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Interaction of cyclic antimicrobial
hexapeptides with model
lipid membranes

Introduction

The smallest functional unit in living organisms is a cell. All cells possess cell membranes that
confine the cell from its environment. This compartmentalisation is thought to be an important step
in the origin of life when simple amphiphiles assembled and formed microreactors with limited
volume that enabled molecules to react by increasing the chance of collision (1-3). During evolution,
compartmentalisation by membranes has been used to achieve multi-functionality in a cell. These
cells are called eukaryotes and build up all multicellular organisms.

The membrane is a lipid bilayer with embedded or peripherally bound proteins that enable a
communication with the environment and account for about half of the membrane mass (4). About
one—third of the human genome encodes for membrane proteins (5). Some diseases are connected
to a dysfunction of membrane proteins like channelopathies, e.g. epilepsy, cystic fibrosis and
myotonia (6). Also some evidence point into the direction that Alzheimer disease is connected to
alteration in lipid membrane (7-9). Therefore, the interplay of proteins and lipids is of fundamental
interest to understand and treat diseases or to specifically target infected or uncontrolled proliferating
cells by smarter drug delivery systems (10).

Proteins span the membranes by alpha-helical or beta-sheet like secondary structures that often
assemble into functional clusters. To fundamentally understand these processes, the interplay of

peptides, as short protein mimics, with lipid membranes is a topic of interest.
1.1 Lipids

In biological systems, where polymers from carbohydrate, nucleic acids and amino acids build the
living matter, lipids form the non-polymeric class of substances that build physiologically essential
structures. The resulting structures like e.g. the lipid bilayer, cannot be deduced from the genome,
as only the proteins for lipid synthesis are encoded and the properties of the resulting structures need

to be actively controlled by the cell (10) to adjust the physical state to the ambient environmental



conditions. For example, lipid membranes of bacteria grown at different temperatures vary in lipid
composition to maintain membrane fluidity (4).
Although the membrane is still widely considered as the barrier between the inner and outer cell, a

more complex role in physiological processes is meanwhile in focus of research.

1.1.1 History of cell membrane models

The cell membrane first existed as a functional idea since the middle of the 19th century. It was first
a hypothesis of an existing barrier between a cell and its environment. In 1877 Wilhelm Pfeffer
named the thin layer surrounding the protoplast the “plasma membrane”. In 1895 Charles Ernest
Overton found that the ability for different substances to pass a cell membrane increased with
increasing partition coefficient of the respective substances between oil and water. He concluded
that the membrane must be lipophilic in nature (4).

Ernest Langmuir published in 1917 a technique to measure changes in surface pressures of different
liquids, the so-called Langmuir-trough. Eight years later Gorter and Grendel spread extracted lipids
of red blood cells on a water surface of this trough. They found that the surface area occupied by the
lipid extract is about double the size of the red blood cell surface determined by microscopy.
Therefore, the two scientists from Leiden concluded that the cell membrane must be a lipid bilayer
with lipophilic parts oriented towards each other and shielded from the surrounding water by a

hydrophilic molecule part.

EXTERIOR

INTERIOR
Figure 1-1-1 Membrane model by Danielli and Davson (1935). Taken from (11).

The knowledge that also proteins are amphipathic and that although diluted in the cytosol they
interact with the plasma membrane led to the question of how these different classes of molecules
can be attached to each other. The first model of adsorbed protein on a lipid bilayer developed by
Danielli and Davson occurred in 1935 (Figure 1-1-1).

This model included peripheral bound proteins onto the lipid membrane surface. Experiments in the

60s and 70s pointed to the presence of integral proteins that span the lipid bilayer matrix (12). This



knowledge was included within the fluid-mosaic model by Singer and Nicolson. Figure 1-1-2 shows

the drawings published by the authors in 1972 (13), later on often referred to as the “cartoon”.

Figure 1-1-2 The fluid-mosaic model by Singer and Nicolson from 1972 showing peripheral and
transmembrane proteins embedded in the lipid matrix in cross-section (left) and a 3D-drawing (the “cartoon”,
right). Taken from (13).

The novelty of the model is the concept of lateral free diffusion of lipids and proteins within the lipid
bilayer matrix, meaning that both perform rotational movements (lipids 10%-10° s and proteins 10°-
10° s') and translational movements (the diffusion coefficient of lipids is 10®-10° cm® s and
proteins 10°-10"" cm?s™) but no transbilayer movements. Another property of the Singer-Nicolson
membrane is the asymmetry, referring here to the different lipid compounds, of the two single lipid

monolayers.

Figure 1-1-3 The Mouritsen Bloom mattress model of cell membranes. Taken from (10).

With increasing data about different membrane protein structures and a variety of data referring to
the relation between different lipid composition and membrane protein function led to a new
concept: the mattress model of cell membranes. Mouritsen and Bloom presented this model in 1984
to explain the functionality dependence of proteins on lipid membrane composition using the

concept of hydrophobic mismatch (14). To avoid water contact of hydrophobic surfaces, the lipids



are sorted into domains around the proteins to match the hydrophobic thickness and to accomplish
protein functionality. The energy penalty due to the entropy loss of the lipid mixture is regulated by
the energy increments mainly due to the entropy win of water at the lipid-water interface. In
biological membranes, a variety of lipid lengths are believed to mediate the different hydrophobic
length of proteins, which can lead to protein aggregation and crystallisation as well as to lipid

demixing (10).

Figure 1-1-4 The updated Fluid-Mosaic Membrane Model by Nicolson. Different integral proteins,
glycoproteins, lipids and oligosaccharides are represented by different colours. The membrane has been
peeled-up to view the inner membrane surface cytoskeletal fencing is apparent that restricts the lateral
diffusion of some but not all trans-membrane glycoproteins. Other lateral diffusion restriction mechanisms are
also represented, such as lipid domains, integral membrane glycoprotein complex formation (seen in the
membrane cut-away), polysaccharide—glycoprotein associations (at the far top left) and direct or indirect
attachment of inner surface membrane domains to cytoskeletal elements (at lower left). Although this figure
suggests some possible integral membrane protein and lipid mobility restraint mechanisms, it does not
accurately present the sizes or structures of integral membrane proteins, cytoskeletal structures,
polysaccharides, lipids, submicro- or nano-sized domains or membrane-associated cytoskeletal structures or
their crowding in the membrane. Taken from (15).

The mattress model focuses on the effect of protein or peptide on the lipid mixing behaviour of lipids
with varying chain length. The lipid research of the recent years focussed on the effect of mixtures
of different lipids on the protein functionality, including the effect of lipid composition on protein
motions like conformational transitions, protein assembly (e.g. gramicidin channel (16)) and a
possible role of lipid domains to facilitate lateral membrane organisation (5). The focus on
translational motion of proteins revealed that for some proteins the translational motion is
decelerated or the translational freedom is hindered. One reason is that proteins partitioned in lipid
domains are confined in translational freedom within this domain and move along the cell surface

with the velocity of the aggregate structure. Larger aggregate structures also result from protein



aggregates, glycoprotein aggregates or polysaccharide-mediated glycoprotein associations. Another
reason for confinement in translational mobility is that membrane proteins are attached to the
cytoskeleton. They either move along the filaments and therefore relative to the cytoskeleton and
the membrane or they are fixed to the cytoskeleton and the protein motion is relative to the membrane
they insert into. These findings are included in the updated Fluid-Mosaic Model by Nicolson from
2014 which is shown in Figure 1-1-4.

1.1.2 Lipid structures and membrane composition

The term “lipid” includes different classes of molecules like oils, fats, waxes, terpenes, some
vitamins, sterols, phospholipids and sphingolipids. Many of these molecules play an important role
in metabolism, but only few of them are main components of cell membranes. In this work we only
focus on membrane phospholipids where a short introduction into different lipid classes will be
given.

A typical cell membrane contains between hundreds to thousands different lipid species (10) which
occur apart from sterols as variations from fatty acids linked to various headgroups forming ester or

amide bonds (4, 17, 18).

1.1.2.1 Structure of lipids

The most abundant class are phospholipids, as evolutionary conserved molecules of cell membranes.
They are found in all domains of life. Phospholipids acyl chains can be linear and vary in saturation
and length or can be branched or even contain alicyclic rings. The majority of unsaturated chains
occur in cis-form (19) and mostly contain up to three double bonds. Fatty acid chains with more than

three double bonds are not found in microorganism but can be found in fungi.
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Figure 1-1-5 Structure of phospholipids. The acyl chains (black) are bound to the glycerol (blue). The length
and saturation of the chains vary (myristoyl chains are displayed). The lipid headgroup (red) is bound via the
phosphate at the glycerol backbone. Four typical membrane lipid headgroup structures are depicted:
Phosphatidic acid (PA), Phosphatidylglycerol (PG), Phosphatidylethanolamine (PE) and Phosphatidylcholine
(PC).



Figure 1-1-5 exemplifies the structure of phospholipids. In phospholipids, the two fatty acids (here
myristic acid in black) form an ester bond with a glycerol molecule (blue) at sn-1 and sn-2 position,
the chiral carbon atom. The third carbon at sn-3 position is esterified with a phosphate group to
which different molecules can be bound to build different headgroup structures (red). The L-form is
the most abundant form in nature. If a glycerol moiety is esterified with the phosphate group, the
resulting molecule is called 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol, which is abbreviated
with DMPG.

Lipoaminoacids are a group of phospholipids containing amino acids, e.g. phosphatidylserine (PS)
with a serine bound to the phosphate group. Molecules abundant in bacteria are aminoacyl esters of
phosphatidylglycerols (PG), e.g. lysyl-, ornithyl-, or alanyl-PG (19). The amino acid binds to the sn-
3 hydroxy group of the glycerol headgroup.

Another important lipid class are glycolipids. Glycolipids include various types of lipids containing
sugar groups. Mono- or disaccharides bound to phospholipid headgroups are called
glycerophospholipids. A widespread representative is the phosphatidylinositol, which plays in
different phosphorylation states a major role in lipid mediated cell signalling.

Mono and disaccharides directly esterified by fatty acids are called glycosides. Also acylated diols
and polyols (other than glycerol) are found in various organisms (20, 21). Smaller representatives,
mostly acyl glycoses, are found in actinomycetes (19).

Other important lipid classes beside phospholipids are sphingolipids and sterols. In sphingolipid
structure, a fatty acid is bound by N-acylation of the 2-aminogroup to the backbone molecule
sphingosine, forming a ceramide. When the headgroup binds sugar derivatives via an ether bond at
the 1-hydroxy group, the molecules are named carbohydrate-ceramides, e.g. glucosyl-, galactosyl-
and lactosylceramide. Is the headgroup bound via a phosphate group to the sphingosine, the resulting
molecules are sphingolipids, e.g. sphingomyelin (sphingophosphocholin).

Steroids are rigid structures with four rings, three six-membered rings and one five-membered ring
in specific molecular configuration which are shown to modulate the membrane miscibility and
fluidity. The most abundant steroid in eukaryotes is cholesterol whereas lanosterol, the precursor of
cholesterol (22), is also found in prokaryotes (23). The most abundant cyclic structure in prokaryotes

that is known to modulate membrane miscibility and fluidity are hopanoids.



1.1.2.2 Lipid membranes of prokaryotes

Gram negative

Gram positive

UL

® MurNAc @ GicNAc @@ Lipidll § LTA ¢ LPS

Figure 1-1-6 Bacteria cell wall. In gram positive bacteria the plasma membrane (PM) is surrounded by a thick
peptidoglycan layer (PG) that mainly consists of N-Acetylmuramic acid (MurNAc) and N-acetyl-D-
glucosamine (GlcNAc). In gram negative bacteria the peptidoglycan layer is much thinner. But a second outer
membrane containing lipopolysaccharides (LPS) on the outer monolayer (OM) is present. Also, Lipid II and
lipoteichoic acid (LTA) are depicted. Adapted from (24).

Gram-positive bacteria have a cytoplasmic membrane surrounded by peptidoglycan mesh. Gram-
negative bacteria possess additionally a second lipid layer surrounding the peptidoglycan mesh (see
Figure 1-1-6) with high amounts of lipopolysaccharides present in the outer monolayer which
provide certain functionalities like e.g. cell signalling. In bacteria, the Lipopolysaccharides (LPS)
are glycosides with a huge oligosaccharide headgroup where the backbone sugars are anchored in
the membrane via the acyl chains. The main structural feature is called Lipid A. The headgroup
polysaccharide can be structured into a core domain that is similar in many molecules and in the O-
specific chain. Depending on this O-specific structure, lipopolysaccharides are responsible for the

O-antigenic and endotoxic properties of bacteria.
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Figure 1-1-7 Structure of cardiolipin (1,3-bis(phosphatidyl)glycerol). Two phosphate groups (red) are linked
by a glycerol molecule (green). The acyl chains can vary in length and saturation.



However, phospholipids are the major component of prokaryotic cytoplasmic membranes. The lipid
dimer cardiolipin (CL) occurs in high amounts in bacteria. Cardiolipin consists of two phosphatidic
acids bridged by a glycerol molecule (see figure 1-1-7). Gram-positive bacteria membranes often
contain aminoacylated PG lipids. The most frequent one is LysylPG, which is one of the rare

positively charged lipids in nature.

Species PG | PE | CL | LysylPG others
Escherichia coli 3 91 6 )
outer membrane
Escher?chia coli 6 32 12 )
cytoplasmic membrane
. . 6
Bacillus subtilis 11 | 29 47 7 (Phosphoglycolipids)
Bacillus flavothermus 39 | 42 11 8
Bacillus polymyxa 3 60 8 29
Pseudomonas aeruginosa™ 21 | 60 11 8
Salmonella typhimurium 17 | 81 5
outer membrane
Salmonella. typhimurium 33 | 60 7
cytoplasmic membrane
Yersinia pestis
(outer and cytoplasmic membrane) 181 35 15 12

Table 1-1-1 Phospholipid headgroup composition of various bacteria membranes in weight percent. PG =
Phosphatidylglycerol, PE = Phosphatidylethanolamine, CL =  Cardiolipin, LysylPG
Lysylphosphatidylglycerol. Adapted from (19) and *(25).

As discussed above, some species contain additionally hopanoids or lanosterol with a cholesterol-
like effect (22, 23, 26).

Sphingolipids occur in prokaryotes only in a few species: Bacteroides, Sphingobacterium,
Acetobacter, Pseudomonas paucimobilis, Bdellovibrio bacteriovorus, cystobacter fulvus.

Table 1 gives some examples of bacteria phospholipid membrane headgroup composition. Please
note that the lipid composition not only varies with the bacteria species but also with the respective

growth state.

1.1.2.3 Membrane composition of eukaryotes

The variety of lipids in cell membrane increases with the complexity of organisms. As myelin sheets
mostly contain sphingolipids, they are the most abundant lipid in higher animal organisms with
developed nerve systems (10). They show the highest phase transition temperature of natural

occurring lipids (27) as the highest occurrence is with long and saturated chains.



Besides sphingolipids, mainly zwitterionic phospholipids together with cholesterol constitute
eukaryotic membranes. Some examples of plasma membrane composition of different eukaryotes

are given in Table 1-1-2.

Membrane | PC PE PS PI SM | CL | Glycolipid | Chol. | Others

Erythrocyte 20 18 7 3 18 - 3 20 11
Plasma
membrane 18 12 7 3 12 - 8 19 21
(rat liver)
Nuclear 44 | 17 | 4 6 3 1 . 10 15
membrane
Mitochondria | 38 29 0 3 0 14 - 3 13
Neurons 48 21 5 7 4 3 11 1

Table 1-1-2 Lipid head group composition of different eukaryotic cell membranes in weight percent. PC =
Phosphatidylcholine, PE = Phosphatidylethanolamine, PS = Phosphatidylserine, PI = Phosphatidylinositol,
SM = Sphingomyelin, CL = Cardiolipin, Chol. = Cholesterol. Adapted from (4).

1.1.3 Lipids - building blocks of cell membranes

Lipids show lyotropic and thermotropic phase behaviour. At low water content, where the hydration
of the headgroup is less pronounced, cubic and hexagonal phases are observed (28, 29). Here, only
the phase behaviour in excess of water is further discussed. The lamellar phase at high water content
shows a thermotropic behaviour for most double-chain phospholipids. For exemplification, Figure
1-1-8 displays the lyotropic and thermotropic phase behaviour of DPPC suspension at high water
content. At low temperatures a lipid gel phase (Lg) bilayer is formed containing mostly all-trans lipid
chain configurations. Under certain conditions, even crystalline phases (L.) with densely packed all-
trans chain lattice in three-dimensional order are observed. The all-trans chains can also be tilted
with respect to the membrane normal to compensate for increased lipid headgroup area which is
denoted by the prime in the L or Lg phase. With increasing temperature, the ripple phase (Pg) with
periodic one-dimensional ripples is formed above the pretransition temperature (T,). These periodic
one-dimensional ripples are discussed to result from periodic arrangements of coexisting gel (Lp)
und liquid crystalline (L,) domains with opposing signs of curvature (30, 31). At the lipid main
transition temperature Tr, the lipid bilayer undergoes a transition into the liquid crystalline (Lq)
phase, where a “melting” of lipid chains is observed. This means that the all-trans chain lattice order
is lost as the chains form gauche conformers leading to an increased lipid chain area but a decreased

membrane thickness.



Details of the phase morphology of the lipids DMPG, DPPG, DMPE, DPPE and TMCL used in this
study are discussed in Section 2.2 for the single components and in Section 2.3 for the binary

mixtures thereof.
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Figure 1-1-8 is an extract of a DPPC-water phase diagram with the lyotropic in x and the thermotropic

behaviour in y direction. For simplicity the phases at low water content is not shown. Adapted from (4, 32,
33).

1.1.3.1 The critical packing parameter (cpp)

The molecular form concept from Jacob N. Israclachvili from 1985 introduces a theory to predict
the structures formed by amphiphiles. The formed aggregates are a result of the thermodynamics
and two opposing intraaggregate forces tending to increase and decrease the molecular area,
respectively, as schematically depicted in Figure 1-1-9.

The attractive force (F,) arises mainly from the interfacial tension at the hydrophobic-hydrophilic
interphase with an approximate surface energy of 20 to 50 mJ m? (34). In some cases, another
contribution might result from lipid headgroup interaction, like ion mediated dipol or hydrogen
bonding interactions. The repulsive force contributions are more complex and result on the one hand
from rotational motion of lipid chains, summarized in chain forces (Fc). On the other hand, lipid
headgroup hydration force, steric contribution and electrostatic repulsion in case of charged lipids
build up the lipid headgroup forces (Fn). The interfacial energy s can be described by

,uN=2}/a0+l(a—a0)2 (1.1)
ay
where y denotes the interfacial free energy per unit area, a the interfacial area per amphiphilic

molecule and ay the optimal area per molecule at which g reaches a minimum.

10
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Figure 1-1-9 displays the lateral pressure distribution of a lipid bilayer. F. is the repulsive lateral force resulting
from rotational motions of lipid chains. F; in the interphase region results from the reducing surface tension y
by reducing the hydrophobic area in contact with hydrophilic molecules. Fx is the lipid headgroup lateral
pressure resulting from steric, hydrational and electrostatic effects. It can, however, contain attractive forces,
resulting from e.g. hydrogen bonding between lipid headgroups. Adapted from (29, 34).

This means the membrane adapts a state in which the attractive and repulsive interactions balance
each other. The free energy is minimal with respect to the membrane area and the derivative of the
free energy with respect to the area, i.e. the surface tension of a lipid bilayer, is zero (35).

The existence of an optimal area leads in return to the structure concept in which the amphiphiles
can obtain an optimal packing depending on the molecular shape, the critical packing parameter
cpp. The critical packing parameter is a ratio of hydrophobic volume divided by the headgroup area
and the molecular length.

th
pp=— (1.2)

0" he

Where Vi is the volume of the hydrocarbon chains, /i the maximum effective length of the
hydrocarbon chain and ay is the optimal interfacial area. Some structures which are formed by
amphiphiles of different ¢pp are depicted in Figure 1-1-9. From X-ray data the overall bilayer
thickness d; and the headgroup area ay can be obtained. The length of the hydrocarbon chain can

be calculated by subtracting the headgroup length from the overall bilayer thickness.

1 V, o
/, =—d,—| 2% |+15A (1.3)
2 a,

The added 1.5 A accounts for the carbonyl bond which is subtracted with the headgroup area. A
comprehensive review on the chain packing of various lipids is given by Derek Marsh (36).
Examples of ¢pp values for different lipids is given in Table S1-1-1. Small values, as obtained for

surfactants like e.g. sodium dodecyl sulphate (SDS), form micelles which can be spherical or obtain
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prolongated cylindrical or rod-like shapes. An increased cpp value leads to extension of cylindrical
structures that assemble into a hexagonal phase (H; phase). By reaching a cpp value of about 1 for
cylindrical or truncated cone shapes, the molecules assemble into planar bilayers which themselves
can form vesicles to reduce the entropy contribution of the hydrophobic part in contact with water
at the bilayer edges. Typical examples are the here discussed double chain phospholipids and dimers
thereof as in case of cardiolipin. For molecules with increased cpp values above 1, like
monogalactosyl diglyceride (MGDG), cubic and inverted hexagonal phases are observed. However,
lipid phase morphology also depends on other parameters like temperature or ionic strength in case
of charged lipids. Temperature influences the cpp value as lipid chains become more “fluid” with
increasing temperature, resulting in a hydrophobic volume increase. lons in solution influence the
optimal headgroup size of lipids by screening headgroup charges and influence hydration forces.

These effects will be discussed in more detail in Section 2.2 for the lipids used in this study.

Inverted
micelles

val > 1 é

Inverted
hexagonal
Hy
Cubic
Lamellar vial =1 t.:q
bilayer &
Hexagonal
H;

e

o
Micelles < Val < 1/3

Figure 1-1-10 displays a schematic illustration of structures of aggregated amphiphiles in aqueous solutions
in dependence of their critical packing parameter, cpp = v/al. Taken from (10).

In ideal lipid mixtures the mean intermediate cpp of the individual components governs the resulting
aggregate properties (34). For example, insertion of molecules resulting in a larger mean cpp value
can transform a bilayer into inverted hexagonal or cubic lipid phases. The insertion of detergents
with small packing parameters (cpp<1) can transform a lipid bilayer into hexagonal or micellar
phases (37). For example, mixtures of Dilinoleoylphosphatidylethanolamine (DLPE) and
Palmitoyloleoylphosphatidylcholine (POPC), one preferring the hexagonal Hy phase and one the
bilayer phase, adopt a bilayer phase if the mixture contains more than 20 mol% of the bilayer-

preferring lipid (38).
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1.2 Antimicrobial peptides

Some peptides are evolutionary ancient molecules for innate immune response, therefore named
antimicrobial peptides (AMPs). As we are facing a post-antibiotic era (39) mostly generated by the
misuse of antibiotics in human and animal healthcare, especially in meat mass production (40-42),
the research of new antimicrobial substances focussed, besides other topics, on antimicrobial
peptides.

The discovery of penicillin in the ascomycetus fungi penicillium rubens by Alexander Fleming in
1928 was followed by numerous attempts to produce synthetic antibiotics. However, the creation of
a systematic knowledge about the variety of naturally occurring antimicrobial substances for innate
immune response and their respective action mechanism is still in progress.

Perhaps, a first systematic approach to understand evolutionary strategies of antimicrobial peptide
host defence goes back to Pierre Joly. He advised Jules Hoffmann during his research stay in the
group of professor Joly, based on his experience during organ transplantations of insects, to focus

on the phenomenon of the immunity of grasshoppers (43):

“Professor Joly proposed to me the study of antimicrobial defences in grasshoppers. In fact, as he
explained, his laboratory had over decades transplanted endocrine organs and even whole brains
from one insect to another without ever taking antiseptic precautions, but they had never observed
the appearance of opportunistic infections. To Professor Joly, this could only be explained if efficient

antimicrobial defences existed in these insects. *

Since the first discovery of antimicrobial peptides, more than 3000 antimicrobial peptides have been

found to date (http://aps.unmc.edu/AP/class.php (44)). In mammals, antimicrobial peptides are for

example synthesised in skin epithelium, in the mucosa of the intestinal tract, as well as in respiratory
and reproductive organs.

Up to now, computational analyses and synthetic combinatorial libraries (45-47) of natural occurring
antimicrobial peptide structures succeeded to predict sequences of small artificial model peptides
with high antimicrobial potency that found their way into clinical trials (48). The most common
feature of AMPs is their amphipathic structure; therefore, the synthesized small artificial peptides
contain mostly the charged residues arginine, histidine and lysine and the hydrophobic amino acids

tryptophane, isoleucine, leucine and phenylalanine (49).
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1.2.1 Classes and representatives of AMPs

Antimicrobial peptides mostly contain less than 100 amino acids. Key elements of antimicrobial
peptides are the high net positive charge at physiological pH and the content of about 30% or more
hydrophobic amino acid residues (50). Different classifications exist in literature. Some
classifications sort AMPs by the biological source in bacterial AMPs (bacteriocins (51)), plant
AMPs, animal AMPs including subclasses like e.g. insect, amphibian, fish, reptile, mammal AMPs
etc. Another classification is based on the biological activity against certain organism e.g.
antibacterial, antiviral, antifungal, wound healing, etc. Here, the minimal inhibitory concentrations,
i.e. the lowest concentration of an antimicrobial peptide at which growth of a bacterium, virus or
fungus is inhibited, are used for classification. Typical values for antimicrobial peptides range from
1 to 500 ng mL"'. Some values for antimicrobial peptides that are subject of several publications
referenced within this work are summarised in Table S1-2-1. Another classification, which is related
to the mechanism of action is based on peptide properties, e.g. the net charge and the amphiphilicity.
At current state, for about 13% of the known AMPs the 3D secondary structure is identified (52)
which gives an additional opportunity for classification. Depending on the primary sequence
antimicrobial peptides often adopt a secondary structure by the interaction with lipid membranes.
This classification varies between different authors but four major classes are common (53). One
class contains linear and a-helical peptides of which bombin, LL-37, magainin and melittin are
famous examples. A second class contains [-sheet peptides like protegrin-1. A third class includes
all circular antimicrobial peptides of which polymyxin B is a prominent example. The minimal
inhibitory concentrations of these examples can be found in Table S1-2-1. A fourth class contains
all “non-regular” peptides (50) that cannot be included in one of the three classes.

A different approach is to classify antimicrobial peptides by the encoding genome. The two major
families are defensins and cathelicidins. Defensins are antimicrobial peptides mostly occurring in
mammals and predominantly expressed in neutrophils and epithelial cells (54, 55). They are rich in
[B-sheet structures and contain disulphide bonds that are crucial for the secondary structure but not
for antimicrobial activity.

The cathelicidin family encompasses all antimicrobial peptides that are encoded in a highly variable
cathelicidin peptide domain as a precursor to the highly conserved cathelin protein domain (56)
including examples like magainin, protegrin or LL-37. From the interspecies homology among
different vertebrates the first appearance of cathelicidins in evolution can be estimated to 300 to 500
million years ago (57).

Besides the antimicrobial peptides targeting the cell membrane, antimicrobial peptides with different
antimicrobial action exists. Lantibiotics like nisin target lipid II of the outer membrane and

precursors for cell wall synthesis. Some proline-rich antimicrobial peptides have been shown to kill

14



bacteria by inhibiting the protein synthesis. These classes of antimicrobial peptides will not be

further discussed within this work.

1.2.2 Mechanisms of antimicrobial action

Many different models describe the mechanism of antimicrobial action, most of them explaining a
higher permeability of the lipid membrane after peptide binding (see Figure 1-2-1). Each different
model explains features found for few peptides, to what Wimley and Hristova (58) referred to as the
blind men describing an elephant (from “The blind men and the elephant” by John Godfrey Saxe),
meaning that due to some observed effects different models were proposed, but a comprehensive
explanation of antimicrobial peptide action is still missing. To shed some light on the relations of
different models, the topical interest is to quantify the observed effects to be able to make predictions
of antimicrobial activity and specificity of a given peptide sequence.

AMPs generally consist of charged residues, often with a positive net charge, to distinguish between
the mostly negatively charged membranes of bacteria from membranes of the host organism (see
Section 1.1.2 for more details). The hydrophobic amino acid residues are thought to contribute to
the binding constant to anchor the peptide in the membrane. Nevertheless, this contribution is not
only due to the “classical” entropy driven hydrophobic effect, i.e. the entropy increase by release of
organized water molecules around the hydrophobic moiety, but also depends on “non-classical”
enthalpic and entropic contributions occurring from formation of peptide secondary structures and
membrane effects (59-62).

In all the different models one can distinguish between the peptide stabilizing a pore formation,
which is mainly described for amphipathic o-helices but also B-sheet peptides like protegrin-1 (63,
64) and the models in which the peptide disrupts the membrane integrity and activity.

For the pore forming peptides the steps of initial surface binding, insertion and aggregation (pore
formation) are critical for the antimicrobial action. The free energy of the transition from surface
bound to membrane spanning has been simulated to be 13.2 + 0.8 kcal mol” for melittin in a POPC
bilayer (100mM NaCl) with a P/L ratio below the ratio of antimicrobial activity (65). Above a critical
ratio, when a certain surface concentration is exceeded the free energy is reduced to 9.6 £+ 1.9 kcal
mol™! for this transition. This cooperative effect results from a deeper penetration of water molecules
into the hydrophobic bilayer region with higher membrane surface concentration of peptides (65).
The hydrophobic surface accessed by water is reduced by transition to the transmembrane state. This
transition was earlier discussed as threshold ratio for antimicrobial activity (66). If one peptide is
already arranged perpendicular, the free energy for the transition for the second melittin is reduced
to 5.1 + 0.8 kcal mol” (67, 68). Another contribution to the gibbs free energy of this process comes
from the caused hydrophobic mismatch, i.e. a difference in length of hydrophobic lipid chain region

and hydrophobic amino acids of peptide or protein sequence inserting into the membrane. The lipid
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or the protein equals the difference in length by either stretching or tilting (69) or by a change in
protein conformation to reduce the water accessible hydrophobic surface. This model has been
supported by numerous studies investigating the effect of membrane insertion of proteins and
peptides (5, 70-72) into membranes of different thickness and might also be a decisive parameter for
the peptide selectivity towards the target bacteria membrane.

The barrel stave model is discussed since the early 70s (73-76). After initial membrane binding the
peptides insert into the membrane and aggregate into a pore structure. One extensively studied
example for a barrel stave pore is the alamethicin pore (77-82) for which the oligomeric a-helices
assemble into an octameric structure (83). For dermcidin, a human skin antimicrobial peptide
secreted by sweat glands (84), the peptide assembly in the bacteria membrane is stabilized via
electrostatic interactions of charged amino acids incorporated into hydrophobic membrane region.
The hexameric peptide assembly is stabilized by the presence of zinc ions already in solution and
bound to the membrane surface before it subsequently inserts into the membrane, triggered by
transmembrane voltage. In the foroidal pore model, the membrane spanning peptides do not interact
with each other but are loosely associated with interdigitating lipid headgroups shielding the
hydrophobic membrane core. Here, polar and charged residues found in the hydrophobic face of the
amphipathic peptides, referred to as “imperfect amphipathicity”, are discussed to drag the lipid
headgroup into the membrane centre and therefore stabilising the high curvature membrane resulting
in a pore that is lined by peptides and lipid headgroups (63). The toroidal pore was first described
for magainin interacting with model lipid membranes in 1996. Matsuzaki et al. (85) observed higher
lipid flip-flop rates of fluorescently labelled lipids by the addition of peptides which could be
explained by interconnecting both lipid monolayer leaflets via pore formation resulting in one
continuous monolayer. This is in line with the observation that magainin and the short chain
derivative MSI-78 mainly interacts with the lipid headgroup (86-88) and was soon after supported
by neutron scattering measurements showing a pore formation of larger size than expected for a
barrel stave model (89).

More recent simulation studies show that the pore formation takes place after a certain threshold
peptide surface concentration is reached as a result of local tension induced by the peptide (90).
Furthermore, the peptides are more disordered than initially assumed which leads to a refined
disordered toroidal pore model which was shown for magainin (90) and melittin (91).The acquired
helix orientations are not only 0° and 90° with respect to the membrane normal as initially assumed
by the toroidal pore model but obtain also angles between 45°and 90° along the formed channel and
5-20° at the channel rim. Recently, also LL-37 was shown to induce toroidal pores or act in a carpet
model manner (76, 92).

The carpet model (93) is an extreme case of the (disordered) toroidal pore model in which the pore
formation leads to separation of micellar or bicellar lipid-peptide aggregates (78). The action of the

antimicrobial peptides is often compared to the solubilisation of lipid membranes by detergents
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where detergent molecules with low ¢pp insert into the membrane until saturation occurs and the
membrane is in equilibrium with saturated micelles (37, 94-96). Here, the detergent like manner
refers to the intercalation of the peptide into the interphase region of the outer monolayer acting like
a wedge, comparable to the low ¢pp value of the detergent and resulting in a curvature strain (97,
98). According to this concept, phase diagrams can be obtained where the model of action can be
deduced from the cpp values of the membrane forming lipids and the peptide concentration. The
micelle formation occurs for membranes containing mainly lipids with a ¢pp value of about 1 and
higher and high peptide concentration which is confirmed by using combined optical and mass-

measuring methods in real time biosensor technologies (99).
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Figure 1-2-1 Events occurring at the bacterial cytoplasmic membrane following initial antimicrobial peptide
(AMP) adsorption. These events are not necessarily exclusive of each other. In the classical models of
membrane disruption, the peptides lying on the membrane reach a threshold concentration and insert
themselves across the membrane to form either peptide-lined pores in the barrel-stave model, solubilize the
membrane into micellar structures in the carpet model, or form peptide-and-lipid-lined pores in the toroidal
pore model. In the revised disordered toroidal pore model, pore formation is more stochastic and involves
fewer peptides. The thickness of the bilayer can be affected by the presence of the peptides, or the membrane
itself can be remodelled to form domains rich in anionic lipids surrounding the peptides. In more specific
cases, non-bilayer intermediates in the membrane can be induced; peptide adsorption to the membrane can be
enhanced by targeting them to oxidized phospholipids; a peptide may couple with small anions across the
bilayer, resulting in their efflux; the membrane potential can be dissipated without other noticeable damage;
or conversely, in the molecular electroporation model, the accumulation of peptide on the outer leaflet
increases the membrane potential above a threshold that renders the membrane transiently permeable to
various molecules including the peptides themselves. Taken from (63).

Another antimicrobial mechanism targeting membranes with oxidized lipids results from the finding
that the antimicrobial peptides temporin B and L intercalate more efficiently into lipid bilayers with
oxidized lipid chains (100). Inherent in many of the previously discussed models are also impacts

on the lipid membrane that might be side effects or by itself already lead to antimicrobial action like

17



electroporation (see discussion above), changes in membrane potential, e.g. by accumulation of the
charged peptide on the lipid membrane or coupled peptide-ion transport by peptides with cell

penetrating activity, as well as membrane thinning upon lipid binding or lipid clustering.

1.2.2.1 Lipid clustering model

Some molecules induce lipid segregation upon binding to a lipid membrane. This phenomenon is
called “clustering”. The term is widely used when positively charged antimicrobial peptides induce
lipid segregation of anionic lipids and non-charged or zwitterionic lipids. However, a peptide
induced lipid segregation by antimicrobial peptides was also observed between two negatively
charged lipids (101). The clustering ability was shown to increase with increasing peptide charge
for peptides showing antimicrobial and cell penetrating properties (102).

Examples for antimicrobial peptides inducing lipid segregation is the naturally occurring helical
peptide PGLa (103), the B-turn protegrin-1 (104) and HNP-2 (105) or the cyclic peptide polymyxin
(106, 107). Also synthetic linear hexa- (108, 109) and nonapeptides (110) as well as cyclic
hexapeptides (108) displayed a lipid clustering in mixed membranes.

Lipid clustering might also play a physiological role, e.g. in protein insertion and stabilisation or
transduction of information. A study of Vanounou et al. (111) shows that PG and PE are segregated
into different domains in an active bacteria cell. However, this is still a matter of research and will
not be further discussed within this work.

For the role of lipid clustering in the antimicrobial activity of antimicrobial peptides two general
mode of actions can be differentiated.

First, the clustering can be an initial step enabling the peptide to induce pore formation. Epand et al.
showed that short-chain derivatives of the cathlecidine LL-37, which is discussed to act as a pore
forming peptide (see above), are incapable of pore formation but induce lipid segregation. Their
respective antimicrobial activity was sustained against bacteria with high contents of zwitterionic
lipid (E. coli), where the clustering has a more pronounced effect than for membranes with high
content of negatively charged lipids (S. aureus) where the antimicrobial activity is contained (112).
This shows that lipid segregation can already have antimicrobial effect without pore formation but
it also indicates that lipid segregation might be a crucial intermediate state in pore formation as it is
discussed for the antimicrobial peptide pleurocidin (113). This is supported by the finding that
increased membrane tension leads to peptide insertion (90) and the accumulation of charges can lead
to high local electric fields sufficient for transient pore formation (114). Also the aggregation of
dermaseptin which led to the carpet model could be triggered by lipid clustering as clustering was
observed for PC/PS mixed SUVs (93). Furthermore, antimicrobial specificity towards certain

bacteria strains can result from the membrane composition, where clustering depends on the charge,
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headgroup and alkyl chain distribution of the lipid species (112, 115-117). A similar result as for
LL-37 derivatives was obtained for Magainin and respective derivatives including the highly
charged MSI-78 (118). Moreover, these peptides even showed the capability of segregating two
ionic lipids, DMPG and TOCL, from each other (101).

Second, the lipid-protein interplay is altered as a result of changes in lateral lipid organization
influencing protein adsorption or insertion kinetics or inhibiting membrane protein functionality
affecting cell homeostasis like cell division (119), metabolism, communication to the cell
environment, structural integrity, taxis or growth.

Alteration in lipid miscibility can affect lipids with specific binding sites to protein structures. The
activity of some membrane proteins has already been shown to be dependent on the presence of
specific lipids (120-126). It has e.g. been shown that the ADP/ATP carrier (AAC) complex in yeast
mitochondria dissociates upon depletion of cardiolipin (127, 128), whereas depletion of PE stabilizes
AAC supercomplexes (129), both resulting in a reduced cytochrome ¢ oxidase activity and a
decreased membrane potential.

Moreover, the protein activity can also be distorted by changes in the physical state of the membrane
affecting the lipid matrix or annular lipids surrounding the proteins (124, 125). Here, e.g. changes
in distribution of charges over the membrane surface will affect binding of proteins and cofactors as
well as ions which are necessary for protein functionality such as Ca*" in close proximity to the
protein. Also hydrophobic mismatch is crucial for protein functionality (5, 130-133) and can be
altered by lipid clustering. Clustering might also affect protein functionality by changes in lipid
phase state (133-135), in lipid free volume (125, 136, 137) or in critical packing parameter. As the
resulting lipid phase is a sum of different forces acting on the lipids (29, 34, 138, 139), the cell
membrane bilayer structure is maintained by containing non-bilayer forming lipids with low cpp
values. Changes in lateral pressure affects the protein functionality (140-142). Cytochrome ¢ for
example, induces a bilayer structure to cardiolipin, preferring an inverted hexagonal (Hy) phase
(143).

Wenzel et al. (144) and Scheinpflug et al (145) reported examples for more complicated mechanisms
of AMP action. They demonstrated recently how the cell homeostasis of B. subtilis is affected by
the hexa-peptides RWRWRW-NH2 (of which the cyclic analogue is part of this study) and the cyclic
peptide c-RRRWFW, respectively. They could show that the cytoplasmic membrane is the target of
this trivalent cationic hexapeptide. As a result of RWRWRW-NH2 addition they observed
dissociation of cytochrome ¢ from the outer membrane leaflet resulting in diminished intracellular
ATP content and a breakdown of the membrane potential. The authors also reported a release of
glutamine/glutamate and asparagine/aspartate by B. subtilis to the extracellular medium as response
of osmotic stress. Lateral pressure as a result of osmotic stress leads to an increase in lipid area and
thinning of the lipid membrane what can be sensed and regulated by mechanosensitive channels like

MscL (146). This indicates that the binding of the short cationic hexapeptide induces lateral pressure,
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e.g. by increasing the lipid area in the outside monolayer. A consecutive study with acyl chain
modified derivatives indicate a similar mode of action as similar membrane proteins are up- or
downregulated after peptide binding (147, 148).

Scheinpflug et al. observed a lipid demixing accompanied with a delocalisation of membrane
proteins upon addition of the cyclic peptide. In both studies MurG, a membrane protein involved in
cell-wall biosynthesis, dissociated from the cytosolic membrane surface after addition of both
hexapeptides, leading to an inhibition of cell-wall synthesis. Without cell wall lysis in the LysCDEF
deficient strain, no membrane rupture upon the addition of c-RRRWFW was observed. This
indicates that addition of c-RRRWFW disturbs the equilibrium of cell-wall synthesis and cell-wall
lysis, which leads to the lipid membrane disruption. The authors linked the effect of lipid domain
formation and protein delocalisation to the observed retardation in membrane fluidity. However,
changes in membrane viscosity was shown to not largely effect the protein functionality as a
dynamic phase boundary at the protein-lipid interphase exists (125, 149-151). This in result would
mean that the protein delocalisation already leads to the inhibition of bacteria cell growth most likely
due to constrains in protein-protein interactions or the inhibition of protein functionality is due to
other changes in lipid membrane (see discussion above). In a simulation study binding of a-helical
Ltcl increases the PG domain size in a PG/PE 3:7 mixture resulting in slower diffusion times of the
lipid domain and the single PG molecules (152). Therefore, the observed effects might result from
changes in the lipid composition as a result of lipid domain formation. As the membrane state of the
bacteria remains unresolved the universality of the observed effects and probable specificities related

to AMP structures and membrane composition need to be further investigated in future studies.

1.2.3 Bacteria resistance strategies towards antimicrobial peptides

To understand the mechanism of antimicrobial action it is worthwhile investigating the mechanism
bacteria developed during evolution to survive the presence of antimicrobial peptides. Furthermore,
some understanding might come from a deeper investigation of AMPs that are produced by
organisms to control growth of competitive organisms and therefore are target of antimicrobial
peptides themselves, such as Gramcidin S produced by Bacillus subtillis (153).

Bacteria developed strategies like the active AMP export, proteolytic inactivation of AMPs (154) or
inhibition by extracellular binding (155-158). As the peptides are active on the cell membrane or the
inner cell and need to pass the outer murein layer, also the D-alanylation of teichoic acids increases
the resistance by modification of the surface charge density or by increasing the cell wall density
(159).

As the bacterial membrane plays a central role in antimicrobial action another mechanism to
circumvent peptide binding are changes in membrane composition that prevents either a first binding

or the further antimicrobial action (58). This can include modification of Lipid A like
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phosphorylation, hydroxylation, addition of amino-sugars, phosphoethanoleamine (160), glycine
(156) or the change of O-Antigen length (157) as well as acylation and diacylation of fatty acids.
However, different membrane lipid composition might be in conflict to bacteria growth potential
such as fast cell proliferation (56).

Another strategy to induce antimicrobial peptide resistance by modifying the cell membrane is the
aminoacylation of phosphatidylglycerols. The sn-3 position of the head group glycerol is esterified
with either lysine, ornithine, arginine or alanine forming the respective aminoacid-PG. This
modification is performed by the membrane protein multiple peptide resistance factor (MprF) and
its homologues (161). This mechanism of resistance is explained as a possibility of bacteria to
control the membrane net charge and therefore the binding affinity of antimicrobial peptides.
Nevertheless, the conversion of PG to aminoacid-PG might change more physical membrane
parameters that influence not only the binding but also the mode of antimicrobial action. It was
shown that susceptibility towards MprF depletion only occurs for a number of AMPs (159). In a
comparative study of the effect of different AMPs on MprF deficient S. aureus and model
membranes consisting of PG and lysyl-PG, Andrae et al. (162) could show that the depth of peptide
penetration and the formation of lipid clusters can play a certain role in peptide-membrane
interactions leading to different resistance effects. Kilelee et al. (163) studied the reaction kinetics
with Forster resonance energy transfer of a tryptophan containing cationic AMP on model
membranes composed of different PG/lysyl-PG ratios labeled with an acceptor fluorophore. Their
results show no major influence of lysyl-PG on the binding constant but a major impact on
membrane leakage resistance within a lysyl-PG concentration range found in S. aureus clinical
isolates. The authors also explain these effects by the occurrence of lipid clusters during peptide

binding.

1.3 Aim of work

This study seeks to investigate the relation between lipid membrane composition and peptide
structure on the clustering effect to unravel the key features responsible for peptide induced lipid
segregation.

To mimic bacterial membranes, model membranes consisting of PG, PE and cardiolipin in binary
and ternary mixtures are used. The physical properties of these different mixtures with respect to
their mixing behaviour are described in Section 2 of this work.

These investigations are crucial to study the effect of different membrane properties, such as charge
density, chain tilt or miscibility on the lipid-peptide interaction. Therefore, polyamines with three
and four charges are studied in comparison to cyclic hexapeptides with three charges resulting from

either arginine or lysine moieties. The charged amino acids are arranged with the hydrophobic amino
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acids tryptophan and/or phenylalanine in different sequences with different resulting antimicrobial
efficacy. Section 3 deals with this interaction with focus on understanding whether the lipid
clustering correlates to the antimicrobial efficiency. Therefore, the efficiency of the different
hexapeptides in inducing lipid cluster formation (f:) in different model lipid membranes is compared
to the antimicrobial efficacy. Furthermore, the variation in peptide structure should create an
understanding on how changes in peptide amino acid sequence may alter lipid clustering.
Furthermore, the occurrence of a threshold concentration (or a critical clustering ratio r..) at which
clustering appears is investigated in dependence of peptide sequence and membrane composition.

The aim is to propose a mechanism on how lipid-peptide interaction lead to lipid clustering and how

this model can help to understand the antimicrobial efficacy and selectivity of antimicrobial peptides.
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The phase behaviour of binary and
ternary mixtures of DMPG,
DMPE and TMCL

2.1 Introduction

Biological membranes contain at least three different types of phospholipid headgroups. Therefore,
ternary mixtures are the simplest models to mimic the possible ongoing processes present in a
biological membrane. To understand the effect of peptides (or any other molecule) on lipid
membranes it is necessary to study the physical properties of the membrane itself. We focussed on
the miscibility of the lipids in the membrane and the respective effect on the thermotropic lipid

bilayer phase behaviour.
2.1.1 Ideal and non-ideal miscibility
The thermotropic phase behaviour of mixtures reveals information about the miscibility of the

observed system. For example, upon heating, the lipids undergo a transition from gel to fluid phase.

In each phase the free energy is described by:
AG = np, 2.1)

where the chemical potential for each component in each phase is given by
s = u " + RT Inx®” 2.2)

with u° being the standard chemical potential and the mole fraction x of the lipid in the respective
phase. In the gel to fluid phase transition of the lipid the equilibrium between both phases is
described by ué=u" (g = gel phase, fl = fluid phase). The ratio of lipid mole fraction in the fluid and
the gel phase is therefore

(2.3)
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With Au°= AH°-TAS° and the entropy of the phase transition at T, (the phase transition

temperature) AS°= AH°/T, , the equation of the ratio of lipid mole fraction in the fluid and the gel

phase for one single component becomes

X [_AHT[%_T%D (2.4)

In a binary lipid mixture, the mole fraction of both components (A and B) in each phase must add

up to one.

i +x) =1 (2.5)
x5 +xi=1 (2.6)

Combining equation (2.4) with equation (2.5) and (2.6), the temperature dependence can be
described as a function of phase transition temperature and enthalpy of the respective single

component (4) which can easily be converted to the mole fraction dependence of the temperature.

T AH, : 2.7)
AH, —RIn| X2
m,A xi
T AH, _ (2.8)
AH, o ((=x])
T, s (1—x5

Figure 2-1-1 middle displays the solidus and liquidus curve (from equation (2.7) and (2.8)) of a
mixture of two components with a phase transition temperature of 23°C (296.15 K) and 50°C
(323.15 K) and a phase transition enthalpy of 7.2 kcal mol™' for both components. The graphs on the
left and right display the solidus and liquidus curve for a mixture with the same transition
temperatures, T4 and T, but a transition enthalpy of 14.4 kcal mol” for the higher melting
component (left graph) and the lower melting component (right graph), respectively. The area

between both graphs describes the phase coexistence regions.
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Figure 2-1-1 Phase diagrams of ideal mixtures. The solidus ( x§) and liquidus (xl’;l) are plotted versus

temperature for two components with Tn4=23 °C (296.15 K), Tms=50°C (323.15 K) and different
enthalpies: Left: AH4= 7.2 kcal mol"!, AHz= 14.4 kcal mol"'. Center: AH = 7.2 kcal mol"', AHp= 7.2 kcal
mol ™. Right: AHs= 14.4 kcal mol™', AHz = 7.2 kcal mol™".

This phase behaviour describes an ideal mixture, i.e. each component is randomly distributed. The
Gibbs free energy of mixing is a function of enthalpy and entropy of mixing, meaning the difference
between the pure component and the component in the mixture.

AG

= AH,, —TAS 2.9)

mix mix

The entropy contribution can be calculated from AG,. = x,u, + x4, (equation (2.1)) and equation

(2.2) and with § = _(?)_;;) and (equation (2.6)) to be
p.n

AS, =—R(xzInx; +(1-x,)In(1-x,)) (2.10)

mix

The maximum in A4S, is reached at x = 0.5. A plot of A4S, versus x is shown in the supplementary

data S2-3-4. Here, the probability that the neighbouring molecule is of same kind or different is

equal. This leads to the typical “cigar-shape” of the ideal phase diagram as shown in Figure 2-1-1

middle.

In the ideal solution no interaction between both molecules is regarded (4H,.x= 0), meaning that
AGH = RT (x,Inx, +(1—x,)In(1-x,)) 2.11)

In a regular solution, however, the enthalpic contribution (no additional entropy contribution,

AS v excess=0) between two like (A-A or B-B) und unlike (A-B) molecules are considered. Including

this excess-enthalpy with AH”, = px,(1-x,), the Gibbs free energy of mixing is described by
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AG,, = px,(1-x,)+RT (x,Inx, +(1-x,)In(1-x,)), (2.12)

where p is the non-ideality parameter or regular solution parameter for a symmetric mixture, which
describes the deviation from ideal behaviour. It describes the energy needed to transform A-A or

B-B to A-B pairs and can be calculated by

p:l(gAE _%(8,4,4 +855)

2.13
c RT ( )

The mixing energy is a result of attractive or repulsive interactions between A and B which are
denoted by & with ¢ being the coordination number (164). Here, ¢is negative for attractive and
positive for repulsive interactions.

This additional enthalpy adds to the chemical potential for each phase and each component like

wl = uS" + RT Inx] + p"(1-x]) (2.14)

uf = uS* + RT Inxé + p*(1—-x5) (2.15)
wlh = uy" + RTIn(1-x)+ p” (x] ) (2.16)
15 = ty* + RT In(1- x5) + p* (x5)? (2.17)

For the thermodynamic equilibrium ux8=4" the equation combines to a relation of the temperature,
enthalpy, mole fraction and non-ideality parameter, from which the phase diagrams can be

calculated:

_AH, +p (= x) = pfd =)’

T (2.18)
fl
AH, —Rln[x/‘j
Tm,A xi
T:AHB+pﬂ(xf)2—pg(xj)2 (2.19)
_ :
AH, _Rln[(l xA,)]
m.B (1-x%)

For a non-ideality parameter of 0 one obtains the equation describing the ideal mixture (equation
(2.7) and (2.8), (4, 165)).

Figure 2-1-2 depicts exemplified topological features of phase diagrams determined from regular
solution theory (166). Negative non-ideality parameters in both phases lead to a narrowing of the

phase coexistence region of the “cigar-shape” phase diagram as depicted in the lower left corner in
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Figure 2-1-2. A negative non-ideality parameter in the solid phase leads to an azeotropic maximum
and a negative fluid phase non-ideality to an azeotropic minimum when the solid phase non-ideality
parameter is 0. In case of small positive non-ideality parameters the coexistence phase is broadened
but the “cigar shape” is maintained. When the non-ideality parameter reaches a critical value y,,

phase separation is observed.
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Figure 2-1-2 Topological features of phase diagrams determined from regular solution theory in dependence
of the non-ideality parameter in the solid (y-axis) and fluid (x-axis) phase (adopted from (166)).

For positive non-ideality parameters (0> ;) in the solid phase, the mixture shows eutectic
behaviour for negative or low fluid non-ideality parameters. In case of positive non-ideality
parameters in the solid and liquid phase the mixture changes to a peritectic or monotectic behaviour.

However, this is only a general rule of thumb valid for large positive and negative contributions.

2.1.2 Electrostatic interactions — general overview

About 10-40% of naturally occurring lipids are negatively charged (4). Examples are shown in Table
1-1 and Table 1-2. Therefore, electrostatic interactions as long-range interactions play an important
role in biophysical processes, e.g. the interaction of positively charged peptides or proteins with
negatively charged lipid vesicles. Charges especially impact the lipid membrane miscibility.

As like-charges repel and unlike-charges attract each other, charged lipids are not randomly
distributed in solution. As they can counteract the lipid mixing or demixing tendency, they add to

the free energy of a system.

27



For lipid membranes one can distinguish between 3 different effects of electrostatic interactions
(167):
i.  nonspecific screening effects at the membrane surface that stabilise the charges by
the formation of an ionic atmosphere.
ii.  shifts in the apparent pK due to the influence of surface charges and of the ionic
strength on the ionization of surface groups
iii.  specific effects due to the binding of counterions. This is discussed in more detail

in Chapter 3 for the binding of trivalent positively charged cyclic hexapeptides.
2.1.2.1 Gouy-Chapman

In a system containing a charged planar surface the coions of the solution will be repelled and the
counterions will be attracted with closer distance to the surface. The charge density, i.e. the

distribution of ions in the electric field, can be described by the Boltzmann relation:

Pu= po,eleT (2.20)

where e is the elementary charge, Vo the electrical surface potential, £ the Boltzmann constant and
T the temperature. The charge density p is related to the electrostatic potential by the Poisson

equation:

=_Pa 2.21)

where ¢is the dielectric constant The combination of equation (2.20) and (2.21) leads to the Poisson-

Boltzmann equation

2 —ze¥,
dY __ Poa o AT (2.22)

dr’ £,€

For the charged planar surface the charge density o plays an important role in the system

characteristics. The total net charge of the solution will be equal and opposite to the surface charge.

o= —T p.,(r)dr (2.23)
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The so-called Grahame equation gives a relation between the surface charge density o and the

electrical surface potential Wy as a combination of equation (2.21), (2.22) and (2.23) by

(”) d¥(r) . (¥,
_[Pd (r)dr=¢ 8_[ = —808(710 = (,/8eoekT smh( AT D (2.24)

or

2kT 1 o
Y, =——-sinh | [ ——— 2.25
e [ 8e,ekT \/E) (2:29)

It can be seen that the surface potential W, varies with the surface charge density oand the reciprocal
square root of the concentration ¢. The surface charge density is the number of charges per unit area
in C m?, which, in case of lipids, can be determined by the mole fraction and the molecular area A,
of the charged lipid in the membrane:

Zlipide

o= (2.26)
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Figure 2-1-3 The dependence of the electrical surface potential Wo on 1:1 electrolyte concentration (here NaCl)
for a lipid membrane with all-trans chains and a lipid containing fluid alkyl chains.

Figure 2-1-3 shows the dependence of the surface potential in mV for a negatively charged lipid
membrane with two lipid An values on the electrolyte concentration of the surrounding medium,
here a 1:1 electrolyte. It can be seen that the surface potential decreases most significantly within
one phase state by adding a 1:1 electrolyte until a concentration of 100-150 mM is reached. In this
concentration range the lipid phase transition leads to a change in surface potential by about 30-

40 mV.
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Figure 2-1-4 The dependence of the electrical surface potential Wo on the lipid mol fraction of a charged lipid
in a mixture with a zwitterionic lipid at a given NaCl concentration of 100 mM. Displayed is the mole fraction
dependence of the single charged lipid (here named PG) with two all-trans and two fluid alkyl chains and a
divalent lipid (here named CL) with four all-trans and four fluid alkyl chains. The Am for the zwitterionic lipid
is 0.4 nm? for the gel and 0.8 nm? for the fluid phase, respectively.

The dependency of the surface potential on the molar fraction of a charged lipid with two A, values
in a mixed membrane is depicted in Figure 2-1-4. Here, the surface charge density was calculated
for a single charged lipid containing two alkyl chains, e.g. PG, and a doubly charged lipid with four
lipid alkyl chains like cardiolipin in a mixture with zwitterionic lipid with two alkyl chains, e.g. PE
or PC. As the area Ay, in equation (2.26) is also dependent on the mole fraction for mixtures of lipids
with different areas, the surface potential of PG and cardiolipin in dependence of their respective
molar fraction is not the same. The increase in surface potential with increasing molar fraction of
charged lipid is much steeper for the doubly charged lipid with four lipid alkyl chains. For a 1:1 (x
= 0.5) mixture of charged and zwitterionic lipid with same area the value in surface potential is the
same as for the 1:2 mixture of a dimerised charged lipid with a zwitterionic lipid (x = 0.33). The
largest differences in surface potential between both lipids of more than 20 mV occur in a molar

fraction range of charged lipid of 0.15-0.35 in the gel and 0.1-0.3 in the fluid phase membrane.
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2.1.3 The effect of electrostatic energy on lipid mixing behaviour

For mixtures containing charged lipids the influence of electrostatic free energy AG? adds to the
free energy of mixing and contributes for a 1:1 mixture of charged and uncharged molecules in a

100 mM salt solution with about 0.35 kcal mol™ (167).

=AGel +AGideaI +AGexcess =AGel

AG,. o o o () +RT (xInx+(1-x)In(1-x))+ px(1-x) (2.27)

Gelbart and Bruinsma derived G* from the Poisson-Boltzman equation for the limits of large and
small interbilayer distances D, i.e. two bilayers in a distance much smaller and much larger than the
Chapman length (168). The Chapman length, &, combines the Bjerrum length with the charge density

o with.

g= L (2.28)
l,o

The electrostatic free energy of mixing can be calculated for large interbilayer distance by

G’ (x)=A| 20(nQ7rl.0%v )~ 1)+——|. D> 1 2.29
e (%) (O‘(n(ﬂBO'VO) )4lBDJ /IBG (2.29)

and for small interbilayer distance by

()= 9V 2 1
Gmix(x)—A(201n( ) +4ro lBD),D<< ABG . (2.30)

with 4 being the lipid area, othe surface charge density, vy the counterion volume, D the interbilayer
distance and /3 the Bjerrum length. As G“(x) for the pure component is xG,;; with x =1, the
difference AG,.;x of the charged component in the mixture (after mixing) and the pure component

(before mixing) can be calculated by

AGel

mix

(x)=G (x=1)-x,G (x) . (2.31)

mix mix

The contribution of AG”,.x to AGyx in equation (2.27) can be calculated for bilayers with large or
small interbilayer distance by inserting equation (2.29) or (2.30) into equation (2.31), respectively.
Figure 2-1-5 displays AG:: for an uncharged mixture (left) and small (middle) or large interbilayer

distance (right) of mixtures with one charged component, here xg.
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Figure 2-1-5 Plots of AGmix for uncharged system (left) and mixtures with charged component B for small
(middle) and large (right) interbilayer distances calculated form equation (2.27). The dotted line displays AGmix
for the non-ideality parameter p = ysp.

For mixtures with one charged component AG.; becomes more negative due to the mixing
contributions of electrostatic repulsion. AG,;x is more negative for large interbilayer distance.
Moreover, the minimum in AG; shifts to the lower mol fraction of the charge component.

Gelbart and Bruinsma also derived the spinodal equation for the two boundary conditions of small
and large interbilayer distance (168). For a non-charged system the non-ideality parameter as a

function of molar fraction is described by

_ (1/2) 232
%SP(X)_X(X—I) N ( . )

This equation predicts a minimum of y.= 2kT at x = 0.5, meaning that for y > 2kT phase separation
occurs (169).
For the approximation with interbilayer distance larger than the Chapman length (D > 1//z0)

equation (2.32) including charged lipids changes to

52-2x [

= P e

(2.33)

For interbilayer distances far below the Chapman length the calculation of non-ideality parameter
changes to

3/2—x +47:1,31)’1) <1/
x(1-x) A, lyo

Xop(X)= (2.34)
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Where A, is the area per lipid molecule. Figure 2-1-6 displays the dependence of y, on the molar
fraction calculated from equation (2.32), (2.33) and (2.34). As in Figure 2-1-5 it can be seen that the
presence of charges leads to an increase in non-ideality parameter, i.e. a stabilisation of membrane
miscibility, which is expected as the like-charges repel each other. However, with decreasing
interbilayer distance the critical non-ideality parameter at which demixing occurs is significantly
lowered. The minimum of the spinodal shifts to molar fraction with increasing charged lipid content.
Therefore, a demixing of a charged membrane, i.e. when o > ¥, is expected to occur at high molar

ratios of the charged component.

——— X =charged lipid at large interbilayer distance (D>>1/1 Bo)
—— X = charged lipid at small interbilayer distance (D<<1/l Bo) [

— X = uncharged lipid
0 I I T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Lip~
Figure 2-1-6 The dependence of the non-ideality parameter ys, on Xvip for uncharged membranes and charged
membranes with interbilayer distances above and below the chapman length (redrawn from Gelbart and
Bruinsma (168)).

A similar shift to higher molar fractions and higher non-ideality parameter with decreasing
counterion concentration was also reported by May et al. (170). More importantly, the authors
calculated the effect of large counterions on the lipid membrane miscibility considering local
changes in membrane composition. Here, the free energy of polyvalent counterions adsorbed to a
lipid membrane is a sum of four terms:

G=G,(x.0)+M_ (6In6+(1-6)In(1-6))+xInx+(1-x)In(1-x)+ px(1-x) (2.35)

max

The first term is the free energy of the contributions from electrostatic interactions, the second term
includes the entropic contributions from the bound large polyvalent counterions where &is the ratio
of bound molecules, M, to the maximal possible bound molecules Mmax(6= M/Mmax), restricted by
the surface area. The third term describes the neutral membrane with its entropic contribution and

the fourth term the excess enthalpy of mixing contributions (see equation (2.12)). The authors used
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the volume fraction ¢ instead of the molar fraction x which is also used for the next paragraph to
enable the reader a fast tracking of the original publication.
Including the local change in membrane composition by binding of polyvalent macroions, the

spinodal equation derived by the authors is

1 40
2Jo,Ap0(1-0) d¢

2, = (2.36)

Here, o4 is the ratio of peptide to lipid area o4 = Ap/A; which describes the covered membrane area
in number of lipids. The difference in lipid composition between the covered membrane regions, the
so called “clusters”, and the bare lipid membrane is described by Ag= ¢p- ¢.

The resulting local compositions can be described by ¢= Ogp+ (1-O)¢;. For the case that the
adsorption of macroions is highly favourable, meaning that macroions adsorb until all charged lipids
are bound, ¢ is 0 and @ equals @ ¢gp. Therefore, A¢ reduces to ¢gp and dd/d¢is 1/¢. Assuming charge
matching conditions, meaning that the macroion charge is perfectly screened by a respective number

of lipids in the clustered area one can write

By = é—” (2.37)
A

Where zpis the number of macroion charge. Including these assumptions in equation (2.36) May et

al. (170) calculated the critical minimal non-ideality parameter y.to be

2
X =—7 (2.38)
oo
which can be found at a critical molar fraction ¢, of
¢. = e . (2.39)

2

In case of a macroion with a charge of z = 10 and an area ratio of o4 = 10 resulting in ¢p of 1 binding
to a charged lipid membrane the minimal critical non-ideality parameter y. of a charged membrane
(~3.7 at large interbilayer distances) reduces to 0.63 at a molar fraction of 0.5, which is even below
the critical non-ideality parameter of 2 for the neutral membrane.

Assuming an area of about 2 nm? for the cyclic peptides used in this study, the values for ou vary
roughly between 2 to 5, depending on the lipid and its phase state. For a given zp value of 3, ¢p varies
between 1.5 and 0.6, respectively. The resulting values for y. therefore range from 0.6 for large to
2.5 for small lipid areas, meaning that charged induced demixing in the liquid crystalline phase is
more likely than for membranes in gel phase. The respective critical mixtures ¢ range from 0.75 to
0.3. Figure 2-1-7 displays ys as a function of ¢ for the given example, calculated from equation

(2.36) with the given assumptions.
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Figure 2-1-7 Examples for the influence of macroions on the non-ideality parameter of clustering charged lipid
mixtures with ¢ representing the molar fraction of charged lipid.

It is apparent that for a given ¢ of 1, i.e. at charge matching conditions, the clustering ability,
resulting from the decrease in non-ideality parameter, increases with increasing size and charge of
the macroions. However, if charge matching is not fulfilled and ¢ is decreased the non-ideality
parameter increases, which can be counterbalanced by changes in peptide-lipid area ratio o4. This
can be achieved by decreasing peptide area, due to conformational changes or orientation towards
the membrane or an increase in the electrostatically screened lipid area. The latter can for example
be realized by change in lipid phase state or by (partially) insertion of the macroion into the lipid
membrane.

Altogether, if the critical non-ideality parameter is reduced to energies sufficient for the chain non-
ideality to overcome the translational entropy a clustering occurs. The addition of polyvalent
counterions not only screens the lipid charges that counteract the lipid chain demixing tendency, it
even reduces the critical non-ideality substantially below the non-ideality of a non-charged lipid
membrane. One can assume that by adding macroions to a charged lipid membrane the reduction in
non-ideality with increasing &reaches the chain non-ideality. This is the critical lipid-peptide

concentration ratio, or critical clustering ratio .., which this study seeks to identify.
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2.2 Single lipid components
2.2.1 DMPG and DMPE
The lipids DMPG and DMPE have been studied extensively during the past decades and will

therefore only be reviewed here shortly. The DSC thermograms of both lipids are displayed in Figure
2-2-1.
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Figure 2-2-1 DSC thermograms of DMPG and DMPE multilamellar vesicles in Phosphate buffer at pH 7.2.

The apparent pK for the phosphate group in DMPG is 2.9 (171) in 100 mM NaCl solution. The
protonated DMPG shows a main phase transition at ~40 °C which shifts upon deprotonation to lower
temperatures. As can be seen in Figure 2-2-1, the phase transition at pH 7 is therefore ~24 °C (171)
and comprises an enthalpy of ~6.7 kcal mol” (172). For DPPG the phase transition temperature is
shifted from 55° C to 40° C upon deprotonation of the phosphate group with a resulting enthalpy of
~10 kcal mol™. The hydrocarbon chains are untilted for the protonated DMPG and DPPG. Upon
deprotonation, however, the headgroup area increases due to the negative charge which results in a
gel phase tilt angle of 29° for DMPG and DPPG (171, 173-175).

Storage of DMPG at low temperature can induce a subgel or quasi-crystalline phase which is stable
until ~40°C where a subgel to liquid crystalline (L) phase transition takes place. The transition into
the L, phase shows a very high enthalpy of ~19 kcal mol™'. The kinetics of this phase formation is
dependent on the ionic strength (176, 177) and takes several days for a dispersion in 100mM NaCl
solution (172, 178). Together with the FT-IR results it can be concluded that the lipid chains are

36



packed into an orthorhombic subcell lattice with the same tilt angle of 29° as observed for the gel
phase (179, 180). The FT-IR results show additionally a shift of the carbonyl band to 1732 cm™,
indicative for a change in the polar headgroup environment. The major reason for the dehydration is
probably the formation of hydrogen bonds between hydroxy groups of the glycerol moiety and
oxygens of the phosphodiester and carbonyl groups which substitute hydrogen bonds of water
molecules. A reduction of the interbilayer distance observed by SAXS measurements also indicates
a dehydration of the headgroup. Besides lipid bilayer stacks also bilayers forming cochleate
cylinders are found in the subgel phase as a result of the dehydrated headgroups (172).

The effect of divalent cations on the phase behaviour was studied with various techniques by Garidel
et al. (165, 181-184). The authors report an induction of a metastable subgel phase that transforms
into a stable crystalline gel phase over time and thereby increases the phase transition temperature
to 58 °C by Sr**, 65 °C by Mg*" and 80 °C by Ca*" ions. The subgel phase induction is accompanied
by a dehydration of the phosphate groups which is most pronounced for the calcium ions (182).
Further cyclic heating showed a DMPG gel phase stabilisation for all divalent cations at various salt
concentrations (181).

Phosphatidylethanolamines are zwitterionic at pH values between the pK value of the phosphate
group at ~1.7 and the amine group at ~11.25 (185). The gel to liquid crystalline phase transition
takes place at 50.4 °C, as shown in Figure 2-2-1, with a transition enthalpy of 6.0 kcal mol" for
DMPE and 64.4 °C with a transition enthalpy of 8.3 kcal mol” for DPPE (186). Due to the small
headgroup to chain volume PEs undergo a lamellar (L) to inverted hexagonal (Hy) phase transition.
Following the concept of Israclachvili the transition temperature decreases with increasing critical
packing parameter (cpp), €.g. by unsaturation and increasing length of alkyl chains (185, 186). The
temperature for this transition for DPPE is 123 °C with a small transition enthalpy of 0.3 kcal mol™
and increases with each additional CH, group by 0.06 kcal mol™ (185).

The alkyl chain tilt angle observed in the gel phase varies between different publications. Some
authors report no chain tilt for DMPE and DPPE (187, 188). Simulation studies report a tilt angle of
7°-20° (189, 190). Also, monolayer studies report a chain tilt that decreases for DMPE and DPPE
from 30° at low pressures to 0° at high pressures around 40 mN m™ (191, 192). At the mono-bilayer
equivalent pressure of 30 mN m™ (193) a tilt angle of 9° for DMPE (194) and 13°-18° for DPPE
(192) was found using gracing incidence X-ray diffraction. These values are in good agreement with
the tilt angle of 11° we determined for DMPE monolayer at 30 mN m” using IRRAS and
measurements of multi bilayer stacks in the gel phase using ATR-IR (data not shown).

Annealing PEs at low temperatures can also lead to a subgel phase formation. In case of DMPE the
subgel phase is stable until 56.4 °C and shows a subgel to liquid crystalline transition enthalpy of
19.6 kcal mol™ (186, 195). The subgel phase to liquid crystalline transition for DPPE takes place at
66 °C and shows a transition enthalpy of 22.3 kcal mol™ (186). The values, however, vary within

different publications and might be due to different sample preparation and annealing time and
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temperature (186, 196). The lamellar repeat distance for PEs shows a reduced water layer indicating
a dehydrated headgroup (197, 198). The reduced headgroup hydration as well as the elevated
transition temperatures when compared to PG or PC analogues are discussed to be due to hydrogen
bonding between the nitrogen and the phosphate oxygens (199) which is further evidenced by
simulation (189, 190).

2.2.2 Cardiolipin

Cardiolipin has only been studied more extensively in the recent years. Earlier studies focussed on
the impact of chain length and salt dependence of cardiolipin main phase transition. Rainier et al.
(200) compared the phase transition temperatures of cardiolipin and phosphatidyldiacylglycerols
containing lauryl, myristoyl and palmityl chains. The presence of the second phosphate group and a
connecting glycerol molecule in case of cardiolipin lead to phase transitions significantly below
(>15K) the ones with a single phosphate group between the glycerol backbones. The slope of the
phase transition temperature with increasing chain length of cardiolipin with ~7.5K per CH,-group
is comparable with the slope of Tr, of monomeric phospholipids.

With the two phosphate groups the cardiolipin phase behaviour is sensitive to pH and ionic strength.
Seddon et al. e.g. showed that in 0.1-1 M NaCl solution cardiolipin undergoes a Hyii to L, phase
transition at pH 2.8 (201). This is due to a change in negative net charge by exceeding the pK of the
phosphate group at this value. A simulation study by Dahlberg displays a different cardiolipin phase
behaviour dependent on the chain number and headgroup charge (202).

In comparison to phosphatidylglycerol, the biochemical precursor, the headgroup glycerol motional
freedom is reduced. NMR experiments of partially deuterated cardiolipin molecules showed a
decrease in correlation times by a factor of 10 whereas the backbone glycerol orientation and

segmental flexibility between both lipids is identical (203).

2.2.2.1 DSC

As not very many investigations on the thermotropic behaviour of Tetramyristoylcardiolipin
(TMCL) have been reported, the next paragraph describes our results in more detail. The
thermotropic phase behaviour of TMCL was described earlier by Lewis et al. using DSC, X-ray, P-
NMR and IR-spectroscopy (197).

38



—— TMCL freshly extuded
—— 1st upscan after 24h at 5°C
6 —— 2nd upscan after 24h at 5°C 7

Cp / keal mol" K™

Temperature / °C
Figure 2-2-2 DSC thermograms of extruded TMCL vesicles in phosphate buffer freshly prepared and after 24
hours incubation time at 5 °C.

Freshly extruded vesicles show a Lg-Ly phase transition at 40.5 °C. Two additional transitions at
12 °C (1.3 kcal mol™") and 21 °C (0.6 kcal mol™") are observed (Figure 2-2-2). In the study by Lewis
et al. the additional low temperature peaks occur at 14-18 °C and 25-30 °C, reflecting a subgel to
gel phase transition (197). As the formation of the subgel phase depends on the nucleation event of
gel phase lipids the kinetics of this event is most likely sensitive to differences in ionic strength and
the cooperativity of transition. As the authors use phosphate buffer at pH 4 with 150 mM NaCl and
multilamellar vesicles the difference in transition temperature might originate from the difference in
sample preparation at higher ionic strength and higher pH. The enthalpies of these transitions are
comparably low.

Storing the sample for 24 hours at 5 °C leads to a formation of a subgel phase that is stable until
30 °C and shows a high endothermic phase transition peak (~15 kcal mol™) from subgel to gel phase.
The high endotherm is in a similar range as observed for the subgel to liquid-crystalline phase
transition observed for pure DMPG (~19 kcal mol™). The Lg-L, transition temperature remains
unaltered. Reheating the sample immediately after cooling (60 K/h) leads again to a low temperature
transition ~12 °C with comparably low transition enthalpy of 2.2 kcal mol™ and the Lg-L phase
transition at 41 °C (see Figure 2-2-2).

The enthalpy of the Lg-L, phase transition of freshly prepared vesicles is 11.3 kcal mol”. The L;-
Lo phase transition enthalpy of the samples stored for 24 hours at 5 °C is 13.6 kcal mol™”. The
transition enthalpy per myristoyl chain (~3.4 kcal mol™) is in good agreement with values for double-
chain phospholipids (2.75 kcal mol™ for DMPG, 3.8 kcal mol™ for DMPE), indicating that also in
cardiolipin bilayers the enthalpy of the Lg-Lq transition is mainly due to lipid chain melting. This

value is also in good agreement with the values reported earlier for cardiolipin (197, 200).
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The pH dependence of the main phase transition temperature of Tetramyristoylcardiolipin in
100 mM NaCl solution is shown in Figure 2-2-3. Two major effects can be observed: The phase
transition temperature is downshifted with increasing pH from 44.1 °C at pH 4.4 t0 39.8 °C at pH 9.9
and the cooperativity of the main phase transition increases in the same manner. The pK value of
the second phosphate group can be derived from these measurements to 6.2.

A pK value for the second phosphate group in 50 mM KCIl solution was reported by Kates et al.
(204) and reviewed later again (205). The pK shifts among titration from 7.5 to 9.5 which, according
to the authors, emphasises the biological role of cardiolipin as a proton trap for the ATPase

functionality.
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Figure 2-2-3 DSC thermograms of extruded TMCL vesicles at different pH in 100mM NacCl (left) and phase
transition temperatures plotted versus pH (right).

This high and shifting pK value is discussed as a result from a hydrogen bond formation between a
glycerol hydroxy group and phosphate oxygen, additionally supported by IR measurements from
Hiibner et al. (206). However, as our result shows that the second phosphate group of TMCL is
already deprotonated at a pH of 7.2 the difference in result might be due to higher ionic strength.
The second charge can be screened in the presence of Na'-ions which leads to the downshift in pK
value in 100 mM NaCl compared to 50 mM KCI solution. The presence of the second charged
phosphate group leads to increased phosphate group separation constrained by the glycerol moiety.
The alkyl chain interactions are lowered by the increase in charge density, which can be seen by the
downshift in phase transition temperature.

The downshift in phase transition temperature with increasing pH originates from reduced
hydrocarbon chain interaction caused by the increased lipid headgroup charge due to deprotonation
of the phosphate group and is reported for many lipids (207-214).

The increasing cooperativity of the phase transition with further headgroup deprotonation was also
reported for PG (212, 215) and PC (216) in contrast to DMPA (207) and PS (213) where an increase
in headgroup charge leads to a decrease in cooperativity. The difference in reported cooperativity

might be a result of different sample preparation mainly influenced by the number of lamellae
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formation. The effect observed here for cardiolipin results from the presence of a mixture of
cardiolipin molecules in single and double charged states. The DSC curves for low pH values in
Figure 2-2-3 left show an onset at 37 °C, indicating that at this pH already a certain number of doubly
charged cardiolipin molecules are present which melt at low temperatures. The asymmetry of the
peak at pH < 7.0 underlines this interpretation additionally. It is noteworthy that between the pH of
7.0 and 9.0 the cooperativity increases remarkably although the phase transition temperature does
not change significantly and the symmetrical phase transition peak indicates a single melting event.
However, in this case it seems more likely that at pH of 7.8 still some single charged cardiolipin
molecules are remaining and the broader transition width is due to mixing of single and double
negatively charged cardiolipin molecules. Prosnigg et al. observed a coexistence range of L. and
Lg phases at a pH of 7.4 and temperatures between 20-30 °C (217). It seems very likely that these

phase coexistence results from differently charged TMCL moieties.

2.2.2.2 ATR-IR

The lipid chain melting can be monitored also by IR. The shift in wavenumber is observed from
“ordered” to a more “unordered” state, i.e. an increase in gauche-conformers of lipid acyl chains.
The asymmetric CH, stretching vibration shifts from 2918.5 cm™ to 2922 cm™ and the symmetric
CH; stretching vibration from 2850.2 cm™ to 2852.6 cm™ at 40 °C (see Figure 2-2-4 left).
Furthermore, we could monitor the formation of the cardiolipin subgel phase. The wavenumber for
the symmetric CHa-vibration decreases slightly from 2850.1 cm™ to 2849.8 cm™, whereas the
antisymmetrical vibration band decreases drastically from 2917.5 cm™ to 2915.0 cm™ upon heating
from 2-12 °C. This effect is due to the time the probe was kept at low temperature and not to the
effect of heating, because the lipid chains obtain an even more ordered structure.

As the methylene scissoring vibrational mode is split, due to a coupling between transition dipoles
in ordered hydrocarbon chains that depends on the alkyl chain packing, further information about
the chain packing can be gained (218). In the temperature interval of the subgel phase the CH»
scissoring vibration is shifted to 1472 cm™ with a shoulder at 1459 cm™, which can be attributed to
the CH; antisymmetric bending vibration. The peak position at 1472 cm™ is characteristic for a
triclinic alkyl chain order. However, Lewis et al. determined by X-ray measurements an
orthorhombic alkyl chain packing. Thus a splitting in scissoring vibration to the two bands at
1472 cm™ and 1463 cm™ would be expected (218). As this splitting is not observed in our
measurements, the formation of a triclinic over an orthorhombic subgel phase with triclinic chain
packing occurs. The reason for this might be due to little variations in lipid bilayer preparation. A
splitting of the scissoring band is also shown for interdigitating monolayers, whereas the split in
frequencies varies with the number of methylene groups involved in interdigitation (219, 220).

However, as the X-ray measurements by Lewis et al. did not yield any indication of possible
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interdigitating monolayers, this origin for the shift in scissoring band can be excluded. Also the

simulation study by Dahlberg confirms a triclinic chain lattice formation (202).
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Figure 2-2-4 ATR-IR measurement of ImM TMCL (100nm vesicles) in NaCl 100mM. left: Temperature
dependence of the antisymmetric (filled circles) and symmetric (open circle) CHa-vibration. Right: spectra
showing the CHz-scissoring vibration at different temperatures.

A shift in CH, stretching vibration wavenumber from 2915.1 cm™ to 2918.1 cm™ and the small
change from 2849.9 cm™ to 2850.2 cm™, respectively, takes place at 25 °C and indicates the
transition from subgel to gel phase. This is accompanied with a shift of the CH»-scissoring band
from 1472 cm™ to 1467 cm’', indicative for a hexagonal alkyl chain lattice (see Figure 2-2-4 right).
Figure 2-2-5 displays the carbonyl band (left) and the PO, antisymmetric and symmetric stretching
vibration band (right) at selected temperatures. In the subgel phase, the carbonyl band maximum is
shifted to 1734 cm™ indicative for a hydrogen bond formation between the carbonyl group (221) and
ordered water molecules or OH-groups from the glycerol. This is supported by the slight upshift and
increased intensity of the o-CH, vibration peak at 1418 cm™ (Figure 2-2-4 right) indicating that the
lipid carbonyl group is immobilized in the subgel phase. However, the second peak occurring at
1425 cm™, as it was observed by Huebner at al. (206), cannot be detected. Also, the CH, scissoring
vibration of the glycerol backbone appearing as a shoulder at 1457 cm™ increases during the subgel
to gel phase transition indicative for a change in mobility of the neighbouring carbonyl vibration.
Compared to DMPG, the band maxima of the C=0 band at 1732 cm™ and the a-CH scissoring band
are similar (222), indicating that similar headgroup interactions in DMPG and TMCL lead to the
subgel phase formation.

The antisymmetric and symmetric PO, vibration band for phosphatidic acid at pH 6 is found at 1180
cm™ and 1075 cm™, respectively. For the PG headgroup these vibrational bands are located at
1200 cm™ and 1080 cm™ for the DMPG L. phase (172) as a result of strong hydrogen bonding. In
the Ly phase the peak positions can be found at 1220 cm™ and 1072 cm™ (223), whereas the peak
position shifts to 1240 cm™ and 1260 cm™ upon dehydration (206, 224). For TMCL, the

antisymmetric PO,™ vibration band is located at 1212 cm™ in the L, and at 1208 cm™ in the Ly phase
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(see Figure 2-2-5). This is in accordance to the values found by Huebner et al. (206) and is in-
between the values found for the DMPG headgroup in the subgel and gel phase, indicating that only
one of the two phosphate groups is affected by additional hydrogen bond interactions in the subgel
phase, when compared to DMPG. The symmetric PO, vibration band is located at 1076 cm™ in the
Lo and at 1073 cm™ in the Ly phase (see Figure 2-2-5) which is also in accordance to the values
found for PA and PG. The peak at 1095 cm™, on top of the broader symmetric phosphate band is
shifted to 1093 cm™ in the liquid crystalline phase. This is attributed to the ester group vibration
(CO-0-C). The glycerol-phosphate ether bond in the phosphatidyl headgroup displays a peak at
1050 cm™ (223), which is also observed for TMCL in the L, and the Ly phase.
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Figure 2-2-5 ATR-IR measurement of ImM TMCL (100nm vesicles) in NaCl 100mM. /eft: spectra displaying
the carbonyl vibration at different temperatures. Right: spectra displaying the antisymmetric and symmetric
POy vibration at different temperatures. The wagging bands are marked with an arrow.

In spectra of the subgel phase, the equally spaced CH, wagging band progression, a series of equally
spaced (22 - 25 cm™') narrow bands, occur as a result of non-localised vibrations, namely the
coupling of wagging oscillations along the all-trans chain. For myristoyl chains, the wagging band
progression reaches from 1325 cm™ to 1205 cm™ (223) and therefore overlap with the antisymmetric
PO, band which hinders the determination of the precise peak position. Wagging band progression
also occurs in Lg phases, but in the subgel phase the bands are more pronounced due to the high
alkyl chain order.

Altogether, the phosphate band region between 1300-1000 cm™ shows significantly different peak
positions for TMCL in the subgel phase than in the Lg- and the L, phase, respectively. However, as
many peaks overlap in this region a clear indication for a phosphate group interaction cannot be
concluded. This result is in general agreement with the infrared data reported by Lewis et al. (197).
The authors additionally report a reduced mobility of the phosphate group without any involvement
in hydrogen bonding interactions in the subgel phase deduced from the *'P-NMR spectra. The
mobility increases in the gel phase and shows a phosphate mobility typical for phospholipids in the

liquid crystalline phase. This is in line with our observation that the peak at 980 cm™, which is
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indicative for the phosphoester bond to the glycerol backbone (P-O-Cgiycerol), Shows an increased
intensity. A second peak at 990 cm™ in the subgel phase indicating a cooperative C-O-P-O-C
stretching vibration (223) is present. The intensity decreases in the gel phase and the two different
peaks are no longer distinguishable. In the liquid crystalline phase, this peak is not observable. This
peak also occurs in the DMPG subgel phase (172).

The formation of the triclinic subgel phase was argued by Lewis et al. to be a result of hydrogen
bond formation between the lipid carbonyl group and water molecules. Huebner et al. hypothesised
a hydrogen bond interaction between the lipid carbonyl group and the bridging glycerol OH group,
which in cardiolipin is reduced in motional freedom (203). This indicates that for cardiolipin, a
glycerol-carbonyl hydrogen bond will affect the chain mobility and induce the subgel phase
formation.

The alkyl chain tilt angle for the gel phase was determined by Lewis at al. (197) to 0°.The alkyl
chain tilt angle for a TMCL monolayer on 100 mM NaCl subphase at the monolayer-bilayer
equivalent pressure of 30 mN m™' determined by IRRAS was 13° (data not shown).
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2.3 Binary mixtures

Cardiolipin is discussed in literature as an immiscible lipid or lipid with low miscibility (225). Not
only in mixtures with negatively charged lipids a demixing was observed, also in TMCL/DPPC
monolayer measurements a phase separation on a pure water subphase was identified (226).
Moreover, lipid domains attributed to lipid segregation were detected with AFM techniques in
POPE/CL mixtures whereas POPC/CL mixtures showed no lipid segregation (227). Another
combined AFM and monolayer study reported a domain formation of unsaturated bovine cardiac
cardiolipin when mixed in DPPE and DPPC mono- and supported bilayers (228). This low
miscibility of cardiolipin is often discussed to act as a lipid template for membrane proteins (120,
127, 128, 229-235) and to play an important role in cell apoptosis (236, 237). However, the lack of
data on cardiolipin miscibility does not yet lead to a comprehensive picture on the driving forces of
cardiolipin miscibility. This is why the general reputation of an immiscible lipid is not justified.
Mixtures of TMCL with DMPG and DMPE will be further discussed in Section 2.3.2 and 2.3.3,

respectively.

2.3.1 DMPG/DMPE

Mixtures of lipids with PG and PE headgroups often serve as bacterial model membranes to study
antimicrobial peptide lipid interaction. Therefore, different PG-PE-mixtures were analysed
regarding their miscibility.

In the study by Garidel and Blume non-ideality parameters for the PG-PE mixtures in 100 mM NaCl
solution were determined with respect to different chain length of saturated alkyl chains at pH 7 and
2, below the pK of the phosphate group, at which the PG molecule is uncharged (215). The mixtures
also show a slight positive non-ideality at pH 7, but the parameters obtained are less positive than in
the study of Lohner et al. (238). Lohner et al. described a phase diagram for two lipids with identical
chain length (DPPG and DPPE) in 10mM Na-Phosphate buffer. At this low ionic strength the lipids
show a peritectic mixing behaviour with a gel phase demixing at a PG content higher 60%. The non-
ideality parameters are positive for the liquidus und solidus line, indicating a demixing of PG content
higher 60% for the gel phase and higher 40% for the liquid crystalline phase. This is surprising as
charges contribute to the free energy of mixing and the absence of screening of lipid charges should
lead to lower non-ideality values at low counterion concentration and increased yc (see Sections
2.1.2 and 2.1.3). However, this is not observed. This shows that additional interactions in the
headgroup region are present leading to the demixing in the gel phase. For the DMPG/DMPE
mixture all non-ideality parameters are negative at high salt concentration indicating that the

electrostatic repulsions between the PG molecules dominate and prevent a random distribution in
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the bilayer plane. DMPG/DPPE mixtures show a peritectic mixing behaviour at high PG contents.
Even POPG and POPE with unsaturated chains in a 20mM phosphate buffer in 130mM NaCl
solution (and 50 vol% ethylene glycol to lower the freezing point of water) show a peritectic mixing
behaviour at high POPG contents (239). Additionally, a study of pyrene labelled phospholipids

indicates a demixing of PG and PE in E. coli and B. subtilis membrane (111).

2.3.1.1 DSC

In this study, the DSC analyses of DMPG/DMPE binary mixtures were performed in 20 mM sodium
phosphate buffer and additional NaCl to achieve ionic strength of 100 mM (Figure 2-3-1 left). The
phase diagram is displayed in Figure 2-3-1 (right) together with the calculation for ideal mixing
behaviour (dotted line). The phase diagram indicates almost ideal mixing behaviour. Only the
temperature onset of the mixture containing 25% DMPE is downshifted to a temperature similar to
the T of pure DMPG. At a molar fraction of charged lipid of 0.6 to 0.7 the non-ideality parameter
for spinodal decomposition yi, reaches a minimum (see Figure 2-1-5 (168)). Therefore, a miscibility
gap would occur in this molar fraction range as the non-ideality of the mixture reaches the critical
non-ideality parameter. However, the extruded vesicles show a similar DSC thermogram (see Figure
2-3-1 of the supplementary data) although a stabilisation of the mixture is expected with larger

interbilayer distances (see chapter 2.1.3 (168)).
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Figure 2-3-1 Left: DSC heating thermograms of DMPG/DMPE mixtures with varying molar ratios. Right:
Temperature onset and end of the phase transition vs. molar ratio of the components. The dotted line is the
calculated liquidus and solidus curve for ideal behaviour.

The reproducibility of this behaviour, together with the observations made from other authors for
DPPG/DPPE, DMPG/DMPE and even POPG/POPE binary mixtures (239), lead to the conclusion
that PG/PE mixtures in phosphate buffer seem to demix at a PG content around 60-70% which could
even lead to the observed peritectic mixing behaviour with increasing lipid chain non-ideality and

increasing ionic strength (170). As the critical non-ideality parameter is strongly influenced by the
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ionic strength (y. varies between 2 kT at high to 3.7 kT at low ionic strength (170)) further
investigations should be made to identify the demixing boundaries in dependence of ionic strength
and lipid chain composition. For example, the comparison to mixtures with varying chain length,
the tendency of gel and liquid phase demixing seems to be emphasized by additional hydrophobic
mismatch caused by different acyl chain length (215, 240).

2.3.2 DMPG/TMCL

We also investigated the mixing behaviour of binary mixtures of negatively charged DMPG with
doubly negatively charged TMCL. Both single lipids form a L. phase which formation is dependent
on annealing time and most likely also on buffer and preparation conditions. Therefore, we focussed
within the miscibility studies on the Lg-L, transition. This transition can be attributed to the lipid
chain melting and is highly reversible, especially within the time frame of a calorimetric and IR-
spectroscopy measurement. The complete thermotropic behaviour of DMPG and TMCL mixtures
was investigated earlier by Benesch et al. (241). However, in their work they used 100 mM
phosphate buffer plus additional 150 mM NaCl, so the buffer had a much higher ionic strength. This
can influence the phase behaviour in these strongly charged systems. We therefore studied this
system using our experimental conditions with 20 mM sodium phosphate buffer and additional NaCl

to achieve an ionic strength of 100 mM.

2.3.2.1 DSC

The DSC thermograms of various DMPG/TMCL binary mixtures are shown in Figure 2-3-2 left. It
can be seen that the main phase transition temperature only shifts up slightly by the addition of
TMCL until a DMPG/TMCL 3:1 ratio is reached. Correspondingly, the transition width is barely
affected by the addition of little amounts of TMCL. The pretransition of DMPG, indicating the ripple
phase formation, is preserved by the addition of TMCL but shifted from 12 °C of pure DMPG to
about 17 °C for the DMPG/TMCL 3:1 mixture. The DMPG/TMCL 3:2 mixture (X = 0.4) shows a
very broad transition peak which shows a first temperature onset at around 24 °C, the phase
transition temperature of DMPG. This could either indicate a gel phase demixing where the pure
DMPG domains start melting at 24 °C or the pretransition of the mixture is shifted from 12 °C to
24 °C which seems unlikely. This temperature onset is also observed for the mixture up to a TMCL
molar fraction of Xrmcr=0.45 but is not observed for the 1:1 mixture and mixtures with larger
amounts of TMCL. In these mixtures with Xtmcr > 0.5, however, the pretransition of TMCL at 12 °C
is preserved and slightly downshifted to 10 °C with increasing amounts of DMPG.
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The right side of the Figure 2-3-2 displays the onset and end of the main phase transition
temperatures together with the ideal mixing behaviour calculated from the enthalpy and transition
temperature of the pure components according to equation (2.7) and (2.8).

The two onsets for the phase transition of the mixture Xvcr = 0.4 and Xrmcr= 0.45 are plotted twice.
The triangles display only the onset of the large peak, assuming that the first onset belongs to a
pretransition and not the main phase transition. The filled circles represent the temperature onset
assuming that the lower temperature belongs to the melting of a DMPG-enriched gel phase domain.
A magnification of the DSC curves for mixtures with Xtmcr= 0.25, Xrmer = 0.4 and Xmer = 0.45
is shown in Figure S2-3-3 of the supplementary data.
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Figure 2-3-2 Left: DSC heating thermograms of DMPG/TMCL mixtures with varying molar ratios. Right:
Temperature onset (circles) and end of the phase transition (squares) vs. molar ratio of the components. The
triangles display the onset for the large peak in mixture XtmcL = 0.4 and 0.45. The dotted line is the calculated
liquidus and solidus curve for ideal behaviour.

The main phase transition temperature taken from the peak maximum is similar when compared to
the data acquired at higher ionic strength by Benesch et al. The phase transition width, however, is
increased in our measurement at lower ionic strength for TMCL contents above Xrmcr = 0.4. At
lower ionic strength the pretransition at higher TMCL contents which is attributed to the L.-Lg phase
transition is lower in enthalpy and occurs at lower temperatures. These differences might result from
the different ionic strength as the screening of the headgroup charges will influence the subgel phase
formation. As the formation of the gel phase also critically depends on the annealing time at low
temperatures the slower scan rate of 10 °C h™', when compared to 60 °C h”', might give enough time
for the subgel phase to form. For the mixtures containing high amount of DMPG (Xtmcr < 0.2) the
observed phase transitions are very similar to the ones observed by Benesch et al. Above
XmvcL= 0.2, however, no pretransition is observed by the authors and the main phase transition
region is shifted to higher temperatures than observed by our measurements. This supports the
argumentation that the occurring low temperature peak at Xtvcr = 0.4 and Xrmer = 0.45 belong to

the main phase transition and indicate a gel phase demixing at lower ionic strength.
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For some DMPG/TMCL mixtures also the transition onset and end of phase transition of the
extruded vesicle is displayed (unfilled symbols). The original thermogram is displayed in Figure S2-
3-2 of the supplementary data. The phase transition for extruded vesicles with high content in TMCL
is shifted to slightly lower temperatures whereas the transition width is similar to the one observed
for multilamellar vesicles. Unilamellar vesicles usually show a broader phase transition due to the
reduced cooperative unit, resulting from vesicle curvature. Here, the 1:1 mixture displays even a
reduced transition width for the unilamellar vesicles when compared the multilamellar vesicles. The
unilamellar vesicle phase transition for the DMPG/TMCL 3:1 mixture starts at a similar temperature
as for the multilamellar vesicles but the phase transition width is strongly increased and proceeds
until 34 °C. As pure TMCL shows short interbilayer distances the addition of TMCL can lead to
improved interbilayer coupling. Therefore, the extruded samples represent the unaltered transition
temperature of the demixed bilayer. Prossnigg et al. found that with increasing TMCL content in
DPPG/TMCL mixtures in 20 mM phosphate buffer and 130 mM NaCl at pH 7.4 multilamellar
vesicles were formed. They argued that this formation is a consequence of a reduced surface charge
density resulting from a proton trapped in the lipid headgroup by an interaction of the TMCL
phosphate group with the hydroxy group of the bridging glycerol (217).

The comparison to the calculated ideal behaviour shows that in excess of TMCL the solidus line
follows the ideal behaviour. Also, the onset of the large transition peak for the two mixtures at
Xrmer= 0.4 and Xrmer = 0.45 fit well to the expected onset of the ideal behaviour.

However, the experimental values for the liquidus line are higher than expected for mixtures with
ideal behaviour. This indicates a non-ideal mixing behaviour in the L, phase with excess of TMCL.
In excess of DMPG the gel phase seems to be demixed from a molar ratio of Xtmcr= 0.25 until
XrMmcr = 0.45. This is further supported by our monolayer data, where fluorescence microscopy
images showed that two different domain structures coexist in a DMPG/TMCL 3:1 mixture and our
IRRAS data where two different tilt angels were found for DMPG and TMCL, respectively, in a
DMPG-dss/TMCL 3:1 mixture (data not shown). For the DPPG/TMCL mixture at higher ionic
strength, Prossnigg et al. found a eutectic mixture at  Xrmcr = 0.2 indicating that a gel phase
demixing occurs. This is in contrast to the results from Benesch et al. who found higher temperature
onsets in this composition range at higher ionic strength but, nevertheless, indicate a larger non-ideal
behaviour. They also found two different gel phases, one DMPG governed below Xrmcr = 0.1 and
a TMCL governed gel phase above Xmmcr = 0.1.

Altogether, we confirm the common finding by Benesch et al. and Prossnigg et al. that two different
gel phases exist, one with high PG contents and one with high TMCL content. However, we further
assume that between both gel phases a miscibility gap occurs around Xrtmcr = 0.33 where both lipid
alkyl chain are equally present. A non-ideal mixing in the gel phase and in the liquid crystalline
phase in which the non-ideality parameters are slightly positive can lead to a peritectic mixing

behaviour (166). The peritectic behaviour can be reconstructed from onset and end of the phase
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transition as displayed in Figure 2-3-3. Here, the peritectic point is at 27 °C around Xrtmcr = 0.25
and the gel phase is demixed between Xtmcr = 0.25 and Xrmcr = 0.45. However, to define exact
phase boundaries and to understand the effect of ionic strength on these phase boundaries of this

mixture, further experiments are necessary.
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Figure 2-3-3 Temperature onset and end of the pre- and main phase transition of the different DMPG/TMCL
mixtures are plotted with the assumed phase boundaries for the peritectic mixture.
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2.3.3 DMPE/TMCL

Frias et al. investigated DMPE and TMCL mixtures in 100 mM phosphate buffer, 150 mM NaCl
and 5 mM NaNj3 at pH 7.4 annealed at low temperature (242).

2.3.3.1 DSC

The temperature behaviour of the Lg-L, main phase transition of various TMCL/DMPE mixtures is
displayed in Figure 2-3-4. The left side displays the last heating scan of the different mixtures and
the right side displays the onset and end of phase transition temperatures versus the molar fraction.
In the resulting phase diagram, the narrow phase coexistence region of the measured results is in a
similar temperature interval as the transition width calculated for ideal mixing behaviour.

Only in mixtures containing 90% and 95% DMPE a higher melting temperature than for the pure
DMPE membrane is seen, indicating that the mixture possibly displays an azeotropic maximum for
high DMPE contents. For comparison the expected calculated curve for ideal behaviour is plotted
together with the lines displaying the presumed phase behaviour of a mixture displaying an

azeotropic maximum.
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Figure 2-3-4 Left: DSC heating thermograms of TMCL/DMPE mixtures with varying molar ratios. Right:
Temperature onset and end of the phase transition vs molar ratio of the components. The dotted line is the
calculated liquidus and solidus curve for ideal behaviour and the solid line represents the assumed liquidus
and solidus curve for a mixture with azeotropic maximum at high PE content.

From the phase diagram calculations from Pelton (166), as summarised in Figure 2-1-2, an
azeotropic maximum results from a negative gel phase non-ideality parameter, i.e. a preferred
interaction of unlike molecules, or a positive non-ideality parameter in the fluid phase, i.e. a
preferred interaction of like molecules, or a combination of both.

In comparison to the observed Lg-L, phase transition temperatures by Frias et al the phase transition

is not largely affected by higher ionic strength and low temperature annealing. The transition width
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at low ionic strength is slightly increased with increasing amount of TMCL when compared to the
published data. Due to the annealing time the L. phase is formed, displaying L.-Lg phase transition
for pure TMCL from 25-30 °C. The pretransition is observed for mixtures containing up to 90%
DMPE. With increasing amounts of DMPE the pretransition temperature and enthalpy decreases.
Without annealing at low temperatures, we observe a pretransition only for TMCL at 10-20 °C (see
Section 2.2.2) and for the mixture containing 90% TMCL from 5 °C to 15 °C.

Frias et al. concluded from the FT-IR spectroscopic data that the non-ideal mixing behaviour results
from a poor miscibility of both components suggesting a miscibility gap in the gel phase between
an Lg and an L. phase (242). This is in contrast to our interpretation of either poor miscibility in the
liquid-crystalline phase or a preferred DMPE-TMCL interactions in the gel phase. However, the
authors further concluded that the interpretation of poor miscibility can not directly be drawn from
their measurements. Neither our FT-IR data of TMCL and DMPE-ds4s mixtures without annealing at
low temperature (Figure S2-3-5 and S2-3-6) nor our monolayer data (not shown) show any

indication for a gel phase or liquid-condensed phase demixing.
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2.4 Ternary mixtures of DMPG/DMPE/TMCL

Whereas the binary mixtures have been studied before, the mixing behaviour of the ternary mixture
has not been investigated.
Figure 2-4-1 shows an overview of the compositions of the binary (Section 2.3) and ternary mixtures

studied by DSC.

™CL DMPE
Figure 2-4-1 Ternary diagram of DMPG, DMPE and TMCL. The blue points indicate the composition of
binary and ternary mixtures investigated by DSC. The dotted line represents the angle bisector along which
two components display a 1:1 ratio.

2.4.1 DSC

The DSC results of ternary mixtures with increasing amounts of TMCL and a constant
DMPG/DMPE 1:1 ratio are shown in Figure 2-4-2. The temperature maximum of the binary mixture
and the pure TMCL only varies by 3°C. As seen already in Section 2.3, the transition width is
increased in the binary mixture when compared to the pure lipid. However, the transition width and
the end of melting temperature Teng increases further by adding TMCL until a ternary mixture with
equal amounts of each component is reached. In excess of TMCL, the transition width decreases
again and for the ternary mixtures of DMPG/DMPE/TMCL 10%/10%/80% and
DMPG/DMPE/TMCL 5%/5%/90% a pretransition between 10-15°C, as observed for the pure
TMCL, appears. This pretransition is not observed for the mixture containing 50% TMCL and 25%
of TMCL and DMPE, respectively. In comparison to the binary mixtures where DMPE already
suppressed the formation of the L. phase at contents above 10% but DMPG was incorporated into
the phase up to contents of 45%, this indicates the formation of the L. phase in a ternary mixture is

also suppressed by a DMPE content of more than 10%.
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Figure 2-4-2 DSC thermograms of vesicles of ternary mixtures with increasing TMCL content in a
DMPG/DMPE 1:1 mixture. For comparison the thermogram of the DMPG/DMPE 1:1 binary mixture and the
pure TMCL is shown on top and bottom, respectively.

In Figure 2-4-3 the DSC thermograms of the ternary mixtures with increasing content of DMPE in
a DMPG/TMCL mixture with a 1:1 ratio is displayed. The mixture with 33% of each component

was already shown in Figure 2-4-2.
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Figure 2-4-3 DSC thermograms of vesicles of ternary mixtures with increasing DMPE content in a
DMPG/TMCL 1:1 mixture. For comparison the thermogram of the DMPG/TMCL 1:1 binary mixture and the
pure DMPE is shown on top and bottom, respectively.

The transition temperature increases with increasing amount of DMPE as expected. No pretransition
is seen in any of the mixtures. The transition width increases slightly with little amounts of DMPE

and decreases strongly with higher content of DMPE. When compared to the DMPE/TMCL binary
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mixture where an azeotropic maximum for xpmpe > 0.9 was observed (see Figure 2-3-4), the ternary
mixture for xpmpe = 0.9 shows a downshift in transition temperature, meaning that the replacement

of 50% of TMCL by DMPG inhibits the azeotropic behaviour.
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Figure 2-4-4 DSC thermograms of multilamellar vesicles of ternary mixtures with increasing DMPG content
in a DMPE/TMCL 1:1 mixture. For comparison the thermogram of the DMPE/TMCL 1:1 binary mixture and
the pure DMPG is shown on top and bottom, respectively.

The thermotropic behaviour of ternary mixtures with a DMPE/TMCL 1:1 ratio and increasing
amounts of DMPG is displayed in Figure 2-4-4. The transition temperature decreases with increasing
amounts of DMPG. Moreover, the transition width further increases with DMPG amounts higher
33% which is in contrast to an ideal behaviour. The transition width increases even more with a
DMPG content higher 50%. This clearly shows that the non-ideal behaviour observed for the binary
mixtures of DMPG with TMCL, is also observed for the ternary lipid mixtures.

A comparison of thermotropic behaviour of extruded and vortexed vesicles consisting of a ternary
lipid mixture are shown in Figure S2-4-1, S2-4-2 and S2-4-3.

To investigate the temperature dependent phase behaviour of the ternary mixtures in more detail we
additionally performed DSC measurements with high contents of DMPG and varying contents of
DMPE and TMCL

The results are displayed in Figure 2-4-5 in comparison to the DMPE/TMCL 1:1 mixtures. The
effect of transition temperature is, as expected, in the same range as observed for the ternary mixtures
with DMPE/TMCL 1:1 ratio. However, the transition width decreases when the DMPE/TMCL ratio
is varied. In case of the mixtures containing 50% DMPG and DMPE/TMCL by 40%/10% and
10%/40% the decrease in width is only marginal as both, the onset and offset of the transition, are
shifted to higher temperatures. In the DMPG/DMPE/TMCL 60%/30%/10% mixture only the onset
of the phase transition is shifted to higher temperatures whereas in the DMPG/DMPE/TMCL
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75%/20%/5% mixture the transition onset is shifted to higher and the offset to lower temperatures.
The transition onset of the mixture containing 80% DMPG and 15%/5% as well as 5%/15% of
DMPE/TMCL are shifted to the higher temperatures but the offset is identical to the DMPE/TMCL
10%/10% mixture. The symmetry of the transition width of the mixtures varied in DMPE/TMCL
content supports the finding that the DMPE/TMCL mixture has a nearly ideal mixing behaviour and
non-ideality is induced by the addition of DMPG to the binary mixture.
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Figure 2-4-5 DSC thermograms of vesicles of ternary mixtures with increasing DMPG content in a
DMPE/TMCL mixture with varying content of DMPE and TMCL. The black curves depict the DMPE/TMCL
1:1 mixture with the respective DMPG molar fraction for comparison as well as the thermogram of the
DMPE/TMCL 1:1 binary mixture and the pure DMPG on top and bottom, respectively.

The phase behaviour of the ternary lipid mixture of DMPG, DMPE and TMCL shows gel-phase
demixing with high contents of DMPG, although all components contain myristoyl chains. This
means that gel phase demixing does not only occur from different chain non-ideality caused by
hydrophobic mismatch of the different chain length (164) but also occurs as a result of different
headgroup structure.

The ternary phase diagram is displayed in Figure 2-4-6 summarising the on- and offset temperatures
of the measurements discussed above indicating a peritectic behaviour with a gel phase demixing at

high DMPG content.
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TMCL T/°C

Figure 2-4-6 Ternary phase diagram of DMPG, DMPE and TMCL. Top: The blue points indicate the
composition of the binary and ternary mixtures. Bottom: 3D plot of the solidus (coloured mesh) and liquidus
(transparent mesh) area generated from the temperature on- and offsets. The two surfaces enclose the
coexistence volume of the gel and liquid crystalline phase.
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Interaction of cyclic antimicrobial
hexapeptides with
model lipid membranes

3.1 Introduction

The lipid-clustering model of antimicrobial action associates the specificity of antimicrobial peptides
with the composition of lipid mixture of the bacterial target membrane. To understand in more detail
the effect of the lipid clustering we studied the interaction of trivalent cationic cyclic hexapeptides
possessing different amino acid compositions and antimicrobial activities with negatively charged
PG and cardiolipin bilayers and binary mixtures with PE as well as ternary cardiolipin-PG/PE
mixtures.

We determined the efficacy of the different peptides for inducing lipid clustering by analysing
changes in the lipid phase transition temperature utilizing DSC (Chapter 3.2) and ATR-IR
spectroscopy (Chapter 3.3). The binding properties were studied with ITC (Chapter 3.4).

Until now, peptide induced demixing has mostly been explained to be caused by charge interactions
and, thus, to be mainly dependent on the number of charges (102). However, previous work already
indicated that lipid clustering induced by cationic peptide binding is lipid specific, as mixtures of
DPPG with DPPC did not show phase separation after peptide binding (108). Although an earlier
article reported no effects of sequence variations on the lipid clustering efficacy (110), we show here
that the amino acid sequence in trivalent cyclic hexapeptides has a major impact on the ability to

induce lipid clusters.
3.1.1 Cyclic hexapeptides as antimicrobial peptides

Computational analyses and synthetic combinatorial libraries (45-47, 243-245) of natural occurring
antimicrobial peptide structures have been successful in the prediction of sequences of small
artificial model peptides with high antimicrobial potency. Some of them, for example pexiganan, a
magainin 2 analogue with 22 amino acids, omiganan, a derivative of indolicidin, daptomycin or the

cyclic polymyxin B found their way into clinical trials (48, 50).
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The most common feature of antimicrobial peptides is their amphipathic structure, therefore, the
synthesised small artificial peptides contain mostly the charged residues arginine, histidine or lysine
and the hydrophobic amino acids tryptophan, leucine and phenylalanine (49).

The minimal inhibitory concentration (MIC) values of short peptides with three to six charged and
hydrophobic amino acids against E. coli and S. aureus was investigated by Strem et al. (246)
showing that the highest antimicrobial effects were obtained by peptides with bulky hydrophobic
residues such as tryptophan and tryptophan analogues. The most efficient motif consisted of three
arginine and three tryptophan moieties besides two cysteine containing analogues (47, 243). Liu et
al. (247) investigated the antimicrobial activity of linear (RW),—NH: structures with n being 1-5
against E. coli and S. aureus strains. The authors showed that (RW); was the best choice in resolving
the antimicrobial and haemolytic activity conflict. The hexapeptide (RW); showed also the highest
antiviral activity against vaccina virus (248) and showed promising results in contributing to the
storage life of blood samples (249).

Dathe et al. showed in 2004 that the cyclisation of short peptide sequences shows up to a 62-fold
higher antimicrobial activity and selectivity when compared to their linear analogues (250).
Additionally, cyclisation results in a better stability towards trypsin (251), which makes cyclic

antimicrobial peptides attractive for pharmaceutical usage.

c-RFRFRF C-KWKWKW  c-KKWWKF

I \ e
N/ -/

DN

MIC:
E. coli > 100 pM?
B. subtilis 200 p?

c-RWRWRW

IC:
E. coli 25 uM®
B. subtilis 9 uM®

Figure 3-1-1 The cyclic trivalent hexapeptides used in this study with their respective minimal inhibitory
concentration (MIC) taken from %(252),°(251), °(253), 4(254). The colour coding used for the different peptides
is the same as used for the presentation of data.

Figure 3-1-1 displays the structure of the cyclic peptides used in this study with their respective
minimal inhibitory concentration (MIC values for ccRRRWWW and c-RRRWFW towards other

bacterial strains can be taken from Speck et al. (255)). The cyclic peptides studied here are a result
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of a combinatorial library study of lactoferricin in which the cyclic c-RRRWFW was identified as
the most potent candidate for antimicrobial action with a bactericidal effect at the minimal inhibitory
concentration and a rapid killing kinetic (145, 245, 254).

To understand the effect of the primary amino acid sequence, the main focus of this study is the
comparison of the alternating c-RWRWRW and the block-peptide analogue c-RRRWWW.,
Assuming the peptide backbone structure is similar for both peptides, c-RWRWRW is reduced in
amphipathicity. Both show a high antimicrobial activity of which the block-peptide is still the more
active antimicrobial peptide towards the investigated E. coli and B. subtilis strains. For further
comparison, we also investigated the alternating c-KWKWKW with a significantly decreased
antimicrobial activity and the alternating c-RFRFRF with the lowest antimicrobial activity of all
studied peptides.

Additionally, the lysine analogue ¢c-KKWWKF of the previously investigated arginine containing
peptide c-RRWWREF (108, 109, 256) with a small block structure was included in this study. The
antimicrobial activity of c-KKWWKF compared to c-RWRWRW is similar towards E. coli but still
lower for B. subtilis.

Like a few other antimicrobial peptides (257) the cyclic peptides investigated here did not induce
membrane leakage (119, 251). Therefore, their antimicrobial action must depend on other effects

resulting from the interaction with bacteria membranes.

3.1.2 Cyclic peptide secondary structure

Secondary structures of protein and peptide backbones can be defined by the sequence of dihedral
angles of the N-C, and C,-C bond called phi (¢) and psi (y), respectively, as defined by
Ramachandran et al. (258). For the amide bond, only cis- or trans- isomers for the C=0O and N-H
group need to be characterized as it has a partial double-bond character and is, therefore, restricted
in rotation (259). The common backbone structures like a-helices, B-strands, turns and loops result
from distinctive rotations of these bonds stabilised by N-H to C=0 hydrogen bonding. As the protein
and peptide backbone are chemically equivalent, the determination of the secondary structure, i.e.
the dihedral angle of each amino acid, is determined by the primary amino acid sequence, which is
known as the “Anfinsen concept” (260). However, the driving forces behind these folding processes
are still under discussion and a matter of current research (261, 262)'. Within the protein or peptide
folding mechanisms, turns and loops play a key role as they can reverse the overall chain direction
(263, 264). About 50% of residues are involved in repetitive sequences with about one-third in o-

helices and one-fifth in B-strands (265).

IThe interested reader is advised to the cited reviews
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The common motifs to reverse a chain direction are turns and loops. Here, cyclic peptides play a key
role in the study of detailed structures. Turns are classified by the number of amino acids involved
in the turn structure of a hydrogen bond formed between the ith and the i+nth position in the peptide
chain. The turns are denoted m-turn, o-turn, -turn and y-turn with n being 5, 4, 3 and 2, respectively,
and where the B-turns build up 45 % of the coil structures (266).

The B-turn has a characteristic distance of up to ~ 7 A between amino acids in the ith and the i+3rd
position (266), which can be a result of a hydrogen bond formation (also named a 1<—4 hydrogen
bond). The two amino acids forming the turn can adopt different torsion angles and, therefore, lead
to different turn structures. A turn is regarded as different when 3 of the angles deviate by + 30°,
whereas the fourth can deviate by + 45°.

A turn comprising only one amino acid in which a hydrogen bond is formed between the amino acid
in the ith and i+2nd position (a 1<—3 hydrogen bond) is called y-turn. The occurrence is only about
3% of the turn structures when compared to B-turns. Two structures, the classic y-turn and the
inverse y-turn, can be distinguished by their respective dihedral angle (267). Table S3-1-1 gives
a brief overview of the various -turn and y-turn structures identified in proteins.

The cyclic hexapeptides used in this study can be unstructured or adopt a 3- or y-turn structure or
combinations thereof with mono- or bifurcated hydrogen bonds (please note that an o-turn would
be considered as a single y-turn). The different amino acid sequence allows different combinations
of turn structures. The three peptides with alternating sequences can only form a 1<—4 hydrogen
bond between a charged and a hydrophobic residue in a B-turn structure, leaving one charged and
one hydrophobic residue on each i+1st and i+2nd position in the B-turn, respectively. Also for the
block-peptide c-RRRWWW and c-RRRWFW the 1<—4 hydrogen bond can only be formed between
a charged and a hydrophobic residue resulting in two possible structures. One possible structure
leaves one charged and one hydrophobic residue on each i+1st and i+2nd position, whereas the
amino acids in ith and i+3rd position are exchanged when compared to the alternating sequence. The
second possible structure leaves two charged and two hydrophobic amino acids in each turn. In two
of three possible -turn structures of the semi-block-peptide c-KKWWKEF, a 1<—4 hydrogen bond
can either be formed between two charged or two hydrophobic residues. In these cases one turn
comprises a charged and a hydrophobic amino acid and the other turn either both charged or
hydrophobic residues, as shown for c-RRWWRF (268). In a third possible structure, the
1<—4 hydrogen bond is formed between a charged and a hydrophobic amino acid that leaves a
charged residue in i+1st and a hydrophobic residue in +2nd position for each turn. The possibility
of variations in structure formation, i.e. changes in distance between hydrophilic and hydrophobic

residues, influences the amphipathicity of the peptides which might play a role in membrane binding.
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Previous NMR studies, supported by MD simulations, resolved a B-turn structure (268-270) for two
hexapeptides c-RRWWRF and c-RRRWFW (270). The c-RRWWREF forms a 1<-4 hydrogen bond
between tryptophan in the third place (W3) and the phenylalanine (F6) with two arginines forming
a type I and the tryptophan and arginine forming a type II” B-turn. The same principle structure was
found for c-KKWWKF with two lysines forming a type I and the lysine-tryptophan moieties forming
a type II’ B-turn (269). In c-RRRWFW, the hydrogen bond is formed between the middle arginine
(R2) and phenylalanine (F5), as depicted in Figure 3-1-2, leaving one arginine in the i+1st and one
tryptophan in the i+2nd position of one turn and one tryptophan in the i+1st and one arginine in the
i+2nd position of the other turn. This results in a hydrophilic and hydrophobic side perpendicular to
the hydrogen bonds. However, the B-turn is rather flexible and contributes to bifurcated hydrogen
bonding with amine groups of the peptide backbone, as well as the sidechain guanidinium groups

(see 20TQ in PDB database for details). No y-turn structure was found in the NMR experiments.

Figure 3-1-2 Two top views of the structures of c-RRRWFW bound to DPC micelles showing the pB-turn
backbone structure from Appelt et al. (268). Bifurcated amide H-bonds including the N-H group in the B-turn
were also observed within these structures (PDB database: 20TQ).

Since proteins and peptides show characteristic infrared absorption bands, the respective structural
relations are a matter of research (218). Typical absorbance peaks from peptides and proteins are the
amide A and amide B bands at 3300 cm™ and 3100 cm™, respectively (more than 95% N-H
stretching vibration) and the combined vibrational modes, such as amide I at 1600-1700 cm™ (76%
C=O0 stretch, 14% C-N stretch, 10% C-C-N deformation vibration), amide II at 1510-1580 cm™
(43% N-H in-plane bending, 29% C-N stretch, 11% C=0 in-plane bending, 9% C-C stretch and 8%
N-C stretch vibration), amide III at 1200-1400 cm™ (55% N-H in-plane bending, 19% C-C stretch,
15% and 11% C=0 in-plane bending vibration) and amide V at 610-710 cm™ (66% C-N torsion and
34% N-H out-of-plane bending vibration) (271).

The amide I absorption band is the most widely used to determine secondary structures. The B-turn
absorbance bands occur at 1690-1660 cm™ and a second peak between 1645-1635 cm™ (272). The
absorption band at 1645-1635 cm™ can be attributed to intramolecular hydrogen bonded carbonyl
moieties, the 1<—4 hydrogen bond, whereas the absorption band at 1690-1660 cm™ results from the
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bond vibration of “free” solvent exposed carbonyl groups, i.e. weakly solvated or non-acceptor
carbonyls. Although the precise amide I wavenumbers of all conducting sub-bands vary with
different studied peptides (273), the attribution of low and high wavenumbers to intramolecular
bound and free amide carbonyls, respectively, is a common finding (274-276) among cyclic peptides
like tetrapeptides (277, 278) and cyclic surfactin (279). Also studies with time resolved IR-
measurements (280) concluded the same attribution of free and bound carbonyls in amide I vibration.

The band ratio of high to low wavenumber in the observed -turns is therefore ~2:1 or 3:2, whereas

[-sheet ratios are ~1:10 (273, 281)
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Figure 3-1-3 Top: Amide I bands of the lysine containing peptides at 10°C in 100mM NaCl (in D20, pH 6.8)
recorded using ATR-IR spectroscopy (lines). Bottom: Amide I and guanidinium bands of the arginine
containing peptides. The curves were fitted with sub-bands at 1668 cm™ (1670 cm™"), 1640cm™, 1606 cm™' and
1582 cm™! (dashed lines — exemplified for ccKWKWKW, c-KKWWKF and c-RRRWWW). The resulting
fitted curve is plotted in dots. The spectra have been normalized to achieve 7.5 milliabsorbance at 1640 cm™.

Figure 3-1-3 shows the amide I and guanidinium bands recorded for the different hexapeptides in
NaCl-D,O0 solution with the respective fits. As the arginine containing peptides show two additional
guanidinium vibrational bands at 1606 cm™ and 1582 cm™ overlapping with the amide I band, the
amide I fit was first performed with the lysine containing peptides. The fit resulted in two amide |

sub-bands at 1668 cm™ (or 1670 cm™) and 1640 cm™ with a band area ratio of ~ 1:2. The small
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absorption bands at 1607 cm™ and 1596 cm™ for c-KKWWKF and c-RRRWFW belong to the
absorption of the phenylalanine moiety in D,O (282). The fits of the arginine containing peptides
yield similar results for the amide I band with additional guanidinium vibrational bands, as displayed
for cRRRWWW. The overall band shape is very similar among all observed cyclic peptides. Only
c-RFRFRF, c-RWRWRW and c-KKWWKF show a more pronounced shoulder at 1670 cm’.
Many attempts have been made to identify the different B-turns by their infrared absorption pattern
(267, 283-285). However, the more comprehensive review of Vass et al. shows that no general rules
apply to the assignment of vibrational bands or vibrational band patterns to respective B-turn
structures, although some tendencies within cyclic peptides can be observed (273). Here, the
influence of the amino acid side chains seems to have a significant contribution to the amide I
frequency. Bour et al. could show with DFT calculations that the amide C=0 stretching mode varies
between 1630 cm™ and 1705 cm™ for different amino acid side chains (286). In addition to the effect
on the backbone vibration, the side chain could affect the backbone accessibility for solvent
molecules, which might mostly affect the solvent exposed C=0 group vibration at 1660-1690 cm™.
According to Mantsch et al. (281) a band area ratio for a B-turn motif would be expected to be 3:2
or 2:1 (4:2) for the solvent exposed C=0O band at higher wavenumbers to the band at lower
wavenumbers, attributed to the C=0 groups forming intramolecular hydrogen bonds which is not
observed in our measurements. However, the relative band ratio or band area ratio of cyclic peptides
cannot be interpreted quantitatively since hydrogen bonded and non-acceptor carbonyls have
different dipole moments and, therefore, different molar extinction coefficients (273).

Some publications on B-sheet vibrational frequencies of single stranded peptides support a more
complex interpretation of the amide I band frequencies (287, 288) where the splitting of the amide |
band is mainly influenced by interstrand coupling and the extinction coefficient depends on
structural contributions. The ab initio based simulation by Kubelka and Keiderling (288) found that
the splitting and intensity of the amide I band in B-sheets is mostly influenced by the phase of the
respective vibrational mode. Twisted and pleated strands show the lowest splitting and highest
intensity due to reduced interstrand coupling. Therefore, variations in the backbone twist might as
well be a cause for the unexpected band area ratio.

As the peptides show a similar amide I band, we conclude that these peptides have a rather flexible
[B-turn structure that forms bifurcated hydrogen bonds within the backbone and in combination with
amino acid side groups.

Besides the vibrational frequencies belonging to the lipid and the peptide backbone, additional
information about molecular interactions can be attained from the arginine and tryptophan side group
vibrations.

The charged guanidinium group (pK = 11.2) shows characteristic IR vibrational bands, such as the

band at 1608 cm™ and 1586 cm™ (282) in D,O or 1673 cm™ and 1633 cm™ in H,O, respectively
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(218, 289, 290). Both vibrational bands correspond to a combination of C-N and N-H guanidinium
vibrations often referred to as symmetric and antisymmetric vibrational bands. The pure symmetric
planar guanidinium with a 3-fold symmetry shows a single symmetric vibrational peak at ~1600 cm’*
when solvated in D,O (=868 M cm™ (291)) resulting from the C-N antisymmetric stretch
combined with NH, scissoring motions. However, 2-D spectroscopy revealed that as a result of
solvent interactions this vibrational peak already consists of two underlying degenerated vibrational

modes, located slightly above and below 1600 cm™ (291).
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Figure 3-1-4 (A) Transition dipole directions of the degenerated modes of methyl guanidinium. (B)
Comparison of the degenerated modes of methyl guanidinium (left) and guanidinium (right) for the
guanidinium vibration at wavenumbers <1600 cm™! (top) and >1600 cm™' (bottom). The atomic displacements
are indicated with black arrows. Taken from Ghosh et al. (292).

The difference in split frequency is further increased by the binding of residual groups to the
guanidinium group, which influences the vibrational mode, as in methyl-, ethylguanidinium and
arginine (292, 293). The resulting transition modes corresponding to the two vibrational frequencies
are shown in Figure 3-1-4. The angle between the two transition dipoles changes from 90° in
guanidinium to 99° for methylguanidinium and was calculated to be shifted to 114° for arginine in
a dipeptide (292). The guanidinium band, therefore, can be influenced by the peptide backbone
vibration depending on the secondary structure (292, 294). On one hand, the position of the
guanidinium bands are sensitive to solvent and counter ion interaction (292, 294-298). On the other
hand, a change in guanidinium band intensity ratio might also occur as a result of changes in the
extinction coefficient of both contributing modes due to changes in dipole moment. Hydrogen bond
formation of the guanidinium group or counterion interaction, for example, affect the dipole moment

leading to changes in guanidinium band ratio (296-301).
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Figure 3-1-5 Temperature dependence of the amide I (I1668/11640) and guanidinium (I1sss/I160s) band ratio of the
different peptides in 100 mM NaCl (in D20, pH 6.8) recorded using ATR-IR spectroscopy with their
respective linear fit.

Figure 3-1-5 top displays the temperature dependence of the amide I band ratio (Iisss/Iiss0) of the
different peptides in solution. One example for an original spectra for cRWRWRW at 2°C and 60°C
is shown in Figure S3-1-2 of the supplementary data. The positive slope is according to the
expectation that increasing temperature leads to a decreased amount of hydrogen bonds for the
benefit of “free” carbonyls. The absolute value should not be over-interpreted as the underlying
water vapour signal might be a source of errors.

However, the comparison of the slope yields information about the temperature stability of the
peptide bond. The slope varies between 0.5 x 107 °C™" to 0.8 x 107 °C" for both lysine-containing
peptides and c-RFRFRF, whereas the slope for the arginine-tryptophan containing block-peptides
c-RRRWWW and c-RRRWFW is 1.2 x 107°C™" and 1.1 x 10 °C"", respectively. The temperature
stability of the amide bond is significantly decreased for c-RWRWRW, yielding a slope of
23x107°°C".

Figure 3-4-1 bottom displays the guanidinium band ratio I;sss/licos of the arginine containing
peptides in solution as a function of temperature. With increasing temperature the guanidinium peaks
decay in intensity but the ratio remains almost constant for c-RFRFRF, ¢c-RRRWWW and c-
RRRWFW. The alternating RW-peptide, however, shows a negative guanidinium band ratio. This
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could be a result of additional bifurcated hydrogen bonds or y-turn formation at the expense of a
1<—4 hydrogen bond leading to an additional infrared absorption around 1608 cm™ (the original
spectra at 2 °C and 60 °C can be found in the supplementary data). These data show that the
combination of arginine and tryptophan in an alternating sequence has a major impact on the peptide
bond stability.

Regarding the tryptophan indole vibrational frequencies, Fabian et al. (302) could identify a
characteristic tryptophan band occurring at 1334 cm™. This band can be attributed to a combinatorial
vibration of mainly benzene and pyrol-C-C stretching vibration (303) potentially accompanied by
benzene C-H deformation vibration (289, 304-306). This band is sensitive to environmental changes,
such as pH (305) and hydrophobicity (307) and expected to change upon hydrogen bonding and z-
interactions. Therefore, a correlation of temperature dependent changes in guanidinium ratio or
frequency and indole vibrational peak position is expected for guanidinium-indole interaction of

arginine-tryptophan-containing peptides and will be discussed in Section 3.3.
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3.1.3 Specific lipid-peptide interactions

In this section we discuss the different driving forces and possible interactions resulting from
different primary peptide sequence causing a different antimicrobial and clustering efficiency.

The electrostatic interaction between the positively charged peptides and the negatively charged
lipids of many bacterial cell membranes (see Section 1.3) is the main driving force of antimicrobial
peptide-lipid interaction. The binding constant of counter ions interacting with negatively charged
membranes has been shown by de Kruijff to increase tenfold with each additional charge (308, 309),
resulting in a change of AG by -1.34 kcal mol™ at 20 °C. The observed binding constant values for
trivalent molecules, such as R3, K3(310) and spermidine (311, 312) binding to a PG membrane, were
in the order of 10> M (AG = -4.01 kcal mol™), which is in accordance to the finding by de Kruijff
(308).

Additionally to the electrostatic contributions hydrophobic contributions can be observed. Ladokhin
and White probed the additivity of free energy arising from hydrophobic and electrostatic interaction
(313). The observed AG value for indolicin and phenylalanine, leucine and tyrosine variants thereof,
binding to pure POPC and POPG membranes, was measured by equilibrium dialysis and plotted
versus hydrophobic free energies AGro calculated from the Wimley and White hydrophobicity scale
(314). The resulting slope for peptides binding to POPC was one, which is in good agreement with
the assumption that the binding constant increases with increasing hydrophobicity in the case of non-

electrostatic binding AG = AG,,, and supports the determined values of free energy in the

hydrophobicity scale. In the case of peptide binding to POPG, the observed absolute AG values were
remarkably increased (by ~ -2 to -8 kcal mol™), but the slope was reduced to 0.3. This means that

the resulting AG cannot be simply calculated by the addition of the hydrophobic and electrostatic

contribution AG = AG,,+AG with

AG, =-c. A 3.1)

H® NP~ NP

and
AG,, =—zF® (3.2)

where onp and Anp are the solvation parameter of non-polar groups and the non-polar surface
exposed to the solvent, respectively, z is the number of charges, F' the Faraday constant and ® the
surface potential (computed from Gouy-Chapman theory - see Section 1.3). Moreover, the authors
found that the effective charge of the peptide z.; reduces by 20 % for each additional increase of
3 kcal mol™ in hydrophobic free energy.

Besides these general aspects, many additional contributions to the free energy of binding, like

conformational changes, nt-stacking or changes in hydrogen bonding, can be expected.
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In a combined study of DSC, ITC, fluorescence and NMR spectroscopy, Jing et al. found an upshift
in phase transition temperature of pure DPPG of the linear analogue Ac-RRWWRF-NH,, combined
with a penetration of the hydrophobic amino acids in the lipid chains of SDS and DPC micelles
(315) which was further confirmed by a blue shift in fluorescence absorption of the tryptophan
emission band. The identified binding constant to POPG at 30 °C was 5 x 10° M\,

The NMR study by Appelt et al. (269) on the cyclic peptides c-RRWWRF, ¢-KKWWKEF,
c-RRYYRF and a B-(2-naphtyl)-L-alanine analogue supported the finding of alkyl chain penetration
by hydrophobic amino acid residues also for the cyclic analogues. Using Nuclear Overhauser
Enhancement Spectroscopy (NOESY) the authors could identify interaction sides of the lipid-
peptide interactions. For SDS micelles the c-RRWWRF B-turn structure was found parallel to the
detergent surface with the arginine guanidinium groups interacting with the detergent headgroup and
the arginine side chains buried in the hydrophobic core. The peptide backbone was tilted in the case
of c-RRWWRF and c-KKWWKF interacting with DPC micelles. The two neighbouring arginine
side groups of the type I B-turn and the phenylalanine interacted with the detergent headgroup. The
third arginine was buried with the tryptophan in the hydrophobic membrane region, showing an
interaction of the arginine CH,-groups with the surfactant alkyl chain. A similar structure was found
for c-KKWWKEF.

In an MD-simulation of the cyclic peptides interacting with DPPC membranes in different lipid-
peptide ratios performed by Appelt et al. (270), the resulting tilt of the peptide backbone was found
to be 15-20 + 8° for the peptide, supporting the NMR finding for DPC micelles. The penetration of
the peptide into the lipid chain region was found to extend over the first eight to nine methylene
groups. The area increase per monolayer for peptide insertion is expected to be 18 % for simple area
addition in a 12:128 peptide-lipid mixture but was shown to be only 5 %. This was due to the fact
that the lipid chains compress, i.e. the chain order increases in the first eight to nine CHx-groups
where the peptide side chains inserted into the membrane. The resulting decrease in area per lipid
molecule was about 14 % from 0.64 nm? to 0.55 nm?, assuming a constant peptide area of 1.4 nm>.
The simulation further showed an increase in water penetration of the bilayer due to peptide
insertion. The water density along the penetration depth of the peptide was reduced, but the overall
penetration depth by water molecules was increased for the ~10:1 lipid-peptide ratio. In particular,
this led to a decrease in free energy barrier width for water molecules making the trespassing of
water through the membrane more likely. This might contribute to the antimicrobial effect as the
proton gradient of the bilayer decreases.

Appelt et al. further showed that a distinct lipid-peptide interaction between DPPC and c-RRWWRF
occurred. Up to eight lipids were bound by one peptide molecule in the 128:2 lipid-peptide ratio
simulation. Each lipid headgroup formed hydrogen bonds with the ester carbonyl or the phosphate

oxygen to the guanidinium moiety of the arginine side chain. Increasing peptide concentration led
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to a dehydration of the lipid headgroup accompanied by a decrease in hydrogen bonding to the lipid
carbonyl group. The lipid-peptide complex formation led to a significant decrease of the lipid
diffusion coefficient of about one-third. This could serve as a seed crystal in a crystallisation process.
The ability of complex formation with lipid headgroups was discussed as the reason for increased
antimicrobial activity observed for arginine containing peptides when compared to lysine containing
analogues, e.g. c-KKWWKF and c-RRWWRF. Arginine showed up to five hydrogen donors,

whereas lysine could only form up to three possible hydrogen bonds.

3.1.3.1 Lipid interaction with lysine and arginine

In a systematic simulation study Li et al. (316) reported a different interaction of lysine and arginine
with the lipid phosphate group. The formation of monodentate hydrogen bonds between lipid-
phosphate-oxygen and lysine-ammonium makes up 98 % of lipid-phosphate-peptide interaction but
only 38 % for the guanidinium group binding to a lipid-phosphate-oxygen (see also (317)).
Multidentate hydrogen bonds were found in 41 % of phosphate-methylguanidinium clusters.
Various combinations of arginine binding to the lipid headgroup are possible. In 52 % of these
multidentate clusters one arginine binds to two phosphate groups. In 7 % of these guanidinium-
phosphate 1:2 clusters an “arginine-fork™ structure was observed. The “arginine—fork” describes the
binding of one guanidinium group by four H-bonds with two oxygens of two phosphate groups
(318). Additionally also a “2:1 guanidinium—phosphate complex” (319) or an “arginine-claw” (320)
binding have been reported, each resulting in a different stoichiometry of lipid-arginine binding.
Also (ion-mediated) arginine-arginine interactions (321, 322) and structures including water in a
cyclic water—phosphate—guanidinium binding has been shown in MD simulations (323).

Since arginine and lysine containing peptides show different antimicrobial and cell penetrating
properties, a variety of studies focussing on structural transformations of lipid bilayers or peptide
secondary structures have been performed. Schwieger and Blume studied the different behaviour of
poly-arginine and poly-lysine with PG and PG-PC mixed membranes (324, 325). The authors
reported the ability of both cationic peptides to demix a PG-PC membrane. The effect was more
pronounced for poly-lysine, showing a gel phase demixing for PC-PG membranes consisting of less
than 50 % PG lipids. It was shown that poly-arginine binds in a B-sheet and poly-lysine in an
o-helical conformation to DPPG gel phase membranes. Both peptides adopt an a-helical
conformation when bound to the mixed membrane in the gel state. Upon the phase transition, the
peptides adopt a random coil structure indicating that the peptide secondary structure is dependent
on the charge density (326).

Another difference between lysine and arginine is their respective effect on membrane curvature.

Wu et al. reported positive and negative curvature induction by arginine and lysine, respectively,
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seen in coarse grained simulations (327). They identified hydrogen bonds formed with the lipid
carbonyl group as the critical parameter for the resulting lipid phase. Carbonyl hydrogen bonds with
arginine were formed with a 70 % probability, whereas the occurrence of carbonyl-lysine hydrogen
bonds was less than 10 %. Binding to the lipid carbonyl leads to a peptide insertion into the lipid
chain region and induces a positive curvature whereas the binding to lipid headgroup phosphates
only screen the lipid charges and induce a negative curvature. This model of curvature induction is
in accordance with the model for antimicrobial action of Bechinger and Lohner (97, 98) (see Section
1.1.3).

This finding is further supported by the “saddle splay curvature selection rule” which states that the
loss of curvature induction with decreasing arginine content can be compensated by an increase in
lysine and hydrophobic residues. The authors could show that the ratio of lysine to arginine residues
of 1080 different antimicrobial peptides correlated to the hydrophobicity in an exponential manner

(328).

3.1.3.2 Lipid interaction with hydrophobic amino acid residues

According to the Wimley-White hydrophobicity scale (314) the Gibbs free energy for the transfer
of phenylalanine and tryptophan from the aqueous to the membrane phase is -1.13 kcal mol
and -1.85 kcal mol”, respectively, whereas the molecular volume of phenylalanine makes only
about 83 % of the tryptophan volume (329, 330). The main contributions for the indole group to the
free energy are enthalpy-driven bilayer interactions and only minor entropy-driven contributions
from the “hydrophobic effect” were observed (60). This observation is often referred to as the “non-
classical hydrophobic effect”.

The main difference of the interaction of phenylalanine and tryptophan with lipid membranes is their
respective localisation in the lipid bilayer. In contrast to phenylalanine, which preferably locates in
the lipid bilayer (331-333), the tryptophan indole group is located at the hydrocarbon-water interface
(331). About ~25 % of the indole surface is buried in the hydrophobic chain region (60). The lipid
chain order, therefore, increases near the interface and decreases slightly in the hydrocarbon core
(334).

The localisation of the indole group at the hydrophilic-hydrophobic interface was also reported by
different authors using neutron scattering (335), fluorescence spectroscopy (60, 336, 337), NMR
spectroscopy (334) and MD simulations (333, 338, 339). The orientation of tryptophan with respect
to the membrane normal was determined by NMR to be 64-67° for gramicidin A (340) and 58° for
the WALP peptide (341). Several reasons for the preferred tryptophan location at the lipid-water
interface, such as non-specific electrostatic effects, dipolar and quadrupolar interactions, cation-7-

interaction, hydrogen bond formation and lipophobic effects, are reported in the literature (333, 334):
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Hydrogen bond formation of the indole N-H (340) to the lipid headgroup (342), lipid
carbonyl (333, 338) or water molecules (339) is discussed as the origin of the preference of
the tryptophan location. Chaudhuri et al. (343) showed the importance of tryptophan
hydrogen bonding for the gramicidin channel formation. However, the possible lipid
carbonyl-indole hydrogen bond was shown not to be the decisive parameter for the indole
position within the membrane as van der Wel et al. (344) and Yau et al. (334) found the
same membrane localisation for the indole analogues indene and N-methyl indole which are
incapable of forming hydrogen bonds (see also Esbjorner et al. (345) and Persson et al.
(346)).

Intermolecular n-stacking between lipid and peptide, more precisely of charged lipid
headgroup residues with the indole ring is another reason leading to the observed tryptophan
localisation, which is discussed in literature. The important role of m-interactions in
biophysical interactions related to their quadrupole moment was proposed earlier (347-349).
Tryptophan has a preferred membrane interface localisation when compared to
phenylalanine because cation-m interactions are usually stronger with indole than benzene,
as determined in the gas phase (350). The occurrence of choline-indole w-interactions was
shown in simulations (333) for PC and, even more pronounced, for PE lipids (339). A
combined simulation and NMR ROESY study on small amino acid analogues interacting
with diacetylphosphocholin (DAPC) supported the finding of H-bonding and w-stacking
(351). However, in the NMR NOESY experiments by Yau et al. no specific lipid headgroup
interactions were observed (334).

Intra- and intermolecular =-stacking of peptides as an important interaction for
antimicrobial efficiency was emphasised by Chan et al. and Khandelia et al. (352, 353). The
effect of the arginine-tryptophan =n—stacking on lipid membranes was observed in
simulations by Aliste et al (354). In these simulation studies different interpeptide bonding
mechanisms occurred for the Wimley-White peptide Ac-WL-X-LL, with X being R or K.
The arginine-tryptophan interaction led to a deeper penetration of the peptides into the
hydrophobic bilayer centre. However, salt bridge formation between R and K to the
peptides’ C-terminus influenced the partitioning coefficient of the peptides, as the
guanidinium—indole m—stacking competed with the salt bridge formation. In the case of
peptide backbone cyclisation, no C-terminus salt bridge formation is possible, what might
be one reason for the observed increased antimicrobial activity upon cyclisation (250).
Additionally, Aliste showed (354) that the percentage of hydrogen bonds of arginine to
headgroup water is reduced from 42 % to 32 % by the additional possibility to interact with
the tryptophan indole ring (348, 355-357). The binding energies for the different -

interactions were determined by another simulation study (358). In water (with the dielectric
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permeability € = 80.4 at 20 °C) only negative Gibbs free energy values were observed for
arginine-phenylalanine and  arginine-tryptophan interactions of -1.68 kcal mol’
and -2.18 kcal mol™, respectively. In a low dielectric permeability environment such as
chloroform (¢ =4.8) the Gibbs free energy values were -3.5 kcal mol”! for arginine-
phenylalanine and -5.5 kcal mol™ for arginine-tryptophan interactions.

The different symmetries of the peptides would also allow different complex formations via
n-stacking of peptide side groups (350, 359-362) with possible contributions of the peptide
backbone (363-365) which could occur with charged lipid headgroups, peptide side groups
or counter ions (366). Here, the size of the complexed group contributes significantly to the
free energy of the complex formation.

The lipophobic effect is described by Yau et al. as a cohesive repulsion of the lipid chains
that expels the flat and rigid indole from the hydrocarbon core into the interfacial region
(334) as an entropic effect that circumvents the induced lipid chain order. Additionally, the
fluorescence data of Schibli et al. (336) indicate that the penetration depth of the indole
group results from a given peptide structure and is enhanced by consecutive hydrophobic
amino acids. In a comparative NMR and fluorescence spectroscopy study, they observed
that the antimicrobial peptide tritrpticidin with three tryptophans in the i+2 to i+4 position
of type VI B-turn (367) shows a restricted movement when compared to other peptides
without this consecutive sequence, indicating a deeper insertion into the membrane bilayer.
The dipole moment of tryptophan was calculated to be 1.9 D for indole and 2.1 D for N-
methyl indole, respectively, with a direction parallel to the N-H bond (346). The dielectric
constant of the medium drops from 80.4 for water to 2 in the inner hydrocarbon chain region.
In the region 12-18 A from the bilayer centre the dielectric constant increases to 3-4 (368).
The biggest difference in dielectric constant occurs at the interface to the lipid headgroup.
As a result of their simulations, some authors report values of the dielectric constant in the
lipid headgroup above the one of bulk water, caused by the zwitterionic dipole of choline
and phosphate groups of the investigated PC molecules (369, 370). The dielectric
tryptophan, therefore, localises in the interfacial area as a result of the difference in the
dielectric constant (333, 371, 372). Marrink et al. (373) performed a simulation study
focusing on the permeability of the lipid membrane towards molecules of different
hydrophobicity, size and shape. They reported that the lipid tail region at the interface is the
main barrier for the penetration of polar molecules, showing increasing positive free energy
values with increasing dipole moment. For elongated polar molecules, they additionally
predicted a lower Gibbs free energy than for spherical molecules in the interfacial lipid chain
area, because the higher density of lipid chains in this area leads to free volume with

anisotropic behaviour. This means that the tryptophan with its “hydrophilic character” (335)



could reduce the surface energy at the hydrophobic-hydrophilic interface which would

additionally lead to a deeper penetration of water molecules.

We used ATR-IR spectroscopy method to identify a possible correlation of these interaction to the
antimicrobial or clustering efficiency of the respective peptides. Therefore we investigated the
temperature dependent behaviour of the wavenumbers and intensities of the lipid carbonyl and the

peptide amide I as well as the guanidium and indole vibrational bands (Section 3.3).
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3.2 Differential Scanning Calorimetry (DSC)

To quantify the effect of the binding of cyclic hexapeptides on lipid demixing we studied the
influence of different peptide to lipid ratios on the phase transition behaviour of the pure lipid

components as well as various binary and ternary lipid mixtures by DSC.
3.2.1 The impact of cyclic hexapeptides on the phase transition of pure lipid membranes

The impact of trivalent cyclic and linear hexapeptide binding on the phase transition of PEs was
already the subject of earlier investigations (108, 109). The effects were negligible due to weak
binding to the zwitterionic PE; therefore no further attention was paid to this interaction in this work.
The cationic peptides bind much stronger to negatively charged lipids. The effect of different
hexapeptides on the DPPG and DMPG main phase transition is shown in Figure 3-2-1. Despite much
higher binding constants, the overall effect of the binding of the peptides on the phase transition of
pure DPPG and DMPG vesicles is small.
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Figure 3-2-1 DSC thermograms of vesicles of PG (black) and PG after addition of the cyclic hexapeptides at
a lipid-peptide ratio of 20:1 for DPPG (left) and 100:1 for DMPG (right).

The effect of the cyclic hexapeptide binding on the main phase transition is shown in Figure 3-2-1
for DPPG (right) and DMPG (left). The investigated lipid-peptide ratio for DPPG is 50:1 (not shown)
and 20:1. As no significant temperature differences in dependence on lipid-peptide ratio were
observed, the effect of peptide binding to DMPG membrane was only investigated at 100:1 lipid-
peptide ratio.

The transition temperature of DPPG vesicles interacting with the peptides varies from 39.7°C to
40.3 °C with a transition of the pure lipid at 40.1 °C, respectively. Also, the transition enthalpy of
10 kcal mol for DPPG varies only slightly by about -0.9 kcal mol” for DPPG interacting with
c-RRRWFW and by +0.9 kcal mol” for DPPG interacting with c-RWRWRW. The binding of the
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peptide with the alternating sequence containing arginine and phenylalanine (c-RFRFRF) leads to a
slight increase of the phase transition temperature of DPPG indicating a gel phase stabilisation,
whereas the peptide containing lysine and tryptophan in an alternating sequence (c-KWKWKW)
does not affect the phase transition temperature at all. The remaining peptides shift the phase
transition temperature to slightly lower temperature for DPPG and DMPG.

The downshift in phase transition temperature is slightly increased for DMPG compared to DPPG.
Both amino acid analogue peptides ccRRWWRF and c-RRRWFW shift the main phase transition
by -0.4 °C, the amino acid analogues c-RWRWRW and ¢c-RRRWWW by -0.6°C and -0.8°C,
respectively. The transition enthalpy of 6.8 kcal mol”of extruded DMPG varies between -0.3 kcal
per mol for ccRRWWRF and +0.2 kcal per mol for ccRRRWWW.

The phase transition of DMPG mixed with cyclic hexapeptides in a 100:1 lipid-peptide ratio shows
a clear shoulder, in contrast to the transition of DPPG (108, 109). The origin of a second apparent
phase transition in a lipid vesicle consisting of only one lipid component was observed earlier,
mostly occurring for interactions including opposing charges. For example negatively charged
membranes interacting with oligovalent molecules like polyamines (312, 374) or positively charged
oligo- (375-377) and polypeptides (325) as well as other antimicrobial peptides (378) like PGLa
(103, 379), cathlecidine (380), the linear peptide analogue Ac-RRWWRF (315) or generally
membrane-active peptides (381) lead to two discriminable phase transition peaks.

Different explanations are given in literature for the occurrence of the second transition peak. A
decoupling of the transition of the bilayer leaflets is discussed (382) where the phase transition of
the peptide bound outer monolayer and inner monolayer is separated.

As additional phase transitions are also observed for pure DMPG at low ionic strength an occurrence
of a sponge phase (383, 384) or a holey phase (385, 386), a bilayer phase with holes formed by high
positive curvature could be the reason for the second transition (for further details see also the
publications by Riske et al. (387-389)).

The most likely reason for the occurrence of the second transition peak is, however, the lateral phase
separation into a lipid phase with no or few bound peptides and a peptide enriched domain (103,
325, 375, 380). As a result of the lipid-peptide interaction the enriched domain might be shifted to
higher or lower phase transition temperatures.

Many authors argue that domain formation is a result of amine groups interacting with the lipid
headgroup. However, as guanidinium and indole group containing peptides are also capable of
inducing a second phase transition peak in a DMPG bilayer the different capabilities of amine and
guanidinium groups for hydrogen bonding with the lipid headgroup (see section 3.1.3.1) can
therefore not explain the observed phase transition behaviour.

The DSC measurements of pure PG membranes interacting with the different cyclic hexapeptides
show that the cationic peptides compensate the anionic lipid charges. But the effect on lipid phase

transition is only marginal, indicating that counteracting effects like charge compensation,
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headgroup hydration and dehydration as well as frustration of lipid alkyl chain interaction by
penetration of the hydrophobic side chain residues into the hydrophobic bilayer region (324, 376)
and the effect of different charge distances play a role (312). An explanation could be n-stacking,
e.g. between guanidinium and indole groups, a reduced surface tension caused by the dipole moment
of tryptophan, the lipophobic effect (see section 3.1.3.2) or a combination thereof.

The impact of selected peptides on the phase behaviour of TMCL is shown in Figure 3-2-2. Depicted
are the first and the last upscans at lipid-peptide ratios of 20:1 and 5:1 of the alternating peptides and
c-RRRWWW or c-RRRWFW, respectively (the 2nd upscan is shown Figure S3-2-1).

Temperature / °C Temperature / °C
10 15 20 25 30 35 40 45 [1stupscan . 15 20 25 30 35 40 45 50
16 L L L AL T B H L 14
Lipid-Peptide 20:1 1 L Lipid-Peptide 5:1 3 14
14— : : : :
10 10
Fx g : ds _:4
© : )
o ‘ [=]
£ 64 « ls E
ol @
= 4 44 3
[o N
8 / 8
2 42
0 __/_\,,./\ ) ==l 0
16 —t———+—+—F+—+— + } 14
412
141 : | ‘ ‘ |
104 ——TMCL i | 4 F ——TMCL 3 | ~410
¢-RFRFRF f ] c-RFRFRF ‘
1 8 — c-KWKWKW ; 1L c-KWKWKW 1g &
"o —— ¢-RWRWRW : c-RWRWRW o
2 c-RRRWWW 1 c-RRRWFW S
E g : 1 L £
PR : 1t z
O H O
2 } 1L
T T T T T T T T — T T L T T T T T T T T T T T T L— T T
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
Temperature / °C Temperature / °C

Figure 3-2-2 DSC thermograms of vesicles of TMCL (black) and TMCL after addition of the cyclic
hexapeptides at a lipid-peptide ratio of 20:1 (left) and 5:1 (right). The first (up) and last (bottom) upscan is
shown. The dotted black line at the phase transition temperatures of pure TMCL should guide the eye.

The main phase transition temperature is only slightly affected by the addition of the cyclic
hexapeptides. The cooperativity of the main phase transition increases by the addition of cyclic
hexapeptides at lower peptide concentration (lipid-peptide ratio 20:1), most pronounced for
c-RWRWRW. This effect is also observed for the TMCL phase transition with increasing pH (see
Figure 2-2-3). Therefore, the higher cooperativity might be a result of the downshift of the apparent

pK due to trivalent peptide binding resulting from a redistribution of ions and protons at the interface
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(390). The shift of the apparent pK of negatively charged lipids to lower values with increasing ionic
strength was also observed for the second pK value in PA membranes (210, 391).

The first upscans show that the highly endothermic subgel to gel transition at 31 °C is preserved
after addition of the peptides and is shifted to lower temperatures. The cases where no transition is
observed were the first samples measured after the preparation of the lipid vesicles. Therefore, we
assume that in these cases the subgel phase was not formed until the peptide was added. A
pronounced subgel to gel phase transition around 30 °C can still be observed for the 5:1 TMCL-
c-KWKWKW ratio even after a couple of temperature cycles, which might be a result of lysine
interaction with the cardiolipin headgroup. Cardiolipin interacting with the other arginine containing
peptides observed, shows the two Lc.-Lg transition around 15 °C and 20 °C which are increased in
enthalpy and a slightly upshifted in temperature when compared to the pure TMCL. This L. phase
stabilisation can also be discussed as a result of screened charges and a shift in the pK value by the
addition of peptides.

The effect of the cyclic hexapeptides on the main phase transition temperature of PG and TMCL for
the 20:1 lipid-peptide mixture is in both cases only marginal. However, the cooperativity of the
phase transition increases for TMCL, whereas DMPG shows two distinguishable transition peaks.
The difference is explained by the formation of peptide enriched clusters for DMPG. As the second
pK value for TMCL is with 6.8 closer to the pH of 7.2 of the phosphate buffer, the observed
cooperativity increase is discussed as a result in pK downshift of the second phosphate moiety due
to peptide binding.

Although the observed binding constants for the cyclic hexapeptides is increased by about one order
of magnitude for binding to TMCL when compared to PG (see Table 3-4-2 and 3-4-3) the difference
in bound peptides is negligible at high lipid-peptide ratios.
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3.2.2 Peptide interaction with PG/PE mixed membranes

The influence of the cyclic hexapeptide c-RRWWRF on demixing DPPG/DPPE membranes has
been reported by Arouri et al. (108).

Over the recent years the lipid demixing became a more recognized model for antimicrobial
interaction (392). To provide further proof the viability of this model, a better understanding of the
driving forces leading to a peptide-induced lipid segregation is necessary. Therefore, we tried to
quantify the amount of lipids clustered by trivalent cyclic hexapeptides with different amino acid
sequences to identify parameters like peptide sequence, charge distance, hydrophobicity,
amphipathicity as well as lipid chain length, membrane composition, charge density and the non-
ideality parameter of mixing. The phase behaviour of binary mixtures of PG and PE is discussed in

chapter 2.2 and the given references therein.

3.2.2.1 Spermine binding to DMPG/DMPE bilayers
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Figure 3-2-3 DSC thermogram of various mixtures of DMPG/DMPE and the pure lipids interacting with
spermine at a charge ratio Rc=1 (blue line) and Rc=20 (red line).

Undoubtedly, charge interactions play a major role in antimicrobial peptide-lipid membrane
interaction. As the amphipathic character is an important feature of antimicrobial peptides we wanted
to understand to which extend hydrophobic contributions add up to the demixing capability. As a
first step, we tried to induce lipid clustering by the addition of simple organic macro ions, such as
polyamines, where the charges are located in the backbone of the molecule. Polyamines bind only
superficially on the membrane surface of pure PG bilayers as we have shown before (312). To test

whether the binding of oligovalent counter ions is sufficient to demix a lipid mixture consisting of
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negatively charged and zwitterionic lipids, we investigated the effect of polyamines binding to a
DMPG/DMPE membrane of different lipid ratios.

Figure 3-2-3 displays the effect of spermine, a tetravalent oligoamine. In this molecule, the two
central amine groups are separated by a -(CH»)s- spacer and the terminal amines by two-(CHz);3-
spacers. The tetravalent polyamine was chosen for comparison, as the binding constant is close to
the ones observed for the trivalent hexapeptides. Here, the charge ratio is displayed. The charge ratio
gives the concentration ratio of positively charged macroion and negatively charged lipids multiplied

by the number of charges of both components

c B o
R — __macroion macroion .

c

Comia-ZLipid-
At a polyamine-lipid charge ratio R.= 1 and in excess of positively charged molecules R¢ > 1, no
demixing was observed. Binding of spermine to the bilayers led in all mixed lipid vesicles and for
pure DMPG as well to gel phase stabilisation, i.e. the transition temperature T, was slightly shifted
upward. This indicates that spermine binds superficially to the lipid head group region and
counterbalances the lipid charges, hence the lipid chain interaction is increased leading to the
observed increase in Tn. In case of higher charge densities the effect of charge distance plays an
important role on the stabilising effect of the gel phase as reported in earlier studies of polyamines

interacting with PG membranes (311, 312, 374).

3.2.2.2 PG/PE mixtures —chain length dependence

The effect of various concentrations of cyclic hexapeptides varying in amino acid sequences (Figure
3-1-1) on the phase transition of a DPPG/DPPE mixture is shown in Figure 3-2-4. The lipid to
peptide ratio was varied from 75:1 to 10:1. All six cyclic peptides were able to induce a phase
separation in DPPG/DPPE mixtures even at very low concentration, i.e. a high lipid to peptide ratio.
This is evident from the appearance of a transition peak at a lower temperature around 40 °C
corresponding to the phase transition of almost pure DPPG clustered by the binding of the peptides.
This temperature remains unchanged with increasing peptide concentration, except for the two
peptides c-RRRWWW and c-RRRWFW at high peptide concentration, i.e. low lipid-peptide ratio
(10:1). It is also evident from the DSC curves that the enthalpy of the lower transition increases with
increasing peptide concentration, supporting the assumption that the amount of clustered DPPG is
related to the amount of bound peptide. The temperature of the second transition peak, corresponding
to the transition of the remaining DPPE, still mixed with some DPPG, increases with increasing
peptide concentration, because the mixture is reduced in the lower melting component DPPG, due

to the clustering of DPPG induced by the peptides.
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Figure 3-2-4 DSC thermograms of vesicles of DPPG/DPPE 1:1 (black) and DPPG/DPPE 1:1 after addition of
the cyclic hexapeptides (lipid-peptide ratios are indicated). The dotted black line indicates the phase transition
temperature of pure DPPG.

This means that below 40 °C clustered domains coexist with mixed lipid membranes, both in the gel
phase. Between 40 °C and the respective upper phase transition temperature fluid PG-clustered
domains coexist with the gel phase of the PG-depleted lipid mixture, therefore named the “molten
cluster state”. Above the second phase transition temperature the whole mixture is in the fluid state.
If the clusters are still present in this state cannot be deduced from these measurements.

The phase transition temperature of the clustered DPPG domains in the mixed DPPG/DPPE bilayers
varies much stronger (from 35.4°C for the DPPG-c-RRRWWW cluster to 40.9°C for the DPPG
interacting with c-RFRFRF) than for pure DPPG interacting with the different peptides (see Figure
3-2-1). For all peptides, except c-RFRFRF, a downshift of the transition temperature of the clustered
DPPG domains can be observed, similar to the observation made for pure DPPG. Only for the
binding of c-RFRFRF the phase transition temperature of the clustered DPPG is shifted to slightly
higher temperatures compared to the pure DPPG interacting with c-RFRFRF. The temperature
difference is most pronounced in cases of interaction with the most amphipathic hexapeptides
c-RRRWWW (AT = -4.3 °C), c-RRRWFW (AT = -3.0 °C) and c-KKWWKEF (AT = -0.9 °C). This
indicates that the penetration of the cyclic peptides into the hydrophobic membrane region induces

a perturbation of the lipid chain packing. The perturbation of the bilayer packing induced by c-
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RRRWFW and c-RRRWWW correlates with their high effective hydrophobicity and amphipathicity
as determined by reversed phase HPLC (251, 393). This means that either the penetration is more
pronounced in the domain inside a mixed membrane compared to the pure PG membrane, or the
effect of this penetration on the phase transition temperature is more pronounced in the mixed

membrane, e.g. due to changes in curvature energy.
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Figure 3-2-5 DSC thermograms of vesicles of DMPG/DMPE (1:1) (black) and DMPG/DMPE (1:1) after
addition of the cyclic hexapeptides (lipid-peptide ratios are indicated). The dotted black line indicates the
phase transition temperature of pure DMPG.

A similar phenomenon as in DPPG/DPPE 1:1 mixtures interacting with the cyclic peptides can be
observed for arginine-containing peptides with DMPG/DMPE 1:1 mixtures, shown in Figure 3-2-5.
An additional phase transition peak around the phase transition temperature of pure DMPG occurs
upon the addition of the peptides, which increases in intensity with increasing peptide concentration.
In the same manner the phase transition temperature of the DMPG-depleted remaining mixture is
shifted to higher temperatures. For all observed lipid-peptide ratios, the Tr values for the clustered
DMPG domains with the bound peptides is downshifted compared to the Ty, value of pure DMPG,
again except for c-RFRFRF.

Binding of c-RFRFRF induces no shift in transition temperature compared to pure DMPG. Only in
case of a 10:1 ratio, i.e. at higher peptide concentration, a second peak at lower transition temperature
occurs (AT = -1.8 °C). The downshift of the transition temperature for the clustered DMPG

containing domain is more pronounced for the respective peptides interacting with DMPG/DMPE
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1:1 when compared to the DPPG/DPPE 1:1 mixture, namely -6.3 °C for ccRRRWWW, -4.6 °C
¢c-RRRWFW and -2.6 °C ¢c-RWRWRW. This indicates that the alkyl chain perturbation is more
pronounced when these peptides interact with short chain lipids due to decreased van der Waals

interactions between the shorter chains.
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Figure 3-2-6 Top: Transition enthalpy AH of the low temperature peak. Bottom: Difference AT in phase
transition temperature (peak value) of the PG/PE 1:1 mixture and the upper phase transition peak of
thermograms of PG/PE 1:1 mixture interacting with cyclic peptides. Left: DPPG/DPPE 1:1 mixture. Right:
DMPG/DMPE 1:1 mixture.

Figure 3-2-6 shows a comparison of the phase transition enthalpy of the low temperature peak (top)
and the difference in upper phase transition temperature compared to the respective phase transition
temperature of the pure lipid mixture (bottom) as a function of lipid-peptide ratio between the
DPPG/DPPE 1:1 (left) and the DMPG/DMPE 1:1 mixture (right).

A priori, a linearity between AH and the peptide to lipid ratio cannot be expected over the whole
peptide concentration range. Instead, a saturation behaviour at high peptide content should be seen.
However, the DSC-experiments shown in Figure 3-2-4 and 3-2-5 were performed only up to a lipid-
peptide ratio of 10, i.e. saturation of binding was not reached. This would occur at a ratio of 6 (PG-
peptide ratio of 3), if only electrostatic effects were considered. However, for peptides with lower
binding affinity, saturation will occur at even lower lipid-peptide ratios (higher peptide-lipid ratios).

Thus, the curves appear almost linear at low peptide concentrations.
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If the influence of peptides on the phase transition enthalpy of PG is only marginal and no other heat
contributions occur, e.g. mixing enthalpy, the amount of clustered PG induced by the binding of the
peptides can be estimated from the enthalpy plot. Based on the low temperature peak assigned to the
PG transition the percentage of DPPG content (AHpppg = 10 kcal mol ™) clustered into a lipid-peptide
domain at a 10:1 lipid-peptide ratio, is about 30 % for c-RFRFRF, 40 % for c-KWKWKW but
around 80 % for c-RWRWRW (see also Figure 3-2-9). For mixtures with ¢c-RFRFRF and
c-KWKWKW, the temperature of the phase transition maximum of the resulting DPPG-depleted
domains with a composition of 59 mol% DPPE (c-RFRFRF) and 62.5 mol% DPPE (c-KWKWKW)
is in good agreement for c-RFRFRF and c-KWKWKW with the expected values assuming that no
peptide is bound to the DPPE-rich domains. For the DPPG/DPPE-c-RWRWRW 10:1 mixture the
phase transition maximum at 59 °C for the remaining DPPE enriched domains containing 83 mol%
DPPE is only slightly below the expected 62 °C for a pure DPPG/DPPE mixture with the same
composition (215). This deviation is probably within the precision of the experiments.

This conformity in both effects of increasing enthalpy and increasing phase transition temperature
of the depleted mixture also shows that the fluid domains are stable within the gel phase matrix of
the resulting lipid mixture in the timeframe of the measurement.

For the DMPG/DMPE vesicles composed of lipids with shorter chains, the melting enthalpy of the
clustered DMPG domain is much lower. This could be either due to less efficient clustering or to
perturbations of chain packing in the PG-rich clusters. As mentioned above, the Tr-values for the
lower peak indicate lipid chain perturbations. For vesicles of DMPG/DMPE, the change in transition
enthalpy assigned to the clustered DMPG seems to be linear only for mixtures containing c-
RFRFREF. The apparent linearity observed for the binding of c-RFRFRF is therefore due to the low
binding affinity of this peptide, saturation thus being achieved only at much higher peptide/lipid
ratios. For mixtures with cc-RWRWRW, c-RRRWWW and c-RRRWFW the change in enthalpy is
definitely non-linear, indicating that the binding affinity is higher. The higher transition enthalpies
observed for the low temperature peak in these mixtures supports this finding. Due to the
perturbation of chain packing in the DMPG-enriched domains, an analysis of the transition enthalpy
of the peak due to DMPG-rich domains in terms of amount of clustered DMPG is not possible.
When the shift of the maximum of the DSC peak at higher temperature is analysed, it is linear with
increasing peptide-lipid ratio for both lipid mixtures, except DPPG interacting with c-RRRWFW
(Figure 3-2-6, bottom panels). This shift is the result of the depletion of the remaining lipid mixture
by the peptide induced clustering of the PG component. Assuming that the peptide would have no
effect on the phase transition enthalpy of the PG cluster, this temperature shift should correlate with
the transition enthalpy of the clustered PG domains, i.e. higher phase transitions enthalpies at low
temperature due to the clustered PG domains should lead to larger temperature shifts of the high
temperature peak. This is observed only for DPPG/DPPE bilayers interacting with c-RFRFREF,
c-KWKWKW and c-RWRWRW. As not all mixtures show this behaviour, we conclude that the

85



hydrophobic peptide residues perturb the alkyl chain interaction in the clustered PG domains leading
to lower transition enthalpies. This effect is even more pronounced for the DMPG/DMPE bilayers
(Figure 3-2-6, right panels), where the plots of the transition enthalpy vs. peptide-lipid ratio are
mostly non-linear, but can also be observed for the more amphipathic peptides c-KKWWKF,
c-RRRWWW and c-RRRWFW interacting with the DPPG/DPPE mixture.

For example, for the DMPG/DMPE 1:1 mixture interacting with c-RWRWRW in a 10:1 lipid-
peptide ratio the enthalpy of the lower peak indicates that about 30% of DMPG is clustered in the
domain (Figure 3-2-6 upper right and 3-2-9 right). At this lipid-peptide ratio, the transition
temperature of the peak at higher temperatures is at ~45°C, i.e. the phase transition temperature
maximum of a DMPG/DMPE 1:3 mixture (Figure S3-2-2). This, however, would mean that 67% of
the DMPG is clustered by c-RWRWRW at the lipid-peptide ratio of 10:1. This is close to the amount
of clustered PG in a DPPG/DPPE 1:1 mixture, where both analyses are in line (see discussion above).
From the different dependencies of the enthalpy and the transition temperature upshift on the
peptide-lipid ratio it is evident that these analyses of clustered PG also leads to varying results for
DPPG/DPPE mixtures. For example, for the DPPG/DPPE 1:1 mixture in a lipid-c-cRWRWRW ratio
of 20:1, the enthalpy analysis indicates an amount of clustered DPPG of about 70% (Figure 3-2-3
upper left and Figure 3-2-9) but the remaining lipid mixture displays a transition temperature of
~57 °C, i.e. a transition temperature comparable to a DPPG/DPPE 2:3 mixture. This would mean
that only 33% of DPPG is clustered. Although the temperature upshift of the high temperature peak
seems to be a more reliable indicator for the clustering efficiency of a given peptide due to the
alterations in transition temperature and enthalpy observed for the DSC peak at lower temperatures,
the transition temperature of the remaining mixture might also be altered. Alterations might be due
to peptides bound to the remaining mixture that could be both, stabilising or destabilising the gel
phase of the remaining mixture in the molten cluster state. Moreover, during melting of the clustered
domain, PG molecules might also dissolve in the remaining lipid mixture leading to a downshift in
the respective transition temperature. In these cases where the analysis of the enthalpy of the lower
temperature transition with the analysis of the temperature upshift of the higher melting peak is not
in line, it is difficult to quantify the clustering efficiency. However, tendencies can still be compared.
For DPPG/DPPE mixtures, the highest temperature upshift is induced by the amphipathic peptides
c-RRRWWW, c-RWRWRW and ¢c-RRRWFW, respectively (Figure 3-2-6, bottom left). We
therefore conclude that the amount of clustered DPPG is the highest for these three peptides. For
DMPG/DMPE mixtures, the situation is only slightly different. Here the two peptides ccRRRWWW
and c-RWRWRW also induce the highest temperature upshift, but the effect of c-RRRWFW is
slightly less.
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3.2.2.3 PG/PE mixtures —dependence on chain length difference
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Figure 3-2-7 DSC thermograms of vesicles of DPPG/DMPE 1:1 (left) and DMPG/DPPE 1:1 (right) after
addition of c-RWRWRW (lipid-peptide ratios are indicated). The dotted black line indicates the phase
transition temperature of the respective pure PG component.

To investigate the effect of non-ideality of the lipid mixture, we studied the binding of c-RWRWRW
on the phase behaviour of PG/PE mixtures with different chain length and varying peptide-lipid
ratios (Figure 3-2-7). For PG/PE mixtures with the same chain length, the non-ideality parameters
are all negative for 1:1 mixtures (-400 to -800 cal mol™) indicating that the electrostatic repulsions
between the PG molecules prevent a random distribution in the bilayer plane (215). For PG/PE
mixtures where the chain lengths have a difference of two CH, groups, analysis of DPPG/DMPE
mixtures showed that the non-ideality parameters were again negative for both phases. However, for
DMPG/DPPE mixtures, an indication for a eutectic phase behaviour was observed at high DMPG
content. This would indicate a change to positive non-ideality parameters for the gel phase leading
to demixing in the gel phase due to the large difference in phase transition temperature between the
two compounds (215). For both mixtures, DPPG/DMPE and DMPG/DPPE, a clustering of the
charged PG component could be observed after peptide addition. In case of DPPG/DMPE mixtures,
the transition temperature of the clustered DPPG domains is significantly lower (—3.4°C) (Figure 3-
2-7, left panel) when compared to the Tm-value of the clustered DPPG domains in DPPG/DPPE
mixtures (Figure 3-2-4) or the Tm-value of pure DPPG vesicles after addition of c-RWRWRW
(Figure 3-2-1, left panel). This indicates a much higher perturbation of the chain packing in the
clustered DPPG domain, probably due to a higher degree of binding. For the PE-enriched domains,
no significant shift in the transition temperature is seen, as the T-values of the pure lipid component
are close together.

The Tm-value for the DMPG-rich domains in the DMPG/DPPE mixture is also shifted again
compared to the Tr values of pure DMPG with bound peptide, but the shift is almost the same as
observed in DMPG/DMPE mixtures. For the DMPG/DPPE mixture at a 20:1 lipid-peptide ratio a
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splitting of the low temperature peak is seen (Figure 3-2-7, right panel), very similar to the splitting
observed for pure DMPG after peptide binding (Figure 3-2-1, right panel). For this mixture, a clear
upshift of the Tm-value for the PE-enriched domain is observed. The position of the maximum for a

lipid-peptide ratio of 20:1 indicates that the PE-enriched domains contain still ca. 40 mol% DMPG.

3.2.2.4 PG/PE mixtures —dependence on lipid mixing ratio

We now wondered, whether a variation of the mixing ratio in binary DPPG/DPPE mixtures would
have an effect on the demixing induced by the peptides. We therefore investigated DPPG/DPPE
mixtures with different mixing ratios as shown in Figure 3-2-8. The DSC peak for a DPPG/DPPE
1:1 mixture is located at ca. 54 °C. For a DPPG/DPPE 1:3 mixture, the peak maximum is shifted to
59 °C as expected. After addition of the three most efficient peptides similar peak splittings are
observed as for the 1:1 mixtures. A low temperature peak corresponding to the melting of the DPPG-
peptide clusters occurs and the transition temperature of the remaining PG-depleted lipid mixture is
shifted to higher temperatures. Both, the enthalpy and the difference in phase transition temperature,

increase with increasing peptide concentration.
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Figure 3-2-8 DSC thermograms of vesicles of DPPG/DPPE 3:1 (left) and DPPG/DPPE 1:3 (right) after
addition of cyclic hexapeptides (lipid-peptide ratios are indicated). The dotted black line indicates the phase
transition temperature of pure DPPG.

The DSC peak observed for the pure DPPG/DPPE 3:1 mixture is shifted to lower temperature
compared to the 1:1 mixture due to the higher DPPG content. The cyclic peptides induce different
effects on the transition behaviour. When c-RWRWRW is bound, the height of the transition peak
of the lower melting domain increases with increasing peptide concentration and the maximum of
the DSC peak for the remaining lipid mixture shifts again to higher temperatures. At a lipid-peptide
ratio of 20:1, i.e. a lipid-peptide charge ratio of 15:3, the peak temperature indicates that the PE-
enriched domains have a composition close to 3:2 DPPG/DPPE, i.e. ca. 50% of the DPPG is
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clustered by the peptide (Figure S3-2-3). That means that even in the clustered domains there is no
charge compensation. The charge ratio is ca. 7.5:3 and therefore below saturation.

The effects of c-RRRWWW and c-RRRWFW binding on the phase behaviour of a DPPG/DPPE 3:1
mixture are clearly different from the effects induced by c-RWRWRW. At low peptide
concentrations, a peak occurs at the temperature of pure DPPG at 41.5°C. At a lipid-peptide ratio of
40:1, an additional peak at even lower temperature appears and increases with increasing peptide
concentration on the cost of the peak at 41.5°C.

For the block-peptides the peak maximum of the upper transition is not shifted to higher
temperatures with increasing peptide concentration but stays constant and the DSC peak is very
asymmetric. The end of the transition occurs even at lower temperature than for the mixture without
peptide. The DSC peaks can therefore not be analysed in the usual way presented above. The peculiar
different thermotropic behaviour of the 3:1 DPPG/DPPE mixture interacting with block-peptide c-
RRRWWW and ¢c-RRRWFW compared to the alternating RW-peptide implies a more profound
change in phase behaviour of the binary lipid mixture upon the interaction with the block-peptides.
It seems likely that the low transition temperature of the upper DSC peak is due to the binding of the
peptide also to PG in the PE-enriched clusters, thus perturbing the chains due to partial insertion into
the hydrophobic chain region and therefore reducing Tr.

Lohner et al. determined the phase diagram for DPPG and DPPE in 10 mM Na-Phosphate buffer,
i.e. under low salt conditions. The lipids show peritectic mixing behaviour with a gel phase demixing
at a PG content higher 60% (238). Although in low salt conditions, where one would expect that,
due to less screening of charges, electrostatic repulsion between PG molecules are increased
resulting in a tendency for better mixing, the opposite effect is seen which is probably due to more
specific effects such as H-bonding between headgroups. From this data one can conclude that PG/PE
mixtures seem to be close to the critical non-ideality for demixing, strongly dependent on counterion
concentration. The binding of the block-peptides might therefore also lead to non-idealities above
the spinodal decomposition. This might lead to mono-, eu- or peritectic mixing behaviour with a
mono- eu- or peritectic PG-enriched lipid-mixture with bound peptides melting at low temperatures
and a remaining PE-enriched lipid mixture with or without bound peptides. Most likely the peptide-
enriched domain melting at lower temperatures dissolves after melting. Therefore, the second phase
transition peak is not upshifted in temperature because the DPPG dissolves in the remaining lipid
matrix, but is downshifted when compared to the pure lipid mixture as the bound peptides insert into
the hydrophobic chain region.

However, independent of the phase behaviour of the DPPG/DPPE mixture the differences on the
effect of binding between block-peptides and alternating peptides is due to a deeper penetration of

block-peptides into the lipid chain lattice.
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3.2.2.5 Comparison of clustering efficacy of c-RWRWRW and c-RRRWWW

To compare the effect of the clustering efficiency of c-RRRWWW and c-RWRWRW in different
PG/PE lipid mixtures, the transition enthalpy of the domains melting at lower temperature AHcus
was evaluated and then scaled by the expected transition enthalpy AHpg of the respective pure PG
in the mixture (Figure 3-2-9). The change in AH.u/AHpg with increasing peptide concentration is

non-linear in almost all cases.
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Figure 3-2-9 Ratio AHuaus/AHpc of the transition enthalpy of the peak at lower temperature over the molar
transition enthalpy of the pure respective lipid component. Left: c-RRRWWW. Right: c-RWRWRW. Dashed
lines were drawn to guide the eye.

For c-RRRWWW, the change in AH.is/AHpg With increasing peptide concentration is similar for all
lipid mixtures except for the DPPG/DPPE 3:1 mixture (Figure 3-2-9). Here, AHcus/AHpg seems to
be constant for all peptide-lipid ratios, possibly due to the higher charge density of the vesicles. For
the 3:1 mixture, AHcus/AHpg is always between 0.5 and 0.6, i.e. 50-60 % of all DPPG molecules are
clustered. This indicates that the DPPE-rich domains still contain residual DPPG, the mixing ratio
in this domain being now ca. 3:2. For the 1:1 mixtures, the ratio is smaller and dependent on the
peptide-lipid ratio. A maximal value of 0.3 at a peptide-lipid ratio of 0.05 is observed for
DPPG/DPPE 1:1, i.e. only 30 % of the DPPG is clustered. The remaining PE enriched clusters have
then a composition of ca. 2:3. For the DPPG/DPPE 1:3 mixture, the maximal ratio AHcus/AHpg is
ca. 0.25. The PE-rich domains still contain ca. 19 mol% PG. For DMPG/DMPE, the ratio is even
lower with maximal 0.1, i.e. much less PG is clustered.

The alternating c-RWRWRW has generally a higher effect, i.e. a higher clustering ability. The ratio
AHeus/AHpg at a peptide-lipid ratio of 0.05 varies between 0.3 for the DMPG/DMPE 1:1 and
DMPG/DMPE 1:3 mixture and 0.7 for the DPPG/DPPE 1:1 mixture.

90



For the 1:1 mixtures the charge density and therefore electrostatic potential remains the same, so no
major changes in binding constant of peptide bound vesicles are expected. Changes in PG content
alters the surface potential as shown in Figure 2-1-4. At a peptide-lipid ratio of 0.05, the charge ratio
R. (peptide/lipid) for the 1:1 mixture would be 0.3, for 3:1 mixtures 0.2, and for 1:3 mixtures 0.6,
respectively. If charge compensation alone would be responsible for the clustering of PG containing
domains, then one would expect AHcuws/AHpg-values of the same value, i.e. the clustering should be
more efficient in mixtures containing less PG. For instance, for a 1:1 mixture one would expect that
in all cases, 30% of the PG molecules are clustered and thus charge compensated. The AHcus/AHpg-
values, however, are between 0.3 and 0.7 for the binding of c-RWRWRW and thus higher than
expected. For DMPG/DMPE 1:1 charge compensation seems to occur (R, = 0.3, AHcus/AHpg = 0.3),
whereas for DPPG/DPPE 1:1 the PG molecules in the cluster are not charge compensated (R, = 0.3,
AHews/AHpg = 0.7). The situation is different for the DPPG/DPPE 1:3 mixture. Here, R. = 0.6, but
AHcws/ AHpg = 0.3. This means that less PG is clustered than expected assuming charge compensation
alone to determine the clustering effect. For the DPPG/DPPE 3:1 mixture, R. = 0.2 and AHcus/AHpg
= (.6. Thus the opposite effect is seen, the clusters are not charge compensated and contain more
PG than expected. These differences clearly show that the electrostatic binding is not the only driving
force for clustering, but that the lipid composition and the chemical structure of the peptide
interacting with the bilayer interface is important.

The estimations of the clustering efficacy presented above rely on the assumption that the bound
peptides have no significant influence on the transition enthalpy of the lower melting domains.
However, the plots of AHcu/AHpg vs. peptide-lipid ratio are non-linear in most cases. This again
indicates that perturbation of chain packing in the PG-rich clusters can occur, so that the analyses
presented above are only an estimate. The shift in phase transition temperature T., of the upper
domain could in principle be a better indicator to judge the clustering ability of the peptides.
However, the change in T-value is not necessarily linear with decreasing PG-content of the PE-rich
clusters, as the phase diagrams indicate (see Section 2.3 and (215)). Therefore, only trends can be
compared.

Garidel and Blume (215) investigated the mixing behaviour of the pure PG/PE mixtures with same

and varying acyl chain lengths. The non-ideality parameter p describing the asymmetry of mixing
for either gel or liquid-crystalline phase can be written as p = p, + p,(2x+1), with p; = pbeing the

non-ideality parameter for an equimolar mixture (x is the molar fraction) and p, describing the
asymmetry of mixing. For DPPG/DPPE, the p; values are negative for both phases and the 0, values
are relatively small. Nevertheless, it can be seen that for PG-rich mixtures p is less negative for the
gel phase enhancing the tendency for demixing (215). Also the critical value for spinodal
decomposition y. is lowest for PG-rich mixtures which additionally enhances the tendency for

demixing (see Section 2.1.3). The values of AHcius/AHpg for ccRWRWRW and a peptide/lipid ratio
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0f 0.025 are in the order DPPG/DPPE (3:1) > DPPG/DPPE (1:1) > DPPG/DPPE (1:3). For a peptide-
lipid ratio of 0.05 (lipid-peptide ratio 20:1), the first two are reversed. This shows that DPPG-rich

mixtures are more prone to demixing after peptide binding.
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Figure 3-2-10 Change of transition temperature of the upper peak in the DSC-curves for DPPG/DPPE mixtures
after binding of c-RWRWRW vs. the peptide-lipid ratio.

Figure 3-2-10 shows the shift of the upper peak corresponding to the melting of the PE-rich domains
after peptide binding. Here, the same trend is seen, i.e. the change in Ty, is largest for the PG-rich
mixtures and lowest for the PE-rich mixture. A quantification of the effect is difficult, as the phase
diagram is such that Tr of the mixtures does not change linearly with the mole fraction, the change
in T, becoming smaller at high PE content demixing (215).

A direct comparison of the upper melting peak of the clustered mixture with the respective
DPPG/DPPE mixture is displayed in Figure S3-2-3. Here, the upper peak of the DPPG/DPPE 3:1
bilayer interacting with ccRWRWRW in a 20:1 lipid-peptide ratio shows a peak position similar to
a DPPG/DPPE 3:2 mixture as discussed above. For the DPPG/DPPE 1:1 mixture the upper peak
position of the remaining mixture is comparable to a DPPG/DPPE 2:3 mixture and for the
DPPG/DPPE 1:3 mixture the upper peak can be compared to a DPPG/DPPE 1:4 mixture. This means
that for the DPPG/DPPE 3:1 mixture 50%, for the DPPG/DPPE 1:1 mixture 33% and for the
DPPG/DPPE 1:3 mixture 25% of PG is clustered. Here, the percentage of clustered PG calculated
from the Ty, shift for the upper peak for the DPPG/DPPE 3:1 and 1:3 mixture is with 50% compared
to 60% and with 33% compared to 30% in good agreement with the calculation of the enthalpy
analysis. However, the 1:1 mixture deviates strongly between the analysis in enthalpy and the T,
shift for the upper peak which was already discussed above. Nevertheless, both, the AHcu/AHpg-
values and the shift in Tr, for the upper peak observed after peptide binding point in the same
direction, namely that the extent of clustering depends on the mixing ratio of PG and PE.

For ccRRRWWW this analysis of the shift in Tr, fails, because this peptide seems to perturb the lipid
packing much more than c-RWRWRW (see above).
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3.2.3 Peptide interaction with Cardiolipin/PE mixed membranes

By exchanging the PG component in the PG/PE mixture by cardiolipin two counterbalancing effects
might influence the peptide clustering efficacy. The surface potential is decreased for a
Cardiolipin/PE 1:1 mixture when compared to PG/PE 1:1 mixture (see Figure 2-1-4), resulting in an

increased amount of sodium ions in close proximity to surface. Additionally, as cardiolipin contains

four lipid chains, the entropy losses are smaller when TMCL is demixed compared to PG. If

demixing is driven by release of counter ions due to electrostatic binding, an increase in clustering
efficacy should be observed. This expectation would be underlined by the increased binding constant
of the peptides to cardiolipin compared to PG (see chapter 3.4.1). But the miscibility of a cardiolipin
and PE is increased compared to the PG and PE. This could lead to a reduced clustering efficiency
fe, 1.e. the amount of clustered lipid per peptide is lowered, or an increase in critical clustering

peptide-lipid ratio 7., which means that more peptides need to bind to the membrane surface until a

demixing takes place or both.

Cp / kcal mol" K

Figure 3-2-11 DSC thermograms of TMCL/DMPE 1:1 vesicles pure (black) and after addition of cyclic
peptides (lipid-peptide ratios are indicated). The first upscan (left) and first downscan (right) are depicted. The
dotted grey lines indicate the subgel to gel and the main phase transition temperatures of the pure TMCL
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component, respectively (see Figure 3-2-2 top). Downscans are inverted for better comparison.

Figure 3-2-11 displays the first up- and downscan of a pure TMCL/DMPE 1:1 mixture and after
addition of the cyclic peptides. The addition of the cyclic peptides in a 10:1 lipid-peptide ratio leads

to an additional phase transition up to 3 °C below T of TMCL at 40 °C for all observed peptides.

A peak at 40 °C is maintained for the 1* downscan, but the transition extends down to 25 °C for all

Cp / keal mol" K™

peptides, except c-KKWWKF, which shows an additional transition peak at 21 °C. After binding of

c-KWKWKW, c-KKWWKF and c-RRRWFW an additional transition at 31°C or above is seen, in
the same temperature range as the highly endothermic transition temperature observed for the subgel

to gel phase transition in pure TMCL. The thermogram of TMCL/DMPE mixture interacting with

93



c-RWRWRW shows a small peak below 31°C at a lipid-peptide ratio of 10:1. This indicates that
cyclic peptides also cluster membranes consisting of TMCL and DMPE.

Equilibrium was achieved after two upscans and the measured thermograms were reproducible.
Figure 3-2-12 shows the last DSC scan of the TMCL/DMPE 1:1 lipid mixture with the respective
peptides in a 20:1 and 10:1 lipid-peptide ratio.

In all cases a lower temperature transition peak that increases with increasing peptide concentration
and an upshift of the high temperature transition peak, corresponding to the main phase transition of
the remaining lipid mixture can be observed.

Although the finding is similar to the observation made for PG/PE mixtures, the lower temperature
transition does not occur at the main phase transition temperature region of pure TMCL, besides the

broad shoulder at 40 °C occurring in the 10:1 lipid-c-RWRWRW mixture.
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Figure 3-2-12 DSC thermograms of the last upscan of pure TMCL/DMPE 1:1 vesicles (black) and after
addition of cyclic peptides in a 20:1 (left) and a 10:1 (right) lipid-peptide ratio. The dotted black lines indicate

the pretransition, subgel to gel and main phase transition temperatures occurring for pure TMCL (see Figure
2-1-2).

The thermograms of TMCL interacting with both lysine containing peptides c-KWKWKW and
c-KKWWKEF show a low temperature transition in the transition temperature regime of the subgel
to gel phase transition of pure cardiolipin at 30 °C. This might indicate that these clusters consist of
TMCL in a triclinic chain lattice (see Section 2.2 and 2.3). However, the phase transition temperature
of the main peak remains almost constant. This either means that the clustered domains dissociate
in the remaining lipid matrix after melting or the observed transition is a pretransition, e.g. a L.-Lg
transition or Lg-Pg- transition, of the overall lipid mixture, stabilised by the lysine containing
peptides. In both cases an increased heat capacity between both transition peaks would be expected
as can be seen in Figure 3-2-12.

The two alternating arginine peptides c-RWRWRW and c-RFRFRF induce a clustered domain that
melts at 22 °C and 24 °C, respectively. The block-peptides c-RRRWFW and ¢c-RRRWWW show
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both a small transition peak below 20 °C in the 20:1 lipid-peptide mixture and a broad pretransition
starting at 24 °C that merges into the main phase transition.

The broad and smeared pretransition starts below 20 °C for both block-peptides at a 10:1 lipid-
peptide ratio. This indicates that a clustering takes place, but the cooperativity is reduced and
therefore no single transition peak can be detected. In contrast, the cooperativity for the main phase
transition is drastically increased for c-RRRWFW in the 20:1 lipid-peptide ratio, whereas the main
phase transition cooperativity remains the same as for the pure lipid mixture by addition of c-
RRRWWW. The peptides c-RFRFRF, c-RWRWRW and c-RRRWFW show a peak in the same
temperature interval when bound to pure TMCL in the 5:1 lipid-peptide mixture (see Figure 3-2-2),
which is the same TMCL-peptide ratio as for TMCL/DMPE 1:1 mixture in a 10:1 lipid-peptide
mixture. As none of the pure TMCL/DMPE mixtures show a pretransition (see Figure 2-3-5 left),
the additional low temperature transitions can be attributed to demixed TMCL interacting with the
respective peptides. The reason why no main phase transition peak of pure TMCL with bound
peptide occurs at ~39°C for ccRRRWWW and c-RRRWFW might be due to the fact that the clusters
dissolve after melting, which would also explain the smeared low temperature transition.

All arginine-containing peptides show a slight upshift in the phase transition temperature of the main
peak, indicating that the clusters are preserved at least until the melting of the remaining lipid
mixture. As the difference in temperature of the pure components is only 8°C, the upshift of the
remaining lipid mixture compared to the reference is also comparatively small. Therefore, only an
evaluation of the transition enthalpy of the melting peak at lower temperatures can be used for further
interpretations of clustering abilities.

A comparison of the normalized enthalpies of the clustered phase transition, i.e. the enthalpy of the
lower transition temperature domain divided by the content weighed enthalpy of the negatively
charged lipid component of PG and Cardiolipin in their respective 1:1 PE mixtures with the same
chain length is depicted for ccRWRWRW and c-KWKWKW in Figure 3-2-13. For the lipid mixture
interacting with cc-RWRWRW the lowest increase in enthalpy of the phase transition of the clustered
domain is seen for the TMCL/DMPE 1:1 mixture and increases for the DMPG/DMPE 1:1 mixture
and further for the DPPG/DPPE 1:1 mixture. The increase in enthalpy of the clustered domain for
c-KWKWKW interacting with DPPG/DPPE is similar to the increase observed for DMPE/TMCL.
This underlines the interpretation that c-KWK WKW binds superficially to the membrane and shows
no perturbation of lipid chains because the increase in enthalpy of the clustered domain is not

dependent on the lipid chain length.
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Figure 3-2-13 Ratio of the transition enthalpy of the peak at lower temperature over the molar transition
enthalpy of the pure respective lipid component for c-RWRWRW (blue) and c-KWKWKW (red) interacting
with different lipid mixtures as indicated.

Nevertheless, the enthalpies of the clustered lipid domain in the TMCL/DMPE mixture are for both

peptides below the enthalpies observed for the DMPG/DMPE mixture. Therefore, we assume that

the amount of clustered lipids per peptide is similar for both mixtures, but the critical threshold ratio

at which the clustering occurs (7..) is significantly different.
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3.2.4 Peptide interaction with the ternary lipid mixtures

As the ability to cluster negatively charged lipids by trivalent cyclic hexapeptides is fundamentally
different for the binary mixture PG/PE and TMCL/PE, we studied the effect of adding the respective
third component to the binary mixture on the clustering efficacy of the peptides.

Figure 3-2-14 shows DSC curves of ternary mixtures with DMPG/DMPE 1:1 ratio with increasing
TMCL content for a 40:1 lipid-peptide ratio with c-RWRWRW and c-RRRWWW. Although the
charge density increases by the addition of cardiolipin, the peak height characteristic for the clustered
domains induced by binding of ccRWRWRW decreases slightly with respect to the peak observed
for the binary DMPG/DMPE mixture.

The mixture containing 20 % and 33% TMCL with bound c-RRRWWW shows two distinguishable
phase transition peaks around 14°C and 22°C, indicating that two clustered domains of different
lipid content are present. The lipid mixture consisting of 50 % TMCL shows a broad phase transition
starting at 20 °C. This was similarly observed for the binary DMPE/TMCL membrane containing
50% TMCL with bound c-RRRWWW in a 10:1 lipid- peptide ratio (see Figure 3-2-12 or Figure 3-
2-15). When compared to the ternary mixture, where half of the DMPE is replaced by DMPG, a
pretransition around 10°C is present, indicative for a clustered domain of TMCL or a TMCL

enriched binary or ternary mixture.
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Figure 3-2-14 DSC thermograms of the last upscan of pure DMPG/DMPE and DMPG/DMPE/TMCL vesicles
of different composition as indicated (black) and after addition of c-RWRWRW (left) and c-RRRWWW
(right) in a 40:1 lipid-peptide ratio.

To eliminate the effect of different net charges of the ternary mixtures on the clustering behaviour
we investigated the effect of c-RWRWRW and c-RRRWWW on ternary mixtures containing the
same net charge. Figure 3-2-15 displays the effect of ccRWRWRW (left) and c-RRRWWW on
TMCL/DMPE 1:1 mixtures with increasing DMPG content maintaining the same net charge but

displaying increasing charge densities (see Figure 2-1-4).
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Figure 3-2-15 DSC thermograms of the last upscan of pure DMPE/TMCL and DMPG/DMPE/TMCL vesicles
of different composition as indicated (black) and after addition of c-RWRWRW (left) and c-RRRWWW
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From the comparison of the 10:1 lipid-peptide ratio of the binary TMCL/DMPE mixture and the
40:1 lipid-peptide ratio of ternary mixtures it is evident that low peptide concentrations are sufficient
for the ternary mixture to induce a phase transition of the clustered domain of comparable transition
enthalpy. Already at low DMPG content of 20% a 100:1 lipid-c-RWRWRW ratio is sufficient to
cluster TMCL or TMCL enriched domains as it can be deduced from the low pretransition peak at
around 10 °C. For the ternary mixture with 60% DMPQG, i.e. a content slightly lower than DMPG
contents where demixing is observed (see Figure 2-4-6), c-RWRWRW shows almost no effect on
the phase behaviour. For 100:1 lipid-c-RRRWWW ratio at the same lipid-composition peak at 24°C
occurs, that can be attributed to a DMPG-enriched cluster. For the ternary mixture with 80% DMPG
content c-RWRWRW induces a cluster that displays a phase transition temperature of 22°C below
the onset of the ternary phase transition temperature and similar to transition temperature found for
the cluster of the binary DMPG/DMPE and TMCL/DMPE mixture. The ternary
DMPG/DMPE/TMCL 80%/10%/10% mixture interacting with c-RRRWWW, however, displays a
peak at 24°C, i.e. the melting temperature of the pure DMPG component, which is decreased for the
100:1 and increased for the 40:1 lipid-peptide ratio when compared to the pure lipid mixture. For
the binary DMPG/DMPE 1:1 mixture interacting with ccRRRWWW the melting temperature of the
cluster was decreased to ~17 °C (see Figure 3-2-5). This indicates that for the block-peptide
c-RRRWWW interacting with a demixed ternary mixture a more profound change in phase
behaviour is expected as it was similarly observed and discussed for the DPPG/DPPE 3:1 mixture
(Figure 3-2-8). This is supported by the effect of c-RRRWWW on the ternary mixture containing
60% DMPG in a 100:1 lipid-peptide ratio. Here, the non-ideality of the mixture is already close to
the spinodal decomposition and therefore small amounts of block-peptide can already induce a

demixing.
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Altogether, these findings show that independent of the membrane net charge, the addition of DMPG
destabilises the TMCL/DMPE binary mixture with respect to the peptide induced clustering efficacy
because lower amounts of peptide can lead to a demixing. The occurrence of a low temperature
transition peak below 10 °C additionally supports the finding that cardiolipin is part of the clustered
domain.

A possible reason for the increased clustering efficacy can be the increased charge density of the
ternary mixture compared to the binary TMCL/DMPE mixture that leads to an increased number of

bound peptides.

3.2.5 Summary

The binding of cyclic peptides to mixed PG/PE lipid bilayer membranes leads to phase separation
or clustering of PG-rich domains with bound peptide. However, the different peptide sequences have
an influence on the amount of clustered PG at the same peptide concentration. Specifically, we could
show that the ability to demix PG/PE membranes depends on the sequence of the peptides and the
nature of their amino acids. The order of the ability to cluster DPPG in a DPPG/DPPE mixed
membrane, deduced from the slope of the fitted lines and the temperature upshift of the high
temperature phase transition at a 10:1 lipid-peptide ratio (Figure 3-2-6 bottom left) is ccRRRWWW
> ¢-RRRWFW > ¢-RWRWRW > ¢-KKWWKF > ¢-KWKWKW > ¢-RFRFRF which resembles
with good agreement the different antimicrobial activities of the peptides towards B subtilis (see
Figure 3-1-1). Although, the ability to induce clustering of PG in different amounts does not correlate
for every mixture and peptide concentration with the respective antimicrobial activity the highest
activity of block-peptides is observable. The amount of clustered lipids increases with increasing
amphipathicity indicating that the observed lipid alkyl chain penetration plays an important role in
the driving force of lipid clustering.

Furthermore, we could show that for PG/PE membranes containing 1:1 molar ratios but lipids with
equal or unequal chain lengths, the amount of clustered PG depended slightly on the chain length of
the two lipids and on the chain length difference between PG and PE. However, much larger
differences were observed when the mixing ratio between PG and PE was changed. In mixtures of
DPPG/DPPE with high PG content, both methods of analysis, the evaluation of the enthalpy increase
of the lower temperature peak and the analysis of the higher temperature peak shift, show that the
amount of clustered PG per added peptide was much higher than in PE-rich mixtures. This indicated
a defined influence of the mixing properties on peptide induced clustering. PG/PE mixtures show
negative non-ideality parameters indicating the preferential formation of mixed PG/PE pairs (215).
However, this tendency for mixed PG/PE pair formation is less likely in PG-rich bilayers, as the
phase diagram shows an asymmetric behaviour regarding the non-ideality. Therefore, PG-rich

PG/PE bilayers are more prone to demixing, as also the results of a study of DPPG/DPPE mixed
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vesicles in aqueous solutions having low ionic strength show (238). In our case, the addition of
peptides obviously induces the formation of demixed PG clusters.

For TMCL/PE lipid bilayer membranes also two distinguishable phase transition peaks occur that
indicate a phase separation of pure cardiolipin or cardiolipin enriched domains. However, the
interaction differs from the observations made for the PG/PE mixtures. Difference in temperature of
the clustered domain occur in dependence of the peptide structure of the interacting peptide. This
more complex behaviour is most likely due to the more complex phase behaviour observed for pure
cardiolipin but also mixed with PE or PG as discussed in Section 2.2.2, 2.3.2 and 2.3.3. As the
complex phase behaviour is attributed to cardiolipin headgroup interaction and these interactions of
the doubly charged headgroup also show a strong pH and ionic strength dependence, the different
effects observed for different peptide structure can be attributed to different amphipathic character
and charge distances. Nevertheless, the results clearly show that clusters occur at smaller lipid-
peptide ratios (higher peptide concentration) indicating that the efficiency is reduced for the
TMCL/DMPE mixture. This can be explained by the different phase behaviour of the TMCL/DMPE
mixture which shows an azeotropic maximum indicating negative non-ideality parameters for the
gel phase resulting from the preferential formation of mixed TMCL/DMPE pairs most likely due to
headgroup hydrogen bonding (Section 2.3.3). These interactions can be perturbed by peptide
interaction leading to an increase in lipid non-ideality.

Clustering is also observed for the ternary mixtures interacting with the cyclic hexapeptides. When
compared to the binary mixtures the clustering efficiency of the peptides is comparable to PG/PE
membranes. This indicates that the non-ideality is increased by the addition of DMPG to the
TMCL/DMPE mixture and therefore the clustering efficacy of the peptides increases as well.
Generally, the demixing phenomenon takes place at high lipid-peptide ratios which indicates that
non-specific peptide-lipid interactions lead to clustering. The observed lipid alkyl chain penetration
plays a crucial role in the driving force of clustering efficiency as discussed above. This is
additionally underlined by the finding that the superficially bound tetravalent polyamine does, even
in excess, not lead to a demixing of a PG/PE membrane.

The demixing tendency and penetration depth is abetted by the presence of tryptophan and arginine
residues and therefore due to distinct interaction accompanied with these amino acids as discussed
in Section 3.1.3. In case of tryptophan this is due to increased hydrophobicity of the side chain
favouring interactions with the lipid acyl chains and the increased molecular volume when compared
to phenylalanine, which makes only about 83% of the tryptophan volume (329, 330). This
additionally means that the induction of curvature by the tryptophan containing peptides is increased
(327, 328). Additionally, the high dipole moment of tryptophan, together with the preferred location
at the hydrophilic-hydrophobic interface might decrease the surface energy of the lipid bilayer and
lead therefore to a deeper penetration (373). In case of ccRRRWWW and ¢c-RRRWFW the lipid
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chain penetration is enhanced as it was observed for other peptides with consecutive hydrophobic
amino acid sequences (336, 367).

In the case of arginine, it is well known that the charge is more delocalized in the guanidinium
moiety compared to lysine where the cationic charge is localized in the NH;" group. Lysin was
reported in several simulation studies to form hydrogen bonds with the lipid phosphate group (316,
317, 327). Thus the arginine side chain is more hydrophobic than the lysine side chain and can be
more easily incorporated into a hydrophobic environment which was also observed by NOESY
experiments of c-RRWWREF interacting with DPC and SDS micelles (269). A deeper insertion of
the arginine sidegroup might also result from the guanidinium group interaction like the formation
of m-stacks between with the tryptophan indole residues (354) or the formation of hydrogen bonds
with the lipid carbonyl group.

Moreover, the negative non-ideality parameters in PG/PE mixtures indicate a preferential formation
of mixed PG/PE pairs (215). This pair formation is probably driven by headgroup interactions via
hydrogen bonds which is also discussed for cardiolipin/PE interaction. Arginine side chains might
also replace hydrogen bonds to the PG or cardiolipin headgroup, respectively, previously donated
by the PE headgroups thus increasing the non-ideality parameter and creating an additional driving

force for PG clustering after peptide binding.
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3.3 Attenuated Total Reflection Infrared (ATR-IR) Spectroscopy

We used ATR-IR spectroscopy to investigate structural changes which are related to the transitions
observed in DSC measurements. Therefore, we utilised the Bio-ATR device from Bruker where only
small volumes of lipid suspension and peptide solution are required (Section 6.2.3). Within this
chapter, we mainly want to answer the question if the clustered domains indeed consist solely of
charged molecules. Additionally, we want to investigate structural changes in peptides (see Section
3.1.2) and lipids upon their respective interaction as well as identify if specific interactions are
responsible for the peptide-induced lipid clustering, as they were discussed in Section 3.1.3.

Above the peptide-lipid charge ratio R. of 1 no further clustering is observed (see Section 3.4). For
the ATR-IR measurements, we chose a lipid-peptide ratio of 2:1, i.e. excess of peptide charges for
the mixed lipid membranes (R. > 1), to ensure observable effects of lipid clustering on the lipid band
intensities and vibration wavenumber but also to judge on the peptide inherent bands of bound
peptides versus unbound peptides. However, for pure TMCL membranes interacting with cyclic

peptides (Section 3.3.1.2) R, is only 0.75.

3.3.1 Peptide interaction with pure lipid membranes

3.3.1.1 Peptide interaction with pure DMPG membrane

3.3.1.1.1 Analysis of CH, vibrational bands

Figure 3-3-1 shows the impact of the different cyclic peptides on the phase transition of DMPG,
followed by the shift in wavenumber due to the lipid chain “melting”. It can be seen that all peptides
shift the phase transition to lower temperatures compared to pure DMPG.

A downshift in phase transition temperature was also observed in DSC measurements but the
temperature difference compared to pure DMPG is much higher in ATR-IR measurements which
can be a result of the decreased lipid-peptide ratio. The cooperativity of the transition increases
compared to pure DMPG in ATR-IR measurements, whereas the DSC results show a second
transition peak. All these differences might be due to the increased peptide concentration or the
different reaction time to the applied heat of each lipid-peptide mixture as the heating scan rate is

much lower in ATR-IR experiments.
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Figure 3-3-1 Temperature dependence of the wavenumber of the antisymmetric CHz stretching band of DMPG
(black) and DMPG interacting with the respective peptides. The lipid-peptide ratio was 2:1.

For all peptides, except c-RRRWWW, a downshift in wavenumber is seen at low temperature for
bilayers in the gel phase and, except for c-RFRFRF, also for the fluid phase. The upshift in
wavenumber in the gel phase for c-RRRWWW supports the finding that the peptide penetrates
deeper into the membrane and therefore alters the lipid chain order. When the peptide’s hydrophobic
moieties only partially penetrate the lipid chain area water molecules from the lipid headgroup and
the hydrophobic-hydrophilic interphase are expelled. This leads, together with the screening of the
repelling headgroup charges, to a higher order of lipid chains as it can be seen for c-RFRFREF,
c-RWRWRW and c-RRRWFW.

The higher chain order in the liquid crystalline phase for c-RRRWWW, c-RWRWRW and
c-RRRWFW results from the insertion of hydrophobic sidegroups into the lipid chain area as it was
demonstrated with MD simulations by Appelt et al. (270). This indicates that during the lipid phase
transition c-RWRWRW and c-RRRWFW insert deeper into the membrane. The insertion of the
tryptophan indole ring leads to an increase of the order parameter S within the first eight to nine CH»
groups of the lipid acyl chain in the fluid phase (see Section 3.1.3) whereas the remaining CH,
groups need to compensate for the increasing lipid area (270). Therefore, the downshift in phase
transition temperature might be due to reduced interaction between the alkyl chains, hindered by the
penetrating sidegroups. The alkyl chain interaction with the hydrophobic peptide residue does not
stabilise the gel phase. This might have geometrical origins occurring from the flat and rigid indole

structure (334) or might be due to the high dipole moment of the tryptophan indole (346).
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3.3.1.1.2 Analysis of lipid carbonyl and peptide amide I bands
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Figure 3-3-2 Top: Temperature dependence of the DMPG carbonyl band intensity ratio (I1723/11740) of the pure
lipid (black) and interacting with the various peptides. Bottom: Temperature dependence of the amide I band
intensity ratio (Iiess/Ii640) of the different peptides interacting with DMPG membranes. The solution was
100 mM NacCl (in D20, pH 6.8).

Figure 3-3-2 (top) shows the intensity ratio of the lipid carbonyl band at 1723 cm™ and 1742 cm
(Ii723/1li742) of DMPG with and without bound peptides. The ratio yields information about the
respective hydration state of the C=0 groups as the formation of hydrogen bonds to the lipid
carbonyl groups lead to a downshift in wavenumber from 1742 cm™ to 1730 cm™ and 1723 cm
(221). For the pure lipid a sigmoidal increase is seen, i.e. an increased headgroup hydration, when
the lipid is heated from the gel to the liquid-crystalline phase. The binding of peptides leads to a
reduced change in hydration when the lipid is heated above the phase transition. The addition of c-
RRRWWW leads to a headgroup hydration in both phases, but stronger pronounced in the gel phase
which is in line with the observed decrease in chain order due to the penetration of peptide
sidegroups. In the case of c-RRRWFW, the headgroup hydration in the gel phase is increased
supporting that the peptide inserts into the hydrophilic-hydrophobic interphase region. In the
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liquid-crystalline phase the carbonyl band ratio is comparable to the pure DMPG membrane. When
compared to c-RRRWWW, this difference in hydration effect is due to the replacement of one
tryptophan by phenylalanine, leading to a reduced disturbance in lipid chain packing and therefore
reduced amount of additional water molecules in the hydrophilic-hydrophobic interphase.

The two alternating and arginine-containing peptides c-RFRFRF and c-RWRWRW show almost no
changes in headgroup hydration upon the lipid phase transition and remain close to the headgroup
hydration observed for the pure DMPG gel phase. This indicates that either the change in lipid area
upon the phase transition is reduced and therefore fewer water molecules can access the lipid
carbonyl groups or the peptides occupy the difference in area and block the water molecules away
from the carbonyl groups, e.g. by forming lipid-peptide hydrogen bonds with the lipid carbonyl
bonds. The latter supports the interpretation that the alternating peptides insert deeper into the
membrane during the lipid phase transition. Moreover, this also indicates that the binding of the
alternating peptides is parallel to the membrane plane in the lipid headgroup to tail interface and,
therefore, has a bigger impact on the carbonyl hydration.

Figure 3-3-2 (bottom) shows the temperature dependence of amide I band ratio of the intensity at
1668 cm™ and 1640 cm™ of the different peptides interacting with DMPG.

The block-peptide c-RRRWWW shows a slight stepwise increase in amide I band ratio upon the
phase transition. The change in amide I frequency indicates an opening of the peptide B-turn
structure. This increase is more pronounced for c-RRRWFW. This supports the finding that
c-RRRWFW inserts deeper into the membrane only upon the lipid phase transition which is
accompanied by more profound changes in -turn structure upon insertion into the membrane when
compared to c-RRRWWW. As the slope in gel and liquid-crystalline phase is comparable to the
slope observed for the pure peptides in solution (see Figure 3-1-5), no further changes in peptide
structure are observed. For c-RWRWRW, which was also discussed to insert deeper into the
membrane above the lipid phase transition, the amide I band ratio decreases slightly upon the phase
transition. This could either be a result of lipid-carbonyl with peptide-amide interaction or mean that
the number of B-turn structures increase when c-RWRWRW is bound to the liquid crystalline phase.

In both cases this could be a result of the deeper membrane penetration.

3.3.1.1.3 Analysis of lipid guanidinium and indole bands

The temperature dependence of the guanidinium band intensity ratio (Iissa/licos) and the peak
maximum of the indole vibration peak of the different peptides interacting with DMPG are shown
in Figure 3-3-3. All data have been averaged to reduce the noise and display tendencies in
temperature dependence using the Savitzky-Golay 5-point-averaging method implemented in the
Origin software. The signal-to-noise ratio of the guanidinium peak of c-RFRFRF was too low to

give a clear temperature dependency. The guanidinium band intensity ratio of the low to high

105



wavenumber peak of arginine is reported to be 0.9 (282) and 0.75 in an arginine dipeptide (292).
Both values are in line with the values measured for the pure peptides c-RFRFRF, c-RRRWWW

(see Figure 3-1-5) and the arginine containing peptides interacting with the DMPG membrane.
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Figure 3-3-3 Top: Temperature dependence of the guanidinium band intensity ratio (Iisss/Iic0s) of the three
arginine-tryptophan containing peptides bound to DMPG membranes. Bottom: Temperature dependence of
the indole vibrational peak position of the different tryptophan containing pure peptides (triangles) and bound
to DMPG membranes (circles). The solution was 100 mM NaCl (in D20, pH 6.8).

A comparison to the values observed for the pure peptides in solution (Figure 3-1-5) show that, upon
interaction with the DMPG membrane, the guanidinium band ratio is shifted to higher values. The
original spectra in Figure S3-1-1 and S3-3-1 already show that both guanidinium bands change in
position and intensity upon membrane interaction. The difference in the guanidinium band intensity
ratio over the whole temperature range is similar for all three peptides. However, for cRRRWWW
the ratio is shifted to lower absolute values and changes only slightly upon the lipid phase transition.
This means that no major changes that are accompanied by the lipid phase transition affect the
guanidinium interaction. In the case of c-RWRWRW and c-RRRWFW, the guanidinium band

intensity ratio shows a stepwise increase at the phase transition temperature, meaning that the
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guanidinium interaction is different in the gel and in the liquid-crystalline phase. This difference in
guanidinium interaction between c-RRRWWW and ¢c-RRRWFW or c-RWRWRW, respectively,
might result from the different hydration of the lipid headgroup as it was observed earlier (see Figure
3-3-2). Additional water molecules compete with the guanidinium and lipid hydrogen bond
formation and, in turn, contribute to shielding the lipid and peptide charges.

The temperature dependence of the indole vibrational peak maximum of the peptide in solution and
interacting with DMPG membrane is shown in Figure 3-3-3 bottom. The peptides display a
downshift in wavenumber of ~1.5 to 2 cm™ when bound to the DMPG membrane. This indicates
changes in indole environment, most likely due the reduced water exposure by insertion into the
hydrophobic membrane region. This is more pronounced for the block-peptides which again
supports the finding of deeper membrane penetration by these peptides.

The minor changes observed for c-RRRWWW support the finding that the peptide does not change
significantly upon the lipid phase transition as no changes in amide I and guanidinium band is
observed. This also means that a guanidinium-indole interaction over the whole temperature range
cannot be excluded for this peptide.

However, the impact of the lipid phase transition on the indole vibration of c-RRRWFW is more
pronounced. This supports the conclusion drawn from the changes in carbonyl and amide I vibration
bands, that c-RRRWFW, in contrast to c-RRRWWW, displays structural changes upon the lipid
phase transition that could lead to a reorientation of the peptide. This difference in positioning of the
block-peptides in the lipid membrane seems to be due to the replacement of one tryptophan by a
phenylalanine because the phenylalanine does not have a preferential localisation in the membrane
as observed for tryptophan, as discussed in Section 3.1.3.2 (331-333). As c-RRRWFW displays
changes of guanidinium and indole vibration at the lipid phase transition temperature this could be
an effect attributed to changes occurring during the lipid phase transition, e.g. change in hydration,
or a result of arginine-tryptophan interactions like n-stacking of the indole and guanidinium groups.
The alternating c-RWRWRW, however, shows also minor changes in indole vibration but more
pronounced changes in guanidinium band intensity ratio at the lipid phase transition temperature.

Therefore, a guanidinium-indole interaction can be excluded.

3.3.1.2 Peptide interaction with pure TMCL membrane

3.3.1.2.1 Analysis of the CH, vibrational bands

The effect of the different peptides on the phase transition of TMCL is depicted in Figure 3-3-4. The
pure TMCL was shown in Figure 2-2-4, where the subgel formation and subgel to gel phase

transition at 25°C was already discussed.
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All peptides shift the phase transition to lower temperatures in the case of TMCL, as already
observed for DMPG. However, all arginine containing peptides show two different steps in transition
from gel to fluid phase, most pronounced for c-RFRFRF, indicating the presence of two domains or
two different phases with each a distinguishable phase transition peak. The temperature regime from
15 °C to 25 °C for the first transition of the arginine containing peptides corresponds well to the low
melting peaks observed in the last DSC upscans of the 5:1 lipid-peptide mixtures (see Figure 3-2-
2). The three arginine- and tryptophan-containing peptides show the same transition temperature of

17 °C.
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Figure 3-3-4 Temperature dependence of the wavenumber of the antisymmetric CH: stretching band vibration
of TMCL (black) and TMCL interacting with the respective peptides in D2O. The lipid-peptide ratio was 2:1.

The main phase transition of TMCL interacting with the cyclic peptides is not distinguishable as a
second upshift in the ATR-IR measurement as it occurs in DSC at 41 °C. Here, it is smeared across
the low melting temperature transition and the main phase transition temperature (please note that
the alternating and the block c-RW peptides show a similar behaviour). The difference to the DSC
results might be an effect of lower pH of 6.8. The pure lipid membrane at this pH consists of a
mixture of mono- and divalent TMCL molecules that lead to the broad transitions already observed
in the pH dependent study shown in Figure 2-2-3. The observed decrease in melting temperature by
addition of peptides can again be interpreted as a penetration of the hydrophobic peptide fragments
into the lipid chain area.

However, the lipid alkyl chain order of TMCL in the gel and liquid crystalline phase is the same for
the pure and peptide bound membrane. This means no shift to lower wavenumbers, indicating the
subgel phase formation, as observed for the pure TMCL, is observed with peptides bound to the
membrane. Therefore, the attribution of the transition at 30 °C to a subgel to gel phase transition, as

discussed in the DSC chapter, seems unlikely. The fact that the CH, wavenumber of TMCL in the
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lipid gel and liquid-crystalline phase is not largely altered by the interaction with the arginine
containing peptides might result from the smaller TMCL headgroup size when compared to DMPG.
This means that the peptides have more space by insertion in the bilayer interphase and do not alter

the chain packing by inducing lipid curvature.

3.3.1.2.2 Analysis of lipid carbonyl and peptide amide I bands
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Figure 3-3-5 Top: Temperature dependence of the TMCL carbonyl band intensity ratio (I1723/11740) of the pure
lipid (black) and interacting with the various peptides. Bottom: Temperature dependence of the amide I
(I16s8/T1640) band intensity ratio of the different peptides interacting with TMCL membranes. The solution was
100 mM NacCl (in D20, pH 6.8).

Figure 3-3-5 top shows the temperature dependence of the TMCL carbonyl band ratio. As the
carbonyl band of pure TMCL is largely affected by the subgel phase formation (see Section 2.2.2.2)
a direct comparison can only be performed above 28 °C. When compared to DMPG the absolute
value for the carbonyl band ratio is decreased which might be a result of TMCL headgroup
interactions resulting in a reduction of interfacial water molecules. The change in carbonyl band
ratio from gel to liquid-crystalline phase is comparable between TMCL and DMPG.

Both alternating peptides increase the gel phase hydration of TMCL but show only a small upshift

upon the phase transition around 20° C where the shift in alkyl chain vibration is observed.
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Due to the deeper penetration of the block-peptides c-RRRWWW and c-RRRWFW the hydration
of TMCL is strongly increased for both phases. Also, the shift in carbonyl band ratio at the phase
transition temperature around 20 °C is more pronounced for the block-peptides.

However, the shift in carbonyl band ratio is decreased for the peptide bound membrane when
compared to the pure TMCL hydration change which might be due to the fact that the hydration
state is already increased by the bound peptides.

The amide I band intensity ratio shifts slightly upon the lipid phase transition to higher numbers for
the three arginine-tryptophan containing peptides indicating an opening of the 3-sheet structure. The
absolute values are comparable to those observed for the peptides interacting with DMPG in gel

phase and slightly reduced for the liquid-crystalline phase.

3.3.1.2.3 Analysis of guanidinium and indole bands
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Figure 3-3-6 Top: Temperature dependence of the guanidinium band intensity ratio (Iisss/Iisos) of the four
arginine-containing peptides bound to TMCL membrane. Bottom: Temperature dependence of the indole
vibrational peak position of the different tryptophan-containing pure peptides (triangles with their respective
linear fits) and bound to TMCL membrane (squares). The solution was 100 mM NacCl (in D20, pH 6.8).

Figure 3-3-6 top shows the temperature dependence of the guanidinium band intensity ratio of the

four arginine-containing peptides when bound to TMCL. For TMCL no shift in guanidinium band

110



intensity ratio is observed, meaning that the guanidinium remains unaffected of the changes
occurring during lipid phase transition. The absolute values of c-RRRWWW in the gel phase are the
same for TMCL as for DMPG, whereas for ccRRRWFW the absolute values of the liquid-crystalline
phase are comparable. Also, the slope of c-RFRFRF, c-RRRWFW, c-RRRWWW and between 10°C
to 34°C for c-cRWRWRW is comparable to the slope observed for the block-peptides in solution. As
the temperature stability of the guanidinium interaction is similar to the unbound peptides in solution
the guanidinium group might not be strongly interacting with the lipid headgroup. The slight changes
in guanidinium ratio when compared to the peptide in solution might therefore be due to slight
changes in hydration when located at the membrane interphase.

The indole vibrational peak maximum is shifted to lower wavenumbers after binding to TMCL
membranes, as displayed in Figure 3-3-6 (bottom). The temperature dependent measurement
displays a shift in the indole peak maximum at the phase transition temperature for cRRRWWW
and most pronounced for c-RRRWFW. This indicates again that ccRRRWFW reorients upon the
lipid phase transition as already discussed for the DMPG membrane. As the signal is an average of
two tryptophan moieties in case of c-RRRWFW and an average of three tryptophan moieties in case
of c-RRRWWW, the observed differences might also be a result of different penetration depth of
the central hydrophobic amino acid (394) leading to a further downshift and reduced changes upon
the phase transition of the indole vibrational peak maximum.

However, for c-RRRWWW bound to the TMCL membrane the indole peak maximum is shifted to
lower wavenumbers in the lipid gel phase when compared to DMPG. This might be a result of less
hydrated membrane interphase where the tryptophan moieties are located.

The indole vibrational maximum of c-RWRWRW bound to TMCL undulates around a constant
value in the temperature dependent measurement. This value is slightly below the one observed for
the DMPG membrane which might also indicate a better shielding of the indole groups from water

molecules when the alternating peptide is bound to the TMCL membrane.

3.3.1.3 Comparison of peptide interaction with pure DMPG and pure TMCL membrane

For both lipid membranes the block-peptide seem to orient more parallel and the alternating peptide
more perpendicular to the membrane normal. This can be deduced from the increased lipid carbonyl
hydration of the block-peptides observed for DMPG (Figure 3-3-2) and TMCL (Figure 3-3-5) where
similar tendencies are observed. Also the changes in carbonyl band ratio upon the lipid phase
transition are decreased for the two alternating peptides bound to both lipid membranes. This can be
explained by a better compensation of the increase in lipid area by the superficially bound peptides.
Furthermore, the lower indole vibration wavenumbers for the block-peptides when compared to the
alternating c-RWRWRW observed for the peptides bound to both membranes indicate that the

block-peptides insert deeper into the membrane. However, the reorientation of c-RRRWFW seems
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to be of larger scale for the DMPG phase transition where a larger shift in the amide I band intensity
ratio, guanidinium band intensity ratio and indole vibrational peak maximum is observed than for
¢-RRRWFW bound to TMCL.

Another major difference is that peptide binding has a higher impact on lipid chain order for the
DMPG membrane than for the TMCL membrane. This means that TMCL can better compensate for
the occupied peptide volume which might be a result of the reduced headgroup area. The headgroup
area per lipid chain is smaller for TMCL when compared to DMPG (and even when compared to
DMPA) and the headgroup hydration is reduced when compared to DMPG (compare absolute values
in Figure 3-3-2 and 3-3-5), the free area per peptide located in the lipid headgroup is therefore larger.
This additionally explains why almost no changes in guanidinium and amide I band ratio is observed

for the peptides bound to TMCL.
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3.3.2 PG/PE mixtures

To investigate the structural effects occurring during lipid clustering, we performed ATR-IR
measurements of DMPG and TMCL in membranes mixed with DMPE. To confirm the interpretation
of lipid clusters that mainly consist of charged lipid moieties, we studied the lipid chain melting of
each lipid component with ATR-IR spectroscopy. Upon the lipid phase transition, the wavenumber
of the CH, vibration shifts to higher wavenumbers due to decreasing alkyl chain order. To
distinguish between the phase transitions of the single components, we use DMPE with deuterated
lipid chains (DMPE-ds4). Furthermore, the effect of the additional interaction partner DMPE is

discussed in light of the previous results of pure lipid membranes.
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Figure 3-3-7 Top: Amide I and guanidinium band of the pure peptides in D20 at 10 °C (100 mM NaCl) from
Figure 3-1-3. Spectra are normalized at 1640 cm™. Bottom: Lipid carbonyl, amide I and guanidinium band of
the different peptides bound to vesicles consisting of a DMPG/DMPE-dss 1:1 mixture in D20 at a lipid-peptide
ratio of 2:1 at 10 °C (100 mM NaCl and pH 6.8). Spectra are normalized to the same intensity at 1742 cm’'.

Figure 3-3-7 shows a comparison of the amide I and guanidinium bands of the different peptides in
solution with the different peptides bound to DMPG/DMPE-ds4 1:1 mixed vesicles. Normalizing the
spectra to the lipid carbonyl band intensity shows that the intensities of the peptide bands vary in the
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following order: c-RFRFRF < c-KWKWKW < ¢-KKWWKF = c-RWRWRW < ¢-RRRWFW <
c-RRRWWW. Assuming that the extinction coefficient is the same for all peptides, this finding
means that different concentrations of peptides are in the measurement path. As the lipid vesicles
precipitate on the crystal surface after peptide addition, one can either deduce that the density of the
precipitating aggregates is higher within the more amphipathic block-peptides or that the amount of
peptides bound within these aggregates varies in the afore mentioned order. The latter one is more
likely and supported by ITC results (Figure 3-4-8 (252)).

The guanidinium bands are shifted to lower wavenumbers and the ratio also changes upon peptide
binding to the membrane (compare top to bottom) indicating inter- or intramolecular interactions
with peptide backbone, side groups or the lipid headgroup (see discussion below).

Upon binding to lipid vesicles, only minor changes in amide I band are observed. The amide I band
intensity ratio at 1668 cm™ to 1640 cm™ is displayed for all different temperatures in Figure S3-3-2
and Figure 3-3-10 and will be discussed later. It should be noted that the ethanolamine lipid

headgroup vibration (218) shows only minor contributions to the peptide amide band.

3.3.2.1 Analysis of the CH>, CD; and lipid carbonyl vibrational band

Figure 3-3-8 shows the effect of different cyclic peptides on the phase transition temperature of a
1:1 mixed DMPG/DMPE-dss membrane. Upon addition of cyclic peptides, an additional phase
transition is seen at low temperature for the non-deuterated DMPG (Figure 3-3-8 top) but not for the
deuterated DMPE (Figure 3-3-8 middle), meaning that the clustered domains consist solely of
DMPG molecules.

An impact on the phase transition temperature of the DMPE molecules can be observed for the
block-peptide c-RRRWWW and a little less pronounced for ccRRRWFW. They show the highest
effect on the phase transition downshift of DMPG and DMPE-ds4 in the remaining mixed phase
(upper temperature). The lipid chain order for DMPE-ds4 in the gel phase of the mixed membrane
interacting with the peptides is slightly increased for the arginine and tryptophan containing peptides.
The fluid phase order of DMPE does not change significantly by peptide interaction.

This finding is in contrast to the phase transition temperature upshift for the resulting PG depleted

lipid mixture observed with DSC measurements for various PG/PE mixtures (see Section 3.2.2).
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Figure 3-3-8 ATR-IR temperature dependent measurements of DMPG/DMPE-dss 1:1 mixture pure and
interacting with the tryptophan containing hexapeptides. Top: Temperature dependence of the maximum of
the antisymmetric CHz stretching band of DMPG. Middle: Temperature dependence of the antisymmetric CDx
stretching band of DMPE-dss. Bottom: The intensity ratio of the C=0 stretching band at 11723/11742. The lipid-
peptide ratio was 2:1.

The increased peptide-lipid ratio used in ATR-IR compared to DSC measurements might have this
effect when more peptides accumulate in the mixed membrane, which shifts the phase transition
temperature down due to the insertion of peptide sidegroups into the lipid chain lattice. This might

occur especially when the addition of peptide does not lead to additional clusters, which is assumed
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to occur at a lipid-peptide charge ratio of one (see Section 3.4.2 for details). Here, the measurements
are performed in excess of peptide charges with a peptide-lipid charge ratio of 3 to ensure that
enough lipid clusters are formed, which can be determined by ATR-IR measurements.

For DMPG in the mixed membrane, c-RRRWWW induces a significantly higher chain disorder in
the gel phase deduced from the upshift in wavenumber. This indicates a higher penetration of these
peptides into the lipid chain region. Also, increasing headgroup size caused by sufficiently high
charge distances or additional headgroup hydration might influence the lipid chain order
accordingly. Melting of the clustered DMPG moiety around 20 °C leads to similar wavenumber for
the antisymmetric CH» band of the DMPG molecules, irrespective of the interacting peptides, except
for c-RFRFRF. This indicates that the chain order of the molten clusters in the gel phase matrix of
the depleted mixture is similar in the interaction with the respective peptides. It furthermore means
that the change in lipid chain order from gel phase DMPG to the molten cluster state DMPG is the
lowest for cRRRWWW and increases to c-RRRWFW and again to c-RWRWRW. Either the lipid
chain order in the gel phase varies with the bound peptides, or the amount of clustered lipid varies
with the respective peptide or, a combination of both, which is most likely.

In the liquid-crystalline phase, the lipid chains of DMPG molecules show a higher order compared
to the pure lipid mixture for the three peptides with highest antimicrobial activity cc-RRRWWW,
c-RRRWFW and ¢c-RWRWRW. This is in accordance with the MD simulations performed by
Appelt et al. (270), which predicted an increase of the order parameter S within the first eight CH»
groups of the lipid acyl chain in the fluid phase due to the insertion of the tryptophan indole ring.
This higher order in the liquid-crystalline phase is pronounced for the peptides that show the deepest
penetration. Comparing the wavenumber of DMPG in pure (Figure 3-3-1) and DMPG/DMPE-ds4
mixed membranes interacting with the different peptides, the induction of lipid chain order is
reduced in the clustered lipid mixture. Therefore, the insertion of “bulky” hydrophobic groups such
as the indole group could indeed be an additional driving force contributing entropically to the lipid
demixing, similar to the lipophobic effect (334), as proposed earlier by Appelt et al. (270). The
increased chain order was also shown with WPR measurements for magainin binding to lipid
membranes containing of a PC/PG mixture (395) and in simulation binding to DPPC membranes
(90).

Figure 3-3-8 (bottom) shows the intensity ratio of the carbonyl band at 1723 cm™ and 1742 cm™
(Ii723/11742) for the pure lipid component and interacting with the respective peptides. The interaction
with ¢c-RFRFRF has no effect on the lipid hydration in the gel phase and shows a slight lipid
dehydration in the liquid-crystalline phase. Here, two transitions are clearly distinguishable by the
shift in headgroup hydration.

All arginine-tryptophan containing peptides increase the hydration of the mixed membrane. The
highest upshift is shown by the amphipathic block peptide c-RRRWWW that results in a hydration
level of the gel phase that is comparable to the fluid phase hydration of the pure DMPG membrane.
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The upshift in gel phase hydration is slightly lower for ccRRRWFW. The alternating c-RWRWRW
shows the smallest increase in headgroup hydration when compared to both block-peptides. The
tryptophan-arginine peptides show only a slight stepwise increase in hydration at about 20 °C, the
melting temperature of the lipid cluster, which is most reduced for ccRRRWWW. This reduction in
hydration upon the lipid phase transition of the cluster indicates that the clusters contain most bound
peptides. Therefore, the accessibility of the carbonyl group to water molecules is hindered by the

peptides bound to the clustered DMPG.

3.3.2.2 Analysis of the guanidinium and indole bands

Figure 3-3-9 top displays the temperature dependence of a guanidinium intensity ratio (I1ss4/Ii0s) of
the three arginine-tryptophan containing peptides bound to DMPG/DMPE-d54 1:1 mixed membrane
and to the pure DMPG membrane for comparison (see Figure 3-3-3). The guanidinium intensity
ratio (Iiss4/l160s5) increases at temperatures corresponding to the lipid main phase transition (Figure
3-3-8). A comparison to the pure values and c-RFRFRF is shown in Figure S3-3-3. When the
peptides are bound to the mixed membrane, the difference in guanidinium ratio between the lipid
gel and liquid-crystalline phase is increased when compared to the pure DMPG membrane,
indicating that either additional guanidinium interaction changes occur or that the temperature-
induced changes affect more peptides when bound to the mixed membrane.

As discussed earlier, the difference in guanidinium band intensity ratio from the lipid gel to the
liquid-crystalline phase is similar for all three peptides bound to pure DMPG membrane. The values
of c-RRRWWW bound to the mixed membrane are similar to those observed for the peptide bound
to the pure DMPG membrane. The guanidinium band intensity ratio, however, is shifted to lower
absolute values for ccRRRWFW and c-RWRWRW. Moreover, both peptides also show a stepwise
change in guanidinium band intensity ratio at the main phase transition temperature as it was
observed for the pure DMPG membrane. This indicates that also for the mixed membrane the
increased hydration by c-RRRWWW (see Figure 3-3-8) leads to a competition of water molecules
and the guanidinium group to interact with lipid headgroup moieties.

The temperature dependence of the indole vibrational peak maximum of the three arginine-
tryptophan containing peptides bound to the DMPG/DMPE-ds4 1:1 lipid mixture is shown in Figure
3-3-9 (bottom) in comparison to the indole vibrational peak maximum of the pure peptides in
solution. In Figure S3-3-4 of the supplementary data the original spectra show the band at 1333 cm
of the different tryptophan-containing peptides in solution and bound to DMPG and DMPG/DMPE
mixed membranes, respectively (c-RFRFRF is shown for comparison). The highest wavenumber of
the tryptophan band position is shown by c-RWRWRW emphasising the different behaviour of the
pure peptide in solution as already discussed for the amide I and guanidinium band ratios when

compared to the other peptides (see Chapter 3.1.2)
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Figure 3-3-9 Top: Temperature dependence of the guanidinium band intensity ratio (Iissa/licos) of
c-RWRWRW, c-RRRWWW and c-RRRWFW bound to DMPG (circles) and DMPG/DMPE-ds4 1:1 mixture
(squares). Bottom: Temperature dependence of the indole vibrational peak position of c-RWRWRW,
c-RRRWWW and c-RRRWFW pure (triangles) and bound to DMPG/DMPE-ds4 1:1 mixed membrane
(squares). The solution was 100 mM NaCl (in D20, pH 6.8). The lipid-peptide ratio was 2:1. The lines are
plotted to guide the eye.

Binding to the mixed lipid membrane leads to a decrease in wavenumber of the indole vibrational
peak, as it was already observed for the pure lipid membranes. However, the downshift is further
increased for all peptides meaning that the peptides insert deeper into the mixed membrane than into
the pure DMPG as a result of reduced headgroup size and charge density. As observed for the pure
membrane c-RRRWWW shows no changes in indole vibration within the observed temperature
interval supporting the finding that the location of the peptide is not altered upon changes in lipid
phase state. Unlike the observation for the pure DMPG membrane, c-RRRWFW shows no changes
in indole vibration upon lipid melting when bound the mixed membrane, neither for the melting of
the lipid cluster nor the remaining lipid mixture. The value for the indole peak maximum of c-
RWRWRW increases slightly upon the transition from gel phase to the molten cluster state as it was
observed for pure DMPG and decreases again to lower wavenumbers upon the melting of the

remaining lipid mixture. This indicates that the indole group is more exposed to water in the molten
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cluster state. This indicates that cc-RWRWRW changes in peptide structure, orientation or location

within this state.

3.3.2.3 Comparison of relative changes in CH>, CD:, amide I and guanidinium bands

To compare the relative molecular changes of lipid and peptide moieties like shifts in lipid alkyl
chain and carbonyl vibrational band position, as well as amide I and guanidinium band intensity
ratios, Figure 3-3-10 shows the respective lipid and peptide transitions plotted for the arginine-
tryptophan-containing peptides scaled from O to 1.

The absolute values for the amide I band intensity ratios for each peptide in solution, bound to
DMPG and to the DMPG/DMPE-dss mixture, are shown in Figure S3-3-2 of the supplementary data.
Here, it can, additionally, be seen that the most pronounced change in amide I band intensity ratio
occurs for the three arginine-tryptophan-containing peptides when bound to the mixed membrane.
The scaling of the wavenumbers for the antisymmetric CH, vibration band relates the relative
number of changes in lipid order to the structural changes in peptides and allows to identify a
correlation more quantitative and, thus, possible interaction partners. From the scaled plot in Figure
3-3-10 it is evident that for c-RRRWFW the melting of the clusters around 20 °C correlates to an
upshift in amide band ratio (Iises/liss0). The c-RRRWFW amide I band intensity ratio remains
constant for a short temperature range in the molten cluster state where the fluid clusters coexist with
the gel phase of the remaining mixture. This effect is less pronounced for ccRRRWWW where
changes in amide I band intensity ratio are seen at lower temperature. For cRRRWWW the amide
I band intensity ratio does not remain constant after melting of the lipid cluster. However, for c-
RWRWRW and ¢c-RRRWWW different slopes in amide I band intensity ratio change can be
observed for the different phases indicating that the lipid phase state influences the opening of the
1<—4 B-sheet hydrogen bond of the turn structure. This can be a result of increasing lipid headgroup
area and/or intermolecular hydrogen bonds, e.g. with the lipid headgroup moieties like phosphate,
glycerol or ethanolamine, upon the melting of the lipid chains.

The guanidinium band intensity ratio (Iiss4/lisos) is found to increase for the block-peptide
c-RRRWWW and c-RRRWFW upon melting of the lipid cluster. Before the melting of PE occurs,
these peptides already show more than 50 % of the overall guanidinium band intensity ratio change

occurring during the entire lipid melting.
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Figure 3-3-10 ATR-IR temperature dependent measurements. Scaled plot of the ratio of change vs.
temperature of the CHz, CDz, amide I band, carbonyl band and guanidinium band intensity ratios for
c-RWRWRW (top), c-RRRWWW (middle) and c-RRRWFW (bottom). The lipid-peptide ratio was 2:1.

However, ccRWRWRW shows a completely different behaviour. The guanidinium band intensity
ratio is clearly not affected by the melting of the lipid cluster. It increases with DMPE melting of the
remaining lipid mixture. This clearly illustrates again the different interaction of c-RWRWRW and
c-RRRWWW which might most likely result from different orientation. The perpendicular

orientation might allow the alternating peptide to maintain a guanidinium-headgroup interaction
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upon the melting of the cluster whereas the orientation parallel to the membrane normal of the
amphipathic block-peptides leads to changes in guanidinium interaction upon the increase in lipid
headgroup distance during the melting of the cluster. The overall reduced hydration of the
c-RWRWRW bound membrane, combined with the reduced hydration of the cluster upon the phase
transition, might also not affect the guanidinium vibration when the moieties are buried in the
membrane core. However, an interaction with the tryptophan moieties of c-RWRWRW in the lipid
cluster can be excluded, as the indole vibrational peak maximum shows a clear upshift upon the
melting of the cluster (Figure 3-3-9).

Although different interactions occur between the alternating and block-peptides, in both cases lipid
demixing is observed. This means that this specific lipid-peptide interaction cannot be the decisive

parameter for the clustering.

3.3.3 TMCL/DMPE mixtures

When DMPG is replaced by TMCL in a 1:1 mixture with DMPE, the peptide induced demixing is
observed at lower lipid-peptide ratios as a result of better lipid miscibility, as discussed in Section
3.2.3. The structural effects occurring in this lipid mixture are discussed within the following section
in comparison to the previous observation for the DMPG/DMPE-dss mixture. Of particular interest
is the composition of the domains observed for the TMCL/DMPE clusters, as the phase transition
temperature occurring after peptide addition is different from the main phase transition of the pure

TMCL.

3.3.3.1 Analysis of the CH>, CD; and lipid carbonyl vibrational band

The lipid-specific vibrational bands for TMCL and deuterated DMPE-ds4 of the TMCL/DMPE-ds4
1:1 mixture interacting with the two alternating peptides c-RFRFRF and ¢c-RWRWRW, and the
block-peptide c-RRRWWW in a 2:1 lipid-peptide ratio, are shown in Figure 3-3-11.

TMCL shows two distinguishable phase transition peaks when peptides are bound to the mixed
membrane (Figure 3-3-11, top). For DMPE only one transition, the transition of the mixed
membrane, can be observed (Figure 3-3-11, middle).

Some differences emerge when comparing the results of TMCL in the mixed membrane with the
ones from the pure membrane interacting with the different peptides. For the pure lipid, no shift in
gel phase and fluid phase order upon peptide binding was observed (see Figure 3-3-4). In the mixed
membrane, however, the alternating peptides c-RWRWRW and c-RFRFRF shift the wavenumbers
in the fluid phase and c-RFRFRF also the wavenumbers in the gel phase to values about 1 cm™ above
the ones of the pure lipid in the lipid mixture. The block-peptide c-RRRWWW seems to decrease
the fluid phase order of TMCL slightly. Therefore, the fluid phase order is influenced differently by
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block-peptide or alternating peptides. As an outcome, the shift in wavenumber from an ordered

TMCL gel phase to a disordered fluid phase is decreased by c-RFRFRF and c-RRRWWW when

compared to TMCL in the pure membrane.
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Figure 3-3-11 ATR-IR temperature dependent measurements. Top: Effect of peptides on the wavenumber of
the maximum of the antisymmetric CHa stretching band of TMCL. Middle: Antisymmetric CD; stretching
band of DMPE-dss in a TMCL/DMPE-ds4 1:1 mixture (black). Bottom: The intensity ratio of the C=0
stretching band [1723/11742. The lipid-peptide ratio was 2:1.
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When compared to the fluid phase order of DMPG in the DMPG/DMPE-dss mixture a similar
tendency, but not as pronounced for c-RWRWRW, is observed. For the gel phase order in
DMPG/DMPE-ds4 1:1 membranes, however, no impact of c-RFRFRF binding is observed and c-
RRRWWW induces the highest gel phase disorder of DMPG.

The wavenumber of the charged TMCL after the first transition in the molten cluster state varies in
dependence of the bound peptide. This is also in contrast to the DMPG/DMPE-dss mixture where
the DMPG wavenumbers for all peptides is ~2921 cm™ except for c-RFRFRF (see Figure 3-3-8).
For both mixtures, the peptide impact on DMPE acy] chains is similar. The phenylalanine-containing
c-RFRFRF has no impact on the gel phase acyl chain order, whereas c-RWRWRW and
c-RRRWWW increase the lipid chain order slightly. However, the lipid chain order of DMPE in the
fluid phase is somewhat decreased by c-RFRFRF and marginally increased by c-RWRWRW and
c-RRRWWW. This means that the change in lipid chain order from gel to fluid phase is increased
by c-RWRWRW and ¢c-RRRWWW and decreased by c-RFRFRF when compared to the DMPE in
the pure lipid mixture.

The effect of peptide binding on the lipid carbonyl band of the TMCL/DMPE-dss mixture is
displayed in Figure 3-3-11 (bottom). The highest impact on headgroup hydration of both lipids is
shown by c-RRRWWW, as observed for the DMPG/DMPE-dss mixture. However, the binding of
c-RFRFRF decreases the headgroup hydration in both states and not only the fluid phase, as observed
for DMPG/DMPE-dss. The alternating c-RWRWRW has no impact on the headgroup hydration in
the gel phase but decreases the fluid phase headgroup hydration to the same extent as c-RFRFRF
does when compared to the pure lipid mixture.

The difference in fluid to gel phase hydration is slightly decreased for the other peptides in the order
c-RRRWWW < ¢-RFRFRF < ¢c-RWRWRW when compared to the pure lipid mixture. This is a
remarkable difference to the peptide effect on DMPG/DMPE-ds4 lipid hydration where the arginine-
tryptophan-containing peptides show only little to no effects on the difference of lipid gel to liquid-
crystalline phase hydration when compared to the pure mixture. This indicates that
arginine-containing peptide-lipid interactions take place in the lipid chain region in the case of
DMPG/DMPE-dss 1:1 mixtures and are more pronounced in the headgroup region for
TMCL/DMPE-ds4 1:1 mixtures.

Another remarkable difference of c-RWRWRW and c-RRRWWW bound to the TMCL/DMPE-ds4
mixture compared to the DMPG/DMPE-dss mixture is that the hydration correlates to the melting
temperature of DMPE-ds4 and does not increase as significantly with the melting of the lipid clusters,
as observed when DMPG is clustered. However, as the effect of headgroup hydration is reduced for
clustered DMPG, as it can be seen in Figure 3-3-10, a reduced amount of clustered TMCL together

with minor changes in critical packing parameter might lead to this observation.
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3.3.3.2 Analysis of the amide I, guanidinium and indole bands

The temperature dependence of the amide I and the guanidinium band of c-RFRFRF, c-RWRWRW
and c-RRRWWW bound to the TMCL/DMPE-ds4 1:1 mixed membrane is displayed in Figure 3-3-
12. Whereas ¢-RFRFRF displays a constant positive slope in the temperature dependence of the
amide I ratio, as observed for the pure peptides, c-RWRWRW and c-RRRWWW display a stepwise
increase at temperatures of the respective main phase transition. This increase indicates an opening
of the B-turn upon the phase transition of the remaining mixture. For the DMPG/DMPE-dss mixture,
an additional shift of the amide I band was observed upon the melting of the clustered lipid (Figure
3-3-10) which is absent when the peptides are bound to the TMCL/DMPE-ds4 1:1 mixed membrane.
This means that either no peptide is bound to the lipid clusters or the cardiolipin does not induce a
hydrogen bond opening as a result of different peptide orientation, alternative binding partners or
change in lipid area. As the amount of clustered lipid is reduced for the TMCL/DMPE mixture (see
Section 3.2.3) when compared to the DMPG/DMPE mixture also the number of bound peptides to
the cluster might be reduced and therefore the impact of these peptide transition is not sufficient to

change the overall amide I ratio of the peptide band.
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Figure 3-3-12 ATR-IR temperature dependent measurement of the amide I band intensity ratio lisss/I1640 (left)
and the guanidinium band intensity ratio at Iissa/lico3 (right) of the different peptides interacting with the
TMCL/DMPE-ds4 1:1 mixture. The lipid-peptide ratio was 2:1. The lines are averaged data points to guide the
eye.

The effect of peptide binding on the temperature behaviour of the guanidinium band ratio is shown
in Figure 3-3-12 (right). Here, c-RFRFRF again shows a steady increase in band ratio with increasing
temperature. The guanidinium band ratio for ccRRRWWW remains unaffected in the observed
temperature range including the phase transition temperatures. This was already observed for the
interaction with pure TMCL (Figure 3-3-6) indicating a guanidinium interaction that is independent
of the lipid phase changes. The guanidinium band intensity ratio of c-RWRWRW bound to
TMCL/DMPE-ds4 1:1 mixed membrane shifts to lower wavenumbers at ~40 °C where the mixed
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lipids undergo a phase transition. For ccRWRWRW interacting with the pure TMCL membrane a
negative slope for the temperature dependent guanidinium band ratio was observed (Figure 3-3-6)
but a downshift in guanidinium band intensity ratio was not observed for the DMPG containing
mixture. This indicates that ccRWRWRW can form guanidinium interactions with the TMCL
headgroup with increasing temperature. In case of the TMCL/DMPE-dss membrane the lipid phase
transition leads to a decrease in headgroup interactions between TMCL and DMPE-dss which
enables the interaction of both lipid headgroups with the guanidium group of c-RWRWRW leading

to the observed downshift.
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Figure 3-3-13 Temperature dependence of the tryptophan-indole peak-maximum of c-RWRWRW and
c-RRRWWW bound to DMPG/DMPE-ds4 1:1 and TMCL/DMPE-ds4 1:1 mixtures. For the TMCL/DMPE-ds4
1:1 mixture the first and second upscan is depicted. The lipid-peptide ratio was 2:1. The lines are plotted to
guide the eye.

Figure 3-3-13 shows a comparison of the tryptophan peak position of the first and second
temperature upscan of c-RWRWRW and c-RRRWWW bound to TMCL/DMPE-ds4 1:1 mixture (the
DMPG/DMPE-ds4 mixture is also displayed for comparison).

In equilibrium, i.e. in the second upscan, the indole vibrational peak maximum at low temperatures
is downshifted to 1332 cm™ for ccRWRWRW and c-RRRWWW, indicating that the tryptophan
interaction is similar for both peptides in the clustered gel phase of the TMCL/DMPE-dss mixture.
This low value could be the result of a specific indole interaction or a dehydration of the indole
group, indicating that the indole group is buried deeper in the membrane.

During melting of the lipid clusters, a slight upshift in wavenumbers is observed, which is more
pronounced for c-RWRWRW. This indicates a hydration of the peptides bound to the melting

cluster. For ccRWRWRW, however, the wavenumber decreases again upon further heating which
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hints towards a reorientation of the peptide or a redistribution of the peptide between the clustered
TMCL liquid crystalline phase and the gel phase of the remaining lipid mixture.

Upon melting of the remaining mixture at 40 °C, the indole vibrational peak of c-RWRWRW shifts
by 1.5 cm™ to higher wavenumbers, resulting in a similar wavenumber as observed for the peptide
bound to the DMPG/DMPE-dss fluid phase membrane. For ccRRRWWW, this shift in indole
vibration upon the phase transition of the reaming mixture is only 0.5 cm™ but also results in a similar
wavenumber as observed for the peptide bound to the DMPG/DMPE-ds4 fluid phase membrane.
This means that the state of tryptophan in the gel phase is similar for both peptides bound to the
TMCL/DMPE-dss 1:1 mixed membrane. In the liquid-crystalline phase it is different for each
peptide but similar for both binary lipid mixtures. In the case of c-RWRWRW also a downshift in
guanidinium ratio was observed (Figure 3-3-12) upon the phase transition of the remaining mixture.
This indicates that the reorientation of c-RWRWRW from the molten cluster to the liquid-crystalline
phase of the TMCL/DMPE-ds4 1:1 membrane might be a result of guanidinium interaction with the
lipid headgroup that become accessible during lipid melting or a result of an arginine-tryptophan
interaction like hydrogen bonding or m-stacking. The arginine-tryptophan interaction are unlikely
for the clustered phase because changes in tryptophan are observed with melting of the lipid clusters,
whereas the guanidinium band intensity ratio remains constant in this temperature interval below

20 °C (see Figure 3-3-13).

3.3.3.3 Changes in lipid and peptide band frequencies and intensities from first to second upscan

As TMCL shows a more complicated thermotropic behaviour as pure lipid membrane (Section
2.2.2), in lipid mixtures (Section 2.3.2 and 2.3.3) and interacting with the cyclic peptides (Section
3.2.3) we investigated the effect of c-RRRWWW and c-RWRWRW on the TMCL/DMPE-ds4 1:1
membrane with ATR-IR spectroscopy for also the first upscan. The DSC results of the different
peptides interacting with the TMCL/DMPE-ds4 1:1 mixture, are shown in Figure 3-2-11. They show
a difference between the first upscan where the peptide is bound to the membrane in the gel phase
and following upscans where, due to cycles through the phase transition, an equilibrium is reached
(see Section 3.2.3). The CH; antisymmetric vibrational band, however, does not show a major
change in acyl chain vibration from the first to the second scan as displayed in Figure S3-3-5. Also,
only minor variations in lipid carbonyl vibration (not shown) as well as amide I and guanidinium
vibration (Figure S3-3-6) are observed from first to second upscan.

The peak position of the indole vibration, however, shifts downwards after the first heating cycle as
displayed in Figure 3-3-13. This effect is more pronounced for c-RWRWRW than for ccRRRWWW.
The indole vibrational peak maximum after first binding of c-RWRWRW and c-RRRWWW to the
TMCL/DMPE-dss membrane is in similar range as the peak position observed for the peptides
binding to the DMPG/DMPE-dss membrane. As observed in the second upscan an upshift in indole
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vibration wavenumber is observed upon melting of the lipid cluster that decreases again to the same
value upon further heating.

The fact that the DSC and ATR-IR measurements display differences between the first and the
second heating cycle support the interpretation that DMPE and TMCL in the gel phase form
headgroup interactions as discussed in Section 2.3.3 leading to the observed gel phase stabilisation.
These headgroup interactions hinder the tryptophan moieties to penetrate the lipid chains as it is
observed for the first upscan. The transition to the liquid crystalline phase leads to an opening of the
headgroup H-bonds and therefore the tryptophan moieties can insert into the lipid gel phase bilayer

during the second cooling and heating cycle.

3.3.3.4 Effect of lipid mixture on the peptide indole vibrational peak maximum

A comprehensive comparison of the temperature-dependent indole vibration peaks of the

tryptophan-containing peptides bound to different lipid membranes is presented in Figure 3-3-14.
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Figure 3-3-14 Temperature dependence of the tryptophan-indole peak-maximum for c-RRRWWW and
c-RRRWFW (left) and c-RWRWRW (right) in solution and bound to the different lipid membranes. The lipid-
peptide ratio was 2:1.

All arginine containing peptides display a similar value in downshift of the wavenumber of the
characteristic tryptophan band maximum upon membrane interaction, as shown in Figure 3-3-14.
The largest shift is seen for the peptides bound to the mixed membrane, especially the
TMCL/DMPE-ds4 1:1 mixed membrane in the gel phase. This indicates that in presence of DMPE
the tryptophan groups are better shielded from water molecules due to a deeper membrane
penetration which might simply be an effect of reduced headgroup area and decreased critical
packing parameter of DMPE.

The block-peptide c-RRRWWW shows no temperature dependence of the indole vibration peak
maximum in solution and bound to pure DMPG or DMPG/DMPE-ds4 mixed membranes indicating

that no conformational peptide transitions or reorientation takes place. The value of the
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¢c-RRRWWW indole vibration peak maximum in the liquid crystalline phase is comparable between
both pure lipid membranes and both mixed membranes. The indole vibration peak maximum for
¢-RRRWWW bound to the TMCL and TMCL/DMPE-ds4 gel phase membrane, however, shifts to
lower wavenumbers. This might be a result of increased chain packing and stronger dehydration of
the TMCL containing membrane interphase.

The absolute values of the peak maximum for c-RRRWFW are comparable to those observed for
c-RRRWWW. However, when bound to the pure lipid membrane, DMPG or TMCL, the indole
vibration shifts to higher wavenumber upon the lipid phase transition. This is due to the
conformational or orientational changes of the c-RRRWFW block-peptide resulting from the lipid
phase transition as already discussed above.

The wavenumbers of the indole vibrational peak of the alternating c-RWRWRW show higher
absolute values when compared to the indole groups of the block-peptides which supports the finding
that the alternating peptide is bound more superficially to the membrane and therefore the indole
moiety is exposed to more water molecules. The highest downshift in indole vibrational wavenumber
when compared to the peptide in solution is displayed by c-RWRWRW bound to the TMCL/DMPE-
dss 1:1 mixture in the lipid gel phase. This indicates that the insertion depth of the alternating and
the block-peptide is comparable when bound to the TMCL/DMPE-ds4 mixture in the gel phase which

might be a result of guanidinium-tryptophan interactions.

3.3.4 Ternary DMPG/DMPE/TMCL mixtures

DSC experiments revealed a phase transition temperature of the clustered domain at 24 °C for the
ternary lipid mixtures interacting with ccRWRWRW, as shown in Figures 3-2-14 and 3-2-15. As
both negatively charged lipids show a transition temperature of the lipid-peptide cluster at 24 °C for
their respective binary mixtures with DMPE, it remained unclear if only one or both negatively
charged lipids are clustered in the domain.

We performed ATR-IR experiments of ternary mixtures composed of DMPG/DMPE/TMCL in a
20%/40%/40% mixture with one of the negatively charged lipids identifiable, i.e. with deuterated or
undeuterated chains. Please note that the surface charge remains constant with increasing DMPG
content in a DMPE/TMCL 1:1 mixture.

Figure 3-3-15 (left) displays the effect of c-RWRWRW on the antisymmetric CH»-vibrational band
of TMCL in the respective ternary mixture when DMPG and DMPE both have completely
deuterated chains. In Figure 3-3-17 (right) the effect is displayed for the same mixture with only
DMPG-ds4 as the deuterated lipid, compared to the respective lipid in the ternary mixture without
peptide. In both cases, two transitions can be observed meaning that both charged lipids are present

in the clustered domain.
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Figure 3-3-15 ATR-IR temperature dependent measurements. Effect of c-cRWRWRW on the wavenumber of
the maximum of the antisymmetric CHz stretching band of TMCL in a DMPG-dss/DMPE-dss/TMCL
20%/40%/40% mixture compared to TMCL in the pure lipid mixture (left). Effect of c-RWRWRW on the
wavenumber of the maximum of the symmetric CD: stretching band of DMPG-dss in a
DMPG-dss/DMPE/TMCL 20%/40%/40% mixture compared to DMPG-ds4 in the respective pure lipid mixture
(right). The lipid-peptide ratio was 2:1. The lines are averaged data points to guide the eye.

The order of both lipids remains unaltered by peptide binding in the gel phase whereas the fluid
phase disorder also remains the same for DMPG-dss but is increased for TMCL after peptide binding

when compared to the lipid in the pure ternary mixture.

3.3.5 Summary

The ATR-IR measurements clearly prove the assumption from the DSC results (Section 3.2) that the
clustered lipids consist solely of the charged lipid component (Figure 3-3-8 and 3-3-11). For the
studied lipid-peptide ratio, the clustered domain in the ternary DMPG/TMCL/DMPE mixture
consists of both charged lipid components DMPG and TMCL (Figure 3-3-17).

The ATR-IR results further support the finding from the DSC results that the penetration depth varies
among the different peptides interacting with lipid membranes. The block-peptide c-RRRWWW
shows the highest impact on the headgroup hydration of all four investigated lipid membranes
(Figures 3-3-2, 3-3-5, 3-3-8 and 3-3-11) and the lowest indole vibrational peak wavenumbers (Figure
3-3-13 and Figure 3-3-14) as a result of a deeper membrane penetration.

The alternating c-RWRWRW (and for some lipid mixtures also the block-peptides) display
structural changes that follow the phase transitions of the lipid membrane. These changes most likely
originate from a relocation or reorientation of the peptide where the alternating peptide is discussed
to be oriented more perpendicular and the block-peptides more parallel to the membrane normal.
The differences in location and orientation also affects the inter- and intramolecular interaction of
the peptide. For example, when c-RWRWRW is bound to the DMPG/DMPE mixture no change in
guanidinium band intensity ratio was observed upon melting of the lipid cluster, whereas the block-

peptides showed a clear dependency (Figure 3-3-10).
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Also in dependence of the lipid membrane, e.g. for the change from DMPG/DMPE to
TMCL/DMPE, different lipid-peptide interactions are observed. For the DMPG/DMPE-ds4 1:1
mixture the melting of the DMPG clusters induces changes in the amide I band intensity ratio of all
arginine-tryptophan containing peptides, whereas no changes in amide I band intensity ratio are
observable upon the melting of TMCL clusters.

In both mixed lipid systems the melting of the lipid clusters does not lead to the expected increase
in carbonyl hydration. This might be a common effect in both lipid mixtures as the peptides
accumulate in the clusters and the increase in lipid area is not compensated for by water molecules
but by changes in peptide structure, orientation or concentration.

Altogether, although the lipid-peptide interaction is influenced by the peptide structure and the
membrane composition, none of the observed structural effects correlate to the clustering efficacy
and antimicrobial efficiency. Therefore, specific lipid-peptide interactions are not the origin of the
observed clustering efficacy of the different peptides. In fact, the peptide structures and the
membrane composition define the orientation of the molecules and thus, lead to a different
penetration depth of the peptide side chains which correlates to the observed clustering.

Another model of antimicrobial action of cyclic peptides occurs from the observation made for cyclic
peptides consisting of alternating L- and D-amino acids which have shown the ability to form tube-
like aggregates (396-398). Therefore, a pore mechanism of antimicrobial action similar to the barrel
stave or toroidal pore mechanism, in which these tube structures span the membrane and lead to
leakage, is discussed for cyclic peptides. The assembly of the peptides to tube-like structures can be
followed by the appearance of an IR band at 3281 cm™ and 1688 cm™ (399, 400), corresponding to
an intermolecular hydrogen bonded [B-sheet network by the cyclic peptide backbone. However, as
these bands do not appear in any of the recorded spectra, the amide I band frequencies show no
further splitting upon membrane interaction and also no membrane permeabilization was observed
(119, 254, 401) we tend to neglect the possibility of peptide aggregation and this model of

antimicrobial action.
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3.4 Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) can be used to determine stoichiometry, enthalpy (AH®°) and
the binding constant K of ligands binding to model membranes. The relation AG®°= AH°—TAS®
gives the free energy of binding (AG°®) and with AG° = AH°—TAS® the respective entropy can be
calculated. Isothermal Titration Calorimetry allows a detailed thermodynamic characterisation
giving insights into the initial peptide binding at low peptide concentration than it could be realised
by DSC or ATR measurements.

To verify the findings of the DSC results and to investigate whether the clustering of lipids occurs
after the first peptides have been added or after reaching a certain threshold peptide to lipid
concentration ratio (7..), we performed ITC measurements with different peptides and lipid mixtures.
Many authors reported thermodynamic parameters on antimicrobial peptide binding to lipid model
membranes. A short, non-comprehensive, overview is given in table S3-4-1. Although the observed
binding parameters vary greatly, a common finding among the publications is that the degree of
peptide binding increases significantly when additional electrostatic interactions occur in charged

lipid membranes compared to membranes only composed of zwitterionic lipids (see also (402)).

3.4.1 Pure lipid-peptide interaction

3.4.1.1 Peptide interaction with DPPG

Figure 3-4-1 displays the titration of DPPG vesicle suspension into solution of the alternating peptide
c-RFRFRF, c-KWKWKW and ¢c-RWRWRW at 20°C. Two separate processes are identifiable. A
first process shows a lipid to peptide stoichiometry of ca. 3, i.e. at a lipid-peptide charge ratio of 1,
followed by a slightly endothermic processes with roughly twice the stoichiometric value. The first
process is endothermic for ccKWKWKW and ¢c-RFRFRF but exothermic for ccRWRWRW. In the
liquid crystalline state of the lipid the binding processes of all three peptides are exothermic as can
be seen in Figure 3-4-2, 3-4-3 and in Figure S3-4-2 and S3-4-3 of the supplementary data. The
comparison shows that the combination of arginine and tryptophan leads to a different heat of
binding profile indicating a different lipid-peptide interaction. As the heat of binding for the second
process seems to be similar among all three peptides, we believe that the second process is of
electrostatic origin and is connected to adhesion and dissociation of vesicles, whereas the first
stoichiometry factor is accountable for the lipid-peptide interaction.

A negative enthalpy of binding was also observed for polyarginine and polylysine binding to POPG
membranes with a value of -1.2 kcal mol™ and -0.2 kcal mol™ at 20 °C, respectively (326). The
enthalpy value for pentalysine binding to a 1:3 POPG/POPC mixture at 27 °C also showed a slightly
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negative enthalpy of -0.1 kcal mol™ (403) and the binding to a DMPG membrane showed a negative
value of -2.5 kcal mol™ in the liquid crystalline phase at 30 °C (unpublished data from Andreas
Erbe). Also, some antimicrobial peptides show a negative enthalpy of binding to different

membranes at certain temperatures as depicted in Table 3-4-1.
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Figure 3-4-1 Top: ITC titration curves at 20 °C. 1.6 mM DPPG vesicle suspension titrated into 20 uM

c-RFRFRF. 1 mM DPPG titrated into in 20 pM c-KWKWKW and 0.8 mM DPPG titrated into 10 uM
c-RWRWRW. All solutions contained 20 mM phosphate buffer (pH 7.2) with 100 mM NaCl. Bottom: Heat

of binding Q in kcal mol™ ! of lipid vs. lipid-peptide ratio.

Therefore, the negative enthalpy contribution for the binding of c-RWRWRW to DPPG membranes
seems to have a different origin than the dehydration of amino acids or lipid alkyl chains. One reason
for this negative enthalpy contribution could be the formation of additional inter- or intramolecular
peptide-peptide, lipid-lipid or lipid-peptide hydrogen bonds upon the lipid-peptide interaction, e.g.
conformational changes of peptides upon membrane binding (325, 326, 404). As the ATR-IR
experiments showed that the amide band ratio of 1668 cm™ to 1640 cm™ decreases for c-RWRWRW,
remains static for c-RFRFRF and increases slightly for ccKWKWKW when bound to lipid
membranes, as shown in Figure S3-3-2, it is likely that the negative enthalpy contribution results

from a B-turn formation of c-RWRWRW upon membrane binding. As the guanidinium and indole
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vibrational bands show a different temperature behaviour (Figure 3-3-3), a contribution to the
negative enthalpy from arginine-tryptophan interactions seems unlikely.

Another difference between c-RFRFRF, c-KWKWKW and the arginine-tryptophan containing
peptides is their lipid membrane penetration depth as discussed in the previous chapters. The
contribution to the negative enthalpy observed for ccRWRWRW could therefore also originate from
the hydrophobic interactions known as the “non-classical hydrophobic effect”. These negative
enthalpic contributions are discussed to appear as a result of van-der-Waals interactions between
non-polar molecule parts, here from the peptide sidegroups, and the membrane hydrocarbon core
(59). Additionally, the induction of increased lipid chain order (405) as seen in the simulation of
cyclic hexapeptide c-RRWWRF binding to DPPC membranes (270) would contribute to the

observed negative enthalpy.

0 60 120 180 240 300 360 420

| IS T T SN A T AN S I T | 0’2
L — 10,0
0 60 120 180 240 300 360 420 L 1-0,2
0,05 IR R N R R RN R [ 15°C 1 04
J ] T T T T T T T T 1
L , 400 ~
0,00 | 1 r 3
- 102 @
1 1L 20°C T
-0,05 1 7 e e e e BN 04 G
| | E SN 40,0 N
-0,10 + 10°C -~ F - -0,4
T T T T T T T T T | 50°C | _
0,2 i s a i ‘ i ‘ ' ‘ ' rh ‘J HJL D IL.L A'14 lI 0008
0,0 . 1! H“\rl“ 19
02 1L 104
04 1 E 55°C 0,8
’ S B B I AU
06 1 - 0,0
o] 10°C 7 | 104
P H N TR AU SO N ERU M S B °oN A
L 60 C _ _0,8
_ L I L L AL L B I -
0L L4819 onpaas sonmass | . -,llllilgil‘llll"! <40 2
2 ot peloil® 4 —
Ke) .‘ b AAA -1 o
€1 " 1 M 1" E
5 F L5 - 1oc 4L *50°C 12 g
a2t =& e 15°C L "cua . 55°C 2
g r° s+ 20°C 1 I + 60°C 1% O
e L B e o e e O I B L L O B B S L B R
0 2 4 12 14 16 18 0 2 4 6 8 10 12 14 16 18

6 8 10
[Lip)/[Pep] [Lip)/[Pep]

Figure 3-4-2 Top left inset: ITC titration curves of 0.8 mM DPPG into 10 uM ¢c-RWRWRW at 10 °C (top)
and heat of binding (bottom) vs. lipid-peptide ratio (square) and a fit of two binding processes (line). Top right:
ITC titration curves of 1 mM DPPG at 15 °C into 10 uM ¢c-RWRWRW and 0.8 mM DPPG at 20 °C, 50 °C,
55 °C and 60 °C. All solutions contained 20 mM phosphate buffer (pH 7.2) with 100 mM NaCl. Bottom left:
Heat of binding vs. lipid-peptide ratio at 10 °C-20 °C. Bottom right: Heat of binding vs. lipid-peptide ratio at
50 °C-60 °C.

Figure 3-4-2 displays the titration curve of DPPG into c-RWRWRW solution at different

temperatures. The inset displays the experiment at 10 °C where the two processes are clearly
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distinguishable. The first process is exothermic at temperatures below and above the lipid phase
transition temperature, whereas the process with a higher stoichiometry is endothermic in the gel
phase and exothermic in the liquid-crystalline phase. The first process shows a negative temperature
dependence, i.e. a negative ArCp, in both lipid phases, meaning that with increasing temperature the
measured heat of binding becomes more exothermic.

As the ITC data is sensitive to the ionic strength (109), vesicle size and vesicle size distribution we
included the peptide c-RRWWREF in our ITC studies for direct comparison. The complete dataset of
titration curves at various temperatures is displayed in Figure S3-4-1 of the supplementary data.
From the direct comparison to c-RWRWRW in Figure S3-4-4 of the supplementary data it is evident
that the more amphipathic small-block cyclic hexapeptide c-RRWWRF, which was investigated in
earlier studies (108, 109, 256, 406), shows a similar binding enthalpy but a lower binding
stoichiometry for both observed processes. The stoichiometry of binding is about half of the value
observed for the alternating peptides.

However, this finding is in contrast to the stoichiometry values found earlier where the stoichiometry
of c-RRWWRF binding to DPPG at 25 °C was determined to be about 1:3 (109). This can mainly
be explained by the use of a buffer system with higher ionic strength (154 mM NaCl solution and
10 mM Tris buffer) and different vesicle preparation. In the present study LUV were prepared by
extrusion to yield a narrow size distribution around 100 nm. The LUVs in the previous study were
prepared by sonication, which leads to a broader size distribution. The different sizes lead to different
curvature energies that impact the lipid-peptide interaction, especially when different charge
distances might play a crucial role, as it was shown for polyamines (312).

The reason for the reduced stoichiometry factor observed for the block-peptide can be that either
only outside binding occurs or that the orientation is different when copare to the alternating peptide.
For the alternating peptide it is likely that it follows a charge stoichiometry when bound parallel to
the surface. For the block-peptides the binding stoichiometry could be lowered when the peptides
orient perpendicularly to the membrane surface because the charge density is higher and the charges
are screened more efficiently.

The thermodynamic parameters AG°, AH® and TAS® of the different PG-peptide interactions for
both processes observed at the stoichiometry parameter N; and N, are summarised in Table 3-4-2.
The binding enthalpy of the first process for the different peptides is displayed in Figure 3-4-3 (AG®,
AH® and TAS® are shown in Figure S3-4-5).

In case of c-KWKWKW an effect of temperature on the binding enthalpy but no systematic
behaviour is observed in the particular temperature range. This might be a result of compensation of
heat effects arising from the different underlying processes. The heat of binding of c-RFRFRF to
DPPG membranes is comparably small. This confirms the finding of DSC and ATR-IR

measurements where c-RFRFRF shows charge compensation effect but no major impact on the PG
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phase transition temperature and the lipid chain order, which means that no processes with large heat

contributions takes place.

Peptide T/°C Ni; N2 K/M! AG°/kcal mol'!  AH®Kkcal mol'  TAS/kcal mol
(Ni; N2) (N5 N2) (N5 N2) (N5 N2)
-RFRFRF 10 3796 2710533 10° 71z L 0.44;0.10 75,72
15 3.3;6.0 1L1°10% 12°10° -6.6;-6.7 0.62;0.27 7.2;7.0
20 4593 1.6°10% 6.1°10° -7.0;-7.8 0.35;0.09 73,79
50 No heat signals detectable
55 4.4;,7.7 7.3°10% 2.0°10° -7.2;-7.9 -0.74;-0.23 6.5;7.7
60  4.1;83 13°10% 1.1°10° 1.7;-1.9 -0.74;-0.15 7.0;9.1
-KWKWKW 10 23;53 5.4°10%7.3°10° -6.4;-6.6 0.4;0.14 6.8;6.7
15 2.2;47 1.0°10% 13°10° -5.7;-5.9 0.7;0.24 6.4;6.1
20 3448 49-10%34°10° 73;-7.7 0.14; 0.04 7.4;7.7
50 1546 45410532010 -7.6,-7.2 -1.6;-0.21 6.0;7.0
55 13;4.1 4.9°10% 5.9°10° -8.7;-8.7 -1.7;-0.26 7.0; 8.4
60 13;4.1 1.510% 1.1°10° -8.5;-8.2 -1.6;0.29 6.9;8.5
¢-RWRWRW 10 3.6;8.1 2.0°10% 2.0°10° -8.2;-8.2 -0.78;0.17 7.4;835
15 2779 39-10% 28 10° -8.7;-8.5 -2.0;0.18 6.7;8.7
20 2.3;7 8.2°10% 3.0°10° -7.9;-8.6 -2.5;0.17 5.4;8.8
50 27371 5.0°10% 5.0°10° -8.4,-9.9 -3.1;-0.26 5.3;9.6
55 3;6.3 354105 7.7 10° -8.2;-103 -2.5;-0.51 5.7,9.8
60 27:64  33.10533°10° -8.4;-84 -3.6;-1.1 4873
c-RRWWRF 10 0726 57-10%1.810° -7.0;-6.8 -1.2;02 5.8,7.0
15 1.0;2.1 247105 5.7°10° -8.4;-7.6 -1.5;0.16 6.9;7.8
20 1032 jge10% 120100 -8.5;-8.1 -2.2;0.06 6.3;8.2
50 10:30 0108 1.0-10° -8.8;-8.9 -2.7;-0.25 6.1;8.6
55 0818 4741057510 -8.5;-8.9 -3.1;-0.66 5.4;8.2
60 09:27 4610511410 -8.6,-7.7 -4.0;-0.79 46,69

Table 3-4-2 Thermodynamic parameters of different cyclic antimicrobial hexapeptides interacting with DPPG
membranes determined by ITC measurements.

For c-RWRWRW temperature dependence of the enthalpy, ArCp, is -170 cal mol™ K™ in the lipid
gel phase and -50 cal mol™ K™'in the liquid crystalline phase. The determined value for c-RRWWRF
is -100 cal mol"' K™ in the lipid gel and -130 cal mol K™ in the liquid crystalline phase. For other
peptidic counter ions the ArRCp values are in a similar range. The value per amino acid residue for
polyarginine binding to POPG membranes in the liquid crystalline phase is -17.7 cal mol™ K" and
for polylysine -15 cal mol' K' (326). Generally, the ARCp value, yields information about the
hydration or dehydration of the lipid headgroup and lipid chain region. For the dehydration of the
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headgroup a ArCp value of approximately +10 cal mol'K™' (181) was determined by adding
glycerol-1-phosphoglycerol to divalent cation solution. The dehydration of a methylene group gives
a ARCp value of ca. -15 cal mol”" K™ (407) resulting from changes in hydrogen bond length and angle
and the number of the perturbed hydrogen bonds in the first hydration shell around the aliphatic
chains (408). For the dehydration of the peptide bond, Makhatadze and Privalov calculated a ArCp
value of +14 cal mol” K™'. The ArCp value of the amino acid residue including the methyl group of
the peptide chain is -72 cal mol™ K™ for tryptophan, -60,1 cal mol”’ K™ for phenylalanine and -
40 cal mol™' K™! for arginine and lysine (409).
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Figure 3-4-3 Temperature dependence of AG, -TAS and AH of c-RFRFRF, c-KWKWKW, c-RWRWRW and
c-RRWWREF for the processes with the stoichiometry value N1.

For c-RFRFRF and c-KWKWKW the superposition of hydrophilic and hydrophobic contributions
seems to compensate whereas the fact that both arginine-tryptophan containing peptides show a
decreased ArCp supports the finding from DSC and ATR measurements that these peptides insert
deeper into the lipid membrane. Therefore, the negative contributions to the heat capacity change by

the dehydration of lipid chains and amino acid side chains are increased.

However, this rough overview of ArCp contributions does not consider concurrent changes in lipid
area and chain packing. For the binding of the earth cations Mg?*, Sr*" and Ca** to DMPG bilayers,
a negative temperature dependence of -2.9 cal mol™ K, -3.6 cal mol" K™ and -14.1 cal mol™' K™ is
found, respectively (181) because the headgroup charge compensation leads to a better chain
interaction and a reduced water content in the hydrophobic bilayer region. For divalent polyamines
the ArRCp values increase with increasing CH,-spacer length from -5.8 cal mol' K' for
ethylenediamine to -2.7 cal mol” K™! for propylenediamine to +0.5 cal mol"' K for butenediamine
(putrescine) when binding to DPPG vesicles (see supplementary data S3-4-8). This is in general

agreement with the finding from Garidel and Blume (181), as the longer polyamine spacer leads on
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the one hand to an increased dehydration of the headgroup and on the other hand the increasing
charge distance deteriorates the lipid chain interaction as demonstrated by DSC and monolayer
experiments (312).

The determined binding constants of the alternating peptides bound to DPPG at 20 °C are 1.6-10°
M for ¢-RFRFRF, 1.6-10° M™! for c-KWKWKW and 8-10° M™! for c-RWRWRW (see Table 3-4-
2). These values are in the same range as observed for the linear analogue Ac-RRWWRF-NH,
(4.8-10°M™" and 1.5-10° M when bound to POPG and POPC vesicles at 30 °C, respectively (315))
and are two orders of magnitude higher than expected for trivalent cations (see Section 3.1.3). This
already indicates that the hydrophobic residues also contribute as a driving force for binding to lipid
vesicle membranes. The Gibbs free energy change (ArG®) is similar for all arginine containing
peptides in both lipid phases and is ~-7.2 kcal mol! for c-RFRFRF and -8.3 kcal mol” for
c-RWRWRW and c-RRWWRF. For c-KWKWKW binding to DPPG membranes ArG®
is -7.2 kcal mol™ in the lipid gel and -8.8 kcal mol in the liquid crystalline phase. For all peptides
the entropy is the main contributor to the Gibbs free energy. However, for ccRWRWRW and
c-RRWWREF in both phases and for ccKWKWKW in the liquid crystalline phase the negative
enthalpy also contributes to the Gibbs free energy.
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Figure 3-4-4: AG® calculated from the K-values determined by ITC for cyclic peptides plotted against
hydrophobic free energies AG°no which were calculated using the Wimley-White interfacial hydrophobicity
scale. The dotted line displays the theoretical values for a simple electrostatic and hydrophobic binding
additivity.

To understand the influence of hydrophobic and electrostatic interactions on the measured AG®, a
plot versus the theoretical AG®°no, calculated from the hydrophobic free energies for each amino acid

and the peptide backbone is shown in Figure 3-4-4. The values were taken from the Wimley-White
hydrophobicity scale (314). In case of pure additivity of electrostatic and hydrophobic interactions,
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a shifted straight line with a slope of one would be expected (see Section 3.1.3 and (313)). The
expected AG® resulting from pure electrostatic interactions, calculated from equation (3.2), is -
8.5 kcal mol™ for a trivalent peptide interacting with a pure DPPG membrane comprising an
electrical surface potential of 122 mV. The observed AG® values are shifted to less negative values.
This means that a simple additivity does not hold.

All data points are on a straight line with a slope of 0.57. However, the value for the slope is below
one, which again means that hydrophobic and electrostatic interactions do not simply sum up. The
electrostatic interaction is decreased by hydrophobic interactions, as it was described earlier for
different indolicidin derivatives by Ladokinh et al. (313). The authors report a reduction of the slope
to a value of 0.3 with a reduction in effective valence (z.r) (410) of 6-7% for each additional increase
in hydrophobic free energy of 1 kcal mol”. As our value is significantly above the reported value
we believe that additional contributions to the free energy take place in case of cyclic peptide binding
to DPPG membranes. For indolicidin, the formation of secondary structure upon peptide to vesicle
binding could be excluded. For cyclic peptides, the ATR-IR experiments show that the additional
[B-sheet formation upon c-RWRWRW binding to DPPG membranes in both phases takes place. A
decrease in amount of B-sheets is observed upon vesicle binding of c-RFRFRF in the liquid
crystalline phase and for ccKWKWKW in both phases (see Figure S3-3-2 of the supplementary data)
as it was discussed above. The enthalpic contributions from the formation or opening of B-sheet

forming H-bonds might cause the difference in ArRG®.
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3.4.1.2 Peptide interaction with TMCL

3.4.1.2.1 The alternating peptide c-RWRWRW interacting with TMCL
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Figure 3-4-5 400 uM TMCL suspension (100 nm vesicles in phosphate buffer pH 7.2) titrated into 10 pM c-
RWRWRW solution at 10 °C, 15 °C, 20 °C and 50 °C and 20 uM c-RWRWRW solution at 55 °C and 60 °C.
Top three left and right: Titration curves. Bottom left: Heat of binding vs. lipid-peptide ratio at 10 °C-20 °C.
Bottom right: Heat of binding vs. lipid-peptide ratio at 50 °C-60 °C.

Figure 3-4-5 shows the titration of 400uM pure TMCL vesicle suspension into 10 uM and 20 uM
c-RWRWRW solutions at different temperatures below and above the lipid phase transition. For
TMCL interacting with cyclic peptides, only one heat effect and one binding stoichiometry is
observed at all temperatures (besides c-KWKWKW at 20°C, see Figure S2-4-5 of the supplementary
data).

At 15°C and 20 °C an endothermic heat of reaction is observed which strongly increases with
increasing temperature. In the liquid-crystalline phase of TMCL, the peptide binding is exothermic
and becomes slightly more negative from 50 °C to 60 °C indicating a negative ArRCp. The average
stoichiometry of 1.4 is close to the expected value of 1.5 where charge equilibrium is reached. This

means that also the inner lipid monolayer is accessible for peptide binding.
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3.4.1.2.2 The block-peptide c-RRRWWW interacting with TMCL

The interaction of c-RRRWWW with pure TMCL membranes is shown in Figure 3-4-6. Similarly
to the alternating peptide, the heat of binding is endothermic and shows a large positive ArCp value

for TMCL in the gel phase. For c-RRRWWW ArH® for binding to the liquid crystalline phase is also

negative.
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Figure 3-4-6 400 uM TMCL suspension (100 nm vesicles in phosphate buffer pH 7.2) titrated into 10 pM c-
RRRWWW solution at 10 °C, 20 °C, 50 °C and 60 °C and 20 uM c-RRRWWW solution at 15 °C and 55 °C.
Top three left and right: Titration curves. Bottom left: Heat of binding vs. lipid-peptide ratio at 10 °C-20 °C.
Bottom right: Heat of binding vs. lipid-peptide ratio at 50 °C-60 °C.

The average stoichiometry of the block-peptide binding to a TMCL membrane, however, is with 0.6
only, about half the value observed for the alternating peptide. This was similarly observed for
c-RRWWRF and ¢-RWRWRW binding to DPPG membranes (Figure 3-4-4). This means that the
stoichiometry of binding of alternating peptides to lipid membranes is governed by charge
interactions, whereas for the block-peptides the lipid-peptide stoichiometry is lowered. As the other
thermodynamic values are comparable between the block-peptide and alternating peptides, the heat-
contributing effects like bond-formations, hydrophilic and hydrophobic interactions are similar.
However, the difference in stoichiometry could be explained that mainly outside binding occurs for
the block peptides whereas the alternating peptide binds to the inner monolayer. Another possibility
is that the orientation of the peptide to the lipid bilayer might cause the difference in stoichiometry

as the block-peptides might screen the lipid charges more efficiently.
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The different interaction for the cyclic peptides in the lipid gel phase of DPPG and TMCL might be
due to a formation of the subgel phase in case of TMCL during the temperature equilibration time
of the ITC instrument. The DSC results show that the peptide decreases the subgel transition
temperature, indicating that the peptides insert into the lipid chain lattice (Section 3.2.1). The lipid
chain order is strongly increased in the subgel phase with its triclinic structure (see Section 2.2.2). It
undergoes an endothermic transition into a hexagonal chain lattice of the gel phase with reduced
chain interactions. The insertion of peptide side groups and the partial transformation of a triclinic
into a hexagonal structure might lead to the observed positive ARH® values and a ArCp value of about
1 kcal mol K.

For the liquid-crystalline phase, the value for ARH® is about double negative when compared to the
one observed for the arginine-tryptophan containing peptides binding to the liquid-crystalline phase
of DPPG. The determined ArCp value of c-RRRWWW binding to TMCL is -360 cal mol™ K™. This
value is about two to three times more negative than observed for c-cRWRWRW and c-RRWWRF
interacting with DPPG. As the binding constant is increased for the peptide binding to TMCL, the
increased amount of binding peptides might also cause an increased dehydration of the lipid chains

leading to the observed decrease in ArCp.

Peptide T/°C N K/M! AG®/kcal mol! AH®/kcal mol”! TAS®/kcal mol!

c-RWRWRW 15 1.2 4.5x10° -8,7 2.7 11.4
20 1.2 4.5x107 -10,3 9.1 19.4
50 0.9 6.8x10° -10,1 -5.9 4.2
55 1.2 8.3x10° -10,4 -5.9 4.5
60 1.2 3.9x10° -10,0 7.0 3.0

c-RRRWWW 15 0.8 2.9x107 9,8 4.9 14.7
20 0.8 5.0x108 -11,6 10.5 22.1
50 0.5 8.3x10° -10,2 -6.3 3.9
55 0.7 1.0 x107 -10,5 -6.9 3.6
60 0.6 2.6x10° 9.8 9.9 -0.1

Table 3-4-3 Thermodynamic parameters of c-RWRWRW and c-RRRWWW interacting with TMCL
membranes determined by ITC measurements.

The titration of TMCL membranes to c-RFRFRF and c-KWKWKW solution is shown in Figure S3-
4-6 and S3-4-7 of the supplementary data, respectively. Table 3-4-3 summarises the thermodynamic
parameters for c-RWRWRW and c-RRRWWW binding to TMCL membrane at different

temperature.

The average binding constant of 1.4-10” M™' for cRWRWRW binding to TMCL is about one order
of magnitude higher than the binding constants observed for binding to DPPG. The observed binding
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constant of c-RRRWWW with an average value of 9.3-10” M is even higher. As the vesicle surface
charge density, i.e. is the number of charges per surface area, does not change between DPPG and
TMCL (see Section 1.3.2), the binding constant should be in a similar range. However, as the
localisation of charges seems to play a role, describing the membrane surface with a certain potential
of smeared charges is not sufficient. The ArG® for the binding of c-RWRWRW to the lipid gel phase
is -9.5 kcal mol™ (only the value at 15 °C and 20 °C were averaged) and -10.2 kcal mol™ for binding
to the liquid crystalline phase. For c-RRRWWW binding to TMCL in both phases ArG® is -10.2
kcal mol™. This value is closer to the expected value of -13 kcal mol in case of pure additivity of
hydrophobic and electrostatic interactions. This means that z.s is much closer to z for the trivalent
peptides binding to TMCL membranes. One reason for the more effective binding could be the
decreased sterically hinderance of the peptides when they approach the membrane surface. In case
of PG, each charged phosphate group is bound to a glycerol moiety, whereas in cardiolipin two
phosphate groups share one glycerol molecule. This means that most likely the hydrophobic
contribution to the binding is increased for the peptide interacting with TMCL when compared to

DPPG.
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3.4.2 PG/PE mixtures

The DSC and ATR experiments (Section 3.2.2 and 3.3.2) clearly show that binding of the different
cyclic peptides always lead to phase separation in a PG/PE mixture with almost pure DPPG
separating with bound peptides from the rest of the lipids.
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Figure 3-4-7 top: ITC titration curves (heating power vs. time) of 62 pM c-RRRWWW (left) and
c-RWRWRW (right) titrated into a 2 mM DPPG/DPPE (1:1) vesicle suspension at the indicated temperatures.
bottom: integrated heats per mol injected peptide vs. peptide-lipid ratio of the respective titration curve at
10 °C (square), 17 °C (circle), 25 °C (triangle) and 43 °C (inverse triangle).

To further quantify the effect of demixing after peptide binding we investigated the induction of
lipid domains at constant temperature by titrating either peptides to lipid vesicles or vice versa using
ITC. Of particular interest was the question whether demixing takes place immediately with the first
bound peptides or whether a critical clustering ratio r. is needed. The heats of reaction in titrations
of the peptide c-RRRWWW and ¢-RWRWRW to DPPG/DPPE 1:1 mixed vesicles at different
temperatures are shown in Figure 3-4-7. At 43 °C the pure DPPG/DPPE mixture is still in the gel
state whereas the DPPG/DPPE mixture in presence of the cyclic peptides is in the molten cluster
state. After injection of the peptide solution exothermic peaks indicating binding can be observed.
The exothermic binding peaks persist until a lipid-peptide threshold ratio of ~500:1 (peptide-lipid =

0.002) is reached and then a much larger exothermic peak is seen. Titrating additional peptide to the
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vesicles leads to the appearance of endothermic peaks. This is obviously due now to a formation of
lipid-peptide clusters that have to undergo a Pg--L, phase transition in the molten cluster state, i.e. at
43 °C part of the vesicles membranes is now in the liquid-crystalline state as shown by the DSC
curves in Figure 3-2-2. This identifies the existence of a critical clustering ratio 7.

Similar threshold ratios can be observed for the other peptides c-RFRFRF and c-KWKWKW as well
as c-KKWWKF and c-RRRWFW as can be seen in Figures S3-4-9 and S3-4-10, respectively, of the
supplementary data. This indicates that the critical clustering ratio is independent of the temperature
within a given lipid phase and the peptide amino acid sequence within the variations investigated
here.

Below a temperature of 43°C. i.e. in the lipid gel phase, only exothermic heats of binding are
observed. The enthalpies above the critical clustering ratio are less negative than the enthalpies of
initial binding for all investigated peptides. The ARH® above 7. includes peptide binding to the pure
DPPG in the lipid domain and to the remaining mixed membrane and might as well include an
aggregation enthalpy contribution (411, 412).

The larger exothermic peaks occur at certain thresholds ratios (7..) between 1000:1 and 250:1 for
c-RRRWWW, ¢c-RRRWFW and c-RWRWRW also at lower temperatures in the pure gel phase and
can be interpreted by the contemporaneity of events when the critical clustering ratio is reached. As
the membrane is restructured it is more likely that the heat is a sum of contributions occurring from
changes in lipid membrane, which means that the molar heat is about 200-500 times lower, when
attributed to the lipid concentration. For example, if the initial binding increases the hydrophobic
area in contact with water the lipid aggregation into clusters could circumvent this unfavoured
interaction leading to an aggregation which contributes exothermically to the observed heat of
reaction (see discussion below). The gel to liquid-crystalline phase transition enthalpies are about
0.5 kcal mol™ per CH; group but with dipol-dipol interactions ranging up to 5 kcal mol™ (60). Also,
the release of curvature stress leading to morphological changes (256) induced by the initial binding
of peptides to the outer monolayer could be a process contributing to the large exothermic reaction
heat. Assuming, for example, that at these peptide-lipid ratios permeabilization of the vesicles takes
place, so that inside binding can also occur, the high exothermic reaction heat is then due to the
cumulative heat of these effects resulting from peptides binding to the inside of the vesicles.
Moreover, as the binding of cationic peptides leads to a downshift in the energetic barrier of the non-
ideality parameter (170, 413), the release of the mixing enthalpy is part of the highly exothermic
peak occurring at the critical clustering ratio.

Additionally, lipid-peptide binding energies occurring during the lipid domain formation can
contribute to this exothermic event. For example, the complex formation of guanidinium-phosphate

hydrogen bonds was simulated to be around -100 kcal mol™ (316).
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Comparison of the binding properties of different cyclo-peptides leads to the following observation.
The exothermic reaction heats observed for the different peptides seem to be correlated with their
ability to induce lipid-peptide clusters as seen by DSC. The peptides c-RRRWWW and c-RRRWFW
showed the strongest exothermic events whereas c-cRWRWRW and ¢c-KKWWKF showed only a
moderate exothermic reaction peak. In these cases, the highest peak was observed at 10 °C
with -30 kcal mol™' for c-RWRWRW and -15 kcal mol™ for c-KKWWKF, respectively. Almost no
exothermic heat events were observed at any temperature for c-RFRFRF and ¢c-KWKWKW.
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Figure 3-4-8 fop: ITC titration curves (heating power vs. time) of 62 uM cyclic peptide titrated into a 2 mM
DPPG/DPPE (1:1) vesicle suspension at 43 °C. bottom: integrated heats per mol injected peptide vs. peptide-
lipid ratio. The high exothermic heats observed for the c-RRRWWW and c-RRRWFW titration are omitted
for the sake of clarity.

Figure 3-4-8 displays a comparison of the titration curves and the measured heat at 43 °C of all six
peptides as a function of peptide to lipid ratio. As already discussed above and shown in Figure 3-
4-7 for the binding of c-RRRWWW and c-RWRWRW the appearance of endothermic reaction heats
above a certain threshold ratio indicates the formation of liquid-crystalline PG cluster, therefore

called the molten cluster state. These endothermic peaks are also visible for the binding of the other
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peptides, but clear differences in the heights of the peaks are seen. Peptides which show less
clustering efficiency, such as c-RFRFRF and c-KWKWKW display only weak endothermic peaks,
whereas these peaks are more pronounced for ccRRRWFW, ¢c-KKWWKF and ¢-RRRWWW. For
c-RRRWFW the reaction heat is between 25 and 34 kcal mol™ of peptide. Assuming a stoichiometry
of 3 and complete binding to DPPG in the mixed vesicle this would mean that the endothermic
reaction heat is around 8-11 kcal mol” per DPPG. This corresponds roughly to the heat of transition
of pure DPPG at its transition temperature of 41°C. So, the binding data obtained by ITC support
the DSC data, which show clustering of almost pure DPPG after peptide binding. For the other
peptides the endothermic heats of binding are somewhat lower, meaning that either the stoichiometry
is different or the degree of binding is lower; both resulting in a reduced clustering efficiency f;. As
the sudden increase in reaction enthalpy is less pronounced for the other peptides, weaker binding
seems more likely.

The transition from the exothermic to endothermic heat pattern upon peptide titration occurs in a
small peptide-lipid ratio range of ~0.001 for the block-peptides. The range of peptide-lipid ratio for
this transition is increased for the semi-block-peptide c-KKWWKEF. For the alternating peptide the
transition range is the largest with ~0.005 ranging from a peptide-lipid ratio of ~0.001 to ~0.006.
This shows that the induction of lipid clustering is also the most efficient for the block-peptides, i.e.
only few additional peptides are needed to achieve the maximum of clustered lipids per peptide after
the first cluster occur.

As the DSC results showed, the demixing phenomenon for PG/PE mixtures with both palmitoyl and
myristoyl chains was similar. We now performed ITC experiments to see, whether the critical
clustering ratio 7. for the DMPG/DMPE mixture was different from the one observed for
DPPG/DPPE. The peptide solutions were therefore titrated into the vesicle suspension of a
DMPG/DMPE 1:1 mixture.

Figure 3-4-9 displays the titration of c-RWRWRW to a DMPG/DMPE 1:1 mixed membrane in the
lipid gel phase at 10 °C, the titration to vesicles in the intermediate temperature of 27 °C and to
vesicles in the liquid crystalline phase at 50 °C. In general, a similar sequence of heat effects is
observed as described before for DPPG/DPPE 1:1 mixtures. The titration curve obtained for a
temperature of 10 °C first shows exothermic peaks of decaying height until a sudden larger
exothermic peak is observed at a peptide-lipid ratio of ca. 0.007. This larger exothermic peak is
interpreted as the onset of a permeation event as discussed before. Therefore, a sudden burst of
peptide binding to the inside lipids takes place leading to peaks with a high reaction enthalpy of -
100 kcal mol™ of injected peptide. Consecutive further peptide addition leads to only small decaying

exothermic peaks.
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Figure 3-4-9 fop three panels: 1TC titration curves (heating power vs. time) of 62 uM c-RWRWRW titrated
into a 600 uM DMPG/DMPE (1:1) vesicle suspension at the indicated temperatures. botfom: integrated heats
per mol injected peptide vs. peptide-lipid ratio of the respective titration curve at 10 °C, 27 °C and 50 °C.

At a temperature of 27 °C, the titration peaks are initially also exothermic but become endothermic
at a peptide-lipid ratio of 0.005, i.e. at a similar ratio as observed in the titration curve at 10°C. The
following titration peaks become higher and then decay with increasing peptide concentration. Here,
the interpretation is similar to the observation made at 43 °C for DPPG/DPPE 1:1 mixture: at a
temperature of 27 °C, the mixed vesicles are still in the gel phase, but peptide binding leads to a
permeation of the peptides to the inside of the vesicles and then immediately to the formation of
already molten PG rich clusters. This cluster melting is an endothermic process and starts at a critical
peptide-lipid ratio r.. of ca. 0.005. It probably continues up to higher peptide-lipid ratios, as the
endothermic peaks are still present at ratios > 0.02. The titration of c-RWRWRW to the mixed
membrane in the liquid crystalline phase at 50 °C yield only small endo-exothermic peaks which
decay at r... This is expected as the bilayers are now in the liquid-crystalline phase at all peptide-
lipid ratios as seen in the DSC curves in Figure 3-2-5 and this further indicates that clustering also
takes place in the liquid crystalline phase. For the DPPG/DPPE 1:1 mixture, the critical ratio .. was
found to be 0.004. Thus, no major differences are observed between the two systems and the chain

length of the lipid seems to have no significant effect on the critical clustering ratio 7.
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We then studied the reaction enthalpy observed in the first peptide injections as a function of
temperature. For the first three injections, it can be assumed that only outside binding occurs due to
the low peptide-lipid ratio of maximal 0.0024, i.e. a lipid/peptide ratio of ~400. To this end, we
averaged the reaction enthalpy values and plotted the average as a function of temperature as shown
in Figure 3-4-10. For all peptides the binding enthalpy becomes less negative or even positive with
increasing temperature.

The slope of the temperature dependence of the binding enthalpy ArCp yields information on
changes in hydration. As discussed in the previous Section positive slopes correspond to a
dehydration of hydrophilic and hydration of hydrophobic regions. Unfortunately, it is not easy to
separate both contributions. The effect of headgroup dehydration on ArCp is approximately 10 cal
mol™” K™ (181) and the dehydration of the peptide bond contributes with 14 cal mol™ K™' to the ArCp
value (409). The hydration of a methylene group gives a ARCp value of ca. 15 cal mol” K' (407)
and the hydration of the amino acid residue including the methylene group of the peptide chain is
72 cal mol'K™! for tryptophan, 60,1 cal mol”' K™ for phenylalanine and 40 cal mol'K™' for arginine
and lysine (409). The heat capacity of aggregation (A.gCp) is expected to make a negative
contribution of ca. -13 cal mol' K™ per CH, group (411), as already discussed above. However,
below r.. no aggregation is expected but the insertion of hydrophobic moieties will disrupt the
van-der-Waals interactions and might contribute to lipid chain separation and therefore a positive

ArCp contribution could be expected.
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Figure 3-4-10 Averaged first three integrated heats of binding per mol of injected peptide for binding to
DPPG/DPPE (1:1) vesicles (left) and comparison of c-RWRWRW binding to DPPG/DPPE 1:1 and
DMPG/DMPE (1:1) vesicles (right) vs. temperature.

The reaction heats for c-RFRFRF binding to the DPPG/DPPE membranes are very small and also
the ArCp value is very low with 4 cal mol™ K. For cc-RRRWFW binding the highest AxCp value
was found with 1450 cal mol™' K™'. This high value indicates that after binding many changes in
hydration of the interacting partners occur. Extended hydrophobic surfaces are now accessible to

water, probably caused by a perturbation of the bilayers by the bound peptide. The penetration of
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the peptides into the lipid alkyl chain region seems to induce a local exposure of the lipid alkyl
chains to water and disturb the lipid chain interactions. The ArCp values for the binding enthalpy of
the other peptides lie between these two extremes. One can conclude that the ability to disturb the
lipid chain packing by peptide insertion corresponds to the ability to induce lipid-peptide clusters.
Furthermore the ArCp values of the different peptides correlate with their antimicrobial efficiency.
The interaction with the mixed membrane is fundamentally different from the interaction with pure
DPPG membrane as the ArCp values of peptide binding are around zero or negative (see Figure 3-
4-3). This might be an effect of the smaller headgroup area and the therefore lower cpp value for PE
when compared to PG (Table S1-1-1) which allows a deeper penetration of the peptides into the
mixed membrane interfacial area. This can lead to an increased hydration of hydrophobic moieties.
The formation of PG-peptide clusters, however, results in dehydration as seen for the pure membrane
displaying a negative ArCbp.

The ArCp value of c-RWRWRW binding to DPPG/DPPE 1:1 membrane in comparison to the
DMPG/DMPE 1:1 mixture is displayed in Figure 3-4-10 right. It is obvious that both ArCp values
are almost the same with 450-480 cal mol™ K™'. This shows again that the influence of lipid chain
length is much smaller than the influence of peptide structure which indicates again that the largest
contributions to ArCp occur from changes in structure and hydration in the membrane interface
region due to the perturbation of the lipid packing.

The major differences between the two lipid systems are the absolute values of peptide binding. For
DMPG/DMPE, the reaction enthalpies for peptide binding are 10-15 kcal mol” less negative than
for binding DPPG/DPPE bilayers. This difference is difficult to interpret as enthalpies of hydration
of the membrane interface and the peptide, and the binding enthalpy can be of different sign, so that
compensation effects can occur. However, as the hydration of a methylene group contributes about
7.2 keal mol™ per CH, group to AxH® and about 15 cal mol™ K™ to ARCp (407), the enthalpy offset
and the small difference in ArCp of 30 cal mol' K' could be explained by the change of the
hydration of two CH» groups.

We now addressed the question up to which maximal charge ratio the clustering effect of DMPG in
mixed DMPG/DMPE membranes occurs by titrating two different peptides into a DMPG/DMPE
1:1 lipid mixture at the intermediate temperature of 27 °C. In Figure 3-4-11, the ITC results of
titrations of ccRRRWWW and c-RWRWRW into a DMPG/DMPE 1:1 lipid suspension until an
excess of peptide charge is reached are shown. For both peptides endothermic peaks are seen until a
peptide-lipid ratio of 0.17, i.e. a charge ratio of ~1 is reached. This means that the formation of lipid

clusters takes place until charge compensation occurs.
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Figure 3-4-11 Titration of a 124 uM peptide solution into 40 pM DMPG/DMPE 1:1 lipid suspension (100 nm
vesicle in phosphate buffer pH 7.2) at 27 °C. c-RRRWWW (left, injection volume 10 pl) and c-RWRWRW
(right, injection volume 5 pl).

Under the assumption that the change in reaction enthalpy as a function of peptide content is directly
related to the peptide binding event followed by the clustering process, a binding constant can be
formally determined from the decay of the endothermic reaction enthalpy. The binding constants
determined in this way are in the order of 10° M"' for c-RRRWWW and 10°-10’ M for
c-RWRWRW. The latter one is in the same range as the binding constant determined for c-
RRRWFW binding to POPG/POPE membrane at 25 °C (119), indicating that the initial assumption
is probably correct. The observed binding stoichiometries are 0.07 - 0.12 for ccRRRWWW and 0.04
- 0.1 for ccRWRWRW, respectively. This leads to peptide-lipid charge ratios of ~0.42 - 0.6 and
~0.24 - 0.6, respectively. Therefore, the ITC binding experiments lead to similar conclusions as the
DSC experiments, namely that the clustered PG domains are not charge compensated but contain
more PG than calculated from the charge ratio.

We now studied the effect of changes in mixing ratio of the two lipids in the mixture on the binding
and clustering induced by addition of a peptide. Figure 3-4-12 shows ITC titration curves for c-
RRRWWW binding to DPPG/DPPE lipid vesicle suspension with different DPPG/DPPE ratios. In
the lipid mixture containing 75% DPPG, only endothermic peaks are seen and no exothermic peak
characteristic for the initial binding reaction. As mentioned above and seen in the DSC experiments,
the DPPG/DPPE 3:1 mixture is the one where the peptides most efficiently induce clustering of
DPPG-rich domains (see Section 3.2.2). This was interpreted as being caused by the specific

properties of this mixture, namely being closer to a state of demixing than the other mixtures. Indeed,
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Lohner et al. (238) found that both lipids are demixed at this lipid ratio under conditions of low ionic

strength (10 mM phosphate buffer).
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Figure 3-4-12: 62 uM c-RRRWWW titrated into 2 mM DPPG/DPPE 3:1, 1:1 and 1:3 lipid suspension
(phosphate buffer, pH 7.2) at 43 °C.

Under our conditions of higher ionic strength the pure membranes are not demixed, as the shapes of
the DSC curves in Figure 3-2-8 show. The phase transitions at high PG content are clearly different
and shifted to higher temperature compared to the published curves by Lohner et al. (414). However,
the DSC curve in Figure 3-2-8 (left panel) shows that at a temperature of 43 °C melting of the
mixture has already begun. Therefore, binding of peptides immediately leads to the formation of
molten DPPG-rich clusters as seen in the DSC curves of Figure 3-2-8 (left panel). The exothermic
heat of binding is thus overcompensated by the heat of melting so that only endothermic effects are
seen in Figure 3-4-12 (top left).

For the 1:1 and 1:3 mixtures, the initial addition of peptides leads to exothermic binding events.
Only after the inside of the vesicles become accessible to the peptides, indicated by the large
exothermic peak for a single injection, endothermic peaks occur caused by the melting of clustered
PG-rich domains. In case of excess of DPPE molecules in the DPPG/DPPE 1:3 mixture, the initial
exothermic peaks indicating binding are higher than for the 1:1 mixture, i.e. ~-30 kcal mol”
compared to -15 kcal mol™”, respectively. In addition, the single exothermic peak indicating the
sudden onset of inside binding is also higher in the 1:3 mixture and occurs at a lower critical peptide-
lipid ratio r.. of 0.002. From the charge density of the lipid vesicles alone, one would expect the
opposite effect, i.e. less binding to 1:3 DPPG/DPPE vesicles due to their lower charge density. As
the experiments show higher binding enthalpies and a lower ratio r.. despite lower charge density,
the electrostatic attraction is obviously not the only driving force for binding. Insertion of the
peptides into the headgroup region of the bilayers has a major influence on the binding. This seems
to depend on the mixing ratio of charged and uncharged lipids.

At the end of the titration curves at a peptide/lipid ratio of 0.0066, i.e. lipid-peptide ratio of ~150,

the endothermic reaction heats are clearly dependent on the lipid mixing ratio. The highest values

151



with ca. 40 kcal mol' are observed for the 3:1 mixture with highest PG content. Thus, the
endothermic contributions scale with the DPPG/DPPE ratio. The lowest reaction enthalpy is seen
for the 1:3 mixture with only ~4.5 kcal mol”. The high reaction enthalpy of ca. 40 kcal mol™ of
peptide for the 3:1 mixture indicates that ~4 - 5 lipids undergo a phase transition after binding of one
c-RRRWWW molecule as the transition enthalpy of pure DPPG is ca. 9 - 10 kcal mol™ (252). The
DSC-experiments (see Figure 3-2-8) and the data evaluation in Figure 3-2-9 gave similar results,
namely that at a lipid-peptide ratio of 20:1 in the DPPG/DPPE 3:1 mixture, ca. 50 - 60% of DPPG
were clustered and that the lipid to peptide charge ratio in the clusters was around 7.5:3. Both results
show that more lipids are influenced than expected if only the charge ratio would play a role. In this
case, a maximum of three DPPG molecules would melt after binding of one peptide. This is another
indication that electrostatic charge compensation effects alone are not sufficient to describe the
clustering effect.

For the mixtures with lower PG content, clearly less PG molecules are melting per additional
peptide. For the 1:1 and the 1:3 mixture, the clustering ability of the added peptide is clearly reduced
as the lower reaction enthalpies show. This agrees with the results of the analysis of the DSC curves
for the transition enthalpy of the PG-enriched domains as a function of peptide content shown in
Figure 3-2-9 (left panel). This analysis also showed, that the endothermic low temperature transition
scales with the PG content of the mixture, being the highest for the 3:1 DPPG/DPPE mixture.

For mixtures with high PG content also peptide binding takes place until charge compensation occurs
as can be seen from Figure S3-4-11 of the supplementary data where the block-peptide c-RRRWFW
is titrated to a DPPG/DPPE 3:1 mixture at 20 °C. As the lipid is in the gel phase only exothermic
peaks occur and a binding constant of 1.3-10° M could be determined which is in the same order
as for the block-peptide -RRRWWW binding to the DMPG/DMPE 1:1 membrane (2.3-10° M) in
the molten cluster state at 27 °C (Figure 3-4-11). This indicates that the difference in surface
potential of both lipid mixtures does not affect the binding constant.

In Figure 3-4-13 the titration of c-RRRWWW and ¢c-RWRWRW into lipid suspension of a
DMPG/DMPE 1:3 and DMPG/DPPE 1:3 lipid mixture at 27 °C is shown. As a result of the
difference in chain length the non-ideality parameter in the DMPG/DPPE mixture is increased (215).
The 1:3 lipid ratio is used to ensure a mixed lipid state before the peptides are added. All curves
show the expected first exothermic heat until a certain peptide-lipid ratio is reached thenceforward
endothermic heat contributions occur.

In case of c-RRRWWW the peptide-lipid ratio at which the clustering occurs is shifted from 1:300
to 1:500 upon increasing non-ideality. Nevertheless, in case of c-RWRWRW endothermic heat
contributions only occur after a peptide—lipid ratio of 1:200 is reached for DMPG/DPPE mixture
compared to 1:500 ratio for the DMPG/DMPE mixture. Therefore, no systematic dependence of 7.

on the non-ideality parameter can be observed.
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Figure 3-4-13 31 uM peptide solution titrated into 1 mM lipid suspension (100 nm vesicles in phosphate buffer
pH 7.2) at 27 °C. c-RRRWWW (left) and c-RWRWRW (right).

ArH® of the first binding of ~-40 kcal mol™ is similar for cRRRWWW binding to both membranes
and of the same value for c-RWRWRW binding to the DMPG/DMPE membrane. Here, the
comparison to the 1:1 mixture displayed in Figure 3-4-9 shows that the enthalpy of the first binding
of c-cRWRWRW to the DMPG/DMPE mixture decreases from ~-15 kcal mol” to ~-40 kcal mol™
from 1:1 to a 1:3 mixture at 27 °C as it was observed for ccRRRWWW binding to DPPG/DPPE 1:1
and 1:3 mixtures at 43 °C (Figure 3-4-12). This indicates that the enthalpy of first binding is peptide
specific (Figure 3-4-8 and 3-4-10) but the relative changes resulting from the reduction of PG content
in the membrane are independent of the peptide and the lipid chain length.

However, c-cRWRWRW shows a heat of first binding of only ~-10 kcal mol™" upon binding to the
DMPG/DPPE membrane, meaning that the alteration of the lipid chains is less pronounced for the
DMPG/DPPE mixture. This can be due to the fact that the additional methyl groups from the Cis¢
chains from the PE moiety can better compensate for the change in lipid chain area of the mixed
membrane, due to the peptide insertion. For the deeper penetrating peptide c-RRRWWW this is not
the case.

Altogether, the non-ideality of the lipid mixture, resulting from different lipid chain length does not
largely effect the critical clustering ratio .. and the clustering efficiency as it was already discussed
for the DSC results of the peptide interacting with DMPG/DMPE 1:1 and DMPG/DPPE 1:1 mixture,
respectively (see Figure 3-2-9).
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3.4.3 TMCL/DMPE mixture

A similar behaviour as observed for PG/PE membranes is observed for the peptides interacting with
a TMCL/DMPE 1:1 mixed membrane. In Figure 3-4-14 the titration of c-RRRWWW (left) and c-
RWRWRW (right) solution into a TMCL/DMPE 1:1 suspension is displayed. In both cases, a first
exothermic peptide binding is observed, which transforms into an endothermic heat of reaction after
the critical clustering ratio .. is reached. At 27 °C, the lipid-peptide system is in the molten cluster
state, meaning that the addition of peptide has led to the formation of clusters with disordered lipid
chains consisting solely of TMCL as shown by ATR-IR experiments (see Figure 3-3-11).

When compared to the DMPG/DMPE 1:1 mixture at 27 °C (Figure 3-4-9), the r.. value, i.e. the
peptide-lipid ratio where endothermic peaks occur, is increased by about 2 - 4. Also, ARH® of peptide
binding at peptide-lipid ratios below and above r.. is decreased which indicates that the clustering
efficiency f. of c-RRRWWW and c-RWRWRW is decreased when DMPG is replaced by TMCL.
The titration experiments with c-KWKWKW and ¢c-RFRFRF binding to TMCL/DMPE 1:1 also
display a r.. value between 0.01 and 0.02 (Figure S3-4-12 and S3-4-13) which confirms the finding

that the r.. value is independent of the peptide structure.
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Figure 3-4-14 31 uM peptide solution titrated into a 1 mM TMCL/DMPE 1:1 suspension (phosphate buffer,
pH 7.2) at 27 °C. c-RRRWWW (left) and c-RWRWRW (right).

For the alternating peptide, an additional first process below a peptide-lipid ratio of 0.01 is
distinguishable by a decay of even more exothermic heats of ~-40 kcal mol”. Neglecting these
contributions, the heat of binding is with ~-18 kcal mol'more exothermic for c-cRRRWWW than for
c-RWRWRW with only ~-3 kcal mol™. The difference of ~15 kcal mol™ for the first binding of both
peptides is similarly observed for binding to DPPG/DPPE membranes at a temperature of 25 °C
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(Figure 3-4-10). The endothermic ARH® values at peptide-lipid ratios above 7. are in a similar range
for both peptides with ~7 kcal mol™. This means that the overall difference in enthalpy below and
above 7. is ~25 kcal mol” for c-RRRWWW, but only ~10 kcal mol™” for ccRWRWRW. These
values are strongly decreased when compared to the difference of ~40 kcal mol” for the PG/PE 1:1
mixtures. For the TMCL/DMPE mixture the endothermic heat pattern upon peptide titration is
reached in peptide-lipid ratio range of ~0.02 for both peptides. This is in agreement with the
observation made for PG/PE mixtures that r.. is independent of the peptide structure.

Whereas ArH® for first binding for ccRRRWWW is constant until .. is reached the peaks occurring
for c-RWRWRW binding to TMCL/DMPE 1:1 membrane show a first binding process at
peptide-lipid ratio of 0.005, which is at a similar peptide-lipid ratio and similar enthalpies when
compared to PG/PE mixtures. This difference in binding between the two peptides might be due to
different orientation of the peptides. Where c-RRRWWW adopts only one orientation upon
membrane binding, c-RWRWRW might establish different orientations. The first binding might lead
to a deeper penetration of the membrane. Additional peptide binding, which leads to an increased
chain packing density in the membrane interface region, results in a decrease in penetration depth
leading to a decrease in hydration and therefore displaying a decreased exothermic heat of binding.
The decrease in penetration depth might be stabilised by a guanidinium-indole interaction (Figure
3-3-13 and 3-3-14) which might further contribute the change in ARH®. Moreover, this indicates that
the process involved in the very first binding is similar for the TMCL/DMPE and DMPG/DMPE
mixture, but does not directly lead to a lipid clustering in case of TMCL/DMPE mixture. This
supports the notion that the origin of lipid clustering is not due to direct peptide-lipid interactions
but is related to alteration of the lipid mixing (see Section 2.1.3). The DMPG/DMPE mixture shows
an ideal mixing behaviour whereas the TMCL/DMPE mixture displays a phase diagram with an
azeotropic maximum (see Section 2.3.1 and 2.3.3) indicating a preferred lipid interaction in the gel
phase. This difference in non-ideality increases the difference to the critical non-ideality at which
clustering occurs, leading to a shift in .. value to higher peptide-lipid ratios.

For the TMCL/DMPE mixture the clustering also takes place until charge compensation occurs. This
can be seen from the titration of 31 uM c-RFRFRF into 120 uM lipid suspension, i.e. excess of
peptide, shown in Figure S3-4-13 of the supplementary data. The decay of cluster formation with
increasing peptide concentration takes place until charge ratio of ~1 is reached. Here, the apparent
binding constant of ~ 5-10° M is slightly below the values observed for the arginine-tryptophan
containing peptides binding to DMPG/DMPE membrane.

Altogether, the peptide binding to TMCL/DMPE membrane when compared to DMPG/DMPE
membrane, displays an increased value and a decreased clustering efficiency as already discussed
for the DSC data in Section 3.2.3. However, from the increased surface potential of the

TMCL/DMPE 1:1 mixture when compared to DMPG/DMPE 1:1 mixture (Figure 2-1-4), an
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increased peptide binding to the TMCL/DMPE mixture is expected. Therefore, the reduced
clustering efficiency and increased r.. value seem to be an effect of decreased non-ideality of the

lipid mixture.

3.4.4 Summary

The interaction of peptides with pure DPPG and pure TMCL vesicles is different. For binding to
DPPG two interaction processes are observed, whereas for TMCL only one binding process was
detected. For binding to DPPG the ARH® and the ArCp value is negative for RW containing peptides
in both lipid phases. The AgH°-values are even more exothermic when the RW containing peptides
bind to a liquid crystalline TMCL membrane. However, binding to the gel-phase TMCL membranes
leads to endothermic ArH°-values with a large positive ARCp which can be explained by the binding
induced transition from subgel to gel phase and the hydration of the alkyl chains. The ArG® is about
1.6 kcal mol™ lower when c-RWRWRW binds to the TMCL membrane. As the charge density is
similar for the pure DPPG and the pure TMCL membrane (Figure 2-1-4), this increase in z.g results
from increased hydrophobic interactions of the peptides with the TMCL membrane. This increase is
thought to result from different free headgroup space, which is larger for TMCL, leading to fewer
steric hinderances when the peptides interact with the membrane core. Additional peptide-peptide
interactions might as well result from the missing glycerol moieties in TMCL, which increases the
chance of guanidinium and indole groups to interact with each other.

The peptide interactions with both pure lipid membranes show that the lipid-peptide stoichiometry
of the alternating peptides is governed by the number of charges. The block-peptides, however, show
a reduced stoichiometry. This indicates that only outside binding occurs for the block-peptide.
Another possibility is that the lipid charges are screened more efficiently by the higher charge
density of the block-peptide when its bound somewhat tilted to the membrane plane.

For the peptide binding to mixed membrane the ITC measurements show that a critical peptide-lipid
ratio 7. exists, at which lipid clusters are formed. The .. value remains the same for a given binary
lipid mixture and is independent of the peptide sequence and the lipid chain length. Until 7. is
reached only outside binding with exothermic reaction heats occurs except for the DPPG/DPPE 3:1
mixture at an intermediate temperature above the Tm-value of pure DPPG indicating the immediate
formation of molten DPPG-rich clusters. For TMCL/DMPE mixture and PG/PE mixture with PG
content of 50 mol% PG or less the binding of peptides at an intermediate temperature above the Ti-
value of pure charged component leads to endothermic peaks above r.. indicating the simultaneous
formation and melting of the pure charged lipid clusters. For a r.. value of 0.004 and a concentration
of 2 mM lipid, the peptide concentration would amount to 8 uM, a value well within the range of

MIC values observed for the various peptides (see Figure 3-1-1).
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The r.. value is increased for TMCL/DMPE mixtures when compared to PG/PE mixtures, which can
be explained by the reduced non-ideality of the mixture and the critical packing parameter of the
individual lipids. As demixing occurs once a critical non-ideality is reached, one would expect a
lower r.. value for mixtures that display a non-ideality already closer to the critical demixing value
than for ideal lipid mixtures or mixtures with negative non-ideality (see Section 2.1.3). This explains
the shift in ».., when cyclic peptides induce clusters in the TMCL/DMPE mixtures that display an
azeotropic maximum when compared to PG/PE mixtures that tend to demix at PG fractions above
65-75% (see Section 2.3).

However, the effect of non-ideality on r.. is not observed for PG/PE mixtures when the non-ideality
of the mixture is altered by combining components with different chain lengths. The increased non-
ideality is a result of hydrophobic mismatch and potentially reduced PG-PE headgroup interactions.
Peptide insertion might compensate for the hydrophobic mismatch and the resulting perturbation of
chain packing and change in lipid chain area can be compensated for by both, longer and shorter
chains of both lipid moieties. Therefore, we conclude that the main influence on r.. and clustering
efficacy from the non-ideality of mixing results from lipid headgroup interaction and not
hydrophobic mismatch of lipid chains.

The clustering ends for all observed lipid mixtures when charge compensation occurs. This means
that the peptide-lipid ratio in which the clustering takes place is independent of the peptide structure
and the lipid chain length and only depends on the lipid headgroup composition and peptide charge.
Moreover, the endothermic heat above r.. at temperatures above Tm of the clustered component
confirm the finding from DSC results that the antimicrobial efficiency of the peptides correlates to
the clustering efficacy. Additionally, to the DSC results, the ArC, values of the initial binding show
that below r.. the penetration into the lipid alkyl chain region correlates to the amount of clustered
lipids and the antimicrobial efficiency meaning that the peptides with higher antimicrobial efficiency
penetrate deeper into the lipid membrane leading to higher ArC, values and increased difference in

enthalpy of binding below and above 7.
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Conclusions

4.1 Lipid clustering mechanism

Binding of trivalent cyclic hexapeptides leads to a lipid segregation into domains of pure anionic
lipids and a remaining lipid matrix depleted in anionic lipids (Figure 3-3-8, 3-3-10 and 3-3-11). Two
parameters describe the lipid clustering: The critical clustering ratio 7. and the clustering efficiency
fc. Both parameters were analysed with respect to changes in peptide sequence and lipid membrane
parameters.

The critical clustering ratio 7. is the peptide to lipid ratio at which clustering occurs. It is independent
of the peptide sequence (Figure 3-4-8) and unaffected by changes in chain non-ideality of a given
lipid mixture (Figure 3-4-13). However, it was shown that r.. increases for a given peptide by
exchanging DMPG with TMCL in a 1:1 mixture with DMPE. With this change the critical packing
parameter and the non-ideality of mixing is altered. Therefore, it still remains unclear how large the
contribution of both parameters on the critical clustering ratio is.

The clustering efficiency f. refers to the amount of clustered lipid per peptide. It is determined by
the temperature upshift of the remaining lipid mixture, depleted in clustered lipid. The efficiency of
the cyclic peptides correlates to a deeper membrane penetration (Figure 3-2-4, 3-2-5 and 3-2-6). This
is further supported by ITC results (Figure 3-4-8 and 3-4-10). The ATR results (Figures 3-3-2, 3-3-
5, 3-3-8, 3-3-11 and Figure 3-3-15) confirm a deeper penetration of peptides binding to mixed
membranes than to pure lipid membranes. For comparison, tetravalent polyamines binding to the
lipid headgroup region show no clustering (Figure 3-2-3). Moreover, the clustering efficiency is
influenced by the chain non-ideality of the lipid mixture (Figure 3-2-7 and 3-2-9). The clustering
efficiency of the alternating arginine containing peptide decreases for TMCL/DMPE 1:1 membrane
when compared to the DMPG/DMPE 1:1 membrane but not significantly for the alternating lysine
containing peptide (Figure 3-2-13). This indicates a dependence of f. on cpp and/or the non-ideality
of lipid mixing for the arginine but not lysine containing peptide. Surprisingly, the clustering
efficiency scales with the molar fraction of charged lipids (Figure 3-2-10). This indicates that the
number of clustered lipids for a given peptide and lipid mixture is constant and only scales with the

amount of bound peptides in dependence of the surface potential, i.e. the number of anionic lipids.
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Concluding all obtained results, two main models explaining the origin of lipid clustering can be

summarised.

4.1.1 The stress release model

\Pmix \Ydepleted

- luster
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+ c-Peptide

Figure 4-1-1 The stress release model for lipid cluster formation: The insertion of the peptides leads to
membrane stress, depicted are curvature induction and the accessibility of hydrophobic lipid surface to water
(middle). The formation of clusters (right) leads to an increased surface potential of the pure lipid for the
clusters and a reduced surface potential of the mixture deplete in charged lipids. The sum of both surface
potentials is below the one for the mixed membrane which leads to a decreased binding constant and therefore
reduced membrane stress.
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In the stress release model the lipid clustering results from the stress the membrane experiences by
binding of the peptides and the insertion of the peptide side groups. The volume of one tryptophan
inserting into the membrane is 228 A’ (The DPPC headgroup volume is 319 A*(125)). This can
create free volume in the fatty acyl chain region increasing the hydration of the hydrophobic lipid
chains. Furthermore, this will lead to changes in the lateral pressure profile or to curvature stress, as
the peptides binding to the outer monolayer increase the area per lipid which is also discussed as the
“detergent-like manner” (See Section 1.2.2). Clustering decreases this stress by decreasing the
number of bound peptides to the membrane. This happens because the overall membrane surface
potential is reduced when instead of a mixed membrane a cluster with a slightly higher surface
potential and a remaining mixture with a strongly decreased surface potential coexist. As the
membrane surface potential does not scale linearly with the molar fraction of charged lipids (see
Figure 2.1.4) this occurs when sufficient lipids are clustered into a domain that the surface potential
of remaining lipid mixture depleted in charged lipids is further below the surface potential of the

mixed membrane than the cluster potential is above.

b +¥ <W¥,,. 4.1)

Ocluster Odepleted
Figure 4-1-1 depicts schematically the binding of the peptides and the membrane insertion leading
to membrane stress. The stress is decreased by a release in bound peptides, resulting from changes

in overall surface potential.
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The cyclic peptides with larger hydrophobic surfaces show an increased binding constant already to
pure charged lipid membranes (Figure 3-4-4 and Table 3-4-2 and 3-4-3). This indicates that binding
to mixed membrane is also increased, leading to higher membrane stress. Additionally, the deeper
penetration of the more potent antimicrobial peptides leads to increased stress by increased
hydrophobic surfaces in contact with water resulting from the perturbation of lipid chains by
insertion of hydrophobic moieties as it was observed by ITC (Figure 3-4-10).

Therefore, the clustering efficiency for the deeper membrane penetrating peptides is increased as
more bound peptides need to be released. This could also explain the difference in clustering
observed between TMCL/DMPE and PG/PE mixtures. The stress induction in TMCL/DMPE
mixtures is reduced when compared to PG/PE mixtures because the headgroup volume is lower for
TMCL when compared to DMPG.

However, within this model one would expect a dependence of the critical clustering ratio r.. on the
peptide structure. As this is not the case, the process leading to cluster formation might be more
complicated. For example, positive curvature could also support the assembly of lipids with cpp
values <1 which might compensate for the membrane stress but additionally support the demixing.
Moreover, the surface potential will also be altered by binding of trivalent in place of monovalent
counter ions. According to the Grahame equation already small amounts of di- and trivalent ions
lead to a decrease in surface potential (34, 415) which might additionally reduce the charge

contributions to lipid mixing entropy.

4.1.2 The model of macroion induced lipid clustering

The correlation of peptide penetration depth and clustering efficiency supports the model of
macroion induced clustering by May et al. (170) discussed in Section 2.1.3. In this model lipid
clustering is a result of macroion charge, the number of bound macroions on the membrane surface,
the size of the macroion and depends additionally on the number of lipids in the affected membrane
area. Figure 4-1-2 displays schematically the membrane penetration by hydrophobic peptide
sidechains leading to an increased lipid area, meaning the number of lipids in the affected membrane
area decreases. This means that the peptide lipid area ratio o4 (04= Ap/Ar) decreases and hence
changing the lipid composition by increasing the number of charged molecules in the peptide

affected area ¢, (@p = z,/04) Which in turn leads to a decrease of the critical minimal non-ideality

, the increase in ¢p is more

parameter y.. As the critical non-ideality calculates by y = > 2
9o,
dominant on the decrease in y. than the decrease in o4 (the effect of increasing o4 on y at constant
zp is displayed in Figure 2-1-7). In other words, the fewer lipids fit into the peptide affected area to
screen the peptide charges, the higher is the tendency of demixing which explains the increased

clustering efficiency of the antimicrobial peptides showing the highest lipid penetration.
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The observed shift in 7.. when DMPG is replaces by TMCL could be attributed to the change in non-
ideality of mixing (Figure 2-3-4). An increased membrane-coverage by the peptides is therefore
required to compensate for the increased difference to the critical non-ideality at which clustering
occurs. Another reason for the observed difference in 7. is a reduced expansion of the interfacial
area by the peptide insertion for the TMCL/DMPE mixture caused by the different headgroup

structure of the charged lipid component.

+ c-Peptide
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Figure 4-1-2 Schematic representation of the adsorption of cyclic hexapeptides (here c-RRRWFW) from
solution onto a binary gel phase membrane, inducing lipid clustering. The area of peptide is depicted by A4r
and the lipid membrane area affected by the adsorption of a single macroion by A:.

However, we observe only minor effects of peptide structure and penetration depth on the critical
clustering ratio r... Here, the main contributing factor to the formation of small seed clusters at the
critical clustering ratio r.. might be the line energy. The aggregation of individual peptide lipid
interaction sides into larger clusters would minimize the perimeter length leading to increasing
cluster sizes. The critical value therefore depends also on the line energy between the cluster and the

remaining mixture. As described by May et al. (170), the line energy calculates

A=o, 20, ~0.)- 4.2)

This also explains the observed differences in 7.. between PG/PE and TMCL/DMPE mixture which
could occur from different line energy between the cluster and the remaining mixed membrane
resulting from different lipid non-idealities. The peptide-lipid membrane area ratio only scales by
o4, which explains why the differences in r.. between the peptides binding to PG/PE mixtures are
negligible. Once the clusters of certain size are formed the determined binding constant of the
clustering process at .. again correlates with the amphipathicity of the peptides, which might than
be mostly driven by the changes Ag.

Altogether, the model of macroion induced clustering can qualitatively well describe the observed
effects. However, to further proof the validity of this model a better quantification of bound peptides

in different membrane states needs to be assessed.

162



4.1.3 Direct lipid-peptide and peptide-peptide interactions that induce lipid demixing

Besides the already mentioned general model of lipid clustering the impact of additional
intermolecular interactions on the clustering efficiency is discussed. As presented in Section 3.1,
arginine was shown to form up to five and lysine up to three hydrogen bonds. In case of the arginine
containing peptide c-RRWWRF a complex with eight lipid molecules was shown to be formed by
MD simulation (270). If the binding occurs preferentially to negatively charged molecules as they
are attracted by the positive charge only three charges are compensated in direct contact. This means
the complex formation leads to a negative net charge of the complex attracting again more positively
charged peptides resulting in a bigger complex formation. Upon membrane binding to DMPG-
containing membranes and mixed TMCL/DMPE membranes, the ratio of the guanidinium vibration
peak intensities is shifted due to interactions with other moieties than solvent molecules when
compared to the pure peptide in solution (Figure 3-3-9 and S3-3-3). The alternating peptides
c-RWRWRW and c-RFRFRF, however, show only small changes when bound to pure TMCL
membrane (Figure 3-3-6) meaning that the arginine-lipid membrane interaction cannot be
generalised for the different peptide-lipid interactions.

Another reason for the observed increased clustering ability of arginine-tryptophane containing
peptide as a result of increased penetration depth could be due to specific guanidinium—indole group
interactions. A correlation of changes in vibration frequency intensity and wavenumber of
guanidinium and indole group, respectively, was observed for c-RWRWRW binding to
TMCL/DMPE mixtures but not for DMPG/DMPE mixtures (Figure 3-3-13, 3-3-14 and 3-3-15).
This could explain the observed differences of arginine and lysine containing peptides but not the
differences in clustering efficacy of both lysine containing peptides ¢c-KWKWKW and
c-KKWWKEF.

Another contributor are lipid-peptide charge interactions. For lysine with a localised charge at the
amine group, these contributions are considered to be higher than for the delocalised charge in the
guanidinium group of arginine. The interactions with the negatively charged phosphate group are
emphasised by a dehydration of the lipid headgroup area and therefore a decrease in dielectric
constant meaning that the shielding of the charges is decreased and distance and strength of charge
interactions is increased.

Altogether, no direct correlation of clustering ability and the observed structural changes could be
deduced from stoichiometry or spectroscopic measurements. Therefore, we can state that direct
intermolecular interaction might influence the clustering ability of a given peptide by e.g.
influencing the penetration depth but direct peptide-lipid interactions are not the origin of lipid

clustering.
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4.2 Consequences for lipid clustering as a model of antimicrobial action

Within this study we showed that the peptides with the highest antimicrobial effect also show the
highest impact on clustering efficiency.

The relation of clustering to the antimicrobial effect is extensively discussed in Section 1.2.2.1. Lipid
clustering might contribute as an initial step in peptide pore formation or it might alter the lipid-
protein interplay influencing protein adsorption or insertion kinetics, inhibiting membrane protein
functionality, affecting cell homeostasis like cell division (119), metabolism, communication to the
cell environment, structural integrity, taxis or growth.

Wenzel et al. (144) observed a glutamate release upon binding of the linear RWRWRW attributed
to an activation of the mechanosensitive channel MscL. As MscL is sensitive to changes in the lipid
headgroup and interfacial area (125) this finding underlines the assumption that lipid membrane
perturbation also takes place in bacteria membrane. Besides the delocalisation of membrane- and
membrane-bound proteins like MurG, MinD, cytochrome c, the activity of cell membrane synthesis
proteins like PgsA and PlsX, and cell division proteins like FtsZ and DivIVA (a comprehensive
overview can be found in the respective literature (144, 148, 416)) is affected by the occurrence of
membrane domains which has been shown in vivo by Ormadien et al. (416, 417) and Scheinpflug et
al. (119, 145).

Also, the difference in activity of each peptide against B. subtilis and E. coli is only marginal and
can partially be attributed to the presence of a second membrane in E. coli as the MIC values are
roughly twice as high (see Figure 3-1-1). However, according to our results obtained with binary
and ternary lipid mixtures, the clustering in B. subtilis with a charged lipid content of about 65% is
expected to be higher than for E. coli with only 9% charged lipid in the outer and 18% in the inner
membrane (see Table 1-1-1). This indicates that different amounts of lipids need to be clustered to
induce a lethal event. In these cases, clustering seems to have no direct impact on the lethality of the
bacteria but alters the lipid-protein interplay leading to bacteria cell death.

In case cyclic polymyxin also acts via lipid clustering, the membrane composition of the polymyxin
producing Bacillus polymyxa is 60% PE and only 11% charged lipid partitioned into 3% PG and
8% CL (see Table 1-1-1). The remaining lipids are not conclusively identified as PA, lyso-PC, lyso-
PE, lyso-PS, and other not further specified neutral lipids (418).

In a study with polymyxin sensitive and resistant strain of Pseudomonas aeruginosa which also has
60% zwitterionic PE content but 33% of charged lipids with 21% PG and 11% CL about 65% of the
phospholipids are replaced by uncharged or zwitterionic phospholipids and the overall amount of
charged lipids is reduced to 17.5% (15.5% CL and 2% PG) to obtain polymyxin resistance (25). This
examples imply that resistance against lipid clustering can be obtained by decreased amount of

charged lipids most likely to reduce the binding constant of antimicrobial peptides meaning that the
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critical clustering concentration is not reached. However, this interpretation of the beforementioned
study is not in line with our result that 7. is independent of the amount of charged lipids.
Therefore, it is more likely that not r.. alone but in combination with the clustering efficiency fc
predicts the antimicrobial efficacy of a given peptide and bacteria membrane. At a certain amount
of formed clusters the protein functionality is altered in a manner that a lethal event takes place.
Furthermore, the study also showed that the number of unsaturated lipid chains increases upon
acquisition of polymyxin resistance. The concomitant increase in lipid area is additionally expected
to lower the change in lipid area upon peptide insertion and therefore decreasing the membrane
stress, supporting the stress release model.

Although the data insinuates that the lethal event of lipid clustering is the alteration of lipid-protein
interaction, a direct proof that not the clustering itself or the membrane penetration by the peptides
causes the lethal event is still missing. To understand the relation of lipid clustering and antimicrobial
action, further investigations should focus on the impact of chain distribution between lipid
headgroups including unsaturated chains on lipid clustering and protein activity in vitro and in vivo.
Moreover, to better quantify the impact of clustering on membrane protein activity and detachment
of membrane bound peptides, the clustering effect should be investigated on reconstituted proteins

in model membranes.

165



166



Summary/
Zusammenfassung

5.1 English version

In this work we investigated the phenomenon of peptide induced lipid demixing, so-called lipid

clustering. Within this section we summarise the key findings:

As a model system for bacterial membranes the thermotropic behaviour of ternary lipid
mixtures of DMPG, DMPE and TMCL was investigated (Chapter 2).

o It was shown that, although all lipids contain alkyl chains of the same length, a gel

phase demixing for DMPG contents >60% occurs.
o The binary TMCL/DMPE mixture displays an azeotropic maximum for high DMPE
content.

The binding constant of the trivalent hexapeptides interacting with pure lipid membranes is
higher than expected for trivalent counter ions indicating a contribution of hydrophobic
amino acids to the binding strength. Furthermore, the binding constant of the peptides
interacting with the TMCL membrane is about one order of magnitude higher when
compared to the peptides binding to pure PG membrane.
Tri- and tetravalent polyamines do not induce clustering in PG/PE membranes. All
investigated cyclic trivalent hexapeptides, however, induce lipid clustering. Moreover, lipid
clustering efficiency, i.e. the amount of clustered lipid per peptide, correlates with the
membrane penetration depth of the peptides with the block-peptides showing the highest
penetration (Section 3.2, 3.3 and 3.4). Therefore, we conclude that lipid clustering is a
combined effect of counter ion charge and penetration depth of the peptides into the
membranes.
The efficacy of the different trivalent cyclic hexapeptides to induce lipid clustering in PG/PE
membranes reasoned from the DSC (Section 3.2) and ITC (Section 3.4) results correlates
with their antimicrobial potency.
A critical clustering peptide-lipid ratio r.., at which the induction of lipid clusters occurs,

exists (Section 3.4).
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O re is about 1:500-1:200 for PG/PE mixtures and independent of peptide structure
and chain length variations. The value for the TMCL/DMPE mixture displaying an
azeotropic mixing behaviour is about 1:100-1:50.

o These low peptide-lipid ratios correlate to the low MIC values observed for the
antimicrobial activity of the peptide. This further supports the model of lipid
clustering for the antimicrobial effect. However, as r. is independent of peptide
structure, the occurrence of the lethal event is also dependent on the clustering
efficiency.

Lipid clustering takes place until equilibrium between lipid and peptide charges occurs
(Section 3.4).

The extent of clustered lipid increases with higher PG content in the PG/PE mixed
membrane.

The non-ideality of the lipid mixture has an impact on the clustering efficiency if the non-
ideality is a result of headgroup interactions and not alkyl chain variations (Section 3.2. and
Section 3.4).

Different peptide-lipid and peptide-peptide interactions are observed for the different
peptides, indicating a different orientation of the block-peptides with respect to the lipid
membrane when compared to the alternating peptides. However, no correlation of these
interactions to the clustering efficiency could be identified (Section 3.3). Together with the
high stoichiometry values at r.. this indicates that lipid clustering cannot be a result of
specific lipid-lipid or lipid-peptide interaction.

The lipid-peptide ratio within the clusters varies in dependence of the lipid mixture (Section
3.2. and 3.4). Therefore, the achievement of charge equilibrium in clusters is not the driving
force behind the observed clustering effect.

Our observations of the boundary conditions in peptide structure and lipid miscibility
affecting the lipid clustering behaviour can be best described by two models:

o The model of macroion induced clustering by May et al. (170) describes the
reduction of the critical non-ideality parameter by macroion binding. It predicts a
decrease in critical non-ideality parameter with increasing lipid area. This means
that due to the insertion of the hydrophobic side groups and therefore the increase
in lipid area, the critical non-ideality is lowered which, if sufficient, leads to
membrane demixing.

o The stress release model explains the clustering effect by an increase in AG due to
peptide binding, e.g. the deeper penetration of water molecules into the membrane
core. As the surface potential dependence of the membrane on the molar fraction of

charged lipid is non-linear (Figure 2-1-4), demixing could lead to a decrease of the



overall surface potential and therefore reduce the number of bound peptides. This

reduction, in turn, decreases the membrane stress and reduces AG.

5.2 German version

In dieser Arbeit wurde das Phanomen der peptidinduzierten Lipidentmischung, dem sogenannten

“lipid-clustering”, untersucht. In diesem Abschnitt mochten wir kurz die wichtigsten Ergebnisse

zusammenfassen:

Als Modellsystem fiir die Bakterienlipidmembran wurde eine terndre Mischung aus DMPG,
DMPE und TMCL untersucht (Kapitel 2):

o Wirkonnten zeigen, dass die Lipidmembran sich in der Gelphase mit einem DMPG-
Anteil >60% entmischt, obwohl alle Lipide die gleiche Alkylkettenldnge besitzen.

o Die bindre TMCL/DMPE Mischung zeigt ein azeotropes Maximum bei hohem
DMPE-Gehalt.

Die Bindungskonstante der Bindung der trivalenten Peptide an reine Lipidmembranen ist
hoher als fiir trivalente Gegenionen erwartet, was den Beitrag der hydrophoben
Aminosauren zur Bindungskonstante bestitigt. Weiterhin ist die Bindungskonstante fiir die
Bindung der Peptide an die reine TMCL-Membran, verglichen mit reiner PG-Membran, um
etwa eine Zehnerpotenz erhoht.

Tri- und Tetravalente Polyamine induzieren kein “lipid-clustering” in PG/PE
Mischmembranen, wohingegen alle trivalenten Peptide ein “lipid clustering” zeigen. Die
Effizienz der Lipidentmischung, die sich aus der Menge der entmischten Lipide pro Peptid
ergibt, korreliert mit der Eindringtiefe der Peptide in die Lipidmembran und ist fir die
Blockpeptide am stirksten ausgepragt (Abschnitt 3.2, Abschnitt 3.3 und Abschnitt 3.4).
Daraus kann geschlussfolgert werden, dass “lipid clustering” als Ergebnis aus
Gegenionenladung und der Eindringtiefe der Gegenionen in die Lipidmembran resultiert.
Die “Clustering”-Effizienz der trivalenten zyklischen Hexapeptide an PG/PE Membranen,
die aus den DSC (Abschnitt 3.2) und ITC Ergebnissen (Abschnitt 3.4) abgeleitet werden
konnte, korreliert mit der antimikrobiellen Effizienz der Peptide.

“Lipid clustering” tritt erst oberhalb eines kritischen Peptid-Lipid Verhiltnisses 7. auf
(Abschnitt 3.4).

o Fir PG/PE Membranen konnten wir ein 7.. Wert von etwa 1:500-1:200 bestimmen,
der unabhingig von Peptidstruktur und Kettenldngenvariationen der Lipide ist. Der
rec Wert fiir die TMCL/DMPE Mischung mit azeotropem Maximum ist 1:100-1:50.

o Die niedrigen Peptid-Lipid-Verhéltnisse korrelieren mit den niedrigen MIC Werten

der antimikrobiellen Aktivitdt. Dies stiitzt die Annahme, dass die peptidinduzierte
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Membranentmischung ursichlich fiir die antimikrobielle Aktivitit ist. Da jedoch die
re. Werte unabhéngig von der Peptidstruktur sind, ist der Eintritt des letalen
Ereignisses auch von der Clustering Effizienz der Peptide abhéngig.
Das “lipid-clustering” findet bis zum Ladungsausgleich zwischen Lipiden und Peptiden statt
(Abschnitt 3.4).
Die Menge an geclustertem Lipid steigt mit hoherem PG-Gehalt in der PG/PE
Mischmembran.
Wenn aufgrund von Lipid-Kopfgruppen-Interaktionen die Nichtidealitédt der Lipidmischung
beeinflusst wird, so resultiert daraus auch eine Anderung der “Clustering”-Effizienz der
Peptide (Abschnitt 3.2 und Abschnitt 3.4).
Die unterschiedlichen Peptidstrukturen beeinflussen Peptid-Peptid und Peptid-Lipid-
Interaktionen und resultieren in einer unterschiedlichen Orientierung zwischen den Block-
Peptiden und den Peptiden mit alternierender Aminosduresequenz an der Lipidmembran.
Jedoch konnte keine Korrelation dieses unterschiedlichen Bindungsverhaltens zu der
Clustering-Effizienz identifiziert werden (Abschnitt 3.3). Zusammen mit den hohen
Stochiometrieverhéltnissen zu Beginn des “Clusterings” bei r.. ldsst sich schlussfolgern,
dass “lipid clustering” nicht auf eine bestimmte Peptid-Peptid oder Peptid-Lipid
Wechselwirkungen zuriickgefiihrt werden kann.
Da das Lipid-Peptid-Verhédltnis  eines  Lipidclusters in  Abhédngig  der
Mischungszusammensetzung variiert (Abschnitt 3.2 und Abschnitt 3.4) und somit auch
nicht notwendigerweise ein Ladungsausgleich der Lipidcluster erzeugt wird, kann dies als
treibende Kraft des “lipid clusterings” ebenfalls ausgeschlossen werden.
Aufgrund der gemachten Beobachtungen welche Randbedingungen der Peptid-Struktur und
Mischbarkeit der Lipidmembran das Clustering-Verhalten beeinflussen, kann das “lipid
clustering” durch zwei Modelle beschrieben werden:

o Das Modell des Makroionen induzierten “Clusterings” geht auf May et al. (170)
zuriick und beschreibt die Erniedrigung des kritischen Nicht-Idealitdtsparameters
der Lipidmischung durch die Bindung von Makroionen. Das Modell sagt eine
Erniedrigung des kritischen Nicht-Idealitdtsparameters mit Vergroferung der
Lipidflache unter dem bindenden Makroion voraus. Das bedeutet, durch die
Insertion der hydrophoben Seitenketten des Peptids in die Lipidmembran wird die
Lipidflache vergroBert und durch ausreichende Erniedrigung des kritischen Nicht-
Idealitatsparameters erfolgt eine Entmischung.

o Das “Stress-Release”-Modell erklart das lipid-clustering” durch eine Erhéhung
von AG resultierend aus der Peptidbindung, beispiclsweise durch erhdhter

Eindringtiefe des Wassers in die Lipidmembran. Da die Abhéngigkeit des



Oberflachenpotentials vom Molenbruch des geladenen Lipids nicht-linear ist
(Abbildung 2-1-4), fiihrt die Entmischung zu einer Reduktion des
Oberflachenpotentials und somit zu einer Reduktion an gebundenem Peptid, was

wiederrum den Membranstress reduziert und zu einer Erniedrigung in AG fiihrt.
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Materials and Methods

6.1 Material

6.1.1 Chemicals
6.1.1.1 Lipids

The lipids 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG), 1,2-dipalmitoyl-sn-glycero-3-
phosphoglycerol (DPPG), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) and 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) were purchased from Genzyme (Neu-
Isenburg, Germany). 1°,3’-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-glycerol (TMCL) and the
deuterated lipids 1,2-dimyristoyl-dss-sn-glycero-3-phosphoglycerol (DMPG-dss) and 1,2-
dimyristoyl-dss-sn-glycero-3-phosphoethanolamine (DMPE-ds4) were purchased from Avanti polar
lipids (Alabasta, Alabama, USA).

6.1.1.2 Peptides
The synthetic cyclic peptides c-RWRWRW, c-RRRWWW, c-RRRWFW, ¢c-RRWWRF and
c-KKWWKEF were synthesized as described before (250, 254) and provided by Margitta Dathe (FMP

Berlin). The peptides c-RFRFRF and c-KWKWKW were purchased from Genecust (Dudelange,
Luxembourg) with a purity >98% as shown by HPLC.

6.1.1.3 Polyamines
Ethylenediamine (1,2-diaminoethane dihydrochloride), propylenediamine (1,3-diaminopropane),

putrescine (1,4-diaminobutanedihydrochloride), cadaverine (1,5-diaminobutane dihydrochloride)

and spermine (N,N’-Bis(3-aminopropyl)butane-1,4-diaminetetrahydrochloride) were purchased
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from Sigma-Aldrich (Steinheim, Germany) with a purity higher than 98%. Propylenediamine was
titrated with HCI (Sigma-Aldrich, Steinheim, Germany) to pH 6.2 before further use. All samples
were prepared in a 100 mM NaCl solution and titrated to a pH of 5.8 - 6.2.

6.1.2 Vesicle preparation

All samples for calorimetric measurements were prepared in 20 mM aqueous phosphate buffer (pH
7.2) with 100 mM NaCl. The peptides were weighed after lyophilisation, dissolved in phosphate
buffer solution, diluted to the required concentration. The sample was then degassed in a vacuum
chamber before further use.

Binary and ternary lipid mixtures were prepared by dissolving each single lipid in
chloroform/methanol 2:1 and mixing appropriate volumes of each stock solution. The organic
solvent was removed by applying a gentle N, stream. The remaining lipid film was dried overnight
under vacuum at 40 °C. The lipids were then dispersed in the required buffer solution, vortexed
above the respective phase transition temperature of the lipid, and the coarse lipid dispersions were
then extruded 17 times through a 100 nm diameter polycarbonate filter at a temperature higher than
the repective phase transition temperature of the lipid by using an Avanti Mini Extruder (Avanti
Polar Lipids, Alabaster, Alabama, USA). The obtained lipid concentration of the stock suspension
was 2 mM.The vesicle size was checked by dynamic light scattering (DLS) using an ALV-
NIBS/HPPS DLS instrument (ALV-Laser Vertriebsgesellschaft, Langen, Germany). Dispersions of
pure lipids were extruded in a similar way after weighing and dissolving them in buffer.

Samples for IR-spectroscopy measurements were prepared in the same way but 100 mM NaCl
solution in H,O or D,0 (from Sigma-Aldrich, Steinheim, Germany) titrated to a pH or pD 0f 6.8 - 7.2

was used to ensure no infrared absorbance from the phosphate buffer.

6.2. Methods

6.2.1 Differential Scanning Calorimetry (DSC)

DSC measurements were performed using a VP-DSC microcalorimeter (MicroCal, Northhampton,
Massachusetts, USA). The applied scanning rate was 60°C/h. The reference cell was filled with the
appropriate aqueous phosphate buffer solution. Several heating and cooling scans were performed
to check for reproducibility. If not stated differently, only the last heating scan is displayed in the
figures.

Lipid vesicles to study the phase behaviour of binary and ternary mixtures were prepared as

described above. However, some samples were already measured before extrusion to investigate the
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effect of MLV and LUV on the phase behaviour as indicated in the text and displayed in
supplementary data. The lipid concentration was 2 mM.

To study the effect of the cyclic peptides on the phase transition temperature of
phosphatidylglycerols and cardiolipin and their respective mixtures with phosphatidylethanolamines
the lipid suspension was mixed with aliquots of freshly prepared peptide solution to obtain the

desired lipid to peptide ratio and a lipid concentration of 1 mM.

6.2.2 Isothermal Titration Calorimetry (ITC)

To determine the thermodynamic parameters of the peptide lipid interaction, ITC measurements
were performed with a MicroCal VP-ITC microcalorimeter (Microcal, Northhampton,
Massachusetts, USA). The lipid vesicle suspension was either titrated into a peptide solution in the
cell or vice versa. For instance, a 62 uM peptide solution was added in 10 pL aliquots into the
reaction cell (V =1.4591 mL) containing a 2 mM lipid dispersion with an injection duration of 20
s. In some cases, also 5 pL aliquots were titrated as stated in the text or Figures. The equilibration
time between each titration step was 15 minutes. The first titration of 2 uLL was disregarded to ensure
that a premixing of both solutions during the equilibration time does not affect the first titration step.
During the experiment the stirring speed of the injection syringe was 286 rpm. The reversed titration
experiments were performed similarly. The respective concentrations of peptide and vesicle

solution, respectively, are given in the figure captions.

6.2.3 Attenuated Total Reflection Infrared (ATR-IR) spectroscopy (Bio-ATR)

We obtained temperature dependent ATR-Fourier Transform IR spectroscopy spectra with a spectral
resolution of 2 cm™ using a Bruker Tensor 27 spectrophotometer equipped with an N2-cooled MCT
detector and a BioATR II unit (Bruker Optics, Ettlingen, Germany). The internal reflection element
(IRE) of the BioATR II unit is Si-crystal with about 4 mm in diameter. The thin Si-crystal layer is
placed on a ZnSe-crystal so that the light reaches a reflection angle ¢ = 45° with about 9 - 12 internal
reflections in the 4 mm Si-crystal layer (Figure 6-2-1). The desired temperature was set by a

computer-controlled circulating water bath (Haake C25P Phoenix II, Karlsruhe, Germany).
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Temperature controlled
sample holder

detector IR beam

Figure 6-2-1 Schematic cross section of the BioATR II unit from Bruker Optics. The sample is placed on the
Si crystal which is mounted on a ZnSe crystal and sorrounded by a temperature controlled casing.

Each single channel spectrum is an average of 256 scans. The final absorbance spectra for each

temperature were calculated by A =-log,, ( 1/1, ) The spectrum of pure water at each temperature

was used as a reference spectrum. The sample consisted of extruded lipid vesicles of 100 nm in
diameter and the peptide solutions. Defined aliquots of the peptide and vesicle solutions were mixed
above the respective lipid phase transition temperature directly on the crystal surface of the cell to
obtain a lipid concentration of 1 mM. If not otherwise mentioned a lipid-peptide ratio of 2:1 was
used, i.e. in most cases but pure TMCL a peptide-lipid charge ratio of 1 or higher to achieve high
amounts of clustered phase at overall comparable signal intensities. Before recording spectra, one
heating and cooling scan was performed to ensure equilibration of the system. Spectra were recorded
in 2 °C intervals within the temperature range of interest after temperature equilibration in a
temperature interval (AT) of £0.1 °C for 15 min was ensured. The temperature was measured inside
the cover plate of the sample holder by a Pt100 resistor (Omega Newport, Deckenpfronn, Germany).
For further data analysis absorbance spectra were shifted to a zero baseline in a spectral region where
no vibrational peak occurred. To determine the position of the CH, vibrational bands in a certain
wavenumber interval by calculating the second derivative of the spectra, we used the ‘peak picking’
function included in the Bruker OPUS software. For comparison of peak position and intensity
ratios, the spectra were normalized in intensity at the amide I band at 1640 cm™ or at the lipid

carbonyl stretching vibration at 1742 cm™ when peptides were bound to lipid vesicles.
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Supplementary

7.1 Supplementary to Chapter 1

Lipid ap/ A dmn | A Vie | A3 Vig | A3 0/° cpp
POPG 48 51 930 257 0.92
(173) (419) (420)
DMPG 48 453 730 257 29 0.82
(173) (421) (419) (420) (421)
DPPG 48 (173) 51.1 840 257 32 0.81
(173) (420) (420) (173)
DSPG 48 60.0 930 257 27 (420) 0.76
(173) (173) (419) (420)
DMPA 43.2 40.1 730 220 31 1.04
(421) (421) (419) (422) (421)
DMPS 51.3 443 735 244 0 0.70
(423) (424) (424) (424) (424)
TMCL 78.9 42.8 1460 480 15 1.03
(197) (226) (419) (422) (226)
DPPC 47.9 47.8 825 319 32 0.94
(425) (425) (419) (419) (426)
DLPE 41 50.6 611 252 0 0.87
(187) (187) (419) (187) (33)

Table S1-1-1 Lipid head group area, lipid chain length and volume and the resulting critical packing parameter
are given for different lipid species in gel phase. Adapted from (427).
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Peptide PDB Escherichia  Pseudomonas  Staphylococcus Reference
Amino acid sequence coli aeruginosa aureus

[ng/ml] [ng/ml] [ng/ml]
o-helical
Magainin2 2MAG 5 100 50 (428)
GIGKFLHSAKKFGKAFVGEIMNS
MSI-78 8 8 32 (429)
GIGKFLKKAKKFGKAFVKILKK
PGLa 10-50 200-500 50-100 (430)
GMASKAGAIAGKIAKVALKAL
Maelittin 2MLT 5 64-128 25 (431-433)
GIGAVLKVLTTGLPALISWIKRKRQQ
LL-37 2K60 5 32-128 31 (431, 434,
LLGDFFRKSKEKIGKEFKRIVQRIKDF
LRNLVPRTES 43 5)
[S-turn/ B-sheet
Tritrpticidin ID6X 32 32 16 (436)
VRRFPWWWPFLRR
Protegrin-1 1PG1 0.12 0.5 (437)
RGGRLCYCRRRFCVCVGR
cyclic
Polymyxin B <1 <1 50-100 (438, 439)

DabTDabDabDabfLDabDabT

Table S1-2-1 Minimal inhibitory concentrations taken from the given reference
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7.2 Supplementary to Chapter 2

7.2.1 Supplementary to Chapter 2.3
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Figure S2-3-1 DSC heating thermograms of DMPG/DMPE mixtures with varying molar ratios
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Figure S2-3-2 DSC heating thermograms of DMPG/TMCL mixtures with varying molar ratios
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Figure S2-3-3 DSC curves of DMPG/TMCL mixtures of Xtmcr=0.25, 0.4 and 0.45.
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Figure S2-3-4 Entropy of mixing vs molar fraction for two monomers (blue) and a mono-dimer-mixture (red)
wherein B is the dimer. The green line displays the difference between both mixing entropies.
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Figure S2-3-5 ATR-IR (Bio-ATR) temperature dependent lipid vesicle measurements. Selected spectra of
C=0 vibration of TMCL bilayer (orange to green) and DMPE-d54/TMCL 1:1 mixture (blue to black) from
10 °C to 64 °C in D20 (100 mM NaCl).
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Figure S2-3-6 ATR-IR (Bio-ATR) temperature dependent lipid vesicle measurements. Selected spectra of CHz
scissoring vibration of pure TMCL bilayer (orange to green) and DMPE-ds4/TMCL 1:1 mixture (blue to black)
from 10 °C to 64 °C in D20 (100 mM NaCl).
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7.2.2 Supplementary to Chapter 2.4
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Figure S2-4-1 DSC thermograms of multilamellar (vortexed) and unilamellar (extruded) vesicles of ternary
mixtures with increasing DMPG content in a DMPE/TMCL 1:1 mixture. For comparison the thermogram of
the DMPE/TMCL 1:1 binary mixture and the pure DMPG is shown on top and bottom, respectively.
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Figure S2-4-2 DSC thermograms of multilamellar (vortexed) and unilamellar (extruded) vesicles of ternary
mixtures with increasing DMPE content in a DMPG/TMCL 1:1 mixture. For comparison the thermogram of
the DMPG/TMCL 1:1 binary mixture and the pure DMPE is shown on top and bottom, respectively.
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Figure S2-4-3 DSC thermograms of multilamellar vesicles of ternary mixtures with increasing TMCL content
in a DMPG/DMPE 1:1 mixture. For comparison the thermogram of the DMPG/DMPE 1:1 binary mixture and
the pure TMCL is shown on top and bottom, respectively.
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7.3 Supplementary to Chapter 3
7.3.1 Supplementary to Chapter 3.1
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Figure S3-1-1 Amide I and Guanidinium bands of the different peptides at 10 °C in 100 mM NaCl pH 6.8
recorded using ATR-IR spectroscopy (circles). The curve fit subbands at 1668 cm™ (1670 cm™"), 1640cm™,
1606 cm™ and 1582 ¢cm™ are displayed for c-RFRFRF and c-RRRWFW (dashed lines). The line is resulting

fitted envelope curve.
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Figure S3-1-2 ATR-IR spectra of c-RWRWRW in D20 NaCl 100mM at 2°C and 60°C. The spectra have been
normalized at 1640 cm'.
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Structure Dihedral angle n+1 Dihedral angle n+2  Infrared absorption Occurrence
D ¥ D ¥ wavenumber within this turn-
type
B-turn I -60 -30 -90 0 382 %
B-turn I’ 60 30 90 0 4.1%
B-turn II -60 120 80 0 11.8%
B-turn II’ 60 -120 -80 0 2.5%
B-turn ITI -60 -30 -60 -30
B-turn I’ 60 30 60 30 All B-turns show one
B-turn IV, -120 130 55 41 absorption peak at 5.1%
B-turn IV, -85 -15 -125 55 1690-1660 cm™ and 4.0%
B-turn IV; -71 -30 -72 -47 one at 1645-1635 cm” 35%
B-turn IV, -97 -2 -117 -11 ! 2.7%
B-turn I'Vpyisc. 16.4 %
B-turn VI, -60 120 -90 0 0.7 %
B-turn VI, -120 120 -60 0 0.2 %
B-turn VI, -135 135 -75 160 0.9 %
B-turn VIII -60 -30 -120 120 9.9%
y-turn 70to 85  -60to-70 For H-bonded y-turns

reverse y-turn  -70 to -85

60 to 70

~1625 em™ and for
non-H-bonded
>1645 cm’!

Table S3-1-1 Dihedral angles of the amino acid n+1 and n+2 in the respective turn structure (n is the 1<—4 or
1<-3 hydrogen bond forming amino acid, respectively) taken from de Brevern (265) and Kaur et al. (440).
The infrared absorption wavenumbers were taken from Vass et al. (273, 275) and the percentages of occurring
B-turn structures from de Brevern (265), respectively.
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7.3.2 Supplementary to Chapter 3.2
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Figure S3-2-1 DSC thermograms of vesicles of TMCL (black) and TMCL after addition of the cyclic
hexapeptides at a lipid—peptide ratio of 20:1 (left) and 5:1 (right). The first downscan (up) and second upscan
(bottom) is shown. The dotted black line at the phase transition temperatures of pure TMCL should guide the
eye.
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Figure S3-2-2 DSC thermograms of DMPG/DMPE 1:1 mixture with added c-RWRWRW and c-RRRWWW
in a 10:1 lipid-peptid ratio, respectively, and pure DMPG/DMPE 3:1 mixture for comparison.
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Figure S3-2-3 DSC thermograms of DPPG/DPPE 3:1, 1:1 and 1:3 mixtures with added c-RWRWRW in a
20:1 lipid-peptid ratio (solid lines) and pure DPPG/DPPE mixtures of 3:2, 2:3 and 1:4 ratio for comparison

(dotted line).
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7.3.3 Supplementary to Chapter 3.3
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Figure S3-3-1 Carbonyl band of DMPG (pure in black), amide I and guanidinium bands of the different
peptides bound to DMPG at 10 °C in 100 mM NaCl pH 6.8 recorded using ATR-IR spectroscopy (lines). The
curves were fitted with subbands at 1668 cm™ (1670 cm™), 1640 cm’!, 1605 cm™ and 1585 cm™ (dashed lines).
The resulting fitted curve is plotted in dots.
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Figure S3-3-2 Temperature dependence of the amide I band intensity ratio at 1668 cm™/1640 cm™ of the
various peptides pure (open circles) with the respective linear fit (line) and bound to DMPG (filled circles)
and DMPG/DMPE-ds4 1:1 mixture (filled triangles). The lipid-peptide ratio was 2:1.
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Figure S3-3-3 Temperature dependence of the guanidinium band intensity ratio at 1584 cm™'/1605 cm™ of the
various peptides pure, bound to DMPG and DMPG/DMPE-ds4 1:1 mixture. The lipid-peptide ratio was 2:1.
The data of c-RFRFRF bound to DMPG and DMPG/DMPE-ds4 1:1 mixture was averaged using Savitzky-
Golay 5 point averaging method implemented in Origin software.

189



1350 1340 1330 1320 1310 1350 1340 1330 1320 1310
25 T T T T T T T T 2,5
pure peptides | 1 [60°C pure peptides

mabs /a.u.

c-KWKWKW
c-KKWWKKF 1
—— c-RWRWRW |
c-RRRWWW
c-RRRWFW

o

mabs /a.u.

mabs /a.u.

T T
1350 1340 1330

T
1320

Wavenumber /cm’’

1310

T
1350

T
1340

T
1330

T
1320

Wavenumber /cm”

1310

Figure S3-3-4 Tryptophan band at 1333 cm™ of the different peptides in solution (top), bound to DMPG
(middle) and interacting with DMPG/DMPE-dss 1:1 mixture (bottom) at 10 °C (left) and 60 °C (right). The
lipid-peptide ratio was 2:1. The dotted lines depict the peak maximum of the peptides in solution to guide the

eye.
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Figure S3-3-5 ATR-IR temperature dependent measurements. Antisymmetric CHa vibrational band of TMCL
in a pure TMCL/DMPE-ds4 1:1 mixture (black) and interacting with c-RWRWRW (left) and c-RRRWWW
(right). The 1% (open squares) and 2" (filled squares) upscans are displayed. The lipid-peptide ratio was 2:1.
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Figure S3-3-6 ATR-IR temperature dependent measurement of the amide I band intensity ratio lisss/I1640 (left)
and the guanidinium band intensity ratio at Iissa/lico3 (right) of the different peptides interacting with the
TMCL/DMPE-ds4 1:1 mixture. The lipid-peptide ratio was 2:1.
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7.3.4 Supplementary to Chapter 3.4

Peptide Charge Lipid T/°C K/M! AH/kcal  AG/kcal TAS/kcal Ref.
mol! mol! mol!
GL13K +4 DOPG 22 10°-107 1.5 -19 20.5 (441)
GKIIKLKASLKLL
DOPC 22 No - - -
interaction
Gramicidin S +2 POPG 25 0610 26 -12.1 147 (442)
c-(VOLAFP)2
9.3:10°
1410
POPG/POPC 1:3 25 1.5°10% 2.6 -10.9 13.5
24°10°
Tritrpticidin +4 POPC 37 1.2-10* -11 -5.8 -5.2 (443)
VRRFPWWWPFLRR POPG/POPE 3:7 1.4-10° -4.7 -8.7 4.0
Gomesin +6 POPG/POPC 1:1 25 5:10° -7 -10.1 -3.1 (444)
ZCRRLCYKQRCVTYCR POPG/POPC 1:3 25 1-10* -5.6 -7.8 22
CR-NH2
HHC-36 +5 POPG/POPC 1:1 37 6.9°10° -16 -10.7 -5.3 (445)
KRWWIWWRR POPG/POPE 1:1 75:10° 7.2 -10.8 3.6
PGLa +4 POPC 30 8102 -11 -6.4 -4.6 (446)
GMASKAGAIAGKIAKY POPG/POPC 1:3 15 1.4°10° -123 -6.5 -5.8
ALKAL-NH, :
30 1510} -123 -6.8 5.5
45 13°10° -14.6 7.1 15

Table S3-4-1 Thermodynamic parameters of different antimicrobial peptides interacting with model lipid

membranes determined by ITC measurements.
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Figure S3-4-1 ITC titration curves of DPPG vesicle suspension titrated into 40 uM c-RRWWREF solution.
10 °C and 60 °C: 2 mM DPPG. 15 °C and 55 °C: 1 mM DPPG. 20 °C and 50 °C: 1.5 mM DPPG. All solutions
contained 20 mM phosphate buffer (pH 7.2, 1= 100 mM). Bottom figures: Heat of binding Q in kcal mol™! of
lipid vs. lipid-peptide ratio (left: 10 °C - 20 °C, right: 50 °C - 60 °C).
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Figure S3-4-2 ITC titration curves of DPPG vesicle suspension titrated into 20 uM c-RFRFRF solution. 10 °C,
15°C, 20 °C and 50 °C: 1 mM DPPG. 55 °C and 60 °C: 1.6 mM DPPG. All solutions contained 20 mM
phosphate buffer (pH 7.2, 1= 100 mM). Bottom figures: Heat of binding Q in kcal mol™! of lipid vs. lipid-
peptide ratio (left: 10 °C - 20 °C, right: 50 °C - 60 °C).
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Figure S3-4-3 ITC titration curves of DPPG vesicle suspension titrated into c-KWKWKW solution. At 10 °C
0.8 mM DPPG are titrated into 10 uM ¢-RFRFREF solution. At 15 °C, 20 °C, 50 °C, 55°C and 60 °C 1.6 mM
DPPG are titrated in 20 uM c-RFRFRF solution. All solutions contained 20 mM phosphate buffer (pH 7.2,
[ =100 mM) with 100 mM NaCl. Bottom figures: Heat of binding Q in kcal mol™!' of lipid vs. lipid-peptide
ratio (left: 10 °C - 20 °C, right: 50 °C - 60 °C).
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Figure S3-4-4 Heat of binding vs. lipid-peptide ratio at 20 °C of 1.5 mM DPPG titrated into 40 uM c-
RRWWREF and 0.8 mM DPPG titrated into 10 uM ¢c-RWRWRW solution.
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Figure S3-4-6 ITC titration curves of 400 uM TMCL vesicle suspension (100 nm vesicles in phosphate buffer
pH 7.2, I =100 mM) titrated into 20 uM c-RFRFRF solution at 10 °C, 20 °C, 50 °C, 55 °C and 60 °C and
40 uM at 15 °C. Bottom figures: Heat of binding Q in kcal mol™! of lipid vs. lipid-peptide ratio.
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Figure S3-4-7 400 uM TMCL suspension (100nm vesicles in phosphate buffer pH 7.2, I = 100 mM) titrated
into 20 uM c-KWKWKW solution at 10 °C, 15 °C, 20 °C and 50 °C and 40 uM ¢c-KWKWKW solution at
20 °C and 55 °C. Top three left and right: Titration curves. Bottom left: Heat of binding vs. lipid-peptide ratio
at 10 °C - 20 °C. Bottom right: Heat of binding vs. lipid-peptide ratio at 50 °C and 55 °C.
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Figure S3-4-8 Temperature dependence of the averaged first five integrated heats of binding per mol of 10 mM
DPPG solution injected in to the respective 150 uM polyamine solution. The slope (ArCp) values are depicted
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Figure S3-4-9 top: ITC titration curves (heating power vs. time) of 62 uM c-RFRFRF (left panels) titrated into
a 1.2 mM and c-KWKWKW (right panels) titrated into 2 mM (10 °C and 43 °C) and 1 mM (17 °C and 25 °C)
DPPG/DPPE (1:1) vesicle suspension at the indicated temperatures. bottom: integrated heats per mol injected
peptide vs. peptide-lipid ratio of the respective titration curve at 10 °C (square), 17 °C (circle), 25 °C (triangle)
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Figure S3-4-10 top: ITC titration curves (heating power vs. time) of 62 puM c-KKWWKEF (left panels) and
c-RRRWFW (right panels) titrated into a 2 mM DPPG/DPPE (1:1) vesicle suspension at the indicated
temperatures. bottom: integrated heats per mol injected peptide vs. peptide-lipid ratio of the respective titration
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curve at 10 °C (square), 17 °C (circle), 25 °C (triangle) and 43 °C (inverse triangle).
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Figure S3-4-11 Titration of 400 uM c-RRRWFW into 250 uM DPPG/DPPE 3:1 at 20 °C (phosphate buffer
pH 7.2, I =100 mM). Top: Titration curve. Bottom: Heat of binding vs. lipid-peptide ratio (square) and the
respective fit (line).
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Figure S3-4-12fop: ITC titration curves of 62 pM c-KWKWKW solution into 400 uM TMCL/DMPE 1:1
vesicle suspension at 10 °C, 25 °C and 37 °C. All solutions contained 20 mM phosphate buffer (pH 7.2, 1= 100
mM). Bottom: integrated heats per mol injected peptide vs. peptide-lipid ratio of the respective titration curve
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Figure S3-4-13 250 uM c-RFRFRF solution titrated into 1.2 mM and 120 uM TMCL/DMPE 1:1 lipid
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suspension (100 nm vesicles in phosphate buffer pH 7.2, I = 100 mM) at 27 °C.
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