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ABSTRACT

Abstract

The overall aim of this thesis was to examine the molecular mechanism of action of
antimicrobial peptides using neutron and X-ray scattering techniques. Antimicrobial
peptides (AMPs) are found in nature as a part of the innate immune system in a wide
range of species, including humans, other animals, plants and fungi. Because of the
emerging concern of widespread antibiotic resistance, new antibiotics or alternative
therapeutics are of great importance for clinical treatments. AMPs have attracted
considerable interest as a potential new class of antibiotics and both the use of natural
and synthetic analogues have been thoroughly investigated over the recent years. Even
with this wide-spread interest, the exact molecular mechanism of these compounds is
still an object of debate, but their interaction with the membrane seems to be a key
feature. AMPs have been hypothesised to cause pore formation,
membrane-solubilisation, changes in lipid movements or changes to the overall
membrane structures. Here we combine state-of-the-art small angle X-ray/neutron
scattering (SAXS/SANS) techniques, together with neutron reflectometry (NR) to

systematically study the effect of a broad selection of AMPs on lipid membranes.

As a result of the significant contrast in electron density between the tail region in the
core of the lipid membrane and the AMPs, we were able to determine the peptide
position and distribution in the bilayer using SAXS. Meanwhile, time resolved SANS
(TR-SANS) and contrast variation enabled us to probe the peptide effect on both the
intra-vesicular flip-flop and inter-vesicular exchange of phospholipids in vesicles. Our
results revealed that all the studied peptides, (indolicidin, aurein 1.2, magainin II,
cecropin A, lacticin Q and LL-37) cause a general acceleration of essential lipid
transport processes, without necessarily altering the overall structure of the lipid
membranes or creating organised pore-like structures. Enhanced lipid transport can be
linked with rapid scrambling of the lipid composition which may trigger lethal signalling
processes and enhance ion transport, and the reported membrane effects provide a
plausible canonical mechanism of AMP-membrane interaction and may reconcile

previously observed effects of AMPs on bacterial membranes.



ABSTRACT

In the last part of the thesis we examined the peptide-membrane interaction of more
complex peptide systems. Here we use contrast variation SANS and NR to determine
the membrane interaction of self-assembled peptide nanofibers with and without
PEGylation. From this work we show that the membrane interaction is enhanced by
self-assembly, but decreased by addition of PEGylation. This knowledge of how self-
assembly and PEGylation may affect the peptide-membrane interaction is important

in further development of AMP based drug molecules.

VI
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INTRODUCTION

1. Introduction

1.1 The discovery of natural antimicrobial peptides

“I did not invent penicillin. Nature did that. | only discovered it by accident”
— Alexander Flemming!

When Alexander Flemming discovered how all bacteria growing in proximity to
colonies of the mould Penicillium genum on agar plates in his laboratory were dying, it
paved the way for the first effective treatment of microbial infections. In the same way
as Flemming was using something purely found in Nature to target bacteria,
antimicrobial peptides are natural antimicrobial substances. These peptides are a part
of the innate immune system of a wide range of species, including humans, animals,
insects and fungi. Even some bacteria themselves are found to produce such peptides,
also called bacteriocines,? as a defence against other microbial species. The first
discovery of antimicrobial peptides from eukaryote cells traces back to as early as 1896
when it was discovered that wheat flour contained a substance that was lethal to bread
yeast. This substance was later in 1942 isolated as the peptide purothionin produced
by wheat endosperm. Discovery of prokaryote secreted peptides traces back to the
1939 when Gramicidines were isolated from Bacillus brevis.> Even though the
discovery of AMPs traces back to the 19t century, the real start of research into using
natural antimicrobial peptides in treatment of bacterial infections is considered to be
the 1950s and 1960s.2 This is related to the end of the “Golden era of antibiotics” with

arising antibiotic resistance development and the resulting concerns in the 1960s.3

After the original discovery more than 1200 types of peptides with antibacterial activity
have been isolated from various natural sources, including cells and tissues.* In humans
it is found that antimicrobial peptides seem to be intricately involved in many parts of
the immune system,> with pleiotropic functions not only to kill bacteria but also related
to controlling host functions like inflammation, angiogenesis, and wound healing.*
Recent research has further shown that a natural human AMP, LL-37, might even be

an important factor in prevention of Alzheimer’s disease,® 7 Parkinson’s disease,® and
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Type 2 diabetes.® Due to the peptides’ roles in defending the host against various
threats, including microbial infections, these peptides are classified as host defence
peptides (HDP).

The peptides included in the group of AMPs are normally in the range 12-50 residues
(number of amino acids), have an overall cationic charge and amphiphilic properties
with about 50% hydrophobic residues.’ Beyond these characteristics the group is
diverse with regards to structure and number of charged residues. The most classical
and well-described AMPs are the a-helical peptides (Figure 1). Some on the most well
described peptides in this group is the human cathilicidin peptide LL-37, aureins and
magainins found in frogs and cecropin from moths. Beyond the a-helical peptides, the
group also includes unstructured peptides like indolicidin which is a cathilicidin from
bovine origin, and B-sheet peptides including human —defensines and protegrins. In
addition to the long list of natural peptides, significant research efforts have resulted
in a very large library of synthetic AMPs. Many of these synthetic molecules are closely
based on peptides isolated from natural sources. Common synthetic strategies to

improve the drugability of AMPs will be discussed further in Chapter 1.4.

Lacticin Q 6 LL-37 Indolicidin
Sequence: _S Sequence: Sequence: ILPWKWPWWPWRR-NH2
MAGELKVVQLLAKYGSKAVQW- LLGDFFRKSKEKIGKEFKRIVQ-
AWANKGKIL DWLNAGQAIDWVVSKIKQILGIK RIKDFLRNLVPRTES ,, ¢
N
HO,
SRR ﬁ
NH HN
NH,
Magainin Il . Collstm
Aurein 1.2 Pol inE
Sequence: GIGKFLHSAKKFGKAFVGEIMNS Sequence: GLFDIKKIAESF-NH2 (Polymyxin E)

Figure 1. PDB structure/chemical formula of the the AMPs probed in this thesis work: lacticin Q
(2N8P),*° LL-37 (2K60),** magainin Il (2MAG),*? aurein 1.2 (1VM5),*3 indolicidin (1G89)** and Colistin.

Cecropin A is not included due to PDB file not being available in the database.
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The next chapters will give an introduction into the scientific topics covered by the
thesis and present the state of the science. After a general introduction to the bacterial
cell and specifically the cytoplasmic membrane, particular focus will be given to
antimicrobial peptides. Specifically, we will cover their proposed mechanisms of
actions, their selectivity towards pathogens and antimicrobial resistance development.
Furthermore, we will introduce different approaches that have been used to study
AMPs and their mode of action. Specific focus will be on model systems, and small
angle scattering and reflectivity methodologies that have been used in this thesis work.
Finally, the last section of the chapter will discuss the problems related to using AMPs
as treatment in the clinic, and molecular design strategies used to overcome these
issues, and specific focus will be given to self-assembling K,(QL),K, peptides which is

the example treated in the thesis.
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1.2 The cellular mechanism of antimicrobial peptides

1.2.1 The prokaryote cell
Cells are the fundamental units of life. The bacterial cell has the simplest structure of

all types of cells, with no nucleus to hold its deoxyribonucleic acid (DNA), and almost
no organelles. Bacteria are therefore classified as prokaryotes, while organisms whose
cells have a nucleus are classified as eukaryotes. Bacteria are typically spherical (e.g.
Streptococcus pneumoniae, Staphylococcus aureus), rod like (e.g. Escherichia coli,
Salmonella enterica), or spiral shaped (e.g. Treponema pallidum, Vibrio cholera) cells
that live as single-celled organisms. However, some are also known to cluster

together.?>

cytoplasm

capsule ribosomes

cell wall
plasma membrang

pilus

flagellum

N
nucleoid (DNA)

Figure 2. lllustration of a bacterial cell.
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A sketch of the fundamental bacterial cell structure is shown in Figure 2. The internal
structure of a bacterial cell consists of DNA, either floating freely as a continuous strand
twisted together (chromosome) localised in the nucleoid region of the cell, or in a
separate circular structure referred to as a plasmid. The chromosome has the genetic
instructions for initiating and carrying out cell division, or binary fission, which is a
process where a single bacterial cell makes a copy of its DNA and grows larger by
doubling its cellular content. At some point the cell splits apart on the middle, resulting
in the creation of two identical "daughter" cells. Plasmids are not involved in cell
division, but appear to give bacteria a selective advantage, like transmitting properties
important for antibiotic drug resistance, resistance to heavy metals, and virulence

factors necessary for their ability to cause disease (pathogenicity).'®

Gram- cell wall

Gram+ cell wall
r Lipopolysaccharide (LPS)

f e ® ® @
e e ® XY
e ® ® @ :
e ® ® @ 1 | K Outer
. D ol J ‘ membrane (OM)
Peptidogiycan (PG) 1 S5 o @D b @D EO D 0 T
ceocecan® CortclPessiess —rorn
e ® ® @ | " [|+]—tLipoproteins
—Periplasmic space

with peptidoglycan (PG)

o> o O e
. o ® ® ©
Periplasmic space |
Plasma membrar.Ie gg gg ;g Eg gg Plasma
(PM) w.lth ™ membrane (PM) with
Integral proteins Integral proteins

Figure 3. Cryo-transmission electron microscopy images of frozen-hydrated sections showing the

organisation of the cell envelope of the A) gram-positive bacteria Bacillus subtilis’” and B) gram-
negative bacteria E. coli.’® Images have been reused with the permission from the journals. C)
Schematic diagram of gram-positive and gram-negative cell wall including explanations on

abbreviations used in A and B (the illustrations are not in size ratio to each other).
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Beyond DNA, the cytoplasm of the bacteria also contains ribonucleic acids (mRNA,
tRNA and rRNA) and ribosomes. The inner structure of the bacteria is generally
protected by the cytoplasmic membrane and the cell wall. However, certain bacteria
like mycoplasmas do not have such a cell wall. We classify bacteria into two major
groups according to the structure of the outer protective layer, called gram-positive
and gram-negative bacteria (see Figure 3). The gram-negative cell wall is a
multi-layered structure with an inner membrane (the cytoplasmic membrane) and an
outer membrane (with embedded lipopolysaccharides (LPS) and membrane proteins)
separated by the periplasm with a thin peptidoglycan layer. The gram-positive cell wall,
on the other hand, consists of a thicker layer of peptidoglycan outside the cytoplasmic
membrane without any outer membrane.’® A comparison of gram-positive and
negative cells as seen by cryo-transmission electron microscopy (TEM) images, and an

illustration explaining the structure is shown in Figure 3.

1.2.2 The lipid cell membrane
Both the cytoplasmic membrane and the outer membrane (in gram-negative bacteria)

are built up by a lipid bilayer, with embedded membrane proteins, glycolipids and LPS
(only in the outer membrane). Phospholipids, the main lipid in the membrane, contain
a hydrophilic (glycerol-phosphate) head group and a hydrophobic (typically two fatty
acid chains) tail region (Figure 4A). Their amphipathic properties allow them to
spontaneously assemble into lipid bilayers in solution, where the lipid tail region point
inward towards each other forming a hydrophobic environment, while the hydrophilic
lipid head groups are either exposed to the external environment of the cell or the
internal cytoplasm.® %° Lipid bilayers have been shown to undergo phase transitions
with characteristic melting points associated with changes in their molecular packing.
The most important of these transitions is the so-called main-chain-melting transition,
in which the bilayer is transformed from a highly ordered quasi-two-dimensional
crystalline solid (gel phase) to a quasi-two-dimensional liquid (liquid crystalline
phase).?? An illustration showing the two phase transitions states is included in

Figure 4B.
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Gel phase

. e i

W, L
I

[ opemthe
(e

Liquid crystalline phase

e~

Figure 4. A) lllustration of a phospholipid bilayer with highlighted structure of an example saturated
phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). B) Scheme showing the different
physical states adopted by a lipid bilayer in aqueous medium below and above the melting temperature

(Tr).

The first documented evidence pointing to a bilayer structure was presented in 1925
by Gorter and Grendel.?! They compared the area of a “total” lipid extract from
erythrocytes membranes (red blood cells) measured in a Langmuir trough, with the
surface area of an erythrocyte. The results revealed that the area of the lipid extract
monolayer was twice as large as the area of one erythrocyte, and they therefore
concluded that the membrane of the cells had to be two lipids thick. The experimental
method used for total extraction of lipids from the cells and the quantitative number
for the area per erythrocytes used in this study have later been disputed. Despite the
mistakes, however, their contribution to the discovery of the presence of a lipid bilayer
is still seen as significant.?? At the time Gorter and Grendel did their experiments the
presence of membrane proteins was not yet known. Proteins were first presented as
a part of the membrane in 1935 by Danielli and Davson. They based their model of a
lipid bilayer coated with globular proteins on thermodynamics arguments focusing on
the differences between the physical properties (for example the permeability of ions,

7
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sugars and other hydrophilic solutes) observed in natural membranes and pure lipid

membranes.?3

The exact structure and properties of biological membranes were vastly discussed and
several modified and alternative models to the Danielli and Davson model were
presented in the following decades.?*?° In 1972, Singer and Nicholson presented the
fluid mosaic model which gave origin to the current view of the biological membrane.
They described the membrane as a two-dimensional viscous solution of lipids and
amphipathic membrane proteins in instantaneous thermodynamic equilibrium
resembling a mosaic structure.3® However, after the original proposal of the classical
model in 1972, also this model has been thoroughly discussed and criticised for its
limitations. The original fluid mosaic model entails a homogenous distribution of
proteins which exhibit diffusion in both directions, while experimental data rather
show a significant degree of heterogenicity.?® The original model was therefore later
modified to include factors like lipid rafts, heterogeneity, local curvature and

lipid-protein interactions.?® 31-34

Mouritsen and Bloom presented in 1984 the mattress model, focusing on the effect of
lipid-protein interactions in biological membranes. Their phenomenological theories
are based directly on experimental data derived from mechanical and thermodynamic
measurements of membrane properties (see Figure 5),°° taking into account the
observed effect that protein has on the phase transition temperature (T,,) of lipid
matrixes from the gel phase to the liquid crystalline phase.3® The mattress model
suggests that the membrane-proteins and lipids display interaction with a positive free
energy content, because of mismatch in the hydrophobic length of the molecules. If
the hydrophobic core of a membrane protein is shorter or longer than the thickness of
the lipid bilayer, either the lipid membrane has to be deformed to compensate for the
unfavourable hydrophobic interactions or some part of the hydrophobic protein or
lipid segment will be freely exposed to water. This effect gives rise to increased
interfacial tension between lipids and proteins, which may lead to accumulation of
specific lipid species around the proteins, as well as aggregation or clustering of

proteins in the membrane due to attractive capillary forces.3> 3’
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Figure 5. General phase diagram of lipid protein mixture exhibiting eutectic behaviour in accordance
with the mattress model. f(P) and g(P) denotes the lipid fluid (liquid crystalline) and gel phase with
dispersed proteins respectively, while g indicate the pure lipid gel phase and P indicates the segregated
protein phase. E denotes the eutectic point. Reprinted from Biophysical Journal, 46/2, Mouritsen and

Bloom, Copyright (1984), with permission from Elsevier.>*

Biological membranes consist of hundreds of different lipid species with variable head
group and chain compositions.3” 38 Over many decades the gram-negative bacterium
E. coli was used as a main model organism for the general study of bacterial lipid
membranes. Information on lipid composition, the physiological function of specific
lipid species and the fatty acid biosynthesis pathways in E.coli has been useful in
understanding general concepts.3® However, over recent years it has become clear that
there is no such thing as a typical bacterial membrane lipid composition and lipid
biosynthesis pathways, and using E. coli as a blueprint for all bacterial membranes is
therefore not valid.?® E. coli cells have an unusually simple phospholipid composition,
generally reported to be Phosphatidylethanolamines (PE), phosphatidylglycerol (PG),
and a smaller fraction of cardiolipins (CL).38 Meanwhile for example the gram-positive
bacterium S. aureus consist of PG, CL, lysyl-phosphatidylglycerols (LPG) and
glycopeptidolipids (GPL)*, while Mycobacterium tuberculosis consist of PG, CL, PE,

9
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Phosphatidylinositol (PI), phosphatidylinositol mannosides (PIM) and ornithine-amide
lipid (OL). This shows how different bacterial species display different membrane
compositions, and it has further been shown that even within a single species the lipid
composition is dependent on the environmental conditions to which the cells are

exposed, and therefore not constant.

Lateral heterogenicity found in biological membranes does not only involve effects of
embedded membrane proteins as described above, but also the lipids species can form
different clusters or domains. Recent developments in the understanding of the
eukaryote membrane have to some degree centred around the concept of clustering
of cholesterol and sphingolipids, also referred to as lipid rafts.*! In this scenario the
sphingolipids interact with each other through weak interactions between the
carbohydrate heads. These headgroups give rise to larger occupied volumes than their
predominantly saturated hydrocarbon chain tails. In the raft model, the resulting voids
are suggested to be filled by cholesterol molecules. The close-packed sphingolipid-
cholesterol clusters behave as rafts in the membrane surrounded by fluid regions that
are occupied by unsaturated phosphatidyl choline molecules.** This model for raft
development is only relevant for eukaryote cells as it depends on the presence of
cholesterol that is not found naturally in bacteria cell membranes. Even so, specific
membrane microdomains have also been suggested for bacteria.*>** As an example,
use of specific lipid dyes has demonstrated cardiolipin-enriched domains at the cell
poles of E. coli and B. subtilis bacterial cells.*>*” Other findings have revealed that also
bacteria are able to organise many signal transduction cascades and protein transport

into functional membrane microdomains constituted by specific lipids.4% 43
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Cell membranes are not static entities but are known to exhibit a wide range of

dynamic behaviours, from larger scale shape fluctuations to local diffusion of individual
molecules. Lipid molecules readily move laterally in the membrane by exchanging
places with their neighbours within a leaflet (~107 times per second), which means that
an average lipid molecule diffuses the length of a large bacterial cell (~2 um) in about
1 second.*® In addition to lateral movement of lipids in the biological membrane, the
lipids are also able to move between the leaflets in the bilayer, but these processes are
much slower as it requires the molecules to overcome substantial activation barrier
(Figure 6). The events where lipids are transported across the membrane are
commonly divided into two categories: lipid flip-flop (also referred to as transbilayer
lipid movement) and lipid scrambling. While lipid flip-flop refers to diffusion of a single
molecule, lipid scrambling involves a population of lipid molecules.*® The former may
happen spontaneously as a result of thermal motions where the frequency of the event
depends highly on the molecular structure of the lipid,>® or occur in the presence of
proteins, e.g. enzyme catalysed by flippases, floppases or scramblases.*® These
proteins move lipids between both monolayers, thus modifying the membrane

asymmetry. Flippases and floppases are ATP dependent membrane proteins which
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move lipids to the inner monolayer and outer monolayer respectively, while
scramblase is ATP independent and exchanges lipids between both monolayers.>!
Molecular dynamics (MD) simulations of transmembrane diffusion have revealed how
membrane defects (caused for example by protein insertion, enzymes or ion gradient
across the membrane) can facilitate diffusion of lipids through the hydrophobic
membrane core due to the spontaneous formation of nanoscale water pores as shown
in Figure 7.°2 Results from Electron Spin Resonance (ESR) spectroscopy have indicated
that a phospholipid in a synthetic bilayer rarely flips from one leaflet to the other, and
it has been estimated that it occurs less than once a month for an individual molecule.*®
However, the rate of spontaneous flip-flop highly depends on the acyl chain length of

the lipid tails and the chemical composition of the head-group.>°

Lipid scrambling is, on the other hand, somewhat of a precipitous action, where a
collection of lipids is moved between leaflets in the membrane. For this event to occur
there has to be a build-up of a certain amount of energy, by for example significant
asymmetric insertion of proteins or certain surfactants.*® The cytoplasmic membrane
of eukaryotic and prokaryotic cells requires that an asymmetric lipid composition is
maintained on both the inner and outer leaflet to function. In bacterial cells,
disturbance of this balance has been linked to cell death, while in human cells it has
been linked to disease development due to loss of function. One known example form
humans is the rare bleeding disorder, Scott syndrome, where an abnormality in
regulation of membrane phospholipid asymmetry causes a deficiency in platelet

procoagulant activity.>!
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Figure 7. Lipid flip-flop induced by spontaneous formation of nanoscale water pores as seen by atomic-
scale MDD simulations under physiological conditions. (A) O ns, (B) 43.85 ns, (C) 118.9 ns, (D) 122.4 ns,
(E) 152.7 ns, (F) 204.65 ns, (G) 208.9 ns, and (H) 215 ns. Except for the flip-flopped lipid (shown in yellow
(tail groups), green and red (the headgroup)) the lipids in the bilayer are not shown; water is shown in
red and white. Reprinted with permission from Gurtovenko and Vattulaine (2007).>? Copyright (2007)

American Chemical Society.

1.2.3 Effect of Bacteria invasion on the human host
Even though the structure of the bacterium cell is characterised as simple compared

to eukaryotic cells, it is highly diverse and able to adapt to a range of different habitats,
including the interior of other cells and organisms. Although bacteria often are
associated with infections and disease, most species are non-pathogenic (not disease
producing) in healthy individuals. The total number of bacteria in the human body is
estimated to be of the same order as the number of human cells. For the 70 kg
“reference man”, the number of human cells are estimated to be ~3.0-10%3 while the
total number of bacteria has been found to be as high as ~3.8-10%3.>3 Bacteria and other
microorganisms in the body make up the human microbiota. The majority is located in
the gastro-intestinal tract, but all surfaces exposed to the environment, like the skin,
respiratory tract and genital tract, are colonised by bacteria. The microbiota are
essential in helping us degrade food, neutralise toxins and salvage energy from

nutrients, particularly carbohydrates that are otherwise indigestible by the host.>* 5>

Even though most bacteria residing in the human body are commensal without causing

disease, it is seen that under certain conditions or in people especially susceptible to
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infections, these bacteria can become pathogenic. These bacteria are often referred to
as opportunistic. The transition from commensal bacteria to pathogens can be related
to the host having an impaired immune response due to for example having cancer,
cystic fibrosis, HIV, or taking immunocompromising drugs. In these cases, the bacteria
“take their opportunity” to rapidly multiply and cause infection.’® One example of a
known opportunistic gram-positive bacterium is Staphylococcus epidermis, which
normally lives on the human skin without causing disease due to the competition with
the human innate immune system and specifically secretion of antimicrobial peptides.
In the case of a lowered immune barrier, for example related to skin wounds or due to
contamination during a medical procedure, S. epidermis can cause dangerous wound
infections and widespread biofilms.”® 37 Another example is the gram-negative
ubiquitous bacterium Pseudomonas aeruginosa found in soil and waterbodies. The
bacterium is able to evade human defence and colonise in burn wounds causing severe
infections. P. ageruginosa is also one of the biggest threats for patients with cystic
fibrosis causing lung infection due to the lowered ciliated cell defence in the lungs
caused by the disease.”® The threat of pathogenic bacteria is the main motivation for

use and development of antimicrobial agents in medicine.
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1.2.4 How AMPs targets bacteria cells
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Figure 8. lllustration showing some of the key proposed models for the mechanism of action of

antimicrobial peptides.

It has long been known that AMPs are effective in killing bacteria and other
microorganisms as discussed above. However, the precise microscopic mechanism of
how they attack their targets are still subject of much debate. Their interaction with
the lipid membrane seems to be a key feature.”® Some of the most commonly
suggested models for the peptide effects on the lipid membrane is shown in Figure 8.
The generally recognised theory involves formation of AMP induced pores in the
cytoplasmic membrane as first presented in 1974 by Baumann and Mueller in their
study of the fungi peptide Alamethicin.®® Pore formation potentially leads to leakage
of fluids, ions and other essential molecules over the membrane, and eventually results
in cell death. Most textbooks describe the pores made by AMPs in the bacteria
membrane as well defined channels either by the Barrel stave model which involves
the formation of transmembrane pores, or the Toroidal pore model where the

transmembrane channel is composed of both peptides and membrane lipids (both
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models are illustrated in Figure 8). Formation of these channels involves a-helical
peptides self-assembling in the membrane to form defined structures.®® 62 This is
proposed to happen because peptides with well-defined hydrophilic and hydrophobic
domains can orient these facets toward corresponding domains in neighbouring
peptides, and lipids constituents. The formation of these structures may allow the
peptides to insert deeper into the membrane core than they would if their hydrophilic

domains where freely exposed to the hydrophobic lipid tails.®3

The existence of well-defined pores has been highly debated in the recent years, and
amongst others Wimley and his group suggested a simpler interfacial activity model
where the peptide inserts into the outer leaflet of the bilayer perturbating the packing
of the lipids, and causing leakage of fluids over the membrane in that way.®* It has also
been suggested that AMP couple with small anions and thereby facilitate their

transport over the membrane.®

Alternatively to pore formation, some peptides are suggested to disrupt the
membrane by solubilising the lipids in a detergent like manner, often referred to as the
carpet model (as illustrated in Figure 8). In this model a large number of peptides
accumulate on the surface of the membrane. Membrane disruption happens due to
the displacement of phospholipid, changes in the membrane fluidity and/or decreases
in the barrier properties. Contrary to the pore formation mechanism, the detergent
process entails the peptide interacting with the lipid headgroup through electrostatic
interactions, carpeting the bilayer without having to penetrate into the membrane
core.53 66,67 The resulting disruption may lead to formation of non-lamellar lipid phases
like mixed micelles or lipid discs. Sevcsik and co-workes found indication of LL-37
solubilising liposomes at higher concentrations, resulting in formation of disc-like

structures. 98 62

Beyond the classical models involving pore-formation and solubilisation of the
membrane, other models involving peptide-induced changes to the membrane have
also been suggested. One example is peptide-induced membrane thinning’® 7! and
thickening’? due to disordering of the lipid packing as well as peptide-induced changes
in the membrane fluidity. Changes in the membrane thickness has both been reported

as a mechanism for antimicrobial activity in itself and as the first step in other models.
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In this case it is hypothesised that the induced membrane packing frustration causing
the changes in membrane thickness that eventually results in membrane disruption.
This may lead to membrane permeabilisation or solubilisation in order to relieve the

strain stress and the acyl chain packing frustration.”?

Alternatively to affecting the membrane structure, it has also been suggested that
AMPs may affect the lipid transport both in the lateral direction as well as trans-bilayer
movements. Epand and co-workers have suggested that AMPs are able to cluster
negatively charged lipids in the cytoplasmic membrane due to their multiple positive
charges. This effect would lead to in-plane lipid phase separation and sequential phase
boundary defects that potentially will lower the permeability barrier between the cell
and its surroundings. It would also affect stability of the membrane and cause changes
in the existing heterogenicity (discussed in chapter 1.2.2) that may be important for
the bacterial cell functionalities.”*7® This model depends on the AMPs having multiple
cationic groups enabling the interaction with several anionic lipids, a conformational
flexibility allowing the peptide to adopt a conformation where the distance between
positive charges matches the distance between anionic lipids in a cluster, and sufficient
hydrophobicity to enable spontaneous partitioning of the peptide in the membrane.
Jean-Francois et al. presented in 2008 nuclear magnetic resonance (NMR) data on the
chromogranin A derived peptide cateslytin showing how the unstructured peptide
adapts to a B-sheet structure when added to a lipid membrane, which causes the
formation of rigid and thicker membrane domains enriched in negatively charged
lipids.”” However, a full picture of the effect of lipid composition, including the
presence of large lipidic cardiolipins thought to be important in natural domain
formation in bacteria, as well as stability and size of the domains formed, is still not
elucidated in relation to this suggested effect of AMPs. This motivated our small-angle

neutron scattering (SANS) experiments included in Paper I.

As described above researchers have discussed whether AMPs potentially also affect
the transbilayer transport of single lipids, known as lipid flip-flop.”882 As described in
section 1.2.2 the spontaneous lipid flip-flop is very slow, and thus effectively mostly
regulated by membrane proteins. However, as seen by MD simulations, increased
flip-flop rates could be facilitated by defects in the lipid membrane.>? In addition, some
AMPs are able to insert into lipid membranes causing large defects at high

concentrations. However, one could imagine that even at low concentrations, below
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what is necessary to form pores structures or complete solubilisation, local defects
may affect lipid flip-flop.®3 This suggested mechanism is not as well-studied as the

models for membrane destruction. This motivated the work in Papers IlI-V.

The proposed physical destruction of the membrane separates AMPs from most
traditional antibiotics that act through blocking specific biochemical pathways in the
bacteria cells by for example targeting the protein synthesis by inhibition of the small
subunit (30S) or large subunit (50S) of the ribosome (70S) (tetracyclines, macrolides
and aminoglycosides), the inhibition of the folate synthesis (sulfonamides and
trimethroprimes) or cell wall synthesis (3-lactams).®* Key evidence that points towards
AMPs not targeting specific receptors is how their antimicrobial efficacy seem to be
independent of the stereoisomerism, while receptor binding normally favours one

enantiomer.53. 8>

Even though membrane disruption has been observed and reported as a key
mechanism of AMPs, there have also been results showing how some AMPs affect
internal targets of the cells. In these cases, the peptide-membrane interaction may still
be important as the peptide has to transport through the membrane to reach
intracellular targets. In these cases, AMPs are proposed to cause cell death by
translocating the membrane and targeting a variety of essential cellular processes,
including inhibition of nucleic acid synthesis, protein synthesis, enzymatic activity, and
cell wall synthesis (see Figure 9).8% 87 Chongsiriwatana and co-workers have presented
TEM images showing how a number of peptides and peptidomimetic compounds
translocate into the cytoplasm of E. coli bacteria and cause intracellular biomass
flocculation. They hypothesise that the cationic AMPs interact with intracellular
polyanions like nucleic acids and ribosomes, causing them to aggregate or associate in
non-native ways due to electrostatic interactions. This interaction causes the charge
repulsion that usually exists between ribosomes/DNA strands to be reduced or
neutralised resulting in flocculation of these entities. The authors argue that these
effects can explain the antimicrobial activity of the peptides that could not be
explained by neither membrane disruption nor changes in surface morphology.2® This
mechanism also adheres to the evidence pointing towards a non-receptor mediated

effect.
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Figure 9. lllustration showing potential intracellular AMP targets. In this figure E. coli is shown as the

example. Adapted with permission from Brogden (2005).%¢ Copyright (2005) Springer Nature.

Beyond killing bacteria directly as antibiotics, AMPs have also been linked to having
other host defence effects that potentially are important for their therapeutic activity
towards infectious diseases in patients. AMPs have been shown to have a broad range
of immunomodulatory effects in humans. These include modulation of expression of
hundreds of genes in monocytes (a type of immune cell that can differentiate into
macrophages or dendritic cells), epithelial cells and others, direct chemoattraction of
immune cells, induction of chemokines (which play a vital role in chemotaxis and cell
migration) and differentiation responses, promoting formation of new blood vessels,
and wound-healing responses. Traditionally some of the properties listed would be
considered proinflammatory, but AMPs have actually been found to have anti-
inflammatory properties by amongst other suppressing Toll-like receptor signalling

responses and the LPS-stimulated production of proinflammatory cytokines.®®

As discussed in this section, a variety of different peptide effects have been observed
and a variety of models for the antimicrobial mode of action has been presented.
Stating a universal mode of action hypothesis is therefore difficult and probably

unrealistic. The effect of AMPs seems to be highly complex where both membrane
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disruption and intracellular targets may play important roles in the full picture. This
uncertainty motivated us to systematically study the peptide-membrane interaction of
a variety of peptides using high resolution scattering methodology, allowing us to focus
both on the peptide effect on the membrane structure as well as the resulting effect

on lipid transport. (Paper I-V).
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1.2.5 Concentration threshold for membrane disruption
It has been established experimentally that an implicit concentration threshold is

required for membrane disruption, independently of the perturbation models
discussed above.”® %993 This correlates with a two-step process where the initial step
involves peptide binding to and integrating into the membrane, and secondly when
enough peptide is bound to the membrane, they start to aggregate.®® This second step
requires a high local concentration of peptide and is essential in for example the pore

models.

Melo and Castanho have over the last couple of decades published several papers
where they argue that the observed membrane disruption events from biophysical
studies require concentrations high enough that the vesicle membrane would be
almost completely covered by the peptide.’® °% °* |n 2014 Roversi and co-workers
published a study focusing on how the helical peptide PMAP-23 (a porcine cathelicidin
similar to the human LL-37) only kills E. coli bacteria when the bound peptide
completely saturated the bacterial membrane (108-107 bound peptides per cell). When
taking into account that E. coli bacteria cell have a surface area of ~4.32 um?,°> and an
estimate of ~5 x 10° lipid molecules in a 1 um 2 bilayer*® a regular E. coli under
continuous growth should on average contain 2.16 x 107 lipid molecules on the surface.
The 10%-107 bound peptides per cell would thereby equal to ratio of as high as ~1:2.2
—1:22 peptides to lipid molecules.

The minimal inhibitory concentration (MIC) is a parameter used to detect
susceptibilities of bacteria to drugs, for example AMPs, and to evaluate the activity of
new antimicrobial agents. MIC is the lowest concentration of the assayed antimicrobial
agent that, under defined test conditions, inhibits the visible growth of the bacterium
being investigated.®® The MIC values for antimicrobial peptides are typically in the low
micromolar range.’> How the need for high peptide concentrations to disrupt the
bacterium membrane relates to the much lower MIC value for AMPs is suggested to
be explained by the extent of peptide partitioning in the membrane calculated from

the partitioning constant (K, ):*?
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where [P]; and [P], are the concentrations of the peptide in the lipidic (corresponds
to the membrane volume) and aqueous phase, respectively. Melo and Castanho have
stated in their studies on a series of natural peptides that the local peptide
concentration in a model bacterial membrane is approximately 10,000 times higher
than its concentration in the aqueous phase. Therefore, they argue that local
membrane-bound AMP concentrations close to or at bilayer saturation is possible even
when adding physiologically relevant micromolar overall peptide concentrations

(estimated based on MIC concentrations).%?

The highly concentration dependent membrane disruption effects observed in the past
inspired us to include concentration series in all of the membrane studies included in

the thesis (Papers I-VI).

1.2.6 Selectivity of AMPs towards bacterial membranes
As discussed in chapter 1.1 AMPs have been isolated from various natural sources

including cells and tissues in humans. An important question that researchers have
tried to answer is why AMPs target microbial cells and not the cells of their host. The
selectivity of AMPs towards microbial cells has been attributed to differences in the
inherent structures or functions of microbial versus host cells. The fact that the
bacterial membrane is composed of a relatively large proportion of anionic
phospholipids while mammalian phospholipids are essentially neutral have been
suggested as one of the key reasons for AMP selectivity. As the peptides generally has
a positive net charge, the anionic and more fluid bacterial bilayers are more susceptible
to peptide binding and therefore membrane disruption.®® °2 Beyond electrostatic and
hydrophobic interactions, some AMPs display specific structural affinity for anionic
bacterial membrane constituents acting as pseudo-receptors, such as phospholipid

head groups or membrane proteins.53 9297

One of the main differences between mammalian and microbial cells is the presence
of cholesterol in the membrane of mammalian cells. Several researchers have
suggested that cholesterol may play a significant role in protecting mammalian cells
from membrane destruction of AMPs.%%1%> Sharma et al. presented quasielastic

neutron scattering (QENS) data on melittin (AMP from honeybee (Apis mellifera)
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venom) interaction with lipid membranes with and without cholesterol. Their
experiments showed that adding melittin to cholesterol-free membranes greatly
influenced the phospholipid dynamics, and the peptide was found to act as a plasticiser
in the solid gel phase and a stiffener in the fluid phase. When adding melittin to
cholesterol loaded membranes, the dynamical properties were not affected in the
same manner. The authors suggest that the difference is due to cholesterol preventing
the embedding of melittin deep into the membrane.1 For most AMPs, the detectable
inhibitory effect of cholesterol is only noticeable at higher cholesterol concentrations.
This has been explained by the formation of a liquid ordered lipid phase because
cholesterol inclusion in the membrane increases the acyl chain order in the membrane
core. This may suggest that the indirect effect cholesterol has on the membrane fluidity
is more important than the direct interaction between the AMPs and cholesterol.1°* A

definite conclusion on the role of cholesterol in selectivity of AMPs is yet to be drawn.

An alternative theory proposes that access of AMPs to potentially vulnerable host
tissues may be limited by localisation and/or highly regulated expression. An example
of this mechanism for selectivity is the presence of defensins in neutrophils, monocytes
and macrophages (white blood cells important in the immune system) in various
mammalian species. Defensins are amongst the most potent AMPs identified and have
been found to be highly unselective and toxic also towards mammalian cells. An
explanation of why these peptides still play a significant role in the immune response
of mammalians without killing their host is the constrained localisation of these
peptides in granules of mammalian phagocytes. The phagocytes normally internalise
pathogens through phagocytosis and thereby expose the pathogens to lethal
concentrations of defensins internally, rather than release these potentially toxic
components into the extracellular environment where they could also attack host

cells.83

The unanswered questions related to AMP selectivity towards bacterial membrane,
especially the role of cholesterol inspired us to do small-angle X-ray scattering (SAXS)
and neutron reflectometry (NR) experiments on membranes with different amount of

cholesterol (Paper SV not included in the thesis but discussed in Chapter 3.3).
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1.2.7 Mechanism of resistance of AMPs
Antimicrobial resistance occurs when microorganisms develop the ability to survive

exposure to antimicrobial agents and therefore become significantly less susceptible
to the drugs. The typical mechanisms for resistance development to antimicrobial
agents are alteration of the drug target, reduced cellular uptake, inactivation of the
drug and increased efflux of the drug from the cell interior.8* Traditionally,
antimicrobial peptides have been presented as less affected by development of
antimicrobial resistance than convectional antibiotics. This has been related to their
supposed mode of action involving a mechanical membrane disruption rather than a
receptor interaction. It is therefore suggested to be less likely for the bacteria to adapt
to withstand this physical attack as there is not a conventional target that can be
altered to no longer bind to the drug. However, it is unrealistic to expect that no
microbial pathogens are able to resist antimicrobial peptides due to the evolutionary
development of a balanced pathogen-host relationship.®® 1% Indeed prokaryotic
pathogens have been found to devote a considerable part of their genome to express
complex countermeasures designed to limit the effect of antimicrobial peptides.®3
Examples of suggested bacterial resistance mechanisms towards AMPs include release
of extracellular proteases,'®” sequestration,'®® cell surface modifications® 10 and
increased efflux activity.!** A more thorough understanding of the balance between
the opposing mechanisms of action and resistance among antimicrobial peptides is still

being researched.

Beyond recognising that resistance towards AMPs actually does occur, researchers
have recently shown that AMP-resistant pathogens (mutants) even display significant
cross-resistance. This was found to include a broad range of AMPs even though the
structure and modes of action varied. Unfortunately, this means that the widespread
clinical use of AMPs to treat bacterial infections may select for resistant bacterial
pathogens that are more capable of causing severe infections in humans because
natural AMPs play a key role in the innate immune system. However, the actual
outcome of exposure to therapeutic levels of AMPs on the development of AMP
resistance and bacterial pathogenesis is not yet fully understood, and therefore needs

to be further studied before widespread use in clinical settings.*?
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1.3 Approaches to study the membrane effects of AMPs

Traditionally, AMPs are characterised in regard to antimicrobial effect by their MIC
values (defined above) against various different bacteria, and to selectivity by toxicity
studies using human cell lines. While these results give valuable comparable
information on the drug potential of the specific peptide, they do not provide insight
into the molecular mode of action. Therefore, a series of different methods have been
introduced as valuable tools in probing both the peptide effect on the cytoplasmic
membrane and on internal targets. In this chapter some of the key biophysical and
biochemical techniques used to study the peptide-membrane interaction are
discussed. Focus will be given to the use of lipid model systems to mimic bacterial cell
membranes and the main methods included in the thesis; neutron reflectometry (NR),

small-angle X-ray (SAXS) and neutron scattering (SANS).

One of the most used approaches to visualise the membrane effect of AMPs is different
types of microscopy. Confocal laser-scanning microscopy can be used to separate
whether the peptide enters the bacterial cell and accumulates in the cytoplasm, or if it
binds to the cell surface,''® while scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) have been used to study the damaging effect of various
antimicrobial peptides on the architecture of bacterial cells. These methods have been
essential in revealing that there is no general effect of the peptides on microbial cells,
leading to the understanding that different AMPs may have different modes of actions
(as discussed in Chapter 1.2.4) and/or targets.2® An advantage with these microscopy
methods is that real microbial cells can be probed without having to resort to model
systems. However, microscopy does not yield information on a molecular level with
the required Angstrém-nanometer (A-nm) resolution. On the other hand, atomic force
microscopy (AFM), which is based on imaging a three-dimensional shape of a sample
surface, has been widely used to study peptide-membrane interactions using model
systems.14117 Recently due to improvements in sample preparations, time resolution
and image qualities, researchers have been able to observe real-time changes in living
cells in time-scales relevant to dynamic cellular processes using high-speed AFM. Based
on this types of experiments, the proposed two-stage mechanism discussed in
Chapter 1.2.5 has been observed.!!8
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Other surface sensitive techniques that have been used to study AMPs are quartz
crystal microbalance with dissipation monitoring (QCM-D), which gives information on
the mass and viscoelasticity of a supported lipid bilayer, ellipsometry, giving
information on the absorbed mass of an interfacial film and in some cases its thickness,
and attenuated-total reflectance Infrared spectroscopy (ATR-FTIR) which provides
information on changes in the chemical composition at or close to the interface.''’
These techniques are often used in symbiosis with each other, and/or more
comprehensive techniques like AFM and NR (which will be discussed in the next
chapter). Examples of studies solely using QCM-D do exist though; Wang et al. reported
a study where they try to pinpoint the mechanism of various AMPs by using only
QCM-D by identifying signature patterns in the changes in frequency and dissipation,
associated with either pore formation, peptide absorption on the membrane surface,

or peptide insertion as single molecule or clusters in the membrane.??

Another very popular techniques used to study the effects of peptide on lipid
membranes is fluorescence spectroscopy. One of the most frequently used methods
to study the peptides ability to permeabilise the cell membrane is with the
incorporation of fluorescent dyes (like for example calcein) in liposomes, followed by
measuring the release upon peptide addition over time using fluorescence
spectroscopy.8® 120 Results from these membrane permeabilisation studies have often
been used as evidence for the pore-formation model best representing the mode of
action of the AMP. Permeabilisation of the membrane caused by peptides can also be
probed by studying the occurrence of voltage-dependent ion channels in the
membrane. This is done by measuring the conductivity across the membrane, where

potential peptide-formed pores in the membrane enable an electrical current.12% 122

Circular dichroism (CD) is a popular method for determining the secondary structure
of AMPs before and after being exposed to different lipid environments. CD is an
absorption spectroscopy method that uses circularly polarised light to detect structural
aspects of optically active chiral molecules.?®> This method has been essential in
revealing that exposure to lipid membranes in many cases induces conformational
changes in the peptides which have been linked the peptide’s capability of inserting

into the membrane.8¢
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As discussed in Chapter 1.2.2, the lipid membrane undergoes an important phase
transition upon heating or cooling of the system. Peptide-induced changes in the phase
behaviour of lipid membranes have been meticulously studied using differential
scanning calorimetry (DSC). Using this technique, one has been able to reveal that not
only do different peptides have different effects, but also that the lipid composition of
the bilayer will greatly influence the degree of changes in phase behaviour upon

peptide exposure.t?*

NMR has been shown to be a very versatile tool for studying interactions between
AMPs and lipid membranes. One of the major advantages is that contrary to other
methods like fluorescence, NMR techniques often do not require any bulky chemical
labelling, but rely on the nuclear spins of the elements that can be altered by isotope
labels like °N,3C, or ?H which do not affect the chemical properties of the
molecules.'?® Liquid state NMR can be used to determine the atomic resolution
structure of the peptide particle.’?® 127 |n these experiments, the peptides are often
solubilised in “membrane-mimicking” solutions containing a certain amount of non-
polar solvent like for example Tetrafluoroethylene/water mixtures. This is because the
non-polar solvents have been found to promote helical conformations of the peptides
which is often found when the peptide inserts in the membrane. However, as these
solvents, contrary to the membrane, are isotropic, the peptide structure resulting from
the NMR data may not necessarily represent the real situation in the membrane.
Therefore, an alternative is to expose the peptides to lipid-like environments like
micelles or bicelles that are still small enough to allow the use of liquid state NMR.
Even though this is closer to the real membrane situation, the sizes of these aggregates
are still quite small and the number of peptides per particle is difficult to adjust. A
drawback in the use of bicelles is that the lipid composition cannot be varied much
without disturbing the stability of the aggregates. Therefore, it has been deemed more
favourable to study the peptides in genuine lipid bilayers, like in small unilamellar lipid
vesicles (further discussed in Chapter 1.3.1). However, these structures are normally
too large to be measured using traditional liquid state NMR, and therefore researchers
have done these types of studies using solid state NMR instead. Using this method, a
large number of papers has been published using different approaches, ranging from

indirect studies of the peptides by probing the lipid structure (by labelling of lipids) to
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direct measurements of the peptide structure in the bilayer by isotope labelling the

peptides directly. 12°

Beyond these experimental methods, also computational methods have been vastly
used to study AMPs and their mechanism of action. MD simulations have for example
been used to reveal the thermodynamics, kinetics, and mechanism of pore formation
and closures in lipid bilayers. These kinds of studies have shown how AMPs seem to
increase the occurrence of pore formation in the membrane by decreasing the free
energy cost, either by further reducing the enthalpy or decreasing the unfavourable
entropic cost.*?® Furthermore, MD simulations have been able to separate whether the
peptide-induced membrane pores can be classified as toroidal or pure cylindrical for

specific peptides.t?®

An alternative approach to elucidating the antimicrobial peptide effect on both the
structure of the membrane and on lipid transport processes using neutrons and X-rays
will be thoroughly discussed below. However, first we will take a closer look at the use
of lipid model systems as alternatives to live bacterial cells for peptide-membrane

interaction experiments.

1.3.1 Lipid model systems
As described in Chapter 1.2.2, the cell membranes of real bacteria are highly intricate,

consisting of a diverse group of membrane proteins, LPS (only in the outer membrane),
and a vast number of different lipids, where phospholipids are the most abundant. The
complexity of live bacteria will for many biochemical, biophysical, and theoretical
methods obscure the results and complicate the interpretation with regard to the
specific membrane-peptide interactions. Therefore, development of good model
systems has been essential to enable detailed studies on peptide-lipid interactions. The
model systems most used are phospholipid membranes either as flat model
membranes (either supported or tethered lipid bilayers) used for surface sensitive
techniques like NR17 130135 gnd AFM14-116 136 hydrated multilamellar membrane
stacks typically used for a small-angle scattering technique referred to as diffuse low

angle scattering!®” 138 and free-floating lipid micelles, bicelles and vesicles frequently
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used in amongst others NMR,52% 127, 130, 139 GAXS/SANS 6% 72, 82, 83, 135, 140-147 ' CD and

fluorescence spectroscopy?#® 149,

The design of a model system is highly flexible depending on the aim of the study,
ranging from a simple monolayer of only one type of phospholipid, to very complex
lipid mixtures with embedded membrane proteins and LPS.*>® The composition of
model systems is adjustable to mimicking specific cell types. This can, for example,
involve incorporating cholesterol to a lipid bilayer made to mimic a mammalian cell, or
anionic lipids to model membranes made to mimic bacterial cells. Beyond the simpler
model systems, efforts have gone into developing systems more closely related to the
real bacteria membrane. Clifton and co-workers recently presented a full NR
characterisation of a floating lipid membrane closely mimicking the inner and outer

membrane of E. coli including the LPS layer.33

In Figure 11 an illustration of a supported lipid bilayer and an unilamellar lipid vesicles
(the two model systems used for the work included in this thesis) is shown. Lipid
vesicles are formed through spontaneous self-assembly of dry lipid films upon
hydration in an aqueous solvent. A range of different combinations of lipids with
different headgroup structure, tail length and degree of saturation can be used to form
lipid vesicles.’>"15%6 However, to mimic bacterial cells, often a combination of

zwitterionic and anionic lipids with or without cardiolipin is used.

Unilamellar lipid vesicles

e NN N NN ; NHs"
o o0 Y

Supported lipid bilayers

Figure 11. lllustrations of unilamellar lipid vesicles and supported lipid bilayers used as model systems
to probe membrane interactions. Chemical structure of three phospholipids often used in model

membranes.
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The self-assembly process of lipid bilayers is entropically driven by the hydrophobic
effect bringing hydrophobic segments of the lipids together in order to reduce the
overall contact with water thereby reducing the surface energy.'>” 158 The shapes that
are formed are largely dependent on the geometrical shape of the lipid molecule as
illustrated in Figure 12. The packing properties of lipids can be expressed in terms of

the critical packing parameter, P:

where v is the lipid chain volume, a is the optimal surface area and [ is the maximum

length of the hydrocarbon chain(s).*>®

spherical cylindrical . Inverted
) ) vesicles .
micelles micelles micelles

Figure 12. Sketch giving an overview of the critical packing parameter with the resulting morphology.
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Bilayers are formed spontaneously by amphiphiles (lipid in the case of membranes)
that have a small headgroup area (a,) or too bulky hydrocarbon chains to fit into
smaller aggregates like micelles while still maintaining the surface area at its optimal
value. The P of bilayer forming lipids must lie close to 1, meaning that for the same
headgroup area (a,) and tail length (I) their lipid chain volume (v) must be twice that
of a micelle-forming lipid (for these the P mostly range from 1/3 to 1/2). This is the
reasoning behind why most phospholipids, which have two tails, are likely to form
bilayer structures in aqueous solution. The closing of bilayers into vesicles eliminates
the unfavourable edges of a finite bilayer, and therefore happens spontaneously under
certain conditions as this structure is both entropically and energetically favoured.?>®
However, the lipids need to have a truncated cone geometry, in other words P < 1, in
order for the lipids to pack in the outer leaflet, enabling the bilayer to curve.'*® Based
on simple geometrical considerations the radius of the smallest vesicle that can be
formed without introducing unfavourable packing stress on the lipids, in other words

the headgroup area, a not exceeding a, is:

3+34v/a,l—1)| l

v - v
6(1‘a—oz) (1‘a—oz)

R, =1

(1.3)

Note that the same unfavourable stresses do not arise for the inner leaflet lipids,
because these can maintain their optimum area without requiring their chains to
extend beyond [ due to curving in the opposite direction.'>” Even though vesicle radii,
R < R, are energetically unfavourable, the vesicles will not grow infinite because
R > R, is entropically unfavourable. That being said, the radius of vesicles used as
model membranes for experiments is usually determined by the preparation methods,
which often includes sonication (either bath sonication or using a more aggressive tip
sonicator) to break up bigger vesicles, leaving a polydisperse mixture of smaller
unilamellar vesicles, and/or extrusion where the vesicles are forced through a
polycarbonate filter with a defined pore size. Using the latter method also breaks apart
multilamellar structures, resulting in a relative uniform sample of vesicles with radii
reflecting the chosen pore size. The resulting vesicles will normally be stable

throughout the experiment (not taking into account eventual addition of destabilising
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substrates like AMPs) even though the radius is lower or higher than R, due to the low
solubility of the lipids and the consequently slow exchange and Ostwald ripening

processes.!>®

Supported lipid bilayers (SLBs) can be formed by the vesicle fusion method or by
Langmuir-Blodgett (LB) and Langmuir-Schaefer deposition (LS). The vesicle fusion
method is beneficial because it can be done in situ; however, it does not give the same
control over the deposition as for LB/LS and can therefore not be used for formation
of asymmetric leaflet compositions.'>% 160 The vesicle fusion method entails deposition
of small sonicated lipid vesicles to a substrate until a critical amount of vesicles have
attached to the surface. At this point the vesicles become unstable and eventually
break apart and fuse together to form a continuous bilayer.'*® The ideal conditions with
regards to for example vesicle concentration, temperature, flow rate and duration of
the vesicle injection is dependent on the lipid composition. Because QCM-D allows
real-time observation of SLB formation, this method is well used to determine the ideal
conditions for a given lipid mixture.®! Lipids with a PC headgroup (zwitterionic) are the
most commonly used in SLBs because the formation of these bilayer structures are
well established.!6 119,130,132, 162-167 Tq c|oser replicate the bacterial cell membrane, PG
(anionic) or PE (zwitterionic) lipids are sometimes added to the composition (the
structure of PC, PG and PE lipids with 14 carbon tails have been included in
Figure 12),'%¢ while mimicking of mammalian cells is often achieved by adding
cholesterol.'®® However, recently Lind et al. reported a new protocol to form high
coverage SLBs consisting of only PE and PG, directly mimicking the phospholipid

composition of the membrane of E. coli bacteria.'3*

1.3.2 Neutron Reflectometry — general theory
Reflectometry experiments can be done with different radiation sources (for example

X-rays and neutrons). However, we will focus on neutrons in this part because it has
been shown to be a powerful technique for the study of antimicrobial peptides on lipid
bilayers. When comparing neutrons to X-rays there are some beneficial properties of
neutrons that makes neutron reflectometry more ideal for the study of

peptide-membrane interactions.
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Firstly, because neutrons carry no net charge, they will interact with the atomic nucleus
rather than with the electron cloud as for X-rays, and thus have a smaller scattering
cross-section (i.e., interaction probability). This allows the neutrons to penetrate
deeply into the samples and therefore probe interfaces buried in complex
environments. One example is the possibility to carry out detailed studies on SLBs
situated inside solid-liquid interface flow cells. Cold, thermal and epithermal neutrons
that are normally used for these experiments have wavelengths in the Angstrém
regime making them very suitable to study molecular structures, like biological
systems.''” When comparing with X-rays, neutrons are non-damaging to biological
samples because they do not cause radiation damage. Lastly, the relationship between
scattering probability (known as scattering length, b) and the atomic number is
different for X-rays and neutrons. Because X-rays interact with the electrons, a higher
number of electrons equals more interaction and the scattering lengths are therefore
proportional to the atomic number. Neutrons on the other hand, interact with the
nucleus and the nuclear structure is therefore decisive of the interaction, resulting in
the scattering lengths being isotope dependent and non-monotonic across the periodic
table. In practice, however, the relevant quantity is the scattering length density (SLD),

p, i.e., the scattering length per volume:

it by

v (1.4)

p(z) =

where b; is the coherent neutron scattering length from the N atoms in a molecule and

1}, is the is the molecular volume.117: 170

D>0O contrast H,O contrast

Figure 13. Schematics of contrast variation in studying the peptide insertion in a lipid membrane

consisting of tail deuterated phospholipids using neutron reflectometry.
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The isotope sensitivity of neutrons gives rise to an interesting effect: The neutron
scattering lengths of hydrogen and its isotope deuterium are markedly different, while
for X-rays these are identical. This means that we can probe a system in different
“contrasts” between solute and solvent, which for a particle with SLD p(z) in a solvent

with SLD p, is defined as the excess scattering length density

Ap(z) = p(z) — ps. (1.5)

The contrast can be adjusted by altering the amount of D,0 and H,0 in the solvent, in
other words altering the p,. Because the SLDs of biological molecules in their native
form are in-between those of D,O and H,0, this allows us to match the SLD of the
solvent to individual components within a complex sample and thereby emphasising
the scattering from another component. This technique is often referred to as contrast
variation. Normally in a neutron reflectometry experiment, the sample will be
measured in several different contrasts ranging from pure H,0 to pure D,0, and it has
been stated that at least two contrasts are necessary to obtain accurate structural
information from the data.*® Beyond only using the solvent to highlight different parts
of the system we can further utilise this difference in scattering length between
deuterium and hydrogen by labelling parts of the system using deuteration. This is for
example often done in the study of lipid membranes. By using tail deuterated
phospholipids there will be a significant contrast between the proteated lipid heads
(which will be visible in D,0 but hidden in H,0) and the deuterated tails (which will be
visible in H,O but hidden in D,0). This allows for very precise determination of the
exact thickness of both the head and tail region of the bilayer and is also convenient
when studying interactions between for example peptides and membranes as it also
increases the contrast between the substrate and the membrane core. A schematic
showing the details of such a contrast variation experiments on a lipid bilayer with tail

deuterated lipids have been included in Figure 13.

NR is a powerful technique for analysis of thin films providing information on structural
features in the direction normal to the interface. When the beam is reflected on a flat

surface, we refer to this as specular reflection. In specular reflection, the angle, 6;, of
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the incident wave vector (Ei) with the surface, equals the angle, 6,., of the reflected

wave vector (KT). The lengths of the incident and the reflected wave vectors are

assumed to be equal (elastic scattering) and given by:

- - 2T
|ki| = |kr| = - (1.6)

where A is the wavelength of the neutron beam. The data acquired in a neutron
reflection experiment is normally presented as the relative intensity of the reflected
beam as a function of the scattering vector, 6 The changes in k on the reflection at
the surface can be related to 6 by:

- 4

[k, — k| = 2|ki,| = 7-sin(20/2) = Q (1.7)

where |Eu| is the length of the component of Ei normal to the interface.' Figure 14
illustrates the principles of specular neutron reflectometry (A) and gives an example of
how the neutron beam is reflected from a silicon crystal often used as the solid

substrate in a neutron reflectometry experiment.

A aual B)

Figure 14. A) Sketch of a neutron beam reflected on a surface in a specular neutron reflectometry
experiment. The sketch includes definitions on the incoming, reflected, and transmitted wave vectors
(l—<)i, Er, and Qt, respectively) their angles with the surface (8; = 8, and 6.) and the scattering vector 6
B) lllustration of neutron beam scattered from a thin layer of native oxide on silicon having a

thickness, d, facing a H,0 bulk. Reprinted with permission from Lind and Cdrdenas (2016).%>° Copyright

(2016) American Vacuum Society.
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The reflectivity curve resulting from a successful neutron reflectivity experiment on a
layered interface normally exhibits Kiessig fringes, due to interference occurring
between the waves reflected within the interfacial film. The spacing and intensity of
the interference fringes can be used to extract a SLD profile, p(z), perpendicular to the
surface, yielding information on both the SLD and the thickness of the different layers
parallel to the surface. Extracting precise structural parameters from neutron
reflectivity data can be done in several different ways. Model data fitting of the
thickness, composition, solvation and roughness of a finite number of stratified layers

parallel to the interface is by far the most common technique to evaluated NR data.!!’

1.3.3 Peptide-membrane interactions as seen by Neutron Reflectometry
The ability to extract detailed structural information about different layers deposited

on a substrate makes NR a well-suited technique to study AMP effects on lipid
membranes. The protocol for deposition and characterisation of supported lipid
bilayers mimicking different membranes on silica crystals using NR has been well
established.1”. 159 171-174 Based on these principles researchers have used the same
methodology to study the membrane effect of a series of different
biomacromolecules,130-132, 166, 175178 jnclyding natural and synthetic antimicrobial

peptides.

With regards to natural AMPs, Fernandez et al. have shown how aurein 1.2 disrupts
DMPC/DMPG membranes following the carpet model (described in detail in Chapter
1.2.4). The neutron reflectivity data revealed how addition of aurein 1.2 led to a slight
degree of membrane thinning, with peptide insertion into the tail region rather than
translocation across the membrane.'3° The same authors later showed how another
frog extracted peptide, maculatin 1.1, instead causes a slight thickening of the
membrane. This peptide, contrary to aurein 1.2, seems to translocate the membrane

through passive diffusion.3!

Cardenas and co-workers have extensively studied synthetic Poly(amidoamine)
(PAMAM)¢® and BALY'3? dendrimeric AMPs using NR. They have found that when
comparing these peptides with varying size, the smaller dendrimers are able to

penetrate into the bilayer affecting the lipid phase and ordering3?, while larger sized
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dendrimers rather situates on the surface of the membrane.1®® In this work, the
authors also showed how by using AFM with continuous flow it was possible to image
the dendrimer effect on the membrane in real time, giving highly complementary data

to what they could determine by NR.11¢

It has further been shown by Nordstrom et al. that NR also can be used to study the
membrane effect of AMP-containing drug carriers. In this case anionic
poly(ethyl acrylate-co-methacrylic acid) (MAA) microgels were used as carriers for the
natural AMP LL-37. By NR, they were able to establish that the effect of LL-37 loaded
into MMA microgels qualitatively mirrored the effect of pure LL-37 when added to a
supported lipid bilayer, and in both cases, they observed a concentration dependent
insertion of the peptide. The peptide seems to preferentially insert in the outer leaflet
at low concentrations, but when increasing the concentration LL-37 was found to
penetrate both leaflets, resulting in a more pronounced membrane defect. From these
results the authors concluded that the membrane interactions for microgel-loaded
LL-37 are dominated by released peptide. However, the kinetic effects of the
peptide-membrane interaction are substantially affected by the carrier due to the slow

release of peptide from the microgel.'’®

The results discussed so far have all been based on supported lipid bilayers consisting
solely of phospholipids (either a single lipid or a mixture of different lipid types), while
Paracini et al. has recently showed that NR also can be used to study the peptide
interaction of much more complex model systems. In this work, they studied the effect
of polymyxin B on an asymmetric d62-DPPC/LPS outer membrane model bilayer
deposited on a silicon substrate following a protocol prior developed by Clifton et al.1°
In this way, they could both probe the peptide effect on the phospholipid bilayer and
on LPS present on the surface of the outer membrane of gram-negative bacteria. From
the NR data they found that the physical state of the lipid matrix is critical in regulating
the peptide interaction. When LPS goes from the gel to the crystalline state, the
peptide is able to insert into the membrane causing large-scale disruption and loss of

membrane asymmetry.t’?

The established proof that NR is a useful technique to study AMP-membrane
interaction inspired some of the work presented in this thesis. However, the drawbacks

of NR are that the experiments are highly time consuming and costly as it requires
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deuterated components and access to a neutron source. In addition, the bilayer in this
case is not free-floating in the same way as for a bacterial cell which potentially leads
to confounding factors in the analysis of the results. This motivates using SAXS, which
is much faster, more easily available, does not require isotope labelling and can be
used on free-floating vesicles rather than supported lipid bilayers, as an alternative
probe to study a larger series of peptides. A direct comparison of the two methods are
presented in Paper Il. Meanwhile, Paper VI focuses on a specific system of large
peptide nanofibers where NR has large advantages over SAXS/SANS because it lacks
3D orientation averaging and therefore enables precise structural determination of

complex nanofiber-membrane structures.

1.3.4 Small Angle Scattering — general theory

Monochromator Detector

&

X-ray/Neutron
source

Collimation

Figure 15. Schematic showing the SAS instrument setup.

Small angle scattering (SAS) experiments can, in the same way as reflectometry, in
principle be performed by any kind of radiation but we will focus this section on X-rays
(SAXS) and neutrons (SANS). In a SAS experiment a well collimated beam of radiation
with a wavelength A and energy E are incident on a sample (for example an
antimicrobial peptide dissolved in a buffer). In the case of SAXS, X-ray photons interact
with the atomic electron shell, whereas in SANS, neutrons interact with the nucleus as
described in Chapter 1.3.2. While most of the radiation is transmitted through the
sample, some of the beam will be scattered away from the incident direction. In a SAS
experiment a 2D detector at a distance L away from the sample records the scattered
38
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intensity I as a function of the scattering angle 0 (see sketch of instrument setup in
Figure 15). With sample particles tumbling freely in solution, the scattering pattern is
usually isotropic and can thus be azimuthally integrated into an 1D I(6) scattering
curve. In a diluted system the scattering curve contains information on the structure
of the individual particles, and the scattering length arrangement within them (the so-
called form factor). For example, we can gain information about the bilayer thickness
as well as the overall radius of a lipid vesicle from this scattering pattern. In a
concentrated system, we additionally gain information about positional correlations
and the average spatial arrangement of the particles in the sample (the so-called
structure factor). When the instrument is calibrated to the absolute magnitude of the
scattering intensity (achieved by using water as a primary standard in SAXS while
Vanadium and Plexiglas are used as primary and secondary standards in SANS), we can

also gain information on the mass or molecular weight of the scattering objects.

To be able to compare results obtained with different types of radiation or at different

wavelengths, detector distances and scattering angles, a more convenient parameter
is the scattering vector, é) (see Equation 1.7), defined as the difference between the

wave vectors of the scattered and incident radiation, ES and I_éi, respectively, as

visualised in Figure 16.17°

Scattered X-ray

S
k Sample

i * \.20
Incident X-rays/neutrons

Figure 16. Sketch of the scattering geometry, showing the definition of the scattering vector 6 The

modulus of the wave vectors (elastic scattering) is |ES| = |E1| =2m/A [ anda = ES — ﬁi.
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For structural studies of soft matter systems, the elastic coherent scattering process
with approximately zero energy transfer is of primary interest, while the inelastic
scattering is much weaker and incoherent scattering is treated as an additional

background (mainly relevant for neutrons).

In a SAS experiment with an assembly of N atoms at individual positions 7; with fixed
orientation (example a peptide chain), the scattering pattern recorded arises from the
incident plane waves interacting with the atoms in the sample. This interaction leads
to emission of spherical symmetrical secondary waves from each atom i at position 7;
with wave functions A;. By applying the Born approximation,8° the superpositioned

amplitude of the scattered waves can be written as the sum of N wave functions A;:
A(Q) = szi exp[—iGF] (1.8)

where b; is the scattering length as defined above which depends on the radiation
source. However, for SAS experiments the observed length scale is much larger than
the distance between the atoms, therefore the sum over N can be replaced by an

integral over the volume of the object:
A(Q)) = jp(ﬁ-) exp[—iaf"i]d?’? (1.9)
4
where p(7;) is the SLD defined as:

p(7) = Z% (1.10)

A(a) is thus the 3-dimensional Fourier transformation of p (7).

For isotropic materials, for example a particle freely tumbling in solution, an average

over all orientations (-) is applied and the product with the complex conjugate of A(Q)

. . : . . d
gives the differential scattering cross-section ﬁ (Q):

d N e (= >
Z@ =@ @) = > biby exp[-iG (7 - 7)) (1.11)
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d . . o .
d—g represents the probability of a particle of the incident beam being scattered out

from the unit sample volume into the solid angle A}, and contains all information on

the structure of the sample.

As generally only the relative positions of every pair of scatterers are significant in the

fundamental equation, the equation above can be rearranged in the following way:
do— —> =gy -
—(Q) = p? jP(r)exp[—LQr]d3r (1.12)
dQ -

where P(7) is the spatial correlation function.

For a particle in solution the p is replaced by Ap = p — p, which is the contrast
between the scatterer with SLD p (for example the peptide chain) and the solvent with
SLD p,. The Ap is radiation specific. The scattering cross section is a combination of the
form factor and the structure factor. These contain information on the conformation
of the individual particles and the interaction between the particles, respectively. In
dilute systems the interaction between particles are neglectable and therefore the
structure factor is equal to 1. We then only focus of the form factor which for many
geometrical shapes can be calculated analytically. This enables analysis of scattering
patterns to determine the structure of the particles that are being probed.'’% 81 We
will discuss different form factors for peptides and liposomes further in the next

sections.

In a dilute system where the interactions between particles are negligible, the
experimental scattering intensity, I as a function of Q is proportional to the so-called

macroscopic scattering cross-section dX/d():

dx do
Q) =C E(Q) =C ¢VE(Q) (1.13)
Where ¢ is the particle volume fraction, V is the particle volume and C' is the
calibration factor which is specific for the experimental configuration, dependent on
sample parameters like sample transmission T and sample thickness d, and
instrumental parameters like sample-to-detector distance L, incident beam intensity
I; and area of sample aperture area A. The scattering intensity is what the detector

actually records and is the Fourier transform of real-space SLD. 7°
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The size of antimicrobial peptides and lipid model systems are typically on a length
scale 1-100 nm (for vesicles the size can be varied by extruding using filters with
different pore sizes) and are therefore suited to be studied by SAS techniques. One of
the main advantages with using the SAS technique to characterise AMPs and their
membrane interactions is that in contrast to methods like TEM and cryo-EM/TEM, the
samples for SAS can be measured in solution directly without having to dry or freeze
the samples prior. Another advantage is that SAS can be used to do time-resolved
studies with down to millisecond resolution in the case of synchrotrons SAXS, or
~50 ms resolution in the case of SANS by using a stopped flow apparatus, or minutes
resolution with hand mixing (synchrotron SAXS or SANS). Thirdly, time-resolved SANS
(TR-SANS) can be used to study both how lateral and transmembrane lipid movements
are affected by addition of substrates like AMPs in real time by using the contrast
between deuterated and proteated molecules, without having to add large labels to

the lipids like fluorophores that may affect the movements.

1.3.5 Peptide structures in solution as seen by SAXS
As described in the introduction to this chapter, the focus in this part of the thesis will

be on methods used to study the peptide-lipid membrane interaction. However, to be
able to fully understand the membrane interaction for different antimicrobial peptides
it is of high importance to gather as much information about the specific peptides as
possible. This includes of course the chemical structure, charge density and specific
volume in solution, which normally can be found in literature for most natural
peptides, but also includes the structure of the peptide in solution, which we can study
using SAXS. Traditionally, peptides and proteins structures are characterised in terms
of a-helical and B-sheet contents that can be measured using CD (as described above)
and by the structure in crystal form as seen by X-ray crystallography. However, to gain
information on the structure of the peptide/proteins in solution, closer to the native

environment, SAXS and/or NMR are considered the most powerful approaches.'®?

While NMR is limited with regards to the size of the probed molecule (used for
moderately sized macromolecules < 50 kDa), SAXS lacks the same size limitation.'®2

SAXS is a convenient method to gain information on the overall structure of peptides
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in solution, as well as the interaction and flexibility of the particles. As a simple
example, peptides with a random chain conformation can be analysed using an
analytical model for free chains to determine their radius of gyration, R,. The form

factor P.p,in(Q), for the random, unstructured, peptide chains is given by the Debye

expression for Gaussian chains:183

2-exp [—(QRg)Z] -1+ (QRg)2
(QRy)"

Penain(Q) = (1.14)

A peptide with an a-helical structure can be modelled as a simple solid cylinder given
by:184

z :
P(Q)cyl = J |A(Q: a)cyl| sina da ) A(Q; a)cyl
0

_ 2J1(QRsina) sin(QL cos a/2)
~ QRsina QLcosa/2

(1.15)

where L is the total length of the cylinder, R is the radius and «a is the angle between
the momentum transfer vector Q and the cylinder axis parallel to L. J; is the first order

Bessel function.

SAXS is also able to determine much larger structures than that for a single peptide
random chain or helix. It can therefore be used to elucidate potential supramolecular
structures in self-assembling peptides.'8+1%° This can range from “smaller” structures
like bundles of a-helical peptides (modelled as bundles of parallel cylinders with the
form factor described above) as shown by Lund et al.*®, to larger structures like
peptide nanofibers®” 189 or hollow nanotubes.8 191 The formation of supramolecular
structures has been linked to changes in the antimicrobial effect and toxicity of
antimicrobial peptides, as further discussed in Chapter 1.4 and may therefore be an

important property to elucidate to fully understand the peptide effect.®?
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1.3.6 Peptide-membrane interactions as seen by SAXS
Recent efforts have explored the possibility of determining structural information of

live bacterial cells from SAS data. Semeraro et al. determined the ultrastructure of live
E. coli using ultra-SAXS and detailed modelling,**®* while Nickels and co-workers have
used SANS and contrast variation to characterise the membrane heterogeneities of live
B. subtilis.** Although these exciting findings reveal that it is be possible to determine
structural parameters of live cells they still justify the need for simplified model
systems due to the high complexity in differentiating the specific effects of an added
substrate. Therefore, using lipid model systems as discussed in Chapter 1.3.1. is still

the preferential method for investigating the effect of AMPs using SAS.

To be able to fully determine the effect of the peptide on the structure of the lipid
membrane, the scattering from the pure vesicle sample needs to be analysed first. The
interesting parameters are the overall thickness of the bilayer, the position and
distribution of the head and tail components, as well as the overall size of the vesicles
and the polydispersity. Extensive work has been put into developing scattering
methods able to characterise symmetric and asymmetric lipid vesicles in terms of their

SLD profiles.1>% 194-201

The coherent scattering from symmetric large unilamellar vesicles can be described by
the separated form factor (SFF) approximation as described by Kiselev et al. and Pencer

et al .198, 202

1(Q) = S(Q) - |FTS(Q)|2 ) |FFB(Q)|2 (1.16)

where S is the structure factor (gives information about the interaction between the
vesicles), Frg is the form factor of a thin spherical shell (gives information about the
vesicle size and polydispersity), and Frp is the form factor of a flat bilayer sheet (gives
information about the distribution of the lipid components across the bilayer).
However, this approximation is only valid when the length scales of the vesicle radius
and the bilayer thickness are well separated.'®® Pencer et al. showed that the scattering
curves generated from the SFF approximation and an exact analytical model, that the
SFF model is correct up to values t/R = 0.5.1° For example in the case of vesicles
extruded through a 100 nm filter, made of DMPC/DMPG lipids which are known to
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have a bilayer thickness is 36.7 A at 30 °C2%, the t/R ratio =~ 0.07, and the SFF

approximation that is computational much less expensive, is therefore valid.

Brzustowicz & Brunger were the first to describe a smooth SLD model function to
analyse SAXS data from asymmetric lipid vesicles in 2005. Here they demonstrated that
the scattering from freely floating vesicles with transmembrane asymmetry can be

described using a flat bilayer model:**”

Do

Frsl = | | dpexplionaz| = [, + F2,) (1.17)

where the integral extends from the innermost distance in the bilayer, D; to the

outermost distance in the bilayer D,. Ap is the difference in the SLDs of the membrane
and the solvent, and F.,, = f_D;_ Ap cos(Qz)dz and Fy;,, = f_D;_ Ap sin(Qz)dz are the

real and imaginary parts of the form factor of the flat bilayer sheet, Frg.
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Figure 17. Schematic illustration of how the resulting volume probability distribution of a slightly
asymmetric lipid bilayer divided into an outer (PC) and inner headgroup (CG), CH2 region and CH3

groups.
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The scattering density profile (SDP) model presented by Kucerka and co-worker allow
the bilayer structure to be described in terms of one-dimensional volume probability
profiles of quasi-molecular lipid fragments. This model allows for joint SAXS and SANS
data analysis of asymmetric membranes. The volume probabilities, as illustrated in
Figure 17, are modelled as Gaussians, scaled either by the number of electrons (for

SAXS) or by the total coherent neutron scattering length (for SANS):152, 199, 204

(Z - Zn)zl

1.18
7072 (1.18)

Cn
Pn(Z) = Wexp [_
where n represents the the specific quasi-molecular lipid fragment, as for example the
outer or inner part of the headgroup, while g, is the width and z, is the position of
the distribution and ¢,, = V,, /(A 0,).

Taking into account potential differences in the inner and outer hydrocarbon tail region
and to comply with spatial conservation considerations stating that no water is present
in the tail region of the membrane, this part of the lipid bilayer can be described by a

half-period squared sine/cosine function rather than by additional Gaussians:2°?

2
( _(Z— zZyn, T Oun, T
sin > 5
OMN;

fOT' ZMNi - o-MNi S VA < ZMNi + O-MNL'

Pyc(z) = 41 for zyy, + oun; < Z < Zyn, — Oun, (1.19)

2
Z — Zyn, + Omn, TT
cos > E
OuMN,

LfOT ZMNO - O-MNO S VA < ZMNO + O-MNO

where zyy, , is the 0.5-probability value for the HC group and 2oy, is the width of

the squared sine/cosine functions.
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Lastly the solvent (example water) probability function, P, is calculated as:?%*

P(z) =1— Z P.(2) (1.20)

The peptide effect on the structural integrity of the lipid membranes can be can be
probed using SAXS by measuring samples where lipid vesicles are mixed with

antimicrobial peptides 68, 69, 72, 124, 142, 143, 145, 205-207

Sevcsik et al. have presented SAXS data on how LL-37 affects the bilayer structure of
DPPC/DPPS lipid vesicles. Model analysis of SAXS data measured at 35 °C revealed how
the scattering pattern from the lipid vesicle- LL-37 mixtures could not be explained by
the bilayer model in the same way as the pure vesicles. The authors explain this with
LL-37 causing either formation of asymmetric bilayers, or solubilising the membrane
resulting in a co-existence of two populations of structures (disks and extended

bilayers).8 6°

On the other hand, Pabst et al. reported a less dramatic peptide effect when they
mixed peptidyl-glycylleucine-carboxyamide (PGLa), a natural antimicrobial peptide
isolated from South African clawed frogs, with lipid vesicles with altering tail lengths
(DMPG. DPPG, DSPG). In their study they used a combination of SAXS and wide-angle
X-ray scattering (WAXS) to fully determine both the structure and fluidity of the
membrane at different temperatures. The scattering patterns were analysed using the
global analysis program (GAP)?° based on the SDP model described above. From the
analysis they were able to determine the structure of the lipid vesicles prior to peptide
addition and after peptide addition (only using a single bilayer phase). The results
revealed a 1-2 A increase in the thickness of the DMPG and DPPG vesicles when in the
fluid phase.”?

Castelletto and co-workes have used TEM and SAXS to study how several surfactant-
like arginine-rich peptides interact with lipid vesicles with altering lipid composition
.Their results have revealed how the membrane effect is highly dependent on the
number of arginines in the peptide structure.#> 143 For example they revealed how

addition of the arginine-capped bolaamphiphile peptide RA3R (A: alanine, R: arginine)
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to unilamellar POPG/POPE vesicles induced a strong correlation between the lipid
bilayers seen qualitatively by the appearance of distinct Bragg peaks associated with

the formation of multilamellar vesicles.143

Beyond traditional SAXS methodology, also other X-ray based techniques including
grazing-incidence small angle x-ray scattering (GI-SAXS)163 164,209,210 gnd diffuse low

angle X-ray scattering®3” 138 have been used to study peptide-membrane effects.

Diffuse low angle X-ray scattering (LAXS) on hydrated oriented stacks of lipid bilayers®>!
mixed with peptides, was used by Pan et al. in combination with molecular dynamics
(MD) simulations to reveal a transmembrane orientation of Alamethicin in DOPC
membranes?®’. Furthermore, they could determine a slight membrane thinning as a
result of the peptide insertion in the membrane in contrast to the membrane
thickening Pabst et al. saw for PGLa.**” The same method was used by Dupuy et al. to
determine how colistin (polymyxin E) inserts deeper into a lipid membrane made to
mimic gram-negative bacteria than in the membranes mimicking gram-positive

bacteria.138

As seen from these examples, there is no clear trend in the observed effects of peptides
addition to lipid vesicles as determined by X-ray based methodologies. The
discrepancies in the results can be explained by the focus on different antimicrobial
peptides and model systems, as well as differences in experimental protocols and
instrumental setup. The latter makes it difficult to compare the membrane effects of
different peptides, indicating that a systematic SAXS study on comparing different
antimicrobial peptides on the same model system using the same experimental
protocol might provide some necessary clarity. Furthermore, the analysis of the data
presented above is done in a variety of ways, ranging from a qualitative approach to
model analysis using the SDP model (without modifications with regards to peptide
addition). The lack of systematic peptide studies and a modified model where the
peptide has been modelled as a separate fragment in the volume probability plot

inspired the work presented in the first part of the thesis work (Papers I-1V).
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1.3.7 Peptide effect on lateral distribution of lipid as seen by SANS
It has previously been shown that changes in the lateral distribution of lipids in the

membrane and formation of lipid domains/rafts can be studied using SANS.44 153,211,212
Pencer et al. has shown that vesicles with homogenously distributed lipids can be
distinguished from vesicles with heterogeneously distributed lipids by using contrast
variation SANS. In these experiments they looked at lipid domain formation in samples
containing 1:1:1 DOPC:DPPC:cholesterol and 1:1:1 SOPC:DPPC:cholesterol mixtures.
The samples were prepared under contrast matching conditions, meaning that the
average SLD of the vesicles matches the solvent SLD (D,0:H,O mixture), at a
temperature where the lipids are known to be mixed homogeneously over the
membrane (50 °C). When the lipids are homogenously mixed the scattering from the
vesicles is minimised due to the contrast matching condition. However, when the
temperature is decreased and the lipids in the membrane segregate, they observed an
additional contribution to the scattered intensity. This additional scattering can be
explained by internal variations in SLD due to the differences between the acyl chain
and headgroup regions of the lipids. This methodology was further developed when
Heberle et al. introduced a modified protocol where they include tail deuterated lipids
in their lipid composition enabling a more significant change in the scattering signal

upon lipid segregation (see Figure 18 for details on the this method and the results).>3

Using SANS and contrast variation to detect lipid segregation is interesting also for
studies of AMPs. This is because induced changes in the lateral distribution of lipids in
the cytoplasmic membrane of bacteria has been introduced as a potential mode of
action of AMPs (as previously discussed in chapter 1.2.4). 7® This inspired us to look at
lipid domain formation of anionic lipids in the presence of AMPs as presented in

Paper l.
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Figure 18. A) Schematic of the SANS contrast matching experiment design. Random mixing of lipids
results in contrast matched vesicles giving no scattering signal, while SLD contrast between co-existing
phases in vesicles with non-random lipid mixing result in an increased scattering signal. This SLD
contrast is achieved by using partly chain-perdeuterated lipids (in this case DSPC), which has a
significantly higher SLD than the surrounding proteated lipids (in this case POPC or DOPC). B) SANS data
(light gray lines) and best-fit curves (colored lines) corresponding to different lipid compositions with
different degrees of lipid segregation and domain sizes. Reprinted with permission from Heberle et al.
(2013)*%3. Copyright (2013) American Chemical Society.

1.3.8 Peptide effect on lipid flip-flop as seen by TR-SANS
As described above SANS and contrast variation/ isotope labelling can be used to study

the movements of lipids in the lateral direction of the membrane in situ without
perturbation of the sample. The same principles allow us to also study the
transmembrane movements of lipids. Qian and Heller have presented SANS data on
tail-deuterated d54-DMPC:proteated-DMPG vesicles in the presence of melittin and
alamethicin. Based on model analysis of the changes in contrast between the inner and
outer leaflet they showed how the peptides induced an asymmetric distribution of the

lipids between leaflets, enriching the outer leaflet with the anionic DMPG lipids.'° The
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same trend was see for aurein 1.2 by Rai and Qian on the same composition model

system.?13

Beyond probing the indirect peptide effect of lipid distribution between bilayers,
several methods have been developed to elucidate transmembrane lipid transport
(flip-flop) directly with and without addition of peptides. We will fist discuss different
techniques used to elucidate lipid transport rates, and then focus on how these

methods can be used to study the membrane effect of antimicrobial peptides.

Conboy and co-workers have successfully shown that Sum-Frequency Vibrational
Spectroscopy sensitive to the asymmetry in a planar supported lipid bilayer can be
used to follow the lipid flip-flop in a supported bilayer. This method requires deposition
of a deuterated leaflet on a solid substrate. Upon flip-flop, the composition of the inner
and outer leaflet is mixed, which can be followed by monitoring the amount of -CHs (as
opposed to -CD3) groups on the surface.?'* 2> The same idea has also been used in
neutron reflectometry by Gerelli and co-workers who deposited a H:D labelled bilayer
on silica. However, they found that the inter-bilayer exchange was rate limiting and
lipid flip-flop was too fast to be resolved by the instrumental time resolution,?'® which
is explained by enhanced fluctuations at the phase transition when heating the sample
from the gel phase (asymmetric SLBs where prepare in the gel phase) to the liquid

crystalline phase, as well as natural defects in supported lipid bilayers.?'”

To eliminate the potential influence of a solid substrate (mostly due to more frequent
occurrence of membrane defects?'8) several techniques using free floating bilayers,
also known as lipid vesicles or liposomes, have been developed. The Zero-Average
Contrast (ZAC) TR-SANS scheme enables us to follow the net movement of single
phospholipids between leaflets (lipid flip-flop) in the membrane of a lipid vesicle in real
time. Additional to lipid flip-flop these experiments also determines the rate of
exchange of lipids between vesicles. The protocol was first developed to study
molecular exchange kinetics in polymeric micelles,?'%-222 but later adapted to study lipid
vesicles firstly by Nakano et co-workers in 2007.223 The technique is based on mixing
identical, but differently isotope-labelled vesicles with H-lipids and D-lipids, in a
H,0:D,0 buffer mixtures that matches the average SLD of the randomly mixed
liposomes. As described above neutrons are scattered differently by different isotopes.

Therefore, the initial state will have a maximum contrast giving a relatively good
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scattering signal. Then over time random exchange and lipid flip-flop of D and H lipids
will result in a decreased scattering intensity because the average scattering length
density of the vesicles goes towards the same value as for the solvent. In other words,
the liposomes become practically “invisible” for the neutrons over time (see Figure 19
for illustration of the method and Figure 20 for an example of lipid vesicle experiment

showing a decreasing scattering curve intensity over time).223-230

Mixed at time =0
Tail p_roteated lipids Tail deuterated lipids

Continuing lipid flip-flop
and exchange over time

Final state
(minimum contrast)

Figure 19. Schematics of the KZAC TR-SANS method used to measure lipid flip-flop and exchange in

vesicles. Figure adapted from Paper V.
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Figure 20. Scattering curves from a KZAC experiment at KWS1 Heinz Maier-Leibnitz Zentrum (MLZ)
following the exchange of DMPC/DMPG vesicles. Data from Paper V.

Using a model-independent approach the lipid transport induced reduction in the
scattering intensity can quantitatively be evaluated by determining the relaxation

function R(t) according to:

I1(t) — I,

O (1.21)

R(t) =

where I(t) = [1(Q,t)dQ is the integral intensity at a given time, I is the intensity of
the premixed blend representing the final state and I(0) is the averaged intensity of

the H-vesicles and D-vesicles measured separately representing the initial state.

The lipid transport processes, intervesicular exchange, (k.,) and intra-vesicular

flip-flop, (kﬂip) can be described by:??3
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d|Apyye]
B dtout = kex(1Apouel — 0) + kflip(lApoutl ~ 18,
(1.22)
d|Apin|
— dtm = _kflip(lApoutl — 18pinl)

where Ap,,; is the contrast with the solvent of the outer leaflet and Ap;,,is the contrast
of the inner bilayer leaflets of the vesicles. This expression is based on the assumption
that the contrast of D and H-vesicles have identical absolute values (one positive and

one negative) because of the zero-average contrast solvent conditions.

Based on these experiments Nakano et al. found the need of two independent rate
constants to explain the relaxation function. Therefore, R(t) is explained by a double-
exponential decay function, taking into account the initial condition that Ap,,;(0) =
Ap;,(0) = 1 and taking an average of |Ap,,:| and |Ap;, | the following equation yields

the two rate constants:223

RO = (5= e (=71 —)
# (g 7)o ()

(1.23)

where X = /4kj§lip + k2,

Earlier work by other researchers, including Homan and Pownalls work from 1999
using a label based kinetic fluorimetry method has revealed that the lipid flip-flop is a
significantly slower process than lipid exchange.>® The TR-SANS method confirmed the
same trend without the uncertainty of the addition of labels on the lipids.??3 224 22° |t
has further revealed how the lipid transport rates are highly dependent both on the
acyl chain length of the lipid tail and the fluidic state of the membrane. '*>?* Similar
methods using the same principles but changing the vesicles for lipid discs have proven

successful in studying lipid transport in a bilayer under different conditions. 13> 227,231
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Beyond only extracting the rate constants from these experiments also several other
thermodynamical parameters can be elucidated by doing the same experiments at a
series of different temperatures. Plotting Ink,, and Inkg;, against the inverse
temperature in Kelvin, 1/T gives an Arrhenius relationship. This analysis gives the

activation energy E, and the fundamental time constant, 7, according to:

E
T = Ty exp (#) (1.24)

where T = 1/k, R is the universal gas constant and 7,is a system specific constant and
is related to the time between each time the molecule “attempts” to overcome the

energetic barrier.?32 Equation (1.24) can further be split into
T = Ty eXp(—AS/R)exp (AH/RT) (1.25)

where AS is the entropy change, AH is the enthalpy change and 7, is the estimated

fundamental time constant.

Beyond probing how the lipid transport is affected by changes in conditions like the
lipid structure, morphology and temperature the KZAC TR-SANS techniques can also
be used to study the effect of peptide or protein additions. Kaihara et al. showed how
addition of a transmembrane peptide with a fully hydrophobic transmembrane region
(TMP-L) did not affect the lipid flip-flop. Addition of two transmembrane peptides with
lysine and glutamate groups in the centre of their transmembrane region (TMP-K and
TMP-E), on the other hand, significantly accelerated the lipid flip-flop rates. The
increase in flip-flop rate is explained by a lowered activation energy due to the
presence of polar residues in the membrane spanning helices creating locally polar
regions in the originally hydrophobic membrane core. The same trend has been seen
for transmembrane proteins and peptides by fluorescence based methods,”? 226 233-235

Sum-Frequency Vibrational Spectroscopy®! and MD simulations.?3¢

Flip-flop can also be detected directly, without the confounding factor of lipid
exchange, by TR-SANS using asymmetric vesicles'>® where one leaflet contains a
deuterated lipid. Similar to the KZAC TR-SANS technique described above, flip-flop can
be detected by following the loss in the overall intensity over time. Using this approach,

Nguyen et al. have studied three different antimicrobial peptides (alamethicin, melittin
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and gramicidin). They found that the rate for flip-flop was significantly accelerated by
the addition of the peptides. From a slow spontaneous flip-flop half-life approaching 6
days in the pure vesicles, to complete elimination of bilayer asymmetry in 2 h by
addition of melittin and alamethicin. Eventual peptide-induced effects on molecular
exchange between vesicles could not be observed from these data due to the use of

asymmetric vesicles rather than the KZAC method described in detail above.??

As it has been shown that lipid transport in cell membranes may be affected by
addition of AMPs, this may potentially be a significant key in uncovering the complete
picture of AMPs mechanism of action. However, some unanswered question with
regards to the connection between structural effects on the membrane and the
peptides ability to affect lipid transport is still unanswered. The difference between the
effect of transmembrane peptides and peptides that only insert in the surface of the
membrane potentially interesting factors. These unanswered questions inspired the
work in Papers IllI-IV, while in Paper V we develop a time-dependent scattering
function enabling us to independently determine the composition of the inner and
outer directly from the scattering curve rather than using the model-independent

approach introduced above.
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1.4 Strategies to overcome issues related to drugability of
AMPs

1.4.1 The pharmaceutical potential of natural antimicrobial peptides
As discussed in the previous chapters, AMPs have shown to be naturally effective in

killing microbial cells making them obvious candidates for drug therapies against a
range of different infections. Natural AMPs have been deemed good alternatives to
existing commercial antibiotics due to a number of factors, including: I. natural
compounds are assumed to be less toxic and more biocompatible, 1. the development
of antimicrobial resistance is thought to be lower (this statement is further discussed
in Chapter 1.2.6), lll. the cationic peptides naturally assist in intracellular delivery, and
IV. natural AMPs exhibit antimicrobial activity against a broad range of bacteria, fungi
and viruses, making them natural candidates to be used in patients with infections

from multiple pathogens (for example in highly immunocompromised patients).8”- 237

Even though they have been considered to have great potential, in reality very few
peptides have actually reached the commercialisation stage due to various problems
in drugability.> 237 Because the peptides are highly susceptible to proteolytic
degradation in the blood stream, the pharmacokinetic in vivo life time of the molecules
is reduced.?” This has hindered the use of AMPs for systemic administration, while still
leaving room for using them as topical drug treatment alternatives which has been
extensively researched.?38243 Secondly, even though it has been assumed that AMPs
lack toxicity due to their natural origin, there is still a lack of systemic information of
the potential toxicity of these large and cationic peptides that are known to be highly
surface active and therefore are potentially able to interact with a series of internal
targets other than microbial cells. Beyond these pharmaceutical obstacles, peptide-
based drug development and manufacturing comes with high costs compared to

traditional antibiotics consisting of small molecules.?”, 244-246

This being said, an enormous amount of research has been carried out to design new
drug molecules based on natural AMPs, in particular against difficult to treat infections.

We will discuss some of the main design strategies in the next chapter.

57



INTRODUCTION

1.4.2 New drug molecules
Different approaches have been used in the design of new peptides and

peptidomimetics (small protein-like molecules designed to mimic peptides) for
antimicrobial application. The common approach is to use the current knowledge
regarding the relationship between peptide structure and function as well as the
mechanism of action to (semi)rationally design drug variants with enhanced activity
and tuneable target pathogen specificity. However, this approach has turned out to be
rather slow, and approximately less than some hundred peptides have been evaluated
for clinical potential based on the results.?” This is a very low number when comparing
to the antibiotic development programs used in modern drug industry. As an
alternative to this approach, random screening methods have been developed. For
example, Hilpert et al. presented a high-through method relaying on peptide arrays
synthesised on cellulose sheets combined with a highly sensitive luminescence-based
antimicrobial assay. This allowed them to synthesise hundreds of peptides which were

all screened for activity.?*’

It is generally recognised that larger biomacromolecules like peptides have poor
drugability due to factors like high production cost, and problems in bioavailability and
in vivo stability. This has encouraged researchers to developed shorter synthetic
peptides with antimicrobial properties.® 175 190, 248-251 Many of these compounds are
based on motifs found in natural AMPs. For example, Kim et al. made a library of short
AMPs using only unmodified natural amino acids, keeping structural features known
from natural AMPs to be important for the antimicrobial activity and selectivity. From
their studies they identified two lead compounds. These peptides showed potent
antimicrobial activity against bacteria (amongst others methicillin-resistant S. aureus
and vancomycin-resistant enterococci) and fungi, low toxicity and were stabile upon
exposure to trypsin, chymotrypsin and aureolysin for up to 12 h. Apart from their
improved pharmaceutical properties these peptides would also be less costly to
produce and shorter peptides therefore may have a greater potential for

commercialisation.
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Figure 21. Schematic illustrating different backbone compositions of a variety of peptide and
peptidomimetic structures that has been proven to possess antibacterial properties. Adapted with
permission from Mojsoska and Jenssen (2015).%%2

An alternative approach to changing the length or amino acids sequence of the
peptides to improve the pharmaceutical properties is the development of so called
peptidomimetics. These are compounds that are able to imitate the structural
properties and/or biological activities of peptides. Some of the most popular strategies
to make peptidomimetics include incorporation of unnatural amino acids (e.g. D-amino
acids), B-peptides, hybrid peptide-peptidomimetic structures, lipidation and peptoids
(poly-N-substituted glycines) (see Figure 21).2°2 The latter involves changing the
backbone structure of the peptides by appending the side chains to the nitrogen atom
rather than to the a-carbons (as for amino acids). This modification to the structure
significantly improves the in vivo stability of the compounds because peptoids,
contrary to traditional peptides, are protease-resistant.8> 190, 250,253-260 The modification
also has important structural implications. The achiral backbone structure of peptoids
precludes backbone hydrogen bonding, which is essential for a—helical secondary
structures and also gives rise to a more flexible backbone. However, it has been shown
that incorporation of bulky, a-chiral side chains can induce formation of stable
polyproline type-I-like helices.?>® Barron and co-workers has developed a large library
of such helical peptoids closely mimicking the structure, function and mechanism of
natural a-helical AMPs like magainins.?> 2>4 By using this strategy they have even been
able to prove antimicrobial activity against the very resilient bacteria M. tuberculosis,
which is the pathogen responsible for tuberculosis disease, one of the leading death

causes world-wide.?>> Building upon Barron’s library of peptoids we showed in
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Molchanova et al. (publication not included in the thesis) that the toxicity of these
compounds could be significantly lowered by shortening the chains from twelve to six
residues, while maintaining the antimicrobial activity by halogen (in this case chlorine

and bromine) substitution in position 4 of the phenyl rings in the peptoid structure.

Over recent years, development of peptides known to self-assemble into larger
nanostructures has emerged as an interesting strategy to improve the pharmaceutical
properties. It has been revealed that supramolecular assemblies of antimicrobial
peptides have the potential to increase antimicrobial efficacy!®” 192 261-263  decrease
haemolytic response and enhance stability towards serum proteins'®’ 192, 262-266
Beteret al. showed that when comparing self-assembled nanofibers
(C12-VVAGKKKGRW-NH; and KKKGRW-NH,) with their corresponding soluble peptide
molecules, the activity was increased substantially in the nanofibers.?6’ The same trend
was shown for self-assembled cylindrical nanostructures made from Ci6-V4Ky
functionalised with an (AKKARK), heparin binding Cardin-motif by Chang et al.?%8 The
authors suggested that self-assembly of these compounds promotes bacterial
cytoplasmic leakage, causing blisters on disorganised membranes of gram-negative
bacteria, as these features were only observed above the critical aggregation
concentration (CAC) of the peptides?®®. Chu-Kung et al. on the other hand found for
YGAAKKAAKAAKKAAKAA (AKK) peptides, conjugated to fatty acids of varying length,
the antimicrobial activity was lost when the minimal active concentration is higher than
CAC.2%,

Beyond the self-assembly effect on antimicrobial activity and selectivity, it may also
affect the pharmaceutical properties of the molecules. It has been proposed that self-
assembled antimicrobial peptides may act as a vehicle-free self-controlled delivery
system without having to add pharmaceutical excipient. From these “nanoscopic

depots” the peptide would be gradually released to their target sites.186: 263, 270-272

In the next chapter we will discuss the activity, toxicity and mechanism of a group of
multidomain peptides (MDPs) known to self-assemble into nanofibers, which is the

origin of the work presented in Paper VI.
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1.4.3 Antimicrobial drug potential of peptides that self-assemble into
nanofibers
A series of self-assembling MDPs introduced by Dong and co-workers?’3 have been

thoroughly characterised with regards to antimicrobial efficacy and cytotoxicity. Based
on these studies it has been shown that the self-assembly properties of these peptides
are essential for their antimicrobial activity as well as their selectivity towards
microbes.'®” The MDPs are based on an ABA motif where the B group consist of a
B-sheet motif of alternating hydrophilic glutamine (Q) and hydrophobic leucine (L)
groups, while the A groups consist of positively charged lysine (K) residues, with the
general formula Ky(QL),K,. The self-assembly of the peptides is driven by intermolecular
hydrophobic interactions and hydrogen bonding between the subunits leading to a
supramolecular fibrous structure (as illustrated in Figure 22).1%3¢ |n addition to
increased activity, the K,(QL),K, MDPs have been shown to be more stable against

protease degradation due to their self-assembling nature.

To further increase the in vivo stability, MDPs with polyethylene glycol (PEG) groups
attached to the N-terminus of the peptides have been tested. PEGylation is a well-
known modification of both low molecular weight drug molecules and
biomacromolecules for enhancing their pharmaceutical properties.?’4276 For K.(QL),K,
it has been shown that PEGylation minimises non-specific interactions with various
cells, proteins and lipids in a biological environment and thereby improves the
hemocompatibility of the peptides.?®* However, it has been shown that PEGylation of
peptides might also lower the antibacterial activity depending on the length of the PEG
group. Singh et al. have showed that attachment of PEG groups of increasing molecular
weight to KYE28 reduced the peptide binding to lipid membranes and therefore
lowered the antimicrobial effect.?’” This indicates that, with regards to PEG chain
length, a balance between the reduced hemolysis and activity is essential in the design

of the peptide..

61



INTRODUCTION
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Figure 22. Proposed model of nanofiber self-assembly of Kx(QL)yKz peptides. The illustration indicates
hydrophobic packing region, axis of hydrogen bonding, and repulsive positive charges. Reprinted with

permission from Dong et al. (2007). Copyright (2007) American Chemical Society.

As discussed in the chapter above, self-assembly of AMPs may be utilised as drug
delivery “nanoscopic depot” systems. However, this requires a high physical stability
of the peptides in order to control the drug release rate. We recently showed in Konig,
Nielsen et al. (publication not included in the thesis) that MDPs composed of Ky(QL),K,
are extremely stable at physiological relevant conditions. TR-SANS measurements on
these PEGylated peptides revealed that no significant exchange of peptide chains in-
between nanofibers over a timeframe of 2-3 days at 37 °C could be observed.'®® A MDP
analogue used by Xu et al. was also shown to remain stable in the presence of
phospholipids, although they presented bacterial lytic abilities.?’”® However, full
comprehension of how lipid membrane interaction affects the physical stability and
the biological activity of these peptides is yet to be unfolded. This motivated the work
included in the last part of this thesis (Paper VI).
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2. Aims of the thesis

As described in the introduction to this thesis, there is no general consensus on the
mode of action of AMPs. The topic has therefore been extensively studied using a
number of different techniques. The overall aim of the presented thesis was to
examine whether X-rays and neutrons can be used to further understand the
molecular mechanism and mode of action of AMPs, focusing specifically on how they
affect lipid membranes. Small Angle Scattering techniques have previously to some
extent been used to study the peptide-membrane interaction, however, most of these
studies look at a more limited number of AMPs. We also aimed to further develop the
method for extracting detailed information on peptide-membrane interactions from
SAS data as previous studies in the field have often not properly taken into account
variation of scattering contrasts upon peptide insertion into the membrane. We aimed
to resolve whether this potentially led to misleading interpretations of in particular
SAXS data to how peptides affect the membrane structure. Beyond the development
of the methodology in the first part of the project, our goal was to conduct a more
systematic study comparing effects on lipid dynamics with membrane structure using
the same peptides, model systems and measuring conditions because such a study was

lacking in literature.

Specific aims were as following:

- Develop a protocol to extract detailed information on peptide-membrane
interactions using SAS data and model analysis (Paper I)

- Compare results from SAS data with results from surface sensitive methods
including NR, QCM-D and AFM. (Paper II)

- Byusing the protocol developed in the first part of the project we aimed to study
the peptide-membrane interaction of a range of natural AMPs varying in size
and secondary structure, and investigate the effect of altering the lipid
composition of the model membrane system. (Paper llI-1V)

- Establish the effect of AMP on lipid dynamics through time-resolved SANS, and
compare directly with structural data from static SAS and NR. (Paper llI-V)

- Expand the work to more complex peptide systems known to self-assemble into
larger nanostructures using SAS and NR. (Paper VI)
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3. Summary of Papers

This thesis contains six papers two of which have been published in peer-reviewed
journals, and four are manuscripts that have been submitted for peer-review. For a
thematic overview of the papers, see Figure 23. This Chapter includes a short summary

of each paper included in the thesis, as well as a contribution statement.

Natural antimicrobial peptides

ﬁ?eptlde ofecton) /" Peptide effect on \ / Novel Synthethic ™\
the structure of the lipid transport antimicrobial
membranes peptides

"

Z@W@xﬂﬁ
(1)

Paper I-IV Paper llI-V Paper VI

"

Figure 23. Overview of the papers included in this thesis divided by topic.

Paper I:

Summary: In Paper | we focused on developing a detailed scattering model to
characterise the scattering data from liposome-peptide mixtures. We used indolicidin
as a model peptide to develop the methodology because it is well characterised and
has a random structure in solution. We modelled the contribution from the peptide as
a pseudo-parsing group across the bilayer (in comparison to parsing of the lipids into
four groups as discussed in Chapter 1.3.6), and the volume probability of the peptide
as an additional Gaussian function. This modification entailed two extra fitting
parameters: the position of the peptide in the bilayer (z,) and the distribution of the
peptide (gy,). To correctly account for the changes in contrast through different parts
of the bilayer upon peptide insertion, the contrast was weighed with the fraction of

peptide in the tail region, f, 4, (for details on how this was calculated, see Paper I).
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Beyond the bound peptide, we allowed for a fraction of free chains not bound to the

vesicles, expressed by the Debye formula described in Chapter 1.3.5.

In this work we found that the vesicle system had to be stabilised against aggregation
to be probed in the presence of cationic peptides. Therefore, we included 2.5 %
PEGylated DMPE lipids to the lipid mixtures. The scattering contribution from the PEG-

chains tethered to the vesicle surface was also included in the scattering model.

Based on detailed analysis of the SAXS/SANS results from lipid vesicles with increasing
amount of negatively charged lipids (DMPG), mixed with indolicidin in different ratios
(from 1:100 to 1:5) we were able to determine that indolicidin inserted into the outer
leaflet of the membrane. The peptide insertion caused a significant change in the
electron density of the tail region, identified by a shift in the first minima of the SAXS

scattering curve.

Further, we used contrast variation SANS to probe eventual segregation of anionic
lipids in the membrane caused by addition of the cationic peptide. However, these
results revealed that no such domain formation could be observed even at high
peptide concentrations. The scattering results presented in Paper | for indolicidin
supported the interfacial activity model described in Chapter 1.2.4 rather than a

defined pore formation in the membrane or peptide-induced lipid segregation.

Contribution: Josefine Eilsp Nielsen (JEN), Victoria Ariel Bjgrnestad (VAB) and Reidar
Lund (RL) designed the experiments, and developed the scattering models. JEN and
VAB prepared all the samples (including making the lipid vesicles). JEN and VAB
performed the SAXS experiments, while JEN and RL collected SANS data. JEN and VAB
analysed SAXS data, under guidance of RL. JEN analysed SANS data under guidance of
RL. Bente A. Breiby (Department of Pharmacy, University of Oslo) did the DSC
measurements which JEN analysed. PEGylation of lipid vesicles was the focus of the
master project of VAB, under guidance of JEN and RL. JEN prepared all figures and
wrote the first draft of the manuscript, under guidance of RL. The manuscript was
finalised by all authors, and all authors took responsibility for the revisions after peer

review.
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Paper ll:

Summary: In Paper Il we presented QCM-D, NR and AFM data on supported lipid
bilayers exposed to different concentrations of indolicidin. From the data we were able
to extend our knowledge on the membrane effects of indolicidin and compare with
SAXS/SANS data presented in Paper I. The results revealed that the membrane effect
of indolicidin was highly concentration dependent, with extensive lipid removal at high
concentrations, leading to formation of lipid patches on the surface of the bilayer. At
the lower concentration of 0.8 uM, similar to a 1:10 peptide-lipid ratio used for SAXS,
the position of the peptide seemed to be in the outer leaflet similar to SAXS data.
Plotting the SLD profile (profile from SAXS was converted from X-rays to neutron for
direct comparison with NR data) from both experiments revealed that the structure of
the pristine bilayers is directly comparable while the SLD curve for the bilayers exposed
to indolicidin showed a localised effect in the outer leaflet from both methods.
However, analysis of NR data reported a deeper penetration of the peptide over the
whole tail region, while SAXS determined only a localised peptide effect in the outer
part. In the paper we discussed that these differences might be due to lack of sensitivity
of the NR method, where the results were analysed using the traditional slab model
that does not allow to extract the exact position of the peptide. An asymmetric model
allowing the peptide to position in exact the same position as determined from SAXS
was used to show that the NR data does not contradict the SAXS data; however,
because this model does not lead to an overall increase in the fit quality, but rather

over-parameterisation, the symmetric model was included in the main paper.

Contribution: Josefine Eilsg Nielsen (JEN), Marité Cardenas (MC) and Reidar Lund (RL)
designed the experiments. JEN prepared samples, including lipid films used to form
supported lipid bilayers. JEN and MC performed the NR experiments with technical
support from local contact Yuri Gerelli (YG). JEN did the analysis of NR data under
guidance of Tania Kjellerup Lind (TKL) and MC. JEN did the QCM-D experiments under
guidance of TKL and MC. JEN and MC did the AFM experiments. Havard Jenssen (HJ)
suggested the choice of peptide, while Abdullah Lone (AL) did the synthesis and

purification of indolicidin under guidance of Paul Robert Hansen (PRH) and HJ. JEN and
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RL did the comparative analysis with SAXS data. JEN prepared all figures and wrote the
first draft of the manuscript, under guidance of MC and RL. AL, HJ and PRH wrote the
synthesis chapter. The manuscript was finalised by all authors. JEN and RL took

responsibility for the revisions after peer review.

Paper lll:

Summary: Paper lll continued the work from Paper | by expanding the analysis of SAXS
data on lipid-peptide mixtures to a wide range of different antimicrobial peptides, LL-
37, aurein 1.2, magainin ll, cecropin A and colistin. The results from these SAXS
experiments revealed how membrane effects and insertion of these peptides varied
significantly. Through detailed SAXS modelling the peptide position and distribution in
the bilayer for each specific peptide could be extracted. For example, while aurein 1.2
inserted transmembrane, magainin Il on the other hand positioned in the outer leaflet.
LL-37 had the most pronounced membrane effect of the probed peptide, with a
concentration dependent effect, where the peptide at higher ratios actually solubilised

the vesicles.

Beyond the structural data probed by SAXS, Paper lll also contains a comprehensive
TR-SANS study on how all the mentioned peptides plus indolicidin affected the
transport of lipids (method explained in detail in Chapter 1.3.8). From these results we
established that all the included peptides accelerate both the intra-vesicular lipid
flip-flop and intervesicular lipid exchange in DMPC-DMPG-DMPE-PEG vesicles. The
only exception was colistin, which is known to rather interact with LPS on the outer
membrane of gram-negative bacteria. Comparing the effect of the different peptides,
the magnitude of peptide-induced acceleration in flip-flop and exchange rates were
similar, except for LL-37 which had a significantly larger effect than the others. The
effect of indolicidin and LL-37 was further studied by varying the temperatures in order
to extract the Arrhenius parameters for the transport processes. From the resulting
Arrhenius plots, we could see that LL-37 had a pronounced effect on the activation
energy of exchange, while indolicidin on the other hand seemed to significantly lower

the activation energy of flip-flop. This difference was explained by the observed
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difference in peptide insertion as seen by SAXS: while indolicidin lowers the activation
energy for lipid flip-flop due to insertion in the outer leaflet of the lipid bilayer, LL-37
has a more significant impact on exchange explained by the peptide acting partially as

a solubilising agent at higher concentrations.

Contribution: Josefine Eilsp Nielsen (JEN), Victoria Ariel Bjgrnestad (VAB), Havard
Jenssen (HJ) and Reidar Lund (RL) designed the experiments. JEN and VAB prepared all
samples. JEN and VAB conducted the SAXS experiments. JEN, VAB, HJ and RL perfomed
the TR-SANS experiments with technical support from local contact Vitaliy Pipich (VP).
JEN analysed the SAXS data with support from VAB and RL. JEN, VAB and RL analysed
TR-SANS data. HJ contributed with the peptides. Bente A. Breiby (Department of
Pharmacy, University of Oslo) did the DSC measurements which JEN analysed. JEN did
CD experiments and analysed the data, under guidance of Dr. Per Eugen Kristiansen
(Department of Biosciences, University of Oslo). JEN prepared all figures and wrote the
first draft of the manuscript, under guidance of RL and HJ. The manuscript was finalised

by all authors.

Paper IV:

Summary: While we in Papers I-lll focused on lipid model systems composed of DMPC-
DMPG-2.5%DMPE-PEG (referred to as PC-vesicles), in Paper IV we focused on model
systems closer mimicking the actual lipid composition of bacteria. In these experiments
we used DMPE-DMPG lipids (referred to as PE-vesicles) as these are naturally found in
E. coli membranes. SAXS data revealed that this model system was significantly less
stable than the PC-vesicles, and the amount of PEGylated lipids incorporated was

therefore increased to 5%.

Both SAXS and TR-SANS data on PE vesicles in the presence of aurein 1.2, indolicidin,
LL-37, colistin and lacticin Q was presented in this paper. The results revealed that the
peptide insertion and membrane effect was significantly more challenging to analyse
based on the scattering data. At higher concentration several of the peptides either
partly solubilised the membrane or induced formation of multilamellar structures.

However, the peptide insertion at lower concentration could be determined from the
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SAXS data and revealed to be comparable with the results in PC-lipids as presented in
Papers | and lll. In the same as in PC-vesicles, all the added peptides caused an
acceleration in lipid transport as determined by the KZAC TR-SANS method, except for
colistin. Overall the data presented in this paper showed that using PE-vesicles closer
mimicking real bacterial membranes introduced several experimental challenges,
while the results on peptide effects indicated that the trends prior found in PC-vesicles

is comparable to PE-vesicles when probed using the same methodology

Contribution: Josefine Eilsg Nielsen (JEN), Havard Jenssen (HJ) and Reidar Lund (RL)
designed the experiments. JEN prepared all the samples, including lipid vesicles, with
help from Victoria Ariel Bjgrnestad (Department of Chemistry, UiO). JEN collected SAXS
data and analysed the data with guidance from RL. JEN, HJ and RL collected TR-SANS
data with technical support from local contact Sylvain Francois Prévost (SFP). JEN and
RL analysed TR-SANS data. JEN prepared all figures and wrote the first draft of the

manuscript, under guidance of RL. The manuscript was finalised by all authors.

Paper V:

Summary: In this paper we study different approaches to extract information on lipid
flip-flop and exchange from KZAC TR-SANS data. In the past, KZAC TR-SANS data
liposomes have been analysed by extracting the rates indirectly from the decay in the
net integral intensity over time. However, here we use a time-dependent scattering
model to analyse the full Q-range scattering curves as a more direct approach. Using
the scattering model, we gain information on the exchange and flip-flop rate as well as
information on changes in size, or morphology of the vesicles. In this work we analysed
lipid vesicles with and without addition of indolicidin. The results reveal that the lipid
transport rates calculated using the two different approaches is comparable. We also
show how peptide addition leads to an initial increase in the size of the liposomes,
which was not detected by the traditional approach of only analysing the integral

intensity over time.
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Contribution: JEN and RL designed the experiments, collected the TR-SANS data,
developed the model and analysed the SANS data. JEN prepared all the samples. JEN
did the DLS measurements and analysis. JEN prepared all figures. JEN and RL wrote the

manuscript together.

Paper VI:

Summary: In Paper VI we examined the membrane interaction of synthetic nanofiber
forming peptides using SANS, SAXS and NR. Because these peptides form larger
structures, the analysis of data was more complex than in the case of the natural
peptides studied Papers I-V. The work presented in this paper exposes the benefit with
using the surface sensitive NR method because it does not have the same issues related
to 3D orientation averaging as SAXS/SANS. Based on the data we discussed both how
the structure of the peptide and the membrane were affected by the peptide-lipid
interactions. In this work we compared self-assembled peptides with monomeric
peptides, that are not able to undergo assembly due to shorter chain length, at
different concentrations. We found that the nanofibers interact more strongly with the
membrane, both inserting into the core of the membrane as well as being absorbed as
intact fibres on the surface. This supported the claim that self-assembled peptides have

a higher antimicrobial activity.

Beyond the effect of self-assembly, we also studied the effect of PEGylation of peptide
drug molecules. The results revealed that addition of PEG groups seems to decrease
the peptide-membrane interaction when comparing with non-PEGylated peptides.
This observation does not support the retained antimicrobial activity previously seen,
indicating that the mechanism of the PEGylated peptide might not be based only on
membrane interaction. However, reduced membrane interaction would explain why

the hemolytic behaviour is lower for the PEGylated peptides.

Contribution: Josefine Eilsg Nielsen (JEN), Nico Konig (NK), Marité Cardenas (MC) and
Reidar Lund (RL) designed the experiments. JEN, NK and MC collected NR data with
technical support from local contacts, Maximilian WA Skoda (MWAS) (ISIS data) and
Armando Maestro (AM) (ILL data). JEN analysed all NR data with input from NK, MWAS,
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MC and RL. He Dong (HD) and Su Yang (SY) did synthesis and purification of peptides.
JEN prepared lipid films for supported lipid bilayer. JEN prepared matched out lipid
vesicles for SANS/SAXS experiments, while NK collected the SANS/SAXS data. NK
analysed SANS/SAXS data on peptide, JEN analysed SAXS data on liposomes. JEN wrote
a first draft of the manuscript, but HD and SY wrote the synthesis paragraph, and NK
wrote the SANS and SAXS methods sections. The manuscript was further developed by

JEN, NK, HD, MC and RL, and the manuscript was finalised by all authors.

72



DISCUSSION OF RESULTS AND FUTURE PERSPECTIVE

4. Discussion of results and future
perspective

In this chapter we will first discuss the strength and limitations of the methodology
used in this project before we move into the biological relevancy and impact of the

presented results.

4.1. Using SAXS, SANS and NR to determine peptide effect on
the membrane structure and extracting the peptide position
in a lipid bilayer.

4.1.1 Sensitivity of the SAXS/SANS method
As presented in Chapter 1.3.6, SAXS/SANS has previously been used to study

peptide-membrane interactions. Several studies have been presented where the
scattering from the peptide-liposome mixtures was either analysed only qualitatively,
or with an unmodified SDP model, and therefore did not take into account the
significant changes in contrast as the peptide inserts into the membrane. This approach
has in some cases led to the conclusion that peptide insertion causes changes in the
membrane thickness due to shifts in the measured scattering curves.”? In the work
presented in Paper | we investigated whether including the peptide scattering in the
model allow us to extract more information about the peptide effect on the membrane

structure as well as the peptide position in the bilayer from the scattering data.

In this work, we used a combination of SAXS and SANS to characterise liposomes with
and without peptide. Through a joint fit analysis, we found that combining SANS and
SAXS data gives a higher accuracy in the fit parameters, especially with regards to the
thickness of the components in the bilayer. This can be explained by differences in
contrast. In the case of X-rays, the electron density (determining the SLD) of the
hydrophilic part is higher than the electron density of the aqueous solvent, while the
electron density of the hydrophobic core is slightly below that of the solvent. For

neutrons, when proteated liposomes are prepared in a deuterated buffer, this provides
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a large contrast for the hydrophobic tail, while the head group is almost only slightly
visible. The difference in the electron density profile and neutron SLD profile is
presented in Figure 24A-B. Due to these differences in contrast, the scattering signal,
proportional to the square of the contrast, are very different. X-rays are much more
sensitive to the lipid head-groups, whereas neutrons provide more information on the

hydrophobic core composed of the lipid tails
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Figure 24. Neutron SLD profile (A) and electron density profile (B) for liposomes illustrating the
differences in contrast over the bilayer when using neutrons and X-rays. C) SANS and SAXS results of
DMPC-DMPG(25%)-DMPE-PEG(2.5%) liposomes with and without 1:10 indolicidin (data from
Paper 1).*#

As shown in Figure 24C, the changes in the scattering curve upon peptide addition is
significantly larger for SAXS than for SANS. While the SANS curves of the liposomes
before and after peptide addition overlap (with only a small change in low Q due to a
slight increase in size and polydispersity), the corresponding SAXS curves reveal an
obvious overall shift towards higher Q values (especially with regards to the first
minima).*! Because of these results, we concluded that SANS experiments would not
be sufficient to resolve the peptide insertion in the bilayer. However, SANS still give us
valuable information on the peptide interaction because, as described above,
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scattering patterns are highly sensitive to the thickness of the hydrophobic core. This
is important because thickening or thinning of the bilayer are one of the suggested
mechanisms for AMPs. As seen from the SANS data presented in Figure 24C, indolicidin
does not seem to change the thickness of the bilayer, which was further confirmed by

fit analysis.

The shift in the first minima of the SAXS curve can upon qualitative observation be
interpreted as a change in the thickness of the bilayer. However, upon modifying the
SDP scattering model to take into account the changes in contrast as the peptide
inserts into the bilayer (especially taking care to calculate the fraction of peptide in the
hydrocarbon tail region) we revealed that the changes in contrast is due to peptide
insertion. This gives the same shift in the calculated scattering curve as we observed in
the data (for mathematical description of the model see Paper 1). The peptide has a
substantially larger electron density compared to that of the lipid tails, which

significantly alters the contrast and importantly the scattering cross-terms.

Because the shift in the minima of the scattering curve is very sensitive to the contrast
changes across the bilayer, we hypothesised that the position and distribution of the
peptide could be extracted from analysing the changes in the curves. The simulated
curved presented in Figure 25 reveal how the position and the depth of the minimum
is indeed highly sensitive to the position and distribution of the peptide in the bilayer.
A deeper minimum corresponds to a more symmetric bilayer, evident of the simulated
SAXS curves for a symmetric transmembrane distribution. The same trend is seen for
distribution of the peptide both in the inner and outer layer, modelled as symmetric
double Gaussians. However, if the peptide only inserts in the outer leaflet because it is
not able to transport across the bilayer, the scattering curve exhibits a shallower
minimum due to the asymmetry. In Paper lll we showed how these differences enable
us to for example separate the insertion of aurein 1.2 which gives a deeper minimum
and a significant shift towards higher Q, characteristic for a transmembrane
distribution, while magainin Il gives a shallower minimum characteristic for an
asymmetric peptide distribution. As seen from the results presented in Paper | and lll,
using the modified SDP fit model, we were able to fully characterise the shift in the
scattering curves of a series of different peptides by only varying the peptide position
and distribution, without changing the structural parameters of the bilayer. One

exception was LL-37, which was found to partly solubilise the membrane.
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Figure 25. Simulated SAXS patterns (A) and resulting volume probability plot (B) showing the difference
between peptide distribution as a single Gaussian in the outer leaflet, symmetric double Gaussian with
peptide in outer and inner leaflet, and transmembrane distribution, using the SAXS model presented in

Paper 1.**! Figure taken from Paper IIl.5

Contrary to the results we present here, Pan et al. have previously suggested that
scattering data in itself does not allow for extraction of detailed information on peptide
insertion in a bilayer. In their paper they instead use a combination of scattering data
and MD simulations to determine these parameters.’*” Similar methodology was
recently presented in Pachler et al. (published after our Paper | and Il), where they use
a combination of SAXS, SANS (using 4 contrasts) and MD simulations to determine the
positions of two peptides in model membranes. In this work, they use a modified SDP
model, similar to that in this work, with a single additional Gaussian in their volume
probability plots representing the peptide.’*> While the Gaussians are allowed to vary
freely across the bilayer in our analysis, they base the position and distribution of the
peptides directly on MD simulations. Their argument against X-ray scattering data
being an adequate basis for analysis of peptide-membrane interactions without
accompanying computational data is justifiable. However, one of the main differences
in the results we present in Papers |, lll and IV and their results is the Q range of the
SAXS data. While they probe a range from 0.0098 to 0.9 A%, we present data from
0.0047 to 0.5 A1 This allows us to also elucidate the size and polydispersity of the whole

particle as well as this first minima, which we argue is essential in the analysis of the
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contrast change across the bilayer and therefore the peptide position. It should be
noted that the fit analysis of the scattering from the pure liposome solution describing
all the feature over the whole Q range was initially problematic resulting in un-physical
results with negative water probability curves. However, upon adding a series of
physical constraints to the position (z) and distribution (o) of the head and tail groups
(further described in Paper 1) we obtain stabile fits allowing for the detailed analysis

presented in this work.

To further verify the peptide-liposome scattering model presented in Paper | we did
NR experiments using the same membrane composition (minus 2.5 % DMPE-PEG) and
measuring conditions. As presented in Paper Il, the results of 1:10 peptide:lipid ratio
showed the same trends as earlier seen from SAXS, with preferential interaction of the

peptide indolicidin with the outer leaflet.

In conclusion the modified SDP model we propose in Paper | allows us to study the
membrane effect of a series of different AMPs at different concentrations. In Paper lll
we show how we can distinguish between the different membrane effects of different
AMPs which potentially gives valuable information on their mechanism of action.
Another strength is the ability to also vary the lipid composition of the probed model
membrane, like for example in Paper | where we study the impact of increasing
amounts of negatively charged lipids. The approach we suggest is not limited to
examining AMP-membrane interaction, but could also be used to investigate
membrane interaction of other peptides/proteins like for example cancer

peptides/drugs, or Amyloids relevant in Alzheimer’s disease pathogenesis.

Overall this approach to studying peptide-membrane interactions provides beneficial
flexibility in the experimental setup, however, there also some important limitations

to the method as we will discuss in the following chapter.

4.1.2 Limitations of the SAXS/SANS protocol
Our intention with the work presented in Paper | was to develop a protocol for studying

AMPs that potentially could be used in the development and screening of new drug
candidates. For example, in Lone et al. we were able to separate the membrane effect

of three compounds and correlate the differences in membrane bound peptide with
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the antibacterial efficacy.'® However, this protocol has some limitations that should

be considered.

The first major limitation is related to the model membranes used to mimic bacterial
membranes for these studies. SAS only gives an orientational and ensemble average
of all the particles in the sample, and therefore ideally the sample needs to be uniform
and consist of as few components as possible to be able to extract detailed information
through modelling. The model systems used in this thesis are therefore significantly

less complex than the real bacterial cell membrane.

In all experiments included in Papers I-lll and V-VI we use model systems based on
DMPC:DMPG mixtures (for the lipid vesicles we also incorporate 2.5 % DMPE-PEG for
stabilisation). As previously discussed in Chapter 1.3.1, lipids with a PC head group are
widely used in model systems even though these are not a natural part of bacterial
membranes. Specifically, the saturated 14-carbon tail lipid DMPC, used in these
experiments, is not found in any natural lipid membranes. However, the bacterial
membrane does contain zwitterionic lipids, including PE-lipids, and PC is often used as
a substitute for them because it is cheaper and easier to work with. The difference in
the chemical structure of the PC and PE headgroup is three methyl groups on the
nitrogen forming a choline group in PC, which is exchanged for hydrogens in PE. While
PC lipids have an ideal packing parameter (truncated cone) for formation of lipid
vesicles, PE has a smaller headgroup area and therefore a higher packing parameter
(see Figure 12). Dependent on its saturation degree, PE has a cylinder or inverted
truncated cone geometrical shape.’®® As a result, PE lipids prefer a slightly negative
curvature which may result in deformed membranes and formation of multilamellar
structures. PE lipids also have a much higher phase transition temperature than PC
lipids, even when they have the same tail composition, such as 14:0 PC (DMPC) and
14:0 PE (DMPE). While DMPC exhibit a phase transition temperature of 24 °C, DMPE
lipid shows transition at 50 °C.2”° This drastic change in the phase transition
temperature may be explained by the PE headgroups ability to form hydrogen bonds

in-between lipid in the membrane resulting in a more stable structure.

After developing the experimental protocols presented in Papers I-lll, we were

interested in modifying the model system to closer mimic bacterial membrane. In
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Paper IV we therefore explore using PE as an alternative to PC. In this work we found
that the 2.5 % PEGylated lipids we previously had used to stabilise PC-vesicles was not
sufficient to stabilise the PE-vesicles. The amount of PEGylated lipids in this work was
therefore increased to 5 %. The PEGylated lipids are necessary to prevent the
aggregation of vesicles and eventual phase separation upon addition of cationic
substrates like AMPs. The effect of peptide addition to non-PEGylated vesicles can be
seen in Figure 26A, where the destabilisation is seen immediately as an increase in
turbidity followed by formation of two distinct phases.?8 This effect can be explained
by a number of factors, including depletion of the electrostatic repulsion which is

important for the stability of liposomes.

To increase the stability of the vesicles we turned to a well-known strategy from
pharmaceutical science; PEGylation. PEGylation of liposomes is known to improve the
circulation time of vesicle-encapsulated drugs, and it has been reported that PEG-
modified liposomes have about 5-fold prolonged circulation time in blood compared
to conventional liposomes used in drug encapsulation.?! The traditional explanation
of why PEG on the surface of a liposomal drug carrier extends the circulation lifetime
is that the polymer reduces or prevents protein adsorption. However, an alternative
explanation is the ability PEG has in preventing self-aggregation of liposomes?8? as the
polymer chains creates a steric barrier for aggregation (see Figure 26B). It is this
mechanism we have utilised in our PEG modified lipid model systems for studying
AMPs.

A)

Figure 26. A) The effect of adding a cationic substrate to PEGylated and non-PEGylated liposomes.
B) lllustration of liposomes sterically stabilised by PEGylation. Adapted figure reprinted with permission
from Bjgrnestad (2018).%%°
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The steric stabilisation of liposomes due to PEG-modification has been explained by
both an entropic and an enthalpic effect. The entropic effect is attributed to volume
restrictions; when individual liposomes approach each other the available volume for
the polymer chains linked to the surface is reduced. This result in a decreased number
of available confirmations for the polymer chains, and hence a reduction in the entropy
of the system. The enthalpic effect is explained by interpenetration effects; individual
liposomes approaching each other leads to loss of bound solvent from the PEG chains,

hence a positive change in enthalpy.28% 283, 284

Based on theoretical calculations it is generally assumed that at low surface coverage
the PEG chains are in a so-called ‘mushroom confirmation’, where the chains are in a
Gaussian random coil-like state. At high surface coverages the close packing of the PEG
chains compresses them into more extended structures referred to as a ‘brush
conformation’.?8>287 Arleth and Vermehren has presented an analytical model that can
be used to solve detailed structures of PEG-modified liposomes from SAS data. The R,
of the PEG chains (this parameter is directly related to the conformation of the chains)
and distribution of PEG on the outer and inner surface of the bilayer are the important
fit parameters in this model.?88 In the work presented in this thesis we have used these
expressions in our modified SDP model to properly take into account the scattering
contribution for the PEG chains (see Paper | for details). Through fit analysis of the
SAXS data we found that the bilayer structure seems independent on the incorporation

of only 2.5% PEGylated lipids when comparing with non-PEGylated liposomes.28°

Even though DMPE-PEG incorporated in the vesicles in this concentration range does
not seem to influence the bilayer structure in itself, it is still interesting to look at how
the PEG may affect the peptide interaction. In the case of the structural SAXS data we
argue that the amount of PEG and the PEG chain length (PEG MW = 2000 g/mol) chosen
results in a neglectable interference due to peptide-polymer interactions. Based on
results from amongst others Mineart et al., PEG modified liposomes prepared in the
co-extrusion manner (incorporating the PEGylated lipids in the initial lipid film) as used
in all the experiments presented in this thesis result in a distribution of PEG chains on
the inner and outer surface. Therefore, the actual amount of polymer chains on the

surface of the vesicles is substantially lower than the amount added.?®° The PEG chains
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situated in the inner leaflet are not available for initial interaction with the peptides. It
is, however, difficult to compare peptide insertion in PEGylated and non-PEGylated
vesicles directly as the latter system is not stabile enough for experiments. However,
in Paper Il, we compare the membrane effect of indolicidin as seen by NR experiments
on non-PEGylated SLBs, with data from SAXS experiments on PEGylated vesicles. These
results reveal that the interaction is comparable, pointing towards the addition of PEG

having a low impact on the membrane interaction.

Even at the higher amount of PEG we still had problems with the colloidal stability for
the DMPE vesicles upon AMP addition. The results presented in Paper IV is collected
at 37 °C when the membrane is in the gel phase (confirmed by DSC measurements)
due to the higher phase transition temperature of DMPE. We also tried to do
experiments at temperatures above the phase transition; however, in these cases the
vesicles immediately formed multilamellar structures, which prevented us from doing
as accurate analysis as it obscures the scattering pattern and adds new parameters.
The difference in the fluidic phase between the PC vesicles in Papers I-lll and the PE
vesicles in Paper IV is potentially problematic for the comparability of these results (as
discussed in Paper IV). Even at 37 °C we observed solubilisation of the membrane and
formation of micellar/disc-like structures, in addition to the formation of multilamellar
structures, at high AMPs concentrations. Even with this destabilisation effect seen at
high peptide:lipid ratios, we were still able to extract the peptide position in the bilayer
at lower ratios. These results show the same trends as we saw in Paper I-ll for
indolicidin and Paper lll for aurein 1.2, colistin and LL-37, and we argue that the results
point towards the molecular peptide interaction on PE-vesicles being comparable with

to PC-vesicles.

Although varying the lipids headgroups to match real bacterial membranes makes the
system more biologically relevant, also the tail region of the lipids will be of
importance. The real membrane consists of a mixture of saturated and unsaturated
phospholipids with different tail lengths. However, using such a complex mixture in
model systems for SAXS would complicate the analysis of the results. In the fit analyses,
we based the parameters describing the basic structure of the membrane on reported
values from MD simulations,!>* 203 290 with regards to thickness, area per lipid and
volume. This allows us to confine fit parameters in order to obtain more accurate

results when adding a peptide. Using a mixture of lipids with different volumes, area
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per lipid and thickness, would leave us with an increased number of unknown
parameters in the fit analysis resulting in a higher uncertainty in the results. Beyond
the simplification in the phospholipid composition, our model membranes lack
incorporation of for example cardiolipins and membrane proteins, which may

influence the peptide interaction when comparing directly with real bacterial cells.

Beyond the limitations related to the model systems, there are limitations related to
the probed peptide system that needs to be considered. As discussed in Chapter 1.2.5
the relevant AMP concentration range for mode of action studies has been much
debated in the literature. In the SAS experiments presented in Papers | and lll
experiments we have used a peptide:lipid molar ratio ranging from 1:100 to 1:5. It is
clear that higher peptide amounts inserting into the bilayers leads to a more significant
shift in the minimum of the SAXS curve, which enables us to do a more accurate
analysis with the theoretical models. We therefore included higher peptide:lipid ratios
in our experimental designs, even though these may not be biological relevant
depending on which literature references one bases the arguments on. The higher
ratios were found to be important in order to obtain a higher accuracy in the analysis.
As well as fitting every curve (from each ratio) separately, we also tried to fit the whole
concentration series simultaneously using the same structural parameters. As seen
from Papers | and Il this worked well for peptides like indolicidin, aurein 1.2 and
magainin, where the position and distribution seem to be very stable upon changes in
the peptide concentration, while LL-37 has a very concentration dependent action on
the membrane. Therefore, using such a global fit in the latter case would not provide
a good explanation of the data. We initially also did SAXS experiments on lower ratio
like 1:200 and 1:500, however, at these ratios no significant changes in the scattering
pattern could be detected, indicating that SAS does not provide the needed resolution

to resolve peptide effects at low peptide:lipid ratios.

Despite the presented argument that SAXS data allows for analysis of peptide-
membrane interactions, the validity of this claim is dependent on the nature of the
peptide probed. In the case of self-assembling peptides, the data may be too complex
to analyse using the modified SDP scattering model presented in Paper I. An example

is presented in Paper VI, where we investigate the membrane interaction of AMPs that
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self-assemble into defined nanofibers. Due to the complexity of this system SAXS data
in this case only gave us qualitative information on a peptide-membrane interaction
by comparing the calculated average (average scattering from peptide and lipids

measured separately) and the measured mixture.

It has previously been shown that SANS together with contrast variations can be used
to probe complex structures in lipid membranes.?°>2°* Maric et al. developed a
protocol for preparing stealth carrier nanodiscs in order to study the structure of
membrane proteins. These discs consist of specifically deuterated lipids in order to
make them invisible for neutrons in 100% D,O0. In this way the structure of membrane
proteins can be probed in their native environment by SANS, while circumventing the
intrinsic complexity of the carrier system.?’* We used the same principle in Paper VI to
probe the structure of peptide nanofibers in the presence of liposomes that practically
matched the solvent. To analyse these data, we were able to use the same scattering
model as previously used to analyse the scattering for the pure peptide nanofibers in
Koénig et al., due to the vesicles being invisible for the neutrons. The same principle
could for example be used to study both pore-formation structures in membranes in a

more detailed manner than the modified SDP model presented in this thesis.

Traditionally, research on antibiotics rely on assays like MIC to separate between
effective and ineffective molecules in their drug development research. The methods
presented here may be a supplementary approach to these traditional methods. The
SAXS method is sensitive to small changes happening very quickly and may therefore
be better for quickly finding differences between compounds than MIC, which looks
for larger drastic changes over longer times. With the use of the bioSAXS setup at for
example BM29, ESRF or P12, DESY (both beamlines used for the experiments
presented in this thesis) one is able to screen a larger number of compounds in one
experiment. However, the analysis of the data is not as efficient, and using the
modified SDP model requires significant knowledge of lipid systems and scattering. It
is especially easy to over-interpret the impact of the results if not aware of the
limitation of the method. Taking this into account, we still argue that using this
approach may be an interesting option in both screening and in-depth studies of new

molecules, including peptide-mimetics.
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4.1.3 Neutron Reflectometry as an alternative to SAS
The issues related to stability of the model system and complexity related to the 3D

orientational averaging can be avoided by using NR which bases itself on SLBs rather
than free floating vesicles. We utilise these differences in the study of the membrane
interaction of peptide nanofibers as presented in Paper VI. From the NR data we were
in this case able to resolve both how the peptide inserts in the membrane as well as
the absorption of peptide fibres on the surface of the membrane. Using knowledge of
the structure of the nanofiber themselves (characterised by SAXS in Konig et al.*®%), we
hypothesise how the fibres orient on the membrane surface from the NR data. In this
work we also studied a PEGylated version of the peptides. These are known to self-
assemble into fibres with similar dimensions as the non-PEGylated version, but have
an additional surrounding PEG layer.'®° By comparing NR data on PEGylated peptides
with deuterated and proteated PEG groups we were able to describe how the PEG layer
in close proximity to the bilayer compresses when comparing with the outer PEG layer,
indicating an interaction between the PEG and the lipid headgroups. Based on this
work it is apparent that NR does have some advantages when it comes to more

complex peptide systems that should be considered in the choice of technique.

However, also this technique has some limitations. NR is a lot more time consuming
than SAXS experiments and requires access to a neutron beamline. With SAXS one can
study a larger series of peptides at different concentrations in one experiment (as seen
in Paper lll), while a NR experiment traditionally looks at only a few peptides at a
couple of different concentrations. This was one of the main motivations for the work
presented in Paper Il, where we show that SAXS data can provide the comparable

information to NR data in the case of “simple” peptides.

Similarly to SAXS, NR involves the use of simplified model membranes. SLBs used for
NR, are in close contact with the solid surface. As compared to free-standing lipid
bilayers they lack significant reservoirs of solution on both sides of the membrane, and
the proximity of the substrate may affect the diffusion of lipids and peptides.'” To be
able to precisely determine the peptide position in the bilayer we use tail-deuterated
lipids to increase the contrast between the peptide and the lipids. This partly constrains
the selection of lipids in the bilayer composition both due to limited availability and

high costs of deuterated lipids. Apart from the low availability and cost limitations, not
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all lipids are suited to form high coverage SLBs, which together with low roughness are

necessary factors to obtain high resolution NR data.

In the experiments presented in Papers Il and VI we use SLBs containing 90% DMPC
and 10% DMPG. These are relatively easy to form using the vesicle fusion protocol, but,
as discussed above, are not the ideal mimic for the real bacterial membrane. We
therefore tried to follow the protocol recently published by Lind et al.*3* to form
supported lipid bilayers for NR studies. In their protocol they use unsaturated POPE-
POPG lipid mixtures. However, because these lipids are not easily available in their
deuterated form and deuteration is necessary for contrast with the substrate, we
followed the same protocol only increasing the temperature with DMPE-DMPG lipids.
Unfortunately, we were not able to achieve a sufficiently high coverage using this lipid
composition (<80 % coverage), and these data were therefore not included in the final

manuscript.

While the lack of the complexity of the 3D orientational averaging is beneficial with
regards to analysis of the data, this also imposes limitations with regards to the
information that can be extracted from NR data. Specular NR results gives information
on the structure of the bilayer in the direction normal to the interface, and does
therefore not allow for investigation of in-plane structures, like domain formation or

height fluctuations (this can however be probed by off-specular scattering).

Overall, NR is a relevant technique that can be used to determine the membrane
interaction of AMPs, including peptides that self-assemble into very complex
structures as we show in Paper VI, but also this technique has its limitations that should

be taken into account.
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4.2 Using the KZAC TR-SANS method to determine peptide
effect on lipid transport

4.2.1 Accuracy of the KZAC TR-SANS method
As previously discussed in Chapter 1.3.8, several methods can be used to probe the

transport of lipids in a lipid membrane. In this work we chose to use the KZAC TR-SANS
method because it enables us to study lipid transport without addition of large labels
like for example fluorophores that potentially perturb the membrane and affect the
transport rates. The method is well established and has been extensively used to study
micelles and liposomes in the past. However, one relevant question is whether the
decay in scattering intensity actually comes from single chain exchange and flip-flop
rather than fusion of particles. In Paper lll we therefore compared the decay rate for
the same system at two different concentrations in order to hopefully answer this
guestion. If the decay in scattering intensity observed is mainly due to fusion of
liposomes one would expect it to be a concentration dependent process. However, as
seen from Figure 27, both with and without addition of indolicidin the observed curves
overlap at 2.5 and 5 mg/mL. We therefore argue that the increase in rates we observe
with peptide addition is actually a result of acceleration of lipid flip-flop and exchange
processes rather than increased occurrence of fusion/fission. This is also corroborated

by similar trends of peptide accelerated lipid transport being observed in the past.”8-82

In the case of the PE- vesicles studied in Paper IV, the same concentration dependent
test for fusion was not performed. As described above, the SAXS curves at higher
peptide ratios showed partial solubilisation and appearance of multilamellar structures
when adding peptides to these liposomes. We were therefore not able to extract
specific information on the rates of the transport processes based on the TR-SANS data

in the same way as for the DMPC-DMPG liposomes in Papers lll and V.
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Figure 27. R(t) curve for DMPC(75%)-DMPG(22.5%)-DMPE-PEG(2.5%) liposomes with and without
indolicidin comparing liposome concentrations of 2.5 mg/mL and 5 mg/mL. The results reveal no
concentration dependency in this range indicating that the loss of intensity is due to single chain

exchange of lipids, not fusion of vesicles. Figure taken from Paper 111.5

The KZAC TR-SANS method allows us to simultaneously measure intervesicular
exchange and intra-vesicular flip-flop. Other neutron based methods used in the past,
like the asymmetric bilayer TR-SANS method used by Nguyen et al., only shows lipid
flip-flop motion.?2 However, the sensitivity to both exchange and flip-flop may also be
seen as a disadvantage with the KZAC TR-SANS method because it calls for a more
complex analysis of the data to extract the individual rates. This may introduce a higher
error in the resulting parameters. As first shown by Nakano and co-workers, the rate
constants can be derived by a kinetic analysis of the net change of the integral intensity
over time, as discussed in Chapter 1.3.8. We used this approach to extract the peptide
effect on exchange and flip-flop rates in Paper Ill. However, this is an indirect method
of extracting the rates and does not take full advantage of the intrinsic spatial
resolution of the SANS technique. Potential parallel kinetic processes, such as vesicle
growth or morphological transitions cannot be deciphered, which may be important
factors in fully understanding the impact an added peptide. This inspired us to do the
work presented in Paper V, where we instead analyse SANS curves by applying a

detailed time-dependent scattering function which allows us to extract the rates
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directly from the full Q-range SANS data (see illustration Figure 28A). In this work we
used a simpler concentric shell model rather than the SDP model used for analysis of
SAXS data in prior work. Because the liposomes we used either have a deuterated or
proteated tail, while the headgroup is always proteated, we only had to consider the
changes in contrast of the tail region and how this parameter evolved over time. For

further details on the mathematics of the model see Paper V.

By modelling the full Q-range TR-SANS data for liposomes with and without indolicidin
we found that the size of the vesicles changed over time upon addition of the peptide,
with an initial steep growth that stabilise over time. This trend was also supported by
DLS measurements on the same system. As we had already excluded fusion of
liposomes and aggregation as a driver of the increase in size, we hypothesised that the
growth behaviour rather can be explained by peptide effects on the molecular level.
Addition of indolicidin to the vesicles leads to an inhomogeneous partial dissolution of
lipids which initially increases the solubility of the lipids. This again leads to
redistribution of lipids that become available. Once the lipids have been redistributed
and the lipids /peptides have been homogenously distributed, the vesicles stabilize
into the new size distribution (an Ostwald ripening like behaviour). This additional
information shows the importance of considering the full Q-range SANS data in

analysing the molecular exchange kinetics.

When comparing the results of the direct and indirect method of determining the rate
constants from the same data set, we found that the two methods were comparable,
as seen in Figure 28B. However, analysing the R(t) curve directly does give slightly
faster rates than extracted from modelling the full Q-range data, and we do see an
additional delay-time in the flip-flop rate extracted from the latter method. This
additional delay-time is thought to be an unphysical artefact of the methodology that
we are yet to fully understand. We speculate that an important contribution is the lack
of sensitivity to lipid flip-flop in the first stage of the experiments because of
insufficient contrast between the outer and inner leaflet of the vesicles. Over time,
when enough lipids have exchanged between H- and D-vesicles (exchange only affects

the outer leaflet) we obtain the necessary contrast to also see lipid flip-flop motions.
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The accuracy of the alternative full Q model analysis approach highly depends on the
quality of the experimental data, while the indirect approach used in the past by
amongst other Nakano and co-workers, and by us in Paper lll is less dependent on the
quality of the SANS data. The factor is beneficial with regards to experimental design
because the measuring time of each curve can be shortened. This gives us more time
points as well as the ability to change in-between more samples over the same time
period without losing larger time spans for each sample. However, we still argue that
a combination of the direct and indirect method as we have done in Paper V increases
the reliability of the results. This approach will also detect parallel kinetic processes, as
for example solubilisation mechanisms, induced vesicle fusion, morphological changes
and so on, which may be important when investigating the effect of a substrate like
AMPs with unknown membrane effects. This would be especially interesting in a
system that has not been previously characterised by SAXS (or alternative methods) as

we have done in Papers llI-IV.
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Figure 28. A) lllustration of the concentric shell model used to analyse TR-SANS data in Paper V. B)
Results on lipid transport in liposomes as seen by the KZAC TR-SANS method. R(t) curve calculated from
the net change of the integral intensity from TR-SANS, compared with the exchange, fo.: and flip-flop,
fin fractions extracted directly from the full Q range scattering data through fit model analysis. The solid
black line is a result of a joint fit of all curves extracting information on the exchange (k.x) and flip-flop
(kqin) rates, while the red dotted line represents a separate fit to only the R(t) curve. Figures taken from

Paper V.
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4.2.2 Limitations of the KZAC TR-SANS methodology
In the same manner as for the SAXS/SANS protocol discussed above, also the KZAC TR-

SANS entail limitations with regards to the model membrane system. The need for
well-defined uniform liposomes is highly important in order to extract thermodynamic
parameters, including the exchange and flip-flop rates, from the data. The use of
deuterated (or partly deuterated) lipids imposes further limitations, as the types of
deuterated lipids commercially available is limited, and the material very expensive.
The use of deuterium labelling may potentially introduce isotope effects, as changes in
hydrophobicity and noncovalent interactions between molecules including hydrogen
bonding.?°> This should be considered in the interpretation of the data with relevance
to biological systems. However, the impact of isotope effects is still considered less
significant than labelling molecules by using larger fluorophores,*®® which have

previously been used to monitor lipid movement in membranes.>°

In Paper lll and V we use the same PC-PG-vesicles as used for the SAXS data in Papers
I-1ll because of their stability and uniformity. However, due to the same argument as
presented above, this system does not really mimic the bacterial membrane with
regards to lipid composition. In Paper IV we present TR-SANS data on PE-PG vesicles.
The experiments revealed how all the added peptides, except for colistin, increase the
rate of contrast decay also in these vesicles. The results are therefore comparable to
the results for PC-PG vesicles presented in Paper lll. However, due to the confounding
factor of membrane solubilisation and formation of multilamellar structures as
determined by SAXS, we were not able to extract accurate rates for flip-flop and
exchange from these data in the same way as was done in Papers lll and V. We still
hypothesise that peptide insertion in the PE-PG membrane would cause the same
deformation in the packing of the lipid tails as observed in PC-PG-vesicles. In
PE-PG-vesicles, peptide insertion may also cause breakage of H-bonds between the
headgroups further destabilising the close packing. This, together with the observation
of a highly increased rate of decay in the case of 1:50 lacticin Q, which was not found
to solubilise the membrane at this concentration from SAXS, points towards a peptide-

induced increase in lipid transport motions also in the case of PE-PG lipids.

Beyond the potential influence of the lipid head group on the lipid transport, the tail

group of the lipids are potentially even more important. Homan and Pownall showed
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by fluorescence measurements that both lipid exchange and flip-flop significantly
accelerates with decreasing chain length of the acyl tail groups.>® Nakano et al. have
compared the exchange and flip-flop rates of fully saturated DMPC and unsaturated
POPC vesicles revealing that the flip-flop rates for DMPC was significantly faster than
for POPC, where the rate of the latter could not even be detected in the TR-SANS
experiment. Using a mixture of lipid tail groups with regards to length and degree of
saturation as can be found in the real membrane, would therefore probably highly
influence the lipid transport, and the lipid mixture would result in observation of a
variety of different rates for both flip-flop and exchange. This is supported by recently
published data from Kdnig et al. on exchange processes in polymer micelles rather than
lipid vesicles, consisting of mixtures of polymers with different hydrophobic tail lengths
(C22-PEOS5 and Cy-PEOS5). From the TR-SANS data they were able to extract two distinct
exchange rates, indicating that the exchange is decoupled even though different alkyl
blocks mix inside the micelle core and crystallise cooperatively (as seen by DSC).?%¢ In
these micellar systems, separating two decoupled rates for the two different chain
lengths is easier than it would be in a vesicle sample, since the latter already has two
distinct rates, the intra- and the inter-vesicular motion of lipids respectively. A mixture
of two types of lipids with different tails would give room for four rates, mixtures of
three giving six rates and so on. Accurately extracting all this information from the
contrast decay rates would be very challenging and methods that only show lipid flip-
flop (as discussed in Chapter 1.3.8) would probably be more useful in studying lipid

transport in these kinds of lipid mixture systems.

As seen from the fusion experiments presented above, we succeed in stabilising the
PC-PG vesicles and are therefore able to extract exchange and flip-flop rates from the
data. In the same way as for the structural SAXS/SANS experiments, we use PEG to
stabilise the liposomes. However, data presented by De Cuyper et al. has suggested
that PEGylation of lipids may increase their inter-vesicular exchange rate. However, in
their study they use a larger amount of DMPE-PEG (10%) than we used for our
experiments (2.5-5%). We therefore tested the influence of PEG on the TR-SANS data
both with and without peptide, by doing the same experiment using liposomes with
2.5 and 5% DMPE-PEG, as presented in Figure 29. These experiments interestingly
revealed that increasing the PEG concentration did not affect the lipid transport in

either case, with or without indolicidin.
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Figure 29. R(t) curve for lipid vesicles with different PEG amounts, 5 and 2.5 % DMPE-PEG, with and

without peptide, showing that PEGylation in this range does not seem to significantly affect the

dynamics. Figure taken from Paper 111.5

Apart from issues related to the model system requirements, the KZAC TR-SANS
method is highly time consuming and relies on access to neutron facilities over a longer
period. For example, the data presented in Papers lll and V is based on two separate
five days experiments at MLZ, Garching, Germany. This is especially true if the aim of
the experiment is to obtain information on activation energy, which entails
experiments done at several different temperatures. The number of samples that can
be probed using this method is therefore more limited than the structural studies done
by SAXS. Therefore, only two peptides, indolicidin and LL-37, were chosen for further
studies into the concentration and temperature dependency in the work presented in
Paper lll, while the rest of the peptides were only studied at one ratio and one

temperature.
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4.3. Impact of main findings and future perspective

As described in the introduction to this thesis, there is no general consensus on the
mode of action of AMPs. The topic has therefore been extensively studied using a
number of different techniques. In this project we aimed to shed a new light onto the
question by systematically studying a variety of different molecules using X-ray and

neutron-based techniques.

One of the major outputs from the research is the systematic comparison between
structural effects seen by SAXS/SANS and NR, and peptide effects on lipid transport
seen by TR-SANS. We initially hoped that through studying a series of different
peptides in the same model system we would be able to formulate a general law
relating the structure of the peptide with the membrane effect. This could also be very
beneficial in the design of new antimicrobial compounds. Due to the restricted TR-
SANS beamtime available for this project, the number of AMPs we could include in the
study was limited. We therefor decided to focus on including natural AMPs varying in
length as well as secondary structure. As well as the unstructured and o-helical
peptides we did study, we initially also planned to including peptides with B-sheet
motifs. However, unfortunately the supplier did not manage to synthesise these
peptides in the quantity needed for these studies. Because the peptides included in
the study are natural known AMPs these have all been previously studied to varying
degree, which was beneficial for comparison and confirmation of the validity of our

methods and results.

Upon analysing the data from Papers | and Ill, our initial hypothesis was that the
amount of peptide incorporated in the tail region of the membrane (estimated from
SAXS) would be correlated with the effect on lipid transport as estimated by TR-SANS.
This hypothesis was formulated based on theories presented by amongst other Conboy
and co-workers, stating that peptides can facilitate increased flip-flop through defect-
driven lipid translocation or increased entropy of the transition state resulting in a
lower barrier for flip-flop.8% 22> However, no such correlation could be detected from
our results. We therefore looked for correlations based on the number of charges,
number of hydrophobic groups of the molecules and so on, without any clear trends

being detected. This indicates that the peptide-membrane interaction is highly
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complex and dependent on a variety of parameters. Even though no general law for
the peptide effect could be formulated based on these results, we still conclude on a
coherent scenario where all AMPs that insert into the membrane also accelerate the
lipid transport to some extent. We further suggest, based on these data, that peptides
acting in a concentration dependent detergent like manner, like LL-37, also have a
more concentration dependent effect on the lipid transport. Even at concentrations
below the threshold for solubilisation, LL-37 influenced the lipid transport more

drastically than the other peptides.

An alternative design of the study which potentially could give more direct information
regarding structure-activity relationships, would be to rather focus on one peptide
structure and do point-mutations. This could for example include destabilisation of
secondary structures, variation in length and the number and position of hydrophobic
and charged amino acids. However, we estimate that in order to gain sufficient
information from this type of study the number of sequences that needs to be included
is rather extensive, especially if one wants to make variations of several of these
natural AMPs, and this would therefor require access to a longer time period of TR-
SANS. However, based on the results from our studies were LL-37 was recognised to
have the most dramatic effect on the structure and dynamics we hope in the future to
conduct an experiment using point mutations of the sequence in order to isolate the

important features and motifs promoting the observed membrane effects.

We found it highly interesting that even AMPs that opposed to LL-37, do not
significantly affect the membrane structure still was found to accelerates the lipid
transport by lowering the activation energy. We therefore argue that acceleration of
lipid transport may be an important factor in understanding the membrane effects of
peptides that are not found to solubilise lipid membranes or form distinct membrane
pores. If the rate of flip-flop increases in an uncontrolled manner due to additives such
as AMPs, the lipid composition may become scrambled, potentially destabilising the
membrane. Importantly, anionic lipids such as PG or CL present in bacterial cells, are
also efficient ionophores.?°” By carrying small cations such as such as H*, Na* or Ca?*,
the flip-flop process facilitates ion transport across the membrane. Information on

these more subtle mechanisms where local destabilisation of bacterial membrane and
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increased ion-transport might be sufficient for antimicrobial effect of these peptides
without being followed by dramatic effects as immediate lysis of bacteria or large
effects on membrane structure may be important information for future AMPs
research and development. Especially considering that a lot of the methodology
traditionally used by peptide scientist to study antimicrobial effect specifically look for
more of these dramatic rather than subtle effects that are not visible on a microscopic
scale. However, we do recognise that further work expanding the number of
compounds tested is needed, and confirmation on the transferability of our results to

more realistic biological systems, ultimately real bacteria, is still unconcluded.

Beyond the scope of this thesis are we currently collaborating with computational
chemists (Assoc. Prof. Michele Cascella, University of Oslo and Prof. Thereza A. Soares,
University of Sdo Paulo) in simulating how the observed effect on lipid transport affects
ion transport. So far, results from MD simulations have revealed that lipid flip-flop
upon addition of a single LL-37 molecule and resulting changes in ion transport through
the membrane can be detected within the simulation time scale. The simulations have
revealed a preferential increase in ion transport for cations rather than anions
indicating that the ions are transported due to accelerated flip-flop motions of anionic
lipids rather than due to the transmembrane cationic peptide insertion in itself. In
addition to the theoretical simulations, we also want to experimentally probe the
peptide effect on ion transport across lipid vesicle membranes identical to the ones
used in the SAXS/TR-SANS experiments. As a part of the thesis work, we have tried to
use a fluorescence-based assay developed by W. Paxton et al. where they indirectly
are able to measure the transport of KOH over membranes by fluorometrically
monitoring the internal pH of the vesicles using 8-Hydroxypyrene-1,3,6-trisulfonic acid
(HPTS) (for details on the experimental assay see the supplementary information of
ref. 2°8), However, our experiments so far have revealed that the ion transport
(observed as an increase in internal pH) is immediate, even without addition of
peptides. We plan to redo these experiments in the near future using a stopped-flow

apparatus and a slightly modified protocol.

Apart from further investigating the influence of changes in the membrane structure
and lipid transport, refinement of the model system and measuring conditions to
improve the biological relevance is proposed as a future action in the project. Taking

into account the limitations of the different methods as presented in Chapter 3.1 and
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3.2, it would be interesting to study the AMP interaction on vesicles with varying lipid
composition, especially with regards to the lipid tail group. It would also be interesting
to develop a stabile model system using a stabiliser that is biologically more relevant
than PEG. Incorporation of LPS on the vesicle surface has been suggested as a
potentially interesting alternative in this regard. This would also enable us to study the
peptide interaction with models mimicking the outer membrane of gram-negative

bacteria, which is especially relevant for colistin.

Beyond phospholipids, real bacterial cells also consist of other lipids like cardiolipin. By
calcein leakage experiments in model vesicles with and without cardiolipin Hernandez-
Villa et al. showed that cardiolipin may play a crucial role in regulation of the
membrane lytic effect of AMPs.?® Hung and Lee, on the other hand, found by using
lamellar X-ray diffraction and oriented circular dichroism on E. coli mimicking model
membranes with and without cardiolipin, that cardiolipin is the key component that
enhances melittin insertion in the membrane.3°° Some peptides, like sapecin extracted
from flesh flies (Sarcophaga peregrina), have been reported to have specific affinity
towards cardiolipin.'?* These, and several other studies not featured here, points
towards cardiolipin potentially playing an essential role in the AMP membrane
interaction, but the clear mechanism is not fully elucidated and requires further
experiments. Based on our prior results, it is of especial interest to us whether
cardiolipin influence lipid flip-flop and how this is affected by AMP addition. Could even
cardiolipin in itself be flipped across the membrane via the defects imposed by AMP
addition? We hope to answer these questions in future NR experiments (experiment
scheduled for March 2020 but currently postponed due to the corona pandemic) in
collaboration with Dr. Luke Clifton at ISIS neutron facility using his protocol for
tethered asymmetric bilayers. Preliminary experiments have revealed that we are able
to deposit high coverage floating asymmetric bilayers with deuterated DPPC in the
outer leaflet and 8:2 (mol/mol) deuterated DPPC:proteated cardiolipin in the inner
leaflet (full asymmetry yet not obtained). In the future we hope to use this system to
both study the peptide-membrane interaction in the presence of cardiolipins and

follow flip-flop rates in this system over time upon peptide exposure.
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Throughout Papers I-VI all experiments are done with the same buffer system. The
chosen buffer is Tris-base/Tris-HCI with pH 7.4 at 37 °C. This buffer system lacks the
inclusion of a physiological relevant salt concentration. Salt is expected to affect the
electrostatic interactions, and studies have shown a significant effect of salt on the
electrostatic binding of cationic AMPs to the lipid head group.3°! However inclusion of
salt effects also further complicates the analysis of the system, and we therefore chose
to not include salt in the stage of developing the methodology. Redoing some of the

SAXS and TR-SANS in the presence of salt would be an interesting further experiment.

It should also be noted that the methodology presented in this thesis can not only be
used to study the mechanism of action of AMPs on bacterial cell membrane, but also
be used to study the selectivity of these peptide by adding them to membranes with
lipid compositions mimicking mammalian cells. As discussed in Chapter 1.2.6, the
presence of cholesterol in the eukaryote cell membrane has been suggested to be
essential in the selectivity of AMPs. We have therefore used SAXS and NR to compare
the effect of adding indolicidin and LL-37 to POPC and DMPC lipid vesicles with
increasing amount of cholesterol (publication in preparation and therefore not
included in the thesis). From the SAXS experiments we found that cholesterol
concentrations above 30 mol % inhibits the peptide interaction both for indolicidin and
LL-37 completely, resulting in a direct overlap between the scattering from the
measured mixture and the calculated average (the peptide and the lipid vesicles
measured separately and the scattering averaged).’®® From NR we observe that the
peptide interaction is significantly reduced when comparing with membranes without
cholesterol, but it is not completely inhibited. We are currently working on comparing
our SAXS and NR results on model systems with toxicity results from real mammalian

cells with altered amounts of cholesterol.
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5. Concluding remarks

The overall goal of the presented thesis was to gain understanding of the molecular
mode of action of antimicrobial peptides using neutron and X-ray scattering
techniques. In the first phase of this work, we focused on developing stable model
systems that mimic real bacterial cell membranes. In this work both PC-PG and PE-PG
vesicles were used with addition of 2.5-5 % PEGylated lipids for increased stability. The
next stage involved adding indolicidin to the model systems to study the interaction
using both SANS, SAXS and NR. Through this work we showed how the peptide-
interaction can be extracted from X-ray scattering data by using a modified SDP model.
We also showed how indolicidin do not seem to affect the thickness of the membrane

or be able to transport through the membrane.

The next phase of the project involved using the methodology developed in the first
stages to probe the membrane-interaction of a broad range of different AMPs, LL-37,
magainin Il, aurein 1.2, Lacticin Q, cecropin A and colistin. The membrane insertion
observed for each AMP is illustrated in Figure 30 (except colistin because this peptide

does not interact with lipid vesicles based on our results)

Indolicidin LL-37 Magaininll  Aurein 1.2 LacticinQ  Cecropin A

i
v

/Observed: Not observed: \

peptide insertion in - formation of structured
membrane pores/channels

- increased lipid flip-flop - segregation of lipid into

- increased lipid domains (only tested
exchange indolicidin)

- increased ion transport - significant membrane

K (preliminary data) thinning or thickening /

Figure 30. Schematic summary of AMP-membrane interaction based on results from a combination of
SAXS, SANS and NR measurements.
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Beyond characterising the structural membrane effect of each AMP, we also examined
their effect on lipid transport using the KZAC TR-SANS methodology. These data
revealed that all the AMPs probed in the study, except colistin, significantly accelerates
both the inter-vesicular lipid exchange and intra-vesicular lipid flip-flop. By comparing
the structural data from SAXS with TR-SANS data, we were able to conclude that the
effect on lipid transport cannot be directly linked to the inserted amount of peptide or
the peptide position in the bilayer. However, we did see that peptides known to
solubilise the membrane at high concentrations, like LL-37, causes a more dramatic
effect on lipid transport even at concentrations below the threshold for membrane

solubilisation.

We hope that the work presented in this part of the thesis can further enhance the
understanding of the mechanism of AMPs, by linking the accelerated lipid transport to
other effect as increased ion transport and lipid scrambling. The knowledge that
peptide induced changes in lipid flip-flop, even without formation of more complex
pore-structures, can be sufficient to disturb transport of ions over the bacterial
membrane may be important information for guiding the design of new “minimalistic”

AMP based drug molecules.

In the final stage of the thesis work we studied the membrane interaction of self-
assembling Ky(QL),K, peptides, which showed to be significantly more complicated
than the natural AMPs discussed above. In this work using contrast variation together
with SANS and NR proved very valuable to gain information about the peptide
nanofiber insertion in the bilayer, and the resulting effects on both membrane and
peptide structure. The results from this work point toward the membrane interaction
being stronger for the peptide nanofibers, than for the equivalent shorter monomeric
peptides, in support of the claim that self-assembly affects the antimicrobial activity of
peptides. While addition of PEG groups to the peptide molecules on the other hand
seemed to decrease the peptide-membrane interaction. The work presented here
increases the understanding of how self-assembly and PEGylation, which have become
frequently used strategies to increase the drugability of AMP based drugs, affect the

peptide-membrane interaction of these compounds.
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Using small angle X-ray and neutron scattering (SAXS/SANS) and detailed theoretical modelling we have
elucidated the structure of the antimicrobial peptide, indolicidin, and the interaction with model lipid
membranes of different anionic lipid compositions mimicking typical charge densities found in the
cytoplasmic membrane of bacteria. First, we show that indolicidin displays a predominantly disordered,
random chain conformation in solution with a small fraction (~1%) of fiber-like nanostructures that are
not dissolved at higher temperatures. The peptide is shown to strongly interact with the membranes at
all charge densities without significantly perturbing the lipid bilayer structure. Instead, the results show
that indolicidin inserts into the outer leaflet of the lipid vesicles causing a reduced local order of the lipid
packing. This result is supported by an observed change in the melting point of the lipids upon addition
of the peptide, as seen by differential scanning calorimetry experiments. The peptide does not to our
observation affect the thickness of the membrane or form distinct structural pores in the membrane at
physiologically relevant concentrations as has been previously suggested as an important mode of
action. Finally, using sophisticated contrast variation SANS, we show that the peptide does not affect the
random lateral distribution of anionic lipids in the membrane. Together, these results demonstrate that
the structural aspects of the mode of action of antimicrobial peptides can be elucidated in detail using
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1. Introduction

Antibiotic resistance is one of the biggest threats to global
health according to the World Health Organisation." Anti-
microbial peptides (AMPs) are a group of surface active molecules
which constitute a natural part of the innate immune system
across all domains of life. They are potent antimicrobial agents
shown to have effect against a broad spectrum of pathogens,
including both Gram-positive and Gram-negative bacteria.> AMPs
seem to be able to evade much of the bacterial resistance
mechanisms and are therefore promising candidates for future
antibiotics. Instead of blocking specific biochemical pathways as
is the mode of action of most commercially available antibiotic
agents, AMPs act physically on the cytoplasmic membrane itself.
The exact microscopic mechanism for the disturbance of the
membrane has not been fully demonstrated. The main consensus
is that the AMPs cause a disruption of the structural integrity of
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SAS techniques with liposomes as model systems.

the bacterial membrane, for example by inducing formation of
pores or transient channels in the membrane.*”

Indolicidin is a relatively small cationic peptide with only
13 amino acid residues and is believed to be completely
disordered, i.e. without any secondary and higher-order
structure.® It belongs to the cathelicidin family of antimicrobial
peptides and has a high content of tryptophan and proline. The
peptide exhibits significant antimicrobial effect against both
Gram-positive and Gram-negative bacteria,” as well as having
anti-fungal properties.® It is generally believed that the main
mechanism of this activity is related to the formation of small
pores, which cause leakage across the lipid bacterial membrane,
that are formed despite its intrinsic disordered structure in
solution. Circular dichroism spectroscopy (CD) measurements
suggest that indolicidin adopts a disordered extended structure
and either stacks in the membrane or extends across the
membrane as an aggregate.® Other possible modes of actions have
also been suggested, including inhibition of the DNA synthesis’
and inhibition of nucleic acid and protein synthesis in the bacteria
cells.”

The interaction between antimicrobial peptides and supported
model lipid membranes has been investigated using molecular
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dynamics (MD) simulations’"'> as well as various experimental
techniques including NMR and fluorescence techniques. From
simulation studies, it has been reported that indolicidin induces
local thinning of membranes consisting of unsaturated lipids'>
and that incorporation of indolicidin in the membrane interface
results in a decrease of the lipid order parameter for the outer tail
region."" This is also supported experimentally by NMR and
fluorescence measurements'® on micellar systems consisting of
dodecylphosphocholine (DPC) and sodium dodecyl sulphate
(SDS); these systems do, however, lack the characteristic bilayer
structure of a bacterial inner membrane. Fluorescence spectro-
scopy measurements have shown that indolicidin increases the
permeability of membrane containing anionic lipids."* By using
techniques like neutron reflectivity (NR),'®> quartz crystal micro-
balance with dissipation monitoring (QCM-D) and atomic force
microscopy (AFM),'® it is possible to investigate the detailed
surface interactions between AMPs and supported lipid bilayers
that have a closer resemblance to the prokaryote membrane.
Using these methods, one has been able to obtain an indication
of how some AMPs insert into the membrane and cause pore
formation. The proximity between the solid substrate and the
lipid bilayer in methods involving supported bilayers may, however,
affect the membrane in terms of e.g. the mobility and dielectric
properties of the bilayer."”” This problem can be avoided by using
free-floating lipid bilayers such as lipid vesicles.

Lipid vesicles are well-established model systems that can
mimic either eukaryotic or prokaryotic plasma membranes
depending on the phospholipids used. The plasma membrane
of prokaryotic cells contains mainly a combination of anionic
and zwitterionic phospholipids, while eukaryotic cells have
zwitterionic phospholipids as well as cholesterol in their
membranes. The inclusion of anionic lipids in model lipid
membranes used to probe interaction with AMPs is considered
to be important since the negative charge is expected to play
a significant role in the bacterial selectivity of the positively
charged AMPs. It has further been suggested by amongst other
Epand and Epand'® that the mode of action for AMPs is
connected to a clustering of negatively charged phospholipids
around the peptides as it intercalates into the membrane,
resulting in the formation of lipid domains. Interestingly, the
development of an asymmetric distribution of charged lipids in
model membranes caused by a peptide has been observed for
the alpha helical peptides aurein 1.2, melittin and alamethicin.
Although domains are not observed directly in the experiment,
the modelling of the SANS data indicates domain formation.'**°
Lipid domain formations can be studied directly using SANS on
liposomes with partly deuterated lipids and contrast matched
solvent.”'

Using small-angle X-ray/neutron scattering (SAXS/SANS)
techniques, it is possible to probe the interaction between lipid
vesicles and peptides in situ in solution on a nanometre scale
without perturbing the system. However, because of the many
components in the system, the technique demands significant
effort in theoretical modelling to extract detailed structural
data. The use of lipid vesicles as model systems for probing
the interactions with antimicrobial peptides is furthermore
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complicated by the fact that vesicles may phase separate in
the presence of peptides. Here, we circumvent this problem by
introducing poly(ethylene glycol) (PEG) as a protective layer on
the surface, using “PEGylated lipids”, i.e. lipids conjugated
with polyethylene glycol (PEG).>* Only a small fraction of PEG
covalently bound to the surface of the vesicles provides a steric
(entropic) stabilisation of the lipid vesicles which inhibits
aggregation. Using SAXS combined with detailed modelling,
the density profiles of the bilayer as well as the overall vesicular
size can be extracted, giving us real-space information of the
lipid membrane systems.”® From analysis of the obtained data
we can procure information of the position of the head- and
tailgroups of the phospholipids in the bilayer membrane, the
thickness of the membrane, and the surface area per lipid. It is
possible to clearly resolve these features using X-ray scattering
because of the substantial difference in the electron density
of the lipid headgroups, the tails and the surrounding water.
Nevertheless, there are few studies employing SAXS to probe
the interaction between various AMPs and liposomes. In the
study of two alpha helical peptides, LL-37 and PLGa, mixed
with unilamellar lipid vesicles (ULV) a shift in the bilayer
scattering at high g was observed. This was interpreted as
originating from membrane thickening in the case of LL-37,>%*
and membrane thinning in the case of PLGa,* due to formations
of transient pores. In another SAXS study, surfactant-like peptides
were found to induce a transition from multilamellar (MLV)
to unilamellar lipid vesicles (ULV) due to electrostatic
repulsions.”’2° One study where MD simulations and experi-
mental SAXS data were compared, it was found that alpha helical
alamethicin peptides inserts into the bilayer tail region rather that
in the surface of the outer headgroup, with a resultant thinning of
the membrane.*

In this work we have systematically studied the interaction
between model lipid vesicles and indolicidin, an archetypical
unstructured antimicrobial peptide, using SAXS and applied a
detailed model to extract accurate structural information. The
data provides deep insight into the distribution of the peptide
within the bilayer as well as the structural integrity of the lipid
membranes itself. From the result we gain important insight
into the structural mechanism of the peptide where we
show that the insertion of the indolicidin does not seem to
significantly affect the thickness of the membrane or the lateral
distribution of the anionic lipids. Instead, the peptide causes a
disordering of the tail packing in the membrane, which is also
reflected in a shift of the melting point of the liposomes as seen
by differential scanning calorimetry.

2. Experimental section

2.1. Sample preparation

Synthetic DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine),
DMPG  (1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)),
and DMPE-PEG (1,2-dimyristoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-2000]) was purchased
from Avanti Polar Lipids and used as received without further
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purification. The lipids, in the correct proportions (varying the
DMPG to DMPC ratio), were dissolved in a 1:3 methanol:
chloroform solution to give the same concentration as would
be in the final vesicle solution. The organic solvents were
removed completely under vacuum using a Heidolph rotary
evaporator with a Vacuubrand vacuum pump. The resulting
lipid film was hydrated with 50 mM Tris buffer, pH 7.4, for at
least one hour at a temperature of ~10 °C above the melting
temperature of the lipid mixture. After sonication for 10 minutes,
the lipid dispersions were extruded through a 100 nm pore
diameter polycarbonate filter (>21 times) using an Avanti mini-
extruder fitted with two 1 mL airtight syringes.

For the SANS experiments, performed at Oak Ridge National
lab, a combination of lipids with protonated and deuterated
tails and Tris-D,0O and Tris-H,O were used to match the
Scattering Length Density (SLD) of the both headgroup and
average lipid tail. This was achieved by mixing 34% d-DMPC
(1,2-dimyristoyl-ds,-sn-glycero-3-phosphocholine), 31% h-DMPC,
32.5% h-DMPG and 2.5% DMPE-PEG in 38% Tris-D,O and
62% Tris-H,O0. Provided that the lipids are randomly distributed,
vesicles with this composition will essentially be contrast matched
and exhibit very low scattering intensity. In the event of any
nanoscopic domain formation (clustering of DMPG lipids) an
excess scattering signal will be visible due to the residual contrast
between protonated DMPG and partly deuterated DMPC tails.
As a reference, a sample with fully protonated lipid vesicles in
100% Tris-D,0O was prepared.

Indolicidin, purchased from Isca Biochemicals Limited,
was dissolved in 50 mM Tris buffer, pH 7.4, to the desired
concentration. The peptide solution was gently heated to 45 °C
for 7 minutes while shaking to ensure full dissolution of the
peptide.

2.3. Differential scanning calorimetry

Thermal analysis was performed using a differential scanning
calorimeter (DSC) for solutions, the TA Instruments ‘‘nano-
DSC” instrument, which allows detection of heat flows on a
1 s~ " scale. The heating rate was 2 °C min™~ " and samples were
scanned from 5 to 60 °C. The thermogram was recorded during
both heating and cooling and each sample was measured for
3-5 scans to look for hysteresis effects. The Tris buffer was
measured separately using the same settings and the buffer
curve was subtracted from the thermograms using the Origin
Lab Software. The measured power was converted to specific
heat capacity C, in J mol ' K . The enthalpy values were
obtained by direct integration of the area under the baseline
subtracted peaks.

2.4. Small angle X-ray scattering

SAXS experiments on mixtures of peptide and liposomes were
performed at the automated BM29 bioSAXS beamline®' at the
European Synchrotron Radiation Facility (ESRF) in Grenoble,
France. The data was obtained using an energy of 12.5 keV and
a detector distance of 2.87 m, covering a g range (g = 4n sin(0/2)/4),
where 0 is the scattering angle and / is the X-ray wavelength) of
about 0.0047 A™* to 0.5 A", The data set was calibrated to an
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absolute intensity scale using water as a primary standard. 40 pL
samples were run through a capillary using the flow mode of the
automated sample changer.>” SAXS data were collected in ten
successive frames of 0.5 s each to monitor radiation damage and
the data reduction was done using the standard tool at BM29.%

The SAXS experiments to determine the concentration
dependence of the peptide structure were performed at the
ID02 beamline at ESRF. The X-ray wavelength was 0.995 A and
the sample-detector distance was set to 3 m, covering a g range
of about 0.005 to 0.5 A~". The data were calibrated to absolute
scale using water as a primary standard.

2.5. Small angle neutron scattering

SANS measurements were carried out at the Bio-SANS
beamline®® at the High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory, USA. By using a combination of a
main and a wing detector, one single instrument configuration
was able to cover a g range of 0.003 to 0.8 A™'. Scattered
neutrons were collected with a 1 x 1 m two-dimensional (2D)
position-sensitive detector having 192 x 192 pixels (ORDELA,
Inc., Oak Ridge, TN). A neutron wavelength of 5 A and detector
distance of 15.5 m were used in all measurements. The 2D data
set was corrected for detector dark current, pixel sensitivity, and
scattering from backgrounds (Tris-D,O, Tris-H,O and quartz
cell). The scattering intensity profiles I(q) were obtained by
azimuthally averaging the processed 2D images, which were
normalized using water as a secondary standard.

3. Theoretical section

3.1. Free peptide in solution: random polymer-like chains
with fiber-like clusters

In order to extract accurate and detailed structural information,
the SAXS data for the pure peptide chains were analysed using a
combination of free chains and rectangular fibres characterized
by dimensions a < b < c.

I(q) = d)'Vp'ApZ'(Pchain(q):fchain + Np'Psheet(q)(l 7_fchain)) (1)

where ¢ is the volume fraction of the polymer, V}, is the volume
of the polymer, Ap is the excess scattering length density and
Jenain is the fraction of free chains. N,,, the average number of

bc

peptides in each sheet, is defined as N, = a7' Pehain(q) is the
p

form factor of the free peptide chains given by the Debye
expression for Gaussian chains:

2 2
2 -exp [—(ng) } -1+ (ng)
4
(ng)
where R, is the radius gyration of the peptide chains.
Under the assumption that the lengths of the peptide sheets

are much greater than the lateral dimension, i.e. ¢ » a, b, the
form factor Pgpee(q) is given by

Pchain ((I) = (2)

1 21 )
Psheet(q) = Fc(q) J Asheel(‘b O() do (3)

2n)y
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where the amplitude is given by

_sin(ghcos(«)/2) sin(gasin(x)/2)
Asneerq,2) = gbcos(x)/2  qasin(a)/2)

(4)

and

F(q) = (25i(g0)/(gc) — 4sin’(qc/2)/(ge)” ()

where Si(x) = [ 'sin«dt.

3.2. SAXS and SANS model for asymmetric unilamellar lipid
vesicles

From a joint fit of synchrotron X-ray scattering data and
neutron scattering data we can extract detailed information
on the structure of the membrane of the vesicles as earlier
described by amongst others Eicher et al.>* The high-resolution
and the peculiar difference in electron density between the
head- and tail-groups of the lipid and water provides a signi-
ficant sensitivity to changes in the contrast in X-ray scattering.
We therefore chose a scattering model that provides detailed
information on the structure of the bilayer.

The scattering density profile model (SPD), as developed by
Nagle, Kucderka and co-workers,***” and later modified to
account for asymmetry in the bilayer,***® describes the bilayer
structure in terms of volume probability profiles of quasi-
molecular fragments. The one-dimensional volume probability
profiles for each segment is scaled by the number of electrons
in the case of X-ray scattering and by the neutron scattering
length density (SLD) in the case of neutron scattering. It has
previously been shown®**° that the coherent scattering from
large unilamellar vesicles (LUV), where the size of the vesicles
and the thickness of the bilayer are well separated, can be
described by the separated form factor (SFF) approximation:

hip(q) = n:5(q)|Prs(q) | Pen()|® (6)

DMPC

DMPG

DMPE-PEG

CH,
Fig. 1
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where n is the number of scatterers, defined as

¢
"= Vlipid : Pagg (7)
with ¢ being the volume fraction and Vjjpiq the total volume of a
phospholipid given by Viipia = Miipia/(Na-diipia)- Na is Avogrados
number, Mj;yiq is the molecular weight and djjpiq is the density.
P,g, is the number of phospholipids in each lipid vesicle,
i.e. the aggregation number of the vesicle, given by

P _ 47 (Ropent)’ =470 Ropett — Lshent)”
e 3V il

(8)

where Rgnenn is the outer radius of the vesicles, tghen is the
thickness of the bilayer and Vi,; is the volume occupied by
each double tail of the phospholipid.

S(g) is the structure factor accounting for interaction
between particles (S(g) = 1 in our case because all samples are
sufficiently diluted), Prs is the form factor of an infinitely thin
spherical shell (containing information on the radius of the
lipid vesicles and the polydispersity), and Pgg(g) is the form
factor of a flat bilayer sheet (containing information on the
bilayer thickness and the distribution of the phospholipids
segments across the bilayer).

The flat bilayer form factor can be expressed*’ as
Do

|PFB(q)| = J ‘Ap(z)eiqzdz = (F0052 + Fsin2) (9)

_p;
where Ap is the difference in the SLDs of the membrane and
the solvent, and F.,,> and F,” are the real and the imaginary
parts of Fpg (¢f eqn (S1) and (S2) in the ESIf). The integral
extends over the full bilayer thickness from the inner distance
D; to the outer distance D,,.

Following Kucerka and co-workers,*® we parse the phospho-
lipids into the following segments, as seen in Fig. 1: hydro-
carbon terminal methyl (CH;), hydrocarbon methylene (CH,),

HG PEG
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carbonyl + glycerol (CG) (common for all three phospholipid)
and outer part of head group (HG). The HG-group is different
for the three phospholipids and an average dependent on the
mole fraction of each component in the specific mix is therefore
used in the calculations.

The volume probability distributions of the components are
described by Gaussian functions®”

Cn Z—i—zn)2 zZ— 2z, 2
PU(Z) = \/E eXp 7(27 +exp (20_”2):|> (10)

where ¢, and z,, are the width and position of the distribution,
respectively, and ¢, = V,/(AL0,). V), is the volume of the group
n and Ay, is the area per lipid, which is equal to the integrated
area under the curve.

The hydrocarbon groups (HC representing the tails) are
modelled using a half period squared sine/cosine function
to account for the asymmetry in the bilayer, e.g. potential
differences in the segmental distribution of the inner and the
outer HC group®

PHC(Z) =

2
. [(Z—ZIMN, T OMN; T f -
sm{ ———x OT ZMN; —OMN; S Z < ZMN; + OMN;
ZO'MN‘ 2

1 forZMN;+O'MNi §Z<Zl\/11\10*0']\/“\10

2
Z—ZIMN, TOMN, T
COS(—0 0*) fOIZMNo—(TMNO §Z<ZMNO+(TMNO
ZO'MNO 2
(1)

where zyy,  is the 0.5-probability value for the HC group and
20\, , 1S the width of the squared sine/cosine function. The
volume probability distribution of the methylene groups (CH,)
can be expressed separately as

(12)

These expressions for the distributions of the lipid tails comply
with spatial conservation consideration®>*” as the height of the
expression for Py(2) is equal to one in the central hydrocarbon
region as there is no water present in this region of the
membrane.

The volume probability distribution of the water is chosen to
be the last group and the spatial conservation requirement is
applied to give

Pcn,(2) = Puc(z) — Pon,(2)

Py(z)=1-> Pu(2) (13)
n
where n = CH}°, CHL°, CG"°, HG'.

A number of constrains has been introduced to avoid
nonphysical results. The position of the terminal methyl groups
was fixed to zero (at the centre of the bilayer) and the width of
the methyl group was fixed to the reference value 2.3 A found by
Kucerka et al.** for similar systems (the fit is not very sensitive
to oy and this was therefore not varied from the reference
value). To prevent negative probability values for the water
distribution curve, constraints on the z values and the sigma
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values for the tail group and the headgroups were incor-
porated in the fitting regime. The positions of the CH, tails
are limited based on the width of the CH; Gaussian function
(zcn, = 0cu, + 20cn,) to yield physical possible values for the
distribution of the groups in the tail region. Further, the
positions and distributions of the two headgroup parsings
in the inner and outer leaflet are limited by the positions
and widths of the half period squared sine/cosine functions
representing the tails in such a way that the sum of these
functions will be equal to or less than one.

The total volumes of the head group and hydrocarbon chain,
as well as the area per lipid, were constrained according to
values from reported MD simulation of DMPC,** DMPG** and
DMPE** phospholipids in a bilayer at different temperatures
(an averaged value adjusted according to mole fraction of each
lipid was used). To increase the reliability of the fit parameters,
a joint fit of SAXS and SANS data was performed. The smearing
due the experimental resolution effects was taken into account
using standard procedures.’”> With varying ratios of DMCP to
DMPG lipids, the changes in fit parameters were mainly limited
to the changes in volume (and resulting scattering length
density) of the outer lipid headgroup, as well as batch to batch
differences in the polydispersity and radius of the vesicles.

3.3. Analytical model for PEGylated liposomes

Because a small amount of PEGylated DMPE lipids was
used to stabilize the lipid vesicles against aggregation, the
scattering from the PEG chains was included in the fit model
for SAXS/SANS data. The PEG chains on the inner and
outer leaflet of the lipid bilayer have a Gaussian random coil
confirmation and can therefore be described by the following
analytical model*®*”

IPEG-liposomes(q) = Ilip(q) + Ichain(q) + Icici(q) + Icico(q)
+ Icoco(q) + Isq(‘]) + Isco(Q)

where I;;,(g) is the scattering from the lipid vesicles themselves
(eqn (6)) and I.nain(g) is the scattering from the PEG-chains
alone given by

(14)

Lehain(q) = nApppG” VeEG  NpEG

exp|—(4Ry)’| = 1+ (4Re)” (15)

(ng)4

-2

In this expression, n is the number of scatterers as defined
in eqn (7), Ap is the excess scattering length density, Vpgg is the
partial specific molecular volume of a single PEG chains, Ry is
the radius of gyration of the chains and Npgg is defined as the
number of PEG chains per liposomes given by

Npgg = fPEG 'Pagg (16)

ferg is the fraction of PEG-modified lipids in the liposomes and

P,q is the aggregation number of the liposomes (eqn (8)).
The next terms, I..(q) and I . (¢), are the interference terms

between PEG chains attached to the inner surface of the

vesicles and between the PEG chains on the outer surface,
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respectively, while I.. (q) is the inter-interference between the
inner and outer PEG chains:

Icici (q) = nApPEGz VPEGzNPEGﬁnner . (NPEGﬁnner - 1)

2

(17)

I —exp {— (ng)z} 2- [Sin(q(Rme, — Rg))
(ng)z ¢ (Rinner — Ry)

Icuco ((1) = nA,DP]-:G2 VPEGZNPEG(l _finner) . (NPEG(l _finner) - 1)

2

1 —exp [— (ng) 2] sin (q (Router - Rg))

(ng) : q(Router - Rg) (18)
ILc, (Q) = nApPEG2 VPEGzzNPEGZfinner : (1 _ﬁnner)
2192
1=exp[~(aRe)’[] [sin(g(Rume — R))|’
(ng)2 q(Rinner - Rg)
2
sin q Rou er R
[fin(o(Rus ) .
q(Rouler - Rg)

Here, finner is the fraction of PEG in the inner leaflet, while
Rinner and Royeer are the inner and outer radius of the lipo-
somes, respectively, defined as

Rinner =R+ zHGi - ddisp (20)

Router =R+ ZHGO + ddisp (21)

where dgjsp is a displacement factor for the centre of mass of
the PEG polymer chains. This was incorporated to account for
the partial mixing of the polymer and the bilayer at the inter-
face, since close packing of polymers has been reported for
PEGylated lipid micellar systems in the past.*®

The last remaining terms /() and I, (q) are the interfer-
ence cross-terms of the outer and inner chains with the bilayer:

I, (q) = nApAs - Apppc VeeG2NpEG (1 — finner)
. (NPEG(I _ﬁnner) - ])
2
1 —exp [— (qRy) ]
2
(ng>

sin (q(Rinncr - Rg))
Q(Rinner - Rg)

(22)

Isco (q) = nApA; - APPEG VPEG2NPEGf{nner . (NPEGfinner - 1)

1 —exp [— (ng)z] sin ((](Router - Rg))
(ng)2 (j(Router - Rg)

(23)

where Ars and Arg are the scattering amplitudes corresponding
to scattering form factors Fpg(g) and Fgp(q) respectively.

3.4. Incorporation of the peptide contribution to the bilayer
scattering

To be able to use the analytical scattering models to quantita-
tively describe the interaction between antimicrobial peptides
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and lipid vesicles, the described model for the liposomes was
modified to account for the scattering of the peptide, either
inserted in the membrane or as free chains. It was decided to
introduce the peptide as an additional pseudo-parsing group
across the bilayer (in comparison to parsing of the lipids into
four groups as shown in Fig. 1) and model the volume prob-
ability of the peptide as an additional Gaussian function
(eqn (10)). The integral under the curve was scaled by the total
volume fraction of added peptides and the fraction of peptide
bound to the liposomes, fi,,, in the following way
Vo Jo - Joo

24
e (24)

Cpep =
Further, to account for the changes in contrast as a result of the
peptide potentially integrating into either the head-region, tail-
region of the phospholipids or somewhere in the interface
between the two areas of the bilayer, the difference in contrast
is weighed by a fraction, f, «j, which gives the fraction of
peptide in the tail region

App(2) = fo_ir(Pp — Pen,) T (1 = fo_wi) (Pp — pw)  (25)

where p(p), p(CH,) and p(w) are the SLDs of the peptide,
methylene groups, and water, respectively.

The f, i1 is expressed as the integral of the overlap of the
peptide Gaussian function with the half period squared sine/
cosine function expressing the volume probability of the HC
groups in the following way

ZCHy TOCH, Zinter
[ Prcdz + fzpfsapppdz

Idez

Jpail = (26)
where zj, is the intersect between the two overlapping curves
found numerically by the Brent-Dekker method*® and Py is
the function described in eqn (11). P, is the Gaussian function
expressing the volume distribution of the peptide (details are
given in ESIY).

The form factor for the flat bilayer including the peptides is

| Prspy (9)]
Do .
= Ap(z)e'¥dz
[, (27)
2 2
= \/((Fcos,lipid + Fcos,peptid) +(Fsir1‘lipid + Fsin,peptid) )
where
(Wp)z
Feos peptide = CpepUpApp Cos(qu) - €Xp 3 (28)
and
. (q‘fp)z
Fiinpeptide = |CpepOpAp,, sin(gzp) - exp - (29)

To account for potential free peptide chains that are not
bound to vesicles, an additional term was added to the model

In(q) = o-(1 _fbp)'AppZ’Vp'Pchain(QJ (30)
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where ¢ is the total volume fraction and P(q)chain is the form
factor of a Gaussian chain expressed by the Debye formula®®
given in eqn (2).

The full expression for the intensity, including peptide in
the bilayer, the PEGylation, and the free peptide chains is then

1= n((Prs(@))(Prn,.,(@))" + Lenain(q) + Lee(9)

+ Tee (O Te,e (@) + Tse(q) + Ise (9)) + Tep(q) (31)

In the fit analysis, we allowed the concentration to vary
slightly due to uncertainties in the determination of the exact
value during the sample preparation.

4. Results and discussion
Structure and conformation of indolicidin in solution

The chemical structure of the antimicrobial peptide indolicidin
is displayed in Fig. 2(A) together with the amino acid sequence.
Fig. 2(B) shows the obtained SAXS scattering data from
indolicidin in Tris buffer at 37 °C at different concentrations
together with the fits of the model described in Section 3.1.
At intermediate to high g we observe the typical polymer-like
scattering which can be accurately described with the Debye
function for random Gaussian chains (eqn (2)). At all concen-
trations we see an upturn at low g that can be described by a
power-law, ¢~%, with x ~ 2. This indicates formation of some
large extended or plate-like structures. Interestingly, these
structures are still present for the whole concentration range
of 5-0.65 mg mL™". In addition, as shown in the inset, the
larger structures are not broken up at higher temperatures,
persisting at temperatures up to 45 °C.

More quantitatively, the data can be described using scattering
expressions for single polymer-like chains with a contribution
from aggregated peptide filaments as described in Section 3.1.
The result from the fit analysis indicates that the peptides
predominantly form disordered polymer-like structures, but that
there is also a small amount (about 1 percent) of filament sheet
peptide structures.

~
~

A)

I(Q) [em™]

Peptide sequence:
ILPWKWPWWPWRR-NH,

Fig. 2
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Although it is difficult to extract accurate structural informa-
tion on the presumably heterogeneous and large structures,
we obtain an apparent width of around 450-1500 A depending
on the concentration, and a thickness of about 90-100 A. The
length is about 700 A at the lowest concentration, increasing
to a value above the visible size in the measured g range (less
than 4000 A) for the other concentrations. For the free peptide
chains, we obtain a radius of gyration of about 12 A.

Based on circular dichroism (CD) experiments,® indolicidin
was found to adopt a random coil conformation without
any secondary structure. Our data confirm the existence of 99
percent largely disordered peptide chains but also show that a
small amount of the peptide assembles into filament sheet
structures. This structure has been also observed for synthetic
antimicrobial peptides in the past.>*

Structural SAXS characterization of vesicles with varying charge
densities

In order to investigate the detailed nanostructure of the
membrane system, including the segmental distribution in
the bilayer, we proceed to a detailed joint SAXS and SANS
analysis of the vesicles. The SAXS and SANS data on liposomes
of the same composition used for a joint fit analysis are shown
in Fig. 3A. In order to increase the accuracy of the fits, the SANS
and SAXS data were simultaneously analysed using the pre-
viously described fit model yielding excellent agreement. SAXS
data for the liposomes with increasing amount of negatively
charged lipids (DMPG) are presented in Fig. 3B together with
the corresponding fits, as well as the SANS data obtained with
“full contrast” of hydrogenated lipids in D,O. The data resemble
the typical scattering for vesicles, with strong scattering at low g
where the overall size of the liposomes and the polydispersity can
be extracted. For the SAXS data, a rather pronounced minimum is
visible at intermediate g; this minimum is highly sensitive to the
negative contrast, ie. lower electron density than water, of
the lipid tails and positive contrast (higher electron density) of
the headgroups. The minimum is rather shallow, indicating
an asymmetry in the bilayer which is confirmed through the fit

B)

= 20C
« 30C
-+ 37C
v 45C
—— Model fit

0,01

0,14

01

Q

0,014 ]
LU iy iR
4 13mgml
1E-41 " Vodats.
0,01 0,1
QA"

(A) Chemical structure of indolicidin, cationic antimicrobial peptide from bovine, with the amino acid sequence below. (B) Scattering data of

indolicidin with altering concentration and model fit. Results indicate predominantly free unstructured peptide chains with a small fraction of sheet like
filaments. Inset graph shows how the enlarged structures cannot be broken up with increasing temperature to 45 °C (concentration shown is 5 mg mL™Y).

8756 | Soft Matter, 2018, 14, 8750-8763

This journal is © The Royal Society of Chemistry 2018



Paper
' I 1024
* SANS
104 © SAXS 1 i
Model fit 9
10°4
10"+ ]
—10°4 10%]
£ 10 i
‘2.10 103]
0102/ 1
= 10%4
1034 1 H
. 3 10
107 1 ]
A) 1B)
0,01 0,1 0,01 0,1
QAT QAT
Fig. 3 (A) SANS and SAXS data for 25% DMPG liposomes and the result

of a simultaneous model fit analysis of the data (different batches of
liposomes but same composition and preparation). (B) Scaled SAXS
data for DMPC-DMPG-(DMPE-PEG) liposomes with altering amounts of
negative charge (DMPG) along with fit model (red line).

analysis; this analysis did not provide accurate fits using symme-
trical bilayers (see Fig. S1 in the ESIt). This slight asymmetry is
displayed in the calculated volume probability plot presented in
Fig. 4A. It shows that the CG and HG groups on the outer leaflet
have a slightly longer distance from the hydrocarbon chain than
they have on the inner leaflet. The asymmetry can be explained by
an interplay between the electrostatic interactions and curvature®®
caused by the charged phospholipids as well as changes caused by
the PEG chains connected to the surface of the outer and inner
leaflet of the bilayer. At higher g, we see a pronounced maximum
which provides the detailed bilayer structure. From the joint fits
we obtain both the volume probability functions, depicted in
Fig. 4A, as well as the corresponding electron density profiles
across the bilayer, depicted in Fig. 4B.

As seen in Table S1 in the ESI,{ although the size and
polydispersity vary slightly from batch to batch, the structure
of the bilayer itself is not affected by increasing the amount of
negatively charged lipids, most likely because DMPC and DMPG
are of similar sizes. This is clearly visible from the electron density
plot presented in Fig. 4A, where the curve overlaps. As seen from
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the table, the major change with increasing amount of DMPG
compared to DMPC in the liposomes is the systematic decrease in
the average volume of the HG group. This is in good agreement
with previously reported MD simulations of the headgroup
volume which show that the volume of DMPG is lower than
for DMPC.

The structural fit parameters are generally in very good
agreement with previously reported data for the same lipids, but
the oy is slightly higher than reported for DMPC liposomes in
the past.®® This could be explained by the introduction of the
covalently bound PEG group to the outer headgroup of some of
these lipids. The fit for the bilayer is shown to be reliable by its
ability to fit all five systems with the same structural parameters,
providing us a solid starting point for quantitative analysis of the
bilayer’s interaction with peptides.

Interaction between indolicidin and model membranes

Differential scanning calorimetry (DSC). The interactions
between indolicidin and model lipid membranes were first
probed using differential scanning calorimetry (DSC). Fig. 5
shows the effect of indolicidin on the thermal behaviour of
liposomes with the typical lipid mixture of 90 mol% DMPC,
7.5% DMPG and 2.5% DMPE-PEG. As seen in the figure, the
addition of the peptide has a significant effect on the heat
capacity, C,,, which displays a significant shift and broadening
of the peak as compared to the neat lipid vesicles, where the
melting peak is relatively sharp corresponding to a Ty, = 24.2 °C.
The melting temperature is progressively decreasing with the
amount of peptide added with a concomitant increase in the
width of the melting transition. The shift in the peak indicates
an intercalation of the peptide in the membrane tail region
or displacement of the lipid head groups, which affects the
packing of the phospholipid tails in the bilayer. The latter
was also found in reference® where indolicidin was directly
incorporated into DMPC and DMPG lipids in organic solvents
during the sample preparation. In contrast, we chose to mix
the extruded lipid vesicles and peptide in the buffer directly
before conducting the experiment to mimic the biological
situation where antimicrobial peptides are introduced to bacteria.
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(A) Illustration of the volume probability distribution for an asymmetric bilayer, 25 mol% negatively charged liposomes as an example. (B) Electron

density distribution profile for liposomes with altering amount of negatively charged phospholipids showing that they overlap.
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Fig. 5 DSC heating scans illustrating the effect of indolicidin on the
thermal phase behaviour of DMPC-DCPG-DMPE-PEG lipid vesicles. The

peptide : lipid ratios are indicated and the measurement of the pure lipids is
included for reference.

Table 1 The estimated melting temperature (T,,) and the enthalpy of the
transition (AH) for each peak. For the 1:10 and 1:5 ratios a range from the
first to the last maximum of the overlapping peaks is provided

Sample T (°C) AH (k] mol )
No peptide 24.2 33.5
1:20 23.9 34.2
1:10 23-25 34.6
1:5 22-25 31.8

The values for the melting temperatures (7,,,) and the enthalpies
(AH) are listed in Table 1.

Structural SAXS and SANS results: peptide-lipid interactions

The effect of adding indolicidin to the lipid membranes is
qualitatively illustrated in Fig. 6 where the scattering curves of
peptide-lipid mixtures is compared to the calculated average
expected in the absence of interactions. The latter is obtained
by averaging the scattered intensity of the individual unmixed
solutions.

View Article Online
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An interaction between the peptide and the lipid vesicles
is clearly present since the scattering curves are different, in
particular at low and intermediate g. Notably, the minimum in
the intermediate g range is shifted. In order to determine these
structural effects, the data were analysed using the detailed
model described in Section 3.4.

The results from the fit analysis of X-ray scattering data from
liposomes mixed with increasing amounts of indolicidin are
shown in Fig. 7. From Fig. 7A we see that the joint fit analysis
gives good agreement between the fitted model and the experi-
mental SAXS and SANS data. As seen from the SANS data
in Fig. 7, where the curves overlap at intermediate and high ¢
(when not scaled), the insertion of the peptide in the bilayer
cannot be resolved using SANS alone. The SAXS curves in
Fig. 7(B and C), however, we clearly see that increasing amounts
of peptide addition result in systematic shifts of the minima,
showing the strength of using SAXS to describe the insertion of
a substance into the bilayer.

The resultant fit parameters presented in Table 2 show that
the insertion of the peptides changes the overall size and
polydispersity of the vesicles; this is seen as a shift and
smearing of the slight oscillations at low g in all the SAXS
and SANS curves in Fig. 7. More interestingly, the fit analysis
showed that the bilayer structure remains mostly intact upon
exposure of moderate amounts of the peptide (up to 1:10
peptide-lipid ratios) leading to moderate changes in the
volume probability curves shown in Fig. 7(A and B). For
the peptide:lipid ratios of 1:10 and less, the shift in the
experimental scattering curves could be accounted for by
simply implementing the scattering contribution for the peptide.
This is due to substantially larger electron density of the peptide
compared to that of the lipid tails which thereby alters the
contrast within the bilayer and the surrounding solvent. The
change in electron density with increasing amount of indolicidin
is visually illustrated by the electron density (ED) plots obtained
from the fits in Fig. 8(C and D).

By quantitatively considering the change in the contrast,
the detailed model fit analyses reveal that the structure of the
bilayer remains essentially unaltered for moderate peptide
additions. By increasing the peptide concentration up to a 1:5

AT ‘

100-:::.,. E
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Fig. 6 Qualitative comparison of the measured data of 10 (A) and 25 (B) mol% negatively charged lipid vesicles mixed with indolicidin to the calculated
average where the scattering from the liposomes and the peptide have been measured separately and summed together. The measured curves show
clear shifts in the minimum at intermediate g indicating a significant interaction between the peptide and the liposomes.
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with added peptide in an increasing peptide : lipid mol-ratios from 1:100 up to 1: 5 along with fit model (red line). Liposomes in (B) have 10 mol% DMPG
while liposomes in (C) have 25 mol% DMPG (latter matches amount of negative charge in E. coli bacteria).

Table 2

Important fit parameters from the analysis of liposomes with added indolicidin. Values outside of the experimental g-range noted with (), and

joint SAXS/SANS fits noted with §. The error of the fits is found to be less than 5%

Liposomes with 10 mol% PG/PE

Liposomes with 25 mol% PG/PE

Fraction peptide 1:100 1:50 1:20 1:10

ULV radius [A] 261 265 267 —

Bilayer thickness [A] 38.8 + 0.5 38.8 + 0.5 38.8+ 0.5 38.8+ 0.5
Zpepiide [A] 12 9.2 9.2 9.7
Opeptide [A] 3 3 3 3

S 0 0 0 0

sp 0.29 0.32 0.31 0.35

ratio, however, we observe that completely satisfactorily fits can no
longer be obtained without a slight modification of the bilayer
structure: reducing the thickness of hydrocarbon layer in the outer
leaflet by 0.7 A. Interestingly, this becomes more pronounced with
increasing DMPG content, where we find a 3 A reduction in the
thickness. We should, however, keep in mind that these concen-
trations correspond to physiologically irrelevant values of about
100x the MIC (minimal inhibitory concentration).® Some degree
of change in the thickness of the bilayer caused by the introduc-
tion of AMPs has also been found in other SAXS studies at higher
peptide-lipid ratios.***® Although membrane thinning has been
proposed as an important mechanism of action for AMPs,>* our
data do not seem to support a significant detectable effect at the
lowest concentrations, which are at more physiological relevant
conditions. Nevertheless, the peptide interaction can be clearly
detected at these low concentrations using SAXS.

From the volume probability plots in Fig. 8A and B we see
that indolicidin seems to be located at the interface between
the tail and head region of the outer leaflet of the membrane.
While the quality of the fits is highly sensitive to the peak
position of the peptide, indicating a strong preference to the
lipid tail/head interface, it is less sensitive to the width of the
peptide distribution. Nevertheless, with increasing amounts
the peptide seems to be able to insert slightly deeper into the
tail region of the bilayer, causing the shift of the Gaussian
function representing the peptide group in the volume

This journal is © The Royal Society of Chemistry 2018
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probability plot as well as the ED curve towards lower z values.
The insertion partly into the lipid tail region of the bilayer is
supported by the thermal analysis presented above (Fig. 5),
where the peptide was shown to lower the melting point and
broaden the melting peak of the lipids, indicating significant
alteration of the packing of the tails.

Contrast variation SANS: peptide-induced lateral segregation
of lipids?

In order to further investigate the structure of the liposomes
after peptide addition, SANS experiments with contrast varia-
tion were used to detect potential lateral segregation of lipids
induced by the peptide. This experiment, complementary to
SAXS which provides the radial distribution, tests the hypo-
thesis that AMPs induce local clustering of anionic lipids due
to the electrostatic charge neutralization, an effect which may
play a role in their mode of action.'® To this end, we designed
the experiment based on the work by Heberle et al.>' where
DMPC lipids with perdeuterated tails were mixed with regular
proteated DMPG lipids so that the average contrast of fully mixed
tails matches that of the headgroup (SLD 2.01 x 10" em™?).
By placing these liposomes in a H,O/D,O buffer mixture which
matches both the tails and head groups, a very low scattering
signal is expected as the residual scattering only origins from the
contrast between individual lipids as well as the PEG chains. If the
anionic lipids would cluster together with the peptide and form
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Fig. 9 Neutron scattering results for lipid vesicles with peptide at 37 °C.
Contrast matched liposomes in D,O/H,O solvent show no lateral
segregation of anionic lipids upon addition of the cationic peptide.

microdomains, a significant signal is expected at intermediate to
high g. As seen in Fig. 9, however, the scattered signal remains very
low upon addition of indolicidin. Similar results were obtained for
various charge densities, temperatures and even upon replacing
the anionic lipid with a shorter DLPG. From these limited data we
conclude that both the peptides and the lipids are homogenously
distributed in the vesicles and that indolicidin does not seem to
promote any lateral segregation of the lipids in these model
membranes. This agrees with the earlier observed tendency that

8760 | Soft Matter, 2018, 14, 8750-8763

a substrate that changes the crystallinity of the membrane locally
(for example cholesterol) has to be introduced to observe the
formation of lipid domains.*!

Structural insight into the mode of action of indolicidin

From the analysis of the data presented above, the structural
interaction between indolicidin and the model lipid bilayers
gives insight into a possible mode of action of the peptide.
Although SAXS measurements of the pure peptide revealed
some degree of clustering, indolicidin is predominantly dis-
ordered with a random coil formation. Hence, it seem likely
that insertion of the peptide into the bilayer occurs without
any higher order structures as implied in the barrel-stave or
toroidal pore models.’ This is consistent with our SAXS results
of the peptide lipid mixtures, which do not provide evidence for
any folding or significant structuring within the lipid bilayer,
but rather an insertion primarily of the outer leaflet and a
perturbation of the lipids in the outer region. Indolicidin
remaining a random coil structure in the presence of mem-
branes has also been seen from CD measurements e.g. by Falla
T. J. et al.® The high tryptophan content of indolicidin and the
presence of the partially charged and bulky indole side group
provides a possible explanation of the preferred positioning
in the outer leaflet, in close proximity to the lipid-water
interface.> Our experimental data are consistent with the MD
simulation study where indolicidin was found to be located in
the outer leaflet resulting in a decrease in the ordering of the
lipids."* In this study some degree of membrane thinning
(at the most ~4.1 A) was observed, consistent with our results

This journal is © The Royal Society of Chemistry 2018
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at high peptide-lipid ratios. Interestingly, we observed the
strongest effect in DMPG rich lipids, where the fraction of
bound peptides is high (82% bound peptide compared to 75%
for the lipids with less PG). This indicates that the positively
charged indolicidin has a higher affinity for membranes with
more negative charge. This is consistent with the MD simula-
tions where the same effect was observed when comparing pure
PC membranes with pure PG membranes.

The present work thus points towards a scenario where the
lipids are disordered rather than forming a distinct ‘“pore” or
“channel” as is suggested in e.g. the ‘“barrel-stave” model.
Instead, our data support the “interfacial activity” picture
presented by Wimley.”® Here, it was suggested that the
insertion of the peptide into the bilayer results in a change in
the packing of the tails which leads to a disruption of the
permeability barrier imposed by the hydrocarbon core in the
membrane. This may cause leakage of polar solutes across
the membrane resulting in lysis and death of bacteria cells.
This is compatible with the present SAXS study, where the
peptide partitions into the interfacial region between the
head- and tail-groups in the outer leaflet, also reflected in
the significant shift in the melting temperature from the DSC
measurements. A simple illustration for the structure and
distribution of indolicidin causing disordering of the packing
of the lipids in the membrane within the bilayer of the ULV is
given in Fig. 10.

The incorporation of 2.5 mol% PEGylated lipids in the
preparation of the vesicles used in this study prevents peptide-
induced fusion and aggregation of the vesicles and the formation
of multi-lamellar vesicles observed in other studies.”®*° This
enables us to maintain the integrity of the vesicle which facilitates
the study of single membrane bilayers and the interaction of
the peptide in great detail using scattering methods. Although the
joint fit analysis of SAXS and SANS data shows that the struc-
ture of the bilayer is largely unaffected by the introduction of
indolicidin, the overall size of the lipid vesicles and the poly-
dispersity is increased systematically with increasing peptide
concentration without the observation of aggregation. This may
be explained by an accelerated lipid exchange that leads to an
Ostwald-type ripening process with an overall growth into larger
vesicles that are energetically more favourable, as well as an

Fig. 10 Illustration of the structure of indolicidin as it inserts into the outer
leaflet of the membrane, locally changing the packing of the lipid tails.

This journal is © The Royal Society of Chemistry 2018
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accompanying increase in the overall size distribution (ogp).
An increase in the lipid dynamics might be related to the mode
of action of the peptide as this could affect the transport of ions
over the membrane™ but further studies are needed in order to
make any concluding statement.

5. Conclusion and outlook

In this work, we have developed a methodology using SAXS
and SANS to investigate the structural interaction between
antimicrobial peptides and lipid model membranes in detail.
Our data suggest that indolicidin, a natural occurring anti-
microbial peptide, forms predominantly random coil structures
in solution, although a slight tendency (about 1%) to form
larger plate-like structures was found. By using a minor fraction
of PEGylated DMPE lipids we show that we can form unilamellar
DMPC/DMPG vesicles that are stable towards aggregation upon
interactions with the peptide for a large tuneable range of anionic
charge densities. This allows us to carefully in situ characterize
the structural aspects of the peptide-lipid interactions in model
membranes that mimic cytoplasmic bacterial cells in situ
in dilute solutions without resorting to any bilayer support
that may perturb the membrane. Moreover, by modifying a
theoretical model to take into account the scattering contribu-
tion from both the peptide and lipid membrane components,
we are able to determine both the bilayer structure as well
as the location and distribution of the peptide within the
lipid bilayer. By using these techniques, we have shown
how indolicidin inserts in the outer leaflet of lipid vesicles,
positioning at the interface between the lipid headgroups and
the lipid tail region. The insertion of indolicidin into this
region of the bilayer affects the packing of the lipid tails in the
membrane, resulting in a change in the melting temperature
as seen from DSC measurements and increased lipid exchange
seen as a growth in size from SANS and SAXS. Interestingly,
we only observe significant changes in the bilayer structure
above physiologically relevant concentrations corresponding
to 100x MIC (1:5 peptide-lipid ratio). The results support the
“interfacial activity”” scenario presented by Wimley®® over other
frequently presented mechanisms involving pore formation in the
membrane caused by distinct channels of highly structured
peptides. Additionally, by using SANS we have shown that the
anionic lipids are homogenously distributed among the zwitter-
ionic lipids without any detectable clustering around the cationic
peptide as it inserts into the membrane.

In summary, we have developed a convenient approach to
accurately determine the structural interaction between peptide,
or other surface-active molecules, and lipid vesicles. This may
provide valuable insight into the structural aspects related to the
mode of action of peptides complementary to other methods
based on e.g. NMR, fluorescence and AFM, where the relevant
structural length scales are missing. Furthermore, the methodology
presented is versatile and is not limited to antimicrobial peptides
but can also easily be applied to other lipids, as well as other
peptide or surface-active (bio)molecules.
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1. Form Factor of asymmetric flat lipid bilayer:

The form factor for asymmetric flat lipid bilayers is given by
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where g, and z, are the width and position of the distribution respectively and ¢,, = },/(A4,0,). Vy is
the volume of the group n and A4, is the area per lipid, which is equal to the integrated area under the
curve (n = HG (inner and outer), CG (inner and outer) , MN (inner and outer) and M).

2. Calculation of fraction of peptides in hydrocarbon tail region:

The integrals in equation 30 used to find the area of the overlap of the peptide Gaussian function and
the hydrocarbon Gaussian function were derived to be the following:

Zinter c Z, — Z; c S50 (S3)
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where the two constants are defined as
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and
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3. Fit parameters for neat liposomes with altering charge density:

Amount of negative lipids 2.5% 10% 15% 25%° 35%
Radius 350 262 455 450 470
Area 60.4*

Zchs 0*

ZcH2o 14.1 £0.2**

Zchai -13.840.2**

ZcGo 16.1+0.4**

ZcGi -15.7+0.4**

ZhGo 19.5+0.2**

Zyai -19.3+0.2*%*

OcH3 2.3*

OcH2 4.940.3

OcG 2+0.2

GCHG 4.1+0.5

DB 38.8

DC 11.7

VL 1123 1106 1105 1099 1098
Vehz 24.5 24.4 24.6 24.4 24.4
Vee 153*

Vi 176 165 158 157 155
Rg PEG 15*

dcorr -10 -12 -8.2 -8.6 -11
Osp 0.3 0.3 0.33 0.35 0.24

Table S1 Fit parameters for liposomes with altering amount of negatively charged liposomes as indicated in the table. Hard
constrained parameters are designated by * and soft constrained by limits in fitting regime indicated by **. The units for all
numbers carry the appropriate power of A. §For this sample a joint fit analysis of SAXS and SANS data was performed.



4. Fit with symmetric model:

e SANS
107°4 ¢ sAxs .

Fit with symmetric model

L | T L
0,01 ?,1

Figure S2 Neutron and x-ray scattering plot for DMPC-DMPG 25 % liposomes and the joint fit using a symmetric bilayer

model. As seen from the figure the symmetric bilayer model has a deeper minimum at intermediate q than the experimental
data, therefor slight asymmetry was introduced.
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ABSTRACT

The naturally occurring peptide indolicidin from bovine neutrophils exhibits strong biological activity against a broad spectrum of microorganisms. This is believed
to arise from selective interactions with the negatively charged cytoplasmic lipid membrane found in bacteria. We have investigated the peptide interaction with
supported lipid model membranes using a combination of complementary surface sensitive techniques: neutron reflectometry (NR), atomic force microscopy (AFM),
and quartz crystal microbalance with dissipation monitoring (QCM-D). The data are compared with small-angle X-ray scattering (SAXS) results obtained with lipid
vesicle/peptide solutions. The peptide membrane interaction is shown to be significantly concentration dependent. At low concentrations, the peptide inserts at the
outer leaflet in the interface between the headgroup and tail core. Insertion of the peptide results in a slight decrease in the lipid packing order of the bilayer,
although not sufficient to cause membrane thinning. By increasing the indolicidin concentration well above the physiologically relevant conditions, a deeper
penetration of the peptide into the bilayer and subsequent lipid removal take place, resulting in a slight membrane thinning. The results suggest that indolicidin
induces lipid removal and that mixed indolicidin-lipid patches form on top of the supported lipid bilayers. Based on the work presented using model membranes,
indolicidin seems to act through the interfacial activity model rather than through the formation of stable pores.

1. Introduction

Antimicrobial peptides (AMPs) show promising potential as future
antibiotics with potent activity against a broad spectrum of pathogens.
AMPs are part of the innate immune response found in all classes of life,
including humans, animals, fungi, and bacteria. A wide range of AMPs
extracted from different species found in nature have so far been stu-
died for their potential as future antibiotics. The mode of action of
antimicrobial peptides has extensively researched creating a consensus
that membrane binding and membrane destabilization is a key function
in the AMPs ability to kill bacteria [1-4]. Overcoming non-specific
membrane destabilization would require a more profound redesign of
the bacteria which is difficult to achieve through mutation and there-
fore AMPs have a significantly lower risk of developing resistance.
Despite a great number of scientific studies, the precise molecular
mechanism for the membrane interaction is not yet fully unveiled. This
is mainly due to the experimental challenges in detecting the peptide
insertion and associated small structural alterations within the mem-
brane, in particular at physiologically relevant concentrations.

Scattering and imaging techniques, as small-angle X-ray/neutron

* Corresponding author.
E-mail address: reidar.lund@kjemi.uio.no (R. Lund).

https://doi.org/10.1016/j.bbamem.2019.04.003

scattering (SAXS/SANS) for solutions [5-24], neutron reflectometry
(NR) for surfaces [25-32] and atomic force microscopy (AFM) [33,34]
have been extensively used to study the structure of model lipid
membranes. Moreover, the internal structure of living bacteria (in-
cluding the cytoplasmic membrane) has been resolved using a combi-
nation of small and wide angle X-ray scattering [35]. With these
methods, the interaction between peptides and model membrane can be
investigated with high resolution in situ at low peptide concentrations.
Lipid bilayers are often used as models of cellular membranes either in
the form of free floating bilayers in solution or as supported lipid bi-
layers (SLBs) on solid surfaces. SLBs in combination with a set of surface
sensitive techniques enable morphological, overall binding and detailed
structural investigation of peptide interaction with model cellular
membranes [32,36]. On the other hand, free floating lipid bilayers such
as unilamellar lipid vesicles (ULVs) give complementary insight into the
interaction between model membranes and AMPs that lack the un-
avoidable influence of the supporting substrate [5,6,23,24,37,38]. De-
spite its simplicity, the scattering signal from the bulk solution ap-
proach gives the orientational average structures. This complex system
thus demands significant effort in theoretical modelling in real space to
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extract detailed structural data from the experimental results. Here, we
combine bulk scattering and surface scattering techniques to overcome
the limitations of these techniques and exploit their complementarities.

Ideally to fully mimic the cell membrane of bacteria the lipid
composition of the model membranes should include the natural lipids
found in bacteria membranes, for example a lipid extract with mainly
phosphatidylethanolamine (PE), phosphatidylglycerol (PG) lipids and
cardiolipin in the case of the gram-negative bacteria Escherichia coli.
However, simpler membrane mimics including pure lipids with known
molecular volumes and chemical structure are necessary in order to
extract detailed structural information from the scattering data.
Conventionally, either pure phosphatidylcholine (PC) lipids or a com-
bination of PC and PG lipids have been used as a substitute in formation
of supported lipid bilayers as model membrane systems
[25,27,29,33,39-44]. Recently, it was shown that stable SLBs can be
formed with a combination of PE and PC lipids [45], although a pre-
paration of model supported bilayers with both PE and negative
charged PG lipids is to the authors' knowledge yet to be reported in
literature. Therefore, in this study we use PC-PG lipids as a simple
model bacterial membrane.

Most conventional AMPs are a-helical peptides, and these have been
vastly studied using various scattering techniques and model mem-
branes resulting in the proposal of several possible molecular modes of
actions. The literature is quite extensive in this respect so we will briefly
describe a few examples: Maculatin 1.1 (21 residues, net charge +3)
was found to cause a slight thickening of the membrane and the peptide
translocated through passive diffusion as measured by neutron re-
flectometry [46]. The shorter aurein 1.2 (13 residues, net charge +2),
on the other hand, led to a slight degree of membrane thinning with the
peptide being integrated into the lipid tail region rather than translo-
cating across the membrane [25]. This led to the conclusion that aurein
1.2 acts via the carpet model. In the carpet model, the peptide initially
binds to the lipid surface and covers the membrane as a carpet, which
over time and upon increased peptide surface concentration results in
disintegration of the membrane in a detergent like manner [1,25]. A
study using grazing incidence diffraction (GID) on multilamellar lipid
membranes on solid supports, demonstrates that magainin 2 (23 re-
sidues, net charge +5) adsorb to the bilayer at low peptide-lipid ratio,
while translocation of the peptide occurred at higher amounts of pep-
tide [39,47]. The peptide was also found to promote significant dis-
ordering in the lamellar stacking of the lipids in the membrane [42].
However interestingly, no experimental evidence for pore formation
was found in this study [39] contrary to what has been reported in the
past using neutron off-specular scattering [48]. A similar concentration
dependency was also seen for alamethicin (20 residues, net charge —1)
[49], which perturbs the membrane by causing non-lamellar lipid
structures as observed by X-ray diffraction [50]. A combination of
diffuse X-ray scattering at small and wide angles in stacked multi-
layered membrane samples and NR of single lipid bilayers showed that
the cyclic peptide colistin (11 residues, net charge +5) partitions
deeper towards the hydrocarbon middle region of membranes mi-
micking the outer membrane of Gram negative bacteria [7]. As seen
from the literature the proposed mechanism of AMPs does not only vary
according to the conformational shape of the peptides, but can also be
linked to the size of the peptide. Comparing synthetic peptides with
varying size has indicated that smaller peptides are able to penetrate
into the bilayer affecting the lipid phase and ordering [25,29], while
larger sized peptides situated on the surface of the membrane [27]. The
effect of peptide size, conformational shape and hydrophobicity needs
to be further studied to get a better understanding of the impact on the
mechanism of action.

Here, we systematically study the structural interaction between
AMP, indolicidin (13 residues, net charge +4) extracted from bovine
neutrophils, and model lipid membranes made of PC and PG lipids.
Contrary to the peptides used in the studies mentioned above, in-
dolicidin has been found to be largely unstructured in solution
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[6,51,52] and retains a Gaussian chain structure with ~1% fibers as
seen by SAXS [6]. Earlier studies suggest that addition of indolicidin
results in local membrane thinning and solubilisation as determined by
AFM [34], while partial insertion into the bilayer and removal of lipids
at higher concentrations (=5 uM) was suggested by quartz crystal mi-
crobalance with dissipation monitoring (QCM-D) [40]. However a re-
cent SAXS study revealed that at physiologically relevant low peptide to
lipid ratios, no significant perturbation of the lipid bilayer was detected
[6]. In this work we will investigate these interactions in more detail
using a multitude of experimental techniques with different structural
resolution using the same model lipid membrane. This is achieved by
comparing high resolution neutron and X-ray scattering techniques; NR
and SAXS with AFM and QCM-D. Apart from comparing the methods
and investigating the structural interactions of flat versus curved bi-
layers, this allows us to gain detailed insights into the lipid interaction
of indolicidin. Indolicidin was chosen for this study because of its
simple structure and small size enabling us to more straightforwardly
model and deduce its interaction with membranes. Furthermore, in-
dolicidin is one of the most studied natural AMPs. However, its lipid
interaction has not previously been studied using neutron re-
flectometry. The data reveal that the peptide perturbs the lipid mem-
brane without any clear pore formation as previously suggested [51],
without causing significant thinning of the bilayers as observed for
other small peptides [29,53].

2. Experimental section
2.1. Materials and sample preparation

Synthetic DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine),
DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-(1’-rac-glycerol)), and
DMPE-PEG(1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000]) were purchased from Avanti
Polar Lipids and used as received without further purification. Lipid
stocks were prepared in volume ratios of 1:3 methanol:chloroform and
mixed in the correct proportions to give the same mass as the aimed
final vesicle solution.

The SLBs for the NR, QCM-D and AFM experiments were created
through fusion of tip sonicated vesicles as previously described [54]. In
short, the lipid were dissolved in chloroform/methanol and mixed ac-
cording to the desired molar ratio. The solvent was then removed under
a stream of nitrogen, and the vials left in vacuum for at least 1 h. Lipid
films were then kept at —20°C until use. Immediately prior to the
experiments, the lipid films were hydrated with MilliQ water to a
concentration of 0.2 mg/ml and incubated for 1 h at 35 °C. The solution
was then sonicated using a tip sonicator for 10 min on a 50% duty cycle
(5s on/off). The solution was mixed 1:1 with a 4 mM CacCl, solution
immediately prior to formation of lipid bilayers. The lipid suspension in
CaCl, was injected into the cell and left for approximately 10 min to
equilibrate prior to extensive rinsing with buffer. In all the experiments,
both the clean surface and the pristine lipid bilayer were fully char-
acterized prior to peptide injection.

For preparation of 100 nm unilamellar liposomes for SAXS experi-
ments, 2.5mol% of DMPE-PEG was added in addition to DMPC and
DMPG to sterically stabilize the liposomes against phase separation
upon peptide addition. In the preparation, the organic solvent was re-
moved completely under vacuum using a Heidolph rotary evaporator
with a Vacuubrand vacuum pump. The resulting lipid film was hy-
drated with 50mM tris(hydroxymethyl) aminomethane buffer (tris-
buffer), pH 7.4, for at least 1 h at ~10 °C above the melting temperature
of the lipid mixture (35 °C). After sonication for 10 min, the lipid dis-
persions were extruded through a 100 nm pore diameter polycarbonate
filter (> 21 times) using an Avanti mini-extruder fitted with two 1 ml
airtight syringes.

Indolicidin (ILPWKWPWWPWRR-CONH,) was synthesized using
standard 9-fluorenylmethyloxycarbonyl protecting group (Fmoc)
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chemistry with 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) and N-Methylmorpholine (NMM) as
coupling reagents on an automated peptide synthesizer (ResPep SL;
Intavis Bioanalytical Instruments AG) in a 15umol scale in micro-
columns using a 4-Methylbenzhydrylamine hydrochloride (MBHA)
resin (0.65 mmol/g). After completion of the peptide chain, the peptide
were cleaved from the resin using TFA:H,O:TIS (95:2.5:2.5) for 2 x 1h.
Crude peptide was purified by preparative reverse-phase HPLC system
consisting of Waters™ 600 Pump, In-line Degasser, 600 Controller and
2996 Photodiode Array Detector, the column used was a Waters™
XSelect® Peptide CSH C18 OBD™, 5um, 19 X 250 mm on an acetoni-
trile-water gradient. The peptide purity was determined by analytical
reverse-phase High-performance liquid chromatography (HPLC) system
consisting of Waters™ 717 plus Autosampler, In-line Degasser AF, 600
Controller and 2996 Photodiode Array Detector, the column used was a
Waters™ Symmetry™ C18, 5 um, 4.6 X 250 mm on an acetonitrile-water
gradient. The peptide mass was determined using a Bruker Microflex™
(MALDI-TOF-Mass Spectrometry) (see Supplementary material).

2.2. Quartz crystal microbalance with dissipation monitoring

QCM-D experiments were performed using a Q-SENSE E4 system
(Qsense, Biolin Scientific, Stockholm, Sweden) with 50nm Qsense
Silicon Oxide sensors. The fundamental frequency and six overtones
(3rd, 5th, 7th, 9th, 11th and 13th) were recorded during the experi-
ment. The instrument was set to equilibrate at 37 °C before performing
any measurements. The lipids were prepared using the method de-
scribed above in MilliQ water and injected using a peristaltic pump
(Ismatec IPC-N 4) at a flow rate of 100 uL/min. After following the SLB
formation (upon reaching a frequency of —24 Hz and dissipation close
to 0), the remaining lipids in the cells were rinsed off with MilliQ. Upon
stabilization of the baseline, the solvent was exchanged to tris-buffer
and again left to stabilize under flow. The peptide was injected in the
desired concentration dissolved in tris-buffer. The experiments were
performed in duplicates to validate the results.

2.3. Neutron reflectometry

Neutron reflection (NR) measurements were performed using flow-
through cells and 80 x 50 x 15mm Silica crystals from SIL'TRONIX
Silicon Technologies. The reflectometer FIGARO [55] at Institut Laue-
Langevin (Grenoble, France) was used to record the time-of-flight re-
flectivity at two angles of incidence (0.8 and 3.2°) to cover the Q-range
(Q = 4ustsin (6/2)/A where 0 is the scattering angle and A is the neutron
wavelength). The instrumental resolution was set to % = 7%. Flow
through solid-liquid cells were provided by the neutron facility. They
were composed by a plastic water reservoir in close contact with the
polished surface of the silicon substrates. The water reservoir was
equipped with inlet and outlet connections to exchange the aqueous
solution. Substrate and reservoir were sandwiched between two alu-
minium plates connected to a water bath for temperature regulation.
The temperature, measured by a thermocouple in close contact with the
silicon substrate, was maintained at 37 °C. Prior to the experiment, the
crystals were fully characterized in D,O and H,O to determine the
structural parameters of the silicon oxide layer present on the surface.
After injection, the lipids were equilibrated in the cell for ~20 min
before rinsing with tris-buffer, and the bilayers were characterized in
three contrasts (D-tris, H-tris and 50:50H/D-tris hereafter referred to as
CM3). Then, 10 ml of the peptide solution (in D-tris, CM3 and H-tris
sequentially) in the desired concentration were injected into the cell at
a flow rate of ~2ml/min using a syringe pump, and the resulting
system was fully characterized in all three contrasts. Finally, the
membranes were measured again after rinsing with H-tris and D-tris.
The use of different contrast conditions is known as the contrast var-
iation method and it allows for simultaneous fitting of multiple
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reflectivity data sets, leading to an unambiguous solution and a more
precise structural determination [56].

All NR profiles were analysed using an optical matrix method where
the surface is modelled as sequential layers representing the substrate
and lipid bilayer (three layers: one for the lipid tail and two for the
hydrated head groups) as well as peptide and solvent which were al-
lowed to penetrate the different layers freely. The fit analysis was done
using the Motofit package taking into account the experimental re-
solution [57]. The NR data analysis provides information on the in-
ternal structure of thin films at an interface [58]. In particular, for SLBs,
it allows to determine thickness, composition and surface coverage not
only of the entire bilayer but of the different regions composing it, such
as headgroups and hydrophobic tails. For this reason, the lipid bilayer
before and after interaction with 0.8 uM indolicidin and rinsing were
fitted using a 5 layer model (distinguishing silicon oxide — water —
head- tail — head), while the 10 uM indolicidin bilayer after rinsing was
fitted using an 8 layer model in which the 3 extra layers account for
indolicidin/lipids patches forming on top of the bilayer (as single or
double layers). During the fitting analysis, a model dividing the tail
region into two layers to simulate asymmetric bilayers was considered.
As discussed in the Supplementary material, this did not improve the
quality of the fit significantly and therefore a symmetric model for the
bilayer composition was chosen.

The error of the fit parameters for the thickness and solvent amount
was determined by the Monte Carlo error analysis fitting algorithm
included in the Motofit package [57] and reflects the quality of the fit.
The area per molecule is calculated based on the fit parameters as

Amol = l

@-t
where V is the volume of the lipid head/tail group (see table S1), ¢ is
the lipid volume fraction (1-solvent [%]) and t is the thickness of the
layer. The error in the area per molecule, 8A,,,, was calculated as

st)?
*) 'Amol

saan = (2] 4

t

2.4. Atomic force microscopy

Measurements were carried out on a Nanoscope IV multimode AFM
(Veeco Instruments Inc.). Images were generated in the PeakForce
Quantitative Mechanical Property Mapping® (QNM) mode with a si-
licon oxide tip (Olympus micro cantilever OTR8 PS-W) having a spring
constant of 0.15 N/m and a radius of curvature of < 20 nm. Peak Force
Tapping™ mode is different from contact and traditional tapping mode
since it allows for precisely controlling the imaging force in order to
keep indentations small, thus enabling non-destructive and high-re-
solution imaging. This mode is ideal for imaging of soft matter in liquid
environments at high resolution. A liquid flow cell (glass probe holder,
MTFML, Bruker Corporation) was used to scan the surfaces in a liquid
environment and to exchange solution in situ. The setup was optimized
for real-time continuous flow imaging where the solution constantly
exchanges via a slow gravity feed [33].

First, a freshly cleaved mica surface was imaged in ultrapure water
in order to ensure a clean and smooth surface (RMS: < 500 pm) prior to
bilayer measurements. Small unilamellar vesicles were introduced into
the AFM liquid flow cell and vesicle attachment and bilayer formation
were imaged. The lipids were incubated in the AFM for at least 30 min
and imaged to secure high coverage before rinsing the membrane with
water. Before introducing the peptide, the membranes were rinsed in
excess tris-buffer. The peptide solution was introduced to the mem-
brane and the flow was maintained while imaging for at least 90 min. In
this way, new peptides were continuously brought to the interface
during scanning. Then, the membrane was rinsed with tris-buffer while
imaging. All images were recorded at a resolution of 256 X 256 pixels
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with a scan rate of 1Hz. The z-setpoint and differential gains were
manually optimized during each scan. Images were analysed and pro-
cessed in the Gwyddion 2.22 software. The experiment was performed
in duplicates to validate the results.

2.5. Small angle X-ray scattering

SAXS experiments of mixtures of peptide and liposomes were per-
formed at the automated BM29 bioSAXS beamline [59] at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. The data
was obtained using an energy of 12.5keV and a detector distance of
2.87 m, covering a Q range of 0.0047 A~! to 0.5 A~ . The data set was
calibrated to an absolute intensity scale using water as a primary
standard. 45 pL samples were run through a capillary using the flow
mode of the automated sample changer [60]. SAXS data was collected
in ten successive frames of 0.5 s each to monitor radiation damage and
the data reduction was done using the standard tool at BM29 [61]. The
SAXS results were analysed using the theoretical model described in
detail in Ref. [6]. In short, the model provides a detailed description of
the membrane by dividing into probability functions for each compo-
nent (lipid sub-units/peptide) across the bilayer.

3. Results and discussion
3.1. Concentration dependent interaction between indolicidin and SLB

QCM-D constitutes a useful technique to screen different experi-
mental conditions for biomolecular interaction with model membranes.
The simultaneous measurement of both changes in frequency and dis-
sipation allows us to extract information on the viscoelastic properties
of the membrane due to the direct relationship between the frequency
and the mass adsorbed to the surface, while the dissipation is dependent
on the rigidity of the layer. For example, the typical QCM-D signal
observed from an adsorption process of a rigid film is a decrease in
frequency due to the addition of mass on the surface without any sig-
nificant changes in the dissipation due to the rigidity. For a soft and
heterogeneous film (containing water), however, an increase in the
dissipation will follow the adsorption due to the dampening of the os-
cillations of the QCM-D sensor. Upon desorption of material from the
surface, for example removal of lipids due to solubilisation, the fre-
quency increases as a result of mass removal, while the changes in
dissipation depend on the hydration and rigidity of the remaining
material.

Fig. 1A-C shows the QCM-D signals upon increasing concentrations
of indolicidin (1, 5 and 10 uM) added to an SLB made of DMPC-DMPG.
Immediately after peptide injection, there was a significant decrease in
the frequency and an increase in the dissipation for all the samples,
indicating peptide adsorption to the membrane. However, the point at
which the QCM-D signals reached steady state was concentration de-
pendent. At 1 uM, the dissipation reached an inflection point and then
flattened at values higher than for the original SLB. For 5uM, on the
other hand, both frequency and dissipation reached an inflection point
that was followed by a slow increase in the frequency. For the highest
concentration of 10 uM, the frequency and dissipation displayed dif-
ferent steps where a peak in frequency (and the dissipation) was fol-
lowed by equilibration at values slightly higher in frequency (and lower
in dissipation) than before peptide addition. These signals are typical
indicators of significant lipid removal from the membrane.

Plots of Ad versus Af with the 7th harmonic were constructed and
shown in Fig. 1D to better visualise the different d/f regimes related to
various steps in the indolicidin interaction with the lipid membrane.
For the lower concentrations of 1 uM and 2 uM, two regimes were ob-
served: in regime 1) there was a large increase in the dissipation that
was accompanied by a large decrease in the frequency, and in regime 2)
there was a region where the dissipation decreased without any sig-
nificant change in the frequency that stabilized around —8 to —10 Hz.
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The former indicates penetration of the peptide into the bilayer while
the latter signal indicates the formation of a stiffer absorbed layer. For
2 M, the slope of the first regime was less steep than in the case of
1 uM, with a smaller increase in the dissipation over the same decrease
in frequency. This behaviour might indicate a deeper insertion into the
bilayer at the higher concentration, while at lower peptide concentra-
tions the peptide occupies a more superficial location on the membrane
which is reflected in an apparent less rigid structure. Similar behaviour
was seen for PAMAM dendrimers at higher concentrations (up to 8 pM)
[27].

For the higher indolicidin concentrations (5 and 10 uM) close to the
reported minimum inhibitory concentration (MIC) value of indolicidin
(8-16 uM dependent on the type of bacteria) [62], the slope for regime
1 was similar to the one observed for the lower concentrations
(Fig. 1D), although the rate of the initial binding was significantly
higher than the lower concentrations (Fig. 1A-C). The initial rapid
binding at higher concentrations agreed with reported data for zwit-
terionic PC membranes and indolicidin [40]. However, regime 2 dif-
fered from the one observed for the lower concentrations giving an
increase in frequency which was accompanied by a small dissipation.
The inflection points between regime 1 and 2 occurred at —6 Hz and
—8Hz for 5 and 10 uM, respectively. Finally, for 10 uM indolicidin
steady state was achieved at a higher frequency than the original bi-
layer. Regime 2 for the highest peptide concentrations indicated a loss
of wet mass at the surface, pointing towards peptide-induced solubili-
sation of the phospholipid membrane. Similar results were previously
obtained for higher indolicidin concentrations on pure PC membranes
[40]. The difference in the behaviour of the dissipation between 5 and
10 uM might be a result of the peptide penetrating deeper into the bi-
layer resulting in more rigid membranes. Aurein 1.2, that resembles
indolicidin in size, was shown to cause similar behaviour by QCM-D
where addition of high concentrations (20 uM) resulted in a steady state
frequency higher than the initial baseline [25].

Although the QCM-D measurements point towards different steps in
the molecular mechanism of action between indolicidin and lipid
membranes as a function of peptide concentration, they could not
provide any structural information on the changes induced in the lipid
membrane. Therefore, experiments were carried out using NR on the
same system to provide higher resolution information of the structural
interaction of the AMP. Fig. 2A, B and C show the reflectivity profiles,
best fits and SLD profiles for DMPC/DMPG (90/10) bilayers before and
after exposure to either 0.8 (1:10 peptide-lipid ratio) or 10 uM (~1:1
peptide lipid ratio) indolicidin in two solvent contrasts (H,O and D50).
The structural parameters for the pristine SLBs were similar and thus
only one of the SLB reflectivity curves are shown in Fig. 2 (Table 1 gives
the parameters used to fit the data). The full data sets for the two SLBs
are given in the Supplementary material Fig. S2.

From the fit analysis of the pristine SLBs NR data, we obtained a
thickness and area per lipid that was comparable with literature values
based on MD simulations and SAXS data on DMPC/DMPG phospholi-
pids [9,13,63]. Moreover, the SLDs obtained were in agreement with
the theoretical SLD values for the lipid mixture as shown in Table S1.
Moreover, the total bilayer thickness seemed unaffected by exposure to
0.8 uM peptide, while a slight decrease from 38 to 36 A was seen for the
bilayers exposed to 10 uM indolicidin. This slight thinning is, however,
within the error of the fit analysis. Furthermore, peptide addition
caused a change in the fitted SLD values for both lipid headgroup and
core as compared to that for pure lipid bilayers. For 10 uM indolicidin,
peptide addition resulted in changes of the SLD profile throughout the
whole bilayer, while 0.8 uM mainly affected the SLD profile for the
outer headgroup and the tail region. The observed changes in SLD are
explained by the peptide having a different SLD than the lipids thus
resulting in a change in the average SLDs of the modelled layers upon
insertion of the peptide (see Table S1).

The NR fit analysis of the 0.8 uM indolicidin data (1:10 peptide to
lipid ratio) indicates that the peptide inserted into the outer headgroup
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and tail region of the bilayer and did not affect the inner headgroup. For
10 uM (approximately 1:1 ratio) indolicidin, the peptide penetrated
deeper into the bilayer which could be observed as a change in the
average SLD of the inner headgroup region in Fig. 2B. The amount of
peptide inserted in the head region of the membrane could readily be
calculated from the SLD values and it increased significantly from 0 to
60% in the inner head group and 13 to 36% in the outer headgroup
when increasing the concentration of the peptide from 0.8 to 10 uM. On
the other hand, the amount of peptide incorporated in the tail region
did not seem to be affected by the peptide concentration and remained
at 17%. This points towards a clear affinity of the peptide for the head-
tail interface also upon penetration to the inner leaflet.

3.2. Lipid removal caused by peptide insertion

Table 1 shows that the bilayer coverage decreased significantly for
10 uM indolicidin, implying that more lipids were removed from the
membrane as the peptide (surface) concentration increased. Lipid re-
moval is in agreement with our QCM-D experiments (Fig. 1), where
injection of 10 uM indolicidin led to a decrease in mass on the sensor
explained as removal of phospholipids from the bilayer. The changes in

the thickness and solvent fraction of the tail region indicated that the
peptide significantly disturbed the ordering of the tails, which is also
corroborated by DSC experiments published in a recent work by Nielsen
et al. [6].

In Fig. 3, the NR and SLD profile of the bilayer exposed to 0.8 uM is
shown before and after extensive rinsing with tris-buffer using three
contrasts (D-tris, H-tris and cm3-tris). Note that this is different from
Fig. 2 where we only compare the samples in the presence of peptide
and prior to rinsing with buffer. The corresponding fit parameters for
the SLB in the presence of indolicidin and extensive rinse are shown in
Table 1, while those fit parameters for the data of 0.8 uM showing the
bilayer before rinsing is given in Table S1 in the Supplementary ma-
terial. The inset in Fig. 3 shows the reduced reflectivity, RQ*, plotted
against Q to highlight the appearance of a distinct peak at the Q range
of 0.10-0.13A7! upon incubation with indolicidin (marked with an
arrow in Fig. 3A). This peak was clear for the H-tris data due to the high
contrast towards the deuterated lipids. This contribution was modelled
by addition of two mixed lipid/peptide layers (it was seen that two
extra layers were needed to fully explain the data), separated by a thin
water layer (6 A). The coverage of the middle lipid/peptide layer (in
direct contact with the SLB) was 27% for 0.8 pM, while the outer lipid/

07 A) Bilayer:
o H-Tris — fit
’ o D-Tris — fit
0.8uM Indolicidin:
® D-Tris — fit
-2 o H-Tris — fit
e 10uM Indolicidin:
C .34 e D-Tris — fit
> o H-Tris fit
o
—
-4
-5
-6

SLD[10°A7

1B)

Fig. 2. NR measurements of DMPC-DMPG
SLBs before and after addition of 0.8 and
10 uM indolicidin. (A) Reflectivity profiles
together with the best fits (lines) to the de-
scribed models. SLD profiles obtained from
the fit analysis against distance from the
interface for an SLB before and after being
exposed to indolicidin in the indicated con-
centration of D-contrast (B) and H-contrast

— Bilayer
— 0.8 UM Indolicidin
~— 10 uM Indolicidin

SLD[10°A%)

(C). In this case, 10 ml of the peptide was
flushed into the cell and rinsed off with
buffer prior to the NR measurements (the
experiments with the two concentrations
were performed in separate cells). The slight
difference in the SLD of the bulk is due to
incomplete exchange of the solution when
changing contrast (and typically accounts

— Bilayer
— 0.8 uM Indolicidin
— 10 uM Indolicidin
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Table 1

BBA - Biomembranes 1861 (2019) 1355-1364

Fitted parameters for tail-deuterated DMPC/DMPG membranes prior to and after exposure to 0.8 uM and 10 uM indolicidin and extensive rinse with buffer. Ay, is
the molecular area per lipid component including solvent. The amount of indolicidin incorporated in the different layers is estimated based on the change in SLD
observed after exposure to the peptide. As seen from the table, increasing the concentration of indolicidin from 0.8 to 10 uM results in deeper penetration of the

peptide into the bilayer causing higher lipid removal.

Layer d [A] Solvent [%] SLD [10 6A~?] Indolicidin % d [A] Solvent [%] SLD [10 ®A~?] Indolicidin %
Pristine SLB

Water 3 100 - - 4 +1 100 - -
Head (inner) 6 +1 18 = 3 1.83 - 6 1 13 =3 1.83 -
Tail 25 £ 1 4 1 6.7 - 26 £ 1 1+x1 6.7 -
Head (upper) 6 =1 18 £ 3 1.83 - 61 13 £3 1.83 -
Total thickness (A) 37 2 Amot 64 + 2A2 38 + 2 Amot 60 = 1A%

SLB after addition of 0.8 uM indolicidin 10 uM indolicidin

Water 3 100 - - 4 +1 100 - -
Head (inner) 6 +1 19 = 3 1.83 - 8 +1 13 = 3 2.6 60 = 3
Tail/indolicidin 25 £ 1 6 1 6.1 17 = 1 21 £1 15 = 2 6.1 17 = 1
Head/indolicidin 6 1 10 = 4 2 13 = 2 7+1 13 = 3 2.3 36 = 2
Total thickness (A) 37 £ 2 Amol N/A 36 + 2 Amol N/A
Indolicidin/lipid - - - - 27 £ 5 98 + 1 5.2 = 0.4 10 =
Water - - - - 6 *+1 100 -

Indolicidin/lipid - - - - 34 =1 98 =1 6.0 = 0.4 0

peptide layer had a low coverage of only 2%. The SLD for both of these
layers were found to be 5.6 10~ °A? indicating that these patches
mainly are composed of phospholipids, with only around 4% peptide.

Rinsing with buffer induced major changes in the reflectivity profile
with disappearance of the peak at intermediate Q. Therefore, these
patches seem to be relatively loosely attached structures. The thickness
of the patches was similar to the thickness of one bilayer i.e. 37 A. These
patches might originate from peptide/lipids complexes (for example
mixed micelles) as suggested from the SLD values obtained from the
analysis. Their low surface coverage is compatible with the amount of
lipids removed from the bilayer by the insertion of the peptide (17%).
Indeed, we observed a change in the composition of the lipid core layer
allowing to include the inserted peptide as described above. This me-
chanism is illustrated in Scheme 1. Lipid removal can be explained by
the decrease in the energy barrier against solubilisation of individual
lipids in the outer leaflet of the bilayer upon peptide integration in the
bilayer. This is a typical behaviour for the interaction of biosurfactants
with lipid membranes including surfactin, which is a natural lipopep-
tide surfactant with antibiotic properties. In this case, progressive lipid
removal takes place upon reaching a threshold biosurfactant con-
centration [43]. The removal of lipids due to peptide insertion is
characteristic for the detergent-like interaction mechanism that has
been reported for a series of linear amphipathic cationic peptides re-
sulting in gradual membrane disintegration [64].

No evidence of distinct pores or channels in the membrane was
observed at 0.8 uM indolicidin, a concentration that can be considered
as physiologically relevant. Under this condition, the peptide did not
seem to affect the inner headgroup and the bilayer coverage remained
stable even as lipids were exchanged by peptides. These results on

simple model membranes might suggest that the mechanism of in-
dolicidin is linked to disordering of the lipids in the bilayer upon
peptide insertion rather than defined pore formation. A possible ex-
planation of why pore-formation could not be seen in the case of in-
dolicidin may be linked to the lack of a secondary structure in solution.
Both melittin [44] and magainin [48] are examples of peptides with an
alpha-helical secondary structure that have shown to form pores by
quasi elastic neutron scattering (QENS) together with AFM and off-
specular neutron reflectometry. The alpha-helical secondary structure
may be essential for the clustering of the peptides in the membrane
resulting in the formation of barrel-stave or toroidal pores. Peptide
induced lipid disordering, as we observe for indolicidin, was suggested
by Wimley, among others, to cause lysis of bacteria and eventually, cell
death [2].

The formation of lipid/peptide patches upon addition of indolicidin
could visually be followed by time resolved AFM imaging, and analysis
of the corresponding height profiles (Fig. 4). In Fig. 4A and B, the pre-
formed SLB is shown as evidenced by the presence of a few defects of
~4 nm in depth, which is in agreement with the fit parameters from NR
on the same type of SLBs as shown in Table 1 and typical for a DMPC/
DMPG bilayer [9,13,63]. The bilayer defects disappeared immediately
after a continuous flow of 0.8 uM indolicidin solution was flushed over
the bilayer, and new patches were formed on top of the bilayer (seen as
light dots in Fig. 4C). This suggests that indolicidin readily integrated
and filled the defects present in the SLB. From the height profile in
Fig. 4D, the height of these patches could be determined to be 3.5-4 nm
and 7-8 nm and thus correspond to a single or double peptide-lipid
bilayer in perfect agreement with the results from the fit analysis of the
NR data. The formation of these patches happened on the time scale of

Fig. 3. NR measurements of a DMPC-DMPG

A Incubated with peptide solution: SLB after being exposed to 0.8uM in-
_ BI{E dolicidin and after rinsing with buffer. A)
2] —GHS Reflectivity profiles for the measurements
& Aftar-rinse with buffer: together with the best fit. Inset shows the
T :: same curves plotted in a RQ* against Q to
o = increase the visibility of the change in high
3 9 Q after rinsing. B) SLD profiles resulting
Incubated with peptide solution: Lo o . o from the fit analysis against distance from
ol H:Tris:ﬁ: *3 L= S $ the interface for an SLB before and after
e om3-Tris —fit e rinsing with buffer. Inset illustrates the
ALter[;c_r_lrsr!esvmtat‘Jﬂer: proposed position of the peptide in the
o MTrs —ft . . . ! : . - = = . = membrane resulting from the fit. The arrow
0:05 0:10 015 0220 0:25 0 20 40 60 8 _ 100 120 marks the peak that arises from the repeti-

Q[A’] distance from interface [A]
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minutes in the AFM experiment and did not change appearance with
incubation with the peptide over a time period of approximately 2 h.
When the membrane was subsequently rinsed with tris-buffer, however,
most of the mixed lipid/peptide structures were removed as seen in
Fig. 4E and F, also in agreement with our NR results. In contrast to the
NR experiment, not all the single bilayer patches were removed as seen
from the AFM image and the corresponding height profile. An ex-
planation to this discrepancy could be that the flow rate in the AFM
experiment was significantly lower than for NR. A very low flow rate
(~50 uL/min) in AFM is necessary in order to enable imaging under
flow. This might lead to less efficient removal of the lipid/peptide
patches.

3.3. Comparing reflectivity results for supported lipid bilayers with SAXS
data of unilamellar lipid vesicles

In order to compare the SLB results with unilamellar lipid vesicles,
we performed SAXS experiments on peptide-vesicle samples with si-
milar lipid: peptide ratios. The SAXS results for DMPC-DMPG-DMPE-
PEG liposomes with and without added indolicidin (1:10) are shown in
Fig. 5A. DMPE-PEG was added in the vesicle formulation to prevent
aggregation of vesicles upon peptide addition, but that should not affect
the interaction with peptides due to the low molar ratio of 2.5%. The
data was fitted using the asymmetric scattering density profile model
(SDP), as developed by Nagle, Kucerka and co-workers [8,10,11,15]
modified to account for the peptide scattering as described by Nielsen
et al. [6]. Fit analysis of the scattering curves for the liposomes gave a
membrane thickness of 37.4A and an area per lipid of 60A2 in
agreement with the results found in the NR data analysis (Table 1). In
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Scheme 1. Illustration of concentration dependent
interaction of indolicidin with lipid bilayers based on
fit analysis of SAXS and NR results.

Fig. 5, the SLD profiles calculated from the fit parameters from both
SAXS and NR are shown for comparison. The curves representing the
peptide-free membrane (red) found from the two methods virtually
overlap except for the oscillation in neutron SLD at the inner leaflet for
NR representing the silicon surface below the bilayer. The latter is not
relevant in the case of SAXS where free floating unilamellar vesicles
(ULVs) are used.

Upon addition of indolicidin, a shift in the X-ray scattering curve at
intermediate Q took place as shown in Fig. 5A. For SAXS data of lipid
bilayers the minimum in the scattering curve at intermediate Q is
highly sensitive to the negative contrast, i.e. lower electron density than
water of the lipid tails and positive contrast (higher electron density) of
the headgroups. Through theoretical modelling, it was found that this
shift in the minima upon peptide addition was caused by a change in
the scattering contrast as the peptide inserted into the bilayer. The in-
sertion is clearly visible due to the peptide having a higher electron
density than the lipids (as seen in Table S1 of the Supplementary ma-
terial). The SAXS data analysis suggests that the peptide inserted at the
interface between the head and tail region on the outer leaflet of the
membrane as a random coil. This is illustrated in the volume prob-
ability curve showing the membrane structure with the additional
Gaussian peak representing the peptide inserting in the membrane
(Fig. 5B).

To facilitate the comparison between the SAXS and NR results, the
electron density profile from our SAXS measurements was converted to
a neutron SLD profile in H,O and plotted together with the SLD profile
obtained from NR analysis (for 0.8 pM as the lipid: peptide ratio in these
two cases were similar) and plotted in Fig. 5C. Both NR and SAXS data
did not show major changes in the bilayer structure, as the overall

E) Rinse with buffer 10.0 nm
: 80
L 6.0
40
0.0

Thickness [nm]

0,10 0,15 020

Distance [um] Distance [um]

005 010 015 020 025 030 035 040 045 000 0,05 010 015 0,20 025 0,30

Distance [um]

Fig. 4. Time-lapse series of AFM images of a lipid bilayer made of DMPC and DMPG captured under continuous flow of the indicated solution. The scale bar in A
applies to all images. A) SLB formed on a Mica surface with good coverage but some remaining holes allowing for measurements of the thickness of the bilayer from
the height profile of two indicated pores as seen in B). C) 0.8 uM indolicidin flowed over the surface resulting in disappearance of the visible holes in the bilayer and
formation of bilayer patches with height profiles shown in graph D). E) SLB after rinsing with buffer resulting in removal of most of the patches and a decrease in the

height of the patches shown in graph F.
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Fig. 5. Comparison with previously re-

ported small angle X-ray scattering results
for liposomes exposed to indolicidin [6]. A)
Scattering curves and model fits for lipo-
somes with and without peptide. B) Illus-
tration of the volume probability distribu-
tion for the bilayer with the peptide
positioned in the interface between the
headgroups and the tail region on the outer
leaflet of the membrane. C) Comparison of
the neutron SLD profile derived from the NR
experiment (- - -) and SAXS experiment (—)
(the latter is converted from X-ray to neu-
tron SLD to directly compare the two
methods). The distance z = 0 marks the
centre of the bilayer.
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thickness of the bilayer remained constant. However, in SAXS experi-
ments, peptide to lipid ratios above 1:10 showed a ~3 A thinning of the
bilayer [6], which is also supported by molecular dynamics simulations
for this peptide [53,65].

The model used to analyse the NR data is the traditional slab model
that does not allow to extract the exact position of the peptide. Instead
each layer is averaged with a common SLD. Further division of the lipid
core layer into two layers to model peptide asymmetry did not lead to
an improved fit quality but rather over-parametrization. This might be
due to the lack of contrast, in particular between the peptide and lipid
head (see the SLD values given in Table S1). Therefore, we used the
symmetric profile to analyse the data to prevent over-interpretation of
the data and to minimise the number of fitting parameters. However, a
fit to a model allowing for an asymmetric peptide position in the bilayer
(see details of the model in Fig. S3) is included in the Supplementary
material to show that the NR data does not contradict the SAXS mod-
elling of an asymmetric distribution (Fig. S4).

In Fig. 5C, a comparison of the peptide effect on the bilayer as seen
for both NR and SAXS is presented by the corresponding SLD profiles
for the 1:10 peptide-lipid samples. The SLD profile from the NR results
showed a decreased plateau of the SLD in the middle of the bilayer
representing the tail region when compared to the pure bilayer. This is
due to the peptide having a lower SLD than the deuterated tail. The
effect that the peptide insertion had on the outer headgroups of the
lipid bilayer was not easily detected using NR, as mentioned above. For
SAXS, the sensitivity to changes in electron density as the peptide in-
corporates in the bilayer allowed us to determine the specific peptide
location [6]. When comparing the SLD profile from NR with the one
from SAXS we could see that the effect indolicidin had on the SLD
profile was localised in the outer leaflet (interface between head and
tail). The deeper penetration of the peptide seen from the NR SLD
profile, might be due to lack of sensitivity of the method as described
above. However, the deeper penetration might also additionally be
explained by the use of SLBs formed on negatively charged silicon oxide
surfaces that could attract the positively charged peptide deeper into
the bilayer. Although the NR fit allowed only up to 4 + 1 vol% solvent
in the tail region prior to peptide interaction, small pre-existing defects
(holes) in the SLB (as seen visually by AFM in Fig. 4) could facilitate
deeper peptide penetration into the membrane. However, as indolicidin
has some polar sidechains, as well as hydrophobic aromatic groups, it is
likely from a physical chemical perspective that the peptide will insert
in the interface between the head group that is partly hydrated and the
lipid tail region. It is less likely that indolicidin will position only in the
non-hydrated tail region.
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4. Conclusion

The combination of NR, QCM-D, AFM and SAXS allowed us to es-
tablish the structural interaction of indolicidin, a naturally occurring
antimicrobial peptide, with a model lipid bilayer. Our data suggest that
the insertion of indolicidin in the bilayer is strongly dependent on the
concentration. From QCM-D and NR, we conclude that indolicidin in-
teracts mainly with the outer headgroup and tail region at lower con-
centrations (<2 puM) while the peptide penetrates deeper into the bi-
layer diffusing also into the inner headgroup at higher concentrations
(=5pM). Interestingly, the resulting effect on the bilayer thickness is
also concentration dependent. Low concentrations of indolicidin cause
no changes to the thickness or overall structure of the bilayer, while
higher concentrations result in a disordering of the bilayer and a slight
thinning of the bilayer. Similar trends were observed for lipid vesicles
probed by SAXS. Combination of the information of the peptide inser-
tion from these methods provides good evidence in support of the
“interfacial activity” scenario presented by Wimley [2] where the
peptide causes a disordering of the lipids in the bilayer by inserting in
the interface between the lipid head and tail region. This is believed to
result in lysis of bacteria and eventual cell death, however, further
studies using lipid compositions closer mimicking bacteria membrane
needs to be studied to fully elucidate the mode of action. Further, in-
dolicidin seems to dissolve lipids in the membrane resulting in the
formation of lipid/peptide patches on the supported lipid bilayer as
seen by AFM and NR and in an increase in the size of the vesicles as seen
by SAXS.

In this work we show how detailed analysis of scattering techniques
on supported lipid bilayers as well as unilamellar lipid vesicles, together
with QCM-D and AFM imaging, are high resolution biophysical tech-
niques for the study of peptide interactions with model lipid mem-
branes.
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Typical QCM-D results for formation of DMPC90-DMPG10 bilayers before peptide exposure:
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Figure S1. QCM-D results showing formation supported lipid bilayers composed of DMPC and DMPG in a molar ratio of
9:1. Changes in frequency are shown in blue and dissipation in red. For clarity, both the frequency and dissipation at all the
harmonics are normalized to zero before addition of the peptide.



Neutron SLD [10° A2}

X-ray SLD [10° A?]*

d54DMPC

Head 1.84 14.0
Tail 6.7 7.71
d54DMPG

Head 2.46 15.1
Tail 6.7 7.71
d54DMPC:d54DMPG 9:1

Head 1.83 14.11
Tail 6.7 7.71
indolicidin 2.09%/3.12¢ 12.2

Table S1. Theoretical SLDs for the lipids and peptide used in this study.
“Calculated from the molecular component volume (based on MD simulations(13, 60)) and neutron scattering lengths.
bCalculated from the peptide molecular volume and the neutron scattering length.
“Calculated assuming exchange of all labile hydrogen atoms to deuterium in D;O.

Neutron Reflectometry results for bilayer 1 and 2 before peptide exposure:
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Figure S2. NR measurements of SLB before addition Indolicidin. Reflectivity profiles for the measurements together with best
fit for bilayer 1(A) and bilayer 2(B). SLD profiles obtained from the fit analysis against distance from the interface for bilayer
1 (B) and bilayer 2 (D).



Fit parameters for SLBs exposed to 0.8 pM indolicidin without rinsing with buffer:

Before rinse 0.8 pM indolicidin

Layer d[A]  Solvent [%] SLD [10°A? Indolicidin %

Water 3 100 - -
Head (inner) 6+1 19+3 1.83 -
Tail = 6+1 6.1 i

Head (upper) 6+1 10+3 2 17 £2

Lipid/Indolicidin 47751’ 73+1 6.4 1341
Water 171 * 100 - -

Lipid patch 4%1’ 98 +1 6.4

Table S2. Fitted parameters for tail-deuterated DMPC/DMPG membranes after incubation with 0.8uM Indolicidin prior to
rinse with buffer showing bilayer patches that are removed with rinsing. Amol is the molecular area per lipid component
including solvent.



Fit model for Neutron reflectometry results with and without extra peptide layer:

Volume fraction
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Figure S3. Illustration of model used to fit the neutron reflectometry data. A) symmetric bilayer model. B) Asymmetric
model corresponding to the SAXS model with peptide insertion in the outer leaflet used to fit the data in Figure S3. Both the
composition and size of the peptide block is varied.

0
6 | 1:10 Indolicidin:
4 T SAXe i resuts
5
4]
a4
T -3 o
~ o
= 341
& -4- a
| —
vvvvv A 24
-5 2
¢ 14
-6 - o D contrast — fit
o H-contrast — fit
7 °]
T T T T T T T - T T T T T _'-J
0.05 0.10 0.15 0.20 0.25 0.30 -30 -20 -10 [¢] 10 20 30
Q [ A1] Distance from Bilayer Center [A]

Figure S4. Fit analysis of NR data with an additional box of the peptide as illustrated in Figure S2B varied in size and
composition (amount of peptide). The result show that the NR does not contradict the SAXS modelling, but the resolution in
the NR data are not high enough to conclude on this fit model based on NR alone.



Analytical results of the purified indolicidin:
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Figure S5. MALDI-TOF-MS results of the purified peptide: [MH]: 1906.965 and [MNa*]: 1929.037 (1906.33 g/mol
calculated)
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Figure S6. Analytical HPLC results of the purified peptide showing a purity of 97.1 % (retention time 17.385).
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Hypothesis: Most textbook models for antimicrobial peptides (AMP) mode of action are focused on struc-
tural effects and pore formation in lipid membranes, while these deformations have been shown to
require high concentrations of peptide bound to the membrane. Even insertion of low amounts of pep-
tides in the membrane is hypothesized to affect the transmembrane transport of lipids, which may play
a key role in the peptide effect on membranes.

Experiments: Here we combine state-of-the-art small angle X-ray/neutron scattering (SAXS/SANS)
techniques to systematically study the effect of a broad selection of natural AMPs on lipid membranes.
Our approach enables us to relate the structural interactions, effects on lipid exchange processes, and
thermodynamic parameters, directly in the same model system.

Findings: The studied peptides, indolicidin, aurein 1.2, magainin II, cecropin A and LL-37 all cause a
general acceleration of essential lipid transport processes, without necessarily altering the overall struc-
ture of the lipid membranes or creating organized pore-like structures. We observe rapid scrambling of
the lipid composition associated with enhanced lipid transport which may trigger lethal signaling pro-
cesses and enhance ion transport. The reported membrane effects provide a plausible canonical mecha-
nism of AMP-membrane interaction and can reconcile many of the previously observed effects of AMPs
on bacterial membranes.
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1. Introduction

Antimicrobial peptides [1-6] show significant broad-spectrum
antibacterial activity. Several bacterial resistance mechanisms
e.g. extracellular proteases, [7] sequestration, [8] cell surface mod-
ifications [9,10] and increased efflux activity, [11] have been
described. However, it is apparent that the microbes rarely develop
resistance traits similar to what render many conventional antibi-
otics ineffective [12]. Contrary it is evident that antimicrobial pep-
tides and bacterial resistance mechanisms have evolved in
symphony to stabilize a host-pathogen balance [13]. It is believed
that the peptides target multiple hydrophobic sites, and have a
combined immunomodulatory activity making resistance develop-
ment more difficult [14]. It is suggested that the peptides owe their
antimicrobial properties to the disruptions of the cytoplasmic
membrane, [2,15,16], although a few peptides also are described
to have intracellular targets [15,17]. Chongsiriwatana and co-
workers recently suggested a combination of membrane permeabi-
lization with flocculation effect on internal ribosomes, RNA and
DNA causing the bactericidal effects in a study of a wide range of
natural and synthetic peptidomimetics [18]. Two physical charac-
teristics are regarded as fundamental for most AMPs: their cationic
charge and hydrophobic amino acids. The amphiphilic nature pro-
vides surface affinity towards lipid membranes and the basis of
selectivity is likely to be related to electrostatic attraction between
positively charged AMPs and the residual negative charge of micro-
bial cell surfaces [19]. These properties combined with their small
sizes promote easy translocation of the peptides through the outer
membrane of Gram-negative and the cell wall of Gram-positive
bacteria [20,21].

Although their membrane interactions are believed to be an
important component of their antimicrobial activity, the mecha-
nism is not yet fully understood. In the classical view, peptides
are thought to permeabilise the membrane, causing essential
molecules to leak through the cytoplasmic membrane through dis-
tinct channels [2,6,22]. Several suggested mechanisms involve var-
ious degrees of pore formation or deformations of the membrane.
Many of these have been criticized [4,23] for their high peptide-
lipid (P:L) ratios because these would be unrealistic under physio-
logical conditions [24]. Experimental data indicating clearly
defined pore structures at low concentrations are very limited
[4]. Most evidence comes indirectly from membrane permeability
studies where AMPs generally cause a release of dyes in liposomes
[25]. Screening experiments have also failed to show any clear
relationship between the AMP-induced membrane permeability
and the antimicrobial activity of the AMP, [18,26] questioning
the existence of nanometre pores. Similar confusion is observed
in biological assays, where a wide spectrum of fluorescent probes
is available for determination of membrane damage [27,28]. The
conclusions drawn from these studies often contradict the classical
growth experiments. This suggests that very subtle membrane
changes might be enough to prevent bacterial growth [29] or that
the effect on the membrane is the first step in a mechanism that
involves intracellular targets [18]. These observations have also
been confirmed with electron microscopy, where clear membrane
damage is observed only as subsets of the exposed bacterial cells at
concentrations well above the minimal bactericidal concentration
[30,31].

While most textbook examples emphasize the importance of
the peptide structure formation in pore formation, [1] the nano-
scopic nature of these pores is not clear. Recently, Wimley and
co-workers suggest an “interfacial model” where the peptide
rather perturbs the lipid bilayer, creating pores of a transient nat-
ure that would still allow some transport through the membrane
[4,15]. Within this picture well-defined structural peptide folds
are not necessary. Beyond the structural defects imposed by the

peptides several studies have reported that the peptides may also
affect the motion of the membrane lipids [23,32-37]. Hereunder,
lipid flip-flop, transport of single lipids between leaflets, which
without influence of peptides or proteins is known to be extremely
slow [38].

In this work we have used advanced X-ray and neutron scatter-
ing techniques to study the effect of peptides on the basic proper-
ties of the cell membrane mimics. We have used unilamellar lipid
vesicles that have been shown to be a simplified yet relevant
model for studying antimicrobial peptide-membrane interactions
[39]. Contrary to previous studies, we have focused both on
changes in the structure and the dynamics of the lipid membrane
upon interaction with the antimicrobial peptides as illustrated in
Fig. 1. Using a wide range of natural antimicrobial peptides, vary-
ing in size, charge, degree of helicity and origin, we show how
the peptides have a profound impact on the exchange processes
of the phospholipids constituting the membrane. Except colistin
(polymyxin E), which is known to mainly target the lipopolysaccha-
rides (LPS) on the outer membrane of Gram-negative bacteria [40],
all of the investigated peptides significantly accelerates both the
flip-flop motion and the molecular transport of phospholipids
without changing the overall structure of the membrane in any sig-
nificant way. We speculate that this is a general feature of a broad
range of antimicrobial peptides and that it is important for their
mode of action. Alteration of the lipid exchange processes would
have a significant impact on many fundamental properties of the
lipid membrane such as the lipid composition and distribution in
the inner and outer leaflets and transport processes, including
ion transfer. The results we present may offer an explanation as
to why leakage across the membrane has been seen in experiments
without clear evidence of pore-formation.

2. Materials and methods
2.1. Vesicle preparation

Unilamellar lipid vesicles were prepared by making a lipid film
of DMPC (75%), DMPG (22.5%) and DMPE-PEG (2.5%) by dissolving
the lipids in methanol:choloform and removing the solvent by vac-
uum using a Heidolph rotary evaporator with a Vacuubrand vac-
uum pump. The lipid film was hydrated in a 50 mM Tris buffer
of pH 7.4, then sonicated for 15 min and the resulting lipid disper-
sion was extruded through a through a 100 nm pore diameter
polycarbonate filter (>21 times) using an Avanti mini-extruder fit-
ted with two 1 mL airtight syringes.

2.2. Small angle X-ray scattering

SAXS experiments were performed at the bio-SAXS BM29
beamline at European Synchrotron Radiation Facility (ESRF) in
Grenoble in France, with a detector distance of 2.87 m and energy
of 12.5 keV, covering a Q range of 0.0047 A~! to 0.5 A~! at 37 °C.

The SAXS results on the pure lipid vesicles were analysed using
t-he scattering density profile (SDP) model presented by Kucerka
and co-worker, which allow the bilayer structure to be described
in terms of one-dimensional volume probability profiles of quasi-
molecular lipid fragments [41-43]. Each leaflet of the membrane
is parsed into the hydro- carbon terminal methyl (CHs), hydrocar-
bon methylene (CH;), carbonyl + glycerol (CG) (common for all
three phospholipid) and outer part of head group (PC/G head),
and the volume probability distributions of the components are
described by Gaussian functions (equation 6 in the supplementary
information). However, based on prior work from Eicher et al. the
volume probability of the hydrocarbon methylene (CH,) group
(calculated by subtracting the volume probability of the CHs from
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Fig. 1. Methodology used to study peptide-membrane interactions on both a structural and dynamical level. A) Illustration of lipid vesicles used as model systems for bacteria
membrane. B) Example of SAXS data used to determine structural peptide-membrane interaction. C) Illustration of the TR-SANS method where deuterated and proteated
liposomes are re-suspended at time zero and then the gradual mixing of lipids through exchange and flip-flop are tracked over time through detection of increased scattering

intensity. D) Example of TR-SANS data for DMPC/DMPG at 37 °C.

the hydrocarbon groups (HC representing the tails)) is modelled
using a half period squared sine/cosine function to account for
eventual asymmetry in the bilayer [44]. To analyse the lipid-
peptide mixtures the contribution from the peptide was added in
the model as a pseudo-parsing group across the bilayer, and the
volume probability of the peptide as an additional Gaussian func-
tion [45]. For a detailed mathematical description of the theoretical
scattering model used to analyse the SAXS data, see the supple-
mentary information.

2.3. Time resolved small angle neutron scattering

TR-SANS experiments were performed on the KWS-2 beamline
at the Heinz Maier-Leibnitz (FRM II) center, MLZ in Garching, Ger-
many using detector distance of 20 m and a wave length of 5 A,
covering a Q range of 0.0032 A~ to 0.039 A",

3. Results and discussion

3.1. Most natural antimicrobial peptides do not change the overall
structure of lipid membranes

To study the membrane interaction of different AMPs we did
SAXS experiments on peptide-lipid mixtures which allows us to
precisely investigate structural changes in the lipid bilayer as well
as the overall effect on the vesicle morphology. As shown in a pre-
vious study [45,46] the SAXS patterns of lipid vesicles are extre-
mely sensitive to the insertion of antimicrobial peptides due to
the significant contrast in electron density between the tail region
in the core of the lipid membrane and the peptide. Of the wide
range of AMPs found in nature we chose to study four well known

o-helical AMPs: LL-37 [47], a human peptide, cecropin A [48] found
in moths, and magainin II [49] and aurein 1.2 [50] found in frogs. In
addition, we have previously performed an in-depth study of the
unstructured peptide indolicidin of bovine origin [45,46]. The
chemical structures of the AMPs are shown in the supplementary
information Figure S1 and the helicity of the peptides in the pres-
ence of our lipid model system has been confirmed with circular
dichroism spectroscopy as seen in Figure S2 and Table S1. The
effect on the scattering pattern depends on the peptide concentra-
tion as seen in Fig. 2, with an increasing shift in the first minima
(dotted line) to higher Q with increasing peptide to lipid ratio.
The shifts in the scattering pattern is due to the peptide penetrat-
ing into the bilayer, but the exact position of the peptide cannot be
deduced from mere visual inspection. To extract detailed structural
information from the SAXS data we have therefore used an analyt-
ical scattering model which is described mathematically in the
supplementary information [45]. Parameters related to the lipid
bilayer have been constrained within the previously found values
(see supplementary information for details). From these analysis,
we may deduce the volume probability profiles which show the
distribution of the different chemical groups, including the pep-
tide, across the bilayer. The main fitting parameters used to
describe the changes in the scattering pattern upon peptide addi-
tion are the position Zpeptige and distribution Gpeprige Of the peptide,
which describes the insertion in the membrane.

The fit analysis of the scattering patterns reveals important dif-
ferences in the peptide-lipid interactions of the four peptides. This
can be seen from the volume probability distribution plot in Fig. 3
and key fit parameters in Table 1. The larger peptide cecropin A
with 37 residues does not penetrate into the bilayer and is dis-
tributed mainly on the surface of the vesicles, while the smaller
magainin Il with 23 residues penetrates into the interface between
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Fig. 2. Small angle X-ray scattering data with model fits (-—--) for peptide-lipid
mixtures at ratios 1:100, 1:50, 1:20 and 1:10. Peptide insertion result in a change in
the bilayer contrast (scattering length density of the bilayer compared to the buffer)
seen as a shift in the minima at intermediate Q-values. A line has been added at the
minima to visualize the shift.

the tail and head region of the outer leaflet. The latter shows high
similarity to indolicidin [51], a natural, unstructured AMP with 13
residues that has previously been studied in detail using the same
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SAXS technique [45] as well as with Neutron Reflectometry [46].
Aurein 1.2 with 13 residues penetrates deeper into the bilayer, with
a symmetric distribution of peptides spanning across the entire
bilayer. In the scattering patterns in Fig. 2 these changes can be
seen as subtle difference in the position and depth of the minima.
A symmetric distribution of peptides within the membrane results
in a depth of minimum that is more similar to that of the unper-
turbed bilayer structure while the asymmetrical distribution of
the other peptides results in shallower minima. A comparison of
the simulated scattering curves from different peptide distribu-
tions has been included in the supplementary information, Fig-
ure S3. Here we considered i) a single Gaussian in the outer
leaflet, ii) symmetric double gaussian with peptide in outer and
inner leaflet, and, iii); a broad transmembrane distribution pf the
peptide. Although the distribution of aurein 1.2 spans over the core
of the bilayer, the short peptide is not long enough to form distinct
pores, [52] an observation which is in agreement with earlier stud-
ies using neutron in-plane scattering [53]. Nano-DSC experiments
included in supplementary information Figure S4 and S5 confirms
that all peptides disturbs the packing of the lipids resulting in a
lowered melting temperature (T,,), the same behaviour has previ-
ously been seen for peptides known to insert into the hydrophobic
region of the lipid membrane [45].

At the lower peptide ratios depicted in Fig. 2, the scattering pat-
tern does not reveal any notable effect of LL-37 with 37 residues on
the overall structure of the membrane. The insertion of the peptide
in the bilayer at this concentration range seems highly concentra-
tion dependent, where increased concentration leads to a deeper
insertion as illustrated in the volume probability plot in Fig. 3.
The scattering pattern of the higher concentrations of LL-37, how-
ever, is remarkably different than the effect of the other peptides
(supplementary information Figure S6). Here the entire shape of
the scattering curve is altered, and the slope at low Q follows a
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Fig. 3. Volume probability distributions for the lipid membranes with various amounts of peptide (aurein 1.2, cecropin A, magainin Il and LL-37). The area of the Gaussian
function of the peptide (grey coloured peaks) increases with increasing amounts of peptide added to the sample. Inset drawing illustrates the proposed position of the
peptides (PDB ID): Aurein 1.2: 1VM5, Magainin II: 2MAG, Cecropin A: 2LA2 (the PDB structure of a close Cecropin analog used as an illustration as the PDB of Cecropin A from
1988 [56] is not available in the PDB database), LL-37: 2K60 [57-60] in the membranes resulting from the fit (peptide is not in scale to lipids in drawing).



Table 1

Overview of the key fitting parameters from SAXS data on liposome-peptide mixtures (for detailed list see supplementary information Table S2).
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power law of Q' compared to the steeper slope of the scattering
curves for the other peptides. This indicates that the peptides par-
tially solubilize the membrane and causes the formation of mixed
micelles of peptide and lipids. The same behaviour has previously
been reported by Sevcsik and co-workers based on SAXS where the
resulting structures were reported to have a disc-like shape
[54,55]. At peptide-lipid ratios of 1:100, 1:50 and 1:20 analysis of
the scattering curves indicates only a 0-0.03 fraction of mixed
micelles (see Table S2).

3.2. The phospholipid transport in bacterial membranes are
accelerated by natural AMPs.

Studies of the lipid exchange processes in the model mem-
branes by time resolved SANS contrast variation technique (Fig. 1
C/D) provide evidence that both the intra-vesicular flip-flop and
inter-vesicular exchange of lipids is greatly affected by the addition
of various AMPs. This technique exploits the fact that neutrons are
scattered differently by hydrogen and deuterium, so that mixing
identical, but differently labelled vesicles with H-lipids and
p-lipids in H,0/D,0 buffer mixtures that match the average scat-
tering length density of the liposome mix after full exchange (zero
average contrast) result in decreased scattering intensity over time
(see Fig. 1E) due to the exchange of lipids between the vesicles
[61-68]. In other words, the liposomes gradually become matched
to the background, and therefore progressively become “invisible”
for neutrons with time. The experimental method and analysis of
the data is described in detail in the supplementary information.
Previously, it has been shown that the exchange and flip-flop rates
are directly dependent on the acyl chain length due to changes in
solubility and fluidity [69,70]. All the experiments presented are
done at temperatures above the melting temperature of the lipids
(above 24°) as the membrane is then in the fluid liquid crystalline
phase.

Comparing the rate of intensity decay, R(t) presented in Fig. 4A
reveal a clear impact of addition of various peptides at 37 °C. Fit
analyses of the R(t) curves by the model described in the supple-
mentary information reveal two independent processes: a fast
exchange process and a slower flip-flop process. Rates for both of
these processes can be extracted from the fit analysis. The rate of
exchange being higher than the flip-flop rate has also been
reported previously for the same lipids [61,70,71]. As a positive
control we used colistin [72], a commercially available peptide
antibiotic that is known to have another target than the cytoplas-
mic membrane [40], contrary to what is suggested for a range of
other AMPs as described in the introduction. The absence of any
membrane interaction with colistin in the used concentration range
was confirmed using SAXS (see Figure S7) and DSC (see Figure S5B).
Contrary to what we see with our model system, Dupuy and co-
workers have observed some colistin interaction with model mem-
branes mimicking Gram-positive and Gram-negative bacteria, [73]
however the model system and more importantly, the methodol-
ogy in this study differs from ours. There the peptide was mixed
in the organic lipid solution before preparation of lipid films for
hydration, while in our case the peptide was mixed with the lipid
vesicles directly prior to the measurement.

As can be seen from the decay curves, R(t), shown in Fig. 4. All
the peptides tested except colistin significantly accelerate the lipid
transport in our model membranes. The model liposomes used for
the experiments also include a small amount of PEGylated lipids to
prevent fusion and aggregation of vesicles upon peptide addition.
To validate this, vesicles with 2.5 and 5% PEGylated DMPE with
and without 1:10 indolicidin were measured. The results show
no difference in lipid exchange processes between the two systems
(Fig. 5A). Furthermore, in order to provide further evidence that the
evolution of the intensity over time is due to single chain exchange
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Fig. 4. Results from TR-SANS studies on the effect of natural antimicrobial peptides
on the lipid dynamics in membrane model systems at 37 °C. A) Rate of contrast
decay, R(t), of lipid vesicles after mixing D- and H-labelled vesicles with addition of
indicated peptides in the ratio 1:10. LL-37, as indicated in the legend, is shown at a
mixing ratio 1:50. Solid curves are fitted curves according to equation 36 in
supplementary information. B) Rate constants for exchange (dark colours) and flip-
flop (light colours) based on the curve fitting of R(t) data for various natural
peptides. The inset dotted lines indicate the k values for exchange (kex) and flip-flop
(kqip) of pure lipid vesicles for comparison.

and flip-flop, and not fusion of vesicles or other collision induced
mechanisms, identical samples with different overall concentra-
tions were tested at the same temperature. The curves overlap

perfectly and we can conclude that there is no effect of fusion in
the investigated concentration range (Fig. 5B).

Indolicidin, aurein 1.2, maganin II, cecropin A and low ratios of
LL-37 (1:50 peptide:lipid ratio) are seen to significantly accelerate
the lipid exchange process in the same order while the effect on
the lipid flip-flop varies considerably amongst the peptides. Given
the very different nature of the peptides in terms of molecular
weight, secondary structure, flexibility, and surface characteristics,
it may appear that lipid exchange is the outcome of an early initial
electrostatic interaction between the peptides and the lipid mem-
brane. A firmer anchoring of the peptide in the membrane on the
other hand assists lipid flip-flop, and the architectural differences
amongst the peptides mirror the diverse flip-flop rates we report.
Furthermore, we do not, find a direct correlation between the frac-
tion of peptide localized in the head or tail region of the mem-
brane, or the size of the peptides, and the effect they infer on the
lipid flip-flop. Nguyen and co-workers found that peptides that
tend to localize at the surface of the membranes accelerated the
flip-flop to a higher degree than peptides that insert into the
bilayer [35]. This supports our observation of a significant acceler-
ation of the flip-flop process by cecropin A, magainin II and indoli-
cidin which all were found to localize on the membrane surface in
the analysis of the SAXS data. They seem to accelerate the lipid
transport to the same degree, corresponding well with insertion
into the interface of the head and tail region of the outer leaflet
However, although aurein 1.2 inserts deep into the core of the
membrane, the peptide also gives a dramatic effect on the flip-
flop rate. Fernandez and co-workers have previously suggested
that aurein 1.2 acts in a detergent like manner by neutron reflec-
tometry and nuclear magnetic resonance experiments [74]. Here
we do not, in contrast to LL-37, observe membrane dissolution
and micelle formation in our SAXS experiments. However, the sig-
nificant amphiphilic nature of aurein 1.2 would explain the strong
observed effect on lipid transport. Although the localization within
the bilayer vary with the peptide, the overall effect on the dynam-
ics is similar. This demonstrates that although the peptide interacts
in varying manner with the membrane structurally and displays
different interaction strength and concentration dependence, the
overall effect on the lipid dynamics is similar. Combined this point
towards a canonical effect of the peptides that likely constitutes an
important part of their antibacterial mode of action.

It is interesting to compare the results for LL-37 and indolicidin
in more detail. For LL-37 we find a strong concentration depen-
dence on both the structure and lipid dynamics. At a 1:10 pep-
tide:lipid ratio, when the vesicles still persist, LL-37 causes a
dramatic acceleration of both lipid exchange and flip-flop from
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Fig. 5. A) R(t) curve for different PEG amounts, 5 and 2.5% DMPE-PEG, with and without peptide showing that PEGylation in this range does not seem to significantly affect
the dynamics.B) R(t) curve for liposomes with and without peptide, with liposome concentration of 2.5 mg/mL and 5 mg/mL. The results reveal no concentration dependency
in this range indicating that the loss of intensity is due to single chain exchange of lipids, not fusion of vesicles.
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hours to a few minutes that is faster that the time resolution of the
measurement. When the peptide concentration is lowered to 1:20,
a profound acceleration is still observed. Here the end state is
reached within 20 min, thereby giving fewer data points and there-
fore large error bars in the calculated exchange and flip-flop rates.
For indolicidin we do not see the same clear concentration depen-
dency, but only a slight decrease in the rate of flip-flop with
decreasing concentration of peptide. As seen from SAXS [45] indoli-
cidin only inserts into the bilayers outer leaflet without any notably
change in the overall structure of the bilayer at all tested concen-
trations. Although all peptides, except colistin have similar levels
of this effect, it is challenging to correlate the structural and
dynamic effects quantitatively. A very weak concentration depen-
dence of the flip-flop rate is seen from indolicidin, without a corre-
sponding marked concentration dependent effect on the exchange
rate.

3.3. The acceleration of the lipid exchange processes can be explained
by a reduction of the activation energy or effectively reduced friction

The difference we see in the structural interaction of LL-37 and
indolicidin provides an explanation of the variance observed in
their impact on the lipid transport. A deeper look into the thermo-
dynamic parameters extracted from measurements at different
temperatures might provide a more thorough understanding on
the phenomenon.

From TR-SANS experimental data on identical samples at differ-
ent temperatures we can extract the activation temperatures (E;,)
and an attempt time (7o) through the Arrhenius equation:

1 E,
k_f—0 exp<fﬁ>

From the fitted data depicted in Fig. 6, we find for LL-37, a large
decrease in the activation energy of the exchange kinetics from
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103 kJ/mol without peptide to 77 k]J/mol after peptide addition.
For the flip-flop process, however, the activation barrier is constant
about 75 kJ/mol with and without peptide while at the same time
the characteristic diffusion time, to, is reduced by 5% The latter
points towards a reduction of the effective friction coefficient or
entropic effect experienced when the peptide transverses the
bilayer. Indolicidin on the other hand, affects the activation energy
of the flip-flop which decreases from 74 kJ/mol to 64-66 kJ/mol
after peptide addition without a significant effect on the activation
energy of the lipid exchange. With this we can conclude that the
increases in the rates of flip-flop for LL-37 and exchange for indoli-
cidin are not due to a change in the activation energy of the pro-
cesses but rather in the pre-exponential factor. This effect can be
explained by a reduction in the effective friction factor as the lipid
passes the bilayer, e.g. through defects, or, possibly a lower entro-
pic barrier upon peptide interaction. Applying an Eyring approach
(see supplementary information for details and Table S4), we do
find a small increase in the TAS, for flip-flop with addition of the
peptides. This possibly indicates complexation between the lipid
and peptide. It has previously been hypothesized by, amongst
other Conboy and co-workers, that peptides can facilitate
increased flip-flop through defect-driven lipid translocation or
increased entropy of the transition state resulting in a lower bar-
rier for flip-flop [34,75]. Further it has been hypothesised in the
past that AMPs may cause formation of lipid domains consisting
of anionic lipids in the outer leaflet of the membrane due to their
cationic charge [76]. One could imagine that the increased trans-
membrane transport of lipids observed in this study was linked
to this process where insertion of peptides in the surface of the
outer layer induces an asymmetric distribution of anionic lipids
between leaflets, a lipid scrambling process. However, we have
earlier showed that domains of anionic lipid could not be observed
in similar model vesicles upon addition of indolicidin, using a con-
trast variation and SANS [45].
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Fig. 6. Results from TR-SANS experiments on the effect of natural antimicrobial peptides on lipid dynamics in membrane model systems at four different temperatures. A)
Rate of contrast decay, R(t), of lipid vesicles after mixing D- and H-vesicles with addition of 1:50 indolicidin (A) (inset graph shows concentration effect of indolicidin at 37 °C)
and 1:50 LL-37 (C). Solid points represent the data for pure lipid vesicles, while open dots represent the vesicle samples upon peptide addition. Solid curves are fitting curves
according to equation 36 in supplementary information. B) Arrhenius plots of the rates of exchange (kex) and flip-flop (kg;p) for samples with indolicidin 1:10, 1:20 and 1:50

(B) and LL-37 (1:50) (D).
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For LL-37 on the other hand both the SAXS and TR-SANS data
already reveal more pronounced effects and concentration depen-
dence. LL-37 inserts deeper into the core dependent on concentra-
tion of peptide to lipid. The effect on the dynamics is also highly
concentration dependent. When the peptide inserts into the core
of the membranes the local polarity of the hydrocarbon region
might be increased due to the hydrophilic charged sidechains of
LL-37. This results in a reduced energy barrier for the lipid head-
groups to pass through the hydrocarbon region resulting in
increased flip-flop [77]. Furthermore, LL-37 is seen to partly solu-
bilise the lipid bilayers resulting in a dramatic increase in lipid
exchange, this can be associated with introduction of defects in
the membrane supporting translocation of lipids over the
membrane.

4. Conclusion

In this work we employed multiple techniques to investigate
the effects of various representative natural antimicrobial pep-
tides on membrane model systems. With a combination of struc-
tural and topological information obtained from SAXS
measurements and comparison of kinetic parameters describing
the lipid transport as measured by time-resolved SANS experi-
ments we are able to compare the effects of the peptide on the
membrane structure with the effects on lipid exchange and flip-
flop directly. To our knowledge this study is the first of its kind,
systematically using both static and time resolved techniques to
look at the effect of antimicrobial peptides with a single model
system allowing for direct comparison of the effects. These results
give significant insight into how the membrane effect of antimi-
crobial peptides is rather complex and cannot be correlated
directly to molecular size, structure or charge independently.
Instead, it is related to the structural interactions that cannot
easily be predicted from the isolated chemical characteristics.
While the presented results show that acceleration of the lipid
transport is a general feature of these peptides, the level of effect
on lipid flip-flop and exchange varies between peptides. A direct
comparison of the activation energies of lipid exchange and lipid
flip-flop in membranes interacting with LL-37 and indolicidin
reveal how the overall general increase in transport seen for both
peptides have different origins. While indolicidin lowers the acti-
vation energy for lipid flip-flop due to insertion in the outer leaf-
let of the lipid bilayer, LL-37 has a more significant impact on the
intervesicular lipid exchange which can be explained by the pep-
tide acting partially as a solubilising agent at higher, non-
biologically relevant, concentrations. The latter also questions
the detergent model often proposed as an AMP mechanism
although it shows that peptides that act like potent amphiphiles
also have profound, most likely stronger, impact on the lipid
membrane exchange processes.

Beyond the results presented here we confirm that the same
trend of a general peptide induced acceleration of lipid transport
also can be observed in model systems closer mimicking the mem-
brane of a real bacteria cell, consisting solely of PE-PG lipids [78].
The comprehensive results reported here, together with previous
independent studies on structure and lipid exchange processes,
support a coherent scenario in which acceleration of lipid flip-
flop is an important part of the membrane destabilization without
the combined observation of significant structural changes in the
membrane. Bacterial death due to an increase in lipid dynamics
might both be linked to scrambling of lipid composition within
(flip-flop) and between (exchange) neighbouring membrane,
increased transport of ions and other solutes across the membrane
and solubilisation and permeability of the membrane as has all
been observed in literature [32,79]. Moreover, the effects seen here
may be the first step of a more complex mechanism where

increased lipid flip-flops allows the peptide to enter the bacteria
cells to target intracellular RNA, DNA or ribosomes as previously
suggested [18]. In order to fully understand their biological func-
tion, more in depth studies using complex membranes consisting
of more realistic lipid mixtures and addition of membrane proteins
are needed. Nevertheless, given the general effect of AMPs and
their profound canonical acceleration of the lipid dynamics give
valuable insight into the microscopic mechanisms and reconcile
many of the previously observed effects of AMP on bacterial
membranes.
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Materials and methods:

Materials:

Synthetic DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine), d-DMPC (1,2-dimyristoyl-
d54-sn-glycero-3-phosphocholine), DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-
glycerol)), d-DMPG (1,2-dimyristoyl-d54-sn-glycero-3-phospho-(1'-rac-glycerol)) and DMPE-
PEG (1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000]) were purchased from Avanti Polar Lipids. The peptides indolicidin, aurein 1.2, magainin
1, LL-37 and cecropin A were purchased from Schafen-N ApS, Copenhagen. The 50 mM tris
buffer was prepared by mixing Tris-base with Tris-HCI (Sigma Aldrich) in the correct ratio to
achieve a pH of 7.4 in 50 % D,O (Sigma-Aldrich) and 50 % H>O (MiliQ).

Sample preparation:

The lipids in a ratio of 75 mol % DMPC, 22.5 mol % DMPG and 2.5 mol % DMPE-PEG were
dissolved in a 1:3 methanol:chloroform solution. The organic solvents were removed under
vacuum using a Heidolph rotary evaporator with a Vacuubrand vacuum pump. The resulting lipid
film was hydrated with Tris buffer for at least one hour at a temperature of 34 °C. After sonication
for 15 minutes, the lipid dispersions were extruded through a 100 nm pore diameter polycarbonate
filter (>21 times) using an Avanti mini-extruder fitted with two 1 mL airtight syringes.

The peptides were dissolved in Tris buffer to the desired concentration.

Circular dichroism measurements:

Circular dichroism spectra were recorded using a Jasco J-810 spectropolarimeter (Jasco
International Co). All measurements were taken using a quartz cuvette (Starna) with 1 mm path
length. Samples were scanned at 50 nm/min with a bandwidth of 1 nm and a response time of 1
s over the wavelength range 190-250 nm. The samples were scanned 5 times and the data
averaged. A sample-free control was measured and subtracted from the samples. Spectra were



recorded both for pure peptide and lipid samples as well as mixes of different lipid to peptide
ratios. All measurements were done at 37 °C. The a-helicity content in % (f) of the peptides
were estimated from the single-point method, from the mean residue ellipticity at 222 nm
([©],22) and the following equation, where f;; and n represent the a-helical content and the
number of peptide bonds, respectively:[1]

fu = 100% - [0],,,/(40000 - (1 — 2.5/n)) (1)

Where n is the number of residues.

DSC measurements:

Thermal analysis was performed using a differential scanning calorimeter (DSC) TA Instruments
“nano-DSC” instrument for solutions, which allows detection of heat flows on the pJ/s scale. The
heating rate was 2°C/min and samples were scanned from 5 to 45 °C. The thermograms were
recorded during both heating and cooling for each sample to look for hysteresis effects. The Tris
buffer was measured separately using the same settings. The background subtraction, peak
integration and peak modelling were performed using the NanoAnalyze Software. The measured
power was converted to molar heat capacity in kJ/mol/K.

SAXS data collection:

SAXS experiments were performed at the automated BM29 bioSAXS beamline[2] at the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The data was obtained
using a detector distance of 2.87 meter and energy of 12.5 keV, covering a Q range of 0.0047
A7t0 0.5 A7!. The data set was calibrated to an absolute intensity scale using water as a primary
standard. 45 pL samples were run through a capillary using the flow mode of the automated
sample changer.[3] SAXS data were collected in twenty successive frames of 1 s each to
monitor radiation damage and the data reduction was done using the standard tool at BM29.[4]

SAXS data analysis:

From a joint fit of synchrotron X-ray scattering data we can extract detailed information on the
structure of the membrane.[5-8] The high-resolution and the peculiar difference in electron
density between the head- and tail-groups of the lipid and water provides a significant
sensitivity to changes in the contrast in X-ray scattering. It has previously been shown[9, 10]
that the coherent scattering from large unilamellar vesicles (LUV), where the size of the vesicles
and the thickness of the bilayer are well separated, can be described by the separated form factor
(SFF) approximation:

Ilip( ) =n'S(Q)|PTS(Q)|2|PFB(Q)|Z (2)
where n is the number of scatterers, defined as

(0] (3)

n=————
Vlipid ) Pagg



with ¢ being the volume fraction and Vj;p,i4 the total volume of a phospholipid given by Vjipiq =
Miipia/(Na - diipia)- Na is Avogadro’s number, My;yiq is the molecular weight and djjpiq is the
density. P44 is the number of phospholipids in each lipid vesicle, i.e. the aggregation number
of the vesicle given by

_ 47t (Rsnenn)® — 4T (Rspen — tsnen)® (4)
499 3Viait

where Rgpep 1S the outer radius of the vesicles, tgnep 1S the thickness of the bilayer and Vi,;; is
the volume occupied by each double tail of the phospholipid.

S(Q) is the structure factor accounting for interaction between particles (S(Q) = 1 in our case
because all samples are sufficiently diluted), Prg(Q) is the form factor of an infinitely thin
spherical shell (containing information on the radius of the lipid vesicles and the
polydispersity), and Prg(Q) is the form factor of a flat bilayer sheet (containing information on
the bilayer thickness and the distribution of the phospholipids segments across the bilayer).

The flat bilayer form factor can be expressed[11] as

(5)

Do .
|Prp(Q)] = .f Ap(2)e?dz| = |(F3s + F2)

where Ap is the difference in the SLDs of the membrane and the solvent, and F3¢ and F2,, ar

the real and the imaginary parts of Prpp(Q).[8] The integral extends over the full bllayer
thickness from the inner distance D; to the outer distance D,,.

Following Kucerka and co-workers[8], we parse the phospholipids into the following
segments: hydrocarbon tail group, carbonyl+ glycerol (CG) (common for all three

phospholipid) and outer part of head group (PC/G).

The volume probability distributions of the components are described by Gaussian functions[7]

nmner [ (Z — nlnner) ] (6)

nlnner

2
(Z + Zn outer
207

Nouter

Pu(2) = et exp| -

where o, /oy, andz,  /z, are the width and position of the distribution of the
outer inner outer inner

outer/inner group n, respectively, and ¢,, = V,,/(A,0,). V, is the volume of the group n and A,
is the area per lipid, which is equal to the integrated area under the curve.



The hydrocarbon groups (HC representing the tails) are modelled using a half period squared
sine/cosine function to account for the asymmetry in the bilayer, e.g. potential differences in
the segmental distribution of the inner and the outer HC group [5]

2
( _(Z—zZyn, T Oun, T
sin > >
OMN;

fOT' ZMNi - O-MNL' S Z < ZMNi + O-MN,:

Prc(2) =41 for Zun; T Oun; = Z < Zun, ~ Omn,

2
cos (z — Zyn, + Oun, n)
20y, 2

where zyy, , is the 0.5-probability value for the HC group and 2oy, ,is the width of the squared

sine/cosine functions. The volume probability distribution of the methylene groups (CHz) can
be expressed separately as

PCHZ(Z) :PHC(Z)_PCH3(Z) (8)

These expressions for the distributions of the lipid tails comply with spatial conservation
consideration[5, 7] as the height of the expression for Py-(z) is equal to one in the central
hydrocarbon region as there is no water present in this region of the membrane.

The volume probability distribution of the water is chosen to be the last group and the spatial
conservation requirement is applied to give

PW(Z):]-_Z P (2) (9)

where n = CHY?, CHL®, CG™°,HG".

The total volumes of the head group and hydrocarbon chain, as well as the area per lipid, were
constrained according to values from reported MD simulation of DMPC[12], DMPGJ[13] and
DMPE[14] phospholipids.

Because a small amount of PEGylated DMPE lipids was used to stabilize the lipid vesicles
against aggregation, the scattering from the PEG chains was included in the fit model for
SAXS/SANS data. The PEG chains on the inner and outer leaflet of the lipid bilayer have a
Gaussian random coil confirmation and can therefore be described by the following analytical
model:[15, 16]



IPEG—liposomes (Q) ( 10 )
= Ilip(Q) + Ichain(Q) + Icl-ci(Q) + Icl-co Q)+ Icoco Q)+ Isci(Q)
+ Lsc, (Q)

where I};,(Q) is the scattering from the lipid vesicles themselves (eq. 6) and Ip4in (Q) is the
scattering from the PEG-chains alone given by

exp[-(QR,)"1 -1+ (QR,)” (11)
(QRy)"

Ichain (Q) = nApI%EGVPZEGNPEG "2

In this expression, n is the number of scatterers as defined in Eq. 3, Ap is the excess scattering
length density, Vpgg is the partial specific molecular volume of a single PEG chains, Ry is the

radius of gyration of the chains and Npg is defined as the number of PEG chains per
liposomes given by

Npge = frec 'Pagg (12)

frec 18 the fraction of PEG-modified lipids in the liposomes and F, 4, is the aggregation
number of the liposomes (Eq.4).

The next terms, I, (Q) and I ., (Q), are the interference terms between PEG chains attached

to the inner surface of the vesicles and between the PEG chains on the outer surface,
respectively, while I, (Q) is the inter-interference between the inner and outer PEG chains:

1—exp [—(QRg)Z] :
(QR,)’

Icicl- Q) = nApI%EGVPZEGNPEGfinner " (Npgg finner — 1) -

sin (QRinner = Ry)) | ()

Q(Rinner - Rg)

Icoco Q) = nApIZDEGVPZEGNPEG(]- — finner) * (NPEG(]- - finner) - 1)

2 2
1—exp [—(QRg)Z] . sin (Q(Router - Rg)) (14)
(QRg)z Q(Router - Rg)




1—exp [—(QRQ)Z] :

L, Q) = nAngGVPZEGZNIgEGfinner (1 — finner) -

(QR,)’
2 2
) sin (Q(Rinner - Rg)) ) sin (Q(Router - Rg))
Q(Rinner - Rg) Q(Router - Rg) ( 15 )

Here, finner 1s the fraction of PEG in the inner leaflet, while R;;,,,0r and R,y ¢ are the inner
and outer radius of the liposomes, respectively, defined as
Rinner = R+ zZyg; — ddisp (16)

Router = R + Zygo + ddisp (17)

where dg;g, 1s a displacement factor for the centre of mass of the PEG polymer chains. This

was incorporated to account for the partial mixing of the polymer and the bilayer at the
interface, since close packing of polymers has been reported for PEGylated lipid micellar
systems in the past.[17]

The last remaining terms I, (Q) and I (Q) are the interference cross-terms of the outer and

inner chains with the bilayer:

I, (@) = nApAs - ApprcVrEc2Npec (1 — finner) * (Npga (1 = finner) — 1)
[1-ew |- (QR,)’] |sin (Q(Rinner — Ry ))

) (18)
(QRg) Q(Rinner - Rg)
Isco Q) = nApAs - ApprcVpee 2NpeG finner - (NPEGfinner - 1)
2 ,
. 1—exp [—(QRQ) ] . sin (Q(Router — Rg)) (19)

(QRg)Z Q(Router - Rg)

where Aps and App are the scattering amplitudes corresponding to scattering form factors
Frs(Q) and Frp(Q) respectively.

To be able to use the analytical scattering models to quantitatively describe the interaction
between antimicrobial peptides and lipid vesicles, the peptide was introduced as an additional
pseudo-parsing group across the bilayer and modelled as an additional Gaussian function in the
volume probability (eq. 6) as formerly published by Nielsen and co-workers.[18, 19] The
integral under the curve was scaled by the total volume fraction of added peptides and the
fraction of peptide bound to the liposomes, f},,, in the following way



c _ Voo fow (20)
e
pep AL'Up

Further, to account for the changes in contrast as a result of the peptide potentially integrating
into either the head-region, tail-region of the phospholipids or somewhere in the interface
between the two areas of the bilayer, the difference in contrast is weighed by a fraction, f;, ¢4,
which gives the fraction of peptide in the tail region

Dpyp(2) = [y rair (Pp — Peny) + (1= fo) - (Po — Pw) (21)

where p(p), p(CH,) and p(w) are the SLDs of the peptide, methylene groups, and water,
respectively.

The fp tqi 1s expressed as the integral of the overlap of the peptide Gaussian function with the

half period squared sine/cosine function expressing the volume probability of the HC groups in
the following way

ZCH,tOCH, Zinter
) Pycdz + pr_SJp P,dz

Zinter

fp_tail = f Pp dz

(22)

where Zz;,;r 15 the intersect between the two overlapping curves found numerically by the
Brent-Dekker method[20] and Py is the function described in eq. 7. P, is the Gaussian function

expressing the volume distribution of the peptide (details in reference[19])

The form factor for the flat bilayer including the peptides is

P iQz ( 23 )
Prte @] = || a0 a2
2 2
= ((Fcos,lipid + Fcos,peptid) + (Fsin,lipid + Fsin,peptid) )
where
(qu)z (24)
Fcos,peptide = CpepapApp COS(QZp) T exp T
and
, (QQP)Z (25)
Fsin,peptide = CpepUpApp Sln(QZp) T exp 2




To account for potential free peptide chains not bound to the lipid vesicles, an additional term
was added to the model

pr(Q) :(p'(l_fbp)'ApzzJ'Vp'Pchain(Q) (26)

Where ¢ is the total volume fraction and P(q).pqin 1S the form factor of a Gaussian chain
expressed by the Debye formula[21] given in Eq. 2.

The full expression for the intensity, including peptide in the bilayer, the PEGylation, and the
free peptide chains is then

, 2 (27)
[=n ((PTS(Q)) <PFBpep(Q)) + Ichain(Q) + Icici(Q) + Icico(Q) + ICOCO(Q)

+ Isci(Q) + Isco (Q)) + pr(Q)

In the fit analysis, we allowed the concentration to vary slightly due to uncertainties in the
determination of the exact value during the sample preparation.

To account for formation of mixed peptide-lipid micelles due to solubilisation of the vesicles
upon peptide addition the model was modified to include a fraction of micelle scattering.

micelle

Imicelle (Q) = ‘ Pmicelle (Q) ( 28 )

Pagg_micelle

where nyyjcene 18 defined as

Nmicelle = (Mconclipid ’ fLmicelle + Mconcpeptide ) meice”e)/Vmicelle (29)

Where Mconc,i,iq and Mconcpeptige is the total molar concentration of lipids and peptides

respectively,and f; . ~and fp . is the fraction of the lipids and peptides incorporated in

. . 4 . .
the micelles respectively, and Vy,ice1ie = gn(rmice”e + D)3 where Ticene is the core radius

and D is the thickness of the shell..

Paggmicerie = Yeore! (fprfcoreVp + Viau * (1 — fp) is the aggregation number per micelle
scaled by fp, which is the ratio of peptide to lipid in the micelles, and f_,,.. is the fraction of
peptide chain incorporated in the core, where

Vore = gn(rmice”ef and Pp,icene(Q) is the form factor for spherical core-shell micelle with

defined as:



/2 ( 30 )
Pmicelle(Q) = f [ApshellvmicelleAsphere(Qrmicelle)
0

2 .,
+ (Apcore - Apshell)vcoreAsphere (Qrcore)] sina da

where Apgpe; 18 the difference in the SLDs of the shell and the solvent, and Ap,, ;. is the
difference in the SLDs of the core and the solvent, Agypere (¥) = 3[sin(x) — xcos(x)]/x>.
Apshen and Apgore Were determined from a weighted average of the peptide and lipids using
a fitting parameter describing the fraction of the peptide in the core, f.ore, as such:

Ap _ Zlipidhead + Zpeptide (1= feore) (31)
P for. (L= feore) Vo + Vieaa " (1 = fr1)
Zlipidtail + Zpeptide * feore (32)
Apcore =

feL " feore Vp + Vigir - (1 — fpL)

where Z; is the number of electrons in the group i.

The full expression for the intensity, including peptide in the bilayer, the PEGylation, the free
peptide chains and mixed micelles is then

5 2 (33)
[=n ((PTS(Q)) (PFBpep(Q)) + Ichain(Q) + Icici(Q) + Icico(Q) + Icoco(Q)

+ Isci(Q) + Isco (Q)) + pr(Q) + Imicelle(Q)

TR-SANS data collection:

TR-SANS experiments were performed on the KWS-2 beamline at the Heinz Maier-Leibnitz
(FRM II) center, MLZ in Garching, Germany using detector distance of 20 meters and a wave
length of 5 A, covering a Q range of 0.0032 A" to 0.039 A~!. D-liposomes were mixed into H-
liposomes (1:1) directly before the first measurement using a Finntip micropipette and mixed
with either pure buffer (to make sure concentration of the non-peptide samples compare to the
peptide samples) or peptide solution 1:1. The samples were filled into round Hellma quarts banjo-
cells with a path length of 1 mm and kept in a temperature-controlled rack during the full
experiment. The samples were measured with shorter measurement times and intervals in the
beginning but increasing measurement times and longer intervals over time due to the descending
contrast.

TR-SANS data analysis:



The TR-SANS data were evaluated by determining the relaxation function R(t) according to
I1(t) — I
= |[——= 34
R(®) L(O)—Im (34)

where I(t) = [I1(Q,t)dQ is the integral intensity at a given time, I, is the intensity of the
premixed blend representing the final state and 1(0) is the averaged intensity of the H-vesicles
and D-vesicles measured separately representing the initial state before exchange and flip-flop
has taken place.

The exchange mechanism can be explained by the following differential equations with rate
constants of exchange (k.,) and flip-flop (kﬂip) by[22]

A|Apoyel _
- - kex(I1Apouel — 0) + kf1ip (18p0uc| — 18pin 1), (35)
d|Api |
— dtln = —kﬂip(lApoutl - |Apm|)

where Ap,,: and Ap;, are the contrast of the inner and outer leaflets of the vesicles with the
solvent. As we have used a zero-average contrast solvent the H and D-vesicles can be assumed
to have identical absolute values of contrast where one is positive and the other negative.

With the initial condition that Ap,,;(0) = Ap;,(0) = 1 and taking an average of |Ap,,:| and
|Apin| the R(t), normalized contrast has been explained by a double-exponential decay

function[22]
1 ke -k + 2k, + X
R(t) = (E — —};lp> exp( - > Tip t>
(36)
+ (E + X exp( > t)

Where X = /4k]§lip + k2.

To extract thermodynamically parameters, In k., and kg;;;, can be plotted against the inverse
temperature in Kelvin, 1/T for samples measured at different temperatures giving an Arrhenius
relationship. From this analysis we obtain the activation energy, E,and the fundamental time

constant, 7, according to

E

f:foexp(ﬁ) (37)



where T = 1/k, R is the universal gas constant and 7 is a system specific constant and is related
to the time between each time the molecule “attempts” to overcome the energetic barrier.[23]

T = Ty €Xp(—AS/R)exp (AH/RT) (38)

Where AS is the entropy change, AH is the enthalpy change and 7y, is the estimated
fundamental time constant.
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Figure S2. Circular dichroism spectra of peptides with and without mixing with DMPC-DMPG-
DMPE-PEG liposomes. From the spectra it can be seen that aurein 1.2 (A) cecropin A (B),
aurein 1.2 (B), magainin II (C) and LL-37 (D) all fold into an a-helical structure in the presence
of liposomes (the a-helical content has been calculated by the single-point method and is
reported in table S1. Indolicidin (E) disordered extended structure as has also been reported in
the past by Falla and co-workers.[24] It was suggested that these circular dichroism results
indicate that the peptide either stacks in the membrane or extends across the membrane as an
aggregate, the first theory is in support of our SAXS results.[18, 19], while colistin (F) shows
an unstructured peptide mostly unaffected by liposome addition.



Table S1. a-helicity of the peptides as studied by CD-spectrometry.
Peptide Peptide:lipid ratio  --helical content (%)*
indolicidin ~ 1:0 -

1:10 -
1:15 -
-- 1:20 -
-- 1:50 -
colistin 1:0 -
1:10 -
Aurein 1.2 1:0 8
1:10 43
cecropin A 1:0 15
1:10 43
magainin II  1:0 4
1:10 41
LL-37 1:0 13
1:10 77
1:20 92
1:50 92

*Alpha helical content calculated from the single point method according to equation 1 for the peptides with
apha helical motifs.
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Area 60.4*
ZcH3 o*
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N e e il vl el Bl el vl el ol B el ol Bl el
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-15.9+ -15.9+ -15.9+ -15.9+ -15.9+ -15.9+ -15.9+ -15.9+ -15.9+ -15.9+ -15.9+ -15.9+ -15.9+ -15.9+
e | oo | sorow | oz | g | g | e | er e | mar [t | e [ ar [ s | e | e | s
e wosae | wamon | o | o | dor | e | er e [ war | wer | e | mar | e | war | wa | b
OcH3 2.3%
OCH2 49+0.3 4.9+0.3 4.9+0.3 4.9+0.3 4.9+0.3 4.9+0.3 4.9+0.3 4.9+0.3 4.9+0.3 4.9+0.3 4.9+0.3 4.9+0.3 4.9+0.3 4.9+0.3 49+0.3 4.9+0.3
ocG 2.1+0.2 2.1+0.2 2.1+£0.2 2.1+0.2 2.1+0.2 2.1+0.2 2.1+0.2 2.1+ 0.2 2.1+ 0.2 2.1+ 0.2 2.3+0.2 2.3+0.2 2.3+0.2 2.1+0.2 2.1+0.2 2.1+0.2
Opc/G 3.8+0.5 3.8+£0.5 3.8+ 0.5 3.8+ 0.5 3.8+ 0.5 3.8+ 0.5 3.8+ 0.5 3.8+ 0.5 3.8+ 0.5 3.8+ 0.5 3.9+ 0.5 3.9+0.5 3.8+ 0.5 3.8+ 0.5 3.8+ 0.5 3.8+ 0.5
Vi 319%*
Venz 25.3 25.4 7 25.4 7 25.4 7 25.4 7 25.4 7 25.4 7 25.4 25.4 ; 25.4 ; 25.4 ; 25.4 ; 25.3 _ 25.4 _ 25.4 _ 25.4
freg 0.025*
Rg PEG 15%
dadisp -6
finner 0.5
Zpeptide - 0.3 0.3 0.3 0.3 22.8 22.9 23 23 19.6 17.1 18.3 16.3 25 18 11
Gpeptide - 10 9.7 9.8 10 13.9 14.1 14.2 14 4.1 4.2 5.1 5 7 6 20
fmicelles - - - - - - - - - - - - - 0 0.01 0.03
xw_mm”_\mrm_: - - - - - - - - - - - - - - 0.08 0.1
firee - 0 0 0 0 0 0 0.1 0.4 0 0 0 0 - - -
GOsp 0.27 0.3 0.3 0.3 0.45 0.23 0.23 0.23 0.22 0.25 0.25 0.25 0.3 0.29 0.6 0.6

Table S2. Fit parameters from the analysis of scattering data of liposomes with added peptide. The error of the fits is found to be less than 5 %. Hard constrained
parameters are designated by * and soft constrained by limits in fitting regime indicated by **. The units for all numbers carry the appropriate power of A
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Figure S3. Simulated SAXS patterns (A) and resulting volume probability plot (B) showing the
difference between peptide distribution as a single gaussian in the outer leaflet, symmetric double
gaussian with peptide in outer and inner leaflet, and transmembrane distribution, using the SAXS
model described in detail above.
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Figure S4. DSC heating scans illustrating the effect of peptides on the thermal phase behaviour
of DMPC-DMPG-DMPE-PEG lipid vesicles. The black solid line is the measurement and the
red dotted line is a Gaussian fit analysis (results of fit are inset). Comparing the results from
pure lipid vesicles (A) with the addition of LL-37 1:20 (B) and 1:50 (C) show how the peptide
insertion in the membrane causes formation of additional peaks at higher melting temperatures
indicating an increased ordering of the lipids. This might be explained by the slight
solubilisation of lipids and formation of mixed micellar structures. Addition of another peptide
indolicidin 1:10 (D) 1:20 (E) and 1:50 (F) also result in formation of several additional melting
peaks the shift here is to lower temperatures. Similar results were reported by Nielsen and co-
workers in the past with the same lipids but with slightly less anionic lipids 10% compared to
25 % as studied here.[19]

Table S3. Thermodynamic parameters extracted from DSC data.

Delta H Tm [°C] Delta S [J/mol/K] Delta S T*[kJ/mol]

Liposomes 29.9 23.8 1007.2 31.2
LL-37 1:20 8.6 20.0 294.6 9.1
13.9 27.2 462.1 14.3
LL-37 1:50 5.4 23.7 181.2 5.6
19.4 24.9 650.6 20.2

Indolicidin 1:10 4.5 15.2 157.7 4.9
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Figure S5. DSC heating scans illustrating the effect of peptides on the thermal behaviour of
DMPC-DCPG-DMPE-PEG lipid vesicles. The black solid line is the measurement and the red
dotted line is a Gaussian fit analysis (results of fit are inset). When comparing the results of the
pure lipid vesicles (A) (same figure as shown in figure S7) with the lipid mix with colistin 1:10
(B) only a very slight shift is seen in the observed melting temperature (~1 °C) without any
broadening of the peak. This supports the SAXS and TR-SANS results showing that colistin
has no significant effect on the structure or dynamics of lipid vesicles. While cecropin 4 1:10
(C), magainin I 1:10 (D) and aurein 1.2 1:10 (E) addition all result in a significant broadening
of the peak with shift in the melting temperatures to lower temperatures, similar to the results

seen from indolicidin in figure S7.
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Figure S7. Qualitative comparison of the measured SAXS data of liposomes mixed SAXS
colistin 1:10 revealing a lack of peptide lipid interaction compliant with no acceleration in lipid



dynamics as seen by TR-SANS presented in figure 4. The SAXS data was collected using a
Bruker NANOSTAR equipped with a microfocus X-ray source (IuS Cu, InCoatec, Germany)
and a VANTEC-2000 detector.

Table S4. Thermodynamic parameters of lipid exchange and flip-flop with and without
indolicidin and LL-37.

Lipid exchange Lipid flip-flop
E. AH TAS? AG E. AH TAS? AG
[kd/mol]  [kJ/mol] [kJ/mol] [kJ/mol] | [kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

Liposomes 103 100 2.6 98 75 71 -28.6 100
Indolicidin 1:10 103 99 22 97 64 62 -36.9 99
Indolicidin 1:20 102 101 42 97 67 64.2 -34 98
Indolicidin 1:50 103 101 3.6 97 67 64.0 -34 98
LL-37 1:50 77 74 -22.7 97 76 73 -30.7 104

¢ Thermodynamic parameters were calculated using the Eyring approach directly.[22, 25]
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The mechanism of action of antimicrobial peptides (AMPs) has been debated over many years, and various models have

been proposed. In this work we combine small angle X-ray/neutron scattering (SAXS/SANS) techniques to systematically
study the effect of AMPs on the cytoplasmic membrane of Escherichia coli bacteria using a simplified model system of 4:1
DMPE:DMPG ([1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine]:[1,2-dimyristoyl-sn-glycero-3-phospho-(10-rac-
glycerol)]) phospholipid unilamellar vesicles. The studied antimicrobial peptides aurein 1.2, indolicidin, LL-37, lacticin Q and
colistin vary in size, charge, degree of helicity and origin. The peptides insert into the bilayer to various degrees, and are
found to accelerate the dynamics of phospholipids significantly as seen by time resolved SANS (TR-SANS) measurements,
with the exception of colistin that is suggested to rather interact with lipopolysaccharides (LPS) on the outer membrane of
E. coli. We compare these results with earlier published data on model systems based on PC-lipids (phosphatidylcholines),
showing comparable effect with regards to peptide insertion and effect on dynamis. However, model systems based on PE-
lipids (phosphatidylethanolamine) are more prone to destabilisation upon addition of peptides, with formation of
multilamellar structures and morphological changes. These properties of PE-vesicles lead to less conclusive results regarding

peptide effect on structure and dynamics of the membrane.

Introduction

Antimicrobial peptides (AMPs) are important agents in the first line defence to kill pathogenic microorganisms in humans, animals,
insects and are even secreted by some bacteria. They defend the host against foreign infectious organisms including Gram-positive
and Gram-negative bacteria, fungi, protozoa and viruses3, through host immune modulation and/or direct targeting of the
infectious organisms. Their direct antimicrobial properties have been known for decades, yet the mode of action of AMPs are
found to be quite complex, and many different theories have been presented. However, there is a general consensus that most
AMPs in some way or another mainly target the cytoplasmic membrane of the microorganism.* Their ability to only attack foreign
organisms and not their host is amongst other explained by the difference in lipid composition of the cytoplasmic membrane of
eukaryote and prokaryote cells. Eukaryote cell membranes mostly consist of neutrally charged lipids (zwitterionic) and
cholesterol,> while prokaryote membranes include a substantial amount of negative charged lipids in combination with zwitterionic
lipids and cardiolipins.6 Even though AMPs vary vastly in structure, the common feature of most of the peptide is their overall
cationic (positive) charge. This enables electrostatic interactions with anionic (negative) lipids in the bacteria membrane, thus
potentially playing a regulatory role in the target cell selectivity.”

To study peptide-lipid interaction in detail using biophysical and biochemical methodologies, the use of model membrane systems
to mimic the cytoplasmic membrane of bacteria is essential.® Real bacteria cells contain much more than the cytoplasmic
membrane such as an outer membrane and intracellular ribosomes, a chromosome, and plasmids. Even the inner membrane itself
is intricate with a diverse group of membrane proteins as well as different phospholipids as described above. The complexity will
for many of these techniques obscure the results, complicating the interpretation with regards to the specific membrane-peptide
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Figure 1. Chemical structure of DMPC and DMPE phospholipids showing the difference in the head group from a choline group in DMPC to an amine in DMPE.

interaction. Therefore, the model systems most frequently used are phospholipid membranes either as flat supported bilayers,
tethered lipid bilayers, free-floating lipid micelles, or vesicles. The flat model membranes are used for surface sensitive techniques
like neutron reflectometry (NR),%1> atomic force microscopy (AFM),16-19 Dual Polarisation Interferometry (DPI)1® and Surface
Plasmon Resonance spectroscopy.!® 20 While the free-floating lipid micelles or vesicles can be studied by techniques like nuclear
magnetic resonance (NMR),11.21-23 small angle X-ray or neutron scattering (SAXS/SANS),13. 2435 and fluorescence spectroscopy.20 36
Recent efforts have gone into developing model systems more closely related to the real bacteria membrane. Clifton and co-
workers recently presented a full NR characterization of a floating lipid membrane closely mimicking the inner and outer
membrane of E. coli including the LPS layer.10 Even some reports of nanoscale structural determinations of live bacterial cells have
been reported recently. While Semeraro et al. have determined the ultrastructure of live E. coli using ultra-SAXS and detailed
modelling,3” Nickels and co-workers have used SANS and contrast variation to characterise the membrane heterogeneities of live
Bacillus subtilis.38 Although these findings reveal that it is possible to determine structural parameters of live cells they still justify
the need for simplified model systems due to the high complexity in differentiating the specific effects of an added substrate.

The composition of the model systems can be adjusted depending on the specific cell type that one wishes to mimic. The most
common composition of lipids used to mimic bacteria membranes is the combination of zwitterionic phospholipid with a
phosphatidylcholine (PC) headgroup and negatively charged phospholipids with for example phosphatidylglycerol (PG)
headgroups. These lipids are often chosen both because of commercial availability and because they are known to form relatively
stable uniform lipid vesicles, and supported lipid bilayers with high coverage on for example mica or silica surfaces.3® However, the
use of PC to mimic the overall neutral part of the membrane, which in reality should be phosphatidylethanolamine (PE) in the case
of most bacteria has been debated in the literature.?0 The difference in the chemical structure of the PC and PE headgroup is the
three methyl groups on the nitrogen forming a choline group in PC, which is exchanged for hydrogens in PE (Figure 1). This
seemingly small difference in the chemical structure result in a major increase in the phase transition temperature where the lipids
in the membrane changes from the gel phase to the liquid crystalline phase. While 14:0 PC (DMPC) exhibit a phase transition
temperature of 24°C, the equivalent 14:0 PE (DMPE) lipid shows transition at 50°C.4! This drastic increase may be explained by the
PE headgroups ability to form hydrogen bonds in-between lipid in the membrane resulting in a more stable structure.

Table 1. Overview of antimicrobial peptides.

Peptide Sequence Mw Net charge at Ratio of
(g/mol) pH 7.0 hydrophilic residues /
total number of
residues
Aurein 1.2 GLFDIIKKIAESF-CONH: 1480 1+ 38%
Indolicidin  ILPWKWPWWPWRR-CONH 1906 4+ 23%
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 4493 6+ 54 %
Lacticin Q MAGFLKVVQLLAKYGSKAVQWAWANKGKILDWLNAGQAIDWVVSKIKQILGIK 5898 6+ 34 %
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In this work, we have compared the structure of lipid bilayers consisting of 4:1 DMPC/DMPG or 4:1 DMPE/DMPG reﬁfﬁfﬂé{fl n’ugend
their interaction with the natural antimicrobial peptide, indolicidin.42 Furthermore we present additional da{a forthe linidsegptide
interaction with PE lipids for a wide range of natural AMPs; aurein 1.2,43 LL-37,%4 lacticin Q2> (details given in Table 1) and colistin4®
47 (negative control because of expected lack of interaction with cytoplasmic membranes) showing the effect of the peptides on

the membrane structure using SAXS, and membrane dynamics using time resolved SANS.

Experimental
Materials and methods

Synthetic DMPE (1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine, C33HggNOgP), d54-DMPE (fully deuterated tail (Ci3D27)2,
hydrogenated polar headgroup C;H12NOsP), DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-(10-rac-glycerol) (sodium salt),
C34He6010P), d54-DMPG (fully deuterated tail (C13D27)2, hydrogenated polar headgroup CgH1,010P) and DMPE-PEG (1,2-dimyristoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000], with M(PEG)=2000 g/mol, ca. 45 CH,CH,0 units)
was purchased from Avanti Polar Lipids. The peptides indolicidin, aurein 1.2, LL-37 and lacticin Q were purchased from Schafen-N
ApS, Copenhagen, while Colistin was purchased from Sigma-Aldrich. The 50 mM Tris buffer was prepared by mixing Tris-base with
Tris-HCI (Sigma Aldrich) to achieve a pH of 7.4 in either pure H,O (MilliQ) for SAXS measurements or in 50% D,0 (Sigma-Aldrich)
and 50% H,0 for TR-SANS measurements.

For DMPE/DMPG lipid vesicle preparation 75 mol% DMPE, 22.5 mol% DMPG and 2.5 mol% DMPE-PEG were dissolved in a 1:3
methanol:chloroform solution. The organic solvents were removed completely under vacuum using a Heidolph rotary evaporator
with a Vacuubrand vacuum pump to prepare a thin lipid film. Then the film was hydrated with 50 mM Tris buffer, pH 7.4, for at
least one hour at a temperature of 55°C. After sonication using a ultrasonic bath for 10 minutes, the lipid dispersions were extruded
through a 100 nm pore diameter Avanti polycarbonate filter (>21 times) using an Avanti mini-extruder fitted with two 1 mL airtight
syringes.

The antimicrobial peptides were dissolved in 50 mM Tris buffer, pH 7.4, to the desired concentration directly before the
experiments.

Small angle X-ray scattering (SAXS)

The synchrotron SAXS data was collected at beamline P12 operated by EMBL Hamburg at the PETRA Il storage ring (DESY,

Hamburg, Germany).*8 The data was obtained using a radiation wavelength of 1.24 A and a detector distance of 3.0 m, covering a
e
2
Data reduction was done automatically with the software available at the beam line and the 1D data were brought to absolute

Q range of 0.0032 A-1 to 0.73 A-1, where Q is the magnitude of the scattering vector: Q = 4%sin , with 8 the scattering angle.

intensity scale using water as a primary standard. The SAXS results were analysed using the theoretical model described in the

electronic supplementary information.2?30 In short, the model provides a comprehensive description of the membrane by dividing

it into probability functions for each component (lipid sub-units/peptide) across the bilayer. Error of scattering analysis is estimated
to be <4%.

Time resolved small angle neutron scattering (TR-SANS)

TR-SANS experiments were performed on the D11 beamline at The Institut Laue—Langevin (ILL) facilities, Grenoble, France using
detector distance of 20.5 m and a wave length of 6 A (fwhm 9%), covering a Q range of 0.002 A-1 to 0.034 A-1. D-liposomes (vesicles
consisting of lipids with deuterated tails) were mixed with H-liposomes (vesicles consisting of lipids with proteated tails) 1:1 directly
before the first measurement using a Finntip micropipette and mixed with either pure buffer (to make sure concentration of the
non-peptide samples compare to the peptide samples) or peptide solution 1:1. The samples were filled into Hellma quartz banjo-
cells with a path length of 1 mm and kept in a temperature-controlled rack during the full experiment. The samples were measured
with shorter measurement times and intervals in the beginning but increasing measurement times and longer intervals over time
due to the descending contrast.

The TR-SANS data were evaluated by determining the relaxation function R(t) according to:

— I(t)_loo
R@) = [{oe (1)
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where I(t) = fI(Q, t)dQ is the integral intensity at a given time, I is the intensity of the premixed blend representing the final
state and 1(0) is the averaged intensity of the H-vesicles and D-vesicles measured separately representing the initial state before

. View Article Online
exchange and flip-flop has taken place. DOI: 10.1039/DOFDOD046A

Results and discussion
Comparing PE and PC lipids in model systems

The SAXS results together with calculated electron density profiles of model membranes consisting of DMPE/DMPG (PE-vesicles)
and DMPC/DMPG (PC-vesicles) (as previously published by Nielsen and co-workers3°) at 37°C are displayed in Figure 2. From these
data we can compare the structure of the pure lipid membrane as well as how the membrane is affected by adding an antimicrobial
peptide. As seen from the scattering curves plotted in Figure 2A comparing the scattering of the pure lipid vesicles, the shape of
the scattering curve from the PE-vesicles differs from that of the PC-vesicles. This difference can be explained mainly by PE-vesicles
having a thicker membrane than PC-vesicles at this temperature, as well as a contrast difference due to the smaller volume of the
PE headgroup and incorporation of a slightly higher amount of PEGylated lipids to stabilise the system (5% DMPE-PEG in the case
of PE vesicles contrary to only 2.5% DMPE-PEG in the case of PC-vesicles). To confirm that the increased amount of PEG does not
affect the structure of the lipid bilayers pure PE-vesicles with both 2.5 and 5% of PEGylated lipids have been analysed (see ESI
Figure S1).

The estimated overall thickness of the DMPE/DMPG membrane based on model fits was found to be 45 A (see Table S1 of the ESI).
Lee and co-workers have reported a membrane thickness for a bilayer with the same DMPE/DMPG mixture of 44 A calculated from
DPI measurements, but in these measurements the temperature was 28°C* potentially explaining the slight difference. The
increased thickness of the membrane of PE-vesicle when compare to the PC vesicles is obvious in the electron density profile in
Figure 2B and can be explained by the difference in the phase transition temperature. As the lipids in the PE-vesicles are in the gel
phase the membrane is more ordered resulting in tighter packing in the lateral direction, however upon melting to the liquid
crystalline phase the lipids are more disordered resulting in a thinning of the membrane. Similar behaviour have been reported
previously for PC lipids in studies where the thickness has been measured as a function of temperature.>°

Overall the PE-vesicles were found to be less stable than the PC-vesicles upon addition of any positively charged substrates, with
rapid fusion of vesicles and formation of multilamellar structures observed at higher concentrations. The difference in the
molecular geometry of PE lipids in comparison to PC lipids provides an explanation of this behaviour. PE lipids prefer a slightly
negative curvature resulting in a deformed membrane and formation of multilamellar structure.*% 5! Due to the incorporation of
5% PEGylated lipids (DMPE-PEG) in the membrane the unilamellar vesicles are more stable against fusion due to steric hindrance.3°
This allows us to quantitatively study the peptide-membrane interaction by analysing the individual bilayer structure using SAXS.
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Figure 2. A) SAXS data comparing DMPE/DMPG and DMPC/DMPG3° liposomes with and without addition of indolicidin (in a ratio of 1:20) at 37°C plotted together with model fits.
The data of DMPE/DMPG liposomes have been offset with a factor of 1000 to better display the data. B) Electron density profiles calculated from the fit parameters of SAXS data
shown in A) (detailed fit parameters included in ESI Table S1 for DMPE/DMPG vesicles and in ref 3° for DMPC/DMPG vesicles).
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As seen, the scattering data for both lipid model systems (Figure 2A) clearly show how addition of indolicidin in a lipid:peptide mol
ratio of 20:1 result in a slight shift in the first minima to higher Q. This effect has previously been explained by Ni\e?‘lgmtlell;ln%te%lauag a
change in the electron density of the membrane core upon insertion of the peptide in the bilayer.'3.29.30 ndolicidin is repqyigghto
insert in the outer leaflet of the membrane in the interface between the head and tail region of DMPC/DMPG membranes as seen
by SAXS, SANS and NR,3.30 an observation supported by molecular dynamics simulations.>2 As is evident from the electron density
profile in Figure 2B the same behaviour can be seen in the PE-vesicles where you see an increase in the electron density in the
outer part of the tail region, close to the interface with the outer head group. However, contrary to the results reported for PC-
vesicles!3 30 the volume of the head group is increased upon peptide addition. This is seen in the electron density as a change in
the contrast of the outer headgroup. This change can be explained by the peptide disrupting the packing more for lipids in the gel
phase, as well as potential destabilisation due to breakage of hydrogen bonds caused by the peptide insertion. Furthermore, the
scattering profile from peptide-lipid mixtures in the case of PE-vesicles could not be explained solely by the insertion of peptide in
the membrane as the case is for PC-vesicles. A slight solubilisation of the membrane was also observed with an estimate of 4%
mixed peptide-lipid micelles present in the system after peptide addition. This may, as mentioned above, be related with the
negative curvature strain on the membrane that favour destabilization and micelle formation.

Comparing data on a wide range of natural AMPs

To broaden the knowledge of the lipid interaction of AMPs in general a range of natural peptides from various sources was mixed
with the PE-vesicles mimicking the composition of E. coli membrane. The full results for varying amounts of peptide addition in
range from 1:20 to 1:100 peptide:lipid ration is shown in Figure 3 (fits for lacticin Q 1:20 is not shown as addition of this amount
of peptide lead to formation of multilamellar structures preventing an accurate fit analysis with the model described in ref.39). As
seen from the scattering curves in Figures 3A-3D all four peptides cause a similar slight shift in the first minima at intermediate Q,
with increasing effects as a function of increasing concentration. This can as described above be explained by the shift in electron
density of the hydrocarbon core region of the membrane upon insertion of peptide, due to the large contrast between the aliphatic
tails and the peptides. In Figure 3E-H the volume probability plots calculated from the fit parameters of the SAXS data (parameters
are included in Table S1 of the ESI) is displayed. From these plots, the spatial distribution of the peptide within and at the
membrane can be extracted.
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Figure 3. A) SAXS data of peptide-lipid interaction of a wide range of natural AMPs: aurein 1.2 (A), indolicidin (B), LL-37 (C) and lacticin Q (D) mixed with E. coli mimicking lipid vesicles
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the peptide in the membrane.
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Aurein 1.2 is the smallest a-helical peptide in this study with only 13 residues and the lowest overall cationic Charg%?fﬁ%.?éﬂt'J
Itis found to insert into the core of the hydrocarbon region of the membrane as seen in Figure 3E. In additjqn to thedggpinsertion
the peptide was found to have a pronounced detergent effect on the bilayer at the highest concentration (1:20) resulting in
formation of around 48% mixed peptide-lipid micelles. Indications of a similar detergent effect of this peptide was reported by
Fernandez and co-workers based on NMR and NR studies.1! However, at lower concentrations at 1:50 and 1:100 ratios, only 5%
and 0% mixed micelles were detected. This leaves room for a discussion on whether the solubilisation effects observed at the high
peptide concentration provides a relevant explanation for the antimicrobial activity at physiological conditions which likely involve
lower concentrations.

Indolicidin, is also a 13 residues peptide, but compared to aurein 1.2 it adopts an extended random coil structure in solution and
a net charge of +4. As described in the section above the indolicidin addition lead to a very slight solubilisation at the highest
lipid:peptide ratio of 1:20. However, at all concentrations most of the peptide seems to insert into the membrane without any
significant changes in the thickness or overall structure of the membrane. The position of the peptide in the membrane seem quite
stable in the outer with only a slight deeper penetration with increasing concentration as seen in Figure 3F. The differences in the
penetration depth between the similarly sized aurein 1.2 and indolicidin can be explained by a variation in the number of charged
and aromatic amino acids. Because of the high tryptophan content of indolicidin and the presence of the partially charged and
bulky indole side group this peptide is more likely to position in the outer leaflet, in close proximity to the lipid—water interface.>3
For LL-37, a much bigger a-helical peptide with 37 residues a concentration dependent insertion is visible, with increasing
penetration as a function of higher peptide:lipid ratio (Figure 3G). Also, for this peptide a solubilisation effect was observed, with
1-5% formation of mixed micelles dependent on the concentration of peptide. The same effect has been reported in the past with
PC-vesicles by both Sevcsik and co-workers26 54 and Nielsen and co-workers2® with almost full solubilisation of the membrane at
high peptide concentrations.

Lacticin Q with 53 residues is the largest a-helical peptide and is according to reported literature much less studied than the other
peptides included in the study. As seen in the volume probability plot in Figure 3H, the peptide exhibits a similar insertion in the
outer leaflet of the bilayer as the much smaller peptide indolicidin. However, the size of the peptide is much bigger resulting in a
larger portion of the Gaussian distribution even at low peptide:lipid ratios. Interestingly even though the highest peptide ratio of
1:20 resulted in destabilisation of the lipids and eventually phase separation, the lower ratios shown here (1:50 and 1:100) did not
lead to solubilisation of the membrane, and the changes in the scattering pattern can solely be explained by peptide insertion. As
seen from the sequence presented in Table 1, Lacticin Q has in the same way as indolicidin several aromatic tryptophans and
tyrosines, as well as charged groups which support the similar peptide positioning in the outer head-tail interface as observed for
indolicidin. The difference in the ability to solubilise the membrane between LL-37 and Lacticin Q may be explained by LL-37 having
fewer bulky aromatic groups and more charged amino acids (even though the net charge is the same) increasing the membrane
solubilisation abilities.
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Figure 4. Qualitative comparison of the measured data of DMPE/DMPG-vesicles mixed 10:1 with colistin to the calculated average where the scattering from the liposomes and the
peptide have been measured separately and summed together.
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As a negative control we used the natural cyclic peptide colistin, a commercially available peptide antibiotic that isvlferavofyr\ggletgnfl?%ve
other targets than the cytoplasmic membrane, contrary to what is suggested for the other AMPs includegdin }51_@&9}5&&%5}& is
reported to rather affect the outer membrane through displacement of divalent cations and interaction with lipopolysaccharides
(LPS), explaining its selectivity towards Gram-negative bacteria.?? 55 56 Alternatively, intracellular targets like peptide binding to
ribosomes indicating passage through the outer and inner membrane has been presented.>” However, although some scenarios
have been presented where colistin was suggested to also target the inner membrane itself>8 although our current results does
not support this. The absence of any membrane interaction with colistin in the in the range of 1:10 to 1:100 was confirmed using
SAXS. This can be seen by a perfect overlap of the measured peptide lipid vesicle mixture and the calculated average in Figure 4.

These results confirm that our methodology is able to differentiate between the effect or lack thereof different cationic peptides.

The effect on exchange and flip-flop of phospholipids upon addition of peptides

In order to study the effect of the peptides on lipid dynamics, contrast variation TR-SANS measurements were performed. The
method is illustrated in Figure 5A and described in detail in Ref.2° As seen in Figure 5B the reduced intensity, R(%), proportional to
the excess contrast (Eq 1.), decrease as a function of time for DMPE/DMPG lipid vesicles with and without addition of AMPs (see
ESI Figure S2 for raw SANS curves over time). The decrease in scattering intensity can be directly correlated to intervesicular
exchange and intravesicular flip-flop of phospholipids.2® 5%-61 The activation energy of lipid flip-flop of PE is estimated to be lower
than for PC when both lipids are in the liquid crystalline phase due to a smaller lipid head group volume and a smaller hydration
shell for PE lipids.62 However, in our experiment the membrane is in the gel phase as the experiment is done at 37 C and the phase
transition temperature for the 4:1 DMPE/DMPG was estimated by DSC to be 44.7°C (se ESI Figure S3). Trial experiments at 47°C,
above the phase transition temperature, was attempted but resulted in destabilization of the vesicles with formation of
multilamellar structures over time both with and without addition of peptide. Nakano and co-workers have previously shown that
the exchange and flip-flop rate constants can be extracted from TR-SANS data on pure PC-liposomes by fitting a double exponential
decay function to the data.5® However, this model was not able to explain the R(t) of the DMPE/DMPG liposomes indicating that
in this system there is more than two rates due to the mixture of the lipids.
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Figure 5. A) lllustration of H/D contrast variation technique used to study intravesicular lipid flip-flop and intervesicular lipid exchange by mixing deuterated and hydrogenated lipids
in a zero-average contrast Tris buffer (mix of H,0 and D,0 to match the average contrast of the mixed liposomes). B) Rate of contrast decay, R(t), of pure DMPE/DMPG liposomes

(solid line) and liposomes with added aurein 1.2 (1:50), indolicidin (1:20), LL-37 (1:20), lacticin Q (1:50) and colistin (1:10) (dotted line) based on TR-SANS measurements (lipid:peptide
ratios chosen based on the stability of liposome system). Inserted graph highlight the concentration dependent effect of LL-37. All samples were measured at 37°C.
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As qualitatively seen from the R(¢) functions in Figure 5B, all peptides except colistin were found to accelerate the lipid dynamics
significantly. The same trend of lipid dynamics acceleration upon introduction to AMPs has previously been seen \%esvivnAgmgeCOk%lz_‘)nseed
membranes.28 29, 63, 64.27 Njelsen and co-workers previously reported lowering of the activation energy, for, linidsfHg:Higp upon
addition of indolicidin after measuring 4:1 DMPC/DMPG lipid vesicles mixed with indolicidin 1:20 at four different temperature.2®
For the DMPE/DMPG lipid vesicles, a combination of a lowering in the activation energy as well as partly solubilisation of the
membrane as seen by SAXS provide an explanation of the observed effects. A potential peptide induced breakage of hydrogen

bonding between PE lipids may play a significant role lowering the effective activation barrier.

As seen from Figure 5B the largest peptides in the study, lacticin Q seem to have the most pronounced acceleration of the peptides
reaching the end state after only around 2 hours, even at the low peptide lipid ratio of 1:50. While LL-37 shows the same degree
of acceleration at 1:20, at 1:50 the effect on the dynamics is lower. A significant concentration dependence for LL-37 on the lipid
dynamics was also observed for in PC-vesicles by Nielsen and co-workers??, and was related to the observed structural effect. The
penetration of the peptide in the bilayer seems to increase progressively with increasing concentrations where the peptide at
localized at the interface at low peptide addition whereas it assumes a more trans-membrane conformation at higher
concentrations. Aurein 1.2 causes a dramatic acceleration of the lipid dynamics at higher concentrations than 1:50, reaching end-
state outside the resolution of our experimental setup. This can be explained by partial solubilisation of the membrane as seen by
SAXS. However, at 1:50 the effect is on the level of LL-37 at the same ratio showing a significant acceleration as compared to pure
lipid vesicles. The same is seen for indolicidin, while colistin overlaps with the R(%) curve of the pure membrane indicating no effect
on the dynamics. When correlating these results with the absence of structural effects as seen by SAXS it is not surprising that
colistin did not have any observed effect on the membrane dynamics. While all the peptides that were found to insert into the
membrane by SAXS seem to also affect the lipid dynamics. Nguyen et al. found in their study on asymmetric lipid vesicles that
peptides localized towards the surface of the membrane has a more pronounced effect on the dynamics than peptides that
penetrate deeper into the membrane.2® This supports the pronounced effect we see for lacticin Q and indolicidin, both found to
position on the outer leaflet. However, this does not explain the dramatic effects seen for LL-37 and aurein 1.2 that seem to be
able to penetrate deeper into the bilayer according to SAXS. Though, in the latter case the detergent effects observe specifically
for PE-lipids may provide parts of the explanation. Due to these effects observed by SAXS, and the destabilisation effect seen upon
increase in temperature, it becomes difficult to extract quantitative rates for exchange and flip-flop, and activation energy in the
same way as done previously for PC-lipid systems using the same technique.?® 59-61 Thus, we can conclude by qualitative
comparison that the same general trend of acceleration of lipid dynamics upon peptide addition can be observed also for lipid
model membranes consisting of DMPE/DMPG lipids.

Conclusions

We have demonstrated how the effect of a range of different natural antimicrobial peptides on lipid membranes can be studied
in detail using small angle scattering techniques. By using complex model systems, we can mimic the lipid composition of the
cytoplasmic membrane of bacteria. However, SAXS/SANS results show how these systems with PE lipids are less stable upon
peptide addition when comparing to frequently used model systems where the PE lipids are exchanged for PC lipids. Even though
PC and PE both are zwitterionic and have a comparable structure, they vary considerably in phase transition temperature due to
PE lipids ability to form inter molecular hydrogen bonds. This result in PE vesicles being more prone to undergo morphological
transitions and formation of multilamellar structures. As seen using SAXS, addition of PEGylated PE lipids in the vesicles prevent
the formation of multilamellar structures upon peptide addition, and in our case 5% of PEGylated PE enabled detailed studies of
structure and dynamics of vesicles mixed with five different AMPs.

Based on modelling of SAXS data we were able to compare the insertion of aurein 1.2, indolicidin, LL-37, lacticin Q and colistin in
the lipid membrane, and estimate the amount of solubilisation of the vesicles in the studied concentration range. The results show
that four of the peptides insert into the membrane with a deeper insertion of aurein 1.2 and LL-37 (the latter also in a concentration
dependent manner) than for indolicidin and lacticin Q. A fifth one, colistin, was not found to interact with the lipid vesicles. By
using H/D contrast variation and TR-SANS we see that four out of five peptides have significant effect on the dynamics of the
phospholipids, with a clear acceleration when comparing to the pure lipid system at 37°C. This is not surprising as colistin is known
to interact with the LPS outer membrane of Gram-negative bacteria. The data presented indicate that the larger peptides LL-37
and Lacticin Q seems to have a more pronounced effect on the transport than the smaller peptides. However, the peptide
membrane interaction is very complex, and the effect on dynamics cannot easily be predicted from the structural interaction of
the peptide or the peptide sequence independently, in support with previous data from Nielsen et al. on DMPC/DMPG lipids. The
data do reveal that AMPs generally have profound impact on lipid dynamics that may have important consequences in the spatial
distribution of lipids on cytosolic and outer membrane side. In addition, the ion transport may be influenced by the enhanced lipid
transport. These factors may in turn lead to lipid scrambling, signalling events or loss of net electrical potential which eventually
lead to cell death.

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Experimental section:

Differential Scanning Calorimetry (DSC)

Thermal analysis was performed using the TA Instruments “nano-DSC” instrument for solutions, which
allows detection of heat flows on a /s scale. The heating rate was 2°C/min and samples were scanned
from 10 to 70°C. The Tris buffer was measured separately using the same settings and the buffer curve
was subtracted from the thermograms using the NanoAnalyze software. The measured power was
converted to specific heat capacity C, in klJ/mol/K. The enthalpy values were obtained by integration
of the area under the phase transition peak.

Scattering model used to analyse small angle X-ray scattering (SAXS) data:

From fit analysis of SAXS data we can extract detailed information on the structure of the membrane
in large unilamellar vesicles (LUVs).}* The significant difference in electron density (ED) between the
head- and tail-groups of the lipid and water provides a significant sensitivity to changes in the contrast
in X-ray scattering. It has previously been shown® © that the coherent scattering from LUVs, where the
size of the vesicles and the thickness of the bilayer are well separated, can be described by the
separated form factor (SFF) approximation:

Lip(Q) = n- S(Q|Frs(Q)I?|Frp(Q)I? (1)
where n is the number of scatterers, defined as

¢ (2)

n=——
Vlipid ’ Pagg

with ¢ being the volume fraction and Vj;piq the total volume of a phospholipid given by Vjjpiq =
Miipia/(Na - diipia)- Na is Avogadro’s number, Myjpiq is the molecular weight and dyjpiq is the density.
Pagg is the number of phospholipids in each lipid vesicle, i.e. the aggregation number of the vesicle
given by

b 41t (Rspen)® — 4 (Rspens — tsnew)® (3)
499 3Viait

where Rgpeyp is the outer radius of the vesicles, tghe) is the thickness of the bilayer and Viy; is the
volume occupied by each double tail of the phospholipid.



5(Q) is the structure factor accounting for interaction between particles (in our case S(Q) = 1 because
all liposome samples are sufficiently diluted), Frs(Q) is the form factor of an infinitely thin spherical
shell (containing information on the radius of the lipid vesicles and the polydispersity), and Fr5(Q) is
the form factor of a flat bilayer sheet (containing information on the bilayer thickness and the
distribution of the phospholipids segments across the bilayer).

The flat bilayer form factor can be expressed’ as

Dy ) 4
Fro @1 = [ p(ereteraz = [, + 72, “

where Ap is the difference in the scattering length densities (SLDs) of the membrane and the solvent,
and F2 and Fszm are the real and the imaginary parts of Frg(Q).* The integral extends over the full
bilayer thickness from the inner distance D; to the outer distance D,,.

Following Ku&erka and co-workers*, we parse the phospholipids into the following segments:
hydrocarbon tail group (HC), carbonyl+ glycerol (CG) (common for all three phospholipid) and outer
part of head group (PC/G).

The volume probability distributions of the components are described by Gaussian functions?

(Z+Zn) (z—zn) (5)
G e e )

where g, and z, are the width and position of the distribution, respectively, and ¢,, = V},/(4,0,)- Vy,
is the volume of the group n and A, is the area per lipid, which is equal to the integrated area under
the curve.

P, (2) =

The hydrocarbon groups (HC) are modelled using a half period squared sine/cosine function to account
for the asymmetry in the bilayer, e.g. potential differences in the segmental distribution of the inner
and the outer HC group !

2
( _ (Z—Zun; t Oun; T
sin > 0
OMN;

for zyy, — oun;, < Z < Zyy, + Ouy;

Pyc(2) = 4 1forzyy, + oun, <z < Zyn, — Oun,

2
Z—Zumn, + OmN, TT
cos > 5
OMN,

\for zyn, — oun, < Z < Zyn, + Oun, (6)

where Zun;, 1S the 0.5-probability value for the HC group and ZUMNi,OiS the width of the squared

sine/cosine functions. The volume probability distribution of the methylene groups (CH;) can be
expressed separately as

Pcy,(z) = Pyc(2) — Pep,(2) (7)



These expressions for the distributions of the lipid tails comply with spatial conservation
consideration ? as the height of the expression for Py (z) is equal to one in the central hydrocarbon
region as there is no water present in this region of the membrane.

The volume probability distribution of the water is chosen to be the last group and the spatial
conservation requirement is applied to give

P& =1-) P@) (8)

where n = CHL°,CHY®, CG'°, HG".

The total volumes of the head group and hydrocarbon chain, as well as the area per lipid, were
constrained according to values from reported molecular dynamics simulation of DMPC?, DMPG® and
DMPE* phospholipids.

Because a small amount of PEGylated DMPE lipids was used to stabilize the lipid vesicles against
aggregation, the scattering from the PEG chains was included in the fit model for SAXS/SANS data. The
PEG chains on the inner and outer leaflet of the lipid bilayer have a Gaussian random coil confirmation
and can therefore be described by the analytical model, previously described by Arleth et al.!! See
Nielsen et al. for details on how the PEG contribution, Ipg; (Q) is included to the SDP model.?

To be able to use the analytical scattering models to quantitatively describe the interaction between
antimicrobial peptides and lipid vesicles, the peptide was introduced as an additional pseudo-parsing
group across the bilayer and modelled as an additional Gaussian function in the volume probability
(Eq. 5) as formerly published by Nielsen et al.}> 2 The integral under the curve was scaled by the total
volume fraction of added peptides and the fraction of peptide bound to the liposomes, f}p, in the

following way

V;J'fp'fbp (9)

C. =
pep .
Ay Opeptide

Further, to account for the changes in contrast as a result of the peptide potentially integrating into
either the head-region, tail-region of the phospholipids or somewhere in the interface between the
two areas of the bilayer, the difference in contrast is weighed by a fraction, f;, ¢4i;, which gives the

fraction of peptide in the tail region
App(Z) = fp_tail ' (pp - pCHz) +(1- fpmil) ' (pp - pw) (10)
where p(p), p(CH,) and p(w) are the SLDs of the peptide, methylene groups, and water, respectively.

The f tair is expressed as the integral of the overlap of the peptide Gaussian function with the half
period squared sine/cosine function expressing the volume probability of the HC groups in the
following way

z +0 Zj

CH, CHZP dZ+f inter P dZ
2 HC Zp—50 ide P

inter P pepetide ( 11 )

fp_tail = f Pp dz



where z;,ter is the intersect between the two overlapping curves found numerically by the Brent-
Dekker method'* and Py is the function described in Eq. 6. B, is the Gaussian function expressing the
volume distribution of the peptide (details in reference'?)

The form factor for the flat bilayer including the peptides is

Do s (12)
|FFBpep(Q)| = j Ap(z)e'““dz
> 2
= J((Fcos,lipid + Fcos,peptid) + (Fsin,lipid + Fsin,peptid) )
where
2
(QO' tid ) (13)
Fcos,peptide = CpepUpeptideAPp COS(QZpeptide) T exp [_ Z’Pezp ide
and
2
. (Qapeptiac) (14)
Fsin,peptide = CpepUpeptideAPp Sm(Qprepn'ae) . exp[ pe; ide

To account for potential free peptide chains not bound to the lipid vesicles, an additional term was
added to the model

pr(Q):(p'(l_fbp)'Apz%'V;)'Fchain(Q) (15)

Where ¢ is the total volume fraction and F(q)cnqin is the form factor of a Gaussian chain expressed
by the Debye formula.®

To account for formation of mixed peptide-lipid micelles due to solubilisation of the vesicles upon
peptide addition the model was modified to include a fraction of micelle scattering.?

micelle

Imiceue(Q) = & Fricene(Q) (16)

Pagg_micelle

where Npicele is defined as

Nmicelle = (Mconclipid ’ fmicelle + Mconcpeptide ) meice”e)/Vmicelle (17)

Where Mconcipiq and Mconcpeptige is the total molar concentration of lipids and peptides
respectively, and fmicele and fp, ..., is the fraction of the lipids and peptides incorporated in the

. . 4 : . :
micelles respectively, and Viyicerie = gﬂ(Tmicezle + D)3 where Ty cene is the core radius and D is the
thickness of the shell..

P

ag9micelle
fpr which is the ratio of peptide to lipid in the micelles, and f;,r. is the fraction of peptide chain

= Veore/ (ferfeoreYp + Viair (1 — fpr) is the aggregation number per micelle scaled by

. . 4 . .
incorporated in the core, where V.. = gﬂ(Tmicezze)3 and Fyicenie (Q) is the form factor for spherical

core-shell micelle with defined as:



/2 (18)

Pmicelle (Q) = _[ [ApshelleicelleAsphere(Qrmicelle)
0

2 .
+ (Apcore - Apshell)vcoreAsphere (Qrcore)] sina da

where Apgpep; is the difference in the SLDs of the shell and the solvent, and Ap.,. is the difference in
the SLDs of the core and the solvent, Asppere (x) = 3[sin(x) — xcos(x)]/x3. Apsper and Apgore Were
determined from a weighted average of the peptide and lipids using a fitting parameter describing the
fraction of the peptide in the core, f.ore, as such:

Ap _ Zlipidhead + Zpeptide ’ (1 - fcore) (19)
P for- (1 feore) Vo + Vineaa - (1 = frL)
Zlipidtail + Zpeptide ' fcore (20)
Apcore =

fPL ' fcore ' Vp + Viair (1 - fPL)

where Z; is the number of electrons in the group i.

The full expression for the intensity, including peptide in the bilayer, the PEGylation, the free peptide
chains and mixed micelles is then

1= 12(Prs(@)?Fre, (0% + Tpsc(@)) + I1p(@) + nicerie(@) (2t)

In the fit analysis, we allowed the concentration to vary slightly due to uncertainties in the
determination of the exact value during the sample preparation.

Results:

Table S1. Fit results from SAXS data on DMPE (75%), DMPG (22.5%), DMPE-PEG (2.5%) liposomes with and without addition
of indicated peptide at different ratios. All data measured at 37°C.

Fraction of Bilayer Volume Volume  Zpeptide Gpeptide fmicelles  Ratio P/Lin fop O
peptide thickness [A] headgroup  CH: [A] [A] micelles
Liposomes - 45 256 24.6 - - - - 1 0.36
Aurein 1.2 1:20 44 255 25.0 0 10 0.48 0.05 1 0.38
1:50 44 257 24.7 -1 10 0.05 0.01 1 0.36
1:100 46 258 24.6 0 10 - - 1 0.36
Indolicidin ~ 1:20 45 281 24.5 14 5 0.04 0.05 1 0.36
1:50 45 273 24.6 24 6 0.02 0.02 1 0.36
1:100 45 266 24.6 23 6 - - 1 0.36
LL-37 1:20 47 272 25.3 5 11 0.09 0.05 1 0.43
1:50 46 262 25.0 18 13 0.04 0.02 1 0.38
1:100 46 260 24.8 25 10 0.01 0.01 1 0.38
Lacticin Q 1:20 - - - - - - - 1 -
1:50 45 280 25.2 9 7 - - 1 0.36
1:100 45 272 25.0 11 7 - - 1 0.36
Colistin 1:10 45 256 24.6 - - - - 0 0.36
1:20 45 256 24.6 - - - - 0 0.36
1:50 45 256 24.6 - - - - 0 0.36
1:100 45 256 24.6 - - - - 0 0.36
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Figure S1. Electron density profiles calculated from the fit parameters of SAXS data on DMPE/DMPG lipid vesicles with 2.5
and 5% PEG and DMPC/DMPG vesicles with 2.5% PEG.
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Figure S2. TR-SANS data on pure DMPE/DMPG liposomes (A) and DMPE/DMPG liposomes with Indolicidin (B) showing the
decrease in scattering intensity over time due to lipid exchange and flip-flop.
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Figure S3. Nano-DSC data on DMPE (75%), DMPG (22.5%), DMPE-PEG (2.5%) liposomes showing the phase transition of the

lipid bilayer.
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ABSTRACT: 1t is well-known that lipids constituting the cytoplasmic membrane undergo continuous

reorganization to maintain the exact composition important for the integrity of the cell. The transport of lipids
is controlled by mainly membrane proteins, but also spontaneous lipid transport between leaflets, lipid “flip-
flop”, occurs. It has previously been shown that spontaneous intravesicular lipid “flip-flop” and intervesicular
lipid exchange can be deduced indirectly from contrast variation time resolved small angle neutron scattering
(TR-SANS) data, by monitoring the loss of SANS intensity over time. In this work we present a new more
direct approach to extracting the rates for lipid intravesicular flip-flop and intervesicular lipid exchange from
TR-SANS data by modelling the full Q-range data, and in this way making use of both the structural and
temporal resolution of SANS. Using this approach, we have analysed data on liposomes with and without a
substrate known to accelerate the lipid transport processes, the antimicrobial peptide indolicidin. The rate
constants extracted from the methods are comparable, and the activation energies calculated from the rates
are consistent. However, we found that addition of indolicidin did not only lead to an acceleration of lipid
transport but also an increase in the size of the liposomes, which would not have been detected by the
traditional approach of only monitoring the net SANS intensity. We conclude that both methods provide
comparable results with regards to thermodynamical relevant parameters, but modelling of full Q-range TR-
SANS data is a very useful upon investigating the effect of for example an added peptide or protein because

it also yields additional information on changes in size and morphology of the vesicles.



INTRODUCTION

The cell membrane relies on controlled transport through the membrane in order to maintain its integrity,
because an exact composition in terms of lipid and ions (protons, sodium, calcium etc.) is required for healthy
cell function. The balance is mainly kept by transmembrane proteins, which accurately regulate the
composition of lipids and the balance of ions.(1) The cytoplasmic membrane of eukaryotic and prokaryotic
cells requires maintaining an asymmetric lipid composition on both the inner and outer leaflet to function. In
contrast to in plane diffusion, it has long been known that lipid “flip-flop™ is relatively slow (min-hours-days-
months) in absence of transmembrane proteins (“flippases” and “floppases”),(2) which have been found to
significantly accelerate the process (seconds).(1, 3, 4) Flippases and floppases are adenosine triphosphate
(ATP) dependent membrane proteins which move lipids to the inner monolayer and outer monolayer
respectively,(5) and in that manner carefully maintain the lipid composition and rejuvenate the outer leaflet
as lipids are synthesized within the cytoplasm. In the absence of flippases, the lipid composition is thus rather
constant and if spontaneous “flip-flop” occurs in an uncontrolled manner, the lipid composition may be altered
leading to destabilization of the membrane. Lipid scrambling and malfunction of flippases and floppases have
recently been linked to human diseases including cancer, highlighting the importance of lipid dynamics.(1)
Destabilisation of the bacterial membrane through accelerated lipid flip-flop has further been suggested as an

essential step in the mode of action of antimicrobial peptides (AMPs). (6-13)

In order to probe lipid dynamics, it is essential to avoid perturbations from equilibrium, and it is desirable to
monitor the nanostructure and potential changes simultaneously. In this respect, time-resolved small-angle X-
ray/neutron scattering (TR-SAXS/SANS) techniques have recently emerged as increasingly powerful tools to
study nanostructures in the 1-100 nm range, with temporal resolution starting from a few milliseconds. In
particular, over the last decade a novel hydrogen/deuterium (H/D) contrast variation technique based on TR-
SANS as a “label-free” method has emerged to study molecular exchange processes.(14-16) Contrary to other
methods such as EPR, fluorescence and temperature-jump experiments, the kinetic zero-average contrast
(KZAC) TR-SANS method does not require chemical labelling or perturbation that disturbs equilibrium other
than simple H/D exchange which do not considerably affect the physico-chemical properties of the system.
The idea was originally developed to investigate the dynamics of block copolymer micelles,(14, 15) which
was shown to be dominated by activated diffusion of single chains, a process that strongly depends on surface
tension between the solvent and the hydrophobic part, chain-length and temperature.(14, 15, 17, 18) The TR-
SANS method has later been adapted to study lipid exchange in unilamellar vesicles (ULVs), i.c.
liposomes.(19-21) As first shown by Nakano and co-workers, both lipid “flip-flop” and inter-membrane
exchange can be deduced by monitoring the loss of SANS intensity over time.(19) However, in order to derive

the rate constants for lipid flip-flop and inter-bilayer exchange, a kinetic analysis was developed to resolve



the net change of the integral intensity over time and not by analysing the (time-dependent) scattering curves.
Thus, this experiment and similar later approaches,(13, 21, 22) did not take full advantage of the intrinsic
spatial resolution of the SANS technique and the determination of the flip-flop rate can only be deduced
indirectly by analysing the decay of the overall scattered intensity. Moreover, by analysing only the net
intensity, potential parallel kinetic processes, such as vesicle growth or morphological transitions cannot easily
be deciphered. Perez-Salas and co-workers have later introduced an alternative approach where they extract
the exchange and flip-flop rates from fit analysing the full Q range scattering curves using a model with a
time-independent prefactor containing the form factor of the lipid particles multiplied with a time-dependent
function containing the exchange and flip rates which are dependent on changes in the contrast of the inner

and outer leaflet of the vesicles.(23, 24)

The kinetics of lipid flip-flop can be determined more directly by using asymmetric bilayer where one leaflet
is labelled. Conboy and co-workers used Sum-Frequency Vibrational Spectroscopy that requires deposition
of a deuterated leaflet on a solid substrate (supported bilayer). Upon flip-flop, the composition of the inner
and outer leaflet is mixed, which can be followed by monitoring the amount of -CHj3 (as opposed to -CDs)
groups on the surface. The same idea has also been used in neutron reflectometry by Gerelli and co-workers
who deposited a H/D labelled bilayer on silica. However, here it was found that inter-bilayer exchange was
rate limiting and lipid flip-flop was too fast within experimental time window. Flip-flop can also be detected
by TR-SANS using asymmetric vesicles where one leaflet contains a deuterated lipid. Similar to the KZAC
TR-SANS technique, flip-flop can be detected upon loss in the overall intensity. Using this approach, the
authors investigate the effect of peptide insertion finding that the rate for flip-flop is accelerated although
molecular exchange between vesicles could not be observed using this technique. Several other studies have
indicated that antimicrobial peptides (AMPs) induce changes in lipid dynamics, more specifically by
accelerating flip-flop motion (25-27). At least in model systems, peptides can accelerate lipid flip-flop motions
in a manner proportional to the amount of peptide inserted into the membrane.(28, 29) In one study AMPs
were found to induce “flip-flop” at concentrations much lower than those needed to cause leakage of
calcein.(8) Hence, although there is significant evidence that AMPs may accelerate flip-flop, the molecular
mechanism and its implications are not clear. Moreover, other mechanisms for peptide-induced lipid transport
and redistribution needs to be considered. In this context, inter-bilayer exchange may play an important role
as this leads to redistribution of the lipid composition, first at the outer leaflet leading to a scrambling of the

composition in the presence of other lipid sources.

In this work, we investigate the lipid exchange and “flip-flop” motion using the KZAC TR-SANS method
using the full Q-range to make use of both the structural and temporal resolution of SANS. The approach we

present is similar to what has been previously presented by Perez-Salas and co-worker, however, because we



add an antimicrobial peptide to our vesicle system we take into account a time-dependent change in the form
factor of the vesicles caused by the peptide interaction, as well as the changes in contrast resulting from lipid
dynamics. Our results reveal that upon addition of AMP, the lipid dynamics, both the inter-bilayer and intra-
bilayer flip-flop motions, is considerably accelerated. For the flip-flop, the effect can primarily be attributed
to a reduction of the activation energy of about 15%. This likely results from mediation of head-group - tail
interaction by the peptides. The analysis also show that the acceleration of the lipid dynamics is accompanied
by a growth and consequently, broader distribution of the vesicles likely caused by Ostwald-like ripening
process. We also speculate that the change in dynamics in may cause effects such as lipid scrambling and
enhanced transport of solutes over the membrane that are detrimental to living bacteria. This thus may

constitute an important mode of action for AMP activity.

MATERIALS AND METHOD:

Materials:

Synthetic DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine), d-DMPC (1,2-dimyristoyl-d54-sn-glycero-
3-phosphocholine), DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)), d-DMPG (1,2-
dimyristoyl-d54-sn-glycero-3-phospho-(1'-rac-glycerol)) and DMPE-PEG (1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]) was purchased from Avanti Polar Lipids.
The peptide indolicidin was purchased from Isca Biochemicals Limited. The tris buffer was prepared by
mixing 50mM Tris-base with Tris-HCI (Sigma Aldrich) in the correct ratio to achieve a pH of 7.4 in 50%
D0 (Sigma-Aldrich) and 50% H,O (MiliQ).

Sample preparation:

The lipids in a ratio of 75 mol % DMPC, 22.5 mol% DMPC and 2.5 % DMPE-PEG were dissolved in a 1:3
Methanol: Chloroform solution. The organic solvents were removed completely under vacuum using a
Heidolph rotary evaporator with a Vacuubrand vacuum pump. The resulting lipid film was hydrated with Tris
buffer for at least one hour at a temperature of 34°C. After sonication for 15 minutes, the lipid dispersions
were extruded through a 100 nm pore diameter polycarbonate filter (>21 times) using an Avanti mini-extruder

fitted with two 1 mL airtight syringes. Indolicidin, was dissolved in Tris buffer to the desired concentration.



TR-SANS data collection:

SANS data were collected at the KWS1 SANS beamline, at the Heinz Maier-Leibnitz (FRM II) center, MLZ
in Garching, Germany. D-liposomes where mixed with H-liposomes (1:1) directly before the first
measurement using a Finntip micropipette and mixed with either pure buffer (to make sure concentration of
the non-peptide samples compare to the peptide samples) or peptide solution 1:1. The samples where filled in
round Hellma quarts banjo-cells with a path length of 1 mm, and kept in a temperature controlled rack during

the experiment.

Extraction of relaxation function:

The TR-SANS data can be evaluated by determining the relaxation function R (t) according to
I(t) — I,
R(t) = | ———— 1
©=lio-1 (D

where I(t) = [1(Q,t)dQ is the integral intensity at a given time, I,is the intensity of the premixed blend
representing the final state and /(0) is the averaged intensity of the H-vesicles and D-vesicles measured

separately representing the initial state before exchange and flip-flop has taken place.



Data modelling of TR-SANS data

Figure 1: Schematic illustration of the concentric shell model.

For analysis of the TR-SANS data a model of concentric shells of finite thicknesses was chosen (see Figure
1). In this model the bilayer was divided into four concentric shells; one inner solvated shell consisting of
headgroups and water with amplitude A(q)p,;, two middle shell of the tail groups with amplitude A(q),; and
A(q)¢,0and one outer shell of headgroups and water with amplitude A(q)p, . In our experimental design, we
have used a = 50% mixture of lipids with deuterated and proteated tails respectively, however the head groups
are the same in all cases. We therefore have to consider that the contrast for the tail region of inner and outer
leaflet, Ap(t); and Ap(t)¢,depends on time. The total form factor of the can thereby be expressed as the

following



App(Q) = AppiAni(Q)Vii + Apei ()AL (Q)Vii + Apeo () Ao (@)W
+ Aph,oAh,o (Q)Vh,o

(2)

where Vy,;, Vii, Vi, Vi are the volumes of the inner head- and tail group, and outer tail- and head group

shells respectively. The volume of each shell is defined as:

(R; + tsnen)® — (R)?

Vi =4
h,i T 3

- (Ri + tspen + D /2)% — (R; + tspen)®
3

Vii=4

- (Ri + tshell + Dc)3 - (Ri + tshell + Dc/2)3

Vio =4
t,o 3

- (Ri + tspey + D¢ + tspen)® — (Ri + tgpey + D)3

Vio = 4
h,0 3

(R; + tsneu)*A(Q R; + toney) — (R)*A(QR))
(Ri + tsnen)® — R}

Api(Q) =

_ (Ri + tspen + D /2)3A(q, Ri + tspey + De/2) — Ry + toner)*A(q, Ry + tspen)

A .
ol (Ri + tspen + Dc/2)3 — (R + tspen)?

- (R; + tspen + Dc)? — Ry + tgpey + D /2)3

Aro =4
t,0 3

4 = (Ri + tspen + De)?A(q, Ry + topen + D) — Ry + tope)>A(q, R + topey + D /2)
t,o —

(Ri + tsheu T Dc)3 - (Ri + tspen + Dc/2)3

Ah,o (Q)

(Ri + 2tspen + D)3 A(Q Ry + 2tgpen + Do) — (Ri + tgpen + D)3A(Q Ry + topen +
+D,)
(Ri + Ztshell + DC)3 - (Rl + tshell + DL‘)3

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

where R; is the inner radius of the vesicle, D, is the total thickness of the hydrocarbon region, tgy.;; is the

thickness of each head group shell. The scattering contrast towards the lipid tails at the inner and outer leaflets

depend on time and can be written as:



Api(® = (1 = fin(®) * Praip + fin() * Praivy — Po (12)

Apl?o (t) = (1 - fout(t)) * Ptail,d + fout(t) " Ptail,H — Po ( 13 )
A,D?,Ii(t) = fin(®) " Praip + (1 = fin(t) * PraiLy — Po (14)
Apglo (t) = fout(t) * Ptail,D + (1 - fout(t) " Ptait,H — Po ( 15 )

Here f,(t) and f,,:(t) is excess fraction of either H- and D-lipid in the inner and outer leaflet respectively.
To consider the hydration of the inner and outer shell, Apy, ; and Apy, , is calculated as follows
Aph,i =(1- fwi) " Pheadgroup T fwi*Po — Po (16)

Aph,o = (1 - fw,o) " Pheadgroup + fw,o “Po — Po (17)

where i=inner or o=outer headgroup, ppeqdgroup 1 the scattering length density of the lipid headgroup, py is
the scattering length density of the water. The fraction of water in the inner and outer shell(30), f,,, is given

by

Vheadpi
fwi=1- 18
it ((R; + tspeu)® — RY) (18)
V P,
fw,o -1 head'o ( 19)

(Ri + 2tspen + Dc)® — (Ri + tspen + Dc)?

where P; and P, are the number of phospholipids of the inner and the outer leaflet of the vesicle respectively.

= 4 (Ri + tsneu + Dc/2)° = (Ri + topen)®

p. = (20)
' 3Vttail

— 41 (R + tshen + Dc)3 — (R + tshell+Dc/2)3

P = (21)
° 3Viail

where Vi is the volume occupied by the hydrophobic tails of the phospholipid.



The scattering from the PEG chains was included in the fit model for SANS data. (31, 32) The PEG chains
on the inner and outer leaflet of the lipid bilayer have a Gaussian random coil confirmation and can therefore

be described by the following analytical model(31, 32)

IPEG—liposomes(Q)

=n
’ (fmix ' IlipH(Q) + (1 = frix) IlipD (Q) + Ichain(Q) + Icici(Q) (22)
+ leie, (@) + Loy, (@)
Where n is defined as
_ 0]
" Viapia - (Bo) + (P) (23)

where ¢ is the volume fraction and Vjjpiq is the total volume of the phospholipid taken as the average between
weighted DMPC and DMPG. The average aggregation number and intensities were calculated assuming a

Gaussian distribution, g(R;;,), of the inner radius of the vesicles.

o

1@ = [ 9Rm)1Q Rin)dRy (24)
0
and I, /p (Q) is the scattering intensity for the H and D-liposomes calculated as

IlipH(Q) = AH(Q)Z + Isci(Q) + Isco(Q) (25)

IlipD @ = Ap (Q)Z + Isci(Q) + Isco(Q) (26)

Where A(Q) is calculated according to eq. 2 with the only difference in the H- and D-type liposomes is given
by the contrast to the tails (Eqs. 12-15), I, (Q) and Is. (Q) are the interference cross-terms of the outer and

inner chains with the bilayer of the H-liposomes and D-liposomes (dependent on the A(Q)):



Ich{D (Q) = AH/D (Q) *AppecVpec2Nppe (1 — finner) ’ (NPEG(l - finner) - 1)

[1-ex |- (er,)’| |sin (e(R = Ry)) (27)
(QR,)" Q(R; — Ry)

1—exp [—(QRg)z]
(QR,)”

Ich{,D (Q) = A(Q) " AppecVpec 2NpEc finner * (Npec finner — 1) -

(28)
|sin (Q(Ri + 2tspen + De — Rg))

Q(Ri + 2tspen + D — Ry)

In this expression, Appg is the excess scattering length density, Vpg is the partial specific molecular volume
of a single PEG chains, Ry is the radius of gyration of the chains, fin,e, is the fraction of PEG in the inner

leaflet and Npg,; is defined as the number of PEG chains per liposomes given by

Npge = frec 'Pagg (29)

frEc 1s the fraction of PEG-modified lipids in the liposomes and P54, = P; + F,, is the aggregation number

of the liposomes.

Icnain(Q) is the scattering from the PEG-chains alone given by

exp[—(QR,)*1— 1+ (QR, )’
(QRy)"

Ienain(Q) = nApI%EGVF%EGNPEG "2 (30)

The last terms, I¢,,(q) and I. ¢, (q), are the interference terms between PEG chains attached to the inner
surface of the vesicles and between the PEG chains on the outer surface, respectively, while I, (q) is the

inter-interference between the inner and outer PEG chains:
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1—exp [—(QRg)Z] ’

Icici(Q) = nApIZJEGVI’ZEGNPEGﬁnner * (Npg6 finner — 1)

(QR,)°
(31)
2
|sin (Q(R;—Ry))
Q(R: — Ryg)
Icoco (Q) = nvA,D}Z’EGVPZEGNPEG(1 - finner) ’ (NPEG(1 - finner) - 1)
2172 2
1—exp [_(QRg) ] sin (Q(Ri + 2tsnen + De — Rg)) (32)
(QRg)2 Q(Ri + 2tspen + D — Ry)
1—exp [—(QR )2] ’
Icico(Q) = nA.DIZ’EGVPZEGZngEGfinner *(1— finner) - 2 ?
(QRg)
(33)
2 2
sin(Q(Ri = Ry)) | [sin (Q(R: + 2tgnen + D — Ry))
Q(Ri - Rg) Q(Ri + 2tshell + Dc - Rg)

Calculation of thermodynamical parameters from TR-SANS data

Following Nakano et al, the lipid transport processes can be described by the following differential equations

with rate constants of exchange (k.. ) and flip-flop (kﬂip) by(19)

dlApo“ | k A — Ap
_—t = ke (lAﬂoutl — ()) + flip(l poutl | inl):

a|Apiy|
- dtm = _kflip(lApoutl - |Apin|)

where Ap,,: and Ap;, are the contrast of the inner and outer leaflets of the vesicles with the solvent. As we
have used a zero-average contrast solvent the H and D-vesicles can be assumed to have identical absolute

values of contrast where one is positive and the other negative.
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With the initial condition that Ap,,:(0) = Ap;,(0) = 1 and taking an average of |Apy,:| and |Ap;,| the

R(t), normalized contrast has been explained by a double-exponential decay function(19)

R(t) = (% — k’;%) exp(Yt) + G + %) exp(Zt) (35)

~Keox+2Kf1ip+X Kex+2k r1ip—X
Where X = /4k]3u-p + k%Y = % and Z = %.

Similarly, the excess fraction of either H- and D-lipid in the inner and outer and leaflet as a function of time

can be expressed by:

koo —Z Y —key
fout(t) = (ﬁ) exp(—Y(t - d)) + (ﬁ ) EXp(—Z(t - d)) (36)
Koy — Z kﬂip +ko =Y
fin(t) = : -Y(t—-d
® < Y—Z) kfiip exp( =Y ) (37)
Y — ko Kaip + Kox — Z
( — )  Zflip -~ exp(—Z(t — d))

where d is a delay time.

To extract further thermodynamical parameters, In k., and kf;;;, can be plotted against the inverse temperature
in Kelvin, 1/T for samples measured at different temperatures giving an Arrhenius type relationship. From

this analysis we obtain the activation energy, E,and the fundamental time constant, 7, according to

Eq

T=T06Xp(ﬁ> (38)

where T = 1/k, R is the universal gas constant and 7is a system specific constant and is related to the time

between each time the molecule “attempts” to overcome the energetic barrier.(33)

T = Tgo exp(—AS/R)exp (AH/RT) (39)

Where AS is the entropy change, AH is the enthalpy change and 7, is the estimated fundamental time

constant.
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DLS experiments:

Dynamic light scattering experiments were performed at 37°C on an ALV/CGS-8F multi-detector version
compact goniometer system, with 8 fiber optical detection units, from ALV-GmbH., Langen, Germany. The
intensity correlation function was measured at 8 scattering angles simultaneously in the range 22-141°. The
measurement was performed using a beam of vertically polarized light with an incident wavelength of 632.8
nm. The sample solutions were filtered in an atmosphere of filtered air through Spm filters (Millipore) directly
into precleaned 2mm NMR tubes. The concentration of liposomes was lowered to 0.5 mg/ml to avoid multiple

scattering.

The correlation functions were analysed using a single stretched exponential:

t\P (40)
s =ea|-(2)

where 7y,is the effective relaxation time and f (0 < f < 1) is a measure of the width of the distribution of

relaxation times. Further the mean relaxation time is given by:

T=—F<l> (41)

where T (%) is the gamma function of S~ 1. In the present work, the relaxation mode was observed to be

diffusive in all cases (q2 dependent).

In the analysis of the correlation function data, a non-linear fitting algorithm (a modified Levenberg—

Marquardt method) was used to obtain best-fit values of the parameters 75, and f in Eq. 40.

The hydrodynamic radius (Rp,) can be calculated through the Stokes-Einstein relationship from the relaxation

time because the relaxation mode is diffusive:
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k,T (42)
Rh ==
6nnD

where T is the temperature, 77 is the viscosity of the medium, D is he mutual diffusion coefficient (D = 1/7q?)

and kj, is the Boltzmann constant.

RESULTS AND DISCUSSIONS

Figure 2: Schematic illustration of the TR-SANS technique designed to resolve the lipid dynamics, intra-vesicular flip-

flop and intervesicular exchange processes. The method, first developed for micelles,(34) is based on mixing
perdeuterated vesicles with proteated vesicles in a solvent that consist of about 50% H/D matching the average scattering

length density. As the molecules rearrange, contrast is lost and the neutron scattering intensity gradually decreases.

The TR-SANS method illustrated in Figure 2, is based on mixing proteated, H- (black) and perdeuterated, D-
labelled (white) vesicles, and observing the decay in the scattering intensity over time. As the molecules mix
and the average contrast decrease towards the mean solvent background (50% H/D solvent), the intensity
decreases. An example of results obtained using the method is given for liposomes at 37 °C in Figure 3 where
the scattered intensity as a function of the Q-vector is plotted at different times after mixing the solutions. The
results reveal that, as expected, the intensity decreases gradually with time as the contrast is lost. However,
the intensity is related to a change in contrast of both the inner and outer leaflet which are not necessarily
following the same time dependence. Thus in order to extract accurate information about the kinetic process,

the data were analysed using a multi-shell model for vesicles where the time-dependent contrast for the inner

14



and outer leaflet is taken into account and determined independently. The fit results are shown as solid lines
demonstrating an excellent description of the data. As can be observed at low Q, the data exhibit an upturn,
i.e. residual intensity even at the near contrast matched conditions. This effect, which also is naturally
described by our model, comes from the finite scattering contribution of the small amount of fully proteated

PEG chains that still contributes coherently to the scattered intensity.

Figure 3: Scattered intensity plotted as a function of q and the time obtained for 2.5 mg/ml DMPC/DMPG lipid vesicles
in 25 mM Tris buffer at 37 C, together with best fit.

In order to evaluate the kinetic process more in detail we proceeded to perform experiments at various
temperatures, 27, 37, 47 and 57 °C. The data are shown in Figure 4. As seen from the plots the scattering
model is able to explain the data of the pristine liposomes at the three lowest temperatures by only varying
the contrast of the inner and outer layer. While at 57 °C the resolution of the data is not high enough to use
the described fit model because the measuring times had to be lowered in order to follow the fast kinetics
observed at this temperature. The structural fit parameters giving information on the particle size and
membrane thickness are presented in Table 1. The results from the fit analysis are consistent with prior

published SAXS and SANS data on liposomes consisting of the same lipid mixtures.(35)
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Figure 4: TR-SANS data including fits of DMPC/DMPG/DMPE-PEG vesicles with and without added peptides (1:20

indolicidin) at different temperatures. The start and end times are indicated.
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Table 1: Structural fit parameter of liposomes with and without indolicidin (1:20) at different temperatures, as based on

SANS data.
27°C 37°C 47°C
No peptide With peptide | No peptide With peptide | No peptide With peptide

R; [nm] 40 38.5-44¢ 40 39-544 40 41.7-62¢
Vhead[A%]? 330 330 332 332 334 334

Ve AY]? 770 770 775 775 785 785

tonen [A]° 6 6 6 6 6 6
D.[A]® 26 26 25 25 24 24

frec 0.025 0.04 0.025 0.06 0.025 0.05
Rgpec [A] 15 15 15 15 15 15

“Hard constrained parameters(36, 37). ®Soft constrained by limits. ‘Allowed to vary slightly in liposome samples with
peptide to account for the extra proteated peptide material (the value is based on a fit of the end state curve). “Parameter

dependent on time, see Figure 4.

In Nature, the rate of lipid flip-flop is highly regulated by membrane proteins, and it is known that addition of
drugs like for example AMPs may also affect the lipid motions. In these cases, it is especially interesting to
use a methodology that is both able to determine the exchange and flip-flop rate, as well as any other kinetic
processes such as changes in the morphology or size of the vesicles as this may be an important factor in fully
understanding how addition of peptides or proteins affect lipid membranes. In order to study whether these
effects can be characterized using the described direct scattering model approach, we added a peptide,
indolicidin, that is already known to insert into the outer leaflet of the membrane(35) resulting in acceleration
of lipid transport motions.(13) The TR-SANS results on liposomes with 1:20 indolicidin at 27, 37 and 47 °C
are shown together with best fit in Figure 4. As seen from the plots the model is able to fully explain the
scattering data over time at every temperature, but in the case of the lipid-peptide mixtures changing the
contrast of the inner and outer leaflet is not sufficient to obtain well describing fit curves. In this case we
therefore also varied the size of the liposomes (see Table 1), which as seen from the figure resulted in a good
explanation of the data by the fit model. The thickness of the bilayer upon peptide addition was also set to

vary in the fit analysis, however the results revealed that this parameter remained unchanged, which is
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supported by previously published small angle X-ray scattering (SAXS) and neutron reflectometry (NR)
data.(35, 38)

80 .| T [ ' I T I 80'_ I .' oI o ; . i
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Figure 5: The inner radius of the liposomes with 1:20 indolicidin, as a function of time based on fit analysis of TR-SANS
data. Inset shows a comparison of the radius of hydration of liposomes with and without 1:20 indolicidin at 37 °C based

on DLS data.

The inner radii (R;) of the liposomes as a function of time, at different temperatures have been plotted in
Figure 5. As seen for the Figure the liposomes initially increase in size after peptide addition, but eventually

reach a stable plateau. The growth of the particles was found to follow the exponential expression R(t) =

AR (1 — exp (— L)) + Rgiqre Where AR is the difference between the end and start size of the particles,

tau

tau is the time constant and Ry, 1S the initial liposome size. When comparing the effect at different
temperatures it is obvious that the effect is more pronounced with increasing temperatures. The same trend
can be observed in the hydrodynamic radius (Ru) when comparing neat liposomes with liposomes-indolicidin
mixtures using DLS at 37 °C (the sample for these experiments are not the exact same as the samples used for

the TR-SANS experiments and therefore absolute values should not be compared directly, but the preparation
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method and lipid content is the same). The results show how the liposomes without peptides are very stable
over a long time, and we have previously tried to follow the structure over months without any observed
changes in size or bilayer structure. The liposomes contain 2.5 % PEGylated DMPE-lipids in order to increase
the stability of the vesicles against self-aggregation in the presence of a cationic substrate like indolicidin. The
PEGylation together with inclusion of 25% negative charged (DMPG and DMPE-PEG are both anionic) lipid
provides an explanation of the extreme physical stability observed in the DLS data for the pristine liposome

system.

Upon peptide addition the physical stability of the PEGylated liposomes is disturbed causing a growth of the
particles. Generally these type of changes can occur via different mechanisms: at the particle level the
liposomes can change size due to aggregation, fusion, coacervation or precipitation, while at the molecular
level, the mechanism can be Ostwald ripening, described as asymmetric molecular exchange where larger
vesicles grow on the expense of the smaller ones.(39) As seen from previous SAXS and SANS data,
incorporation of 2.5 % PEGylated DMPE is sufficient to stabilise the liposomes from aggregation and
induction of multilamellar structures caused by addition of indolicidin.(35) Another possible explanation is
peptide induced fusion of liposome particles. However, in Nielsen et al. we did TR-SANS experiments on the
same system at different overall concentrations (2.5 and 5 mg/ml) revealing a perfect overlap of the intensity
decay functions.(13) This indicates that vesicle fusion events does not frequently occur because these would
be concentration dependent, and therefore give a steeper decay in the TR-SANS results at higher
concentrations. It should also be noted that fusion would likely cause a larger increase in the size than observed

in our SANS and DLS experiments.

These evidences therefore rather point toward a peptide effect on the molecular level being the cause of the
observed growth behaviour. Previous, NR and atomic force microscopy (AFM) experiments has revealed that
indolicidin addition to supported lipid membranes composed of DMPC and DMPG causes solubilisation and
removal of lipids. We hypothesise that addition of indolicidin leads to an inhomogeneous partial dissolution
of lipids and initially increases the solubility of the lipids including the PEGylated lipids. This leads to
redistribution of lipids that become available. Once the lipids have been redistributed and the lipids /peptides

have been homogenously distributed, the vesicles stabilize into the new size distribution.
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Figure 6: Results for exchange and flip-flop of liposomes without peptide (A) and with peptide (B). The plot shows the
excess fraction of either H- and D-lipid in the inner and outer and leaflet (f;,, (t) and f,,,.. (t) respectively) based on direct
modelling of full Q range TR-SANS data, and the R(t) curves extracted from the integral net loss of scattering intensity
(Eq. 1). The solid black line is a result of a joint fit of all curves extracting information on the exchange (kex) and flip-

flop (kip) rates, while the red dotted line represents a separate fit to only the R(t) curve.

Apart from the changes in particle size we extract information on the excess fraction of either H- and D-lipid
in the inner and outer leaflet as plotted in Figure 5. In order to compare the results from the direct and indirect
approaches to analysing TR-SANS data, the traditional R(t) curve (Eq. 1) has been plotted together with the
fin(®) and f,,+(t) parameters in Figure 5, and the data has been analysed simultaneously using the
expressions shown in Eq. 34-36, with the same exchange (kex) and flip-flop (kaip) rates. As seen from the solid
lines plotted in Figure 6 all the data is well explained by the models when using the same lipid transport rates.
This indicates that the results we get from the two different approaches are comparable. However, as seen
from Figure 5, the fi, curve (gives information on flip-flop motions of lipids) apparently displays an initial

“delay time”, which required a modification of the expected kinetic model. (see Eq. 35-36)

This delay time can be explained by a lack of sensitivity to lipid flip-flop in the first stage of the experiments
because of insufficient contrast between the outer and inner leaflet of the vesicles. Over time, when enough
lipids have exchanged between H- and D-vesicles, taking into account that lipid exchange only affects the
outer leaflet, sufficient contrast is obtained to also see lipid flip-flop motions from the TR-SANS scattering
curves. To compare the result from model analysis of the TR-SANS data directly, with the traditional
extraction of the exchange and flip-flop rates from the R(t) curve, we have included analysis of the R(t) curve

independently using the model described in Eq. 34 (red dotted line in Figure 6).

The exchange and flip-flop rates found by both approaches described above are shown in Arrhenius plots in

Figure 7. The rates obtained using only the R(t) curve, as seen in the inset graph, are consistently higher than
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the parameters extracted from the joint fit analysis. However, the linear fit curve is almost parallel, which
explains why the activation energy (E,) and change in enthalpy (AH) which are proportional to the slope of
the curves, are rather consistent. The reason for the difference in absolute rates might be related to the (time-
dependent) contrast between the inner and outer leaflet which affect the cross-terms of the scattering
amplitudes which are not taken into account when using the integrated scattering method, R(t). See Table 2
for full list of thermodynamical parameters extracted from the Arrhenius plot. When comparing the
parameters for the liposomes with and without peptides, we find the same overall trends as in Nielsen et al.(13)
where indolicidin significantly lowers the activation energy of lipid flip-flop. While the exchange rates are

highly affected by peptide addition the activation energy of this process is less affected.
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Figure 7: Arrhenius plot for liposomes with and without 1:20 indolicidin based on joint fit of fou, fin and R(t). Inset

0,0030  0,0031

displays the same parameters calculated from an independent analysis of the R(t) curve.

21



Table 2: Thermodynamical parameters of liposomes with and without peptide.

Lipid exchange Lipid flip-flop

k.. Eolk] AH[K] TAS[k] AGIK]| k" Eo[kJ AH[KJ TAS[kJ AG [k

[min‘l] /mol] /mol] /mol] /mol] [min‘l] /mol] /mol] /mol] /mol]
No
peptid
e
J‘i’_::‘t 14102 100 97 0 98 | 4.8-10° 74 68 29 100
R(t) | 1.9-10° 100 97 1 97 | 7.1-10° 75 72 27 99
With
peptid
e
J‘i’i‘:‘t 2.1-102 96 93 3 9 | 7.1-10° 64 62 38 99
R(t) | 25107 98 95 4 96 | 1.1-10% 66 63 -36 98

*The rate constants (k) of exchange and flip-flop are extrapolated to 37.0 °C from the Arrhenius data.
CONCLUSION

Lipid vesicles are frequently used as model system for understanding the biophysical behaviour of membrane
systems. In this work, we have developed a scattering model that can be used to analyse full Q-range TR-
SANS to investigate both lipid flip-flop and exchange rates in lipid vesicles directly, as well as other kinetic
processes like morphological or particle size changes, simultaneously. We have demonstrated that the model
is able to explain scattering data both for pure lipid vesicle systems as well as liposomes in the presence of
accelerating substrates like peptides or proteins. Upon analysing TR-SANS data from liposomes with an
added antimicrobial peptide, indolicidin we found that a change in the size of the particles was necessary to
to fully explain the progression of the scattering curves over time. This peptide induced growth can be
explained by a limited Ostwald-like ripening process due to the peptide increasing the solubilisation of the
lipids. However, the process is transient and as the peptide is presumably uniformly distributed over the
vesicles, the system settles to a new equilibrium. The change in the overall size would not have been described
by only monitoring the loss of overall SANS intensity over time, which is the traditional approach to analysing
TR-SANS data of liposomes as first presented by Nakano and co-workers.(19) However, both approaches
give information on the exchange and flip-flop rates of the lipids. When comparing results from the analysing
the same TR-SANS data using the two methods we found a trend where rates extracted from the R(t) curve

representing the SANS intensity decay over time are consistently higher than the rates found by fit analysing
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the full Q range curve. This however, did not affect the activation energy found from the Arrhenius plot
resulting from each method. We therefore conclude that a direct modelling provides more information on the
system, especially relevant upon addition of substrates because these might also influence other kinetic
processes that will be hidden when only focusing on following the intensity over time. However, this approach
requires high resolution data and is more time consuming than the indirect approach. This issue is reflected in
the missing fit analysis results from the highest temperature (57 °C) because the kinetics at this temperature
was too fast to obtain sufficient quality data needed for model analysis. In conclusion both methods provide

comparable results with regards to thermodynamical relevant parameters.
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Supramolecular assembly and PEGylation (attachment of a polyethylene glycol polymer chain) of peptides
can be an effective strategy to develop antimicrobial peptides with increased stability, antimicrobial efficacy
and hemocompatibility. However, how the self-assembly properties and PEGylation affect their lipid
membrane interaction is still an unanswered question. In this work, we use state-of-the-art small angle
X-ray and neutron scattering (SAXS/SANS) together with neutron reflectometry (NR) to study the
membrane interaction of a series of multidomain peptides, with and without PEGylation, known to self-
assemble into nanofibers. Our approach allows us to study both how the structure of the peptide and
the membrane are affected by the peptide-lipid interactions. When comparing self-assembled peptides
with monomeric peptides that are not able to undergo assembly due to shorter chain length, we found
that the nanofibers interact more strongly with the membrane. They were found to insert into the core
of the membrane as well as to absorb as intact fibres on the surface. Based on the presented results,
PEGylation of the multidomain peptides leads to a slight net decrease in the membrane interaction,
while the distribution of the peptide at the interface is similar to the non-PEGylated peptides. Based on
the structural information, we showed that nanofibers were partially disrupted upon interaction with
phospholipid membranes. This is in contrast with the considerable physical stability of the peptide in
solution, which is desirable for an extended in vivo circulation time.

1. Introduction

The increase in bacterial resistance to low molecular weight
antibiotics has encouraged research into the use of larger
peptide or polymer-like molecules as therapeutics, which
employ a different antimicrobial mechanism to overcome the
existing antibiotic problem. Supramolecular assemblies of
antimicrobial peptides (AMPs) have the potential to provide
higher efficacy,” decreased hemolytic response and enhanced
stability to serum proteins.*® Increased activity has been re-
ported by Beter et al. upon comparing self-assembled Cj,-
VVAGKKKGRW-NH, and KKKGRW-NH, nanofibers with their
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corresponding soluble peptide molecules.® Similar results were
reported by Chang et al. for self-assembled cylindrical nano-
structures made from C;,-V,K,; functionalised with an
(AKKARK), heparin binding Cardin-motif, which displayed
strongly enhanced activity against Gram-negative bacteria
above the critical micellar concentration (CMC). In the latter
case it was suggested that self-assembly promotes the bacterial
cytoplasmic leakage, causing blisters on disorganized
membranes of Gram-negative bacteria.” Contrary to the
mentioned systems, Chu-Kung et al. found for YGAAKKAA-
KAAKKAAKAA (AKK) peptides, conjugated to fatty acids of
varying length, that the antimicrobial activity was lost when the
minimal active concentration is higher than CMC. While the
conjugation of AKK with a fatty acid was shown to increase its
affinity to lipid membranes, at concentrations above the CMC
the self-assembled structure inhibits binding of the peptide to
cell membranes." These inconsistencies indicate a required
balance between hydrophobicity and assembly to optimise the
antimicrobial activity, as was also reported by Molchanova and
co-workers. These authors found that assembly in itself was not
the cause of lowered activity for halogenated peptoids but was
rather associated with increasing hydrophobicity.**
Cytoplasmic membrane interaction is an important feature
of AMPs, either as a mechanism of action in itself, or as a step in
the transmembrane transport to exert intracellular activity.'>**
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In self-assembled peptides, the surface charge density and
charge to surface area ratio differs from that of the single
peptide molecules.” Indeed, self-assembly has been related to
both the “detergent mechanism”, where the peptides remove
lipids from the membrane forming mixed micelles,'®"” and
membrane pore-formation.'®" However, the detailed effect of
larger supramolecular assembly and how they structure in the
presence of membranes is still an open question.

In this study we investigate the membrane interaction of
a series of multidomain peptides (MDPs) previously introduced
by Dong and co-workers,** which exhibit antimicrobial activity
against are range of different bacteria.' For these MDPs the self-
assembly properties have been found to directly relate to their
efficacy and cytotoxicity. The MDPs are based on an ABA motif
where the B group consist of a B-sheet motif of alternating
hydrophilic glutamine (Q) and hydrophobic leucine (L) groups,
while the A groups consist of positively charged lysine (K) resi-
dues, with the general formula K,(QL),K,. MDP self-assembly is
driven by intermolecular hydrophobic interactions and
hydrogen bonding between the peptide subunits leading to
a supramolecular fibrous structure.* A MDP analogue used by
Xu et al. was shown to remain stable in the presence of phos-
pholipids, although they presented bacterial lytic abilities.>
Thus, it is likely that MDP membrane interaction is influenced
by their self-assembly properties.

Further than affecting the antimicrobial activity and selec-
tivity, self-assembly of AMPs affects the pharmaceutical prop-
erties of the molecules. Self-assembled antimicrobial peptides
may act as a vehicle-free self-controlled delivery system, where
the peptide is gradually released from the “nanoscopic
depot”.>*>*">*?4 This approach has the advantage of eliminating
the physical encapsulation or covalent conjugation of pharma-
ceutical excipients in traditional formulations since it is no
longer necessary to insert the active peptide in a delivery
vehicle.” The self-assembly approach allows for the release of
active molecules without having to overcome issues related to
steric hindrance or diffusion barriers.*® However, physical
stability of the self-assembly structures under various condi-
tions is a key parameter in the use of these systems as drug-
delivery systems. Konig et al. recently showed using time
resolved small angle neutron scattering (TR-SANS) that MDPs
composed of K,(QL),K, are extremely stable at physiological
relevant conditions, without any significant exchange of peptide
chains in-between nanofibers over a timeframe of 2-3 days at
37 °C.*® This is a significant attribute for the development of
long-circulation peptide-based biomaterials. However, it is yet
to be determined whether the presence of a phospholipid
membrane affects the physical stability of the peptides and
their implication for the biological activity, which is the focus of
current study.

The lack of in vivo stability, due to protease susceptibility,
and hemocompatibility toward red blood cells remains one of
the main challenges associated with using peptides in anti-
bacterial treatment in the clinics. The K,(QL),K, MDPs are
designed to tackle these issues both through their self-
assembling nature and also due to the additional attachment
of polyethylene glycol (PEG) groups to the N-terminus of the
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peptides. PEG improves the hemocompatibility of these
peptides because it minimizes non-specific interactions with
various cells, proteins and lipids in a biological environment.®
PEGylation has been also reported to lower the antibacterial
activity in some instances depending on the length of the PEG
group bound to the peptides. Singh et al. have shown that
PEGylation of KYE28 reduces peptide binding to lipid
membranes with increasing molecular weight of the PEG block,
resulting in a lowered antimicrobial effect,”” indicating
aneeded balance between the reduced hemolysis and activity in
the design of the peptide with regards to PEG chain length.
Beyond reduction in hemolysis, PEGylation is a well-known
modification of both low molecular weight drug molecules
and biomacromolecules to enhance their pharmaceutical
properties.”® For example, it's known to increase the in vivo half-
life of parenteral drugs as well as reduce immunogenicity.**°

In this work, we study the effects of MDPs with and without
PEGylation on model lipid membranes using SAXS/SANS and
specular neutron reflectometry (NR) at solid-liquid interfaces.
NR is a powerful tool for studying peptide-membrane interac-
tions due to the ability to resolve the detailed structure of
membranes on length scales from a few Angstroms to tens of
nanometres. NR also allows to simultaneously resolve potential
lipid removal as well as peptide insertion into partly deuterated
supported lipid bilayers (SLBs).*'?® In an earlier work, we
showed that NR results can be directly compared to results from
detailed modelling of small angle X-ray scattering (SAXS) data
on monomeric peptide lipid bilayer using SLBs or unilamellar
respectively.’® For supramolecular nanofibers in
particular, NR has an advantage over bulk methods since it
lacks 3D orientation averaging and enables precise structural
determination of complex MDP-membrane structures. Here,
MDPs made of KzW(QL)¢K, with and without PEGylation are
used in combination with SLB constituted of DMPC/DMPG and
studied by contrast variation NR. The results are compared to
a shorter, monomeric unstructured K;W(QL);K, thereby allow-
ing a direct comparison of the role of self-assembly on peptide-
membrane interactions.

vesicles

2. Experimental section

2.1 Materials and sample preparation

Peptide synthesis. 4-Methylbenzhydrylamine (MBHA) rink
amide resin, Fmoc-protected amino acids, 2-(1H-benzotriazol-1-
y1)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU),
piperidine, diisopropylethylamine (DIPEA) and PEG2000 were
purchased from Sigma-Aldrich. Dimethylformamide (DMF),
acetic anhydride, trifluoroacetic acid (TFA), triisopropylsilane
(TIS) and acetonitrile (ACN) were purchased from Fisher
Scientific and used as received. The synthetic procedure fol-
lowed the standard Fmoc-solid phase peptide synthesis method
on a Prelude® peptide synthesizer. In brief, all the syntheses
were set up at a 50 pmol scale using MBHA rink amide resin.
The Fmoc group was deprotected utilizing 20% (v/v) piperidine/
DMF for 5 minutes and repeated once. The coupling reaction
was carried out for 30 min by adding 4 equivalents of Fmoc-
protected amino acid, 4 equivalents of HBTU and 8
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equivalents of DIPEA with respect to Fmoc-protected amino
acids. After the completion of the synthesis, the N-terminus of
the peptides were acetylated using DIPEA and acetic anhydride
in DMF for 1 h. The completion of the coupling reaction was
confirmed by the Kaiser test. The acetylated peptide was cleaved
in a mixture of TFA/TIS/H,O (95/2.5/2.5 by volume). After 3 h,
cleavage solution was filtered, and the filtrates were collected.
The resins were washed three times with neat TFA and the TFA
was combined with filtrate solutions and evaporated under
airflow. The residual peptide solution was precipitated in cold
diethyl ether, followed by centrifugation and cold diethyl ether
washing for three times. The crude peptide was dried under
vacuum overnight before HPLC purification. Peptides were
purified using a preparative reverse phase C4 column with
a linear gradient of H,O/ACN (5% to 95% of acetonitrile in 30
min) containing 0.05% TFA and the elution was monitored at
both 230 nm and 280 nm. The HPLC fraction was collected,
combined and lyophilized for 2 days. PEGylated peptide was
synthesized as follows. After the final deprotection of the Fmoc
group, peptide resins were treated with 4 equivalents of carboxyl
terminated PEG, 4 equivalents of HBTU and 8 equivalents of
DIPEA in DMF. The reaction mixture was stirred overnight.
Kaiser test was performed to confirm the completion of the
PEGylation reaction. The cleavage and purification steps fol-
lowed the same procedure as those for acetylated peptides.

Peptide N-terminus Peptide sequences C-terminus
3W32 CH;CO- KKKWQLQLQLKK -CONH,
3W62 CH;CO- KKKWQLQLQLQLQLQLKK -CONH,
D-P-3W62 D-PEG2000- KKKWQLQLQLQLQLQLKK -CONH,
H-P-3W62 H-PEG2000- KKKWQLQLQLQLQLQLKK -CONH,

Preparation of lipid films. Synthetic DMPC (1,2-dimyristoyl-
sn-glycero-3-phosphocholine), D54-DMPC (1,2-dimyristoyl-d54-
sn-glycero-3-phosphocholine), DMPG (1,2-dimyristoyl-sn-glycero-
3-phospho-(1'-rac-glycerol)), D54-DMPG (1,2-dimyristoyl-d54-sn-
glycero-3-[phospho-rac-(1-glycerol)] (sodium salt)) and DMPE-
PEG (1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt)) were
purchased from Avanti Polar Lipids. Lipid films where prepared
by dissolving the lipids in a methanol: chloroform solution to
a1 : 3 volume ratio, followed by solvent removal under a stream
of nitrogen flow. The vials where then left under vacuum for at
least one hour to ensure complete removal of organic solvents.
Lipid films were then kept at —20 °C until use.

Matched out lipid vesicles. For the SANS and SAXS experi-
ments the lipid films were first hydrated in a Tris buffer solution
for at least one hour at 24 °C, followed by sonication in a soni-
cation bath for 15 min, and extrusion using an Avanti mini
extruder equipped with two 1 ml syringes and a 100 nm pore
diameter polycarbonate filter. The lipid solution was pushed
through the filter >21 times to make unilamellar lipid vesicles.
For these experiments a combination of lipids with protonated
and deuterated tails and D,O (D-) or H,O (H-) based 50 mM Tris
buffer pH 7.4 (Sigma Aldrich) were used to match the Scattering
Length Density (SLD) of both the headgroup and average lipid
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tail (match out vesicles). This was achieved by mixing 32 mol%
d-DMPC (1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine),
53 mol% h-DMPC, 10 mol% h-DMPG and 5 mol% DMPE-PEG in
10 mg ml ™' 36% D-Tris and 64% H-Tris. Addition of 5%
PEGylated DMPE lipids was necessary in order to stabilise the
vesicles against aggregation upon peptide addition. Provided
that the lipids are randomly distributed, vesicles with this
composition will essentially be contrast matched for neutrons,
and thus exhibit very low scattering intensity. This enables
a direct comparison of the scattering from the partly deuterated
peptide D-P-3W62 in the absence or presence of lipid vesicles
to detect structural changes to the peptide.

Supported lipid bilayers. SLBs for the NR experiments were
created through fusion of tip sonicated small unilamellar vesi-
cles (SUVs) as previously described.? Prior to the experiments,
the lipid films were hydrated with MilliQ water to a concentra-
tion of 0.2 mg ml~" and incubated for one hour at 35 °C. The
solution was then sonicated using a tip sonicator for 10 min on
a 50% duty cycle (5 s on/off). The solution was mixed 1 : 1 with
a 4 mM Cacl, solution immediately prior to formation of lipid
bilayers. The lipid suspension in CaCl, was injected into the NR
cell and left for approximately 10 minutes to equilibrate prior to
extensive rinsing with buffer. In all the experiments, both the
clean surface and the pristine lipid bilayer were fully charac-
terized prior to peptide injection.

2.2 Small angle neutron scattering

SANS experiments were carried out at the time-of-flight instru-
ment Sans2d located at the STFC ISIS Neutron and Muon
Source in Didcot, United Kingdom. The sample solutions were
filled into quartz cuvettes with a sample thickness of 1 mm and
placed into a thermostatted sample holder rack at 37 °C. Using
neutron wavelengths 2-14 A and a detector distance of 4 m, a Q
range of 0.004-1 A~* (Q = 4 sin(f)/A where 6 is the scattering
angle and 2 is the neutron wavelength) was covered, with
a resolution of roughly dQ/Q = 2-10%. The data were reduced
according to instrument standard protocols and fitted with
a geometrical scattering model outlined in the ESL{

2.3 Small angle X-ray scattering

The synchrotron SAXS data was collected at beamline P12
operated by EMBL Hamburg at the PETRA III storage ring
(DESY, Hamburg, Germany).*® The data was obtained using
a radiation wavelength of 1.24 A and a detector distance of 3.0
m, covering a Q range of 0.0032 A~" to 0.73 A~*. Data reduction
was done automatically with the software available at the beam
line and the 1D data were brought to absolute intensity scale
using water as a primary standard.

The data were fitted with geometrical scattering models
outlined in the ESL

2.4 Neutron reflectometry

NR measurements were performed using custom-made solid/
liquid flow-through cells and 80 x 60 x 15 mm silicon crys-
tals that were cleaned for 15 minutes in Piranha (3 : 1 H,SO,/
H,0,) solution at 80 °C prior to the experiment. NR experiments
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were performed on FIGARO" at Institut Laue-Langevin (Gre-
noble, France) and INTER at ISIS neutron source (Didcot,
United Kingdom). Both instruments were used to record the
time-of-flight reflectivity at two angles of incidence (Figaro: 0.8
and 3.2 degrees and Inter: 0.7 and 2.3 degrees) to cover the Q-
range ~0.01-0.33 A~ The instrumental resolution for Figaro
was set to A—QO: 7% and Inter A—QQ = 3%. The temperature,
controlled by a circulating water bath, was maintained at 37 °C.

First, the silicon crystals were fully characterized in D,O and
H,O to determine the structural parameters of the silicon oxide
layer present on the surface (see ESI Fig. S1}). Second, SUVs
were added and equilibrated in the cell for ~10 min before
rinsing with H-Tris. The resulting SLBs were characterized in
three contrasts (D-Tris, H-Tris and a H/D-Tris mixture that
matches the SLD of silicon, 62 :38 v/v H,O : D,O, hereafter
referred to as CMSi). Third, 10 ml solution (in D-Tris, CMSi and
H-Tris sequentially) at the desired peptide concentration were
injected into the cell at a flow rate of 1 ml min~* using a syringe
pump, and the resulting system was fully characterized in all
three contrasts previously described. Finally, the membranes
were measured again after extensive rinsing with H-Tris, CMSi
and D-Tris. The use of different isotopic contrast conditions is
known as the contrast variation method and it allows for
simultaneous fitting of multiple reflectivity data sets, leading to
reduced ambiguity and a more precise structural determina-
tion:** the different contrasts highlight or suppress different
parts of the system. For example, the deuterated lipid tails and
deuterated PEG moieties are suppressed (or matched out) while
the peptide and lipid headgroups are highlighted in D-Tris.

All reflectivity profiles were analysed using the Motofit
package taking into account the experimental resolution.** The
NR data analysis provides information on the internal structure
of thin films at an interface** and, in for SLBs, this includes the
composition, thickness and coverage of the different layers that
compose the membrane: inner heads, lipid tails and outer
heads. For fit analysis, the optical matrix method was used
where the surface is modelled with three layers: one for the lipid
tail and two for the hydrated head groups representing the
membrane as well as solvent which were allowed to penetrate
the different layers freely before peptide addition. The rough-
ness was constrained to be the same for each interface across
the whole bilayer. Upon MDP addition, the reflectivity profiles
were fitted using one additional layer to account for peptide
fibres absorbed on top of the bilayer (with different orienta-
tions, see sketch in Fig. 3). SLD values are calculated and fixed
as given in Table S1 in the ESL

The error of the fit parameters for the thickness and solvent
amount was determined by the Monte Carlo error analysis
fitting algorithm included in the Motofit package* and reflects
the uncertainty of the fit. The area per molecule is calculated
based on the fit parameters as

V
[

Amo] =

where V is the volume of the lipid head/tail group, ¢ is the lipid
volume fraction (1-solvent [%]) and ¢ is the thickness of the
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layer. The error in the area per molecule, d4,,,, was calculated

as
2 2
6Amol = <6£> + (ﬁ) Amol
@ t

The amount of peptide inserted into the different layers of
the membrane is calculated from the changes in the SLD by

(pnbserved - plipid)

x 0.01 x ¢
(ppeptide - plipid

where popserved 1S the fitted SLD of the lipid/peptide layer, and
Plipia and ppepiide is the theoretical SLD of lipid and peptide
respectively.

3. Results and discussion
3.1 SANS/SAXS data confirming peptide-lipid interaction

Given that earlier results suggested that there were minimal
interactions between MDPs and lipids,* we performed a range
of small-angle neutron and X-ray scattering (SANS/SAXS)
studies. We aimed to qualitatively detect whether the MDPs
interact with the membranes by comparing the calculated
average scattering profiles for the individual components and
the actual mixtures. Here, SANS enables us to focus on the
peptide structure in the presence of lipids, since the lipid
vesicles were matched out by the solvents and therefore do not
contribute to the scattering curve (Fig. 1A). The scattering
intensity for the vesicles measured by SANS alone was very low,
confirming that the vesicles were properly matched out under
these conditions (64% H-Tris 36% D-Tris). In contrast, the
SAXS data shows a clear scattering pattern characteristic for
large unilamellar vesicles, and has been fitted with an estab-
lished theoretical scattering model as described in a previous
publication.” The neutron and X-ray scattering curves for the
peptide solutions are similar to other reported results*® and
were also fitted with a scattering model for core-shell sheet
structures. The models are briefly outlined in the ESIT where the
fit parameters are reported as well.

The fact that the lipid vesicles are practically matched out in
the SANS experiments enables us to highlight the scattering
from peptide molecules and gives an indication of how their
supramolecular structure changes upon mixing with lipid
vesicles. Fig. 1A demonstrates that there is a slight change in the
scattering signal when comparing the peptide in the presence
(“mix”) and absence of lipid vesicles (“calculated average”). This
indicates an interaction between the peptides and the
membrane slightly affecting the overall structure of the peptide.
This is confirmed by complementary SAXS data on the exact
same samples, where the scattering from the calculated average
and the actual mixture differs (Fig. 1B). However, the exact
peptide-lipid structures are hard to extract due to the orienta-
tional average and many components and degrees of freedom of
the system. A tentative fit of the SANS data for the mixed
sample, where the vesicles are practically matched out, with the
scattering model used for the pure peptide yields structural
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Fig.1 Scattering data of D—P-3W62 mixed with match-out DMPC-DMPG lipid vesicles comparing the scattering from the pure vesicles, pure
peptide, mix of peptide and vesicle 9 : 10 (weight ratio) and the calculated average (average scattering from peptide and lipids measured
separately). Where possible, data have been fitted with geometrical scattering models (solid lines). (A) SANS results (B) SAXS results.
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(A) NR measurements of a DMPC—-DMPG (all tail deuterated) SLB at a molar ratio of 9 : 1 before and after being exposed to 1 pM 3W32 and

3W62. Reflectivity profiles for the measurements plotted together with the best fit. (B) SLD profiles resulting from the fit analysis against distance
from the interface for an SLB before and after exposure to peptide. The data has been shifted in y-axis for clarity.

parameters in good agreement with the pure peptide (compare
Tables S3 in the ESI{) - with two exceptions: (1) while the free
peptide in solution exhibits a uniform PEG shell of d, ~ dy, ~ 30
A thickness around the peptide fibre, the PEG distribution
becomes asymmetric in the presence of lipid vesicles. The PEG
layer on the longer side of the peptide core becomes
compressed (d, ~ 13 A) while the PEG layer on the shorter fibre
side is slightly extended (d;, ~ 35 A). Assuming that the fibers
adsorb on the surface of the vesicle, this result makes sense. (2)
The apparent peptide concentration drops to ~60% of the ex-
pected value, indicating that some peptide fibers disintegrate
upon contact with the vesicles. While these findings are spec-
ulative given the structural complexity of the mixed vesicle/fibre
sample, it provides additional information to the interactions.
In order to investigate the membrane peptide structure, we
therefore proceeded to NR.

3.2 Comparing the membrane interactions of shorter
monomeric analogues with self-assembled peptide nanofibers

Quantitative details on the MDP-membrane interaction were
instead obtained by NR. Here, we varied the peptide length,
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presence of PEGylation and peptide concentration systemati-
cally. First, the peptide-membrane interaction of shorter
monomeric peptides (3W32) and longer self-assembling
peptides with the same basic motif as 3W32 (3W62) were
used. Fig. 2 shows the reflectivity profile and best fits for DMPC/
DMPG bilayers ata 9 : 1 molar ratio before and after exposure to
both of these peptides in H-Tris, cmSi and D-Tris contrast,
together with the corresponding SLD profiles based on best fit
analysis (Fig. 2B). The thickness and area per lipid calculated
for the pristine bilayers (Table 1) are comparable with literature
values based on MD simulations on DMPC/DMPG phospho-
lipids***®* and previous NR results.**

Addition of the shorter 3W32 peptide had only a slight effect
on the membrane structure (Fig. 2). The overall bilayer thick-
ness was unaffected (when taking into account the fit error) by
peptide addition. Some peptide insertion occurs as evidenced
by the fact that the SLDs of the tail layer and the outer head layer
in the SLBs changed upon peptide addition. Based on the
changes in SLDs and the surface coverage, the amount of
inserted peptide is calculated to be 5 vol% in the tail and 8 vol%
in the outer head region (Table 1). These peptides exist as free
chains in monomeric form in solution (as confirmed by SAXS
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Table 1 Fitted parameters for tail-deuterated DMPC/DMPG membranes prior to and after exposure to 1 uM 3W32 and 3W62 peptide. The

amount of peptide incorporated in the different layers is estimated based on the change in SLD observed after exposure to the peptide

Layer d [A] Coverage [%] SLD[10 °A~?] Peptide vol%  d [A] Coverage [%] SLD [10 ° A7 Peptide vol%
Pristine SLB

Water 3 0 — — 4+1 0 — —
Head (inner) 6+1 85 +3 1.83 — 6+1 83 +3 1.83 —
Tail 261 9541 6.7 — 27+1 94+1 6.7 —
Head (upper) 6+1 85 +3 1.83 — 6+1 83 +3 1.83 —
Total membrane 38+2 Ape = 63 + 3 A% 39+ 2  Ape = 61 + 2 A%

thickness (A)

SLB after addition of 1 pM 3W32 1 uM 3W62

Water 3 0 — — 4+1 0 — —
Head (inner) 6+1 85+3 1.83 — 6+1 85+3 1.83 —
Tail/peptide 261 95+1 6.25 54+1 261 90+1 6.0 11+1
Head/peptide 7+1 75 £ 4 1.75 8+2 6+1 72 £ 4 1.78 13 +£2
Total membrane 39 +2 Aol N/A 38+2 Aol N/A

thickness (A)

Peptide layer — — — — 46+1 1241 1.5/2.2/3.2 £ 0.2 100

“ SLD of peptide taking into account D/H exchange, see ESI Table S1. Fixed parameters during fitting.

data presented in the ESI Fig. S31) and probably they insert as
single chains in the membrane similar to other AMPs having
a random coil structure such as indolicidin.*® However, when
comparing to indolicidin, not only is the amount of inserted
3W32 in the hydrophobic lipid region significantly lower,** but
3W32 seems unable to penetrate into the inner head group of
the bilayer at this concentration. This might suggest that the
amount of hydrophobic leucine groups is too low to provide
sufficient driving force for membrane penetration. This is also
reflected in the lack of assembly observed in solution, where
SAXS results show that 3W32 exist as random coils rather than
nanosheets as the longer 3W62 peptides (see ESIf for more
information).

Contrary to 3W32, the longer peptide 3W62 had a more
pronounced effect on NR data and corresponding SLD profile of
the membrane for the best fits as seen from Fig. 2. Peptide
addition results in a slight shift in the reflectivity curve of the D-
Tris curve to lower Q indicating a thickening of the peptide-

lipid membrane. This thickening cannot be explained by
a uniform increase in the lipid membrane thickness due to
peptide penetration for 3W32. Rather, addition of an uneven
adsorbed peptide layer on the membrane's surface is necessary:
best fits are obtained when assuming a peptide layer absorbed
on top of the SLB (comparative best fits for model with and
without uneven adsorbed peptise layer are shown in ESI
Fig. S41). Indeed, the SLB thickness is unaffected by peptide
addition although the SLB's SLD change reveal that there is
about 11% and 14% peptide insertion in the tail region and the
outer head group respectively. These amounts are comparable
to the inserted amounts of the shorter peptide 3W32. The
additional peptide layer is 46 + 1 A thick with a coverage of
12 vol%.

What is the origin of the extra layer on top of the SLB? As
determined by SAXS, the dimensions of the peptide nanofibers
are found to have an approximate cross-section of 26 x 58 A?
and a length of =500 A with some dispersity (see Fig. S2 and

Silica substrate

Water
M Peptide
Lipid headgroups/
peptide
Lipid tailgroups/
peptide
M Lipid headgroups
mSsio,
B Si

Fig. 3

Illustration of possible positioning of the peptide nanofibers on the SLBs based on NR fit results: (A) vertical orientation (B) horizontal

orientation (C) monomeric insertion. (D) Embedded orientation. The peptide nanofibers were found to have the following cross-section 26 x 58
A? with an estimated length =500 A. For simplicity, the drawings are out-of-scale with respect to the long axis (peptide length). (E) Illustration on

how the model used to analyse reflectivity data in Fig. 2B).
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Table S3 of the ESIt). Thus, we can imagine the nanofiber as
a thin and long cuboid. Taking into account the structure of the
peptide* with the lysine residues located at the short end of the
fibres, an orientation with the nanofiber cuboid standing on its
thin side on the SLB should facilitate the favourable electro-
static interaction between the positively charged lysine and the
negatively charged DMPG headgroups on the surface of the SLB
(as illustrated in Fig. 3A and hereby renamed to “vertical
orientation”). However, the thickness of the peptide layer
determined by fit analysis of NR data was 46 =+ 1 A rather than
~61 A. One possible explanation is that the peptide sheets are
randomly placed on both the “thin” (Fig. 3A), and “thick” face
(Fig. 3B, hereby named to “horizontal orientation”) or in
a slightly tilted position. A more complex model dividing the
layer into two distinct peptide layers allowing the density of
each layer to vary freely is included in the ESI (Fig. S5 and Table
S4+t). These results give a combination of approximately 50 vol%
of the adsorbed fibres positioning in the vertical orientation
(~60 A thick layer) and 50 vol% in the horizontal orientation
(~30 A thick layer) with the surface coverage of 15% and 7%,
respectively. However, because the overall surface coverage of
the absorbed bilayer is so low the resolution of the NR method
used does not allow us to fully conclude on the orientation of
the peptide at this low concentration. Monte Carlo error anal-
ysis (see ESI Fig. S6T) showed a significant level of correlation
between the thickness of the two upper peptide layers using this
model and therefor the simpler model of only one 46 + 1 A has
been included in the manuscript.

The described peptide nanofiber adsorption on top of the
SLB does not explain the changes observed in the SLD of the
bilayer core and outer head layer. Rather this could be explained
by a fraction of free peptides being able to penetrate into the
bilayer either as smaller fragment of a fibre or as monomers
(Fig. 3C). However, recent TR-SANS experiments on these
nanofibers showed that no significant peptide release from the
fibres occurred under similar experimental conditions® or by
NMR in the presence of a lipid membrane.” For example,
peptide exchange could take place directly between the absor-
bed peptide fibres on the surface and the lipid bilayer. In
addition, the peptide fibres are formed due to intermolecular
hydrogen bonds along the sheets and these bonds might be
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broken by competing hydrogen bonds with the phospholipid
head groups.

An alternative scenario to explain the change in the SLB of
the lipid bilayer is that some intact nanofibers penetrate into
the SLB with its short axis facing down the membrane (Fig. 3D).
This partly embedded position would explain the 46 + 1 A
peptide layer observed on the surface of the membrane being
thinner than the height of the peptide in the vertical orienta-
tion. In this scenario the peptide nanofibers are protruding 15
+ 5 A from the SLB (with 7% surface coverage). The sum of the
thickness of the membrane tail and outer head layer is
approximately 33 A, indicating that in the embedded position of
the peptide the lysine residues on the bottom part of the peptide
fibre positions in close proximity to the hydrated inner head
region of the membrane but do not penetrate into them. This
hypothesis concurs with results seen by negative stained TEM
from a peptide with similar structure, where an intact peptide
nanofibers was observed inserting into the outer membrane of
Escherichia coli bacteria.”® Additionally, this scenario concurs
with the extreme physical stability of these peptides in the
absence®® and presence of a lipid.”* Additional experiments
such as Cryo-EM, SANS or fluorescence microscopy could be
useful to further support whether peptide sheet penetration
into the lipid membrane takes place or not. Beyond the static
measurements to determine the structural peptide-lipid inter-
action, time-resolved NR measurements showed that the
interaction happens quite fast, certainly in less than 5 minutes,
after which the structure has reached equilibrium (see ESI
Fig. S71). In summary, the analysis of our NR data suggests that
the self-assembled peptides have a stronger membrane inter-
action than the monomeric peptide, confirming the increased
antibacterial activity for the former ones seen in the past by Xu
and co-workers."

3.3 The effect of PEGylation on the peptide-membrane
interaction

Earlier results by Xu and co-workers showed that MDP PEGy-
lation does not significantly affect the antimicrobial efficacy of
the resulting nanofibers.® However, increased steric hindrance
and solubility as well changes in hydrogen bonding in PEGy-
lated MDPs might lead to changes in how these interact with
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(A) NR measurements of a DMPC—-DMPG SLB before and after being exposed to 1 uM H-P-3W62 and D-P-3W62. Reflectivity profiles for

the measurements plotted together with the best fit. (B) SLD profiles resulting from the fit analysis against distance from the interface for an SLB
before and after exposure to peptide with buffer. The data has been shifted in y-axis for clarity.
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Table 2 Fitted parameters for tail-deuterated DMPC/DMPG membranes prior to and after exposure to 1 uM H-P-3W62 and D-P-3W62
peptide. The amount of peptide incorporated in the different layers is estimated based on the change in SLD observed after exposure to the

peptide

Coverage SLD Peptide d Coverage SLD Peptide
Layer d[A] [%] [107°A~?] [%)] [A] [%] [107°A? [%]
Pristine SLB
Water 3 0 — — 3+1 0 — —
Head (inner) 7+1 82 +3 1.83 — 7+1 84 +3 1.83 —
Tail 25+1 94 +1 6.7 — 26 £1 98 £ 2 6.7 —
Head (upper) 7+1 82 +3 1.83 — 7+1 84 +3 1.83 —
Total membrane 39 £2 Aot = 62 + 3 A2 40 + 2 Amot = 60 + 3 A2
thickness (A)
SLB after addition of 1 uM H-P-3W62 1 uM D-P-3W62
Water 4 100 — — 4£1 0 — —
Head (inner) 7+1 82 +3 1.83 — 6+1 84 +3 1.83 —
Tail/peptide 25+1 92 +1 6.39 6+1 26 £1 92 £2 6.37 6+1
Head/peptide 741 70 + 4 1.56 @ 741 68 +3 1.95 @
Total membrane 39 +£2 Aol N/A 39s + 2 Aol N/A
thickness (A)
Peptide layer 64 +3 6+1 1.1/1.4/1.9 £ 0.3 64 + 3 6+1 4.3/4.6/5.2 £ 0.2
PEG layer 28 +4 2+1 0.7 £0.3 28 t4 2+1 7.2 +0.4

“ Cannot be determined with accuracy due to lack of contrast.

biological membranes. To explore such effects, a PEGylated
version of 3W62 was synthesized in both hydrogenated or
deuterated PEG versions and are hereby named as H-P-3W62
and D-P-3W62 respectively. These peptides (1 M) were added
to pre-formed DMPC-DMPG SLB and NR data were collected
(Fig. 4). The use of deuterated and hydrogenated PEGylated
peptides enables more precise determination of the positioning
of PEG upon peptide-membrane interaction since it provides,
otherwise non-existing, contrast between the peptide and the
PEG group. During data analysis, co-refinement of both the H-
and D-P-3W62 systems was not possible due to small differ-
ences in the initial underlying silica surfaces and pristine
bilayer structure prior to peptide addition. Across the replicates,

the lipid membrane thickness of the pristine bilayers (compare
Tables 1 and 2) was comparable although the surface coverage
was slightly higher for one of the samples (B in Table 2 with 98%
coverage while the other SLBs had 94-95% coverage).

For both H- and D-P-3W62, only relatively small changes in
the reflectivity profiles were observed (Fig. 4). However, the
same model applied for the non-PEGylated peptide allowed to
obtain satisfactory fits for the PEGylated peptides (Fig. 4): there
was peptide adsorption on the membrane's surface, peptide
insertion into the membrane as well as a slight membrane
thickening. However, the extent of adsorption was lower for
PEGylated peptides: the additional peptide layer was ~64 A
thick and presented a SLD in between that of pure peptide and

A)
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(A) NR measurements of a DMPC—-DMPG SLB before and after being exposed to 10 uM 3W62 (measured at Inter beamline, ISIS, UK), H-P—

3W6 and D-P-3W62 (measured at Figaro beamline at ILL, France). Reflectivity profiles for the measurements plotted together with the best fit.
The differences at high Q for the two upper curves arise from different background subtraction at Figaro beamline at ILL as compared to Inter. (B)
SLD profiles resulting from the fit analysis against distance from the interface for an SLB before and after exposure to peptide with buffer. The data
have been shifted in y-axis for clarity.
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thickness (A)
First layer

0.7 £ 0.4 5+3 5+1 7+0.5

2.1+0.3
0.7 £ 0.3

1.5/2.2/3.2 £ 0.2 8+2 5+1

34+1

60 £1

2.1+04
7+£0.5

10+1
2+1

29 +4
26 £4

14 +1
4+1

29 +£4
27 £4

Second layer
Third layer
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pure PEG. On top of this mixed peptide-PEG layer, there was an
additional 28 A layer with an SLD matching pure PEG. This
suggests that the peptide nanosheets absorbed to the surface in
the vertical orientation (Fig. 3A) with a highly hydrated PEG
layer facing the bulk solution. The size of the PEG layer is in very
good agreement with SAXS results for this peptide showing
a thickness of ~30 A.>® The peptide layer's surface coverage was
significantly lower than for the non-PEGylated 3W62 (12%).
This might be a consequence of the increased steric hindrance
and the increased peptide solubility due PEGylation making the
peptide nanofibers less prone to interact with the hydrophobic
part of the membrane.

Interestingly, the SLD of both the lipid core and outer lipid
headgroup changed upon peptide addition (Table 2). This
decrease in SLD is likely due to peptide penetration since it is
unlikely for the hydrophilic PEG groups to be fully immersed
into the lipid membrane core and the change in SLD was
similar for both H- and D-P-3W62 (6.39 x 10"° A2 or 6.37 x
10° A2, respectively). Assuming that only peptide integrates
into the SLB's core, the estimated peptide insertion is 6%, and
thus lower than for the non-PEGylated peptide of the same
length (11%).

In contrast to the change in SLD of the SLB core region, the
SLD of the outer lipid headgroup differed for H-P-3W62 (a
decrease from to 1.56 x 10~® A~%) and D-P-3W62 (an increase
to 1.95 x 10° A~2). Thus, PEG inserted into the headgroup
region leading to a net SLD decrease in this layer (H-PEG has
a lower SLD), while the opposite is true for the deuterated PEG
(with higher SLD). This suggest that the peptide inserts into the
hydrophobic core of the membrane with the charged lysins
positioned on the surface of the membrane partially embedded
in the hydrated lipid head groups with PEG group sticking out.
This suggests that the sheet nanostructures probably are
destabilised and peptide insertion into the membrane probably
occurs either as single chains or smaller fragments. Substantial
interaction between PEG and lipid membranes with POPC and
POPG lipids was reported earlier by Zhang W. and co-workers
and suggested to arise from hydrogen bonding between the
PEG polymer and the lipid headgroups.* In summary, some
peptide insertion and adsorption onto lipid membranes occurs
although to a lower extent that non-PEGylated peptides, even
though peptide PEGylation was reported to have no effect on the
antimicrobial activity of the peptides.®

3.4 The effect of concentration on the peptide-membrane
interaction

To determine whether the membrane interaction for these
peptides is cooperative or concentration dependent, separate
experiments were performed at 10 uM. The reflectivity profiles
for 3W62, H-P-3W62 and D-P-3W62 are shown in Fig. 5A. All
pristine membranes were 38-40 A thick with surface coverage
ranging between 92 and 96%. The changes in the reflectivity
profiles for the membranes before and after 10 pM peptide
addition were substantially larger than for 1 pM. When
comparing the PEGylated and non-PEGylated peptide it is
obvious that the latter (Fig. 4A) induced a larger change in

RSC Adv, 2020, 10, 35329-35340 | 35337
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Fig. 6

reflectivity for the D-Tris contrast. Based on fit analysis of the
data for the non-PEGylated peptide 3W62, significant peptide
adsorption on the membrane's surface occurred (as seen from
the SLD profile in Fig. 5B): the peptide layer had a surface
coverage of 34%. Moreover, substantial peptide insertion in the
membrane occurred (9% in the inner headgroup leaflet, 12% in
the core and 35% in the outer headgroup leaflet) with conse-
quential lipid removal (the coverage of the tail region decreases
from 96 to 88%). Similar concentration dependent effects were
observed for other AMPs in the past.*"** The surface coverage of
the additional nanosheet layer of the 3W62 peptide is signifi-
cantly higher when comparing with the 1 uM sample of the
same peptide (35% compared to 12%). The thickness of the
peptide layer of 60 A corresponds with the peptide sheet
adsorbing in the vertical orientation (as illustrated in Fig. 3A).
Comparing with the lower concentration, we see that the higher
concentration affects the inner head group (see Table 3) which
seems to be adsorbing deeper into the membrane either as
intact sheets, as fragments or as monomers.

As for the data described in Section 3.3 on the PEGylated
peptides, the change in the membrane core SLD seems to be
mainly due to peptide insertion and not PEG (estimated to be 5
=+ 1% for H-P-3W62 and 6 + 1% for D-P-3W62 as seen in Table
3), while a combination of PEG and peptide positions in the
head region of the outer leaflet. Interestingly, the estimated
amount of inserted peptide for the PEGylated peptide seems to
be independent of the concentration in this range. This is
opposed to the non-PEGylated peptide which exhibited a much
more concentration dependent insertion. This suggests
a concentration threshold above which there is no further

35338 | RSC Adv, 2020, 10, 35329-35340

Illustration showing a comparison of the peptide position for 10 uM 3W62 and P-3W62 based on fit results of NR profiles shown in Fig. 5.

nanosheet destabilization takes place possibly due to steric
effects caused by the large PEG chain.

While the inserted peptide amount seems to be concentra-
tion independent, the adsorbed amount of peptide on top of the
SLB increased with peptide concentration. Due to the increased
amount of adsorbed nanosheets on the surface with increased
peptide concentration, the independent positioning of PEG and
peptide can be resolved in this case: there is a three-layer system
comprised of a relative thin inner PEG layer (5-8 A), followed by
a peptide layer (29 A) and a thicker outer PEG layer (26-27 A)
(see illustration in Fig. 6). Thus, at lower peptide concentration,
similar mixed PEG/peptide layer structure should be found but
cannot be resolved due to low surface concentration. This
suggest a horizontal orientation positioning (as illustrated in
Fig. 3B) which enables strong interaction between the PEG
closest to the membrane and the lipid headgroups, leading to
both partial insertion and lateral extension of PEG chains over
the membrane surface. These results agree with the SANS data
presented in Fig. 1 where a thinning of the PEG layer (a,) was
observed when comparing data from pure peptide with data on
mixed peptide-liposomes samples. Moreover, the outer PEG
layer is highly hydrated and extend for 26-27 A regardless of
concentration in agreement with the dimensions found for
these peptides by SAXS (hydrated PEG layer of ~30 A).52

4. Conclusions

Combining data from SANS, SAXS and NR enabled us to study
the peptide-membrane interactions of MDPs, varying both the
peptide's length and concentration as well as the effect of
PEGylation. The results suggested that the peptide interaction is

This journal is © The Royal Society of Chemistry 2020
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stronger for the longer peptides that self-assemble into well-
defined fiber as compared to the shorter monomeric peptides.
This supports the claim that self-assembled peptides have
a higher antimicrobial activity. For all self-assembling peptides
regardless of concentration, additional peptide layers on the
surface of the SLB had to be added to fully explain the reflec-
tivity profiles. In addition, insertion of the peptides into the core
of the membrane had to be taken into account into the
modelling. Addition of PEG groups to the peptide molecules
seemed to decrease the peptide-membrane interaction as
compared to non-PEGylated peptide. This observation does not
support the retained antimicrobial activity seen in the past,
indicating that the mechanism of the PEGylated peptide might
not be only based on the membrane interaction. However,
decreased membrane interaction would explain why the
hemolytic properties decrease for the PEGylated peptides.
When increasing the peptide concentration, the changes in the
reflectivity profiles was more pronounced. Due to the use of
peptide conjugates with both deuterated and hydrogenated PEG
the spatial distribution of each component could be determined
specifically using contrast variation. The PEGylated peptide
molecules inserted into the membrane with only the peptide
part in the lipid tail region, while a combination of peptide and
PEG chains was found in the hydrated lipid headgroup region.
Together the data suggested that the formation of supramo-
lecular peptide structure increase while PEGylation decrease
lipid interactions. Our results indicate that the peptide fibre
structure is partly destabilized when added to phospholipid
membranes, contrary to the extraordinary physical stability of
the assembled peptides in the absence of lipids as previously
reported.”® However, more specific peptide-lipid exchange
studies would provide further insight into how different lipids
affect the peptide structure.
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Table S1. Theoretical SLDs for the lipids and peptide used in this study.
Neutron SLD [10-6 A-2]2

d54DMPC

Head 1.84
Tail 6.7
d54DMPG

Head 2.46
Tail 6.7

d54DMPC:d54DMPG 9:1

Head 1.83

Tail 6.7

3W32 1.54%/2.15¢/3.144
3W62 1.54%/2.17¢/3.264

“Calculated from the molecular component volume (based on MD simulations® ?) and neutron scattering lengths.
bCalculated from the peptide molecular volume and the neutron scattering length.

“Calculated assuming exchange of 38% labile hydrogen atoms to deuterium in cmSi

dCalculated assuming exchange of all labile hydrogen atoms to deuterium in D,O



Neutron reflectivity data on pure silica crystals:
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Figure S1. A) Neutron reflectivity profiles on pure silica crystals in H,O and D,0 plotted together with best fit.
B) SLD profiles calculated from best fit of reflectivity profiles.



Details on the small-angle scattering analysis

The SAXS data of the pure lipid vesicles shown in Figure 1 A in the main manuscript were fitted
with an elaborated model that is presented in detail in reference 3. The fit parameters are given
in Table S2. The SAXS and SANS data of the pure peptide solution (Figure 1 in the main
manuscript) were fitted simultaneously with a core-shell-shell model that is sketched in Figure
S2 and presented in detail in reference #. The model is an elongated prism with a rectangular
cross-section. The hydrophobic tryptophan and leucine residues form the fiber core (grey) of
dimensions a; and b;. It is surrounded by the hydrophilic peptide moieties, the backbone as well
as the lysine and glutamine residues (blue), which have a thickness of a, and b,, respectively.
Finally, PEG forms a polymer shell around the peptide fiber (pink), with thicknesses a, and b,
respectively. This model was also used to tentatively fit the SANS data of a peptide/vesicle
mixture, where the vesicles were matched out so that the scattering originates from the peptide
molecules alone. However, this model is a strong simplification and cannot account for all
factors implied by the fiber-vesicle interaction, so the fit results can only serve as hints. All fit
parameters are given in Table S3.

Table S2. Fit parameters of the pure vesicle SAXS data.

Parameter Fit result
Radius 450
Area 60.4*
ZcH3 0*
ZcHao 14.1 +0.2**
Zchyi -14.0+0.2**
ZcGo 16.0+0.4**
Zcai -15.8+0.4**
ZhGo 19.5+0.2*%*
ZuGi -19.3+0.2**
Och3 2.3*
O 4.740.3
OcG 2.1+0.2
Ohs 4.140.5
VL 1123
Venz 24.8
Ve 153*
Vie 176
Rg PEG 15*
dcorr -7
Gsp 0.22

Hard constrained parameters are designated by * and soft constrained by limits in fitting regime indicated by **. The units
for all numbers carry the appropriate power of A.



Figure S2. Sketch of the geometrical scattering model for the peptide fibers.

Table S3. Fit parameters of the peptide SAS data, using the model sketched in Figure S2.

Pure peptide (SAXS)? Pure peptide (SANS)? Peptide in mix (SANS)

ai (A) 9.0 9.0 8.5

ao (A) 8.4 8.4 10.0

bi (A) 443 443 47.7

bo (A) 6.6 6.6 10.0

ap (A) 29.1 29.1 12.9

bp (A) 314 314 359
c(A) 500 500 490
concentration (mg/mL)  11.0 11.0 3.0
Mpep,i (Da) 473 473 473
Mpep,o (Da) 1851 1851 1851
Mpol (Da) 2400 2400 2400
dpep,i (g/mL) 0.95 0.95 0.95
dpep,o (g/mL) 1.36 1.36 1.36

dpol (g/mL) 1.30 1.30 1.30
bpep.i (cm) 7.52E-11 -3.13E-13 -3.13E-13
bpep,o (cm) 2.79E-10 4.42E-11 4.42E-11
bpol (cm) 3.38E-10 2.22E-10 2.22E-10

aFitted simultaneously.



Scattering data on 3W32 peptide showing a Gaussian free chain structure in solution up
to concentration 10 mg/ml.
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Figure S3. SAXS data on 3W32 in solution at 5 mg/ml measured at a Bruker Nanostar lab-SAXS. Model fit using
a Debye scattering model shows a Rg of 5.6 A.

Simulation of model with and without absorbed peptide layers on the surface of the
membrane:
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Figure S4. Reflectivity profile for DMPC-DMPG SLB at a molar ratio of 9:1 after being exposed to 1 uM 3W62.
Dotted line represents best fit using a 3 layer model with incorporation of peptide in membrane while solid line
represent best fit using a 4 layer model (illustrated in Figure 3) with an additional peptide layers on the surface
om the membrane. The data has been plotted as RQ* versus Q to better visualise the difference.



Comparisson of 4 and 5 layer model with absorbed peptide layers on the surface of the
membrane:

0 50 100
Distance from interface (A)
Figure S5. SLD profile for DMPC-DMPG SLB at a molar ratio of 9:1 after being exposed to 1 uM 3W62. Solid
line represents best fit using a 4 layer model with one 46 A peptide layer on the surface of the membrane while

dotted line represent best fit using a 5 layer model with two additional peptide layers of 25 and 27 A on the surface
om the membrane.

Table S4. Fitted parameters for tail-deuterated DMPC/DMPG membranes prior to and after exposure to 1 uM
3W62 peptide using the 5 layer model. The amount of peptide incorporated in the different layers is estimated
based on the change in SLD observed after exposure to the peptide.

Layer d[A] Covera SLD [10- Peptide vol

ge [%] A7 %

Pristine SLB
Water 4+1 0 - -
Head (inner) 6+ 1 83+3 1.83 -
Tail 2741 94+1 6.7 -
Head (upper) 6+1 83+3 1.83 -
Total membrane _ )
thickness (A) 392 Apu=61£2A
SLB after addition of | 1 uM 3W62
Water 4+1 0 - -
Head (inner) 61 85=£3 1.83 -
Tail/peptide 261 85+2 6.0 11+1
Head/peptide 61 79+£3 1.78 14+2
Total membrane
thickness (A) 38+2 Amo NIA

. . 1.5/2.2/3.
First peptide layer 25+5 15+1 2+ 0.0% 100
Second peptide layer 27+3 842 1.52.23. 100

2+£0.2%




Monte Carlo error analysis on the 51
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Figure S6. Monte Carlo error analysis showing correlation between the thickness of the 4" and the 5" layer
(indicated with a black circle).



Kinetic measurements of 1 uM peptide addition:
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Figure S7. Reflectivity profile for DMPC-DMPG SLB at a molar ratio of 9:1 after being exposed to 1 uM 3W62
recorded over time (only the second angle for the first 15 min). Results reveal that the peptide-lipid interaction is
faster than 5 min as all the curves overlay.
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