplay between Smp24 and the bilayer a single

simulation would not be sufficient. Therefore, an approach was chosen in which a base

model was designed which could then be further modified into supplementary variant

simulations expanding the scope of the investigations.

The base model was designed to investigate the basic interactions between Smp24 and

a negatively charged bilayer. The central component of the model is a 7 nm2

phospholipid bilayer, which both allows for efficient simulation and is large enough to

avoid artifacts due to the peptide interacting with itself. A dual lipid mixture was

chosen for bilayer consisting of 1:1 DOPC:DOPG lipids. This bilayer composition is

much simpler than for real biological membranes but allows for a high degree of

consistency at molecular scale while still representing some of the heterogeneity

present the real membrane. In addition, it also mimics the conditions previously used

in in vitro synthetic models allowing for easy comparisons (58). The bilayer

composition serves as a rough approximation for the surface charge profile present for

prokaryotic membranes.

The Smp24 peptide was inserted into the model with its centre of mass about 1.5 nm

above the bilayer, allowing for a very short delay before the peptide-bilayer

interactions start. As previously shown, the vast majority of Smp24 molecules will

adopt a random coil structure in the water phase which will gradually change to a

helical structure during the interactions with the bilayer. However, simulation-wise this

introduces two major problems. Firstly, starting with the peptide in a random

structural configuration will introduce a large amount of variation between

simulations, which is concerning due to the low number of replicate simulations that

are feasible to do using MD simulations compared with other techniques. Secondly,

having the peptide needing to undergo major structural changes would likely require a

significant increase in simulation time per model, further limiting the overall number

of simulations possible to run. Therefore, an already helical peptide configuration from

the pepfold3 server (figure 5.1) was chosen as the starting structure used in the
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simulation.

On each side of the bilayer an approximately 3 nm layer of water molecules were also

added, to ensure the bilayer was properly hydrated. Some of the water molecules

were exchanged with potassium and chloride ions to make the system overall neutrally

charged. The simulations were, as a starting point, initially simulated for 500 ns,

however in some cases the length had to be increased in order to reach an

equilibrium.

Figure 5.1 Starting structure of Smp24 used in the MD simulations. Generated via the

PEPFOLD3 server (151).

The first simulation variant was designed to evaluate the effect of the bilayer's lipid

composition. The only change made compared with the base model was changing the

DOPG lipids to DOPE lipids. This gives the bilayer an overall neutral charge, mimicking

that of the outer leaflet of a eukaryotic membrane. Again, this bilayer composition is

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

The second set of simulation variants were created to explore the effect of increasing

the peptide to lipid ratio. This was done by having larger bilayers with multiple

peptides inserted in each. However, to improve the efficiency of the simulation setup,

the larger models were built in several steps. Firstly, simulations were run using the

same conditions as the base model except with smaller bilayers. This ensures the
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peptide insertion can be completed in an efficient manner. Once the simulations have

reached an equilibrium they were multiplied in a grid like pattern along the X and Y

axis several times (2x2, 3x3, 4x4), yielding a larger bilayer with multiple peptides

already inserted. The larger models were simulated for some time to allow the bilayer

to equilibrate and the peptides mix, before the final simulation run was executed. A

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

The third set of simulation variants builds onto the base model in order to investigate

the peptide�[s role in membrane disruption. Based on biophysical experimental

approaches, the formation of toroidal pores seems to be the most consistent way the

peptide induces membrane disruptions. Therefore, models were designed to

investigate how the peptide can interact with the toroidal pore and be incorporated

into the pore structure. Under normal simulation conditions it is very unlikely that

peptide induced pores can form, due to the limited timeframe of a simulation (129).

Therefore, an approach was chosen where the pore is manually induced. With this

type of approach, the role of the peptide in inducing the nucleation event creating the

pore is not explored. Instead, investigating the way the peptide is incorporated into

the pore structure is the main objective. The pore was created using electroporation

by simulating a relatively large electric field (0.3 V/nm) running across the bilayer. Pore

creation can also be done via other methods (129), but electroporation was chosen as

it mimics the conditions present in the patch clamp experiments. The starting points

for the simulations were the endpoint from the base simulations as this way the

peptide was already inserted into the bilayer. Once the electric field had induced a

small but consistent pore, the strength of the electric field was lowered to 0.065 V/nm

which allowed for the pore to remain open over the full 500ns simulation time.

The range of possible pore associated peptide configurations were further evaluated

by manually changing the position of the peptide within the pore lumen. This was done

using a pull function where a constant force was applied to the centre of mass of the

peptide pulling it down and towards the pore. This changed the position of the peptide

relative to the pore such that it mimicked a deeper/more extreme inserted

orientation. The pull function was applied to the peptide in two different starting

positions and stopped at three different levels of insertion giving a total of 6

simulations. Thereafter the system was equilibrated for a few nanoseconds with the
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peptide position locked. Finally, the system was simulated for 50 ns to see how the

position of the peptide changed over time.

The fourth and final simulation variant explored if the peptide-pore interactions

changed at a higher peptide to lipid ratio. The design/setup was done as with the

previous variants except the starting point was the endpoint of one of the second

variant simulations (mbcg_16). Thereby the pore is formed in a larger bilayer with

several peptides inserted, such that a pore structure which included multiple peptides

could be explored.

Table 5.1 Overview of Smp24 bilayer models.

Simulati
on
name

bpg24_(
1-3)
bpe24_(
1-3)
mbcg_0

mbcg_4

mbcg_9

mbcg_1
6
Long_pb
cg_1-3
Pull_N_
pbcg_1-
3
Pull_C_
pbcg_1-
3
Multi_p
bcg_1-5

Simulati
on
variant

Base

1

2

2

2

2

3

3

3

4

Bilayer
composi
tion

DOPC:D
OPG
DOPC:D
OPE
DOPC:D
OPG
DOPC:D
OPG
DOPC:D
OPG
DOPC:D
OPG
DOPC:D
OPG
DOPC:D
OPG

DOPC:D
OPG

DOPC:D
OPG

Number
of
peptide
s
1

1

0

4

9

16

1

1

1

16

Bilayer
size
(nm2)

7.03

7.02

13.64

14.21

12.62

14.20

7.1

7.1

7.1

14.20

Peptide
to lipid
ratio

1:144

1:148

na

1:144

1:48

1:32

1:144

1:144

1:144

1:32

Simulati
on
length
(ns)
500-970

500-980

100

500

250

250

500

50

50

100

Number
of
repeats

3

3

1

1

1

1

3

3

3

5
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5.2.2 Initial interactions and insertion of the peptide into the bilayer

Before the mechanism of insertion of Smp24 into the DOPC:DOPG bilayer can be

explored, the evolution of the secondary structure must first be investigated. If the

secondary structure changes over time, it must be considered during the insertion

analysis making it much more complicated. The secondary structure of Smp24 over

time in the simulations is comparable to what was found in the 60% TFE models and

remains relatively stable throughout the insertion process in all three DOPC:DOPG

simulations (figure 5.2). The peptide is helical starting at around residue 1 until residue

16-17. The rest of the peptide is unstructured. The consistent structure allows for the

treatment of the primary helical region as a static geometric structure which can be

used to easily evaluate the orientation relative to the bilayer.

Figure 5.2 Secondary structure of Smp24 over time in the DOPC:DOPG simulation. Pink
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 followed a consistent mechanism of insertion into the

negatively charged bilayer that can be separated into multiple distinct steps.

Following an initial lag period with some sporadic electrostatic interactions between

the peptide and the bilayer, the first consistent step seen in all the simulations is the

anchoring of the N-terminal region to the bilayer (figure 5.3A & 5.4A). This interaction

is, initially, driven by electrostatic interactions between the N-terminal amine and the

lipid phosphate groups then, following a short delay supported by further electrostatic

interactions between the bilayer and the two lysine residues (lys7 and lys11),

positioned in the helical part of the peptide (figure 5.4B). In this position/orientation
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most of the hydrophobic residues were orientated facing away from the bilayer except

for the sidechains of the N-terminal ile1 and phe4, so hydrophobic interactions were

limited to those residues. Due to the position of the helical lysine residues, the helical

region of the peptides was orientated with a tilted angle relative to the bilayer normal

of 125-140 degrees which inhibits interactions between the latter half of the peptide

and the bilayer (figure 5.3B). The length of this stage of the insertion varied from a few

ns to hundreds of ns, likely dependent on how consistent the lysine-phosphate

interactions were.

The next stage of the insertion is defined by a major rotation of the helical region of

the peptide, changing the orientation of the hydrophobic residues to facing down

towards the core of the bilayer (figure 5.3C & 5.4C). This rotation also drove further

changes to the peptide orientation, such as a reduction in the tilt angle and a change in

the overall position of the peptide�[s centre of mass, bringing it closer to the core of the

bilayer. These processes were not instant, taking around 50 ns or more from the

beginning of the rotation until the 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 bilayer A: Changes 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
process. A = Initial lag period, B = N-terminal inserted stage, C = Helical rotational stage, D =
Fully inserted peptide.

Due to the dynamic nature of the bilayer there is a relatively large variation in the

kinetics for some of the transitions between the stages in the insertion process when

comparing between the repeat simulations (table 5.2). However, similar changes in the

peptide position and orientation could be found in all repeats.

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

Simulation

name

bcg24_1

bcg24_2

bcg24_3

Initial lag

period

0-32ns

0-2.2ns

0-7.7ns

N-terminal

inserted

32-450ns

2-6ns

8-60ns

Helical

rotation

450-500

6-80

60-110

Fully inserted

500-970

80-500

110-500
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5.2.3 Mechanism of insertion

The ability to separate the insertion process into distinct phases based on a set of

consistent and repeatable observations strongly suggests that the peptide has a

specific mechanism of insertion.

The first stage is named the initial lag period and it is a necessary inclusion as the

peptide starts the simulation in solution and is thereby not directly associated with the

bilayer. However, due to the low starting distance between the peptide and bilayer,

interactions happen almost instantaneously, driven by electrostatic interactions

between positively charged lysine residues and the negative phosphate groups.

Contrary to the observations in the other stages, the specifics of these interactions are

not consistent between the different simulations. Therefore, even though interactions

occur they are still counted as part of the lag period until consistent behaviour can be

overserved.

Another aspect in which the initial lag period is inconsistent between the different

simulations is in the length of the stage. An example of this is the bcg24_1 simulation

in which the initial lag period is over 4 times longer than in the other simulations. This

could be explained by consistent interaction between the bilayer and both lys7 and

lys11 in this simulation. As both lysine residues are part of the primary helix they

would lock the orientation of the helix in parallel with the bilayer surface, inhibiting

the downwards movement of the N-terminal necessary for the transition to the next

stage. In the other simulations these interactions were less consistent so the helix

could more easily adopt the tilted orientation and thus the transition happens faster.

The process of the N-terminal moving from solution to the same level at the

phosphate groups could have been designated as its own distinct stage of the insertion

process. However, this process happens over a couple of hundred ps and is therefore

on a completely different timescale than the other parts of the insertion process.

Instead, the next stage is called the N-terminal inserted stage. During the duration of

this stage no active change in either the peptide position or orientation occurs, the

stage instead describes an intermediary equilibrium which is facilitated by a couple of

specific salt bridges. Consistent interactions were seen between the lipid phosphate

groups and the N-terminal, lys7 and to a lesser extent lys11, as the polar part of the
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primary helix is positioned down towards the bilayer. All these residues have an

inflexible relative orientation, all being part of the primary helix which induces an angle

between the helix and the bilayer surface of around 30-50 degrees. Further indications

of how these electrostatic interactions affect the peptide orientation can be seen in

the bcg24_1 simulation. Here the interaction between lys11 and the bilayer was much

more consistent, providing a third contact point between the peptide and the bilayer

further away from the N-terminal. This induced a slightly narrower angle between the

helix and the bilayer compared with the other simulations where the lys11 interaction

was less dominant. Other authors have similarly found that lysine residues closer to

the N-terminal play a key role during the early part of the insertion process (115).

Again, large variations can be seen in the length of this stage. The consistency of the

different electrostatic interactions again likely plays a role but the adaptability of the

bilayer must also be considered. The local environment surrounding the peptide can

vary regarding both the lipid composition and their positioning and this is likely to

affect when the transition to the next stage is possible.

A key observation of this part of the insertion process is that not all parts of the

peptide seem to contribute to the interactions between the peptide and the bilayer.

The tilted orientation of the primary helical region makes it such that the secondary

helix and tail region are oriented away from the bilayer. As such, the interaction is

mainly facilitated by a set of 5 key residues located on the primary helix (figure 5.5). As

previously mentioned, the cat-ionic residues (N-terminal, lys7 and lys11) likely play the

most significant role but in addition some other residues near the N-terminal are also

positioned in such a way that they can contribute. The hydrophobic sidechains of the

N-terminal Ile1 and phe4 are both positioned relatively low and oriented down

towards the core of the bilayer. Thus, unlike the rest of the hydrophobic residues,

these two residues could still be contributing to the binding at this stage of the

insertion and potentially help anchoring the N-terminal to the bilayer. Substitution of

the phe4 residue in Smp24 to a smaller less hydrophobic alanine residue leads to a

consistent reduction in activity both against prokaryotic (2x reduction) and eukaryotic

cells (about 1.5X reduction) with especially the haemolytic activity being affected (5.5x

reduction) (149). The specificity in the activity loss toward the erythrocytes could

indicate that the residue specifically plays a role in the binding/ insertion, which would
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be consistent with the observations made in the simulation. The smaller alanine

residue would not be able to contribute to the anchoring of the N-terminal to the

same extent as the larger phenylalanine, leading to a reduced insertion efficiency.

Finally, the sidechain of the Ser3 residue is also positioned to allow for the formation

of hydrogen bonds with the lipid headgroups. While such polar interactions would be

less energetically significant than the salt bridges, it would still contribute to the

overall stability of the peptide-bilayer surface assembly.

Figure 5.5 Bilayer surface associated configuration of Smp24 representing the N-terminal
inserted stage of the insertion process. Interactions 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 N-terminal region has been observed in MD simulations for

other AMPs as well, with multiple examples of the N-terminal forming the initial

interactions with the bilayer and serving as an anchor during the start of the insertion
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process (115, 123, 125, 126, 182). However, in vitro studies indicate that the

importance of the N-terminal amine in driving the insertion process might be

dependent on the membrane composition. A few authors have investigated the effect

of acetylating the N-terminal and thereby removing its positive charge. As expected,

this seems to strongly reduce the antimicrobial efficacy against fungus and Gram-

negative bacteria however against Gram-positive species the efficacy is conserved or

even increased (188, 189). This effect could be explained by the acetylation allowing

the N-terminal to insert deeper into the bilayer improving the membrane disruption

(188). It is thus still possible that the acetylation reduces the initial interactions with

the Gram-positive bacteria, but improved membrane disruption still leads to an overall

increase in the antimicrobial efficacy.

The intermediary equilibrium configuration between the peptide and the bilayer

surface could be a reasonable representation of the proposed surface attached state

of the peptide. It is seen consistently throughout all the repeats, supported by several

highly favourable electrostatic interactions and at least in one simulation has a

relatively long lifetime. Counting against this theory is the fact that a large part of the

peptide does not interact with the bilayer. This might be due to the more ordered

starting configuration of the peptide used in the simulations. In a more realistic

scenario where the peptide starts its interactions with the bilayer in a less ordered

state, increased structural flexibility could potentially also allow the tail region to

contribute to the binding/association. Since the secondary helix does not seem to

actively contribute to the interaction with the bilayer, there should not be a strong

driving force for it to fold into its helical state at this point. Therefore, one could

imagine a more energetically favourable surface associated configuration where this

region is unstructured allowing the tail region more freedom to interact with the

bilayer. However, in any case the tilted configuration of the primary helix would likely

still be the most fundamental part of the surface association.

The next stage of the insertion process is where the greatest change in both the

positioning and orientation of the peptide happens. The major event characterising

this is a rotation of the helical part of the peptide relative to the surface of the bilayer.

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

facilitate the initial electrostatic interaction from the lysine residues on the other side
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of the helix. However, after the rotation the hydrophobic residues are now positioned

towards the bilayer core allowing for hydrophobic as well as electrostatic interactions

between the peptide and bilayer. The bcg24_1 simulation shows this rotation the

clearest as it had a longer time to equilibrate the helical rotational orientation in the N-

terminal inserted stage, showing a very clear rotation of around 180 degrees over

around 90ns. As the rotation happens much earlier in the two other simulations, the

peptide structure does not reach full equilibration before the rotation starts making it

more difficult to evaluate the exact degree of the rotation.

The rotation is accompanied by both a large reduction of the angle between the

peptide helix and the bilayer and a large change in the position of the COM of the

whole peptide. In depth comparison of the timings between these different changes

shows that the helical rotation starts slightly earlier than the change in angle or COM,

which indicates that it is the rotation that drives the other changes. The electrostatic

interactions that facilitated the orientation and position relative to the bilayer in the

previous stage are still present during the rotation. However, the contact points shift

from being below the peptide to on the side and above the helix as it is rotating. This is

what allows for the initial reduction in the angle between the peptide and bilayer

which also brings the COM of the whole peptide down. As the helix rotates further full

hydrophobic interaction between the hydrophobic residues and the lipid acyl chains

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

Recently, other authors have shown similar stepwise insertions mechanisms using MD

simulations for other AMPs.

Ramos-Martin et al. (2020) describes a 3-4 step insertion mechanism for the AMP K11

with bilayers containing negatively charged lipids. Similarly, to Smp24 the first step is

anchoring of the N-terminal facilitated mainly by electrostatic interactions. This is

followed by step 2 and 3 where the peptide first twists causing a deformation of the

bilayer that allows for the insertion of two aromatic residues, one near the N-terminal

and one near the C-terminal. While residues near the C-terminal do not take part in

the insertion process for Smp24, phe4 is inserted during the N-terminal inserted stage

like the trp2 residue in the K11 peptide. Lastly, for some bilayers a 4th step is seen,

where the helix rotates and full internalisation into the upper leaflet of the bilayer is

seen. Thus, the two insertion mechanisms are very similar excluding the twisting step,
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which is associated with a change to the area per lipid not observed for Smp24.

However, this step is likely only possible due to the large amount of lysine residues

present in K11 pulling on the bilayer, whereas Smp24 only interacts through the N-

terminal amine, lys7 and lys11 (115).

Annaval et al. (2021) have found an insertion mechanism for the peptide BLP-3 that is

very similar to Smp24. Initial interactions were established through the N-terminal

amine, which then allowed for further salt-bridge formation of the more central lysine

residues. Further into the simulations the helical region rotates allowing for full

insertion into the top leaflet (116).

While some differences are present in the insertion mechanisms depending on the

specific structure of each AMP, these observations could indicate that the 2 main steps

being N-terminal anchoring followed by a helical rotation represents a consistent

mechanism across this class of AMPs.

5.2.4 Evaluation of the system equilibrium

After the rotational stage of the insertion process is completed, the peptide is assumed

to be in its fully inserted state. While smaller changes can still be seen in the time

dependent properties analysed during the insertion process, none are comparable in

proportions or repeatability to the changes that were previously described. Therefore,

the system is assumed to have reached an equilibrium with further changes in the

peptide position and orientation being dynamic variation.

5.2.4.1 Structure, orientation and positioning of the fully inserted peptide:

Figure 5.6 Figures related to the structure of Smp24 in the DOPC:DOPG simulations. A = The
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 expected that upon insertion into the DOPC:DOPG bilayer Smp24 would

have a relatively stable 3D structure. However, in all simulations a high level of

variation in both the backbone RMSD and peptide radius of gyration can be seen

throughout most of the run time, suggesting constant changes in the structure (figure

5.6 A&B).

The bcg24_1 simulation, which runs for the longest time with the peptide in the fully

inserted state, does reach a point towards the very end of the simulation where both

the RMSD and radius of gyration is lower and less variable. This could suggest that with

more equilibration time in the inserted state a stable structure could be found.

The RMSF highlights that the structural fluctuations are much greater around the last 4

residues, reaching similar levels to what was seen in the solution models (figure 5.6C).

The remaining residues show much lower structural fluctuations, generally even lower

than what was observed in the 60% TFE models. In addition, the variation between the

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

These observations indicate that the tail region is still very flexible after the peptide is

inserted into the bilayer. This is unlike what was observed in the 60% TFE solution

simulations where the flexibility eventually was diminished due to the formation of

intramolecular salt bridges. The simulations were checked for the formation of such

salt bridges, however over a total of 1300ns of simulation in the inserted state only a

single 20ns period could be found where the C-terminal or Asp23 were close enough to

the helical lysine residues for salt-bridge formation to be possible. This happened right

at the end of the bcg24_1 simulation where the variation in the size and structural

deviations are greatly reduced similarly to what was seen in the solvent models.

Instead, the tail residues interact with the phosphor lipids which will be further

explored in later sections.

The structural flexibility of the tail region is further highlighted in the representative 3D

structures of the insertion peptide (figure 5.7). While the position of the tail region

relative to the bilayer is relatively consistent in the two representative examples, the

orientation of them deviates significantly. In one case, the tail is pointed away from

the bilayer while in the other it lies almost in parallel with the primary helical region.
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This is thus a direct example of the range of configurations the tail region can adapt.

The orientation of the rest of the peptide is less variable. The structure and orientation

of the primary helix is relatively consistent in the inserted state, lying almost in parallel

with the bilayer surface. The kink between the primary and secondary helical regions is

clearly present however the relative direction of the secondary helix varies throughout

the trajectories. The glycine linker region is consistently oriented away from the bilayer

core although the exact shape and direction depends on both the secondary helix and

the tail region.

Overall, the secondary structure of the peptide is consistent with what was found in

the 60% TFE simulation and the 4 structural regions are still clearly identifiable and

relevant to the 3D structure.

Figure 5.7 3D structure of Smp24 inserted into a DOPC:DOPG bilayer. taken 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 about the position of the different peptide regions relative to

the bilayer can be obtained based on the 3D structures, a better overview of the

positional distributions can be obtained by looking at the partial density profiles (figure

5.8). The partial density relative to the z-axis was calculated for the different peptide

regions and compared to the lipid headgroups, glycerol esters and acyl chains. The

density profiles show that the primary helical region is inserted at the deepest level,

overlapping in position with the lipid glycerol esters and the top of the acyl chains.

Next follows the secondary helical region which is still located in the same region of

the bilayer although on average is slightly higher than the primary helix as it is depicted

in figure 5.7B. The glycine hinge is located further up in the bilayer, overlapping mainly
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with the lipid headgroups. Located the furthest from the bilayer centre is the peptide

tail region, which partially overlaps with the lipid headgroups but is also partially above

the bilayer in the water phase. The peptide positions are relatively consistent between

all 3 simulations although for bcg24_2 the helical regions are located slightly higher in

the bilayer compared with the other.

Figure 5.8 Partial density profiles of Smp24 inserted into DOPC:DOPG bilayers, with positions
relative to the z-axes. A = 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 AMPs inserted into bilayers or vesicles can also be

derived via experimental methods such as solid state or solution based structural

NMR. While this has not been done for Smp24 yet, experimentally derived structures

for other similar sized AMPs have been found and can be compared with the structure

of Smp24 predicted by the simulations.

Piscidin 1 and 3 (both 22 residues) both adopt an almost fully helical structure with the

alpha helical region spanning from residue 3-20, when inserted into either 1:1 PE/PG

or 3:1 PC/PG bilayers. As with Smp24 the C-terminal region is positioned slightly higher

than the rest of the peptide, but further evaluation using MD simulations shows it is

still inserted well below the lipid headgroups unlike the tail region of Smp24 (190). The

key structural difference in this case is that the piscidin peptides do not have nearly as

large of an unstructured region at the C-terminal.

Magainin 2 (23 residues) has been shown to have a majority helical structure when

inserted into a 9:1 POPC/POPG bilayer, with some unravelling of the helix near the C-
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terminal observed from residue 20. However, in a 3:1 DMPC/DMPG bilayer the C-

terminal region was observed to better retain the helical structure (191). Thus, like

piscidin this peptide also lacks the consistent large unstructured regions near the C-

terminal.

Pandinin 2 (24 residues) is the natural peptide with the highest sequence homology to

Smp24, which includes a similar residue sequence near its C-terminal (KKDS vs SKKD).

However, a key difference is that it lacks the glycine linker region before the polar tail.

The tail instead comes directly after a secondary helix ending with an unstructured

phenylalanine residue similarly to what precedes the glycine linker in Smp24. Like for

Smp24 the tail region is unstructured while the rest of the peptide is helical, however

no information about the position of the regions relative to a bilayer exists (146).

Consequently, it is not unheard of for AMPs to have an unstructured region near the C-

terminal positioned slightly higher in the bilayer, but neither is it consistent. However,

for Smp24 the large size and completely distinct position of the C-terminal tail region

do represent a unique structural motif compared with most similar sized AMPs. The

uniqueness is further facilitated by the inclusion of the glycine linker region which even

Pandinin 2 lacks. However, searching AMP databases for the triple glycine motif

reveals that one other peptide might also have a similar overall structure as Smp24.

The AMP Con10 (FWSFLVKAASKILPSLIGGGDDNKSSS) found in the venom of the

scorpion species O. cayaporum also containing 3 glycine residues followed by a range

of only polar and charged amino acids. Simple in silico structure prediction indicates

that this part of the peptide would be non-helical but more advanced in silico or NMR

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

The inclusion and position of the tail region could potentially offer a unique

opportunity to influence the selectivity of the peptide after it is inserted into the

membrane. As one of the major differences between the prokaryotic and eukaryotic

membranes are the lipid headgroup compositions, having part of the peptide being

positioned there could present an opportunity to optimise the structure for

interactions with only one type of membrane. Other peptides might only interact with

the variable part of the lipid headgroups during the insertion process and thereby

selectivity based on the headgroups cannot be efficiently exploited after the peptide is

fully inserted.
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Another aspect that the tail region provides to Smp24 is that the peptide not only has

an amphiphilic separation along the helical region but also along the primary sequence

with the C-terminal end being much more polar than the rest of the peptide. Such a

structural motif could be involved in binding Smp24 to other targets than the

membrane. It has previously been hypothesised that the C-terminal region could be

involved in binding of Smp24 to siderophores as sub-lethal concentrations leading to

changes in regulation of several genes related to siderophore uptake and synthesis

(194).

The unique orientation of the polar tail region also affects the 3D hydrophobic

moment vector of the peptide. Previously the vector has been estimated for Smp24 to

be at an angle of 127 degrees relative to the Z-axes, pointing towards the N-terminal of

the peptide (149). However, this estimation was based on a fully helical structure of

Smp24 which is not supported by the observations of the MD simulations or the prior

CD spectra data (137, 149). Taking the position of the tail region from the MD

simulations into account, the hydrophobic moment vector will not be shifted to the

same extent towards the N-terminal. The increased flexibility of the tail region would

also facilitate a greater variability in the hydrophobic moment, and it could potentially

shift during pore formation. However, a clear relationship between the 3D

hydrophobic moment and antimicrobial efficacy is yet to be established.

One structural motif present in the inserted structure of Smp24 which is also

conserved in many other similar sized AMPs is the kink between the helical regions

often facilitated by a proline or a glycine residue. Melittin (195), Magainin 2 (196),

Brevinin�r1EMa (197), Piscidin 1+3 (190) and Gaegurin P14 (198) all have a kink

somewhere around the central part of their helical region. Multiple studies have

compared the effect of removing the kink, most indicating that the kink influences

pore formation however the exact effect is not clear. Computational studies indicates

that inclusion of a helical kink improves the thermodynamics for formation of toroidal

pores but inhibits barrel-stave pores (199), while another study indicates that kinks can

reduce pore formation but increase membrane translocation and secondary targeting

(200).

The kink could therefore have an important role in the mechanism of action of Smp24.

However, while the position of the proline residue in Smp24 at position 14 is
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consistent with the previously mentioned peptides, the large unstructured region of

Smp24 necessitates that the secondary helical region of smp24 is much smaller than

for other comparable AMPs. This reduced size of the secondary helix could impact the

effect of the kink for Smp24. An indication for this can be found in a previous study

where the proline residue was substituted with a more flexible GVG motif, which

reduced the toxicity for Pin2 but had no effect on the toxicity of Smp24 while reducing

the antimicrobial efficacy (137).

After the full insertion of Smp24 the primary helix is oriented almost in parallel to the

bilayer surface. Using solid state NMR with oriented bilayers and N15 labelled peptides

the orientation of many antimicrobial peptides in bilayers have previously been

investigated. There is a broad consensus that for amphiphilic peptides such as Smp24,

the peptide helix will be oriented in parallel with the bilayer at low peptide to lipid

ratios. Some peptides such as PGLa have been shown to change into a more tilted

state when the peptide to lipid ratio is increased, but as the base simulations were

done at a very low peptide to lipid ratio, the observation of the in-plane orientation is

expected (13, 190, 191, 201-203).

Some helical tilt can come from helical kinks such as with the peptide CAMA which has

two helical regions separated by a GIG hinge. Both helical domains are tilted at about

20 degrees from the bilayer plane but if taken together, the overall orientation of the

peptide is in parallel to the bilayer (204). This effect can also be seen for Smp24 in

figure 5.7A and can explain some of the variation seen in the helix-bilayer angle as only

the primary helical region is considered for these calculations.

Rei�ter et al have directly compared peptide bilayer orientation obtained by solid state

NMR and MD simulations for 3 different helical AMPs. While they did find systematic

differences in the rotation angle of the helix, the tilt angle between the peptide and

bilayer were almost identical, all being about 6-11 degrees from the bilayer plane

(205). Other authors have also found good consistency between the tilt angles from

MD simulations and experimental methods (190, 202).

Thus, the orientation of the helical region of smp24 found in the DOPC:DOPG

simulation is in good agreement with what has been observed for similar peptides

both experimentally and in silico.
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Overall, the predicted inserted structure of Smp24 based on the MD simulations has

both some aspects that are consistent with most similar sized AMPs and some that are

more unique. The unique parts of the structure could potentially be avenues for

improving the properties of Smp24 compared to other peptides, but the lack of

homology with other peptides could also indicate that they are not critical for the

antimicrobial activity.

5.2.4.2 Interactions between Smp24 and the bilayer:
The second aspect in which the equilibrium state was analysed was regarding the

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

interactions that thermodynamically pushes the equilibrium towards the inserted

state, a key step in the process towards the membrane disruption. Therefore, it is

crucial to understand which underlying forces drive the interactions and which parts of

the peptide are involved.

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

Simulation

name

bcg24_1

bcg24_2

bcg24_3

Average

negative

bilayers

Van der

Waals

energy

-158.379

± 11.984

-158.159

± 13.887

-156.655

± 15.107

-157.731

± 0.766

Electrostatic

energy

-406.273 ±

19.321

-416.964 ±

19.799

-407.661 ±

20.622

-410.299 ±

4.747

Polar

solvation

energy

373.265 ±

16.237

383.224 ±

16.380

374.050 ±

17.427

376.846 ±

4.521

Non-

polar

solvation

energy

(Cavity)

-126.257

± 8.806

-127.211

± 10.513

-124.739

± 10.915

-126.069

± 1.018

Non-polar

solvation

energy

(Dispersion)

230.808 ±

13.591

230.030 ±

15.905

229.112 ±

17.501

229.983 ±

0.693

Delta G

total

-86.835 ±

10.343

-89.080 ±

10.958

-85.893 ±

11.465

-87.269 ±

1.337
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The free binding energy of the peptide-bilayer complex was estimated using the

MMPBSA method (table 5.3). As mentioned previously the MMPBSA method is best

suited for analysing the relative binding energies when comparing between two

systems, however some trends can still be analysed from a single system.

The calculations reveal that the overall binding energy is relatively consistent between

the repeated simulations. This supports the idea that a consistent equilibrium exists

and is reached in the simulations. The total binding energy is negative, so the

formation of complex is energetically favourable as would be expected. The

electrostatic energy contribution is by far the largest, however this is somewhat

balanced by a relatively high cost in the polar solvation energy. The hydrophobic

interactions are lower than the electrostatic ones but still significant even when

correcting for the non-polar solvation terms. These general observations are consistent

with what has been found for other AMPs, with electrostatic interactions consistently

being shown to play a greater role than hydrophobic interactions for the overall

binding energy (119, 125, 126, 172).

Since the electrostatic interactions were the main energy contribution, the formation

of salt bridges between the cationic residues and phosphate groups were again

analysed using RDFs (figure 5.9). The functions show that after insertion all the

positively charged residues are involved in electrostatic interactions with the

phosphate groups, which explains the high electrostatic energy contribution. This is

contrary to what was observed during the insertion process where the two lysine

residues near the C-terminal did not form consistent interactions. The interactions

based on the N-terminal amine are still the most consistent of all the electrostatic

interactions. The position 7 lysine now seems to form the least consistent interactions

out of all the lysine residues, while it was one of the most consistent in the previous

stages of the insertion.

These shifts in the RDF profiles indicate that the importance of the location of the

lysine residue is not the same during the insertion process and the fully inserted stage.

While the positioning of the lysine residues on the correct side of the helix is important

in both stages, during the insertion positioning nearer the N-terminal seems to be

132



facilitate more consistent interactions. However, after the full insertion this is no

longer the case. At this stage the increased positional flexibility of the lysine residues

on the tail region might allow for the formation of more consistent interactions

relative to the more inflexible positions of the lysine residues on the helix. The

orientation of the inserted helix is based on what is optimal for all the helical residues

as a total, which might make it such that the lys7 residue is not positioned optimally to

consistently form interactions.

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). A = 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�[s mechanism of action follows a stagewise mechanism

(initial interaction, surface accumulation, insertion and membrane disruption) a key

indication would be that the fully inserted state is more energetically favourable than

the surface associated state. If the energy saved upon the peptide-bilayer complexes

are fully inserted > surface accumulated > initial interaction the cascade would be

driven towards the membrane disruption. Based on the MD simulations this seems to

be the case. Firstly, in all three simulations full insertion is eventually achieved,

demonstrating the feasibility of the cascade at low peptide conditions. Secondly,

hydrophobic interactions have a significant impact on the binding energy of the fully

inserted complex, interactions which must have been much smaller in the earlier

stages of the peptide-bilayer association due to the different orientation and position
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of the peptide. Lastly, even though electrostatic interactions seem to be the main

driving force in the earlier stages, at least for the configurations observed in the MD

simulations more residues can contribute to the electrostatic interaction after the full

insertion of the peptide.

5.2.5 Influence of membrane composition on insertion, structure and selectivity

In order to understand the SMR for AMPs it is not only important to understand which

forces drive the mechanism but also which can inhibit it. As the target for activity and

toxicity in both cases is the cell membrane, understanding the mechanisms behind the

selectivity is necessary for improving the properties of the peptide. Therefore, the

insertion process and equilibrium state were also investigated with a neutral bilayer

mimicking the eukaryotic membrane, to highlight where differences are observed

relative to the base model.

5.2.5.1 Insertion of Smp24 in DOPC:DOPE bilayers:
The insertion of Smp24 into the neutral DOPC:DOPE bilayers share some similarities

with the DOPC:DOPG bilayers, but also some major differences. The relevant time

frames for the insertion process are summarized in table 5.4.

Table 5.4 Breakdown of Smp24 DOPC:DOPE bilayer models.

Simulation

name

bce24_1

bce24_2

bce24_3

Overall

Insertion

level

Full

Partial

Full

Initial lag

period

0-101

0-389

0-93

N-terminal

inserted

101-424

389-465

93-100

Full

insertion/ro

tation

424-490

460-475

100-190

Inserted

490-980

475-500

190-500

In general, the initial lag period was somewhat longer compared with in negative

bilayer, which is likely due to the extra layer of positively charged lipid headgroups

which inhibited the insertion of the cationic N-terminal. This increased lag time before
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significant structure stabilizing interactions between the peptide and the bilayer could

be established also lead to some degradation of the helical structure of the peptide in

some of the simulations (data not shown). Only in simulation bce24_1 did the peptide

achieve a structure/configuration completely equivalent to the structures observed

with the negative bilayer. Contrary, in the bce24_2 the peptide did not achieve a full

insertion below the phosphate lipid groups.

5.2.5.2 Position of Smp24 inserted into the neutral bilayer
A much greater variation in the density profiles is seen with the DOPC:DOPE bilayers

compared with the base models (figure 5.10). However, this is to be expected when

taking the differences in secondary structure into account.

The bce24_2 simulation only achieved a partial insertion and that is clearly reflected in

the density profile. The peptide is mainly located around the lipid headgroups, and a

large part of the peptide is still above the bilayer. The residues normally making up the

primary helical region span the entire peptide profile, clearly indicating the lack of

structure.

Bce24_1 and bce24_3 have more comparable density profiles. The position of the

primary helical regions is slightly higher than in the DOPC:DOPG bilayers, but still in the

same overall region. The secondary helical region and tail region in bce24_1 both seem

to be somewhat lower than in the DOPC:DOPG bilayer models, but this observation is

not consistent with the bce24_3 simulation. However, in all the DOPC:DOPE

simulations the tail region seems to adopt a narrower distribution compared with the

other bilayer and in the bce24_1 simulation the tail does not extrude into the water

phase.

Compared to the DOPC:DOPG bilayer simulations, the structural variation of Smp24

inserted in the DOPC:DOPE bilayers is much greater. It is possible that further

equilibration of the inserted state could lead to a more consistent outcome if one

specific configuration is more energetically favourable, but this would require a much

longer simulation time. However, for direct comparison with the DOPC:DOPG

structures only bce24_1 will be used as the secondary structure of the inserted peptide

is stable and the structural regions are consistent with what is observed in the

DOPC:DOPG bilayer simulations.
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Regarding the peptide positioning in the DOPC:DOPE bilayer there are two important

things to note. Firstly, the primary helical region is not as deeply inserted as in the

DOPC:DOPG bilayer. Secondly, although the position of the tail region is not consistent

between the simulations, in all cases the density distributions are tighter than for the

DOPC:DOPG bilayers. This is an indication that the tail region also behaves differently

depending on the lipid headgroups, potentially due to an increased ability of the last

two anionic residues to interact with the lipid headgroups. If such interactions occur,

they would somewhat limit the flexibility of the of these residues which otherwise

have the highest flexibility in the entire peptide. This could also explain the lower

moment to moment variation seen in both the peptide size and RMSD. Thereby there

are two aspects in which the position of the peptide in the neutral bilayer deviates

from that in the negative bilayer, both of which could 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-axes. A = 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 composition on peptide-bilayer interactions
A clear difference in the relative binding energies can be seen between the two types

of bilayers. The average binding energy between Smp24 and the neutral bilayer is

significantly lower than with the negative bilayer (table 5.5). Even the most favourable

Smp24 DOPC:DOPE bilayer complex (bce24_1) is still around 40% lower than with

DOPC:DOPG bilayers.
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A closer look reveals that the major difference is related to the electrostatic

component of the binding energy which is more than 4 times smaller in the

DOPC:DOPE bilayers. However, the large differences in the electrostatic energy are

somewhat balanced by a correlated change in the polar solvation energy. The

hydrophobic interactions are also on average slightly reduced in the DOPC:DOPE

bilayers, but the difference is minor compared with the electrotactic energy and

overall not significant. The bce24_2 simulation deviates by far the most from the rest,

but this can be explained by the peptide only achieving a partial insertion in this

simulation. The superficial association of the peptide with the bilayer significantly

reduces the hydrophobic interactions but the electrostatic energy is similar to the

other DOPC:DOPE simulations.

Taking together the differences in the electrostatic interaction energy + polar solvation

energy vs the Wan der Vaals interaction energy + non-polar solvation energy for the

DOPC:DOPG models compared with bce24_1, the polar effects contribution to the

overall binding energy difference is still almost 5 times greater than the non-polar

effects.

The small difference in the Wan der Vaals energies between the two bilayer models

could be explained by the slight reduction in insertion depth of the primary helix

observed in the DOPC:DOPE bilayer, limiting the interactions between the hydrophobic

residues and the bilayer acyl chain. However, bcg24_2 also shows a slightly reduced

insertion depth compared with the other DOPC:DOPG models, but no reduction in the

Wan der Vaals energy is observed. Thus, no clear correlation between insertion depth

and Wan der Vaals energy can be seen. Thereby the MMPBSA calculations overall

strongly indicate that the selectivity at this stage is based on electrostatic interactions.
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Table 5.5 Breakdown of the free binding energies for the Smp24 bilayer complexes. All values
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

name

bce24_1

bce24_2

bce24_3

Average

neutral

bilayers

Van der

Waals

energy

-152.837 ±

12.721

-61.716 ±

18.101

-148.569 ±

16.724

-121.041 ±

41.985

Electrostat

ic energy

-86.366 ±

21.471

-60.134 ±

15.607

-56.942 ±

16.943

-67.814 ±

13.183 *

Polar

solvation

energy

82.472 ±

17.064

55.703 ±

13.422

59.131 ±

14.956

65.769 ±

11.894 *

Non-polar

solvation

energy

-124.948 ±

11.186

-56.719 ±

15.606

-117.596 ±

12.839

-99.754 ±

30.578

Energy

dispersion

229.429 ±

16.910

108.958 ±

25.807

218.056 ±

20.356

185.481 ±

54.309

Delta G

total

-52.250 ±

9.977

-13.908 ±

9.982

-45.920 ±

11.552

-37.359 ±

16.783 *

To further investigate the differences in the interactions a per-residue decompositional

energy analysis was done, comparing the average values for all the DOPC:DOPG

simulations with the bce24_1 simulation. With this method the energy contribution of

individual residues can be compared to identify if specific individual residues have a

greater contribution to the selectivity than others (figure 5.11).

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

negative bilayer simulations with the bce24_1 simulation. Blue = negative bilayer, red =

neutral bilayer. The difference between the two figures is only the y-axis scale.
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This breakdown again highlights that the main driving force for the interactions

between the peptide and both bilayers come from the positively charged residues.

However, multiple clear differences can still be seen between the two bilayer types.

While the positively charged residues still form strong interactions with the neutral

bilayer, they are much smaller than with the negative bilayer as was expected based

on the overall MMPBSA calculations. The interactions facilitated by the more

hydrophobic residues are much closer between the bilayers, with some residues like

leu16 even showing slightly higher interactions with the neutral bilayer but this could

also be due to variation.

The most significant difference relates to the negatively charged residues Asp23 and

Ser24. While these residues are relatively large contributors to the binding with the

neutral bilayer, they seem to inhibit the interactions with the negative bilayer. The tail

region overall seems to have a much greater relative contribution to the interaction

with the neutral bilayer, likely due to the negatively charged residues being able to

interact with the PE headgroups. In addition, the positively charged lysine residues on

the tail region also seems to have relatively increased energy contribution compared

with the other lysine residues when interacting with the neutral bilayer. This difference

in how effective the tail lysine residues are based on the lipid composition could be a

downstream effect of the increased interaction between the bilayer and the anionic

residues. In the case of the negative bilayer the anionic residues cannot form

consistent interactions with the lipids so instead they might form intermittent

interactions with the cationic residues of the tail region. Such intermittent interactions

could on average lead to the reduced relative energy contribution.

Based on these observations, the tail region seems to have a negative impact on the

selectivity at this stage. However, this is likely very dependent on the specific

composition of the bilayer/membrane. In the simulations the key differentiating factor

seems to be the inclusion of the PE lipids in the neutral bilayer. However, this lipid type

is not unique to eukaryotic cells. Many Gram-negative species such as E. coli contain a

significant amount of PE lipids (206), so in these cases the tail region might also be

important for the antimicrobial 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. A = bce24_1, B =
bce24_2, C= bce24_3. Black = N-terminal, red = Lys7, green = Lys11, blue = Lys21 and yellow =
Lys22.

The consistency of the salt-bridge formation was also investigated using RDFs (figure

5.12). For bce24_1 and bce24_3 the RDFs are comparable with DOPC:DOPG models

and in both cases mainly deviate by greatly reduced interactions at the N-terminal.

Otherwise, most of the lysine residues still form relatively consistent interactions

except for lys21 in bce24_3.

The bce24_2 simulation deviates greatly from the others showing interactions only for

the N-terminal, lys7 and lys22 but this can be explained by the lack of secondary

structure and reduced insertion depth.

In addition to evaluating the difference in the electrostatic interactions based on the

salt bridge formation, the average number of hydrogen bonds formed during the

equilibrium state were also calculated (table 5.6). In most of the simulations a lower

average number of hydrogen bonds is achieved between the peptide and the neutral

bilayer, although overall the difference is not significant. The exception is bce24_1

which reaches a similar level as the DOPC:DOPG bilayers but with a much greater

degree of variation.

Taken together with the per-residue MMPBSA analysis it seems that the difference in

the electrostatic energy component is more related to the strength of the charged

interactions rather than an overall 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

bcg24_1

bcg24_2

bcg24_3

Average negative

bilayers

bce24_1

bce24_2

bce24_3

Average neutral

bilayers

Average number of

hydrogen bonds

(inserted)

8.855 ± 2.418

10.049 ± 2.431

8.585 ± 2.234

9.163 ± 0.636

9.746 ± 3.841

6.861 ± 2.501

7.619 ± 2.689

8.075 ± 1.222

When comparing the totality of the simulations, a clear trend can be seen that the

selectivity occurs throughout the entirety of the peptide-bilayer interactions, and it is

mainly driven by differences in the electrostatic interactions. These observations are

consistent with experimental results from several different methodologies, showing

lipid dependency both during binding (liposomal leakage assays) and during pore

formation (AFM) (58). The selectivity is both expressed on a molecular level where

important binding points are shielded from the peptide and on a broader

thermodynamic level where the interactions are less energetically favourable.

While lipid dependent differences in the membrane disruption have previously been

shown (58), the early stages of the mechanism of action before the membrane

disruption also seems to be crucial for the endpoint selectivity.
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5.2.6 Concentration dependent effects on the bilayer biophysical properties

The previous sections of the simulations have mainly focused on how the peptide is

affected by the bilayer. However, bilayers are dynamic macromolecular structures

which can readily respond to changes in their environment. The insertion of the

peptide into the leaflet of the bilayer will to some extent affect both the local and

macroscopic structure of the bilayer as the peptide takes up space between the lipids.

Any macroscopic changes to the bilayer�[s properties could be difficult to identify based

on the base model only, since the peptide to lipid ratio is relatively low. A clearer

indication of any effects would be if concentration dependent changes to the

properties could be observed by increasing the peptide to lipid ratio.

Simulations were done at three different peptide to lipid ratios in addition to one

simulation of only the bilayer and serval bilayer related properties were explored.

The area per lipid (APL) and membrane thickness are two measurements related to the

macroscopic structure of the bilayer. Both of which were affected by the insertion of

the peptides in a concentration dependent manner (table 5.7). The increasing peptide

to lipid ratio led to a reduction in the bilayer thickness and an increase in the APL.

The increase in the APL can be somewhat counterintuitive. While the average area

each lipid takes up is greater after the peptide insertion, it does not necessarily mean

that all the lipids are more spread out. In the top bilayer leaflet where the peptides are

inserted space between the lipids will be taken up by the peptide causing the total size

of the bilayer to expand. The bottom bilayer leaflet will at least to some extent match

this expansion to ensure the integrity of the bilayer core is retained, causing a

relatively straight forward increase in the APL for that leaflet.

The behaviour of the lipids in the top bilayer leaflet is more complex. Some of the

lipids will be pushed together while others will have a large direct distance between

them due to being separated by the inserted peptides. However, this amounts to an

increased APL for the leaflet and the bilayer as a whole.

The macroscopic changes to the top leaflet of the bilayer can also have indirect effects

on the properties of the peptides. One such property could be the ability for the

peptides to move around in the lateral plane of the bilayer. The lateral diffusion

constant for the peptides were estimated for the different bilayer systems showing a

concentration dependent decrease as the peptide to lipid ratio is increased (table 5.7).
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This suggests that as more peptides are inserted into the bilayer their ability to move

around becomes highly restricted.

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

name

mbcg_0

mbcg_4

mbcg_9

mbcg_16

Peptide:lipid

ratio

na

1:144

1:48

1:32

Area per lipid

(nm2)

0.696 ± 0.006

0.707 ± 0.006

0.736 ± 0.007

0.758 ± 0.006

Bilayer

thickness (nm)

3.797 ± 0.029

3.789 ± 0.030

3.752 ± 0.030

3.711 ± 0.029

Lateral peptide

diffusion

constant (10-7

cm2/s)

na

1.52 ± 0.52

0.99 ± 0.37

0.32 ± 0.26

Another key indicator for if the structure of the bilayer is changing due to the peptide

insertion is the lipid acyl chain order parameters (figure 5.13). These order parameters

are calculated for each carbon atom in the lipid's acyl chains based on the orientation

of the C-H bond relative to the bilayer normal. If the structure or order of the lipid

chains changes the lipid acyl chain order parameters will also shift for the affected

parts of the chains.

No differences could be seen between the bilayer only simulation and the lowest

peptide to lipid ratio, however as more peptides are added the lipid order starts to be

affected. A small increase in the order parameters could be seen for the top of the lipid

chains but the main effect is a concentration dependent reduction in the order for the

lower half of the lipid chains, indicating the orientations of the lower part of the lipid

chains shifts due to the presence of the peptides.
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Figure 5.13 Deuterium order parameters of the multi-peptide simulations. A = sn1 chain, B =
sn2 chain. Black = mbcg_0, red = mbcg_4, green = mbcg_9, blue = mbcg_16.

All the different macroscopic effects on the bilayer are likely linked to the molecular

level changes to the lipid structure that they need to make in order to adapt to the

inserted peptides. When the peptides are inserted into the leaflet, the lipids are

pushed apart leading to the increase in the APL. To retain the integrity of the

hydrophobic lipid core, some of the lipid chains need to bend underneath the peptides

as the peptide does not extrude all the way to the centre of the bilayer. This causes the

change in the order parameters of the lower half of the acyl chains. Lastly, with some

of the lipid chains adapting a less straight configuration, the overall thickness of the

bilayer will be reduced.

Changes to the properties of the bilayer/membrane such as thinning have been shown

for other AMPs before and been linked to membrane disruption.

Grage et al. found that amphiphilic AMPs such as Magainin 2 and BP100 caused

concentration dependent changes to the deuterium order parameters, increased the

APL and reduced the membrane thickness of DMPC bilayers when investigated using

solid state NMR (207).

Chen et al. have investigated the relationship between membrane thinning and the

transition of the AMPs from a surface parallel to a transmembrane like state. They

hypothesise that the peptide induced membrane thinning could make it more

favourable for the peptide to transition to an orientation indicative of toroidal pore

formation (208).
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5.2.7 Modelling of pore associated configurations of Smp24

As the experimental results indicate that the formation of toroidal pores is one of the

most consistent ways that the peptide induces membrane disruption, understanding

how the structure of the peptide adapts to the pore could give insight into how the

peptide stabilises the pore structure. Simulations were first done at a low peptide to

lipid ratio to investigate how an individual peptide could interact with a preformed

pore in an unrestricted way.

Throughout the three simulations two different pore-associated peptide

configurations were observed, where in both cases the peptide positioned itself at the

interface between the pore and the rest of the bilayer. In the first configuration (figure

5.14A) the peptide is oriented with the N-terminal towards the centre of the pore. The

primary helical region is positioned along the top of the pore lumen and thus to follow

the higher curvature of the bilayer in this region it adopts a higher tilt angle (30

degrees relative to the bilayer surface) compared with the normal orientation of the

helix in the non-pore bilayer. The secondary helix is positioned further away from the

pore where the bilayer curvature is less extreme and thus adopts a lesser tilt angle (10

degrees relative to the bilayer surface), more in line with the normal orientation. The

trp2 residue is inserted the deepest within the pore, with an average position around

0.6 nm above the bilayer centre. In the second configuration (figure 5.14B) the helical

regions of the peptide are positioned in reverse. As such the secondary helical region is

now the one oriented towards the centre of the pore. Therefore, it is the secondary

helix that adopts the higher tilt state (-25 degrees relative to the bilayer surface), while

the primary helix is only tilted slightly (-6 degrees) compared with the normal

orientation. In this configuration the leu16 residue was inserted the deepest at an

average position of around 0.85 nm above the bilayer centre.

In both cases the tail region seems to behave relatively independently from the

membrane pore, while the helical regions facilitate the positioning and orientation

between the peptide and the pore. As such, due to the difference in the position of the

secondary helix in the two configurations the tail region is also positioned very

differently. In the A configuration the tail region is positioned the furthest from the

pore itself and therefore likely has very little influence on the pore structure. In the B

configuration the transition from the helical to unstructured regions starts almost in
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the centre of the pore giving the tail region a much better opportunity to impact the

pore. However, the interactions still seem to be relatively minimal. In the configuration

shown in figure 5.14B the tail is positioned in the solvent phase above the pore, while

in other examples it is positioned above the peptide�[s helices. The overall

inconsistency in the position and orientation of the tail indicates that its role in the

peptide-pore assembly structure is minimal compared to the helical regions.

Throughout the 3 simulations (combined 1.5 µs simulation time) the peptide spent

approximately 150 ns in the A configuration, 720 ns in the B configuration and 630 ns

in configurations not associated with the pore. The A configuration only occurred in

one simulation where the pore nucleation site was close to the N-terminal of the

peptide whereas the peptide transitioned to the B configuration at some point in all

three simulations.

Two key observations can be made from the peptide-pore configurations. Firstly, a key

property of the configurations that peptides adopt is that they allow the helical regions

to align with the increased curvature of the pore interface. This ability is to a large

extent driven by the inclusion of the kink between the two regions allowing the overall

shape of the helix to be bent. However, with the singular flexible point the alignment is

not perfect. This might explain why the B configuration is more commonly found. In

the A configuration the larger inflexible primary helix is positioned further within the

pore lumen where the curvature is the greatest, with the kink itself being positioned

right at the interface between the pore and the rest of the bilayer. However, in the B

configuration the lumen position is taken up by the secondary helix and thus the kink is

also positioned within the high curvature region itself. This allows the helical regions to

adapt and have an overall curve that better aligns with the pore and is likely slightly

more favourable.

The second key observation was that at no point does the peptide adopt a fully

transmembrane configuration where it is oriented tangentially to the bilayer surface or

is positioned with parts of the peptide going through both sides of the pore. The

peptide seems limited to being positioned at the top half of the pore lumen, which is

also consistent with previous experimental observations using AFM (58). This might

again be related to the shape of the helical regions. The long-helix short-helix motif
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seems to be better suited to align with the upper or lower half of the pore lumen

where the curvature is uneven at each side of the kink. If instead the kink was

positioned more centrally within the overall helical region an orientation more central

in the lumen might be more plausible.

Figure 5.14 3D models of the two pore associated configurations seen for Smp24 in the
long_pbcg_1-3 simulations. A) 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 whether the lack of a transmembrane peptide configuration was

due to it being unfavourable or due to kinetic limitations of the simulation timeframe,

several more extreme insertion configurations were induced. The peptide was pulled

down deeper into the pore lumen at three different levels, starting from either of the

previously described configurations. The centre of mass relative to the Z-axis was

evaluated over a 50 ns period to investigate if the peptide would stay in the more

extreme positions or transition back to the original configurations (figure 5.15).

At the lowest level of pull (figure 5.15 A and D), the positions were more or less the

same as they were in the unrestricted simulations. While the 3D positions of the

peptides were locked during the equilibration step after the pull, the position of the

bilayers were not. It seems that the bilayer/pore itself quickly adapted to the slightly

deeper insertion peptide insertion level and as such when the unrestricted simulation
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started the peptide was basically already posited as previously observed. Both starting

positions were relatively stable, although for the configuration with the primary helix

positioned towards the pore the peptide did eventually move away from the pore after

about 30 ns.

In all the remaining cases where the peptides were pulled further down the pore

lumen, the peptide relatively quickly moved away from the extreme starting position.

For the configurations where the primary helix was inserted the deepest within the

pore (figure 5.15 E and F), the peptide ended up reaching a state where both the

primary and secondary helix were positioned in same plane indicating that the peptide

was no longer associated with the pore. In the cases where the peptide started with

the secondary helix positioned the deepest within the pore (figure 5.15 B and C), the

peptide either transitioned to the previously described pore associated configuration

or to an unassociated configuration.

These observations indicate that the lack of a true transmembrane peptide

configuration in the unrestricted simulations was not just due to the limited simulation

time. The deeply inserted configurations did not seem to be very stable supporting the

previous observations related to the peptide�[s shape. Other factors such as the pore

size could also impact the stability of the deeply inserted configurations, but a larger

pore would be difficult to induce 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 experimental results have indicated that the Smp24 induced membrane

disruption follows a threshold-based behaviour, the peptide-pore assembly structure

was also investigated at a higher peptide to lipid ratio. To achieve this, a pore was

induced into the endpoint of the mbcg_16 simulation containing 16 inserted peptides

in a 14.2 nm2 bilayer. This allows for the visualization of a slightly larger pore with

multiple peptides associated with it and it occurs at a much higher peptide to lipid

ratio (1:32 vs 1:144). This ratio is within the level needed to observe pore creation in

vitro for other AMPs such as melittin (209). As the simulation of the larger system is

much more computationally expensive, the simulations were only done over 100ns but

instead 5 repeats were done with independent pore formation.

As in the single peptide simulations most of the peptides adopted either a

configuration associated with the top of the pore lumen or one completely
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independent of the pore. The number of peptides associated with the pore at the

endpoint of each simulation ranged from 4 to 5, with 33% being in the A configuration,

58% in the B configuration and 8% adopting a more sideways facing configuration.

However, while the peptide configurations in the multi-peptide setup broadly align

with what was observed with the single peptide, in some cases the position and

orientation of individual peptides were more extreme. In all the simulations, 1-3 of the

peptides adopted a deeper inserted position with part of the peptide reaching below

the centre of the bilayer at some point in the simulation (figure 5.16). In addition, to

accommodate the new positions of the peptides within the pore more tilted

orientations of the helical regions were also observed. Both types of the previously

described pore-associated configurations were observed to be able to transition to this

greater inserted state, although the specific 3D structure, position and orientation of

the peptide was more variable between different instances of this new state.

The A configuration (figure 5.16A) was not too dissimilar to the single peptide

configuration with the tilt of the primary helix just increasing by up to a further 20-30

degrees. The secondary helix was still mostly positioned at the interface between the

pore and the rest of the bilayer.

However, for the B configuration (figure 5.16B) the deeper insertion meant that the

primary helix now also was placed within the pore lumen and thus had to adopt a

much steeper tilt angle in order to align with the bilayer curvature, varying greatly

depending on the specific position.

The relatively similar position and orientation of the primary helix might explain why

both configurations can transition to the more deeply inserted states. With its large

size and central position in the pore the inflexible primary helix is in both cases the

main contributor to the peptide-pore structure. This is further supported by the

behaviour of the secondary helix. In the cases where the primary helix is in an extreme

orientation the kink between the secondary helix is often much less pronounced,

especially when the secondary helix is positioned the deepest within the pore lumen.

Thus, in these cases the behaviour of the two helical regions is closer to how a single

contiguous helical region would act, placing less importance on which end is inserted

the deepest.

This is also in agreement with the previous observation that the position of the kink
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within the helical region seem more suited to allow the peptide to align with the

curvature at the top of the pore lumen rather than the middle of the pore.

The investigation of peptide-pore structures of AMPs using MD simulation has been

done for several different peptides using different approaches. The most similar

overall peptide-pore structures were found by Marrink and colleagues investigating

the pore formation of both the Magainin analog MG-2H and melittin. Spontaneous

pore formation was achieved due to the use of a high temperature, short chained

lipids, a high peptide to lipid ratio, close positioning of the peptides and potentially

aided by a lack of counter ions in the system. The observed peptide-pore structures

are consistent with what was found for Smp24, with one or two peptides located near

the centre of the pore lumen while the rest remains bound close to the mouth of the

pore. A high degree of variation was seen between the different pore associated

peptide configurations in terms of their position and orientations. The authors suggest

that this behaviour is not well described by the traditional toroidal pore model where

it is assumed that the pore is cylindrical with the peptides positioned between the lipid

headgroups in a transmembrane/perpendicular orientation. Instead, a disordered

toroidal pore model is more accurate where the shape of the pore and

position/orientation of the peptides is more variable with only a fraction of the

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

However, other studies indicate that the behaviour of melittin is different. Sun et al.

found that unconstrained melittin peptides gradually moved down into the pore lumen

of a preformed pore, created via induced lipid flip-flop. The peptides adopted

transmembrane/perpendicular configurations within the centre of the pore lumen as

would be expected by the traditional toroidal pore model. Removal of the peptides

from the pore lumen led to a rapid closure of the pore indicating that the peptide-pore

assembly had a strong stabilising effect (132). Like for Smp24 the inclusion of a proline

residue in the helical region of the peptide allowed it to better align with the pore

curvature. However, unlike Smp24, melittin's proline residue is located at the centre of

its helical region which could explain the difference in the preferred pore associated

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 the pore simulations is what causes the peptide to be able to

transition to the more extreme inserted configurations as the peptide to lipid ratio is

increased. If the peptides had formed an ordered peptide-pore assemblies one might

have expected that a certain number of peptides would be needed to form the

structure, however the disordered nature of Smp24�[s peptide-pore structures suggest

that this is not the case. Some AMPs like Magainin 2 and PGLa have been shown to

synergistically interact with each other through specific charged interactions between

the two peptides. These interactions help PGLa to transition into a more consistent
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configuration positioned deeply within the pore lumen and are, as such, an example of

how peptide-peptide interaction can change the peptide-pore structure (191, 203).

However, no consistent direct interactions could be seen between the Smp24 peptides

and even when the peptide adopts one of the more extreme configurations the

surrounding peptides are not positioned within the range needed for the formation of

strong interactions between them.

However, one aspect that the increase in the peptide to lipid ratio would affect is the

general properties of the bilayer. As mentioned previously, the insertion of the

peptides changes the structure of the bilayer leading to macroscopic effects such as an

increase in the APL. While the macroscopic changes affect the bilayer as a whole, on a

molecular level the direct effect occurs in the top leaflet where the peptides are

inserted. The effect on the bottom leaflet is more secondary as the changes are due to

it adapting to the structure of the top leaflet. Thus, a mismatch occurs between the

ideal macroscopic properties of the two leaflets, with the top leaflet, for example,

ideally wanting to take up a larger overall area to accommodate for the inserted

peptides, while the bottom leaflet still wants to retain the original dimensions.

The addition of a pore in the bilayer represents a bridge between the two leaflets

changing the dynamics of the system. Lipids can transition from one leaflet to the

other by moving through the pore lumen at a much lower energy cost than through

lipid flip-flop that would be required in the intact bilayer. Thus, the difference in the

properties between the two leaflets can relatively easily be equilibrated over the

duration of the pore simulations.

The movement of lipids between the two leaflets over time was investigated by

calculating the density of each lipid species in the bottom leaflet over 1 ns time

intervals (figure 5.17). Two key trends can be observed. Firstly, de-mixing of the DOPC

and DOPG lipid occurs. The negatively charged DOPG lipids were affected by the

electric field running across the bilayer, leading to them consistently moving from the

top leaflet to the bottom. To retain the integrity of the bilayer the neutral DOPC lipids

that are less affected by the electric field move across the leaflets in the opposite

direction. For the simulations with a single peptide the lipid movements result in an

overall wash where the combined lipid density in the bottom leaflet stays relatively

stable throughout the entire simulation. However, this is not the case for the
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simulations at a higher peptide to lipid ratio. The general DOPC, DOPG de-mixing

behaviour is still present although it seems to occur at a much slower rate. This is likely

an artifact of the evaluation method as with the larger bilayer more lipids would need

to transition in order produce the same change in the density. The key observation is

that the combined lipid density of the bottom leaflet does not stay stable through the

simulation but instead gradually increases especially doing the first 30 ns of the

simulation. Until around 90 ns of simulation time have passed, the density of the DOPC

lipid is even increased in the bottom leaflet. Thus, in these simulations a net

movement of lipids from the top leaflet to the bottom leaflet occurs.

The different behaviour of the two systems can be explained by the increased number

of peptides inserted into the top leaflet. These peptides affect the properties of this

leaflet and cause the need for some lipids to transition to the bottom leaflet in order

to establish an equilibrium between them. This behaviour of the lipids could be part of

the explanation for why the peptides can transition into the more extremely inserted

configurations at the higher peptide to lipid ratio. Combined with the previous

observation that the ability for the peptide to move throughout the bilayer is inhibited

at a higher peptide to lipid ratio, the peptides interacting with the moving DOPG lipids

could be forcing or pulling them down further into the pore lumen. Thereby deeper

peptide insertion would be expected even if the new peptide-pore structures

themselves are not intrinsically more favourable. The lower peptide diffusion rate and

physical interference from other nearby peptides adapting more favourable peptide-

pore configurations could greatly inhibit the ability of the inserted peptide to move out

of the pore lumen, forcing the pore to stay open for longer.

Other authors have also found indications that the asymmetric effect the peptides

have on the bilayer leaflets plays a key role in the pore formation such as by inducing

tension leading to a difference in the equilibrium area for each leaflet also leading to

redistribution of lipids away from the 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 simulations. A =
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 peptide-pore structures and behaviour observed in the MD simulations correlates

well with the toroidal pore associated results from the patch clamp experiments. The

lack of a consistent favourable transmembrane peptide configuration explains why not

all pore openings lead to a transition from the unsupported spike events to the longer

multilevel events. Instead, the peptide prefers to be positioned around the top of the

pore lumen only providing limited stability to the pore structure and therefore leading

to rapid closer seen as spike events.

The simulations also suggest that the transition to peptide configurations which likely

provides improved pore stability is very dependent on the local bilayer environment.

As the deeply inserted peptide configurations are not based around one single highly

favourable configuration a great deal of variation and disorder dominates even the

stabilised pore structures. This leads to the large variation in the conductance levels

and life spans of the multilevel events.

On a molecular level the transition from the unsupported to supported pore is

random, likely needing the peptides to be positioned in such a way that multiple of

them achieves a deeper insertion level and others around them restrict them from

moving out of the pore lumen. However, the chances of this occurring should increase

with the local peptide concentration as imbalance between the properties of the top

and bottom leaflet would be greater and more peptides could be incorporated in the

disordered assembly and interface area.
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5.2.8 Use of MD simulations to investigate the mechanism of action of AMPs

The complexity of the mechanism of action of AMPs makes it difficult to study how

they work directly during the disruption of the bacterial membranes. This challenge is

further exacerbated due to the small size of bacterial cells, limiting the use of

techniques that potentially could directly measure live cell membrane disruptions such

as such as patch clamp electrophysiology (63). Therefore, synthetic phospholipid

bilayers are often used as a model instead, as they can mimic the properties of cell

membranes, bacterial or otherwise. Synthetic bilayers have been used with many

experimental techniques such as electrophysiological measurements (184), liposomal

release (58) and binding assays (211), Q-CMD (58), solid state NMR (212) and more.

Synthetic bilayers can be used as they represent some of the most important key

features of cell membranes such as their amphiphilic structure and ability to form a

barrier which is mostly impenetrable to ions. However, compared to actual

membranes their compositions are much simpler, with cell membranes having much

greater diversity in terms of the lipid composition (206) and also contains a roughly

equal proportion of membrane proteins (213). Therefore, the use of synthetic bilayer

models relies on the assumption that even though the models are much simpler than

real membranes, they still represent the aspects of cell membranes that are the most

critical for the activity of the antimicrobial peptides. Some indications that this is the

case could be the ability of AMPs to lyse both synthetic liposomes and simple cells

such as hemocytes (137) or the similarity seen in single channel conductance events

between cell derived and synthetic patches (72, 100).

For investigations using MD simulations the reliance on several assumptions is even

more apt as one also needs to assume that the simulation of the synthetic system is

accurate to reality. The limited scale of the simulations also introduces the potential

for more faulty assumptions as shortcuts needs to be taken in the model setup such as

stating the peptide in an already helical configuration. Therefore, it is unlikely that MD

simulation will ever be able to by themself predict the more complex behaviors of

AMPs such as the overall mechanism of action. Instead, the strength of the simulations

lies in the contextualization of experimental observations. The output of biophysical

experiments often requires a lot of data interpretation to understand how the
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measurements relate to changes in the system on a molecular level. By mimicking the

conditions expected based on the experimental observations in the MD simulations

setup, predictions can be made regarding some of the more minute details allowing

the researcher to create a more complete interpretation of the original data. In the

case of this chapter, the patch clamp observations only provided information related

to the overall structure/shape of the peptide induced pore. However, given the

toroidal pore shape, the MD simulations allowed us to make some predictions as to

where the peptides might be positioned under different conditions, increasing the

detail of our models for the different pore/event types.

5.3 Conclusions

A critical aspect in the process of designing AMPs with improved properties, is

bettering the understanding of how their mechanism of action relates to the structure

of the peptide. MD simulations such as those performed in this chapter could play an

important role in this process as they allow for simultaneous prediction of both the

peptide structure and bilayer interactions on an atomic level. Simulations replicating

the conditions of mechanistic biophysical experiments could thus allow for

contextualization of such mechanistic observations with structural predictions as well.

Simulations of the interactions between Smp24 and lipid bilayers showed that the

peptide insertion potentially occurs in a stepwise fashion, driven mainly by the N-

terminal and primary helical region of the peptide. Following the full insertion, the

unique structure and physiochemical properties of the different regions of Smp24

likely both affects how deeply each region inserts within the top membrane leaflet and

how strong their interactions with the surround lipids are. Furthermore, the

interactions between the inserted peptide and the lipids also affects the overall

properties of the bilayer, with concentration dependent effects on aspects such as the

bilayer thickness, lipid chain order and the ability of the peptide to diffuse around in

the bilayer plane.

The simulations of the interactions between Smp24 and pre-formed toroidal pores

predicted that the kink motif between the helical regions of the peptide plays a key

role in the ability for the peptide structure to align with the curvature of the pore.
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However, at low peptide to lipid ratios the peptide seems to prefer to adopt

configurations near the pore interface rather than position itself deeply within the

pore lumen. The simulations indicated that this could potentially change if the local

peptide to lipid ratio around the pore is increased, as the high peptide concentration

induces a difference in the ideal properties of the top and bottom lipid leaflets causing

a net migration of lipids towards the bottom leaflet. The movement of lipids could help

pull the peptides deeper within the pore lumen while restricted peptide movement

could inhibit the ability of the peptide to leave this configuration, facilitating the

formation of a pore with an overall improved stability. Such predictions of the peptide

pore interactions could help explain why the short-lived toroidal pores observed in the

patch clamp experiments not always evolved into more stable pores.
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6. Rational design of truncated Smp24 variants

6.1 Introduction

Naturally occurring peptides such as Smp24 could form the basis for the development

of new antimicrobial molecules. These compounds can be some of the most potent

pharmacological molecules in the world due to natural optimization through millions

of years of evolution. However, the original properties of such molecules might not be

ideal for medical use. Components from natural sources such as venom are adapted

towards specific functions relevant to the animal of origin. Thus, the potency of a

venom derived molecule might therefore be stronger against cellular targets not

related to humans.

Invertebrates such as scorpions lack an adaptive immune system and therefore rely

completely on the innate immune system for protection against infections. Their

venom gland is especially at risk as it is in direct contact with the environment and

therefore can fall victim to infections from soil or prey related pathogens. Therefore,

AMPs in the venom are thought to play a dual function. Firstly, the serve to protect the

scorpion from infections via their antimicrobial properties and secondly, they assist in

the venomous action against the scorpion's prey by inducing paralysis and digestion. In

addition, the composition of scorpion venom can be very complex containing multiple

peptides, proteins, nucleotides, lipids and more. Therefore, the functions of the AMPs

can also be mediated in combination with other compounds (178).

The dual function of venom derived AMPs such as Smp24 means that their native

structure is likely not optimal for clinical use. The microbial species that the scorpion�[s

venom gland is commonly exposed to are likely not the same as are clinically relevant

to humans, their venomous activity against eukaryotic prey is undesirable and their

potential ability to interact with other components of the venom is not necessary in a

medial formulation. As such, not all residues or regions are necessarily critical for their

clinically relevant antimicrobial activity, and some might confer unfavourable

properties to the peptide.

With a more extensive grasp on the SMR of Smp24 achieved in the previous chapter,

the next logical step would be to try and apply the newly gained knowledge to improve

the properties of the peptide. This can be done by utilising rational drug design
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principles to develop novel analogs using the structure of Smp24 as the baseline

framework. With the SMR in mind, the peptide structure can be modified in a rational

manner by making specific changes which would be expected to improve the

properties of the peptide, either in relation to the mechanism of action or in general

terms related to the drug-like properties of the molecule. It would be expected that

the success rate of such analogs designed according to the SMR would be better than

analogs based on random modifications, leading to a more effective development

process.

A second logical step would also be to start expanding the SMR into a proper structure

activity relationship (SAR). This means starting to move away from simplified, synthetic

in silico and in vitro biophysical models, towards the utilisation of more physiologically

relevant in vitro models. This makes the construction of the SAR more challenging for

several reasons.

Firstly, cells (bacteria and eukaryotes) are a much more complex target than synthetic

bilayers. Both on a molecular level with a much more diverse membrane composition

containing a range of different lipid types, membrane proteins, leaflet asymmetry,

multiple membranes in the case of Gram-negative bacteria and many unique

membrane components such as cholesterol or lipopolysaccharides. All of which could

potentially greatly affect how the peptide interacts with the membrane in all stages of

the mechanism of action. Furthermore, live cells are also a much more dynamic system

than bilayers, with them growing, multiplying and responding dynamically to their

environment including the addition of drug molecules.

Secondly, the concept of the activity of the peptide is a much more difficult response

to relate to the structure. The activity is the accumulation of all the different

mechanistic processes, all of which might have completely different relationships with

the structure of the peptide. Therefore, it is impossible to directly interpret the

relationship between the structure and the activity of a peptide without comparing

different analogs with distinct structural modifications. Still, using this approach the

SAR would be very simplistic if it was not paired with mechanistic data to contextualise

the structure related changes in the activity.

The specific approach used under the guidelines rational drug design can vary

depending on the main objective of the development step. For AMPs, improvement of
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antimicrobial activity, antibiofilm activity, stability and selectivity could all be

objectives of the design of a new peptide variant. However, if the development is done

in an iterative fashion some objectives should be a higher priority earlier in the

development process. For naturally derived AMPs such as Smp24, truncation of the

structure could be an ideal first step for multiple reasons.

Firstly, shortening the size of the peptide sequence could significantly reduce the cost

of synthesising new analogs during the development process. Linear AMPs are often

produced via solid phase peptide synthesis during the development process, as it is

relatively easy and allows for seamless inclusion of different modifications. However,

as the length of the peptide increases each additional residue will reduce the yield,

increase the synthesis time and likely complicate the purification process (214). Thus,

on a limited budget a smaller peptide scaffold could mean that a larger number of

structural modifications could be explored.

Secondly, during the early stages of the drug discovery process new analogs also play a

key role in the continued process of expanding the understanding of the SMR and SAR.

The removal of residues can be a very useful tool for this purpose. Cutting out a

residue can in some instances give results that are easier to interpret compared with a

residue substitution where the residue still exists but has its properties are changed.

However, the effect of a truncation is also dependent on the position of the residue

within the sequence, so the approach must be used carefully. If truncations are utilised

both carefully and efficiently, they can allow for the evaluation of the

importance/function of an entire structural region at once, providing mechanistic or

activity-based information more closely related to the higher order structure of the

peptide.

Lastly, for the later stages of development in an iterative design process it can also be

an advantage to have a smaller more efficient peptide scaffold. Having fewer possible

modification sites can speed up the development process and further reduce the

number of new analogs that need to be designed, synthesised and evaluated. For a

larger peptide there is a greater risk of time and effort being spent on modifying

residues or regions of the peptide which in the end do not have that large of an impact

on the activity of the peptide.

Furthermore, truncating the peptide during development can also improve the

properties of the final drug candidate. A smaller peptide agent could potentially be
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improved in terms of production costs, formulation ease and in relation to its

pharmacokinetic properties.

While the primary objective of any drug design process is to improve the properties of

the drug lead in some regards, a secondary objective is also to do it as efficiently as

possible. This can primarily be done by trying to increase the success rate of the newly

designed analogs. Thereby, the total number of analogs needed to complete the

development process can be reduced, also leading to reduced synthesis cost and less

time spent on the in vitro evaluation. One of the most effective approaches for

achieving this is via computer aided drug design, leading to two key advantages.

Firstly, using computational methods potential drug candidates and analogs can be

screened against a target. This can be used to predict whether a specific molecule

would likely be active or not and thereby the number of potential drug molecules can

be narrowed down to a more manageable number for the in vitro evaluation stage.

Secondly, computer models can also be used directly in the design process.

Visualization of the 3D structure of the base molecule and analogs can help the

researcher envision the special effects of modifying the structure of a molecule. With a

rational approach to the drug design, a large degree of the process is a creative

endeavour trying to solve a complex 3D puzzle in the most efficient way possible.

Having tools to aid in this process is critical to achieving an efficient drug design

process and for exploring the large range of possibilities.

Therefore, a secondary objective of this chapter is to explore whether the MD

simulations developed in the previous chapter could be used in the computer aided

drug design of new AMPs. While the base simulation does not convey any direct

predictions related to the peptide induced pore formation, it should still be able to

produce consistent and quantifiable results related to the inserted state of the

peptides. These two factors are a critical prerequisite for the ability to use the models

to compare and evaluate different designs. In addition, several response variables such

as the insertion depth (215) and the degree of helical structure (216) could still be

potential predictors of the pore formation properties even though a direct relationship

is not established within the model itself. Lastly, it is well established that pore

formation is a concentration dependent process and therefore by optimising the

relative binding energy between the peptide and the bilayer the thermodynamic
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equilibrium could be shifted towards a greater degree of inserted peptides, indirectly

reducing the peptide concentration needed to induce pore formation.

6.2 Results and discussion

6.2.1 Selection of truncation targets

The first step of the truncation process is to identify which residues/regions of the

peptide could be a potential target for truncation or which most likely needs to be

conserved in order to retain the activity of the peptide. The most optimal approach

would be if the truncations could be performed based on the previously described

structural regions. Adopting a regional rather than a residue-based view of the peptide

would better allow for the truncation of multiple residues at a time and thus it would

take fewer steps to reach the minimum peptide size. To do this, a select set of results

from the previous chapter was reanalysed with the purpose of comparing each of the

structural regions (table 6.1). All the results were based on the period where the

peptides were fully inserted within the bilayer. The average helicity for each residue

was calculated and again averaged for the residues within each region. The mean

distance of each region to the centre of the bilayer was calculated by fitting the density

profiles using Gaussian distribution. The relative contributions to the total binding

energy were calculated based on the per-residue decomposition analysis.
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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.

Primary helix

Secondary helix

Glycine linker

Tail

Average helicity

(%)

83.84 ± 1.12

29.33 ± 14.38

1.26 ± 0.75

1.40 ± 0.29

Mean distance

from bilayer

centre (nm)

1.251 ± 0.089

1.340 ± 0.072

1.856 ± 0.009

2.544 ± 0.089

Relative

contribution to

total binding

energy with the

negative bilayer

(%)

88.62 ± 0.32

1.62 ± 0.14

0.96 ± 0.19

8.80 ± 0.16

Relative

contribution to

total binding

energy with the

neutral bilayer

(%)

51.63

5.12

3.53

39.72

Based on broadly recognized trends related to the SAR of AMPs one would expect

regions with a high helicity, deep insertion level, high energy contribution and a

selectivity towards the negative bilayer to be the most critical for the peptide's activity.

The primary helical region facilitates all these demands and is also consistently better

than all the other regions in every category, often by a large amount. This is a clear

indication that this region should as a starting point be conserved in any truncated

designs.

While the secondary helix is overall helical it is to a much lesser degree than the

primary helix. Some of this is due to the greater variability in the type of helical

structure, switching between alpha helical and 3-10 helix throughout the simulations.

Another reason is the phe17 residue which often adopts a random coil structure. The

region is positioned slightly further from the bilayer centre than the primary helix but

has a much lower energy contribution due to its smaller size and lack of any cationic

residues. The selectivity of the region is towards the neutral bilayer type as most of its

energy contribution comes from hydrophobic interactions which have a larger relative

impact on the binding with the neutral eukaryotic mimicking membrane.
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The tail region is both non-helical and positioned over 1 nm further away from the

bilayer centre than both helical regions. However, it does have a greater impact on the

binding energy than the secondary helix. Based on the chosen lipid compositions of the

two bilayer models the selectivity is strongly towards the neutral bilayer, however as

mentioned previously membranes for bacteria such as E. coli also contain a large

amount of PE lipids so in reality the tail regions effect on the selectivity might be more

complex.

Based on the previous observations, the main role of the glycine linker region seems to

be as a spacer between the highly polar tail and the amphiphilic helical regions which

need to be positioned differently in the bilayer. Therefore, values such as its helicity

and binding energy contribution are probably less important for this region. Still, it has

a low helicity, high distance from the bilayer centre, low energy contribution and low

selectivity towards the negative bilayer.

In addition to the region-based analysis from table 6.1, some general observations

from the last chapter�[s MD simulations were also considered when choosing the

truncation targets. The primary helical region seemed to play the most significant role

during the insertion process, with residues as far as lys11 taking part in the initial

stages, while the other regions did not consistently contribute. The relative position of

the residues within the region is critical, so truncating any of them could either

interfere with the initial anchoring of the N-terminal or shift the relative helical

position of the lysine residues supporting the N-terminal inserted configuration. In

addition, other residues near the N-terminal such as phe4 and ser3 also seemed to aid

in the anchoring of the N-terminal, a further indication that truncation could inhibit

insertion. The other regions of the peptide could likely be either fully or partially

truncation without affecting the insertion process greatly.

The concentration dependent effects of the peptide on the macroscopic properties of

the bilayer stemmed from the bending of the lipid acyl tails to accommodate the

helical regions of the peptide. Thus, truncating the tail and glycine linker regions not

positioned near the lipid chains would likely have a minimal influence on these effects.

In addition, due to the smaller size and reduced insertion depth the effect of the

secondary helix would probably also be smaller than that of the primary helix.
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During the stabilisation of the toroidal pores by the peptide, the primary and

secondary helical regions again seem to have the most critical role. It is these regions

that can adapt to the curvature of the pore lumen/interface providing stability to the

structure and ensuring that it stays open for a longer time. The kink between the two

regions seems important for the peptides ability to adopt its favourable pore

associated configurations at a low peptide to lipid ratio. However, at higher peptide to

lipid ratios where deeper insertion of the peptide into the pore lumen can be achieved,

the shape of the peptide indicates that the kink might be less critical. Thus, it is not

clear if the secondary helix is necessary for pore formation or not.

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

process were made:

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

avoided

- Full truncation of the secondary helix could be done

- Full or partial truncation of the tail region could be done

- Full truncation of the glycine linker region could be done if its role as a spacer

region is no longer necessary

6.2.2 Truncation design

Since multiple different truncation targets had been identified, an iterative approach

was adopted with the objective of designing the smallest active analog possible. As

such, the truncation was done in a stepwise fashion, with in silico evaluation of each

new analog before the next truncation step was applied.

Traditionally truncations would be done at one of the terminal ends of a peptide as

this does not affect the relative order of the individual residues in the primary

sequence. Truncating a region in the middle of a peptide would generally be more

complicated as it has a greater chance of impacting the properties and behaviour of

the rest of the peptide. However, truncation of the central secondary helical region

was still chosen as the first step in the truncation process. This was mainly done to aid

in the validation of the MD simulations as a drug discovery tool. If a difficult design

challenge such as the truncation of a central region can be done successfully it would
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provide greater confidence in the output of the simulations as they relate to solving

more simple challenges such as single residue substitutions.

One of the challenging aspects of this truncation was that this region represents the

transition point between the helical and unstructured parts of the peptide. Therefore,

there is a risk that removing this region could significantly affect the structure,

orientation and position of the rest of the peptide. It is therefore important that the

secondary structure and orientation of the primary helix is not disrupted by moving

the transition point. Furthermore, the position of the tail region among the lipid

headgroups should also be conserved, which again is very dependent on retaining a

correct transition between the two types of secondary structure.

To try and achieve this the truncated region of the secondary helix was shifted slightly,

removing residues 13-16 rather than residues 14-17 (residues previously designated as

the secondary helix). Cutting 4 residues removes approximately one helical rotation

which is the size of the secondary helix. The region of truncated residues was shifted

by one residue to allow for the conservation of the phenylalanine residue at the end of

the secondary helix (previous position 17, now 13).

Another key part of this truncation step was the removal of the proline residue and

thereby the kink in the overall helical region. This was done as without the secondary

helix there is no longer any need for a residue inducing a kink, at least not at the 14th

residue position.

As such the 20-residue long peptide Smp20 was created (table 6.2).

The second iteration of the truncation process focused on the tail region of the

peptide. A partial truncation of the tail region was done to eliminate the last two

residues in the sequence, the aspartic acid and the C-terminal serine. This truncation

thereby removed the two residues responsible for the unfavourable energy

contribution when binding to the negative bilayer. However, the two lysine residues

responsible for strong electrostatic interactions with the bilayer were still conserved.

This led to the creation of the 18 residue long peptide Smp18, which has an overall

charge increase from +3 to +4 compared to the previous peptides (table 6.2).

Lastly, in the final iteration the glycine linker region was truncated, cutting the peptide

down to almost just the primary helix. The tail region was also further truncated by

one of the lysine residues, with it thereby being so small that it was deemed that the
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glycine linker region would no longer be necessary. The new position of the final tail

lysine residues would now be similar to the lysine residues of the primary helix instead.

In addition, as the position of the anionic charge of the C-terminal would now be

moved much deeper within the bilayer, it was amidated to eliminate the negative

charge. This also retains the total charge of the peptide at +4 similar to the last

iteration.

Thus, the smallest truncated peptide Smp14a was designed, which is 42% smaller than

the original parent peptide Smp24.

In addition, before the truncation strategy was fully developed one peptide (Smp21)

was created and modelled which helped in the process of creating the full set of

truncation guidelines.

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

Name Sequence

Smp24 IWSFLIKAATKLLPSLFGGGK

KDS

Smp21 IWSFLIKAATKLLPSGGGKK

S

Smp20 IWSFLIKAATKLFGGGKKDS

Smp18 IWSFLIKAATKLFGGGKK

Smp14a IWSFLIKAATKLFK-NH2

Number

of

residues

24

21

20

18

14

Mw

(g/mol)

2578.06

2202.64

2167.55

1965.38

1665.07

Charge at

pH 7

3

4

3

4

4

6.2.3 In silico modelling

The primary simulations used to aid the design process were the base bilayer

simulations (DOPC:DOPG) and it was based on the evaluation of each of these

simulations that the iterative design process was implicated. A base simulation time of

500ns was used as in all cases this was long enough to ensure full insertion of the
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peptide into the bilayer. In one simulation (bpg14a_1) an additional 100ns were added

to the simulation as the time to full insertion happened relatively late.

Following the DOPC:DOPG simulations, models were also performed using the

DOPC:DOPE bilayer to give a possible indication of the toxicity of the novel peptides.

The simulations were analysed using the same methods as in the previous chapter.

Table 6.3. Overview of simulations with the truncated peptides.

Smp21 with

DOPC:DOPG bilayer

Smp20 with

DOPC:DOPG bilayer

Smp20 with

DOPC:DOPE bilayer

Smp18 with

DOPC:DOPG bilayer

Smp18 with

DOPC:DOPE bilayer

Smp14a with

DOPC:DOPG bilayer

Smp14a with

DOPC:DOPE bilayer

Number of

simulations

1

3

3

3

3

3

3

Length (ns)

248

500

500

500

500

500-600

500

Names

bpg21_1

bpg20_(1-3)

bpe20_(1-3)

bpg18_(1-3)

bpe18_(1-3)

bpg14a_(1-3)

bpe14a_(1-3)

6.2.3.1 Smp21 - An example of a failed truncation effort
As mentioned previously, Smp21 was designed before a concrete truncation strategy

had been fully formulated, although it can serve as an example of what a failed

truncation attempt could look like. Three residues were truncated relative to the

parent peptide, Leu16 and Phe17 from the secondary helix and Asp23 from the tail

region. Asp23 was a clear target for truncation due to its negative charge and the

removal of Leu16 and Phe17 was an attempt at truncating the secondary helix without
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removing the proline residue, as its purpose in shaping the direction of the

unstructured region of the peptide was not clear yet.

The truncated peptide was simulated with a DOPC:DOPG bilayer for 248 ns and the

following observations were made.

While the starting structure of the peptide included an alpha helical region from r1-12

the end close to the truncation (r9-12) loses much of the helical structure over time

(figure 6.1A). Like the other unstructured regions of the peptide this previously helical

region does not fully insert into the bilayer but rather lies on the surface, shifting the

partial density profile of the peptides away from the core of the bilayer (figure

6.1B&C). While the helical part of the peptide is still inserted, it is not as deep and at a

steeper angle (20.18 ± 11.05 degrees) compared with the primary helical region of

Smp24.

All the observations are clear indicators that the truncation effort was unsuccessful

and deliberate changes in the further truncations were made to ensure helical stability

and complete insertion.

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

6.3.2.3 Bilayer insertion of the truncated peptides
The insertion mechanism of the truncated peptides generally follows the mechanism

outlined for Smp24. In most cases the insertion process could be separated into the

previously defined stages, based on the peptide position and orientation as seen in

table 6.4.

In the simulations with the DOPC:DOPG bilayer full insertion was achieved for all the

peptides except for the bcg20_2 simulation, where only partial insertion was achieved.
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This was due to loss of the helical structure between residue 11-13, causing these

three residues to adopt a less inserted configuration.

Greater variability can be seen for the insertion into the DOPC:DOPE bilayer. In 5 of the

simulations the peptides only achieve superficial interactions with the bilayer surface

and in 2 of those the interactions are only intermittent with the peptide ending the

simulation period in solution rather than being associated with the bilayer. However,

for all the truncated peptides full insertion into a DOPC:DOPE bilayer was achieved at

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

Simulation

name

bcg20_1

bcg20_2

bcg20_3

bce20_1

bce20_2

bce20_3

bcg18_1

bcg18_2

bcg18_3

bce18_1

bce18_2

bce18_3

bcg14a_1

bcg14a_2

bcg14a_3

bce14a_1

bce14a_2

bce14a_3

Overall Insertion

level

Full

Partial

Full

Full

Superficial

interactions

Full

Full

Full

Full

Superficial

interactions

Full

Superficial

interactions

Full

Full

Full

Intermittent

superficial

interactions

Intermittent

superficial

interactions

Full

Initial

lag

period

0-5

0-21

0-10

0-20

0-120

0-8

0-26

0-8

0-15

0-270

0-35

0-340

0-2

0-5

0-45

Na

Na

0-120

N-terminal inserted

/  superficial

interactions

5-11

21-155

10-160

20-365

120-500

8-13

26-85

8-30

15-255

270-500

35-85

340-500

2-415

5-17

45-195

na

na

120-270

Rotation

11-95

155-220

160-240

365-440

na

13-105

85-180

30-150

255-330

na

85-140

na

415-470

17-100

195-250

na

na

270-320

Inserted

95-500

220-500

240-500

440-500

na

105-500

180-500

150-500

330-500

na

140-500

na

470-600

100-500

250-500

na

na

320-500
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6.3.2.4 Structure, orientation and positioning in the DOPC:DOPG bilayer
The secondary structure of the truncated peptides is relatively consistent when

inserted into the DOPC:DOPG bilayers (figure 6.5). A contiguous alpha helix spanning

from residue 1-13 can be seen for all the peptides with some variable loss of structure

near either the beginning or the end of the helix in individual simulations. The variable

region after residue 13 has a consistent random coil structure throughout all the

simulations.

The 3D structures of the fully inserted configurations are also consistent, with

representative examples shown in figure 6.6. In all simulations the helical region is

oriented very close to parallel with the bilayer, with the average angle relative to the

bilayer surface in most cases being less than 5 degrees (table 6.5). Only in bcg20_2 is

the average angle above 10 degrees, however this is also the only simulation where

insertion is only partially achieved. The helical region is in all cases inserted the

deepest into the bilayer, in a similar position to the primary helical region of the parent

peptide. Some variation in the relative position is seen between the replica simulations

but no overall consistent difference can be seen between the different peptides (figure

6.7).

For Smp20 and Smp18 the position and orientation of the glycine linker and polar tail

regions are also as expected. In both cases the polar tail region is mainly positioned

among the lipid headgroups, with no discernible difference in the positioning between

Smp20 and the parent peptide. The truncation of Asp19 and Ser20 in Smp18 only

affects the part of positional distribution furthest from the bilayer core, with the tail

region no longer being positioned partly in the solution phase.

The glycine linker region has a consistent position between the tail region and the

helical region, both when comparing the truncated peptides and the parent peptide.

The 3D structures reveal that the transition between the helix and random coil

happens when the local helical rotation points away from the bilayer core allowing the

glycine linker and tail region to be oriented tangentially to the bilayer surface.

While the final residue of Smp14a does not adopt a helical structure and thus could be

characterized as the remainder of the tail region, its small size necessitates that it

follows the curvature of the helix and thus do not have much 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 = Smp14a. 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 bilayer. Blue =
helical region, green = glycine hinge, red = tail, orange = lipid phosphor atoms. A = Smp20, B =
Smp18, C = Smp14a.
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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 simulations. * Residue 1-10.

Simulation name

bcg20_1

bcg20_2*

bcg20_3

bcg18_1

bcg18_2

bcg18_3

bcg14a_1

bcg14a_2

bcg14a_3

Helix bilayer angle during

n-terminal insertion

33.70 ± 10.86

39.24 ± 16.46

50.83 ± 11.56

47.89 ± 11.71

23.16 ± 7.51

34.05 ± 17.94

25.70 ± 8.98

-50.70 ± 12.40

27.07 ± 11.07

Helix bilayer angle after full

insertion

2.59 ± 7.76

11.39 ± 12.70

3.20 ± 8.22

-2.23 ± 9.78

4.89 ± 9.69

-6.93 ± 9.07

-1.68 ± 8.50

3.29 ± 8.53

0.83 ± 9.31
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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-axes. A-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 DOPC:DOPG bilayer
To evaluate the interactions between the truncated peptides and the bilayer the

relative binding energies were calculated (table 6.6).

Overall, the average total binding energy is relatively similar for all the truncated

peptides, being slightly lower than the average of -87.27 kcal/mol for the parent

peptide. However, the energies do vary significantly for both Smp20 and Smp18, with

the median values indicating that the difference between the peptides could be
176



greater than the averages show. The outlier for Smp18 (bcg18_3) is likely due to the

loss of helical structure near the N-terminal for this simulation.

Looking further into the individual energy components a couple of trends can be

identified. Compared with the parent peptide the Van der Waals interactions are

significantly reduced for all the peptides, with a further reduction between Smp14a

and the other truncated peptides. Both the cavity and dispersion terms follow a similar

trend. The electrostatic interactions are slightly increased for Smp20 compared with

the parent peptide but a much larger increase of around 100 kcal/mol can be seen for

Smp18 and Smp14a. However, these increases are somewhat balanced by increases to

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 complexes. All values are in kcal/mol. * Value is significantly different
from Smp24 based on one-sided two-sample independent t-test (P<0.05).

Simulation

name

bcg20_1

bcg20_2

bcg20_3

Smp20

average

bcg18_1

bcg18_2

bcg18_3

Smp18

average

bcg14a_1

bcg14a_2

bcg14a_3

Smp14a

average

Van der

Waals

energy

-140.81 ±

12.25

-124.42 ±

11.81

-126.72 ±

11.31

-130.65 ±

7.25 *

-133.67 ±

10.55

-124.14 ±

11.38

-118.32 ±

10.66

-125.38 ±

6.33 *

-115.22 ±

9.02

-118.16 ±

8.96

-116.79 ±

8.35

-116.72 ±

1.20 *

Electrostatic

energy

-436.77 ±

26.69

-418.77 ±

29.03

-428.80 ±

20.16

-428.11 ±

7.36 *

-523.47 ±

20.01

-517.89 ±

17.68

-501.21 ±

18.95

-514.19 ±

9.46 *

-490.44 ±

14.63

-506.11 ±

14.78

-509.78 ±

14.81

-502.11 ±

8.39 *

Polar

solvation

energy

396.00 ±

22.04

382.64 ±

24.96

391.25 ±

16.49

389.96 ±

5.53*

478.18 ±

16.22

471.33 ±

14.50

459.18 ±

16.01

469.56 ±

7.86 *

448.80 ±

12.52

461.78 ±

12.09

464.32 ±

12.30

458.30 ±

6.80 *

Cavity

-113.71

± 8.35

-99.57 ±

10.40

-103.50

± 8.90

-105.59

± 5.96 *

-106.48

± 7.40

-102.59

± 8.06

-95.21 ±

8.26

-101.43

± 4.67 *

-93.74 ±

6.32

-95.87 ±

5.61

-94.05 ±

5.35

-94.55 ±

0.94 *

Dispersion Delta G

total

203.84 ± -91.44

12.21 ± 11.70

182.29 ± -77.83

15.75 ± 9.88

188.62 ± -79.15

13.49 ± 9.61

191.58 ±           -82.81

9.04 *               ± 6.13

194.05 ± -91.40

10.63 ± 10.23

185.59 ± -87.70

12.11 ± 9.69

177.42 ± -78.14

13.08 ± 8.78

185.69 ± -85.75

6.79 * ± 5.59

170.34 ±           -80.26

9.33                  ± 8.33

174.25 ± -84.11

8.15 ± 8.26

170.86 ± -85.45

7.78 ± 7.94

171.82 ± -83.27

1.73 * ± 2.20
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The per-residue decomposition binding energies were estimated in order to

investigate to what extent the differences in the binding energies for the overall

peptides were due to the removal of specific residues versus the truncations affecting

the behaviour of the conserved residues (figure 6.8).

All the conserved cationic residues of the truncation peptides (Ile1, lys7, lys11 and

lys21) have a small but consistent energy increase relative to the residues of Smp24

(figure 6.8A). Individually none of these increases are statistically significant, however

together they could explain the overall significant increase in the electrostatic energy

for the Smp20 peptide which has the same overall charge as Smp24. The positive �4G of

the anionic residues (Asp23 and Ser24) was again slightly increased for Smp20 but of

course completely eliminated when the residues are truncated in Smp18 and Smp14a,

explaining the large increase in the overall electrostatic energy for these peptides.

Another key observation relates to the effect of amidating the C-terminal. For Smp18

the C-terminal residue is moved to one of the tail lysine residues which corresponds to

lys22 of Smp24. The effect of the move is a large reduction in the �4G compared to

what would be expected for a standard lysine residue. The �4G is still negative due to

the cationic charge of the side chain but the unfavourable anionic charge of the

terminal carboxylic acid strongly diminishes the strength of the overall interaction. For

Smp14a the C-terminal is located on the neighbouring lysine residue corresponding to

lys21 of Smp24. The effect of the amidation completely eliminates the energetically

unfavourable interactions of the charged C-terminal as no reduction in the �4G occurs

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

For the non-charged residues, no significant difference between the truncated

peptides and Smp24 were observed. Ile6 is the only residue with a consistent change

in the �4G for the residue on the truncated peptides being slightly lower than for

Smp24, although the difference is not statistically significant.

Comparing the total �4G sum of the different structural regions, the binding energy of

the primary helical region was consistently slightly increased for the truncated peptide.

Based on �4G of the individual residues this increase was mainly due to the difference

between the cationic residues. No difference was seen between the glycine linker

regions, except for with Smp14a where the region is fully truncated. The largest

difference between the peptides was in their tail regions. For Smp20 where the region
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is conserved the �4G was consistent with Smp24, however for Smp18 and Smp14a

where the overall charge of the region is increased to +1 the �4G is significantly

increased. The slightly larger �4G for Smp18 could be due to the contribution from the

extra C-terminal 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 simulations. A = 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 electrostatic interactions between the peptides and the

bilayer the average number of hydrogen bonds and the RDF between the polar

sidechains and the phosphate groups were calculated.

While the absolute number of hydrogen bonds decreases with the number of residues

truncated, if adjusted to a per residue basis the number of hydrogen bonds are

relatively stable and larger than for Smp24 (table 6.7). However, only the values for

Smp14a are significantly different from the parent peptide, with the total number

being lower (P= 0.018) but the per residue number being higher (P= 0.043).

The RDFs show that for all the peptides, all lysine residues are positioned to allow

them to form strong electrostatic interaction with the negatively charged phosphate

groups (figure 6.9). For the polar sidechain residues, Thr10 shows very little

interaction, while Ser3 shows a peak at a similar distance to the charged groups but

often also a secondary peak a little further from the phosphate groups. While the first

peak indicates direct interactions between the serine sidechain and the phosphate

groups the second peak is most likely an artifact caused by the interaction between

the N-terminal and the phosphate groups. The secondary peak is not present for

bcg18_3 (figure 6.9F) which corresponds to a change in the relative position between

Ser3 and the N-terminal due to loss of 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 numbers. * Value is
significantly different from Smp24 based on two-sided two-sample independent t-test
(P<0.05).

Simulation name

bcg20_1

bcg20_2

bcg20_3

Smp20 average

bcg18_1

bcg18_2

bcg18_3

Smp18 average

bcg14a_1

bcg14a_2

bcg14a_3

Smp14a average

Hydrogen bonds

11.183 ± 2.735

8.772 ± 2.299

8.387 ± 2.549

9.447 ± 1.237

7.956 ± 2.356

9.576 ± 2.204

6.959 ± 2.156

8.164 ± 1.078

6.053 ± 2.124

7.023 ± 1.936

7.362 ± 1.988

6.813 ± 0.555 *

Hydrogen bonds per

residue

0.559

0.439

0.419

0.472 ± 0.062

0.442

0.532

0.387

0.454 ± 0.060

0.432

0.502

0.526

0.487 ± 0.040*
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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 bilayer. A = 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
(Smp14a) and grey = C-terminal amide (Smp14a).

6.3.2.6 Structure, orientation and positions in the DOPC:DOPE bilayer
As mentioned earlier, the insertion of the truncated peptides into the DOPC:DOPE

bilayers was much less consistent. For Smp20 and Smp18 there is a clear correlation

between the simulations where a significant loss of the helical structure occurred and

only superficial interactions with the bilayer were achieved (figure 6.10). Interestingly,

this correlation is not as clear for Smp14a where loss of the secondary structure is only
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seen towards the very end of the simulations. The retention of the helical structure

might be the reason why in these simulations the superficial interactions were only

intermittent.

In the cases where full insertion was achieved the secondary structure was similar to

that of the peptides inserted in the DOPC:DOPG bilayers, except for the bce14a_3

simulation where some loss of helical structure was seen near the C-terminal.

However, taking the observations from the other insertions into account this is likely

just some structural variation in this specific simulation rather than a repeatable

structural difference based on the bilayer type.

For further evaluation and comparison between the insertion structures in the

different bilayers only the simulations where full insertion was achieved were used.

As seen in figure 6.11 the 3D structures of the truncated peptides inserted into the

DOPC:DOPE bilayers are very similar to in the DOPC:DOPG bilayers. The helical regions

are oriented in parallel with the bilayer surface with an angle of below 10 degrees

(table 6.8). The angle is slightly higher for Smp14a than the others, however this is

likely due to the extra random coil structure near the C-terminal. However, in most

cases the position of the helical region is further from the core of the bilayer than in

the DOPC:DOPG bilayers (figure 6.12). Observations related to the glycine linker and

polar tail regions are in general similar as to with the DOPC:DOPG bilayers. However,

like for the parent peptide the main difference between the two bilayer types seems

to be that the positional distribution of the tail region, that is much tighter in the

DOPC:DOPE bilayer although this is only the case with the full-size tail region. For the

truncated tail region of Smp18 the positional distribution is slightly broader in the

DOPC:DOPE 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 = Smp14a. 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 bilayer. Blue =
helical region, green = glycine hinge, red = tail, orange = lipid phosphor atoms. A = Smp20, B =
Smp18, C = Smp14a.
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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

Bce20_1

Bce20_3

Bce18_2

Bce14a_3

Helix bilayer angle after full

insertion

-0.36 ± 7.50

1.07 ± 8.10

3.10 ± 8.26

9.78 ± 11.59

Figure 6.12 Partial density profiles of the truncated peptides inserted into DOPC:DOPG
bilayers, with positions relative to the z-axes. A = bce20_1 B = bce20_3, C= bce18_2, D =
bce14a_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 DOPC:DOPE bilayer
The total relative binding energy is relatively similar for the truncated peptides in the

DOPC:DOPE bilayer as well (table 6.9). Smp14a deviates somewhat from the others,

but the slight misfolding might have influenced this. Overall, the relative binding

energies are in all cases less than half of what was found for the DOPC:DOPG bilayers.

The Van der Waals energies and both non-polar solvation terms all follow similar

trends as was observed for the DOPC:DOPG bilayer models. However, the electrostatic

and polar solvation energies are both relatively similar for all the truncated peptides,

unlike what was observed with the other bilayer.

The number of hydrogen-bonds between the peptides and the bilayer follow the same

trends in the DOPC:DOPE bilayer as for the DOPC:DOPG bilayer, with a stepwise

reduction in the absolute number but a relatively stable number of hydrogen bonds

per residue (table 6.10). However, both numbers are in general lower compared with

the DOPC:DOPG bilayer models.

The RDFs show that all the positively charged amine groups are still involved in

interaction with the lipid phosphate groups although in general the peaks associated

with the lysine sidechains are smaller than for the corresponding DOPC:DOPG

simulations (figure 6.13). The N-terminal amine still seems to form the most consistent

interactions, while the uncharged polar sidechains have the lowest interactions.
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Table 6.9 Breakdown of the free binding energies for the truncated peptides and DOPC:DOPE
bilayer complexes. All values are in kcal/mol.

Simulati

on

name

bce20_

1

bce20_

3

bce18_

2

bce14a_

3

Van der

Waals

energy

-117.26 ±

10.56

-120.25 ±

10.54

-114.71 ±

11.46

-97.57 ±

10.12

Electrostati

c energy

-68.50 ±

18.10

-72.39 ±

19.96

-65.65 ±

15.49

-62.26 ±

12.48

Polar

solvation

energy

66.09 ±

15.35

68.53 ±

16.77

62.73 ±

12.66

58.83 ±

9.96

Non-polar

solvation

energy

-96.48 ±

8.50

-97.32 ±

9.01

-91.47 ±

8.70

-79.63 ±

7.00

Energy

dispersion

177.12 ±

11.88

180.11 ±

14.42

168.48 ±

13.54

146.19 ±

12.07

Delta G

total

-39.02 ±

9.19

-41.31 ±

8.28

-40.62 ±

9.29

-34.43 ±

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

bce20_1

bce20_3

bce18_2

bce14a_3

Hydrogen bonds

7.807 ± 2.599

8.095 ± 3.100

6.412 ± 2.548

5.640 ± 2.161

Hydrogen bonds per

residue

0.390

0.405

0.356

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 bilayer. A = bce20_1, B =
bce20_3, C= bce18_2 D = bce14a_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 (Smp14a) and grey = C-terminal amide (Smp14a).

6.3.3 Computer aided drug design of the truncated Smp24 variants

The first line of concern when truncating a peptide is to not to lose the activity of the

parent peptide. Due to the understanding gained regarding the behaviour of Smp24 in

the previous chapter comparisons could be made between it and the truncated

variants. The properties of the conserved regions in each design iteration could be

compared with those of the parent peptide to ensure aspects such as helicity, insertion

depth, interactions and binding energy did not change for the new designs. If these

properties did not change, it was taken as an indication that the truncated peptides

would likely also inherit the antimicrobial properties of the parent peptide in vitro.
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This computational evaluation of the new peptides could be done during the design

process, allowing for partial validation of the different design iterations without

synthesis and in vitro evaluation. Thus, all three analogs and parent peptide could be

synthesized and evaluated in vitro at the same time, saving months compared to a true

step by step iterative approach.

The first iteration in the truncation process was the design of Smp20, which focused on

truncating the secondary helix. As mentioned in the design section, the position of the

secondary helical region in the centre of the peptide introduced some additional

concerns during the design process, as without the presence of the secondary helix the

transition from helical to random coil structure is shifted. This could potentially greatly

affect the behaviour of the conserved regions of the peptide, on both sides of the

truncation. An example of this is the failed initial attempt at truncating the peptide,

Smp21. In this case the transition did not occur correctly, which led to a disruption of

the back part of the primary helix causing it to partially unfold and no longer be

oriented correctly relative to the bilayer.

2 key observations were learned from this failed truncation attempt:

Firstly, when truncating the secondary helix, the proline residue needed to be

removed. The inclusion of a proline residue in an AMP must be very deliberate due to

its intrinsic ability to disrupt the helical structures. The kink it induces in the peptide

backbone can be utilized to control the relative orientation between different regions

of a peptide. This can be done within a helical region without completely changing the

secondary structure, as the helical structures on each side of the proline limit how

large the structural fluctuation induced by the flexibility of the kink can be. However, if

the proline is present between a helical and unstructured region the disruption of the

helix is likely only going to be exacerbated. The high flexibility of the unstructured

region is already going to stress the back end of the helical structure, with the proline

residue further limiting the number of structure stabilizing hydrogen bonds that can be

formed between the peptide backbone. Therefore, alternative approaches should be

used to ensure the correct orientation between helical and random coil regions.

Secondly, anchoring of the ends of the helical region seemed key for retaining the

correct orientation while inserted in the bilayer. With the tail region being both

unstructured and positioned further away from the core of the bilayer it can to some
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extent pull on the back end of the helical region causing it to adopt a tilted/partially

inserted orientation event if it is less favourable for the helical region by itself. The

truncation of the secondary helix changes the endpoint of the helical region which can

disrupt the anchoring, with the problem potentially being even further exacerbated by

the tail region making up an even larger proportion of the total number of residues.

Based on these design observations the successfulness of the truncation of Smp20 was

evaluated based on three criteria.

Firstly, the transition between the helical region and unstructured tail must be efficient

with the correct relative orientation between them. To do so a schematic of the

structure of Smp24 while inserted into the bilayer was drawn and it was imagined how

it would look without the secondary helix (figure 6.14). In both cases, the primary helix

forms a consistent structure lying flat at the bottom of the drawings. Both schematics

also have a similar position of the tail region in the top right of the structures. The tail

regions are shown with a colour gradient to represent their more dynamic position

among the lipid headgroups contrary to the more static position of the primary helix.

Smp24 also contains the secondary helix that can adapt a range of orientations relative

to the primary helix depending on the angle of the kink. The glycine linker region

connects the end of the secondary helix with the tail region but as the length of the

linker region is static, the shape must be variable in order to accommodate the

different orientations of the secondary helix. When the secondary helix is tilted

upwards the linker region is not very efficient, however it still needs to be long enough

to ensure that the link can occur correctly when the helix is tilted down. For the

truncated peptide the dynamic nature of the linker region is no longer necessary. The

structure could instead be designed around a single orientation of the linker region

and as the horizontal position of the tail region is not critical, the most efficient

orientation of the linker region would be tangential to the bilayer creating a direct link

between the helix and tail regions.

To achieve this orientation of the glycine linker region the helical rotation of the

endpoint residue in the helical region was used. Due to the amphiphilic separation of

the residues in the helical region, the rotational orientation of the helix relative to the

bilayer surface is restricted once the peptide is fully inserted with a specific side of the

helix always facing away from the bilayer core. This means that depending on at which
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residue the transition to the linker region occurs the orientation of this transition point

relative to the bilayer can vary greatly. The 13th residue was deliberately chosen to be

the endpoint of the helical region in the truncated peptides as this led the end of the

backbone to be oriented directly facing away from the core of the bilayer. Therefore, if

the linker region was to start here and adapt a relatively straight configuration it would

be oriented tangentially to the bilayer surface. The 13th residue position ended up

being the last residue designated to be part of the primary helix in Smp24, however if

that was not the case the truncation would still have been completed at this position

as it was accounted for in the truncation guidelines that a partial truncation could be

done of the primary helix after the last lysine in the 11th position. The 3D structures

from the simulations of Smp20 (and Smp18) show that this criterium was met (figure

6.6). Due to the more variable orientation of the tail region the orientation of the

glycine linker region is not always straight and thereby not completely tangential with

the bilayer surface, which might suggest that the length of the linker itself also could

be reduced without affecting its function. However, looking only at the first of the

glycine residues its orientation is consistently pointing away from the bilayer centre

which was the core aspect of the design objective.

The second criterium was that the behaviour of the primary helix should not be

disrupted by the truncation. A key aspect in achieving this was to ensure that the

orientation of the fully inserted region was conserved. This was done by shifting the

truncation window by one residue such that the final residue of the secondary helix

(position 17) replaced the final residue of the primary helix (position 13). The 17th

residue of Smp24 is the large hydrophobic residue phenylalanine which could serve the

function of helping to anchor the end of the helix within the bilayer via downwards

pulling hydrophobic interactions with the core of the bilayer. In Smp24 large, aromatic,

hydrophobic residues such as phenylalanine and tryptophan are only present near the

end and beginning of the helical regions which could speak to them having this

function. This is the same for the structurally related peptides Pandinin 2 and Con10

and thus could further suggest a common anchoring motif. In addition, the per-residue

decompositional analysis of the binding energy suggests that the energy contribution

of a phenylalanine residue is about twice that of a leucine residue, showing how it

would be more suited for the anchoring role. Based on the orientation of the inserted

helical region of Smp20 (and Smp18) the anchoring was mostly successful. In most
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simulations the helix was oriented in parallel with the bilayer surface and positioned

with a similar partial density profile as with Smp24. The only simulation where this is

not the case is in bcg20_2. In this simulation the end of the helical region is both

partially unfolded and not fully inserted into the bilayer. It is more likely that the lack

of insertion is due to the partial unfolding rather than a lack of anchoring, but it still

highlights that the transition region is still susceptible to structural disruption even

without the proline residue. This problem could potentially be somewhat diminished

by truncating the tail such as done with Smp18, but otherwise it is difficult to imagine

how it could be solved without doing any amino acid substitutions. The analysis of the

interactions between the primary helix and the bilayer also indicates that the

behaviour is conserved from Smp24. The RDFs show that all the charged interactions

with the lipid phosphate groups still occur which is supported by the binding energy

calculations. Interestingly, the per-residue decompositional energy analysis indicates

that the interactions stemming from the cationic residues of the primary helix are

slightly stronger for the truncated peptides compared with Smp24. This could be a

downstream effect of removing the secondary helix allowing the primary helix to

adopt a slightly more favourable position/orientation in the bilayer. For Smp24 the

exact position/orientation is likely dependent on what is the most optimal for both

helical regions at the same time, whereas in the truncated peptides there is more

freedom to optimize it for the primary helix leading to the consistent improvement in

the electrostatic interactions. A slight shift in the orientation of the primary helix is

further indicated by a consistent reduction in the energy contribution of Ile6 in all the

truncated peptides. This is the hydrophobic residue that is positioned the furthest up

the side of the helix towards the lipid headgroups and thus would likely be the first

residue affected by a realignment of the helix's rotational orientation. Overall, the

simulations indicate that the truncation could potentially disrupt the back end of the

primary helix somewhat but under ideal conditions the interaction might actually be

slightly improved.

Finally, the last criterium was that the truncation should not disrupt the behaviour of

the tail region. Due to this region�[s random coil structure and relatively large positional

flexibility (especially in the negative bilayer) this was less of a concern, so no additional

design decisions were implemented in order to achieve it. The partial density profiles
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and energy contributions of the tail region is consistent with what was previously

observed for Smp24, so this criterium was also 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 bilayer. B = Proposed schematic of what
the structure would look like for Smp20. Blue = primary helix, purple = secondary helix, green =
glycine linker, red = tail region.

Compared with Smp20 the design of the next truncation iteration was much simpler.

The focus was on removing the potentially unfavourable residues from the tail region

which happened to be positioned as the two last residues of the peptide sequence

making the design of Smp18 very straight forward. Still, two criteria for a successful

truncation could be formulated.

Firstly, the position of the tail region should become more efficient. The partial density

profiles for the tail region of both Smp24 and Smp20 inserted in the negative bilayer

indicated that part of the tail region was positioned above the bilayer in the water

phase. This part of the tail region is not likely to form strong interactions with the

bilayer headgroups and is not an efficient part of the overall peptide structure.

Truncating the aspartic acid and serine residues completely removed this section from

the density profiles of Smp18 while the position of the remaining part of the tail was

still conserved.

Secondly, the removal of the two residues previously indicated to negatively affect the

binding energy should yield an overall improvement in the energy contribution of the

tail region. This criterium was only partially achieved. While a significant increase in
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the energy contribution of the tail region as a whole was seen, moving the C-terminal

to the lysine residue strongly reduced the energy contribution of this residue. Based on

the known properties of Smp24 and the position/orientation of the C-terminal in

Smp18 among the very top of the lipid headgroups, the negative charge of the

carboxylic acid is likely not completely detrimental to the activity of the peptide even if

it negatively affects the binding energy. However, if the tail region was to be moved to

a different position it might start to become a problem.

The design of Smp14a was more of a balancing act than Smp18. As the size of the tail

region is further reduced the rationale for including the three-residue linker region

which by itself does not seem to play a large role in the peptide-bilayer interactions

becomes less justifiable. However, if both the glycine linker region and the tail region

were to be fully removed, the newly improved binding energy contribution of the

truncated tail region would be lost. Therefore, the objective of the design was to

truncate the regions in such a way that the desirable properties of the tail region could

be retained without the presence of the glycine linker. This was achieved in two steps.

Firstly, the three glycine residues from the linker region and one lysine residue from

the tail region were truncated. This would drastically change the position of the last

remaining lysine residue of the tail region. However, due to the orientation of the

backbone following the final residue of helical region, the new position and orientation

of the C-terminal lysine residue would be relatively similar to that of the lysine

residues present in the primary helix and therefore likely not unfavourable. The RDF

for this residue showed that the lysine side chain was still able to form strong

interactions with the surrounding lipid phosphate groups indicating that moving the

position of the residue did not inhibit its function.

However, the truncation also meant that the position of the negatively charged C-

terminal carboxylic acid changed. While in its previous position the C-terminal might

just have had a negative impact on the binding energy, but the new position would be

like that of the primary helix around the glycerol esters and lower parts of the lipid

headgroups. This is directly overlapping with the position of the negatively charged

lipid phosphate groups which would repel the negatively charged C-terminal, risking

that the full insertion into the bilayer would be inhibited. To tackle this, the negative

charge was neutralized by amidating the C-terminal. Such a post-translational C-

194



terminal modification is not uncommon for AMPs, even in nature where peptides

which do not have significant unstructured regions near the C-terminal such as melittin

and mastoparan have their C-terminal amidated (212, 217). The simulations indicated

that this approach was successful, with the primary helix of Smp14a behaving similarly

to those of Smp24 and the other truncated peptides in terms of structure, orientation,

position and interactions. In addition, the amidation also completely eliminated the

negative impact of the C-terminal on the binding energy and thus the design objective

was fully achieved.

During the use of the MD simulations in the design process, the choice of truncation

targets based on the Smp24 simulations were also further validated. The truncation of

the back half of the peptide did not seem to impact the insertion mechanism to a great

extent, with the same stepwise changes in the position and orientation occurring for

the truncated peptides as with Smp24. N-terminal insertion followed by a helical

rotation leading to a full insertion was observed for all simulations with the negative

bilayer, except for one where the insertion was only partial due to some loss of the

helical structure. The timeframes for the insertion process were also in line with the

previous observations for Smp24. As for Smp24, the insertion into the neutral bilayer

was much less consistent, something potentially exacerbated by the partial truncation

of the tail region with both Smp18 and Smp14a only achieving insertion in 1/3

simulations. Furthermore, in two simulations Smp14a only achieved intermittent

interactions with the bilayer surface indicating that the negatively charged

residues/terminal could play a role in surface attachment and thereby could affect the

selectivity of the peptides.

The solution behaviour of the truncated peptides was also consistent with Smp24. The

main difference was that the truncations of the tail region did start to inhibit the

formation of intermolecular salt-bridges (partially for Smp18 and fully for Smp14a).

This did lead to an increase in the structural fluctuations for Smp18 in the 60% TFE

solution compared to Smp20, especially in the tail region of the peptides. However, all

truncated peptides still retained their helical structure in 60% TFE even without the

consistent cross peptide interactions.
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The very limited reduction in the overall binding energy for the truncated peptides

relative to Smp24 also confirms that the primary helix was the main contributor to the

binding energy. As expected, a slight shift towards hydrophilic interactions being even

more dominant for the peptide-bilayer interaction was observed for all the truncated

peptides, driven by removal of mainly hydrophobic residues, elimination of

unfavourable electrostatic interactions and the slight improvement of the electrostatic

interactions of the cationic residues of the helix. This shift translates into a relatively

large reduction in the binding energy with the neutral bilayer for all three truncated

peptides of 21-34% compared with the bce24_1 Smp24 simulation, potentially

indicating an improvement of the selectivity of the peptides. In addition to the changes

to the balance between the direct hydrophobic and electrostatic interactions, a size

dependent shift in the non-polar solvation terms was also seen for all the truncated

peptides, favouring a smaller overall size. Initially one could expect that the non-polar

solvation energy would be more favourable for a larger peptide as binding could

facilitate a greater reduction in the solvent accessible surface area, but due to the

dynamic nature of the bilayer the size of the binding pocket will also change with the

peptide size. A more accurate estimation of this effect could potentially be done by

using a multiple trajectory MMPBSA approach but factors such as the energy cost of

dispersing lipids upon peptide binding still complicates the binding energy estimations

for peptide truncations.

6.2.4 Antimicrobial and cytotoxic properties of the truncated peptides

The antimicrobial properties of the truncated peptides were characterised by

evaluating their MIC against a range of clinically relevant bacteria (table 6.11).

Truncation of only the secondary helical region seems to facilitate a general reduction

in the antimicrobial efficacy with Smp20 showing a twofold increase in the MIC against

both a Gram-positive and Gram-negative pathogen compared with the parent peptide.

However, with further truncation of the polar tail region general reductions in the

MICs were seen for both Smp18 and Smp14a. In total for smp14a, a two-fold reduction

in the MICs was seen for both Gram-negative pathogens and a 2-4 times reduction was

seen against S. aureus, based on the µg/ml values.
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All the peptides showed a higher selectivity towards S. aureus, except for Smp20 which

has similar selectivity towards both S. aureus and E. coli.

Table 6.11 MIC of the truncated peptides and smp24. Values are in µg/ml with the values in
parentheses being the equivalent in µM.

Peptide

Smp24

Smp20

Smp18

Smp14a

S. aureus

16 (6.2)

32 (14.8)

8 (4.1)

4-8 (2.4-4.9)

E. coli

32 (12.4)

32 (14.8)

16 (8.1)

16 (9.8)

P. aeruginosa

32 (12.4)

64 (29.5)

32 (16.3)

16 (9.8)

As the primary mechanism of action of AMPs like Smp24 is against the cell membrane,

erythrocytes can serve as a decent model for investigating the toxicity of AMPs against

eukaryotic cells. Sheep erythrocytes were incubated with Smp24 and the truncated

peptides at a range of concentrations to investigate their haemolytic activity, based on

the haemoglobin release (table 6.12). Clear differences can be seen in the haemolytic

activity of the different peptides. Smp24 has the highest haemolytic activity followed

by Smp14a, Smp18 and Smp20. The HC50 values for all the truncated peptides are

significantly higher than for Smp24, showing a consistent reduced haemolytic activity.

Between the truncated peptides they follow a similar trend as observed with their

antimicrobial activity, with Smp20 having by far the lowest activity while Smp14a is

slightly more active than Smp18. These differences are still observable when

correcting for the molecular mass change.

Table 6.12 HC50 values 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

Smp24

Smp20

Smp18

Smp14a

HC50 (µg/ml)

88.33 ± 1.82

245.47 ± 59.38*

156.35 ± 21.19*

120.61 ± 2.28*

HC50 (µM)

34.26 ± 0.71

113.25 ± 27.39*

79.55 ± 10.78*

72.44 ± 1.37*
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To further evaluate the cytotoxicity of the truncated peptides against a more complex

cellular target, two secondary human cell-lines representing toxicologically relevant

tissues were exposed to the peptides at different concentrations. The cell survival

rates were estimated using the LDH release which is a marker for membrane damage

(table 6.13). The cell-line cytotoxicity for all the peptides follows the same trends

against both the kidney cell-line (HEK293) and the liver cell-line (HepG2), although

based on the EC50 values the peptides are slightly more toxic against the HEK293 cells.

Smp20 is consistently significantly less toxic than Smp24 and the other truncated

variants. However, unlike against erythrocytes the activity of both Smp18 and Smp14a

is not significantly different from Smp24, at least within a certain concentration range.

At concentrations above 58 µg/ml the response for Smp14a starts to deviate from the

other peptides, giving this peptide an overall lower maximum cytotoxic response.

Table 6.13 EC50 values for Smp24 and the truncated peptide based on the LDH release from
the secondary cell lines. The EC50 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

Smp24

Smp20

Smp18

Smp14a

HEK293

(µg/ml)

35.66 ± 7.59

54.38 ± 7.10*

38.41 ± 6.56

37.01 ± 4.61

HEK293 (µM)

13.83 ± 2.94

25.09 ± 3.28*

19.54 ± 3.34

22.23 ± 2.77*

HepG2 (µg/ml)

42.52 ± 8.25

58.86 ± 4.87*

40.86 ± 5.62

42.92 ± 5.80

HepG2 (µM)

16.49 ± 3.20

27.16 ± 2.25*

20.79 ± 2.86

25.77 ± 3.48*

6.2.5 The truncations effect on the antimicrobial activity and selectivity

From a molecular viewpoint truncation can often be thought of as a balancing act,

between how much of the peptide structure can be removed without significantly

impacting the biophysical processes leading to the biological activity. However, as seen

with the truncated Smp24 variants, in some cases the activity can be improved. Such

improvements could occur via serval different mechanisms. Firstly, the truncated

regions could have had an overall negative impact on the activity of the parent
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peptide. Thereby, removing them from the structure (without disrupting the remaining

regions) would facilitate a direct improvement of the activity on a per molecule basis.

The activity could also be improved in an indirect way by removing residues or regions

that had no impact on the overall activity. This would not change the activity of an

individual molecule, however in microbiology the activity of an antimicrobial agent is

commonly evaluated based on its mass and thus reducing the size of the peptide

would increase the number of molecules per gram leading to an indirect improvement

of the activity.

The biological evaluation of Smp24 and the truncated peptides indicates that both

types of improvements and a direct decrease of the activity occur following the

different truncation iterations. While MICs do not produce the most detailed output

for comparing relatively small differences in activity between antimicrobial agents,

they are the gold standard methodology and can still provide insight into the trends

related to the activity. The first truncation iteration (Smp20) has a slight but consistent

reduction in its antimicrobial activity compared with the parent peptide. This is not

completely unexpected based on the observations from the MD simulations where this

peptide has the lowest overall binding energy and potentially some challenges related

to the structural stability of the end of the helical region. Furthermore, there is also the

removal of the helical kink which was indicated to potentially play an important role in

stabilizing the peptide induced pore structures. While the reduced antimicrobial

activity of Smp20 could indicate that truncation somewhat inhibited the membrane

disruptive properties, the changes are not so great that the secondary helix should be

deemed critical for the antimicrobial activity.

The 27-residue alpha helical AMP Fowlicidin-3, unlike Smp24, does not contain a

proline kink in its helical region. Instead, it contains a larger �tAGIN- hinge region which

also provides flexibility to the helical backbone due to the glycine residue (218).

Truncation of the parts of the peptide before and after this region eliminated the

antimicrobial activity but truncation of only the hinge region only affected it slightly.

However, the truncations significantly reduced the haemolytic activity of the peptide

(219). These observations correlate well with the results for Smp20, further indicating

that kink/hinge regions might not be necessary for the antimicrobial activity of AMPs.
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The partial loss in activity due to the truncation of the secondary helix in Smp20 can be

compensated for by increasing the overall charge of the peptide as is done with Smp18

and Smp14a. Both show consistent improvements in their antimicrobial activity

compared with Smp20 and in most cases also compared with Smp24. Some of these

improvements might be indirect due to the size reduction with the molecular weight of

Smp14a being around 35% lower than Smp24. However, based on the µM MIC values

some direct improvements of the activity are also likely, with the MIC of Smp14a

against S. aureus being between 2.4-4.9 µM meaning that the MIC of Smp24 (6.2 µM)

should have been one level lower if the molecular activity was the same.

These results are comparable with observations from the simulations where Smp18

and Smp14a behaved very similarly to Smp24 on a molecular level. Furthermore, as

indicated by the non-polar solvation terms, the smaller size of the peptide could also

facilitate some energic advantages independent of the direct interactions, such as by

reducing the energy cost of creating the binding pocket in the lipid leaflet. Other

factors related to the overall charge of the peptides might play a larger role in vitro

than indicated purely based on the simulations. Due to the peptides starting already in

their helical configuration very close to the bilayer in the simulations, the importance

of the overall charge in the very early stages of the mechanism of action is not well

modelled. The increased charge could ensure that the peptides get adsorbed to the

membrane surface faster and at higher concentrations in vitro and stronger

electrostatic interactions could make the folding into the helical structure more

favourable. All in all, this could facilitate that more peptides, in their active

configuration, get inserted into the bacterial membranes at a lower overall

concentration yielding an increase in the activity.

Increasing the overall charge of an AMPs is one of the most consistent ways of

improving its antimicrobial activity. The activity of Smp24 was previously broadly

improved by substituting any of the three serine residues for lysine residues, although

the improvement was the greatest for the position 3 serine (149). Jiang et al

systematically investigated the effect of changing the net charge of the AMP V13K by

substituting in either cat- or anionic residues, showing a good correlation between net

charge and MIC although the specific position and net number of the cationic residues

also played a role (220). Truncations of unstructured C-terminals regions have also
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previously been shown to improve the properties of AMPs. Nine residues from the

unstructured tail region of the AMP GV30 were truncated and the C-terminal amidated

which did not inhibit the overall antimicrobial properties of the peptide but improved

is killing kinetics and reduced its haemolytic activity. Further truncation of the helical

region eliminated the antimicrobial activity (221).

For AMPs especially, improved activity is not always a purely desirable property. As the

primary target for the peptide against both bacteria and eukaryotic cells is the cell

membrane, higher activity could also lead to increased cytotoxicity. Therefore,

evaluation of new peptides cytotoxic properties is also necessary during an iterative

design process. The activity of AMPs against eukaryotic cells is downstream from both

the membrane disruptive activity and selectivity of the peptides so both must be

considered when evaluating the results.

The cytotoxicity of the peptides against eukaryotic cells were evaluated against both

sheep erythrocytes and secondary human cell-lines. Haemolysis assays are the most

universally used way of evaluating the toxicity of AMPs due to the simplicity and ease

of use of the method. The relatively simple cellular structure of erythrocytes and their

encapsulation of haemoglobin which can serve as a natural dye, means that

erythrocytes can serve as a natural version of a dye filled liposome. Therefore, the

membrane disruptive activity of AMPs can easily be evaluated against a cell membrane

with a lipid composition representing eukaryotic cells. The secondary cell lines

represent a more complex cellular model, with the cells potentially being able to

response to the peptides in more dynamic ways. These assays also allow for selection

of cells from specific tissues which might be more at risk for a toxic response in vivo,

giving further context to the cytotoxic data.

Comparing the two methods relatively large differences can be seen in the peptide

concentrations needed to produce a 50% cytotoxic response. This could be due to

differences in the properties of the cells but, it is more likely that it is due to

differences in the overall experimental conditions. The concentration dependent

activity of AMPs is very dependent on the number of cells it is tested against.

Therefore, in some biophysical experiments where the experimental conditions can be

highly controlled, it is common to describe their activity in terms of peptide to lipid
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ratio which corrects for both the peptide and lipid concentration. In the haemolysis

assay used in this study the concentration dependent activity was tested for 1h against

a 10% erythrocyte suspension which would be expected to yield a cell concentration of

around 5x108 cells/ml (222). However, in the cell culture assay the cells were seeded at

2x105 cells/ml and then grown for 24h before the peptides were added. Even if the

cells had more than doubled in the 96 well plates, the concentration would still be

around 1000 times lower than in the haemolysis assay and the cells were also exposed

to the peptide for much longer, which could explain the lower peptide concentrations

needed to kill the cells. Greco et al. compared the use of haemolysis and cell line

assays and found that human cell lines are generally more robust against AMPs than

erythrocytes (222), although other authors have found that the opposite to be the case

(149, 223, 224). Furthermore, the specific values obtained from in vitro tests might not

have much direct relevance to the concentrations needed to induce a cytotoxic

response in vivo, where the pharmacokinetics of the drug molecule also play a large

role.

Therefore, the in vitro cytotoxicity results are better utilised in a relative manner such

as when comparing between the different analogs to identify in which direction the

cytotoxicity trends. Although, with this viewpoint the results of the two assays still

differ, with the differences between the peptides being more pronounced in the

haemolysis assay than with the cell lines, something also found in other studies (222).

This might indicate that different aspects of the mechanism of action are more or less

important for the overall activity in each of the cytotoxicity models.

Smp20 shows the clearest reduction in cytotoxicity, with statistically significant shifts

in both assays. Together with MIC results this further suggests a general activity

reduction compared with Smp24. Comparing the MIC and the cell culture assay the

peptide has around 1.66 and 1.45 times shifts in the activity respectively compared

with the values for the parent peptide (in µg/ml). However, for the haemolysis the

HC50 value is shifted 2.78 times. This could indicate that structural changes that affect

the selectivity and not just the activity have a larger impact in the haemolysis model.

Most erythrocyte types contain either none or a very small fraction of negatively

charged lipids in their outer membrane leaflet and therefore form a good basis for

evaluating the lipid-based selectivity of antimicrobial peptides (225). Such lipid
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compositions are also the case for other eukaryotic cell types under normal conditions.

However, when a cell becomes cancerous one of the changes it undergoes can be an

increase in the proportion of negatively charged lipids present in their outer leaflet

(226). This change in their membranes is also thought to be the reason why some AMP

like peptides can have anticancer properties (227). Little information exists in regard to

the leaflet specific lipid composition of HEK293 and HepG2 cells, but as they are cancer

cell-lines they could potentially have more negatively charged lipids in their outer

leaflet than normal diminishing the effect of selectivity-based differences between the

peptides. This could explain why the dose response curves differ between the two

assays.

All truncated peptides show a reduced haemolytic activity compared with Smp24. This

is in good correlation with the MD simulations showing an overall decrease in the

binding energy with the neutral bilayer for all the truncated peptides. Furthermore,

the interactions with the bilayers were also shown to be shifted away from

hydrophobic interactions which have previously been indicated to be a key driver in

the haemolytic activity (228). All three peptides had a relatively similar �4G when

inserted into the neutral bilayer which corresponds with Smp14a and Smp18 also

having similar molar based HC50 values. Smp20 deviates from the others, but this could

be explained by the general loss of activity in addition to the change in selectivity.

The cytotoxicity levels against the two cell lines are very close between Smp24, Smp18

and Smp14a. However, when taking the change in their size into account the toxicity is

somewhat reduced for both the truncated peptides compared to Smp24. Still, when

considering the improved antimicrobial activity of these two peptides, it does indicate

that the overall selectivity has been somewhat improved even against the HEK293 and

HepG2 cell-lines.

One interesting observation is that Smp14a shows a lower maximum toxicity response

than the other peptides in the cell culture assays. However, rather than this being due

to an actual lower toxicity response it is more likely due to aggregation of the peptide.

Smp14a has a higher ratio of hydrophobic residues than the other peptides due to

removal of polar tail which could lower its solubility and even though its charge is
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higher than Smp24 and Smp20, aggregation could likely occur at higher concentrations

if the media has a relatively high ionic strength.

6.2.6 Use of MD simulation for the design of truncated AMPs

Like in the previous chapter the use MD simulations relies on several assumptions,

both inherited from the differences between synthetic bilayer models and bacterial

cell membranes and from the differences between simulations and experimental

observations. However, the assumptions that need to be made are even greater when

it comes to predicting the behavior of a novel compound rather than contextualizing

already obtained observations. The prediction of whether the new truncated analogs

were likely to retain the antimicrobial activity of the parent peptide was based on the

simulated inserted state of the peptides, prior to the pore formation itself. As

previously mentioned, the presence of this state has been demonstrated for many

helical amphiphilic AMPs using solid-state NMR (13) and many models created to

describe the mechanism of action of AMPs includes this state as an intermediary state

between the free peptide and the membrane disruption (15, 229). If these models are

true, the ability for an AMP to adopt this state would be a critical aspect for achieving

the endpoint of membrane disruption and thereby cell death. Therefore, the

assumption is that if the conserved primary helical region of the peptides behaves

similarly to the parent peptide the likelihood of the new analogs retaining their

antimicrobial properties are higher than if they do not. However, this assumption does

not consider any secondary targets of the peptides or how the truncations would

affect the pore formation itself. Furthermore, there are also several examples of

peptides with antimicrobial activity which do not adopt a helical inserted state (230),

so this state is clearly not necessary in all cases.

The fact that the truncated Smp24 analogs do retain antimicrobial activity even after a

significant reduction in their size could suggest that the predictive ability of the models

was reasonable, but to say with a higher degree of confidence we would also need to

demonstrate the ability of the simulations to predict when the activity of a new analog

would be lost. Simulation of the fist designed analog (Smp21) showed that the helical

region of this peptide did not retain the behavior of the parent peptide, if this peptide
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also had been evaluated in vitro and if it showed a significant reduction in the

antimicrobial activity the validation of the assumptions made in the model design

would have been much improved.

6.2.7 Evaluation of the antibiofilm properties of the truncated peptides

In addition to their broad antimicrobial activity, AMPs have several other

characteristics that make them attractive alternatives to the standard small molecule

antibiotics. One of these is their potential ability to better combat biofilm related

infections due to secondary mechanisms of action targeting some step in the biofilm

formation process (231). This is also the case for Smp24 which has previously been

shown to be able to inhibit biofilm growth at the MIC concentration of certain E. coli

species (232). As mentioned previously, treating biofilm related infections is a massive

healthcare challenge, so ideally the antibiofilm properties of an AMP should also be

considered during the drug development process.

To help estimate if further evaluation of the biofilm inhibitory properties of Smp24 and

the truncated analogs would be necessary the peptide sequences were run through

the dPaBBs server (233). This server uses two machine learning models trained with

two datasets, a positive dataset containing peptides with known antibiofilm activity

and a negative one containing peptides associated with quorum sensing. Using these

two models a score has been generated for Smp24 and each of the truncated peptides,

indicative of the likelihood for each of them to process antibiofilm activity. For the

SVM score a positive value indicates that the peptide is biofilm-active with a greater

value indicating higher certainty while the WEKA probability indicates the probability

of antibiofilm activity from 0-1 (table 6.14).

While the SVM score for Smp24 is positive the WEKA probability is relatively low, thus

giving no decisive prediction of whether the peptide would have anti-biofilm activity or

not. However, with the next two truncations a stepwise increase in both values is seen,

with Smp18 being predicted to have a high probability of having antibiofilm activity.

However, with the final truncation down to Smp14a a large discrepancy between the

two predictions models can now be seen, with the peptide having the lowest SVM

score of all the peptides while the WEKA probability is still relatively high.
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As the predictions indicated that some of the peptides were likely to have antibiofilm

properties, this activity was tested in vitro using biofilm inhibition assays. S. aureus and

E. coli biofilms were grown in media containing peptide concentrations around and

below the MICs, followed by quantification of the cell viability and biomass using

resazurin and crystal violet stains respectably (figure 6.15).

In most cases almost complete inhibition was seen at concentrations at or above the

MICs, with the only exception being for Smp18 against E. coli. However, below the

MICs clear differences in the inhibition curves can be seen between the two species.

Against S. aureus all peptides show a significant reduction in the biofilm formation at

1/2 X MIC with Smp24 also showing a slight reduction at 1/4 X MIC, however at

concentrations below this level no significant biofilm inhibition was observed (P>

0.280). For all peptides except for Smp18, the reduction in cell viability and biomass

follows each other closely, whereas for Smp18 the biomass is slightly lower than the

cell viability at the lower concentrations.

Against E. coli all the peptides show a consistent difference between the inhibition of

the cell viability and the biomass, with the biomass reduction being greater. In all cases

biomass initially increases but then reaches a local minimum at 1/8 X MIC, with all

peptides except Smp14a achieving greater than 50% reduction relative to the control.

At concentrations below that point the biomass increases in a concentration

dependent manner reaching around 80-86% of the control at 0.5 µg/ml. The cell

variability curves run in parallel with the biomass curves although in most cases the

local minimum at 1/8 X MIC is less pronounced. For all peptides the cell variability

reaches close to 100% at the lowest concentration. The biofilm inhibition of Smp14a

deviates the most from the other three peptides. At 1/2 X MIC the highest values for

both the biomass and the cell variability were achieved, with the cell variability

reaching almost 150% of the control.

To evaluate if the effect on the biofilm formation could be explained by the peptides

affecting the growth rate below the MIC concentrations, growth curves were made for

E. coli using the same conditions as used in the biofilm inhibition assay (data not

shown).

In some cases, the initial growth rate was lower for samples at 1/2 X MIC but below
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that there were no consistent concentration dependent differences in the growth

rates for any of the peptides.

Table 6.14 Anti-biofilm prediction scores for Smp24 and the truncated peptides. * C-terminal
amidation not accounted for in calculations.

Name SVM score

Smp24 0.45

Smp20 0.80

Smp18 1.41

Smp14a 0.25*

WEKA probability

0.35

0.47

0.85

0.71*
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Figure 6.15 Biofilm inhibition caused by Smp24 and the truncated peptides at different
concentrations relative to untreated controls. Black = resazurin stain, red = crystal violet stain.
A,C,E,G = S. aureus, B,D,F,H = E.coli. A,B = Smp24, C,D = Smp20, E,F = Smp18, G,H = Smp14a.
N=1, n=8
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6.2.6.1 Computer aided design of antibiofilm peptides
Due to the range of proposed mechanisms of action for the biofilm inhibition it is

impossible to define a specific molecular level target that forms the underlying basis

for the observed activity. Therefore, structure-based design approaches using tools

such as MD simulations cannot easily be applied, to predict the antibiofilm properties

of a novel peptide. Instead, sequence-based approaches have been developed that

utilize machine learning in order to predict the activity of new or modified AMPs, such

as with the dPaBBs server (233). This approach has a lot of limitations, as it does not

consider the higher order structure of the peptide, is not based on a specific

mechanistic relationship and does not account for the differences in the biofilm

formation between different bacteria species. In the case of the dPabbs server, the

result of the model also only relates to a prediction of whether the peptide has any

antibiofilm activity or not and not if the activity is improved compared to another

peptide.

The dPaBBs server uses two models based on different machine learning tools to

predict the antibiofilm properties of peptides, however for the 4 peptides tested the

results were not consistent between the two models. The SVM model predicted that

all peptides would have antibiofilm activity, which corresponded to the observations in

the biofilm inhibition assays, with the WEKA model only giving Smp18 and Smp14a

more than a 50% chance of having antibiofilm activity. In addition, the two models

disagreed with the effect the full truncation down to Smp14a would have on the

probability.

These inconsistencies in the results from the models together with the binary nature of

the result call into question how useful the server is in the design of new AMPs. For the

purposes of an iterative design approach, such as that done with the truncation of

Smp24, a more sophisticated output from the models would be necessary if the

objective of the development were to improve the antibiofilm properties of the new

variants. Ideally the output would give insight into if the activity of a modified peptide

would be likely to have improved or not. With the current output, an increase in the

likelihood of an analog having antibiofilm properties is not that useful for peptides

such as Smp24 which are already known to have antibiofilm properties.

The models could still be useful as a secondary screening tool during the developing
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process, highlighting if any modifications induce a drastic shift in the predicted

properties, such as an analog suddenly having a very low probability of having

antibiofilm activity. In such a case it could serve as an indication that in vitro evaluation

of the antibiofilm activity would be necessary before further iteration is done on the

new analog. Otherwise, the server might mostly be useful for predicting the properties

of a large library of peptides with very different amino acids composition, where the

properties of the individual peptides are more likely to deviate than for closely related

analogs.

6.2.6.2 Mechanisms of peptide mediated biofilm inhibition
The differences in the in vitro biofilm inhibitory activity of the peptides are much more

dependent on the bacterial species than the structural differences between the

peptides. Against S. aureus the inhibition only occurs consistently at 1/2 X MIC while

against E. coli inhibition of especially the biofilm mass can be observed all the way

down to 1/64 X MIC. The reduced biofilm formation against S. aureus at 1/2 X MIC

could be due to a more general inhibition of bacterial growth at this peptide

concentration and not directly mechanistically related to the inhibition of pathways of

biofilm formation, whereas the concentration dependent response against E. coli

strongly suggests that the peptide directly interacts with the biofilm formation in some

way. Gram-negative and Gram-positive bacteria species have significant differences in

the molecular components involved in the biofilm formation, starting at the beginning

of the process with differences in their attachment due to the presence of LPS or

teichoic acid, to differences in signalling and regulation due to differences in quorum

sensing molecules with Gram-negative bacteria producing acyl-homoserine lactones

and Gram-positive species producing autoinducing peptides (234). These molecular

level differences could explain why the response to the peptide differs so drastically

between the two bacteria species.

Two important observations can be made related to the biofilm inhibitory properties

of the peptides against E. coli. Firstly, the biomass of the biofilm is consistently reduced

to a much greater extent than the cell viability. This indicates that the primary

mechanism of biofilm inhibition is related to the production of the extracellular matrix

rather than the direct killing or inhibition of the cells within the matrix. The degree of
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cell viability reduction that is still seen could be a downstream effect of the reduced

matrix limiting the number of cells that can be positioned in the smaller biofilm

volume. However, since AMPs can interact with the biofilm formation process in a

variety of ways, multiple mechanisms of actions could likely still be taking place at the

same time.

Secondly, the shape of the curve is not what would be expected for a direct

concentration dependent relationship. At peptide concentrations below 1/4 X MIC the

curve is linear (relative to log(Dose)) as expected for a dose-response curve between

the max and minimum response. However, between 1/4 X MIC and 1 X MIC the biofilm

growth often seems higher than expected. This could be explained by two opposite

peptide induced effects affecting the biofilm growth at the same time, an inhibitory

effect that occurs at all peptide concentrations and a growth inducing effect at 1/2-1/4

X MIC. Antimicrobial compounds such as ampicillin and triton X-100 that cause cell

lysis and thereby release of intercellular DNA and RNA, have previously been shown to

induce an increase in biofilm formation for Entercoccus faecalis at sub inhibitory

concentrations (235). A similar effect could be present for Smp24 and the truncated

peptides where at 1/2 and 1/4 X MIC, the peptide concentration is still high enough to

cause some cell lysis or membrane disruption, releasing intercellular DNA and RNA and

thereby inducing increased biofilm formation. At the same time a different mechanism

could also cause a concentration dependent inhibition of the biofilm formation. At 1/8

X MIC the threshold peptide concentration for inducing biofilm growth is likely no

longer reached. However, the biofilm inhibitory mechanism still occurs, leading to an

overall greater reduction in biofilm growth than at 1/4 X MIC.

The bacterial response to Smp14a deviates the most from the other peptides. It is the

only peptide that does not reach more that 50% biofilm inhibition at 1/8 X MIC against

E. coli and the induced biofilm growth at 1/2 X MIC is much larger than for the other

peptides. These differences could be due to the large structural change between

Smp14a and the other peptides, with the complete removal of the polar tail region.

Bose et al used machine learning to analyse a dataset of 242 antibiofilm peptides and

found that the most important distinguishing characteristics of the antibiofilm

peptides was the alternation between charged and hydrophobic groups (236). The

presence of both the charged tail and more hydrophobic primary helical regions could
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represent such an alternating motif, improving the biofilm inhibition compared with

the primary helix only. Furthermore, the tail region has already been hypothesised to

be involved in the binding between Smp24 bacteria secreted molecules such as

siderophores (194), it could also be involved in binding to molecules related to biofilm

formation.

6.2.7 Biophysical evaluation of the pore formation

The last step in the evaluation of the new truncated analogs was to investigate if the

truncations had affected the mechanisms of peptide induced pore formation. Like in

the earlier chapter, the mechanisms of the membrane disruption were investigated

using planar patch clamp with synthetic bilayers. However, some changes were made

to the experimental parameters in this round of experiments.

Firstly, a few steps were taken to increase the success rate of the bilayer formation

and improve its stability, leading to an increased experimental throughput. Firstly, the

1,2-dioleoyl-sn-glycero-3-phosphor type lipids (DOPX) were changed to the 1,2-

diphytanoyl-sn-glycero-3-phosphor type lipids (4ME 16:0 PX). These lipids are more

commonly used for synthetic bilayer for patch clamp experiments due to the improved

stability and high membrane resistance (237). In addition, the buffer solutions were

adjusted with Ca2+ ions, thought to improve the binding between the bilayer and the

glass surface of the chip (238).

Secondly, to limit the total number of experimental runs needed, the peptides were

only analysed at a single concentration each. For the optimal evaluation, the

concentration needs to be high enough to consistently induce conductance events,

however not so high that the bilayers are completely disrupted too soon in the

recording. In addition, it would also be ideal if the concentrations could be adjusted to

take into account the intrinsic differences in the dose-response of the peptides, as it is

the mechanism of action that is investigated not the activity. Therefore, following

some initial tests the final concentrations of 32 µg/ml for Smp24 and Smp20 and 16

µg/ml for Smp18 and Smp14a were chosen, corresponding to their MIC against E. coli.

Lastly, due to the significant changes in the activity of the truncated peptides against
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erythrocytes, the mechanisms of action of the peptides were also tested against a

neutral PC:PE bilayer.

Like with the previous evaluation of the concentration dependent response of Smp24,

the current traces were analysed both in relation to the kinetics of the membrane

disruption and qualitative categorisation of the individually observed events in

accordance with Chui et al. (105).

The time between the addition of peptide to the bilayer and the occurrence of the first

current event and the time point where complete/ irreversible membrane disruption

occurred was calculated (figure 6.16). In some cases, no irreversible disruption

occurred within the measurement period and as such in those cases the maximum

timepoint of 80 minutes was used instead. For all peptides and both bilayer types, a

high degree of variability was seen within each group of repeats. Therefore, further

statistical modelling was utilised to evaluate any potential differences.

One aspect of the experimental setup that could contribute to the high variation could

be differences in the biophysical properties of the individual bilayer. While factors such

as the overall lipid composition and vesicle production parameters were kept constant

for each type of bilayer, only a single bilayer is utilized in each experiment. Even within

the same batch of vesicles the properties of each bilayer can vary slightly in aspects

such as the lipid packing/order. In order to take this into account the baseline current

was measured over 40s at the start of each experiment before the peptide was added.

This baseline current was included in the statistical modelling as a covariate for each

experiment.

The effect of the peptide and bilayer type on each of the kinetic responses was

analysed using ANCOVA modelling. None of the variables had a significant influence on

the time till the first event occurred (P>0.05) but the peptide type (P=0.0347) did

significantly impact the time till irreversible membrane disruption.

Further post-hoc analysis was carried out using TukeyHSD showing that Smp20 is the

biggest outlier although none of the specific comparisons were statistically significant

(PSmp20-Smp14a = 0.085, PSmp20-Smp18 = 0.052, PSmp20-Smp24 =0.090).
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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 bilayers. 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. 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 was carried out by characterising the individual current events

from all the experiments, with 4 different general event types being found. As in the

previous set of experiments with Smp24 and the DOPC:DOPG bilayers, spike,

multilevel, and erratic conductance events dominated the current traces. Each of these

three event types was observed at least once for all the peptide-bilayer combinations

(table 6.15). In addition, spike events were again the first event to occur in the

majority of experimental runs.

However, on rare occasions an additional previously unseen event type was also

observed in this set of experiments, namely the flickering event type (table 6.16). Like

for the spike and multilevel event types, individual flicker events also have a distinct

beginning and end although the lifetime of each flicker can both be short like the spike

or longer like the multilevel event. Thus, the distinguishing feature of flicker events

relative to the other event types is their conductance rather than the shape of the

current increase. Not only do individual flicker events only have one or two distinct

conductance levels across their lifetime, when multiple flicker events occur in a row,

they will all share similar conductance levels. Still, when comparing multiple

experimental runs no consistent conductance level was found, with the average

current for the events being 4.761 pA (Smp18), 7.692 pA (Smp20) and 3.289 pA

(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 study. All three event types
were observed for all peptides with both bilayer types in at least one experimental run.

Spike Multilevel Erratic

Smp24

/DOPC:

DOPG

Smp24

/DOPC:

DOPE

Smp20

/DOPC:

DOPG

Smp20

/DOPC:

DOPE

Smp18

/DOPC:

DOPG

Smp18

/DOPC:

DOPE

Smp14

a/DOP

C:DOP

G

Smp14

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.

Flicker Amplitude histogram

Smp18_6

Smp20_5

Smp20_5

Smp20_6

Due to the large variation in the length of the period where distinct current events can

be observed and the difficulty in distinguishing between what is a long single event vs

multiple shorter events, direct comparison of the raw number of events between the

different peptides is not straight forward. Instead, the different peptides were

compared based on how many runs the different events occurred in (figure 6.17).

When added to the negative bilayer all the peptides except Smp20 have both spike,

multilevel and erratic events occurring in all 6 runs. Those three event types were also

the most consistently seen events for Smp20, although not in every run. Flicker events

were by far the rarest event type, only seen in two Smp20 runs and one Smp18 run.
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With the neutral bilayer the occurrence of the different event types is less consistent,

however for all peptides spike, multilevel and erratic events occur at least once. No

flicker events were observed using 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 Effect of the truncations on the mechanisms of pore formation

While the biological results indicate that activity of the truncated peptides was not

lost, it would not necessarily mean that the mechanism of action was unaffected. The

reduced activity of Smp20 and slightly improved activity of Smp18 and Smp14a could

be both cases be downstream effects from changes to how the peptides interacts with

the bilayer during the pore formation. If such changes were observed, they could give

valuable insight into the function of the truncated regions in Smp24 leading to an

improved SMR which could aid in future designs. If no changes were observed, it

would indicate that the truncated regions were not critical to the SMR and therefore

further validate their selection as targets for truncation.
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The kinetics of the membrane disruption and first conductance events follow similar

trends as observed in the previous experiments with Smp24, especially in terms of the

high degree of variation between individual experimental repeats. However, when

considering that the peptide concentrations used in this set of experiments were

considerably higher than even the maximum Smp24 concentration from the earlier

chapter, the kinetics are much slower than would be expected. This can be explained

by the change of lipid types used to form the bilayers. As seen from the kinetics, the

4ME 16:0 PX bilayers are much more stable than DOPX bilayers allowing for consistent

evaluation of individual pore structures even at the elevated peptide concentrations.

This is especially useful in this case where multiple peptides were evaluated, as it

allowed for the evaluation of each peptide at one concentration without the need for

extensive optimisation of the experiment's conditions for each peptide type.

The statistical evaluation of the membrane disruption kinetics did indicate that the

peptide type affected the kinetics somewhat with the biggest difference being

between Smp20 and the other peptides. Still, the overall similarity in the kinetics

between most of the peptides indicate that the activity-concentration corrections

made were relatively successful, meaning that the activity conditions were close

enough between the peptides that their current traces could be compared in a

qualitative way. If one change were to be made, it would have been to increase the

Smp20 concentration somewhat, considering its consistently reduced activity in all of

the biological assays. However, enough individual events were still seen for Smp20 to

reasonably compare the mechanism of action with the other peptides.

A somewhat surprising observation related to the kinetics was that the bilayer

composition did not show a significant effect even though the same peptide

concentrations were used for both bilayers. Previous experiments have shown that

Smp24 has higher selectivity towards negatively charged lipids resulting in a higher

leakage from DOPC:DOPG vesicles compared to DOPC:DOPE (58). The increased

selectivity for the truncated peptides towards prokaryotic cells suggests that this also

would be the case for them. However, in the patch clamp experiments the kinetics and

the probability for no irreversible membrane disruption to occur are almost the same.

These discrepancies could be explained by a concentration dependency of the

selectivity. The concentration of Smp24 used in these experiments was around 6-10
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times greater than in the liposomal leakage experiments, which will likely greatly

diminish any bilayer specific differences. However, the use of higher concentrations

was needed in order to achieve consistent membrane disruption and therefore a

greater number of events to analyse for the qualitative investigations.

When comparing between the two bilayer types for the individual peptides, the

kinetics of Smp24 deviates from the rest. Its membrane disruption kinetics with the

neutral bilayer were faster than for the other peptides which could be correlated with

the lower membrane selectivity of the peptide as seen with its high haemolytic

activity. However, it is still surprising that the kinetics were overall faster with the

neutral bilayer compared with the more bacteria like negative bilayer. This could be

due to intrinsic differences in the stability of the two bilayer types. The PE type lipids

added to the neutral bilayer have a different shape than the PC or PG lipids, which

could affect the elastic stress within the bilayer (239). Thus, even if the peptides are

less selective towards the neutral bilayer, the conditions needed to induce complete

disruption might still be reached more easily for other reasons.

In terms of the qualitative analysis of the conductance events there are also no

significant differences between the two bilayer compositions. In both cases three

event types (spike, multilevel and erratic) were by far the most dominant. However, in

previous biophysical experiments some qualitative differences have been seen in how

Smp24 affects bilayers depending upon their composition. Using AFM Smp24 was

shown to create distinct pores of different sizes when added to DOPC:DOPG bilayers,

while with DOPC:DOPE bilayers it instead created defect patterns which could

eventually develop into holes in the bilayer at higher concentrations (58). As planar

patch clamp can only measure changes in the bilayer that leads to a significant

difference in the conductance, non-destructive effects on the bilayer such as

membrane thinning, or de-mixing cannot be adequately investigated. Furthermore, as

previously described, the small size and free-standing nature of the bilayers only allows

for investigation of the early stages of the membrane disruption, contrary to the larger

disruptions seen with AFM. Nevertheless, the previous results would indicate that the

membrane disruption of a DOPC:DOPE bilayer should be less dominated by the

formation of distinct pore structures. As the morphology of the observed event types

are in complete agreement with the previous observations for Smp24 alone, the
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proposed molecular level structures corresponding to the conductance increases

should still be the same for the new bilayer types and new peptides. Therefore, based

on the AFM results, one could expect to see a shift towards the erratic event type

being the more dominant event type for the DOPC:DOPE bilayers. While all event types

occur less consistently with the DOPC:DOPE bilayers, multilevel and flickering events

do see the largest reduction in the consistency, indicating that stabilised pores are less

likely to occur. The presence of spike events is still slightly more consistent than erratic

events, but they are also by far the most frequent event type when comparing all the

experiments. Another interesting observation is that the likelihood of an erratic event

being the first observed event of a run also sees an increase from 25% to 46% when

changing to the DOPC:DOPE bilayer. Taken together these observations could suggest

that the distribution of the event types could be shifted towards an increased

likelihood for erratic events to occur, but further experiments at different

concentrations would be needed to confirm this.

The structural predictions from the MD simulations also correlate well with there not

being any dramatic difference in the pore formation mechanisms. While the peptides

do not insert into the DOPC:DOPE bilayers with the same consistency, if full insertion is

achieved the structure and position of the individual peptides is very similar for both

bilayer types. The main difference lies in the relative binding energies, but this would

mainly affect the thermodynamic driving force for inserting into the DOPC:DOPE

bilayer and not necessarily the pore formation itself. Based on the structure and

position of the peptides, relatively similar local conditions for the pore formation and

stabilisation should be possible for both systems. However, on a macroscopic scale a

much greater diversity in peptide structure and insertion level would likely be

prevalent in the DOPC:DOPE system. If assumed that the peptide needs to be in the

helical configuration to best support the formation and stabilization of toroidal pores,

the greater structural diversity would shift towards spike events and more generalized

erratic membrane disruption.

The truncation of Smp24 did not change that the spike, multilevel and erratic events

were the dominant event types. This indicates that reductions to the peptide size done

in this study were not great enough to significantly change the mechanism of pore

formation and early-stage membrane disruption.
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In the case of the truncation of the tail and linker regions, these results corroborate

the observations related to the simulations of the pore associated configurations of

Smp24. In all cases, the peptide-pore configurations suggested that the tail region

operated relatively independently of the pore and therefore it was deemed unlikely

that it had much effect on the pore structure.

Predicting the effect of truncating the secondary helix was more complicated as it

constitutes two structural changes that could be more likely to impact the mechanism

of action. Firstly, it removes the kink in the helical region, thought for other AMPs to

modulate how they associate with the pore structure and affect the activity (199, 200).

The second aspect is the reduction of the overall length of the helical region which has

also previously been shown to affect activity (240). However, as previously highlighted,

the structure of the kink in Smp24 is somewhat unique compared with other AMPs.

While the sequence position of the proline residue that induces the kink between the

primary and secondary helix is consistent with other AMPs of similar length such as

melittin or magainin 2, the second half of the Smp24 peptide has a much lower degree

of helicity. It has previously been indicated that the effect of shortening the helix

length of AMPs mainly works in threshold dependent manner, likely related to the

ability of the peptides to span the thickness of the bilayer (240). Thus, if the helical

regions of Smp24 were already too short to span the bilayer, as seems to be the case

based on the MD simulations of Smp24, further reduction would not alter this and

therefore no threshold length has been crossed by the truncated designs.

Furthermore, even if this is the case, the short secondary helix could also make the

impact of the kink motif much less significant.

These factors could explain why the impact of truncating the secondary helix was

relatively minor both in terms of the mechanism of action and the overall activity level.

While the previous MD simulations of the Smp24-pore configurations did indicate that

the kink aided in the favourability of the pore interface associated structures at low

peptide to lipid ratio, for the more extreme configurations at the higher peptide

concentrations it seemed less critical. Therefore, pore formation and stabilisation still

occur even if the secondary helix is truncated. The removal of the kink likely modulates

how likely it is that a peptide is positioned around the pore interface as its ability to
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adapt to the bilayer curvature is probably somewhat reduced, but this is not enough to

completely change the mechanism of action or remove its antimicrobial activity.

One interesting observation for the truncated peptides is the occurrence of flickering

events, although they were much rarer than the other types. The relatively consistent

conductance level for both the individual events and between multiple events suggests

that the molecular level pore structure responsible for these events is more ordered

than for the other event types. Potentially indicating that Smp20 and Smp18 can form

ordered toroidal pores in addition to the disordered toroidal pores and generalised

membrane disruption seen for the other peptides.

There could be multiple explanations for why this additional event type is seen.

Experimental conditions can strongly affect which type of events are seen for a given

peptide, such as for pleurocidin which has both been shown to predominantly form

flickering events or multilevel and erratic events by different authors (83, 184).

However, the structural changes induced by the truncation could also theoretically

increase the likelihood of the formation of more ordered peptide-pore assemblies.

Sengupta et al have previously highlighted the theoretical differences between the

classical toroidal pore model and the disordered toroidal pore model (209). The

disordered toroidal pore model requires the peptides to align with the high bilayer

curvature near the opening of the pore and therefore favours high flexibility in the

helical region, such as that induced by a kink motif. However, in the classical toroidal

pore model the peptide adopts a transmembrane orientation within the centre of the

pore, where the degree of peptide flexibility could be less important. Therefore, by

removing the secondary helix, the truncated peptides could be pushed towards the

formation of more ordered pore structures.

Overall, no clear link can be established between the qualitative aspects of the

mechanism of pore formation/membrane disruption and the differences seen in the

activity and toxicity for the truncated peptides relative to Smp24. This again highlights

the complexity and multifaceted nature of the mechanism of action of AMPs, with

pore formation only making up one aspect of the complete biological response to

these types of peptides. Other aspects such as the initial peptide membrane

interactions, peptide insertion, non-conductive peptide induced changes to the
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membrane and secondary binding targets also play a key role in the activity and

selectivity of the peptides.

6.3 Conclusions

The relatively large overall size of Smp24, high proportion of random coil structure in

membrane mimicking systems and presence of multiple structural regions which were

predicted to have limited impact on bacterial membrane binding, were all indications

that truncation of the peptide sequence without significant loss of activity could be

possible. Therefore, truncation of the peptide sequence was performed in a rational,

stepwise fashion aided by MD simulations throughout the design process to ensure

that the predicted behaviour of the conserved regions did not change in an

unexpected way compared to the parent peptide. This led to the development of three

novel truncated analogs, which were evaluated both in silico and in vitro. The two

smallest analogs showed similar to slightly improved antimicrobial activity to the

parent peptide, without affecting the cytotoxicity against secondary cell lines. In

addition, all truncated analogs showed significantly reduced haemolytic activity and all

peptide, including Smp24, showed the ability to reduce biofilm formation bellow their

MICs. Biophysical evaluation via patch clamp experiments indicated that the

truncations did not significantly affect the early-stage mechanism of membrane

disruption/ pore formation, with the pores remain mostly disordered in nature

although some examples of more ordered conductance events were also seen.
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7. Optimisation of the primary sequence of Smp14a

7.1 Introduction

Setting out in the development process of Smp24 three main objectives were

identified as reduction of the size of the peptide, improvement of the antimicrobial

activity and improvement of the selectivity. With the development of Smp18 and

Smp14a all three objectives were at least partially addressed, however further

improvements to the therapeutic index were still deemed possible.

Both Smp18 and Smp14a have different advantages, making them promising

candidates for further development. Smp18 has an interesting structural motif in the

hydrophilic tail region and has shown promising anti-biofilm properties, while Smp14a

has a smaller size and slightly improved antimicrobial activity.

In the end, Smp14a was chosen for further development for two main reasons. Most

of the sequence of Smp14a is fully conserved in Smp18 and as such any residue

substitutions leading to improvements in the properties of Smp14a could be

transferred to Smp18 with a reasonable expectation of a comparable change in

properties. This could significantly speed up any future development of Smp18 and

allow for the focus to be on the more unique tail region. Secondly, the fully helical

structure of Smp14a is also much more analogous to the structure of other AMPs of

similar size. Therefore, knowledge gained related to the structure activity relationship

of Smp14a could be more easily applicable to other peptides.

7.1.1 Design of the first generation Smp14a analogs

The initial step in the design process was to identify different sites along the sequence

where substitution of a residue could improve the properties of the peptide. This was

mainly done based on the MD simulations described in chapter 5&6, supplemented

with previously published findings regarding mutations of Smp24 and other AMPs.

Three general design strategies were formulated, mainly focusing on affecting the

early stages of the mechanism of action.

Improvement of hydrophilic/charged interactions between the peptide and bilayer:
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From the previous results it was identified that electrostatic interaction between the

peptide and bilayer were largely responsible for both the initial interactions with the

bilayer and a major driving force for the insertion equilibrium. Therefore, the non-ionic

residues along the structure, which after full insertion were oriented towards the lipid

headgroups/solute, were identified as sites where residue substitution could be done.

The RDFs shows that the serine3 residue already takes part in interaction with the lipid

phosphate groups, however the per-residue breakdown indicates that the energy

contribution of the serine residue is more than 30 times smaller than for the cationic

lysine residues. This suggests that substituting the serine residue to a cationic residue

could greatly improve the interactions. The serine to lysine substitution seemed to be

the most obvious one as it is in line with the rest of the peptide composition and has

previously shown promising results for Smp24 (149). In addition, the serine to histidine

substitution was also evaluated. Even though histidine is not fully protonated at

physiological pH the protrusion length of the sidechain is closer to serine, which could

be a factor affecting the insertion as the 3 position is inserted within the bilayer in the

early stages of the insertion process.

Further functionality could also be added to the peptide via the substitution. A

histidine residue in the third position from the N-terminal is the key feature of the

structural motif called the amino-terminal copper and nickel (ATCUN) binding unit. As

the name suggests, this structural motif allows the peptide to bind Cu(II) ions which

can be involved in the generation of reactive oxygen species (ROS), leading to cell

damage. AMPs have previously been modified with ATCUN units in order to utilise the

selectivity of the AMP and the oxidative properties of Cu(II) to improve the overall

antimicrobial efficacy, with varying degrees of success (112, 241, 242).

Another polar residue positioned towards the lipid headgroups is threonine10,

however the RDF indicates that the interactions of the native residue with the

phosphate groups are minimal. Instead thr10 forms a relatively consistent hydrogen

bond with the backbone carbonyl group of Ile6 and thus could be important for

structural stability of the helix. In this configuration the methyl group of the sidechain

is positioned upwards, away from the lipids and thus contributes minimally to any

hydrophobic interactions.

The increased reach of a lysine substitution could allow the residue to interact with the

lipid phosphate groups and the positive charge could improve the strength of the
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interaction.

In addition, a substitution to Ser was also performed in order to evaluate minor

optimisation of the structure. The per-residue decompostional analysis of the binding

energy for Smp24 revealed that the Van der Waals energy component for thr10 was

not significantly greater than for the two serine residues (-2.281 kcal/mol vs �t2.210

kcal/mol and �t2.510 kcal/mol) and thus in thermodynamic terms the additional methyl

group of the threonine residue does not seem to improve the binding. Substitution

with serine would reduce the overall size and hydrophobicity of the peptide.

Improvement of hydrophobic interactions between the peptide and bilayer:

Another way to improve the binding could be by increasing the hydrophobic

interactions. Therefore, residues which were oriented towards the centre of the

bilayer were identified and substituted for residues with larger hydrophobic

sidechains. However, quantification of the overall hydrophobicity of the different

hydrophobic amino acids is not a simple matter. Multiple different scales have been

made, ranking the hydrophobicity of the 20 common amino acids and often there is a

significant difference when comparing the internal rankings of the most hydrophobic

residues such as Leu, Iso, Phe and Trp. These variations are due to differences in the

underlying experimental methodology and observations used to formulate the

individual scale (243). Therefore, for the modification aimed at increasing the

hydrophobicity of the peptide two residues were chosen, phenylaniline and leucine,

which also differ in the overall structure of the sidechain.

Isoleucine 1 faces the core for the bilayer both during and after insertion and is

therefore one of the residues where the hydrophobic interactions might have the

largest impact on the activity. As Ile is already relatively similar to Leu, so only a

substitution to Phe was made.

Both Ala8 and Ala9 were identified as potential modification targets but based on

visual evaluation of their position in previous simulations Ala9 seems to be positioned

towards the centre of the bilayer most consistently. Substitutions with both Leu and

Phe were investigated.
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Reduction of potential cation-pi interactions between the peptide and cationic lipid

headgroups:

The overall objective with the further development of Smp14a is not only to improve

its interactions with the bilayer/membrane but also the selectivity towards bacteria.

One way to achieve this could be to limit any interactions which are more specific

towards the eukaryotic membrane. The previous simulations showed that the peptides

often have difficulty in establishing the initial consistent interactions with the neutral

bilayer which could be an avenue of the selectivity that could be further exploited.

During this part of the insertion process the interactions are driven by electrostatic

interactions, but these might not be limited to only the charged and polar amino acids.

Previous studies have highlighted that electrostatic interactions between �‹ electron

systems of aromatic residues and the cationic choline and amine lipid headgroups

could play a significant role for the anchoring of membrane proteins (244-246). As

zwitterionic lipids are much more common in the outer leaflet of eukaryotic

membranes, especially compared with the Gram-positive membrane, limiting the

ability of the peptide to form cation-pi interactions could improve the selectivity.

Smp14a contains two aromatic residues that could take part in cation-pi interactions,

namely Trp2 and Phe13, with Trp in general being known to form stronger interactions

compared with Phe (247). Therefore, Trp2 was chosen as a substitution to investigate

if a reduction in the peptide's potential for cation-pi interactions could reduce the

cytotoxicity. The orientation of the Trp sidechain after insertion indicated that the

residue still needed to be hydrophobic and as such substitutions to both Leu and Phe

were investigated, with Phe serving as a reduction and Leu as a complete elimination

of the cation-pi potential of the 2nd position.

Following the first round of simulations an initial rough evaluation of the simulations

was done in order to choose a few of the single residue substitutions that could be

combined into dual and triple substitutions. Under ideal circumstances each single

residue substitution would have been fully evaluated both in silico and in vitro before

higher order substitutions would be made but due to time constraints these

substitutions were done within the same drug design iteration.
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The following Smp14a analogs were designed 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 Smp14a analogs.
Hydrophobic moment calculated using https://h eliquest.ipmc.cnrs.fr/ , * C-terminal amidation
not accounted for in calculations.

Name

Smp14a

Smp14a_I1F

Smp14a_W2L

Smp14a_W2F

Smp14a_S3K

Smp14a_S3H

Smp14a_A9L

Smp14a_A9F

Smp14a_T10K

Smp14a_T10S

Smp14a_I1F_W2L

Smp14a_W2L_S3K

Smp14a_W2L_A9L

Smp14a_S3K_A9L

Smp14a_W2L_S3K

_A9L

Sequence

IWSFLIKAATKLFK-

NH2

FWSFLIKAATKLFK-

NH2

ILSFLIKAATKLFK-NH2

IFSFLIKAATKLFK-NH2

IWKFLIKAATKLFK-

NH2

IWHFLIKAATKLFK-

NH2

IWSFLIKALTKLFK-NH2

IWSFLIKAFTKLFK-NH2

IWSFLIKAAKKLFK-NH2

IWSFLIKAASKLFK-

NH2

FLSFLIKAATKLFK-NH2

ILKFLIKAATKLFK-NH2

ILSFLIKALTKLFK-NH2

IWKFLIKALTKLFK-

NH2

ILKFLIKALTKLFK-NH2

Mw

(g/mol)

1665.07

1699.09

1592.02

1626.04

1706.17

1715.13

1707.15

1741.17

1692.14

1651.05

1626.04

1633.11

1634.10

1748.25

1675.19

Charge at

pH 7

4

4

4

4

5

4.1

4

4

5

4

4

5

4

5

5

Hydrophobic moment*

0.626

0.626

0.596

0.601

0.678

0.617

0.721

0.727

0.673

0.636

0.595

0.649

0.690

0.771

0.741
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7.1.2 In silico evaluation strategy

Due to the large number of novel peptides to be evaluated in the first round of the

drug design process the range of simulations and analysis methods had to be refined.

In the previous computer aided design process where Smp24 was truncated down to

Smp14a, the most useful set of simulations were by far the baseline bilayer simulations

(7 nm2 DOPC:DOPG bilayer). The solution-based models gave very little critical

information that could not also be determined from the base bilayer simulation. The

information from the variant 1 simulations (DOPC:DOPE bilayer) was more useful but

they had a low success rate in terms of achieving full peptide insertion making them

very inefficient when investigating a larger library of peptides. The additional

simulations used for the initial evaluation of Smp24 (variant 2-4) were either very

complex, computationally expensive or resulted in less quantifiable data that would be

difficult to use for comparisons between closely related peptides. Therefore, only base

bilayer models were used in this round of simulations.

For the analysis of the simulations a focus was put on aspects that could be reduced to

a single value for each simulation. For some analysis methods this such as the relative

binding energy this was already the case with their previous use, while for other such

as the partial density profiles an additional step was added to further refine the

output.

In addition, based on the specific residue modification additional analysis method were

sometimes added if more context were to evaluate the effect of changing that specific

residue.

7.2 Results and discussion

7.2.1 In silico screening of Smp14a analogs

For the in silico design process of the first generation Smp14a analogs a total of 42

simulations were performed. Full insertion of the peptides was achieved within 1000

ns simulation time in more than 90% of these simulations. In three simulations only a

partial peptide insertion was observed, with a significant proportion of the peptide

being unstructured and positioned around the surface of the bilayer rather than having
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the expected structure and position. In one simulation, only adsorption of the peptide

to the bilayer surface was achieved.

As expected, the insertion mechanism of the Smp14a analogs in most cases followed

the stepwise mechanism previously described for Smp24 (table 7.2). In around 12% of

the simulations the peptides skipped the N-terminal inserted stages going directly

from the initial interactions to the rotation stage, but with the number of simulations it

is not unexpected that in some cases the local lipid conditions would allow this to

happen.

Overall, the kinetics of the insertion processes were consistent with observations from

the previous rounds of simulations. The initial lag period was on average the shortest

stage taking 57 ± 101 ns. The N-terminal insertion stage was on average the longest

stage and the most variable taking 160 ± 192 ns, with as mentioned some simulations

where it is completely skipped. The rotation stage was the most consistent, taking on

average 81 ± 53 ns and overall, the full insertion process took on average 279 ± 191 ns.

The relatively large variations in the kinetics of the insertion process makes it difficult

to determine any specific effects on this due to the amino acid substitution. However,

no modifications seemed to be completely detrimental to the insertion process with

even Smp14a_S3K_A9L, that did not achieve full insertion in one of the simulations,

behaving in an equivalent fashion to the other peptides in the remaining two

simulations.
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Table 7.2 Overview of the insertion kinetics for Smp14a and the first-generation analogs. All
values are in ns.

Simulation name

bpg_I1F_1

bpg_I1F_2

bpg_I1F_3

bpg_W2L_1

bpg_W2L_2

bpg_W2L_3

bpg_W2F_1

bpg_W2F_2

bpg_W2F_3

bpg_S3K_1

bpg_S3K_2

bpg_S3K_3

bpg_S3H_1

bpg_S3H_2

bpg_S3H_3

bpg_A9L_1

bpg_A9L_2

bpg_A9L_3

bpg_A9F_1

bpg_A9F_2

bpg_A9F_3

bpg_T10K_1

bpg_T10K_2

bpg_T10K_3

bpg_T10S_1

bpg_T10S_2

bpg_T10S_3

Overall

Insertion

level

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Partial

Partial

Full

Full

Full

Initial lag

period

0-105

0-55

0-54

0-74

0-27

0-6

0-2

0-220

0-4

0-6

0-513

0-13

0-17

0-161

0-134

0-15

0-320

0-13

0-5

0-19

0-10

0-5

0-5

0-24

0-1

0-6

0-2

N-terminal

inserted

105-155

55-122

na

74-107

27-109

6-44

2-265

na

4-236

6-80

na

13-126

17-38

161-211

na

15-43

320-364

13-34

5-136

19-80

10-139

5-122

5-823

24-788

1-11

6-365

2-467

Rotation

155-250

122-169

54-337

107-165

109-162

44-110

265-307

220-350

236-246

80-117

513-555

126-192

38-122

211-266

134-309

43-162

364-515

34-115

136-330

80-128

139-208

122-195

823-842

788-895

11-74

365-446

467-572

Inserted

250-500

196-500

337-500

165-500

162-500

110-500

307-500

350-500

246-500

117-500

550-750

192-500

122-500

266-500

309-500

162-500

515-750

115-500

330-500

128-500

208-500

195-500

842-1000

895-1000

74-500

446-750

572-750
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bpg_I1F_W2L_1

bpg_I1F_W2L_2

bpg_I1F_W2L_3

bpg_W2L_S3K_1

bpg_W2L_S3K_2

bpg_W2L_S3K_3

bpg_W2L_A9L_1

bpg_W2L_A9L_2

bpg_W2L_A9L_3

bpg_S3K_A9L_1

bpg_S3K_A9L_2

bpg_S3K_A9L_3

bpg_W2L_S3K_A9L_

1

bpg_W2L_S3K_A9L_

2

bpg_W2L_S3K_A9L_

3

Full 0-80

Full 0-3

Full 0-31

Full 0-6

Full 0-6

Full 0-5

Full 0-18

Full 0-72

Full 0-12

Full 0-32

Surface 0-43

Full 0-9

Full 0-17

Partial 0-230

Full 0-17

na

3-12

31-134

6-495

6-194

5-60

18-148

72-92

12-74

32-111

43-1000

9-198

17-102

230-415

17-205

80-112

12-30

134-245

495-516

194-293

60-152

148-207

92-152

74-108

111-196

na

198-303

102-138

415-500

205-355

112-500

30-500

245-500

516-750

293-500

152-500

207-500

152-500

108-500

196-500

na

303-500

138-500

500-750

355-500

As previously shown, the helicity of the Smp14a was relatively consistent and relatively

high after the insertion into the bilayer, having an average helicity of 84.6 ± 0.9 %.

Therefore, there is likely limited opportunity for increasing the overall helicity of the

peptide by substituting any individual amino acids. However, substitutions could still

have a disruptive effect to the overall or local structure which might lead to a reduced

activity of the peptide in vitro.

As expected, none of the modified peptides had a higher % of helical structure than

Smp14a but 21% of them retained an average helicity above 80% while 43% had an

average helicity above 70% (figure 7.1). Several general trends could be observed

related to the effect of the amino acid substitutions on helicity of the structure.

Firstly, substitution to larger aromatic residues generally induced a reduction in the

helicity both in comparison to the native peptide and the other substitution types.

Examples of this could be the substitution to a leucine residue in 2nd or 9th position
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which in both cases only led to a small disruption of the helical structure while the

equivalent substitution to phenylalanine residues more consistently reduced the

helicity. This was also the case for the isoleucine1 to phenylalanine substitution which

reduced the helicity both with the single and dual modifications. This phenomenon

was not just isolated to the hydrophobic residues with the serine3 to histidine also

reducing the helicity compared with both the native peptide and the lysine

modification. Li Ping Lu et al investigated the propensity of different residues to induce

the formation of a helical structure in a membrane mimicking environment and found

residues with aliphatic hydrophobic sidechains such as leucine and isoleucine generally

were better than aromatic residues such as tryptophan and phenylalanine,

corresponding well with the observations from the simulations (248).

Secondly, substitution to non-aromatic residues in general do not markedly affect the

helicity. The main outlier for this observation was the threonine10 to lysine

modification which could indicate that this residue position has a larger influence on

the overall peptide structure. Lastly, there was not always a direct correlation between

the single amino acid substitutions and the multi amino acid substitutions. Individually,

both the serine3 to lysine and alanine9 to leucine modifications did not affect the

structure substantially, however when combined the helicity was consistently reduced.

In other cases, such as the combination of the isoleucine1 to phenylalanine or the

serine3 to lysine with the trypthophan2 to leucine the behaviour is more expected,

yielding a helicity of the dual modifications somewhere between the average helicities

of the individual modifications.
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Figure 7.1 Average helicity of the first generation Smp14a analogs. * Statistically significant
difference from parent peptide (Smp14a) calculated based on two-sided, unpaired,
independent t-test.

Ensuring that the modified peptides retain their level of insertion within the bilayer

could be a key indicator that they would be likely to retain their antimicrobial

properties in vitro. Most of the peptide analogs retained a mean distance from the

centre of the bilayer of around 1.25-1.30 nm similar to that of the native Smp14a

(figure 7.2). While none of insertion depths were significantly different from Smp14a a

few trends could still be observed.

Again, substitution to the larger aromatic residues seemed to have a relatively

consistent effect leading to a slight reduction in the insertion depth compared to both

the native peptide and other modifications at the same residue position. As expected,

the threonine10 to lysine substitution led to the largest reduction in the insertion

depth due to the peptide only achieving a partial insertion state in two of the

simulations.

One might have expected that substituting the small downwards facing alanine 9

residue to a residue with a larger hydrophobic sidechain could have increased the

overall insertion depth of the peptide, but this did not seem to be the case. Both the

alanine9 to leucine and to phenylalanine substitutions led to a reduction of the

average insertion depth of above 1.3 nm from the bilayer centre.

Surprisingly the substitution which led to the greatest increase in the insertion depth

was the serine3 to lysine modification, with the single substitution and one of the dual
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substitutions being the only two modified peptides with improved insertion level

compared with Smp14a. The W2L_S3K peptide was especially improved with a more

than 5% increase in the insertion depth.

Figure 7.2 Average distance from the centre of the bilayer of the first generation Smp14a
analogs. * Statistically significant difference from parent peptide (Smp14a) calculated based
on two-sided, unpaired, independent t-test.

The relative binding energy is one of the key characteristics where the modified

peptides could more readily show potential improvements over the parent peptide.

As expected, the greatest impact seen on the �4G was when the overall charge of the

peptide was increased by substituting in another lysine residue (figure 7.3). While the

binding energy was increased for all peptides with this lysine modification compared

with the parent peptide, the largest and most statistically significant increases were

seen for the S3K (P=0.0027) and W2L_S3K (P=0.0165) peptides. The average �4G

increases were smaller and more variable for the other peptides with a +5 charge likely

due to increased variability in their structure. A few other peptides had smaller but

statistically insignificant increases, most notably the I1F and W2L peptides which both

have an average �4G of above �t86 kcal/mol. The I1F_W2L peptide was the only one

with an average �4G below that of the parent peptide although the difference was less

than 0.2 kcal/mol.
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By breaking the binding energy further down into its electrostatic and hydrophobic

components further context could be obtained related to the changes in the overall

binding energies (figure 7.4 & 7.5). As expected, the lysine substitutions significantly

increased the electrostatic energy in all cases. The tryptophan2 to leucine modification

seems to facilitate a small but relatively consistent increase in the electrostatic energy

seen for both the W2L, I1F_W2L, W2L_S3K and W2L_S3K_A9L peptides. This is

somewhat surprising as the leucine residue would not be expected to impact the

electrostatic interactions much by itself. The change could therefore instead be one

that indirectly improves the electrostatic interactions of other residues as seen

previously with the truncation of the secondary helix of Smp24.

The most notable reduction in the electrostatic energy is for the S3H peptide which

was a modification of one of the key non-charged residues responsible for the overall

electrostatic interactions. This is one indication that the histidine residue was not able

to form stronger interactions with the bilayer than the serine residue, at least under

the conditions used in the simulations.

Two of the modified peptides had a statistically significant increase in the hydrophobic

component of the binding energy. First was the I1F peptide (P=0.046) which could be

expected based on the substitution to another phenylaniline residues, as this residue

type did show a generally higher energy contribution than leucine and isoleucine

residues in previous per-residue energy breakdowns of Smp24 and the truncated

peptides. The specific increase to the energy contribution would also be somewhat

dependent on the position of the residue, but with the observed position of the

sidechain of the N-terminal residue the increase in the van der Waals energy would

likely be a direct result of the increased energy contribution of the larger sidechain.

The second and more surprising significant increase was seen for the S3K peptide

(P=0.019). Neither a serine or a lysine residue itself would be expected to have a large

impact on the hydrophobic interactions, so the energy increase could likely instead be

a secondary effect of the substitution improving the interactions of the other residues.

This observation does line up with the slight increase in the insertion depth also seen

for this peptide.

While several of the modified peptides had a slight decrease in the van der Waals

energies, taking the large variations between the replicate simulations into account
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these reductions could be explained by the coinciding structural variation of these

peptides. However, one notable outlier is the W2L peptide which had reduced van der

Waals energy with a relatively small variation. This suggests that the opposite of what

happened for the I1F modification is occurring with the direct interactions between

the leucine residue and the bilayer being less energetically favourable than with the

tryptophan residue.

Another set of peptides with notable Van der Waals energies are the A9L and A9F

peptides. One could expect that the substitution of the small alanine residue to the

larger more hydrophobic leucine and phenylalanine residues would have led to an

overall increase in the hydrophobic interactions, but this was not the case. Again, the

explanation is likely due to an indirect effect of the substitutions reducing the overall

structural stability and causing a reduced overall insertion depth of the peptides

limiting the hydrophobic interactions of the peptides as a whole.

Figure 7.3 Average relative free binding energy of the first generation Smp14a analogs. *
Statistically significant difference from parent peptide (Smp14a) 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 Smp14a analogs as
calculated as part of MMPBSA analysis. * Statistically significant difference from parent
peptide (Smp14a) calculated based on two-sided, unpaired, independent t-test.

Figure 7.5 Average electrostatic energy of the first generation Smp14a analogs as calculated
as part of MMPBSA analysis. * Statistically significant difference from parent peptide
(Smp14a) calculated based on two-sided, unpaired, independent t-test.
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In addition to the previous sets of characteristics analysed for all the peptides some

more specific analysis methods were utilised to investigate the local effects that the

individual amino acid substitutions had on the analogs.

A key aspect of modifying the polar residues in the 3rd and 10th position was to

investigate if the polar interactions between the residues in these positions and the

phospholipids could be improved. To evaluate if this was achieved the RDFs between

the main polar sidechain atom and the phosphate groups of the lipid were calculated

(figure 7.6).

In the 3rd residue position the serine residue previously did show some interactions

with the phosphate groups as indicated by the peak at around 0.38-0.40 nm. However,

as expected from the energy calculations, substitution to a lysine residue strongly

improved these interactions leading to a higher and more consistent peak due to the

increased strength of the fully charged interaction.

A similar effect was not seen when substituting in the histidine residue, again

consistent with the energy calculations. The main reason for this is that the non-

protonated form of histidine was used in the simulations, as the majority of histidine

residues would be non-protonated in the experimentally relevant pH range. Polar

interactions between the histidine hydrogen bond donor and the phosphate groups

still occurred, but RDF indicates that they were even smaller than with the serine

residue. Part of the explanation for this could be the larger size of the histidine

sidechain limiting the consistency of the interactions. In vitro a small proportion of the

histidine residues would still be charged likely allowing for interactions more akin to

those observed for the lysine residue. Thus, it is difficult to estimate if the interactions

between the residue and the lipids would be improved or reduced as a whole.

At the 10th position the threonine residue of the native Smp14a peptide showed

almost no interactions with the lipid phosphate groups even though the relative

position/orientation of the side could in theory allow for interactions to occur.

However, this changes for both substitutions. As expected, the substitution to the

lysine residue had the greatest impact on the interactions, however compared to what

has been observed for other lysine residues the variation in the interactions between

the repeated simulations were much greater. This is likely an effect caused by the

greater variation in the structure and insertion level observed for this peptide analog.
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However, when investigating the RDF for the bpg_T10K_1 simulation where the best

insertion was achieved, a clear peak at 3.9 nm was observed (data not shown). The

substitution to the serine residue did significantly increase the peak compared with the

native threonine residue, although compared to the peak seen for the serine residue in

the 3rd position it was still relatively small.

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 in the 3rd position
of the peptide sequence. Black = the serine3 in Smp14a, 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 10th position of the peptide sequence. Black = the threonine10 in
Smp14a, red = the lysine10 in the T10K analog, green = the serine10 in the T10S analog.

To further investigate why the polar interactions between the position 10 residues and

the lipid phosphate groups were smaller than expected, the occurrence of

intermolecular hydrogen bonds facilitated by the position 10 sidechain were explored

(table 7.3). For the native Smp14a peptide a very consistent hydrogen bond was

formed between the hydroxy group of the of the threonine sidechain and the

backbone of the isoleucine6 residues. When the substitution to the serine residue is

performed the occurrence of this bond was almost halved, explaining why interactions

instead could occur with the lipid phosphate groups.

Substitution to the lysine eliminated the formation of this intramolecular 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 Ile6 backbone after full insertion into the DOPC:DOPG bilayer.

Peptide

Smp14a

T10K

T10S

Hydrogen bond occupancy

91.91 ± 1.47 %

0.00 ± 0.00 %

47.39 ± 16.55 %

Another key hydrogen bond that might be affected by the amino acid substitutions

could be related to the residue in the 2nd position. The native peptide contains a

tryptophan residue which not only could interact with the bilayer through hydrophobic

interactions but also via the formation of a hydrogen bond facilitated by the nitrogen

atom in the indole ring structure. Substitution of this residue to either leucine or

phenylalanine would eliminate the possibility of such a hydrogen bond to be formed.

The average number of hydrogen bonds between the whole of the 2nd position residue

and the bilayer was calculated for the relevant peptides to account not only for the

loss of the hydrogen bond doner of the indole ring but also to see if the side chain

affected the hydrogen bond formation coming from the backbone of the residue (table

7.4).

As expected, the substitution of the tryptophan residue led to a reduction of the

average number of hydrogen bonds in all cases. The reduction was the largest when

the larger aromatic phenylalanine residue was added, either in the 1st or 2nd residue

position. The change was smaller when the substitution was made to the leucine

residue but consistent for both the W2L and W2L_S3K peptides.

Table 7.4 Average number of hydrogen bonds between the 2nd residue in the peptide
sequence and the lipid bilayer.

Peptide

Smp14a

W2L

W2F

I1F_W2L

W2L_S3K

Average number of hydrogen bonds

1.073 ± 0.2829

0.7065 ± 0.022

0.4687 ± 0.1320

0.4507 ± 0.1383

0.7389 ± 0.1511
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The modifications of the hydrophobic residues in the 1st and 9th positions were

performed in order to improve the hydrophobic interactions with the bilayer and

potentially lead to a deeper level of insertion of these residues among the lipid acyl

chains. Therefore, the mean distance between the centre of the bilayer and the

individual residues was investigated (table 7.5).

The substitution of the N-terminal isoleucine residue to a phenylalanine did induce a

very small but non-significant increase in the insertion depth of the residue. The small

effect could be due to the charged N-terminal amine forming strong interactions with

the phosphate groups limiting any effect of changing the sidechain.

For the substitutions of the 9th residue the effects were larger but not necessarily what

would be expected. In both cases the larger residues were positioned further away

from the bilayer centre than the original alanine residue, which correlates with the

observations for the insertion depth of the entire peptide.

Table 7.5 The average distance from the centre of the bilayer between select residues in the
Smp14a analogs.

Peptide

Smp14a

I1F

I1F_W2L

Smp14a

A9L

A9F

Residue 1 distance from bilayer centre

(nm)

1.0496 ± 0.0210

1.0417 ± 0.1190

1.0280 ± 0.1024

Residue 9 distance from bilayer centre

(nm)

1.0827 ± 0.0543

1.1252 ± 0.1248

1.2038 ± 0.1956

7.2.2 Selection of the most promising analogs

Based on the totality of the in silico investigations, predictions can be made as to if

their antimicrobial activity would be improved, reduced or be unchanged compared

with the parent peptide. In all cases a predicted improvement would be ideal but as
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the modifications might also affect other aspects of the behaviour of the peptides such

as their selectivity a prediction of a similar level of antimicrobial activity might also be

considered a success. To allow for a complete analysis of the validity of the previously

described design principles, a minimum of one Smp14a variant was chosen for each of

the modification sites to move on to in vitro evaluation.

For the residue 1 substitution site only one modification was made, that being the

substitution of the isoleucine to a phenylalanine residue. While the simulations did

indicate that the substitution to the larger aromatic residue could potentially reduce

the stability of the helical structure, the energy calculations indicated that the

hydrophobic interaction between the peptide and the bilayer had been increased

thereby fulfilling the main objective of the substitution. In all other aspects the

modified peptide behaved within the limits of what would be expected for a peptide

with a similar level of activity as its parent peptide.

The increased hydrophobic interactions of the N-terminal could also impact other

aspects of the behaviour of the peptide not directly investigated in this set of

simulations. As indicated by the original simulations for Smp24, the sidechain of the N-

terminal is one of the few hydrophobic residues which might play a role during the

insertion and surface adhesion of the peptide. While no clear effect of the substituti on

on the insertion kinetics could be observed, a small effect might still be relevant in

vitro when averaging over many orders of magnitudes more peptides.

When comparing the two modifications of the position 2 substitution site the

tryptophan to leucine substitution would be predicted to be the most successful, as

the greater helical disruption of the phenylalanine residue is not compensated by a

significant improvement in the other properties of the peptide. The slightly helical

disruptive tendency of the leucine substitution could be due to the elimination of the

hydrogen bond between the tryptophan and the lipids providing some local stability to

the helix. However, even with the slightly reduced helicity of the peptide, it still had

similar or slightly improved properties in the other aspects evaluated and therefore

the W2L variant would be predicted to have similar antimicrobial properties as the

parent peptide.
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As mentioned previously, the substitution of the serine 3 residue to a lysine residue

was expected to yield an improved peptide based on previous modifications of Smp24

(149). The in silico modelling agrees with these expectations showing a large increase

in the electrostatic interactions, while retaining the other properties of the parent

peptide.

The effect of the substitution to the histidine residue is less clear. Overall, the S3H

peptide is predicted to be slightly worse than the parent peptide in most of the

investigated aspects. Although to some extent this can be explained by one of the

simulations deviating significantly from the rest, lowering the average value and

increasing the variance. While the interactions between the phospholipids of the

histidine sidechain might be overall slightly worse than with the serine residue they

still occur and were reasonably consistent, so the modified peptide would be predicted

to have an antimicrobial activity around the same level or slightly lower than the

parent peptide. In addition, with the potential presence of an ATCUN motif the S3H

peptide does show enough promise to warrant further in vitro evaluation.

Improvement of the hydrophobic interactions between the peptide and the bilayer

through substitution of the alanine9 residue was seemingly less successful than the

residue 1 modification. Like at the other modification sites the addition of a

phenylalanine seemed to disrupt the helical structure of the peptide while not

providing any significant improvements over the parent peptide in any of the other

investigated aspects. The behaviour of the A9L peptide was more complex. While the

helical structure of the peptide in the simulations was very consistent, the other

properties of the peptide such as the insertion depth and the binding energies varied

much more than would be expected based on the structural variation alone. This

makes it more difficult to predict the behaviour of the peptide in vitro. In one

simulation the insertion depth of the peptide was deeper than for the parent peptide

also leading to an increased binding energy, however in the others the opposite was

the case. This was also the case when looking at the insertion depth of the leucine

residue only, potentially indicating that it is difficult for this residue to achieve a

consistent/optimal position within the parameters of the simulations. The ability of the

peptide to adopt the most optimal position within the bilayer might be more

dependent on the specific configuration of the lipids surrounding it as it could be more
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difficult for the larger leucine sidechain to properly align with the lipid acyl chains. This

could increase the amount of time it takes for the peptide to reach its true fully

inserted state leading to greater variation within the short timeframe of the

simulations. However, in an in vitro setting such kinetic differences might not be as

relevant, while the potentially increased hydrophobic interactions could lead to an

overall increase in the activity of the peptide.

Many of the amino acid substitutions indicate that a balancing act might exist between

trying to improve the interactions between the peptide and the bilayer without

disrupting the helical structure of the peptide too much. For the T10K peptide such a

balance did not seem to be reached. While the lysine residue did increase the

electrostatic interactions with the bilayer, the helical structure and insertion level were

both consistently disrupted. This could be related to the loss of the intramolecular

hydrogen bond between the threonine sidechain and the peptide backbone which is

completely lost following the lysine substitution. Some structural stability could in

principle instead come from the interactions with the surrounding phosphor lipids but

the relative position/orientation of residue sidechain might not be optimal for such

interactions while in a helical configuration.

The substitution to the serine residue seemed to instead facilitate a middle point

between favouring internal and external interactions. The increased structural

flexibility of the serine sidechain relative to the threonine allowed for interactions with

both the lipids and the peptide backbone. The modification could thus allow for an

investigation into how critical this intramolecular hydrogen bond is and if even a slight

change to its stability would impact the activity of the peptide. Based on the

simulations no difference in the antimicrobial activity would be expected which is

consistent with the very minor structural difference between the threonine and serine

residues. However, it would still be interesting to get an indication about how large the

modifications need to be in order to have an in vitro impact on the activity. This would

both help answer the question whether it is worth substituting polar residues such as

threonine for other non-charged residues and would help validate whether the

modelling is accurate enough to predict activity changes based on such small structural

modifications.
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Out of the 5 analogs containing 2-3 residue modifications two were chosen for further

evaluation. Based on the simulations the W2L_S3K peptide was overall the most

promising analog, with a good helicity, the deepest insertion level and the largest

increase in both the binding energy all giving the indication that the activity is likely

improved.

The second dual modified analog chosen was the I1F_W2L peptide which had more

mixed in silico results indicating that the analog was more likely to have a similar

antimicrobial activity as Smp14a. However, it was still chosen as it seemed to improve

the helicity slightly compared to the I1F, potentially due to increasing the space

between the large aromatic residues located near the N-terminal.

7.2.3 Biological evaluation of Smp14a analogs

To assess the in vitro properties of the peptides, the antimicrobial, haemolytic and

cytotoxic activity of a new batch of Smp14a (new manufacturer) and the 8 chosen

analogs were evaluated (table 7.6). The new batch of Smp14a had a slightly lower

antimicrobial efficacy than the previous batch, shifting the MIC values against S. aureus

from 4-8 to 8 µg/ml and against P. aeruginosa from 16 to 16-32 µg/ml, however these

changes are within the expected range of batch-to-batch variation. The A9L variant

was found to have very limited solubility in the test media making it impossible to

determine any consistent MIC values. Several of the other peptides showed some

degree of aggregation at the highest test concentration leading to slightly elevated

absorbance readings in these wells. However, as the peptide concentration was

reduced the absorbance conformed with the negative growth control until the MIC

had been surpassed.

Excluding the A9L analog only one of the remaining Smp14a analogs had a consistently

reduced antimicrobial efficacy, with the activity of the I1F_W2L analog being reduced

against all the tested bacteria species by up to a factor of 2. However, the remaining 6

analogs all showed an overall equivalent efficacy with some cases of small

improvements against specific species.

The only analog which had an improved activity against S. aureus was the W2L peptide,

achieving an MIC of 4 µg/ml which is a 2-fold increase compared with Smp14a and a 4-
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fold increase relative to Smp24. However, this improvement did not carry over to any

of the Gram-negative species. Both double modified peptides which included the W2L

modification lost the activity increase against S. aureus, with the W2L_S3K peptide

instead having a similar MIC to Smp14a.

Several analogs had an improved activity against the Gram-negative species E. coli and

P. aeruginosa, with all of them sharing a common motif relating to the substitution of

the serine3 residue. The overall best activity was achieved for the double mutant

W2L_S3K which had a factor 2 improvement against both E. coli and P. aeruginosa

compared with Smp14a and a 4-fold improvement against E. coli compared with

Smp24.

These results correlate well with the predicted properties of the peptides based on the

MD simulations. Most of the peptides were expected to have a similar activity to the

parent peptide and this seems to be the case. The peptide analogs with an increased

charge (S3K and W2L_S3K) were expected to have an improved antimicrobial activity

based on their increased binding energy but this was only against the Gram-negative

species. The effect of increasing the charge was smaller in this round of designs

compared with the difference between Smp20 and Smp18 where the charge increase

led to 2-4 fold improvements in the MIC against all the bacteria species. Similar

observations have been made for other AMPs in the past, showing both a general

diminishing return on the activity increase when increasing the charge of the peptide

and that this diminishing return happens faster against Gram-positive species (220,

249).

The improved activity of the W2L analog was less expected based on the MD

simulations, indicating that the activity change might be related to other aspects of the

peptide-bilayer interactions not well modelled in the simple peptide-bilayer

simulations, such as changes to the pore formation itself.

The activity increase of the S3H analog could either be due to increased interactions

with the bacterial membrane or an effect of the ACTUN motif. Previous studies of

AMPs modified by ACTUN motifs show that an activity increase simply due to the

presence of a potential ACTUN motif is not a given. The specific residues coming

before the position three histidine can have a large effect on how efficiently reactive
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oxygen species can be produced, with the IWH motif found in the S3H analog not being

previously explored or found in nature (242). Most studies have previously found

inconsistent effects even when adding the same ACTUN motif to different peptides

and often do not take into account how much of the activity increase is simply due to

increasing the size of the peptide (112, 241, 242). When Agbale et al tested their most

promising ACTUN modified AMP analogs in the presence of a Cu(II) chelator which

should eliminate the effect of the peptide-copper binding, only a 2-fold change in the

MIC was observed, indicating that the real effect of the ACTUN motif is relatively minor

(112). Since the activity changes of S3H mimic those seen for the S3K analog it is more

likely that the slight improvement is due to the partial protonation of the histidine

sidechain under the experimental conditions.

The observations related to the A9L analog highlight that solubility should also be a key

concern when designing AMPs. While the relatively high proportion of hydrophobic

residues can be somewhat counterbalanced by the inclusion of cationic residues, this

still makes the solubility of the peptide very dependent on the ionic strength of the

surrounding solution. The low solubility can in practice reduce the concentration of

active peptides and thereby reduce the measured antimicrobial activity or lead to loss

of peptides during the sample preparation.

Table 7.6 MIC values for Smp14a and the first-generation analogs in µg/ml. N=2, n=3

Peptide

Smp14a

Smp14a_I1F

Smp14a_W2L

Smp14a_S3K

Smp14a_S3H

Smp14a_A9L

Smp14a_T10S

Smp14a_I1F_W2L

Smp14a_W2L_S3K

S. aureus E. coli

8 16

8 16

4 16

8 8

8 8

>128 >128

8 16

8-16 32

8 8

P. aeruginosa

16-32

32

16-32

16

16-32

>128

16-32

32

8-16
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The first round of peptide analogs showed both improvements and reductions in the

selectivity against erythrocytes (table 7.7). The solubility of the A9L analog was better

in PBS allowing for the evaluation of its haemolytic activity which was by far the

highest of any of the peptides, with a significantly decreased HC50 value compared to

Smp14a (P=0.006). Most of the remaining analogs had a haemolytic activity relatively

close to that of Smp14a.

The HC50 values of the S3H and T10S analogs both deviated by less than 10% from that

of Smp14a. Larger but still nonsignificant changes were seen for the I1F (P=0.086), W2L

(P=0.1187) and I1F_W2L (P=0.2812) showing a higher haemolytic activity for the first

and a reduced activity for the latter two. However, two of the peptide analogs did

show a significantly reduced activity, namely S3K (P=0.0254) and W2L_S3K (P=0.0024).

The haemolytic activity is especially reduced for the W2L_S3K analog shifting the HC50

value 2.99-fold relative to Smp14a and 4.65-fold relative to Smp24.

Focusing further on the 4 peptides with reduced haemolytic activity, an interesting

observation can be made in terms of the shape of the does response curve (figure 7.7).

While the S3K analog has a higher HC50 value than the W2L and I1F_W2L analogs at the

lower concentrations the %lysis is lower for these two peptides. However, at 64 µg/ml

for I1F_W2L and 128 µg/ml for the W2L peptide their %lysis overtakes that of the S3K

peptide and reaches similar levels to Smp14a at either 254 or 512 µg/ml. This

difference in the shape of the curve could give some insight into how the W2L

modification has affected the mechanism of action of the peptide. The reduced activity

at the lower concentrations could indicate that the modification inhibits the ability of

the peptide to insert into the membrane of the erythrocytes which is likely the rate

limiting step of the mechanism of action at these conditions. This correlates well with

the hypothesis that the removal of the tryptophan residue would inhibit the initial

interactions between the peptide and zwitterionic lipids through cation pi interactions.

If this is the case, a lower proportion of peptides would reach the fully inserted stage

necessary for the membrane disruption under these conditions explaining the low

%lysis. However, as the concentration of peptides in the surrounding solution is

increased the actual number of inserted peptides will reach a critical point where pore

formation and membrane disruption can more readily occur. Furthermore, the fact

that the W2L and I1F_W2L peptides reaches similar levels of lysis as Smp14a at the
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higher concentration could indicate that the W2L modification increases the efficiency

of the membrane disruption after the critical concentration has been reached. An

increased membrane disruption efficiency could also explain the increased

antimicrobial activity of the W2L peptide against S. aureus.

A potential explanation for why the W2L modification leads to an increased membrane

disruption efficiency could be the removal of the hydrogen bond between the

tryptophan and surrounding lipids. Previous studies have indicated that limiting the

polar interactions between an AMP and the lipid bilayer coming from the areas near

the terminals of the peptide could allow the peptide to more easily adopt a tilted

configuration that could serve as an initial step in the pore formation (188, 240). This

concept could also explain the reduced activity of the S3K peptide as the lysine residue

would also make it more difficult for the N-terminal end of the peptide to insert more

deeply into the bilayer, yielding more of a direct shift of the dose response curve as a

lower membrane disruption efficiency affects the lysis at all concentrations.

As such, both the W2L and S3K modifications seem to facilitate a reduced haemolytic

activity at the lower peptide concentration but via different effects on the mechanism

of action. This might explain why their combined effect in the W2L_S3K analog seem to

be synergistic with the reduction in the haemolytic activity being several times greater.
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Figure 7.7 Concentration dependent haemolysis of sheep erythrocytes by Smp14a and
analogs. Black = Smp14a, red = Smp14a_I1F, green = Smp14a_W2L, blue = Smp14a_S3K,
yellow = Smp14a_S3H, brown = Smp14a_A9L, grey = Smp14a_T10S, violet = Smp14a_I1F_W2L,
cyan = Smp14a_W2L_S3K, N=3, n=3.

Table 7.7 HC50 values for Smp14a and the first-generation analogs based on the haemolysis
of sheep erythrocytes. * Value is significantly different from Smp14a based on two-sided two-
sample independent t-test (P<0.05).

Peptide

Smp14a

Smp14a_I1F

Smp14a_W2L

Smp14a_S3K

Smp14a_S3H

Smp14a_A9L

Smp14a_T10S

Smp14a_I1F_W2L

Smp14a_W2L_S3K

HC50 (µg/ml)

137.37 ± 12.23

110.70 ± 2.29

165.91 ± 15.86

187.91 ± 15.73*

128.10 ± 14.97

63.15 ± 5.10*

131.40 ± 7.94

154.79 ± 15.40

410.62 ± 72.77*
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As with the previous set of experiments related to the truncation of Smp24, the effect

of the peptide modifications on their selectivity seems to be much smaller against the

cell lines such as the HEK293 cells compared with the erythrocytes (table 7.8). As with

Smp14a all the modified analogs have a reduced cytotoxic response at the highest 1-3

concentration levels, likely due to aggregation in the culture media. As such, these

data points were not used for calculating the EC50 values. The average maximal

cytotoxic response for the peptides was also relatively low, reaching 30.42 ± 1.00 %

over the three replicate experimental runs. This leads to an apparent shift in the EC50

values compared with the previous set of experiments where they were calculated

based on the maximum response of the larger peptides such Smp24 at around 52.2 ±

5.71 % LDH release, with the EC50 value for Smp14a going from 37.01 ± 4.61 µg/ml to

23.40 ± 0.80 µg/ml in this new set of experiments. However, if the EC50 values for the

first set of experiments were calculated using 30.42% as the maximum response, the

average EC50 value would not be significantly different from the 23.40 ± 0.80 µg/ml

found in the new set of experiments (P=0.2025).

The only Smp14a analog with a statistically significantly different EC50 value was the

S3K analog (P=0.0262), producing a lower cytotoxic response than the parent peptide

at similar concentrations, correlating with the observations for the haemolytic activity

of the peptide. However, the other three peptides that showed a reduced haemolytic

activity did not have a significantly reduced cytotoxic response, with the W2L analog

even having a slightly lower EC50 value than the parent peptide. The reduced response

at the lower peptide concentrations for the analogs containing the W2L substitution

were still seen but to a much smaller extent than in the haemolysis assay (figure 7.8).

These observations could again indicate that the different aspects of the mechanism of

action of the peptides do not have the same impact on the selectivity in the two

toxicity models. If as hypothesised the W2L modification mainly impacts the initial

interactions/insertion of the peptide into the membranes the differences in the

membrane compositions might result in this effect being less significant in the cell line

assay. However, if the S3K modification instead impacts the membrane disruption

efficiency it would explain why this peptide shows reduced toxicity in both assays.

This might also explain why the W2L_S3K analog shows no significant reduction in its

toxicity in the cell line assay. If the effect of the W2L substitution on the initial
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interaction/insertion is insignificant, the slight increase in the membrane disruption

caused by the substitution might balance out the slight reduction caused by the S3K

modification, similarly to what was observed with the antimicrobial efficacy against S.

aureus.

Like Smp14a the 20-residue long AMP CA-MA also contains a tryptophan residue in the

2nd position. Donghoon et al substituted this tryptophan to a leucine residue and as for

Smp14a this substitution did not inhibit the antimicrobial activity of the peptide. While

the haemolytic activity of the peptides was not investigated the cytotoxicity against a

range of cell lines was reduced (250).

Bi et al substituted several leucine residues to tryptophan residues in the 13-residue

long AMP L-K6 and found that adding the tryptophan residues near the N-terminal in

general improved the antimicrobial activity while tryptophan residues near the C-

terminal reduced it. The parent peptide showed no haemolytic activity and this was

not significantly changed by adding the tryptophan residues (251).

For the 16-residue long peptide dCATH(1�t16) substitution of the position 4 tryptophan

residue led to both reduced antimicrobial activity and cytotoxicity (252). However, as

the substitution was made to a much smaller alanine residue rather than a leucine

residue a general activity reduction is not surprising.

Overall, 3 (W2L, S3K and W2L_S3K) out of the 8 peptide analogs showed clear

improvements to their in vitro biological properties with only one peptide (A9L) being

clearly worse. With the overall best antimicrobial activity and by far the lowest

haemolytic activity the W2L_S3K analog was chosen as the basis for the next round of

the iterative drug design process.
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Figure 7.8 Concentration dependent LDH release from HEK293 cell caused by Smp14a and
the first-generation analogs. Black = Smp14a, red = Smp14a_I1F, green = Smp14a_W2L, blue =
Smp14a_S3K, yellow = Smp14a_S3H, brown = Smp14a_A9L, grey = Smp14a_T10S, violet =
Smp14a_I1F_W2L, cyan = Smp14a_W2L_S3K. N=3, n=3.
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Table 7.8 EC50 values for Smp14a and the first-generation analogs based on the LDH release
from the HEK293 cell line. The EC50 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 Smp14a based on one-sided two-sample independent t-test
(P<0.05).

Peptide

Smp14a

Smp14a_I1F

Smp14a_W2L

Smp14a_S3K

Smp14a_S3H

Smp14a_A9L

Smp14a_T10S

Smp14a_I1F_W2L

Smp14a_W2L_S3K

EC50

23.40 ± 0.80

24.22 ± 3.17

22.78 ± 3.59

32.45 ± 2.47 *

21.12 ± 1.49

19.64 ± 2.94

23.00 ± 2.34

24.70 ± 5.66

24.52 ± 1.50

7.2.4 Design of the second generation Smp14a analogs

Following the in vitro evaluation of the first generation of Smp14a analogs a second

iteration of peptides were designed based on the W2L_S3K variant. Two new design

strategies were implemented with the hope that they might lead to improvements in

the antimicrobial efficacy.

Building on the hypothesised effect seen for the W2L modification where removal of

polar interactions between the bilayer and the area of the peptide near the N-terminal

potentially led to an improved membrane disruption efficiency, the N-terminal amine

was acetylated to remove the positive charge and thereby eliminating the strong

interactions between it and the lipid phosphate groups. While removing this charge is

likely to negatively impact the strength of the binding between the peptide and the

bilayer, the hope is that it will make it much easier for the N-terminal region to adapt a

deeper insertion level which could lead to greater pore formation.
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The second strategy was to try to reintroduce the helical kink motif, removed from

Smp24 during the truncation stage of the drug design. While in that case the impact of

removing the kink could be counteracted by increasing the charge, a kink motif could

potentially be a way to improve the activity of Smp14a_W2L_S3K against S. aureus

where further increases of the change seem likely to have a limited effect.

As previously mentioned, two different residues can be used to introduce bending in a

helical region. Proline residues creates a distinct kink due to a loss of a backbone

hydrogen bond and due to steric interactions between the proline ring and the

carbonyl oxygens in the presiding turn of the helix. Glycine residues can also induce an

increased curvature of the helix due to its small size and high torsional flexibility (253).

As both types of residues can be found in other AMPs (199), substitutions were made

to both proline and glycine residues.

The next question was then which residue in the sequence should be substituted to

the proline/glycine. Ideally a residue should be chosen which is not by itself critical for

the activity of the peptide and the position should be relatively central in the helical

region to facilitate the creating of a reasonably sized helical region on each side of the

kink. Another question is where the kink is introduced relative to the rotational

orientation of the helix. In Smp24 the proline residue is positioned on the side of the

helix relative to its orientation when the peptide is insertion in a bilayer. With these

considerations in mind the two most obvious choices for modifications sites are the

8th position alanine and the 10th position threonine. Both native residues are

expected to have a relatively minor impact on the peptide-bilayer interactions, so the

substitutions should not impact the binding directly. The main concern is instead to

which degree the substitutions would impact the structural stability of the peptide and

how much such structural disruptions would impact the in vitro activity.

Based on these design strategies 5 new second-generation analogs were designed and

evaluated in silico (table 7.9).

For the in silico evaluation of this generation of peptide analogs, a few changes were

made to the base bilayer model leading to the creating of the 5th bilayer model variant.

The first change was to reduce the overall size of the bilayer. This was done as the

bilayer size in the original model was chosen based on the size of Smp24. However,

with the now much smaller Smp14a and its derivatives a smaller model should be able
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to serve the same role without leading to artifacts and at the same time significantly

reduce the computational cost of the simulations.

A second change made was to increase the salt concentration in the solution phase of

the simulation. While there is a consensus that enough ions should be added to a

model to at least neutralise the overall charge of the system, the addition of extra ions

beyond that varies between authors. Therefore, the change was made to explore the

effect of the salt concentration on the simulation of the interactions between AMPs

and bilayers, in order to inform future model design.

Table 7.9 Overview of the physiochemical properties of the second generation Smp14a
analogs. Hydrophobic moment calculated using https://h eliquest.ipmc.cnrs.fr/ , * C-terminal
amidation not accounted for in calculations.

Name

Smp14a

Smp14a_W2L_S3

K

Smp14x_ACE

Smp14x_A8G

Smp14x_A8P

Smp14x_T10G

Smp14x_T10P

Sequence

IWSFLIKAATKLFK-

NH2

ILKFLIKAATKLFK-

NH2

ACE-

ILKFLIKAATKLFK-

NH2

ILKFLIKGATKLFK-

NH2

ILKFLIKPATKLFK-

NH2

ILKFLIKAAGKLFK-

NH2

ILKFLIKAAPKLFK-

NH2

Mw

(g/mol)

1665.07

1633.11

1675.18

1619.11

1659.18

1589.09

1629.15

Charge Hydrophobic

at pH 7 moment*

4 0.626

5 0.649

4 0.649

5 0.644

5 0.657

5 0.660

5 0.632
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7.2.5 In silico evaluation of the second generation smp14a analogs

For the second generation of the Smp14a analog designs a total of 18 simulations were

done. Simulations for the W2L_S3K peptide were repeated to take into account the

differences in the bilayer size and ion concentration.

Full insertion was achieved within 1000 ns for 83.33% of the simulations with two

simulations yielding a partially inserted peptide due to major but not complete loss of

the helical structure and one simulation where the peptide only achieved a surface

level association with the bilayer. All three simulations where full peptide insertion

was not achieved were related to peptide analogs with the threonine10 residues

substituted. All kinetics of the insertion were within the range expected based on the

previous rounds of simulations (table 7.10).

As the charged N-terminal previously has been shown to be one of the key structural

characteristics that drives the specific insertion mechanism for Smp24 and its

derivatives, one might expect that the acetylation of the charged amine group would

significantly impact the mechanism. However, based on the positions of the peptide

and the N-terminal the effect seemed to be relatively minor (figure 7.9). In 2/3

simulations the peptide still seemed to have adopted an N-terminal inserted state,

where the N-terminal was positioned below the rest of the peptide, around the same

level as the phosphate groups, before the full insertion was achieved. The position of

the N-terminal was not as consistent or as deep within the bilayer as seen in previous

simulations, but the behaviour was still clearly different than in the case where only a

lag period was observed (figure 7.9C). However, visual inspection of the simulation

trajectories revealed that this pseudo N-terminal inserted stage was more likely due to

the orientation of the lysine3 sidechain (figure 7.10). Compared with the other lysine

residues, the sidechain of lysine3 was oriented in line with the helical axis rather than

tangentially to it. This means that the charged sidechain to some extent mimics the

behaviour of the charged N-terminal allowing the peptide to adopt a tilted

configuration where some hydrophobic interactions between the bilayer and residues

such as the acetylated N-terminal can occur at the same times as the charged

interactions via the lysine residues. The position of the acetylated N-terminal is

therefore still often positioned more deeply within the bilayer during the insertion, but

the function has changed compared to with the nonacetylated N-terminal.
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Figure 7.9 Changes to the centre of mass over time for the three Smp14a_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 Smp14a_W2L_S3K_ACE. The 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 analogs. All values
are in ns.

Simulation name

bpgs_W2L_S3K_1

bpgs_W2L_S3K_2

bpgs_W2L_S3K_3

bpgs_ACE_1

bpgs_ACE_2

bpgs_ACE_3

bpgs_A8G_1

bpgs_A8G_2

bpgs_A8G_3

bpgs_A8P_1

bpgs_A8P_2

bpgs_A8P_3

bpgs_T10G_1

bpgs_T10G_2

bpgs_T10G_3

bpgs_T10P_1

bpgs_T10P_2

bpgs_T10P_3

Overall

Insertion

level

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Surface

Partial

Full

Partial

Full

Full

Initial lag

period

0-6

0-20

0-6

0-109

0-7

0-144

0-119

0-27

0-5

0-93

0-15

0-47

0-36

0-6

0-55

0-9

0-38

0-76

N-terminal

inserted

6-358

20-239

6-60

109-258

7-142

na

119-205

27-52

5-11

na

15-70

47-231

36-51

6-139

55-400

9-62

38-53

76-214

Full

insertion/r

otation

358-440

239-620

60-144

258-355

142-178

144-212

205-247

52-233

11-82

93-185

70-302

231-533

51-177

139-209

400-866

62-107

53-94

214-370

Inserted

440-750

620-750

144-500

355-500

178-500

212-500

247-500

233-500

82-500

185-500

302-750

533-750

177-500

209-500

866-1000

107-500

94-500

370-500

The helicity of the W2L_S3K parent peptide was slightly lower in this round of

simulations compared with the previous one (figure 7.11) This could be due to the

increased salt concentration used in the simulation, with the additional chloride ions

somewhat shielding the interactions between the bilayer and the cationic residues of

the peptide which play a key role in stabilising the helical structure while the peptide is

still mostly located in the solution phase. The A8G analog has a similar level of average

helicity while the acetylated analog has an average helicity of above 80% similarity to

the maximum helicity found for the peptides in the previous round of simulations. The
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remaining three peptides (T10G, A8P, T10P) all had a lower average helicity although

due to the relatively high variations between the repeat simulations, only the result of

the A8P analog was significantly different from the parent peptide (P=0.0417).

Figure 7.11 Average helicity of the second generation Smp14a analogs. * Statistically
significant difference from parent peptide (Smp14a) calculated based on two-sided, unpaired,
independent t-test.

In terms of the insertion level of the peptides, the results for the W2L_S3K parent

peptide again deviates somewhat from the values found in the previous round of

simulations (figure 7.12). This could be due to the different size of the bilayer leading

to a change in the peptide to lipid ratio, but more likely this is a downstream effect of

the slightly lower average helicity. The main outlier from the other peptides was the

acetylated analog which reached an average insertion level around 0.2 nm or more

closer to the bilayer centre than the other peptides. This could be due to the

acetylation of the N-terminal allowing the peptide to insert deeper as the strong

interaction between the N-terminal and the lipid phosphate groups was removed.

However, it could also again be explained by the more consistent helical structure of

the peptide analog. If compared to the previous round of simulations, the insertion

level of the acetylated analog is in line with the insertion level of the W2L_S3K analog.
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Figure 7.12 Average distance from the centre of the bilayer of the second generation Smp14a
analogs. * Statistically significant difference from parent peptide (Smp14a) calculated based
on two-sided, unpaired, independent t-test.

The binding energy of the W2L_S3K parent peptide was around 25 kcal/mol lower than

what was found in the previous simulations (figure 7.13). When broken down into the

electrostatic and hydrophobic energy components the main contributor to the overall

�4G reductions seems to come from the electrostatic energy which was reduced by

around 33% compared with the original set of simulations (figure 7.14 & 7.15).

However, again this change can be explained by the increased salt concentration used

in the new simulations shielding the electrostatic interactions between the peptide

and the bilayer.

The A8G analog had the best overall relative binding energy which was also in line with

the parent peptide in terms of the Van der Waals and electrostatic energy

contributions. Following that comes the A8P analog with an average binding energy

that is around 5% lower than that of the parent peptide but taking the lower average

helicity into account this difference is smaller than could be expected. Both analogs

with the threonine substituted have an even lower relative binding energy which could

be explained by reductions in the Van der Waals interactions, likely due to the less

consistent insertion of these peptides. The acetylated analog also showed an overall

reduction in the relative binding energy which can be explained by a significant
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reduction in the electrostatic interaction energy (P=0.017). This reduction is due to the

removal of the cationic charge of the N-terminal residue which for Smp14a was shown

to be the single residue with the highest energy contribution.

Figure 7.13 Average relative free binding energy of the second generation Smp14a analogs. *
Statistically significant difference from parent peptide (Smp14a) calculated based on two-sided,
unpaired, independent t-test.

Figure 7.14 Average Van der Waals energy of the second generation Smp14a analogs as
calculated as part of MMPBSA analysis. * Statistically significant difference from parent
peptide (Smp14a) calculated based on two-sided, unpaired, independent t-test.
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Figure 7.15 Average electrostatic energy of the second generation Smp14a analogs as
calculated as part of MMPBSA analysis. * Statistically significant difference from parent
peptide (Smp14a) calculated based on two-sided, unpaired, independent t-test.

As one of the key aspects of most of the modifications was to improve the ability of

the helical structures to bend, the natural curvature of a select set of the peptide

analogs was investigated. The W2L_S3K peptide was chosen to represent the baseline

for the helical curvature while the alanine8 modified peptides were chosen for

comparison as their helical structure was more consistent than the analogs based on

modifications of the threonine10 residue. The investigations showed that in the

simulations the parent peptide had on average a slight curvature with a maximum

cumulative angle of just over 5 degrees at the 8th residue (figure 7.16). Substituting this

8th residue to a glycine had only a limited effect on the curvature, shifting the

maximum bend slightly to residue 6 and 7 but not increasing it by much. However,

when the residue was substituted to a proline the curvature was greatly increased,

with a maximum curvature located at residue 7-8 at on average above 20 degrees.

This highlights the structural differences between the proline or glycine residues with

the proline residue introducing a distinct kink in the helical structure leading to a high

curvature even when the peptide is insertion into a flat bilayer. On the other hand, the

effect of the glycine residue is more related to an increased flexibility of the helical

curvature. This means that while the peptide is inserted into a flat bilayer no significant

effect can be observed, but if the peptide were to be position in a higher curvature
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environment such as when associated with a membrane pore the increased flexibility

would at least in theory allow the peptide to better align with the bilayer. Still, the

effect would likely be smaller than with the distinct kink of the proline residue.

Figure 7.16 Average degree of cumulative helical curvature for each residue in select Smp14a
analogs. Blue = W2L_S3K, red = A8P, green = A8G.

Due to the more complex nature of the effects of the modifications on the structure

and behaviour of the peptide analogs, predicting their activity is more difficult.

The results for the acetylated analog were very polarising, being either clearly the

most promising candidate as with the helicity and insertion depth or showing one of

the clearest worsening of its properties as with the binding energy. Based on the

relative binding energy alone one would expect to see a reduction in the antimicrobial

properties compared with the parent peptide, however this could be somewhat

counteracted by the good helicity and deep insertion. Furthermore, the previous

round of experiments showed that a change in the binding energy/reduction in the

overall charge would most likely affect the activity against the Gram-negative species

to the greatest extent.

Predicting the activity of the analogs which had the glycine or proline residues added is

even more difficult as the part of the mechanism of action that they are likely to affect
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(pore formation/stabilization) is not well modelled within this set of simulations.

Overall, the modifications to the alanine8 residue performed better in all aspects

compared with the threonine10 modified peptides. This is likely because of the effect

the specific residue position has on the stability of the helical structure. Substitution of

the threonine residue not only removes the intramolecular hydrogen bond from the

side chain, but it is also much closer to the end of the helix furthering the disruptive

effect. The A8G analog behaves relatively similarly to the parent peptide in the

simulations, so a similar antimicrobial activity could be expected, potentially with an

upside if the increased flexibility improves the pore formation. The activity of the A8P

analog could go either way depending on whether the increased curvature of the helix

further improves the pore formation or if the disruption to the helical structure is too

great for the peptide to consistently fold into the active configuration.

7.2.6 In vitro evaluation of the second generation Smp14a analogs

None of the second generation analogs showed improvements in their antimicrobial

activity relative to the Smp14a_W2L_S3K peptide (table 7.11).

The acetylated analog retained its activity against S. aureus but lost activity against

both Gram-negative species. This is consistent with previous studies for other AMPs

showing that acetylation generally lowers the activity against Gram-negative species

while in some cases leading to improvements against Gram-positives (189, 254). This is

likely due to the change in the overall charge of the peptide which, as seen in the

previous set of MICs, was critical for the activity against the Gram-negatives.

Table 7.11 MIC values for Smp14a and the second-generation analogs in µg/ml. N=2, n=3

Peptide

Smp14a

Smp14a_W2L_S3K

Smp14a_W2L_S3K_ACE

Smp14a_W2L_S3K_A8G

Smp14a_W2L_S3K_A8P

S. aureus E.coli

8 16

8 8

8 16

16 16

>256 256

P. aeruginosa

16-32

8-16

16-32

16-32

32-64
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Both modifications to the alanine8 residue led to a general reduction in the

antimicrobial activity. As the differences in the physiochemical properties between the

alanine and the glycine or proline residues are relatively minor, the most likely

explanation for the activity reduction is the helical disruptive properties of the new

residues.

Previous studies have shown that incorporation of such residues into helical AMPs can

lead to an overall reduction of the helicity (198). Proline residues are known to disrupt

the helical structure to a larger extent than glycine residues (253), which also

correlates with the relative reduction of the antimicrobial activity being much greater

for the proline modified analog. The structure disruptive effect seems to have the

greatest impact against S. aureus with the A8P analog completely losing its activity

against this species although it still retaining some activity against P. aeruginosa

especially. While the activity of the A8G analogs is reduced overall compared with the

W2L_S3K parent peptide, the activity against the Gram-negative species is still

comparable to Smp14a and the activity against S. aureus is like that of Smp24.

While no activity improvements were achieved, the results still correlate well with the

predicted properties from the MD simulations. The acetylated peptide did show a large

reduction in the binding energy which would be expected to inhibit the ability of the

peptide to bind to the bacterial cell membrane. Against S. aureus these reduced

interactions are likely balanced with an improved membrane disruption efficiency

leading to an equivalency in the overall activity change.

The simulations for the two remaining peptides both showed a reduction in their

helicity which again could explain the activity reduction. However, the difference

between the W2L_S3K and W2L_S3K_A8G peptides was not enough to clearly predict

an activity reduction. This might indicate that the effect of introducing the glycine

residue is more pronounced during stages of the mechanism of action not modelled in

the simulations. The structure disruptive effect of the glycine residue could be more

relevant during the transition of the peptide from its unstructured to helical

configurations rather than once the structure of the peptide is already fully helical. The

helical structure of the fully inserted peptide might be relatively consistent and stable

even with the glycine residue, but if the energy cost of folding into the helix is greater a

smaller proportion of peptides are likely to reach that point at a given concentration.
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The antimicrobial activity of several helical AMPs of similar size to Smp14a with and

without glycine and proline residues have been investigated previously. The 17-residue

long AMP P18 derived from parts of both Cecropin and Magainin 2 has a kink in its

helix induced by a proline residue in the 9th position. Substituting this residue to either

a leucine or serine led to general reductions in the antimicrobial activity relative to the

parent peptide (255). However, compared with the Smp14a analogs P18 is both larger

and has a greater charge (+8.1 at pH 7) which might help counteract the structure

disruptive properties of the proline residue and thereby instead allowing the improved

pore formation caused by the kink to dominate the overall effect on the activity.

The 13-residue peptide GHaR has two glycine residues, one at the 7th and one at the

10th position. Substitution of the 7th position glycine to an arginine reduced the

antimicrobial activity of the peptide against most pathogens even though the charge of

the peptide was increased (256). A notable difference between GHaR and

Smp14a_W2L_S3K_A8G is the position of the central glycine residue relative to the

hydrophobic and hydrophilic sides of the helix. The glycine residue in GHaR is

positioned on the hydrophilic side of the helix contrary to the glycine's position in the

Smp14a analog. This could indicate that the specific position of the glycine residue in

the helix could be critical for the effect on the activity, as the improved helical

flexibility should preferably align with the peptide-pore assembly structure.

The 14-residue peptide mastoparan-C does not contain a proline or glycine residue.

However, when the 7th position leucine residue was substituted to a glycine residue a

general reduction in the antimicrobial activity was seen, especially against S. aureus

(257).

It thus seems that the effect of inserting these residues into smaller AMPs is very

dependent on the specific peptide and potentially on where in the sequence the

substitution is performed.

Even if none of the modifications led to improved antimicrobial properties,

improvements to the selectivity of the peptides were still possible. The haemolytic

activity of the acetylated analog was significantly increased compared to the W2L_S3K

parent peptide (P=0.0003) with the HC50 value reaching a level more comparable to

Smp14a (table 7.12). However, for the two remaining peptide analogs the haemolytic

activity was greatly reduced even compared with the W2L_S3K analog. For both

268



analogs a single run with an addition higher peptide concentration (1024 µg/ml) was

done in order to ensure a concentration dependent haemolysis increase could be

detected. Even at this elevated concentration less than 10% haemolysis was achieved

making it impossible to accurately calculate the HC50 values.

These results are consistent with similar modifications for other AMPs. N-terminal

acetylation has previously been shown to both increase or decrease the haemolytic

activity compared to parent peptides (189, 254). The inclusion of proline or glycine

residues have consistently led to reduced haemolytic activity compared with their

analogs without helix disruptive residues (255-257).

The large reduction in the haemolytic activity for glycine and proline analogs indicates

that the ability of the peptides to fold into their helical configuration is critical for their

activity. This is also the case against bacterial cells but in this case the structure

transition is aided by the increased electrostatic interactions with the membrane

surface, helping the peptide overcome the entropy cost of folding into the helical

configuration. Structure disruptive residues such as glycine or proline could thus

improve the selectivity of the peptides by disproportionally inhibiting the structural

transition when the peptides are interacting with eukaryotic cell membranes.

Table 7.12 HC50 values for Smp14a and the second-generation analogs based on the
haemolysis of sheep erythrocytes. * Value is significantly different from Smp14a_W2L_S3K
based on two-sided two-sample independent t-test (P<0.05).

Peptide

Smp14a

Smp14a_W2L_S3K

Smp14a_W2L_S3K_ACE

Smp14a_W2L_S3K_A8G

Smp14a_W2L_S3K_A8P

HC50 (µg/ml)

137.37 ± 12.23

410.62 ± 72.77

112.99 ± 3.01*

NA (7.32% at 1024 µg/ml)

NA (1.70% at 1024 µg/ml)

The cell line cytotoxicity assays again show smaller differences in the selectivity

between the peptides compared with the haemolysis assay (table 7.13). However,

relatively large reductions in the cytotoxicity were still observed for the W2L_S3K_A8G
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and W2L_S3K_A8P analogs. The EC50 value for the W2L_S3K_A8G analog was shifted

more that 3-fold compared with the parent peptide meaning that the therapeutic

index for the peptide is still improved even when taking the 2-fold antimicrobial

activity reduction into account. The cytotoxicity for the W2L_S3K_A8P was reduced to

such as extent that that a significant LDH release was only measured at the highest

evaluated peptide concentration.

These results indicate that the selectivity improvements created by impacting the

structure of the peptides translate better to the cell line assay compared to the

modifications inhibiting the initial interaction with the eukaryotic membrane.

Table 7.13 EC50 values for Smp14a and the second-generation analogs based on the LDH
release from the HEK293 cell line. The EC50 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 Smp14a_W2L_S3K based on one-sided two-sample
independent t-test (P<0.05).

Peptide

Smp14a

Smp14a_W2L_S3K

Smp14a_W2L_S3K_ACE

Smp14a_W2L_S3K_A8G

Smp14a_W2L_S3K_A8P

EC50

23.40 ± 0.80

24.52 ± 1.50

21.91 ± 4.59

75.48 ± 14.66 *

NA (6.32% at 465 µg/ml)

Overall, the optimization of the sequence of Smp14a only led to limited improvements

to the antimicrobial efficacy of the peptide. However, significant improvements were

achieved regarding the selectivity of the peptides towards prokaryotic rather than

eukaryotic cells. This was especially the case when it comes to their ability to attack

red blood cells, with the haemolytic activity of both the best first-generation analog

(Smp14a_W2L_S3K) and the best second-generation analog (Smp14a_W2L_S3K_A8G)

being significantly reduced each time.
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7.2.7 Computer aided drug design of AMPs using MD simulations

Like in previous chapters, the use of MD simulation for the drug design purposes

comes with several assumptions and limitations. These limitations are even greater for

this chapter as we not only try to predict if new analogs behave in a similar way to the

parent peptide but also if the antimicrobial activity is likely to be improved. The results

indicate that the ability for the simulations to be used for this purpose is relatively

limited. For some analogs such as Smp14a_W2L, the improved activity was not clearly

predicted, while all peptides with the S3K showed a large increase in the relative

binding energy but only minor improvement in the antimicrobial activity. Furthermore,

the simulations could not predict the large reduction in activity of the Smp14a_A9L

peptide as factors such as aggregation were not taken into accound in the model. To

improve the further use of MD simulations in computer aided drug design of AMPs

would require the determination of a clearer in silico in vitro correlation, by

investigating AMPs with a range of antimicrobial activity and correlating the activity to

the corresponding in silico variables, likely with help of a machine learning. However,

the overall complexity of the mechanism of action of AMPs might limmit how strong

an in silico in vitro correlation can be found, even for a large dataset.

To conclude if the use of MD simulations could be a successful drug design approach, a

systemic comparison with other approaches would need to be performed, to identify if

this new approach would be better at finding analogs based on the same parent

peptide with improved properties that would be missed by other approaches. As this

was not done, the best we can do to get some indication of the usefulness of the

approach would be to compare with previous design efforts for similar peptides.

Amino acid substitutions have previously been done for both Smp24 (149) and Smp43

(232), with 11 and 8 new analogs being designed for each respectively. These analogs

were also designed based on structural predictions but using much simpler

computational methods without explicit simulation of the surrounding solvent or

bilayer. Table 7.14 shows an overview of the antimicrobial activity of the designed

analogs relative to each of their parent peptides.
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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.

Smp24 Smp43 Smp14a

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 and Smp43 the most common outcome for a new modification was a

reduction in the activity of the new peptide, however with the use of the MD

simulation approach this outcome was the least common for the Smp14a analogs. This

could be an indication that the MD simulations could help sort out analogs which are

likely to have a reduced activity, but it could also be down to an intrinsic difference

between the parent peptides. The Smp24 analogs had a similar rate of modifications

with lead to improved activity as with the Smp14a analogs, and in both cases these

improvements were mainly driven by increasing the charge of the peptide. This again

indicates that the MD simulation approach is not that much better at identifying

modifications directly leading to improvements of the antimicrobial activity. Many of

the modifications that yielded the improved activity for the Smp24 analogs would

likely also have been identified using the new approach and vice versa. However, some

examples can be found where the MD simulation approach might have eliminated one

of the "bad" analogs from the Smp24 study. The Smp24_D23F analog has a relatively

major modification with the substitution of the negatively charged Asp23 to a

hydrophobic Phe residue. This design choice was likely done based on the simple
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structural prediction, which predicted that the 23rd residue would be positioned and

oriented similarly to most of the hydrophobic residues of the peptide. However, if MD

simulations had been used, this residue would have been predicted to be positioned

among the lipid headgroups and a more appropriate substitution to a polar or cat ionic

residue could have been done.

7.3 Conclusions

While Smp14a have a significantly smaller size than Smp24 further improvements

regarding the antimicrobial activity and selectivity would still be needed in order to

make the peptide a more attractive drug candidate. Optimization of the peptide

sequence was performed by amino acid substitution of 6 different residues across two

design iterations leading to the design of 18 new analogs evaluated in silico, 11 of

which were also evaluated in vitro. Out of the synthesised analogs, 72% had

comparable antimicrobial properties to the parent peptide with 36% showing small

improvements against at least one of the bacteria species tested, however overall the

improvements to antimicrobial activity that could be achieved were relatively minor.

Contrary to this, much greater improvements to the selectivity of the peptides could

be achieved, especially regarding their haemolytic activity, with multiple analogs

showing several fold increases in their HC50 values. Substitution of polar residues with

cat ionic residues seemed to be the most consistent way of improving the

antimicrobial activity of the analogs while reduction in the ability of the peptides to

form cation pi interactions and especially the addition of helix disruptive residues

improved the selectivity. However, it seems that the addition of such structure

disruptive residues needs to be done in a balanced approach as the addition of a highly

disruptive proline residues also almost completely eliminated the antimicrobial

properties of the peptide against several bacteria species.
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8. General discussion and future perspectives

8.1 Advanced formulation of antimicrobial peptides

While the cytotoxic activity of AMPs to a large extent can be addressed using drug

design, the cell line cytotoxicity assays of Smp24 and its derivates show that there are

some limitations to the efficacy of this approach. While the haemolytic activity, which

is the first concern for intravenous systemic administration, can be relatively efficiently

reduced as was the case for Smp14a_W2L_S3K_A8G other toxicity concerns still arise

as the peptides are distributed throughout the body. Limited knowledge exists as to

the in vivo cytotoxicity mechanisms of AMPs with the most widely studied AMP-like

antimicrobial agent being the lipopeptide colistin (polymyxin E) (258). For colistin

nephrotoxicity is a major concern, due to the reabsorption of colistin by specific carrier

systems in the renal tubules leading to an elevated peptide exposure for these cells

(259). Such a toxicity mechanism could also be a concern for AMPs such as Smp24 and

its derivatives limiting their possibilities for clinical use via a systemic administration

route. Therefore, avoiding kidney exposure to the AMPs via local administration of the

peptides via an advanced drug delivery system could be a critical step towards the

clinical use of AMPs.

The intrinsic antibiofilm properties shown by the peptides (Smp24-14a) could make

them very attractive candidates for uses in antimicrobial coatings such as those

described in chapter 3. A key property of such antimicrobial coatings would be the

ability for its behaviour to be adapted to the different demands set by different clinical

applications. Some applications might require a longer or shorter time period of

peptide elution, and for some a high burst release might be critical to eliminate an

initial bacterial load.

The coating could be used with medical implants such as those used during hip

replacements to prevent biofilm formation from external pathogens that have

colonized the surface of the implant during the procedure. The broad spectrum of

activity of the peptides could be an advantage for this purpose as the diversity of

pathogens that can cause biofilm infections on devices such as prosthetic joints can be

relatively high (260). However, for many medical devices such as prosthetic joints,

central venous catheters and mechanical heart valves the coating would in practice
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lead to a delayed release parental administration and thus cytotoxicity could still be a

concern.

There is however still one type of medical device where the AMP loaded coating could

have an obvious use, namely for urinary catheters. Around 80-90% of urinary tract

infections are due to E. coli (261), so the strong biofilm inhibitory properties shown by

Smp24 and the truncated analogs against E. coli biofilms might make the sol-gel

coating especially effective for this purpose. The ability of Smp24 to eradicate biofilms

formed by clinical strains of uropathogenic E. coli has previous been shown to be

limited with an MBEC of 256 µg/ml (232). However, in practice the ability for the

peptide to inhibit the biofilm growth might be more relevant for a catheter coating as

the peptides would not be exposed to a preformed biofilm in this situation. Biofilm

inhibition properties of the peptide even below the MIC might also allow the coating

to still be effective towards the end of the use period as the drug elution rate

decreases. Depending on the type, the use period for a single urinary catheter can vary

greatly with long term catheters being in place for over a month (262). Therefore, it is

important for the coating to be able to release the peptides over a long time period as

shown for the coatings with PDMS-OH in the formulation. It is also important for the

formulation to facilitate a relatively constant release of peptide as the infection risk is

not just associated with the initial insertion of the catheter but persists throughout the

entire use period. This also means that the initial burst release would be less important

for a coating when used on urinary catheters.

Alternatively, the sol-gel coating could be used as a wound dressing. However, this

purpose would likely completely change what the most optimal behaviour of the

coating would look like. Antimicrobial wound dressings are often not used until the

wound shows clinical signs of an infection, so when the formulations would be applied

there would likely already be a pre-formed biofilm present (263). Therefore, the initial

burst release from the coating becomes critical as enough API needs to be released in

order to fight the initial biofilm which likely has a high tolerance against the

antimicrobial agent. The broad spectrum of activity for Smp24 and its derivatives

would again be an advantage as wound infections are often polymicrobial in nature

(19). However, as the biofilm eradication efficiency of the peptides are likely much

lower than their inhibitory properties, their effectiveness in a wound dressing would
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be limited. This could potentially be improved by formulating the peptides together

with another antimicrobial compound, given that they together could combat the

biofilms in a synergistic way. The properties of the sol-gel coating could be well suited

for the formulations of such combination therapies due to the different drug release

mechanisms. If the AMP were formulated together with a polar small molecule

antibiotic, the initial burst release would likely consist of both compounds facilitating

the eradication of the initial biofilm, while the hydrophobic domains would ensure that

it would be followed by a slow release of AMPs, perfect for preventing the formation

of a new biofilm.

Due to the two distinct peptide release mechanisms from the sol-gel coatings with

PDMS-OH in the formulation, customisation of the behaviour of the coating relevant to

the different applications could be achievable. However, a prerequisite for this would

be that each mechanism of release could be controlled relatively independently. Based

on the proposed microscopic structure for the sol-gel formulations one would expect

that the burst release mechanism is mainly determined by the pore size of the sol-gel

network. If this is the case the most obvious way to control the rate of the burst

release would be to change the water to silica precursor ratio. Previous studies have

shown that the water/precursor ratio affects the hydrolysis rate during the

polymerisation which can lead to changes in the pore size and a thereby a faster or

slower drug release rate (264, 265).

Control of the slower release rate would instead mainly rely on the properties of the

hydrophobic domains. This release rate could be modified in two different ways. It

could be done in a direct way by changing how tightly the peptides are bound to the

hydrophobic domains, such as by changing the physiochemical properties of the

surface of the domains by changing their composition. Alternatively, it could be done

in an indirect way by changing the proportion of peptides bound to the hydrophobic

domains. As seen when comparing the formulations with the low or high levels of

PDMS-OH, when the hydrophobic domains are smaller a higher proportion of the

peptides are bound to them leading to a faster effective release rate after the initial

burst has concluded, even though the release rate of each individual peptide is likely

similar. There might be other approaches to changing the size of the hydrophobic

domain that would have a smaller impact on bulk properties of the coating rather than
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changing the level of PDMS-OH in the formulation. The properties of the solvent phase

during the curing process might be one such alternative aspect that could affect the

domain size, as indicated by the accumulation of very large PDMS-OH deposits during

the initial optimization of the coating process. If the domain size could be affected by

changing the amount of water or 2-propanol added to the formulation during the step

just before the coating procedure it could be an easy way to indirectly affect the

peptide elution profile.

The complexity of the peptide release mechanisms seen for the sol-gel coatings

highlights the potential interplay between the drug formulation and the drug design.

The initial lag period seen for the formulations without PDMS-OH could potentially be

alleviated using smaller peptides such as Smp14a which may be able to diffuse through

the pores of the silica polymer network without the need for it to partially break down.

The smaller Smp14a peptides might also affect the number of peptides that could be

bound to the hydrophobic domains at a given peptide loading, shifting the elution

profile toward relying more on the slower gradual release rate. Furthermore, as the

slow release rate is likely directly dependent on the strength of the interactions

between the peptides and the formulation, modifying the sequence of the peptide

such as done during the optimization of Smp14a could also greatly affect the elution

behaviour of the coating. More hydrophobic peptides such as Smp14a_A9L might be

more tightly bound to the hydrophobic domains, slowing the overall release rate

down.

Some questions remain regarding the interactions between the peptides and the sol-

gel formulations. Other methods not used in the project could be used to further

explore the microscopic accumulation of the peptides within the coating. With the

relatively high transparency of the coating, fluorescence microscopy could potentially

be used to visualize the location of peptides if they were tagged with a fluorophore. If

such microscopy could be used to show the peptide localized at a higher concentration

on/around the hydrophobic domains, it could serve as key evidence for the proposed

microscopic structure of the coating and the two distinct release mechanisms.

Furthermore, it is unknown what the secondary structure of the peptides is while

encapsulated within the coating. As AMPs such as Smp24 can change their secondary

structure based on their environment one would expect them to at least to some
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extent adopt a helical structure when interacting with the hydrophobic domains. Other

studies have indicated that pre-folding AMPs into their alpha-helical structure could

potentially improve their activity, which could further explain the improved biofilm

inhibitory abilities of the formulations with PDMS-OH (266). Secondary structure of

proteins encapsulated in sol-gels has previously been investigated using FTIR, as

certain amine bonds shift dependent on the secondary structure (267). This method

could potentially also be used to investigate the secondary structure of Smp24 in the

sol-gel coating.

Other than antimicrobial coatings, polymeric nanoparticles are one of the main drug

delivery systems that researchers try to use in combination with AMPs (268, 269). This

is often done because of the rationale that encapsulating the peptides within the

nanoparticles could improve their ability to penetrate biofilms as the peptides are

shielded from the many components of the extra cellular matrix that they otherwise

would bind to. One of the unique properties of sol-gels are that they can either create

bulk polymeric networks (such as used for the coatings) or smaller nanoparticles

networks depending on the conditions used during the polymerization process (38). As

such the fundamentals of the formulations used for the coatings in this study could, at

least in principle, relatively easily be converted into nanoparticle formulations instead.

A key criterion that could limit the feasibility of such a conversion is that nanoparticles

require the polymeric network to facilitate a much higher encapsulation efficiency of

the drug molecule than what is needed for a sol-gel coating where most of the solvent

is evaporated during the curing process. However, based on the slow release of Smp24

from the formulations containing PDMS-OH, it is likely that a high encapsulation

efficiency could be achieved for sol-gel nanoparticles if they have a similar structure as

seen in the sol-gel coatings. Thus, formulating the peptide with sol-gel nanoparticles

using the principles learned from this study could potentially be worth exploring in the

future.
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8.2 Structure activity relationship and structure based design of Smp24 and
analogs

The SAR of AMPs is difficult to define for two main reasons. Firstly, the structural

properties of both the peptide and the target are much more variable and dynamic

compared with a traditional small molecule-protein system, highlighted by the

previous discussions of the mechanism of pore formation. Secondly, the overall

mechanism of action involves several steps, from the initial interaction of the peptide

with the membrane(s) up to cell death. Accounting for the entire process at once can

obfuscate which underlying biophysical processes are affected by a change in 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 relationships. 1) 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 of the AMPs can be broadly separated into four different

intermediate equilibriums, being the transition of the peptide from solution to a

bilayer surface associated state, transition to the helical structure, insertion into the

top membrane leaflet and creation of membrane pores/membrane disruption (figure

8.1). Together these equilibriums form a cascade leading from the unbound peptide to

membrane disruption. While in reality these separations are not rigid, with the

processes likely overlapping to some extent, from a drug design perspective it can be

useful to separate and thereby simplify them. Each of these equilibriums can be

viewed as giving rise to a distinct structure activity relationship for that part of the

overall process, with each of these partial SARs together making up the SAR for the

entire process. The equilibriums can be pushed to further the progress through the

cascade by optimising the interactions between the peptide and the bilayer for each

end point and thereby increasing the difference in the standard Gibbs free energy. The
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thermodynamic driving force for each step can also be optimised to favour one type of

lipid environment over another and thereby facilitate the selectivity of the peptide.

However, changes to the peptide structure might affect more than one of the

equilibriums and the effect might pull the cascade in opposite directions. If one

intermediate structure is favoured too greatly it might inhibit the next step.

In addition to the changes to the structure of the peptides that occur throughout the

process, so too does it affect the bilayer. The most significant change is of course in the

pore formation step, but as previously shown the peptide insertion can also affect

other properties of the bilayer such as the lipid packing and thickness in a

concentration dependent manner. These changes might affect the different

equilibriums, making the concentration dependency more complex than at first glance.

However, from a drug design perspective we can only control the system from the

point of view of the peptide, and this somewhat � p̂eptide centric�_ approach will allow

for simpler but still relatively good partial SARs.

The design of new AMPs can be more readily done by focusing on just one or two of

these partial SAR depending on the objective of the modification.

To efficiently improve the selectivity of the AMP, focus should be put on the first two

steps of the cascade. If a high degree of selectivity can be achieved in these early parts

of the process the proportion of peptides that reach the full insertion and pore

formation will be greatly reduced in the eukaryotic membrane. Thereby optimisation

of these steps can be fully focused on improving the activity and do not need to take

selectivity into account.

One challenge with designing based on these partial SARs is that the peptide is

unstructured at this stage and therefore, the positions of individual residues in the

peptide-bilayer can be difficult to predict. The peptide design must thus mainly rely on

the overall physiochemical properties and residue composition, with less focus needed

on the sequence order itself.

If improving the activity of the peptide is the main objective the partial SAR of the final

two steps should be the focus. Optimizing configuration (4) and (5) could help to push

the cascade to the conclusion and thereby membrane disruption and cell death.
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While the pore formation step is the most critical for the peptide activity, several

factors make it a more difficult partial SAR to use for design purposes. The variations in

peptide positions and orientations, the likely requirement for multiple peptides to take

part in the pore structure and a greater impact of the bilayers physiochemical

properties that can be affected both by external factors and the peptide concentration

all make it much more difficult to establish a reliable partial SAR. However, some

characteristics such as the insertion depth in configuration (4) might be indirectly

linked to the pore formation and thus the partial SAR could be explored in indirect but

simpler ways such that the peptides still can be rationally optimised for pore

formation.

The fully inserted configuration (4) might be the most useful partial SAR from a drug

design point of view. At this step the peptide is folded into a stable structure with a

consistent position and orientation relative to the bilayer. While the dynamic nature of

the bilayer still makes the peptide-bilayer structure complex, it is simpler and more

consistent than all the other configurations, improving the predictive capabilities of

methods such as MD simulations. Another aspect is how this configuration relates to

the concentration dependency for the overall process. The stoichiometry of the final

equilibrium is different from the rest, requiring multiple peptides in configuration (4)

to transition to configuration (5). Therefore, making configuration (4) as energetically

favourable as possible could improve the overall activity, even if on a per molecule

basis it makes the transition to the pore formation less favourable.

This highlights that improving the activity of the peptide based on the two final SARs is

somewhat of a balancing act. Some peptide modification, such as with the S3K analog,

might at the same time improve the insertion efficiency of the peptide while reducing

membrane disruption efficiency. The biological effect of such a modification is thus

very dependent on the properties of the specific target membrane with the improved

electrostatic interactions leading to an improved activity against Gram-negative

bacteria while the reduced membrane 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 of an AMP can be achieved in two different ways,

either by increasing the activity against the target pathogens or by reducing the

activity against the off target cells/tissues. However, from a drug design perspective

this binary viewpoint mainly works if the mechanism of action is different between the

target and the off target. That way an SAR can be established for each process, and

either be optimized or deoptimized depending on the objective, in such a way that the

second SAR is unaffected. However, for AMPs such as Smp24 a clear mechanistic

distinction between how the peptides kill prokaryotic and eukaryotic cells cannot be

seen, with loss of membrane integrity being observed in both cases (137). Thus, as the

mechanisms seem to be linked, reducing the intrinsic activity against eukaryotic cells is

also likely to reduce the activity against bacteria and vice versa. In this case, thinking of

the antimicrobial activity and cytotoxic activity as two distinct things is not the most

productive approach.

A more effective approach would be to view the therapeutic index as a measure of the

selectivity of the compound. Instead of focusing on how well the peptide disrupts the

different cell membrane types, the focus should be on how many peptides reach the

pore formation step at a given concentration in the different membrane

environments. Even if a peptide is intrinsically very good at disrupting the membrane

of eukaryotic cells once inserted into the membrane, if very few peptides reach full

insertion at clinically relevant concentrations the therapeutic index will still be good.

The key step in achieving this is to identify the differences and similarities between the

membrane systems and how to best exploit them. In this regard, the most important

difference between the prokaryotic and eukaryotic cell membranes is the higher

proportion of negatively charged lipids in the outer leaflet of the prokaryotic cell

membrane(s). The clearest way of exploiting this is by the inclusion of cationic residues

in the peptide sequence, an idea supported in the MD simulations by the observation

that electrostatic interactions are the main factor discriminating the relative binding

energy between the two bilayer types. This is also supported experimentally with

peptides with an increased charge such as Smp18, Smp14a and Smp14a_S3K all

showing increased selectivity at least when comparing between bacteria and

erythrocytes. Contrary to this, hydrophobic interactions do not seem to impact the
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selectivity much in the MD simulations. In the synthetic membrane models the

hydrophobic core of the bilayers are very similar, while in reality a greater diversity

exists such as with the inclusion of cholesterol in the eukaryotic membrane. This

difference could affect some of the more complex concentration dependent peptide-

membrane interactions (thinning, lipid disordering, lateral diffusion etc.), but these are

likely more difficult to exploit. If only the favourability of the inserted peptide is

measured, the contribution of the hydrophobic interactions seems to be almost

independent of the bilayer type and likely has a negative correlation with selectivity.

The experimental observations in the study support this, showing that increasing the

hydrophobicity negatively impacts the selectivity. The best example of this is

Smp14a_A9L which has the most direct increase in hydrophobicity relative to its

parent compound. While the low solubility in MHB made it impossible to detect a

consistent MIC value, the toxicity could be evaluated showing increased activity.

However, altering the hydrophobicity of a peptide could still be used as a potential

strategy for improving the selectivity by instead substituting larger hydrophobic

residues such as Leu or Ile with residues such as Ala to reduce the overall

hydrophobicity of the peptide. As the overall binding to the prokaryotic membranes is

much more favourable, such reduction in the hydrophobic interactions might

disproportionally inhibit the interactions with the eukaryotic membrane. However,

some hydrophobic interactions are necessary to ensure a deep insertion and correct

orientation of the peptide into the prokaryotic membranes as well. The question is

then where in the structure hydrophobic residues could be substituted without

affecting the peptide position and orientation in the negatively charged bilayer? To

ensure that the fully inserted structure is achieved, an overall hydrophobic side of the

helix is necessary, but the intensity of these hydrophobic interactions do not need to

be the same across the entire helix. For the peptide to adopt the orientation in parallel

with the bilayer surface it is only necessary to anchor the two ends of the helix. Thus,

any hydrophobic residues in the centre of the helical axis could likely be substituted

without affecting the orientation too much. However, for Smp24 and its analogs the

two most central hydrophobic residues alanine 8 and 9 are already relatively small

making this strategy difficult to test for these peptides.
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In addition to selectivity based on the overall differences between the relative strength

of the electrostatic and hydrophobic interactions between the peptide and the

membranes, smaller more niche differences in the membrane compositions can also

be exploited. Since the charged interactions between the peptide and the lipid

phosphate groups are reduced for the zwitterionic lipids making up the eukaryotic

membrane other sources of electrostatic interactions might become more critical for

the initial peptide-bilayer interactions. A strategy for improving the selectivity could be

to inhibit these niche interactions as it would disproportionally affect the overall

electrostatic interactions between the peptide and the eukaryotic bilayer. In this

project this was done by replacing the tryptophan2 residue with a leucine residue to

retain the hydrophobic nature of the sidechain but eliminate its ability to form cation-

pi interactions with the cationic lipid headgroups. Peptides such as Smp14a_W2L

showed that this approach was somewhat successful, reducing the haemolytic activity

of the analog when the peptide was added in low concentrations. However, very little

effect was seen in the cell line cytotoxicity assay indicating that the thermodynamic

driving force caused by the cation-pi interactions quickly becomes overshadowed by

other electrostatic interactions. Thus, the effect of removing tryptophan residues is

limited and very dependent on the membrane composition of the target membrane,

containing either a completely neutral or very small negative charge.

Perhaps the most impactful individual strategy for improving the selectivity of the

peptides is to modify their ability to fold into the activity helical configuration. To a

large extent this selectivity based on the helical folding is downstream from the

selectivity based on the electrostatic interactions, as these interactions are the main

driving force for the transition from the unstructured to the helical state. Since the

electrostatic interactions between the peptide and the bilayer are greater for the

prokaryotic membrane it is also easier for the peptide to fold into the helical

configuration when associated with it. In thermodynamic terms, the entropy cost

associated with the structural transition is intrinsically determined by the properties of

the peptide itself while the enthalpy saved due to the formation of bonds and

interactions between the peptide and the bilayer is much greater for the prokaryotic

membrane. Thus, if the entropy cost is increased by a set amount it will

disproportionally impact the structural transition when the peptide is interacting with
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the eukaryotic bilayer. Therefore, making it more difficult for the peptide to transition

to its helical structure can be seen as a secondary way to further exploit the

differences in the electrostatic interactions between the membrane systems. In this

project this was most effectively done with the Smp14a_W2L_S3K_A8G peptide with

the flexible glycine residue likely increasing the entropy cost of the transition.

However, if the cost of transition is increased too much as was the case with the

proline substituted variant the folding can be made so unfavourable that the

proportion of peptides that reach their active configuration is reduced to such a

degree that activity is lost even when interacting with the more enthalpically

favourable prokaryotic membrane(s).

Another key observation in relation to optimising the selectivity of the peptides is that

synergy can occur between the different approaches. The best example of this is with

the Smp14a_W2L_S3K analog where the relatively minor reductions in the haemolytic

activity seen for the individual residue substitutions were greatly improved when

combined. Mechanistically this makes sense when looking at the mechanism of action

in a stepwise manner as described in the previous section (figure 8.1). If the initial

interactions between the peptide and the eukaryotic membrane are reduced, a smaller

proportion of peptide will reach the surface associated stage. Furthermore, if the

transition to the helical structure is made more difficult a smaller proportion of an

already smaller proportion will make it to the next stage etc. further and further

reducing the number of peptides that reaches the final pore formation stage. The

synergistic approach for improving the selectivity of the peptide would therefore be to

optimise the selectivity in as many ways as possible rather than inhibiting the

interactions between the peptide and the eukaryotic membrane in one step to such a

great degree that it also starts to significantly impact the interactions with prokaryotic

membranes.

Overall, the strategy for improving the selectivity should be first to identify differences

and similarities in the interactions between the peptides and the two bilayer types

(figure 8.2). Secondly, to try to exploit these differences and similarities such that the

interactions between the peptide and the eukaryotic membrane are disproportionally

inhibited. And lastly, to combine 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 evaluating the overall selectivity of a peptide is to create a therapeutic

index comparing the concentration needed to reach a therapeutic effect with the

concentration needed to observe a toxic response. This was done for Smp24 and the

best of its derivatives from each generation of the design created in this project (figure

8.3). The values are based on the MIC for the individual peptide vs the concentration

needed to induce 5% haemolysis in the haemolysis assay or 10% release of LDH against

HEK293 cells in the cell line cytotoxicity assay. The figures show a clear trend that the

therapeutic index is generally improved for each new generation of the development

process. The biggest differences are seen when comparing against the haemolytic

activity with the Smp14a_W2L_S3K_A8G having a therapeutic index 63-126 times

greater than Smp24. The differences are much smaller when comparing against the

cell line cytotoxicity, but the therapeutic indexes are still improved by 3.5-7 times

between Smp24 and Smp14a_W2L_S3K_A8G. These stepwise improvements to the

therapeutic indexes validate the efficacy of the rational, iterative design process used

throughout this project.
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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 S. aureus, red = based on the MIC against E. coli, green = based on
the MIC against P. aeruginosa.

8.4 Mechanism of membrane disruption and drug design

When looking at the mechanism of membrane disruption of AMPs from a perspective

focusing purely on the activity and selectivity of the peptide there is not strong

evidence that one mechanism of action is better than another. However, from a drug

design perspective this is not the case. The complex and disordered ways peptides like

Smp24 and its derivatives disrupt the membrane makes it difficult to design new

analogs based on the pore formation and structure. A key aspect of rational drug

design is the ability to predict the outcome of a modification and the greater variation

and complexity in the structures underlying the SAR the more difficult it is to make

accurate predictions. Therefore, if the objective is to perform rational drug design

based on the partial SAR highlighted in configuration (5) (figure 8.1), the first step

should be to modify the peptide such that the peptide-pore assembly is more

consistent.

One way could be to make the transmembrane pore associated configuration more

favourable than the standard surface-oriented configuration (Figure 8.1 (5) (4)). For

the peptide to adopt a more consistent configuration there must be a strong

thermodynamic driving force in place to facilitate the transition between the two
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configurations. As mentioned in chapter 5 this does not seem to be the case for Smp24

with the transition instead being driven by the concentration dependent effect the

peptide has on the bilayer's properties. If the peptide should be modified to have a

greater intrinsic preference for the transmembrane configuration the differences in

the structure of the bilayer between the two configurations must first be identified.

The clearest difference is the curvature of the bilayer. If the peptide could be designed

to strongly prefer the high curvature of the pore lumen it could both push the

equilibrium towards the pore state and give a more consistent structure. This principle

is already observed to a lesser extent for Smp24 with the two pore interface associated

configuration observed in the MD simulations. However, even if the peptide alignment

with the high curvature pore is made more favourable it would still not necessarily

lead to a sufficiently consistent peptide-pore structure for drug design purposes. If the

improved alignment is achieved by increasing the flexibility of the helix the peptide will

still be able to adopt a multitude of different relatively favourable configurations

within different positions of the pore and the pore-bilayer interface. To avoid this the

helical curvature could be made more ridged by including certain intramolecular

interactions, retaining the curvature of the helix but reducing the flexibility. This could

limit the range of favourable configurations that the peptide could adopt within the

pore. The disadvantage is that locking the peptide structure could negatively impact

the selectivity of the peptide, by limiting or even eliminating the step of the

mechanism of action where the peptide transitions from unstructured into the active

configuration.

Another approach could be to introduce interactions between the peptide and some

other molecular component less dynamic than the lipids in the bilayer. This could be

done using two different AMPs with a strong and specific interaction between them

such as between their terminal ends. One peptide could serve as an anchor peptide,

strongly preferring to be positioned in the pore interface rather than inside the pore

itself. In contrast, the second peptide could be designed to more readily adopt a

configuration within the pore. However, due to the interactions with the anchor

peptide, the range of different pore-associated configurations that this peptide could

adopt would be greatly reduced compared with the peptide on its own, leading to an

overall much more consistent pore-peptide-peptide assembly.
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An example of this principle in nature could be the heterodimeric interactions of

Magainin 2 and PGLa, two AMPs found in the skin of the African frog species Xenopus

laevis. When used together, these two peptides show a synergistic effect with

maximum membrane permeabilization at a 1:1 molar ratio, indication that a dimeric

assembly is formed. Strandberg et al have investigated the structure of the peptide-

peptide-pore assembly using solid-state NMR and MD simulations, showing that PGLa

adopts a more extreme tilt angle compared to Magainin 2, indicating a difference in

their positions in the pore assembly. The interaction between the peptides could be

facilitated by charged interactions between the C-terminal regions as the C-terminal

region of Magainin 2 contains two negative charges which if removed reduces the

synergistic effect. The proposed model for the pore complex is that Magainin 2 is

positioned around the pore interface while PGLa is inserted deeper with the two C-

terminal regions overlapping, securing the relative positions of the peptides (270, 271).

As the regions of the two peptides which interact with each other are relatively small it

should be possible to modify other peptides to gain a similar heterodimeric function by

only modifying the C-terminal region of each peptide, potentially gaining a more

consistent pore structure and a synergistic effect.

8.5 Further development of Smp24 and its analogs

While large improvements to the overall properties of the antimicrobial peptide have

been achieved going from Sm24 to Smp14a_W2L_S3K_A8G further structural

improvements could still be made.

While the modification from Smp14a to Smp14a_W2L_S3K did show signs of the

peptide reaching the point where further increase of the cationic change would likely

have diminishing returns, the alanine to glycine substitution could potentially change

this. Based on the reduction in the antimicrobial activity seen for the W2L_S3K_A8G

peptide and the observation that electrostatic interactions are the main

thermodynamic driving force for the structure change, adding another lysine residue

to the Smp14a_W2L_S3K_A8G could potentially improve the antimicrobial activity of

the peptide by allowing it to more readily fold into the active helical configuration.

However, further lysine substitutions start to become challenging. Obvious targets for

polar substitutions are few compared to in the earlier stages of the development

process with residues such as serine3 still being part of the peptide. The threoine10
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residue is the only non-charged polar residue left in the peptide structure, but as seen

for several of the analogs evaluated in silico, substitution of this residue seems to

disrupt the structure of the peptide. Another option could be the isoleucine6 residue

which while hydrophobic is still the hydrophobic residue which is positioned the

furthest up the side of the helix. Due to these positional challenges, it might be

necessary to rearrange which positions the other lysine residues occupy. This could for

example be changing the position of the threonine10 and lysine11 such that

substituting the isoleucine6 residue to a lysine becomes more feasible as the change to

the size of the polar face of the peptide helix would be smaller.

Another structural modification that might be worth trying could be the truncation of

the lysine14 residue. As previously discussed, eliminating charges/polar interaction

near the terminal of the peptide could improve membrane disruption efficiency by

making it easier for the peptide to adapt a tilted configuration in the bilayer. This

strategy was tried with limited success for the Smp14a_W2L_S3K_ACE analog,

however the removal of the N-terminal charge was seemingly a big detriment

especially for the activity against the Gram-negative species. Some explanation of the

limited effect could also be due to the cationic lysine3 residue being positioned so

close to the N-terminal, locking the position of this end of the helix even if the N-

terminal change is neutralized. Employing the strategy at the other end of the peptide

could be a better approach as the critical N-terminal would be unaffected and similar

modifications has been shown to lead to improved activity for other peptides (240).

While efforts have been made towards improving both the antimicrobial activity and

selectivity of Smp24 and its variants, there is another aspect of the properties of the

peptide which might require improvements via structural modifications. In several

administration routes, the peptides will encounter different proteolytic enzymes

excreted by cells or bacteria which can break down the peptides before they reach

their actual target and thereby reducing the overall activity. Thus, modifying the

structure of the peptide to inhibit such degradation could potentially be a must before

the peptide could see clinical use. Several studies have shown that the antimicrobial

activity of AMPs is significantly reduced if evaluated in physiological fluids such as

serum rather than microbiological broths (272, 273). Common strategies to circumvent

the low proteolytic stability of AMPs are to incorporate unnatural amino acids,
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changing some amino acids to their D-configuration, modifying the terminals of the

peptide such as by acetylation or by removal of known enzymatic cleavage sites (221,

274, 275). Several of these design strategies are yet to be explored with Smp24 and its

derivates.

Lastly, a natural next step in the development process of the peptide would be to

move into some in vivo animal testing. As the activity of AMPs is very dependent on

the conditions of the surrounding environment a strong in vitro activity is not a

guarantee that the peptide would be effective in a in vivo setting. The pharmacokinetic

properties of the drug such as the stability, off-target binding and excretion will also

greatly affect the overall efficacy. In vivo animal models such as neutropenic mouse

thigh and lung infection models could be used to investigate the PK/PD index and

further demonstrate the overall effectiveness of the peptides (276). Furthermore,

animal in vivo toxicity studies could also be performed to get a better understanding of

which tissues are most effected by the peptides and determine a more realistic

therapeutic index for the peptides (277).

While most of the structural exploration and optimisation in the latter parts of this

project have been focused on Smp14a due its small size and favourable biological

properties, the larger peptides still have some interesting structural motifs such as the

distinct tail region which could warrant more investigation. One key property of the

tail region is that it serves as a natural spacer between the C-terminal and the main

helical body of the peptide. This could allow for further modifications to be

investigated at the C-terminal end of the peptide potentially without disrupting the

function of the rest of the peptide. One strategy to potentially increase the potency of

AMPs is to conjugate them with something, such as a small molecule antibiotic, giving

it a secondary activity (278). The rationale for this approach is that it can exploit the

cell selectivity of the AMP to deliver the high potency small molecule more effectively

to the bacterial cells. To take full advantage of this approach the small molecule

antibiotic should be relatively polar and thereby have a low ability to penetrate the cell

membrane by itself. In this case the tail region of Smp24 or Smp18 would be ideal for

the conjugation as it would position the polar compound far away from the

hydrophobic region of the lipid bilayer.
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