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Abstract

As a part of the innate immune response against pathogens, small pro-
teins called antimicrobial peptides have been investigated for nearly
four decades as promising agents to kill bacteria. Since bacterial cells
are very complex organisms, membrane mimetic systems provide a
valuable platform to study specific interactions of AMPs with cell
membranes, but have to be regarded with care when extrapolating
results to AMP activity in life bacteria. This poses the challenge to
work with mimics that are accomplished enough to sufficiently repre-
sent the complex bacterial cell membranes and their interactions with
AMPs, but simultaneously keep the studied systems experimentally
tractable.

We demonstrated that the activity of the antimicrobial peptides L18W-
PGLa, MGz2a and their equimolar mixture from the magainin familily,
as well as the lactoferricin derivatives LF11-215 and LF11-324, is
strongly dependend on the lipid composition and transbilayer lipid
distribution of the investigated membrane mimics. In peptide parti-
tioning studies we exploited a common thermodynamic framework in
vesicles composed of different phosphatidylethanolamine (PE), phos-
phatidylgylcerol (PG) and cardiolipin (CL) mixtures using tryptophan
fluorescence and determined their membrane activity using a dye-
leakage assay and small-angle X-ray scattering. In investigations of
different lipid-to-peptide ratios for increasing lipid concentrations,
partitioning data could be extrapolated to high lipid concentrations
used in e.g. small angle scattering experiments, highlighting that
the amount of peptide remaining in the solution needs to be consid-
ered when interpreting the effects induced by AMPs. Investigating
the influence of membrane asymmetry on permeability studies us-



ing asymmetric vesicles consisting of POPG;, and POPE,,;, we ob-
served distinctive leakage kinetics in asymmetric mimics compared
to symmetric vesicles of the same overall lipid composition. Using
time-resolved small-angle neutron scattering, we could connect the
disparate peptide activity in aLUVs to lipid flip-flop induced by the
AMP PGLa on similar timescales observed in leakage experiments,
with a dependence on the investigated lipid-to-peptide ratios.
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Kurzfassung

Antimikrobielle Peptide (AMPs) sind kleine Proteine und Teil des
angeborenen Immunsystems. Sie werden bereits seit fast vier Jahrzehn-
ten als erfolgsversprechende Wirkstoffe zur Abtotung von Bakterien
erforscht. Da es sich bei Bakterienzellen um sehr komplexe Organis-
men handelt, bieten biomembrandhnliche Modellsysteme ein wertvolle
Plattform um spezifische Interaktionen von AMPs mit Zellmembranen
zu untersuchen. Die Interpretation der Ergebnisse in diesen Modell-
systemen und ihre Verbindung zur Wirkungsweise der Peptide in
lebenden Bakterien stellt allerdings ein grofie Herausforderung dar.
Dabei miissen Membranmodelle gew&hlt werden, die einerseits ausre-
ichend ausgereift sind um die komplexen Membranen von Bakterien-
zellen und deren Wechselwirkung mit den Peptiden realititsgetreu
wiederzugeben, andererseits aber experimentell noch umsetzbar und
regulierbar sind.

Wir konnten zeigen, dass die Aktivitdt der Peptide L18W-PGLa, MG2a
von der Familie der Magainins und deren dquimolare Mischung, als
auch die Aktivitat der Lactoferricin-Abkémmlinge LF11-215 and LF11-
324, stark von der Lipidzusammensetzung und der Lipidverteilung
innerhalb der Lipid-Doppelschicht der Modellmembran abhéangt.

In Partitionierungsstudien konnten wir einen thermodynamischen
Ansatz ausnutzen um die Membranaffinitdt der Peptide in Lipid-
vesikeln bestehend aus unterschiedlichen Mischungen von Phosphatidyl-
ethanolamine (PE), Phosphatidylgylcerol (PG) and Cardiolipin (CL)
mittels Tryptophan-Fluoreszenz Spektroskopie zu untersuchen. Des
Weiteren konnten wir die Peptidaktivitdt in Lipidvesikeln mittels eines
Membranpermeabilitdtsassays und Kleinwinkelrontgenstreuexperi-
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Kurzfassung

menten erforschen.

In Studien mit unterschiedlichen Lipid/Peptid Verhéltnissen fiir
zunehmende Lipidkonzentrationen, konnten Partitionierungsdaten
zu sehr hohen Lipidkonzentrationen extrapoliert werden, wie sie zum
Beispiel in Kleinwinkel-Streuexperimenten verwendet werden. Dies
hat gezeigt, dass das Molverhiltnis der Peptide die nicht in die Mem-
bran partitionieren und in Losung bleiben unbedingt berticksichtigt
werden muss, um die Wirkungsweise der Peptide auf molekularer
Ebene richtig deuten zu kénnen.

In einer weiteren Membranpermeabilitdtsstudie wurde der Einfluss
von transmembraner Asymmetrie in asymmetrischen Vesikeln beste-
hend aus POPG;, und POPE,,; untersucht und charakteristische
Leakage-Abldufe in symmetrischen und asymmetrischen Modellsys-
temen gegeniibergestellt. Mittels zeitaufgeloster Kleinwinkelneutro-
nenstreuung konnten wir die abweichende Peptidaktivitdt in asym-
metrischen Vesikeln in Verbindung mit, durch das Peptid PGLa in-
duziertem, Lipid Flip-Flop bringen. Lipid-Translokation konnte dhn-
lichen Zeitskalen zugeordnet werden wie sie auch durch Permeabil-
itdtsstudien aufgezeigt wurden, in Abhédngikeit von den untersuchten
Lipid /Peptid Verhéltnissen.
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1 Introduction and Motivation

In 2014, the World Health Organization declared the development
of novel antimicrobial compounds a high priority, in response to the
global emergence of antibiotic resistance [1] and further, in 2017 pub-
lished a list of antibiotic-resistant pathogens to spur research efforts
for medical developments against multi-resistant bacterial strains.
Antimicrobial peptides (AMPs) have been considered as promising
agents in this regard, to combat infectious diseases due their ability
to discriminate the lipid architecture of cell envelopes, and evade
classical resistance mechanisms based on direct molecular (keylock)
interactions, which is a major disadvantage in conventional antibiotics,
see, e.g., review: [<2]. Although AMPs have also been shown to target
intracellular compartments [3]], the majority of AMPs act on the micro-
bial cytoplasmic membrane [4]. The peptides amphipathic character
and overall positive charge, structural flexibility and H-bonding capac-
ity make them highly membrane active and specific [5]. Most AMPs
develop their secondary structure only when coming into contact with
microbial membranes and insertion of the peptides is driven by their
hydrophobic residues while electrostatic interactions are responsible
for the initial binding to bilayer surfaces of the pathogens and lead to
a strong discrimination between mammalian (overall neutral surface
charge) and bacterial (negative surface charge) membranes. Their ef-
fect on bacterial membranes is dependend on peptide physicochemical
properties such as length, structure and hydrophobicity, but also on
the effective AMP concentration on the target membrane (peptide
partitioning).

Since bacterial cells are very complex and metabolically active or-
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ganisms it is difficult to delineate the peptides’ mode of action on
a molecular level. To study specific interactions of AMPs with cell
membranes, different membrane mimetic systems provide a valuable
platform for such investigations, but have to be regarded with care
when extrapolating results to AMP activity in life bacteria. In this
regard, the challenge is to work with mimics that are accomplished
enough to sufficiently represent the complex bacterial cell membranes
and their interactions with AMPs but simultaneously keep the studied
systems experimentally tractable. Reported effects of AMPs on lipid-
only membrane mimics differ strongly and at relatively low peptide
concentrations include induced lipid flip/flop [6], [7] and at higher
peptide concentrations the formation of various types of membrane
pores [8] and overall topological changes [9] and finally complete
micellization for sufficiently high amounts of AMPs. These effects do
not only depend on the properties of the investigated peptide but are
also highly dependend on the lipid composition of the used mem-
brane mimic, depending on lipid molecular shapes (intrinsic lipid
curvature), charge and chemistry, see e.g( [10], [11] and [12]).

The membrane composition of bacteria is highly conserved also for
different bacterial strains, with their cytoplasmic membrane composed
of a mixture of different phospholipid species, specificically the an-
ionic phosphatidylglycerol (PG) and cardiolipin (CL) and zwitterionic
phosphatidylethanolamine (PE) [13]. Gram-negative bacteria such as
Escherichia coli exhibit a molecular ratio of charged and zwitterionic
phospholipids of approximately 3:1. Gram-negative bacteria addition-
ally consist of a highly asymmetric outer membrane, with an outer
leaflet composed of lipopolysaccharide (LPS) and an inner leaflet con-
taining phospholipids. Membrane asymmetry is a membrane property
that has been observed for almost all biological membranes and has
also been described for bacterial cytoplasmic membranes, of e.g. Bacil-
lus megaterium which was shown to have an outer leaflet enriched in
PG [14].



This thesis focuses on the interaction of antimicrobial peptides from
the magainin and lactoferricin family with membrane mimics of Gram-
negative bacteria. The investigated magainin peptides, L18W-PGLa
and MGza, are of particular interest due to their synergistic effect
when applied as an equimolar mixture, significantly boosting the pep-
tides activity, as observed in bacteria and lipid only mimics thereof and
have been studied extensively in the past. Nevertheless, the peptides
mode of action of these PGLa:MGz2a mixtures has not been completely
understood and has even led to controversies due to the use of dif-
ferent measurement techniques and model systems [9], [15]-[21]. In
contrast, in the course of this thesis we additionally focused on two
very short AMPs LF11-215 and LF11-324, two of the most promising
lactoferricin-derivatives against a broad range of Gram-positive and
Gram-negative bacterial strains [22], [23]. These peptides were shown
to bind well to bacterial and model membranes but their efficacy,
however, was demonstrated to stem from specific interactions with
cytosolic components [24].

We used a common thermodynamic framework for antimicrobial
peptide partitioning to compare the activity of these AMPs in dif-
ferent lipid-only vesicular mimics of the cytoplasmic membrane of
Gram-negative bacteria, using tryptophan fluorescence experiments
and determined their membrane activity using a dye leakage assay, dy-
namic light scattering (DLS) and small-angle X-ray scattering (SAXS).
For finite peptide partitioning coefficients, the number of membrane
bound peptides depends on the lipid and peptide concentrations of
the investigated system [25]. Every experimental technique operates
in a specific lipid concentration range and bridging results from dif-
ferent methods therefore has to be well-considered. At the same time,
partitioning does not give any information about the peptides’ struc-
tural effects on the investigated membrane or the kinetics of these
interactions. This is illustrated in Figure showing exemplary dye-
leakage experiments in LUVs (see Section displaying the peptide
concentrations [P] needed to induce a specific percentage of leakage
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at a given lipid concentration [L].
Data extrapolations show lipid and peptide concentration up to ranges
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Figure 1.1: ANTS/DPX dye-leakage data of L18W-PGLa induced permeabilization
in PE/PG (3:1) vesicles at different degrees of leakage bridging lipid
and peptide concentration regimes of different experimental techniques.
Data fits were extrapolated to low and high lipid /peptide concentrations
(manuscript in preparation).

typically used in small angel scattering experiments ([L] ~20 mM,
[P] ~0.8 mM). This extrapolation indicates that 99% of leakage would
be reached at elevated lipid concentrations and peptide-to-lipid ratios
of 1:25 as used in SAXS measurements conducted in the course of
this thesis, see Section [L]/[P] ratios probed in Trp-fluorescence
measurements shown in Section ([L] =100-1000 UM, [P] =1-6
uM PGLa) are depicted in a green circle, as well as performed DLS ex-



periments, DSC measurements performed in e.g. [9], [21] are shown in
red, while the yellow region represents all techniques that assume that
all added peptides are partitioned into the membrane (e.g. Moleculuar
dynamic simulations) or systems at very low hydration, like nuclear
magnetic resonance. Using the equi-activity approach as previously
described in [26], [27] ultimately allowed us to determine effective
peptide partitioning of the investigated antimicrobial peptides and
to quantify how much of an antimicrobial peptide leads to a specific
effect or membrane activity (e.g. leakage, structural changes) in re-
spect to the investigated lipid concentration and in dependence on
membrane lipid composition.

To illustrate the influence of transbilayer asymmetry on membrane-
peptide interactions we performed kinetic dye-leakage experiments
in asymmetric vesicles consisting of the phospholipids PE and PG
found in plasma membranes of Gram-negative bacteria and symmet-
ric systems of the same lipid composition. We further investigated
peptide-induced lipid flip-flop using time-resolved small angle neu-
tron scattering (SANS) to correlate leakage kinetics with flip-flop rates
at different peptide concentrations.

When combining insights gained from the different experiments per-
formed in the course of this thesis, considering the effective number of
bound peptides in membrane mimics of varying composition and un-
der different experimental conditions has proven imperative to draw
meaningful conclusions about the mode of action of antimicrobial
peptides.






2 Materials and Methods

In this section general information about used materials, sample prepa-
ration, applied methods and data analysis tools are presented, clearly
arranging and justifying used membrane mimics and investigation
methods.

2.1 Bacterial membranes

The view of biological membranes as a mere shell for cell contents has
long been proven to be obsolete. This remarkable organelle simulta-
neously functions as a cellular barrier and selective gateway, which
demands for it to be robust enough to protect against influences from
the external environment, but to still enable processes like cell division,
motility and allow specific permeability of water and nutrients. This
is achieved through a membrane barrier with a highly dynamic fluid
structure, consisting of a double layer composed of different lipids
as well as embedded proteins, and carbohydrates. This thesis focuses
on cell membranes of Gram-negative bacteria, to study antimicrobial
peptide interactions with the cellular barriers of these prokaryotic
microorganisms. Therefore, it is imperative to posses a detailed level
of understanding of the architecture and lipid composition of the
bacterial membranes and to be able to establish viable, simplified
membrane mimics that still represent crucial properties of membranes
of Gram-negative bacteria like Escherichia coli (E. coli) schematically
depicted in Figure Characteristic for the Gram-negative bacterial
cell envelope is the presence of an inner or plasma membrane (IM)
that encloses the cytoplasm and an outer membrane (OM) that acts as
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the outermost barrier to the cells surroundings. In between these two
membranes is the gel-like matrix called the periplasmic space, which
is firmly bound to the rigid peptidoglycan layer.

Membrane mimics
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Figure 2.1: Schematic representation of the E. coli cell wall. Shown are the phos-
pholipid bilayer of the inner membrane, peptidoglycan, periplasm and
the highly asymmetric outer membrane including the characteristic
lipopolysaccharides. On the right side of the figures corresponding vesic-
ular membrane mimics of the IM and OM are depicted.

Due to the complexity of bacterial cells it is extremely difficult to
translate experimentally measured effects of AMPs to the molecular
level of membrane interactions. Therefore, significantly simplified
lipid-only membrane mimics are widely used systems to delineate
these mechanisms. One main objective in this regard is to avoid over-
simplification and to master the extrapolating of results obtained for
membrane mimics to the cellular level. Nevertheless, even though
mimetic systems need to consider the complexity of the lipid com-
position in bacterial cell membranes, it is necessary to still keep the
studied systems experimentally tractable.

A wide variety of different model systems has been developed and
is continuously advancing in complexity regarding their architecture,
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size, and composition. This includes vesicles of various sizes, or planar
membranes, like supported lipid bilayers, all of which offer advan-
tages and disadvantages depending on the used investigation method
and investigated membrane property [28]. This thesis focuses on the
investigation of lipid vesicles or liposomes of varying complexity,
which have proven to be a very well suited system to investigate the
modes of action of AMPs. Large unilamellar vesicles or LUVs consist
of a double layer of lipids containing a single lipid species or a mixture
of two or more different types of lipids, enclosing an aqueous com-
partment as shown in Figure Although these simplified mimics
are not perfect representations of the very complex bacterial cell, they
provide the huge advantage of enabling biophysical studies in highly
controlled chemical and experimental environments.

2.2 Inner Membrane Mimics of
Gram-negative bacteria

Focusing first on the composition of the bacterial inner membrane,
the lipid constituents of this versatile barrier are small amphiphilic
molecules consisting of a hydrophilic headgroup (polar, attracted to
aqueous phases) and hydrophobic tails (non polar, repelled by aque-
ous phases). For E. coli this membrane is known to consist of the
phospholipids, phosphatidylethanolamine (PE), cardiolipin (CL) and
phosphatidylglycerol (PG) in a 82:12:6 mol/mol/mol ratio, respec-
tively [29], [30]. For our model membranes we therefore used a mixture
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),
1’,3’-bis[1,2-dioleoyl-sn-glycero-3-phospho]-glycerol (TOCL) and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG).
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Figure 2.2: Chemical representation of POPG, POPE and TOCL lipids as well as their
schematically depicted molecular shapes and corresponding intrinsic
curvature J. (Source of chemical structures: avantilipids.com)

The used lipids differ in charge as well as in their molecular shape
that the lipids adopt at certain conditions, determined by the intrinsic
curvature Jy, defined as the negative inverse radius of the neutral
plane of a stress-free monolayer [31]. Characteristics of the used lipid
constituents are presented in Figure The negatively charged POPG
possesses a |y ~o, resulting in a cylindrical shape. POPE has zero
charge and shows inverse conical shape with Jy <o [12]. The larger
molecule TOCL consists of four fatty acid chains and a larger head-
group containing two negative charges and also exhibits an inverse
conical shape with Jy <o [32]. Membranes with a more positive curva-
ture exhibit lower lateral stress at the bilayers” polar-apolar interface

10



2.2 Inner Membrane Mimics of Gram-negative bacteria

which leads to looser lipid packing at the first site of interaction with
AMPs. This makes the right choice of lipids and mixing ratios cru-
cial for realistic membrane mimics, especially when studying their
interactions with antimicrobial peptides discussed in Section

2.2.1 Preparation of Lipid vesicles

All used lipids were purchased from Avanti Polar Lipids (Alabaster,
AL) as powder (purity >99%), namely POPE, POPG, TOCL and deuter-
ated 16:0-d31-18:1 PG (1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phospho-
rac-(1-glycerol)), further referred to as PE, PG, CL and d31-PG respec-
tively. Lipids were dissolved in organic solvent chloroform/methanol
(9:1, vol/vol) and phosphate assayed for exact quantification of lipid
content [33]. Thin lipid films were prepared at the bottom of round
glass vials by mixing appropriate amounts of lipid stock solutions
to obtain membrane mimics of different complexity composed of
pure PG, pure d31-PG, PE/PG (3:1, mol/mol) and PE/PG/CL(82:6:12,
mol/mol), followed by solvent evaporation under a nitrogen stream
and overnight storage in a vacuum chamber to remove remaining
organic solvent. Dried lipid films were hydrated in HEPES-buffered
saline (HBS) solution (10 mM HEPES, 140 mM NaCl, pH 7.4), which
is known to be well suited for maintaining physiological pH. After the
addition of HBS, samples were vortexed every 15 min for a duration of
1 min and equilibrated in between at 35 °C. This process was followed
by 5 freeze-and-thaw cycles plunging samples into liquid N with
intermittent heating to 35 °C and vortex-mixing. Large unilamellar
vesicles (LUVs) were created through extrution, using a hand held
mini-extruder (Avanti Polar Lipids, Alabaster, AL) by pushing the
sample 31 times through polycarbonate filter with a pore diameter of
100 nm. After extrusion, vesicle size distribution and polydispersity
were checked through dynamic light scattering (DLS), see Section [2.5.5
The final sample was again phosphate assayed to determine sample
concentrations and to ensure measurements with precisely controlled
amounts of lipids and subsequent mixing of well-controlled ratios of

11
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lipid systems and antimicrobial peptides.

2.2.2 Asymmetric Membrane Mimics

It is the general consensus that almost all biological membranes ex-
hibit an asymmetric distribution of lipids between the inner and outer
leaflet of the lipid bilayer [34]. This also applies for bacteria, in mem-
branes of Gram-positive bacteria for example PG is mainly found
in the outer membrane leaflet and PE and phosphatidylinositol (PI)
mostly on the inner leaflet, whereas cardiolipin has been shown to
be evenly distributed between the two [35]]. This asymmetrical lipid
distribution impacts various membrane properties like lipid pack-
ing [36], lateral organization [37] and has been shown to influence
membrane-peptide interactions [6], [7], [38].

To investigate the impact of asymmetry on the mode of action of
antimicrobial peptides, asymmetric unilamellar vesicles (aLUVs) were
produced, using a protocol established at our lab, based on methyl--
cyclodextrin-catalyzed exchange. With this method, lipids from the
outer leaflet of acceptor LUVs consisiting of pure PE (produced as
described in Section in HBS buffer, were exchanged for lipids
provided by heavy-donor multilamellar vesicles (MLVs) made of PE,
hydrated in HBS with 20 w/w % sucrose (0.632 M), to obtain donor
vesicles containing a dense sucrose core. Donor lipids are transferred
into the extruded unilamellar acceptor vesicles lacking the heavy
sucrose core (donor/acceptor mol/mol ratio = 2), which makes it
possible to separate donor and acceptor pools after the exchange by
centrifugation according to their different vesicle sizes and densities.
After an initial concentration step, residual CD and sucrose were re-
moved with a centrifugal ultrafiltration device, the preparation method
is described in detail in [39]. The overall lipid composition was then
determined by gas chromatography-mass spectrometry, additionally
performing a concentration series to obtain absolute concentration val-
ues (PE/PG mol/mol ratios between 1:0, 3:1, 1:1, 1:2, 1:4, 1:6, 1:8, 1:10
with 160 uM of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)

12



2.2 Inner Membrane Mimics of Gram-negative bacteria

added as a standard in every sample), revealing a PG/PE mol/mol
ratio of 2.05. Assuming all of the exchanged PE is located on the outer
leaflet of aLUVs this amounts to an inner leaflet composed of PG,
while the outer leaflet is composed of 67,2% PE and 32,8% PG. Vesi-
cle size was checked using DLS, affirming the integrity of produced
aLUVs and absence of large donor MLVs. Methyl-B-cyclodextrin and
sucrose were purchased from Sigma-Aldrich (Vienna, Austria) in
powdered form. Asymmetric vesicles produced for measurements
of time-resolved lipid flip-flop using SANS with chain deuterated,
d31-PG on the inner leaflet and buffer washes were performed with
100% D»,O HBS.

2.2.3 Samples for Dye Leakage Experiments

For membrane permeability measurements, lipid films were produced
from lipid stock solutions of one or more lipids species and then
hydrated in presence of the dye/quencher pair 8-aminonaphthalene-
1,3,6-trisulfonic acid/ p-xylene-bis-pyridinium bromide (ANTS/DPX)
assay (ANTS/DPX) and extruded as described in Section The
fluorophore filled LUVs were further separated from free ANTS/DPX
by exclusion chromatography using a column filled with SephadexTM
G-75 (Amersham Biosciences, Little Chalfont, UK) fine gel swollen
in iso-osmotic HBS, as previously described by [22]. Phospholipid
concentrations were again determined through the Bartlett phosphate
assay. For leakage experiments using aLUVs, acceptor vesicles filled
with ANTS/DPX were produced as described above and the prepara-
tion of asymmetric liposomes was performed in the conventional way
described in Section Vesicle integrity was checked using DLS
and inclusion of the dye/quencher pair was measured by comparing
fluorescence measurements of intact vesicles and dissolved vesicles
after the addition of a 1 vol% solution of Triton X-100 to obtain 100%
fluorescence. Inclusion fluorescence values were comparable to the val-
ues measured for acceptor vesicles before the asymmetry preparation,
proving the feasibility of performing leakage assays using asymmetric,
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ANTS/DPX-filled liposomes.

2.3 Outer Membrane Mimics of
Gram-negative bacteria

The outer membrane of Gram-negative bacteria, is well-known for its
asymmetric placement of lipopolysaccharide (LPS) and phospholipids,
with LPS in the outer bilayer leaflet and phospholipid on the inner
leaflet, in Escherichia coli K12 amounting to 75 wt% PE, 19 wt% PE and
6 wt% CL [30]. The minimal realistic model for E.coli outer membrane
mimics involves LPS and PE/PG containing asymmetric membranes.
Most recently, Paulowski et al. [40] successfully prepared giant unil-
amellar vesicles (GUVs) by the phase transfer method [41], with LPS
on the outer and phospholipids on the inner leaflet, to compare their
properties with those of planar lipid bilayers and solid supported
membranes. Thereby they could characterize lipid phase behavior and
the interaction with the antimicrobial peptide LL-32.

To compare results obtained in the course of this thesis, investigating
interactions of AMPs with cytoplasmic membrane mimics in the form
of LUVs, it would be highly instructive to perform similar measure-
ments with LUVs mimicking the outer membrane of Gram-negative
bacteria. Therefore we attempted to engineer asymmetric LUVs with
LPS on the outer leaflet through cyclodextrin-mediated lipid exchange
following the protocol described in Section which to the best of
our knowledge has not been done before.

In brief, the protocol in this case involves acceptor vesicles composed
of the inner leaflet lipids (PE and PE) and donor vesicles composed of
lipids of the outer membrane leaflet (here LPS). Specifically we used
Ra-LPS from Salmonella minnesota in the donor system and PE/PG
(3/1 mol/mol) in acceptor vesicles as well as a second system with
donor vesicles consisting of Ra-LPS from Escherichia coli and acceptors
composed of PE/PG (4/1 mol/mol).
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Figure 2.3: General structure of E. coli LPS. The sugar moieties of core oligosaccha-
rides and the composition of lipid A are conserved for different E. coli
strains, while the O-antigen region shows strong variations. Ra-LPS and
Re-LPS denote the different rough chemotypes of LPS (used in this thesis
in S. Minnesota and E. coli, respectively). Native, complete LPS is called
smooth-LPS (s-LPS). Figure adapted from [42].

Lipopolysaccharides are large molecules that are only found in the
outer membrane of Gram-negative bacteria and consists of a lipid
component called lipid A and a polysaccharide component composed
of the inner and outer core oligosaccharides and a repetitive glycan
polymer called the O-antigen as sketched in Figure If the full-
length O-antigen is present, the LPS is considered smooth, while
LPS without O-antigen is considered rough. Since the O-chains can
vary significantly in length, for the purpose of creating homogeneous
membrane mimics containing LPS in this work, we decided to use
rough derivatives with only the inner core (Re-LPS) or the inner as
well as the outer core oligosaccharides (Ra-LPS) present. Lipid A is
a hydrophobic molecule with multiple fatty acid chains that anchor
the LPS into the bacterial membrane. LPS in salt solutions, e.g. 1 mM
MgCl2, self-assembles into multilamellar vesicles (MLVs) [43]. This
aggregated form is needed for centrifugal separation at the later steps
of the preparation. MLVs were again incubated with cyclodextrin and
mixed with the acceptor vesicles. Separation of aLUVs from MLVs and
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cyclodextrin were achieved by several centrifugation steps and washes
using filters as detailed in Section Vesicle sizes and polydisper-
sity index were shown to slightly increase in DLS measurements for
produced aLUVs, successful LPS exchange and proved the absence of
larger LPS structures in the aLUV sample. Corresponding results are

presented in Section

2.4 Antimicrobial Peptides

The effect of AMPs on the target membranes depends on the peptides’
physicochemical properties such as the overall structure, hydropho-
bicity, length and charge and on peptide concentrations in connection
with membrane partitioning. Investigations of peptide interactions
with bacterial membrane mimics revealed membrane thinning or
thickening [44]], induced lipid flip-flop [6], [7], [38]], pore-formation
or changes in overall membrane structure, down to complete micel-
lization at high concetrations, for reviews see e.g. [2], [30]. Figure
shows a schematic representation of different AMP modes action.
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Figure 2.4: Schematic representation of possible modes of action of antimicrobial
peptides with lipid membrane mimics. Figure adapted from [30].

The observed effects on the membranes do not solely depend on
the properties of the peptides but are also strongly related to the
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membrane composition, with significantly diverging interactions for
different lipid compositions [12]. Using appropriate lipid-only mimics
of bacterial membranes to study peptide- membrane interaction is
therefore crucial to obtain physiologically relevant results and the
choice of membrane mimics should be taken with care. In the course
of this work, five different antimicrobial peptides from two different
peptide families were investigated, including AMPs from the maga-
inin family L18W-PGLa, MG2a and a heterodimer chemically linking
L18W-PGLa and MGz2a through a GGC-linker, denoted in the follow-
ing as hybrid peptide as well as LF11-215 and LF11-324 derived from
human lactoferricin. Freeze-dried peptides (purity >95%) were ob-
tained in lyophilized form from PolyPeptide Laboratories (San Diego,
CA).

MAGAININS LACTOFERRICINS
PGLa LF11-215
[ GMASKAGAIAGKIAKVAWKAL] - NH, H — FWRIRIRR] - NH,
MG2a LF11-324
(GIGKFLHSAKKFGKAFVGEIMNS) - NH, H— PFFWRIRIRE] - NH,

Figure 2.5: Primary sequences for peptides from magainin and lactoferricin families.
Positively charged amino acid residues are coloured in orange, negative
charges are marked blue. Fluorescent tryptophan residues are marked in
green.

Magainins

Peptides from the magainin family have been studied extensively in
the past [9], [12], [16]-[21]. MG2a and PGLa occur naturally in the
skin of the African clawed frog Xenopus laevis [15], [45] and have been
shown to act synergistically regarding their antimicrobial activities in
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bacteria and model membranes. L18W-PGLa and MGz2a are short, lin-
ear and cationic peptides, consisting of 21 and 23 residues respectively,
their primary sequences are shown in Figure [2.5/including the distri-
bution of charged residues. They are unfolded in solution and only
adopt their amphipathic a-helical conformation when coming into
contact with lipid membranes. When in their secondary conformation,
L18W-PGLa exhibits a larger hydrophobic region compared to MGza,
leading PGLa to insert deeper into lipid membranes. Solid-state NMR
experiments performed in multibilayer systems, revealed, besides a
strong dependence on lipid composition, that PGLa as well MGz2a
stay aligned with the membrane surface [46], [47]. The peptides are
known to be particularly membrane active, inducing strong negative
intrinsic-curvatures at high peptide concentrations. In PE:PG mem-
branes the two magainin AMPs were shown to induce topological
changes in LUVs in connection with peptide aggregation, membrane
adhesion and fusion events, leading to the formation of multilamellar
vesicles an additional sponge phase in case of the synergistic mixture
and the hybrid peptide [9], [21].

Lactoferricins

LF11 is an 11 amino-acid long fragment of lactoferricin, a peptide
derived from human lactoferricin found e.g. in breast milk, saliva
and tears [48]. LF11-215 and LF11-324 were proven to be two of the
most promising LF11 derivatives regarding their antimicrobial ac-
tivity against Gram-positive as well as Gram-negative strains [22],
[23], [49]. LF11-324 exhibits increased hydrophobicity compared to
LF11-215 was linked and could be linked to a higher activity, but led
to lower cell specificity [23]. Both lactoferricin derived peptides were
shown to preferentially interact with the negatively charged cardi-
olipin (CL) included in model membranes and led to peptide-enriched
and peptide-poor lipid domain [23]. In vesicle leakage studies the pep-
tides induced only moderate membrane permeabilization in mimics
consisting of E. coli total lipid extracts even at high peptide-to-lipid
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ratios. Structural effects of LF11-215 and LF11-324 on lipid bilayers,
like thinning or stored curvature stress, were only marginal [22].

Preparation of AMP Stock Solutions

Peptide stock solutions of all peptides were prepared in HBS solution
for the addition to lipid vesicles. Due to the weak solubility of LF11-324
in buffer, AMP stock solutions were prepared by adding 0.01% acetic
acid and 0.1% vol/vol DMSO (final pH 7.2), to remove influences
on the membrane structure [50]. AMP concentrations of the stock
solutions were determined using a spectrophotometer NanoDrop
ND-1000 (Thermo Fisher Scientific, Waltham, MA) for Trp containing
peptides (L18W-PGLa, the PGLa-MG2a hybrid and LF11-215 as well
as LF11-324) measuring absorption at A=280 nm for corresponding
extinction coefficients.

2.5 Methods
2.5.1 Small Angle Scattering

Small-angle X-ray scattering (SAXS) and small-angle neutron scat-
tering (SANS) are non-invasive tools used to interrogate structural
properties of increasingly complex biological membrane model sys-
tems and even life cells under physiologically relevant conditions [51].
While X-rays are scattered by the electrons of the atoms in the sample,
neutrons are scattered by the atomic nuclei. As a result, SANS and
SAXS show different dependencies regarding their scattering cross-
sections. The X-ray scattering cross section increases proportionally to
the atomic number and corresponding increasing number of present
electrons, resulting in a greater electron density. The neutron scatter-
ing cross-section on the other hand is not proportional to the atomic
number and isotopes of the same element can have completely differ-
ent cross-sections. X-rays are more sensitive to heavier elements and
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interact with hydrogen and deuterium identically, for neutrons some
light elements like deuterium show similar scattering cross sections
as heavy elements like lead (Pb), while scattering from hydrogen and
deuterium varies significantly.

This was exploited in the course of this thesis using SANS measure-
ments to investigate lipid flip-flop. When investigating lipid bilayers
with X-rays, most of the contrast, stems from the phosphate group
located in the lipid’s headgroup with high net electron density, while
for neutrons the contrast stems from the glycerol backbone of the
lipid constituents. Accessible length scales range from the molecular
to cellular level depending on the experimental settings such as the
wavelength of the scattered beam (A ~ 0.1 nm for X-rays, A ~ 0.5
nm for neutrons) and accessible scattering angles, the smaller the
recorded angle, the larger the object dimensions that are probed. SAS
techniques exclusively exploit elastic scattering, characterized by zero
energy transfer. The obtained scattering patterns are typically plot-
ted with the measured scattering intensity over the modulus of the
scattering vector q, defined as:

47tsin(0)
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(2.1)

where the norm of the incident wavevector (k) is equal to the norm
of the scattered wavevector (kp) and with 6 corresponding to the
scattering angle and A giving the incident wavelength.

X-rays

SAXS is capable of delivering structural information of different di-
mensions depending on the angular range in which a clear scattering
signal can be recorded. SAXS provides the ideal platform to study
structures in the nanometer range like lipid bilayers with a membrane
thickness of approximately 5 nm. Wide angle scattering (WAXS) and
ultra-small angle scattering (USAXS) additionally give information
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about the Angstrom-range and up to the micron-range, respectively.
For unilamellar vesicles in solution, the lipid membranes are not posi-
tionally correlated, and therefore only display diffuse maxima in the
recorded scattered X-ray signal. The signal stems from a contrast in
electron density between LUVs and the solvent where the scattering
angle of the first diffuse maximum depends on the head-group to head-
group distance within the bilayer. To obtain structural information
about the investigated membrane, elaborate bilayer models relying on
well-based knowledge of the studied system are crucial to be able to
analyze scattering data. In previous publications it was shown that
peptides from the magainin family transform large unilamellar vesi-
cles into multilamellar vesicles with collapsed layer spacing between
the individual bilayers [(9].This peptide induced aggregation of ini-
tially unilamellar vesicles leads to the formation of Bragg peaks, which
permits data analysis based on Bragg peak positions and intensities
only, see e.g. [52]. In MLVs, bilayers are arranged in onion-like con-
centric vesicles, resulting in a stack with a limited number of equally
spaced lamellae, causing additional Bragg peaks in the recorded X-ray
scattering pattern, where the scattering vector is given by

g = 22" (22)

with h giving the diffraction order and d denoting the lamellar spacing.
The number of visible Bragg peaks depends on sample homogeneity,
concentration and background noise levels dictated by experimental
conditions. SAXS also offers the possibility to perform time-resolved
measurements, enabling the investigation of lipid-peptide interaction
kinetics.

Within the scope of this thesis, SAXS experiments were performed
at the highflux Austrian beamline at Elettra Synchrotron in Trieste,
Italy [53]. SAXS patterns were recorded using a Pilatus 1 M detec-
tor (Dectris, Baden-Daettwil, Switzerland) at a photon energy of 8
keV and in the g-range from 0.1 nm~! to 5 nm~!. Recorded data

21



2 Materials and Methods

were further processed with FIT2D [54]. Samples were measured in
a customized cell, called the 'nanodrop’, which enabled precise mea-
surements using very small sample volumes (10ul) [55], at a lipid
concentration of 20 mg/ml (24.5—27.9 mM depending on the used
lipid species and mixtures) at a physiological temperature of 37°C.
The built-in automatic sample changer was used to mix lipid samples
with well-defined amounts of the different peptides and injecting a
drop of the mixture into the nanodrop cell. Measurements of peptide
kinetics were recorded starting 30 s after lipid-peptide mixing with
an acquisition time of 1 s and a rest time of 10 s to avoid radiation
damage of the sample. Additionally, preliminary end-states were mea-
sured after lipids were incubated with peptides at 37 °C for at least 4
h. End-state measurements consist of averages over 12 frames of 10 s
exposure each and a rest time of 12 s between each shot. Data were
analyzed based on first order Bragg peak positions only, extracting
information such as time-dependend changes in the lamellar spac-
ing d, domain size { and number of lamellae 7} in peptide-induced
MLVs. Lamellar-spacing values of the first order lamellar peak were
extracted by fitting the peak with a Lorentzian function and deter-
mining the respective g-value of the peak position. The domain size
( is inversely proportional to the full-width-at-half-maximum of the
first order lamellar peak, the average number of lamellar layers in the
investigated system 7 can then be determined through the fraction
of domain size and d-spacing values.

(2.3)

Time-resolved SAXS data of different membrane mimics mixed
with peptides from the magainin and lactoferricin family are shown

in Section
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Neutrons

A number of different techniques have been used to measure lipid
flip-flop in the past [56], but small angle neutron scattering has the ad-
vantage of doing so in a time-resolved, probe-free and non-headgroup
specific manner [6], [7]. SANS offers the possibility of contrast en-
hancement by selectively labelling the sample with deuterium, as
tirst demonstrated by [57], [58]. This makes it possible to distinguish
between the two leaflets of asymmetric LUVs, by placing chain deuter-
ated lipids in one of the two monolayers.

In this thesis 16:0-d31-18:1 PG was used on the inner leaflet of
aLUVs and protiated PE on the outer leaflet, produced through cy-
clodextrin mediated exchange in 100% D,O HEPES buffer solution
to enhance contrast. SANS measurements were used to demonstrate
compositional asymmetry directly through a lift-off of the first mini-
mum in the SANS pattern, as presented in Figure It shows SANS
data of 16:0-d31-18:1PG;,/PE,,; aLUVs in the g-range of the first
minimum (0.1-0.25 A~1) as well as the scrambled LUV, produced
by dehydrating the asymmetric sample, rehydrating and extruding
the vesicles, thus achieving a symmetric sample with the same lipid
composition of the investigated aLUVs. Data were plotted as I*q> over
q to make changes in the region of the first minimum more easily
visible.
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Figure 2.6: 1*q(q) neutron scattering data from asymmetric LUVs (16:0-d31-
18:1PG;,, /PEyyt) and scrambled, symmetric LUVs with the same lipid
composition, measurements were conducted at 37 °C. Data were plotted
as I*q® over q to highlight changes in the region of the first minimum.

We then tracked the influence of the AMPs PGLa, MGz2a, their
equimolar mixture and LF11-215 on lipid asymmetry through a change
of the detected scattering signal over time, demonstrating lipid flip-
flop and ultimately the transition into a symmetric, scrambled bilayer
as previously shown by e.g. [6], [7]. SANS measurements [59] were
performed at the D22 - Large dynamic range small-angle diffractome-
ter, located at the Institute Laue-Langevin in Grenoble, France, with
a two-*He-detector setup at a wavelength of 6 A (A/A A = 10 %),
resulting in a g-range of 0.016-0.6 A™. The high neutron flux and the
flexibility of its setup make D22 an instrument that is particularly
suited for real-time experiments and weakly scattering samples. Ki-
netics were measured with sample-to-detector distances of 1.3 and
5.6 m and a 5.6 m collimation; low-q measurements of reference and
endstates were conducted distances of at 1.3 and 17.8 m, with a 17.8
m collimation. Samples were filled in Hellma 120-QS cuvettes of 1
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mm pathway and heated to 37 °C using a bath circulator. Data were
reduced using the GRASP-software, performing flat field, solid angle,
dead time and transmission correction, normalizing by incident flux
and subtracting contributions from empty cell and solvent. Asym-
metric vesicles with and without peptides were studied using SANS
to determine lipid flip-flop rates at lipid sample concentrations of 7
mg/mL in measurement cells of 280 ul sample volume at 37 °C for 2
min and averaging 5 or 10 data sets for sufficient counting statistics.
Time-resolved lipid measurements are presented in Sektion Data
were analyzed regarding their intensity decrease when transitioning
from an asymmetric to a symmetric system after lipid-peptide mixing
in the g-range of the first form factor minimum (0.1-0.25 A) and fitted
via a log-level regression of the intensity decay described by the decay
parameter I', defined as

0.25 3d
r— / I .
o, laa (2.4)

and normalized according to the intensity differences between sym-
metric (I's) and asymmetric sample (I'y):

Ir=(T-T;)/(T,—Ts) (2.5)

Best data fits of intensity decays stem from peptide-enhanced lipid
flip-flop over time (t) allow the calculation of the the flip-flop rate k¢
and tq/;, flip-flop half-time according to equations

In(T) = —2kyt (2.6a)
In(2)

i = (2.6b)
2k

as described in [56]. Measured SANS data and derived decay param-
eters are presented in Section
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2.5.2 Membrane Permeability Assay

Antimicrobial peptides can permeabilize membrane vesicles to cause
leakage of entrapped contents, which can then be quantified using a
fluorescence-based method. Vesicles filled with ANTS (8-aminonaphthalene-
1,3,6-trisulfonic acid, disodium salt) and DPX (p-xylene-bis-pyridinium
bromide) were produced as described in Section
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Figure 2.7: Mode of operation for performed membrane permeability assays: LUVs
filled with ANTS/DPX, depicted here as an ant and fire-extinguisher, re-
spectively. The fluorescent dye and quencher pair can be fully or partially
released depending on the manner of membrane-peptide interaction,
peptides (e.g from the magainin family) are shown in there a-helical
conformation when coming into contact with the lipid bilayer. Upon
dilution into the surrounding medium, ANTS fluorescence increases as
quenching by DPX is diminished.

In assays of vesicle leakage, schematically shown in Figure the
fluorescent dye ANTS and quencher DPX are co-encapsulated into
liposomes and upon release and dilution into surrounding medium,
ANTS fluorescence will increase because quenching by DPX will
decrease. The amount of released dye depends on peptide partitioning
as well as the peptides’ mode of action [22].

Fluorescence intensities were measured corresponding to specific
percentages of ANTS/DPX leakage after peptide addition, determined
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according to Equation

Lo, = (2.7)

where Ip is the measured fluorescence intensity after peptide addi-
tion, Ij is the baseline-intensity measured for vesicles before peptide
addition, and It is the fluorescence corresponding complete dye re-
lease after adding a 1 vol% solution of the detergent Triton X-100.

Following a protocol of the Heerklotz-group as shown in [26], LUV
samples with lipid concentrations of [L] = 1, 4, 10 and 20 mM were
incubated with peptides at concentrations of [P] = (0.025 —2) mM at
37°C for 1 h, during the incubation time samples were continuously
shaken (Eppendorf Thermomixer C Hamburg, Germany). Appropriate
amounts of incubated samples were subsequently mixed with HBS
and diluted to a final lipid concentration of 50 M, averaging over
at least two measurements. ANTS fluorophores were excited at a
wavelength A = 360 nm, and the intensity of the fluorescence emission
peak was recorded at a wavelegth of A = 530 nm, setting excitation and
emission monochromators to 10 nm. Measurements were performed
with a total sample volume of 2 ml in quartz cuvettes on a Cary Eclipse
Fluorescence Spectrophotometer (Varian/Agilent Technologies, Palo
Alto, CA).

The concentration dependend leakage study presented in Section
showed complex behaviour but shared an initial, monotonic increase
of Leakages,, which was fitted with a sigmoidal function. Combina-
tions of different peptide and lipid concentrations corresponding to
specific Leakageo, values, could then be exploited to obtain partition-
ing parameters (see, Section [2.5.4), combing insights gained through
leakage and tryptophan fluorescence measurements described in Sec-

tion
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2.5.3 Tryptophan fluorescence

The amino acid tryptophan (Trp) is well known for its fluorescent
properties, making it a convenient tool in fluorometric assays [60].
Solutions of Trp-containing peptides can be probed regarding their
concentration using a spectrophotometer where the absorption at
A = 280 nm is measured and the peptide concentration in mg/ml
is then given by a product of the measured absorbance, the molec-
ular weight of the peptide and the molar extinction coefficient of
Tryptophan at 280 nm. Tryptophan fluorescence is also remarkably
sensitive to the polarity of its environment, which can be exploited
to gain information about the interaction of tryptophan-containing
peptides with phospholipid vesicles. When the peptide inserts into
the membrane, Trp is situated in the hydrophobic environment of the
lipid chains where the intrinsic Trp-fluorescence emission shows a
decrease in quantum yield and a blue shift of the maximal emission
wavelength compared to the pure peptide in solution. Tryptophan
fluorescence can therefore be used to determine time-resolved peptide
partitioning into membrane mimics of various compositions. Trp is
found in both lactoferricin peptides LF11-215 and LF11-324 as well as
L18W-PGLa from the magainin family but not in MGz2a, amino-acid
sequences are shown in Figure tryptophan (W) is highlighted in
green. Fluorescence emission was measured with the Cary Eclipse
Fluorescence Spectrophotometer (Varian/Agilent Technologies, Palo
Alto, CA), at an excitation wavelength of A = 280 nm, which is the
maximum intensity of the Trp-excitation/absorption band.
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Figure 2.8: Example of time-resolved blue-shift and intensity decrease, observed in
tryptophan fluorescence measurements of 4 yM LF11-215 before and after
mixing with 100 yM PE/PG 3:1 between 0.3 - 60 min with corresponding
tryptophan fluorescence parameters with the concentration dependend
intensity Iy, emission wavelength A,y and full-width-at-half-maximum
of the emission peak I' (Adapted from [24]).

By setting the slit width of the incident and outgoing beam to 5
or 10 nm, intensities of exciting and emitting light were adjusted
to optimize the signal-to-noise ratio. Contributions from scattered
light from vesicles and the instrumental baseline were subtracted
from recorded fluorescence spectra. Lipid vesicles were prepared
in HBS as described in Section placed in quartz cuvettes and
magnetically stirred to avoid sample sedimentation in aggregated
samples. Measurements were performed at 37 °C, for various lipid
and peptide concentrations and recorded at different time intervals
after lipid-peptide mixing in the time-span between 0.3-60 min. Mag-
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ainin peptides were added to PE/PG 3:1 mimics, lactoferricins were
investigated in combination with pure PE, PE/PG 3:1 mol/mol and
PE/PG/CL 82:6:12 mol/mol/mol. Peptide calibration curves were
recorded for all peptides in HBS at concentrations between 2-6 uM.
The fluorescence emission band of the peptides in solution was fitted
with a log-normal-like function see Figure [60].

N> (o =9T), 1000,2,T) = Iyexp |~ 1 (14 B qmad )
In“ & yl’

A< (Amax—yL), I(Ip,A,T)=0
(2.8)

where Amax is the emission wavelength and I the corresponding
intensity ; I is the full-width-at-half-maximum (FWHM), « is a skew-
ness parameter (optimized and fixed to 1.36), with y = a/(a? —1).
Measurements from lipid-peptide mixtures were analyzed using a
combination of two seperate bands, I S for AMPs in solution and IF,
referring to partitioned AMPs into the membrane shown in Figure
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Figure 2.9: Exemplary spectral analysis of 4 #M LF11-215 mixed with 100 uM PE/PG.
Recorded data is presented in red dots, the obtained fit is is presented
as a red line. Emission fraction from AMPs in suspension is presented
by dashed blue line, emission fraction from AMPs partitioned into the
membrane is shown as a dotted green line. Amax values are indicated by

arrows. Figure adapted from [24]

Parameters of peptides in solution A% and T’ were fixed to the
reference values obtained by analyzing spectra of pure AMPs. Intensity
values of peptides in solution and partitioned into the membrane (I3
and I}, respectively) and A" and I'" of partitioned peptides were
free fit parameters. Obtained Ij values were then used to determine
concentrations of the non-partitioned peptides [P]y and partitioned

peptides described in Section [2.5.4}
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2.5.4 Calculation of Partitioning Coefficients

In the course of this thesis, peptide partitioning was determined from
dye leakage and tryptophan fluorescence measurements. A crucial
aspect of membrane-peptide interaction is the peptide membrane
affinity which does not only depend on peptide characteristics but
also on the properties of the investigated membrane given by the
used lipid mixtures. As discussed by White an co-workers in 1998 [61]
(based the work of [62] investigating free energies of Octanol-to-water
solvation of molecules), the association of AMPs with lipid vesicles has
often been treated as a simple chemical equilibrium between peptide
and lipid molecules or vesicles while the fluid nature of membranes
and hydrophobic and electrostatic interactions responsible for almost
all peptide-membrane interactions depend on collective properties
of the lipids in the bilayer. This work therefore concentrates on a
thermodynamic formalism for the partitioning between two initially
separate fluid phases, membrane and solution as published in [24].
The mole fraction partitioning coefficient, K, is defined as

[Pls/ ([Pl + [L]) (2.9)
[Plw/([Plw + [W]) |

with [P]p, [P]w the molar concentration of peptides partitioned into
the lipid phase and the peptide concentration in the solvent, respec-
tively. [L] gives the molar concentration of lipids and [W] the molar
concentration of bulk water (55.3 M at 37 °C). The ions in the used
HBS solvent can be neglected due to the comparably much lower
concentration of ions as opposed to the molar water concentration
[W]. Considering that the molar concentration of water [W] is much
greater than the molar concentration of peptides [Py] and the molar
concentration of lipids in the system [L]| is much greater than the
molar concentration of partitioned peptides [Pg]. Equation |2.9| for K
can therefore be approximated by

_ [P]p[W]
K= Pl

K=

(2.10)
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The total peptide concentration [P] is given by the sum of peptides in
solution [P]y and partitioned peptides [P]3,

_ Rp[W] _ (Wi
[P] = i&j%@ — Rp <7 + [L]), (2.11)
[Plw B

where Rp is the number of bound peptides per lipid molecule Rg =
[Plp/[L].

The chemical potential per single petide for lipid bound or free
AMPs is given by

i =1’ +kpTIn (a) = u® + kT In (yRp) (2.12)

with 40 giving the chemical potential in the standard state, kg the
Boltzmann’s constant, T the temperature, and a the peptide activity
[25]. The activity is given by the product of Rp and the activity coeffi-
cient . In equilibrium the chemical potential of peptides in bulk and
in solution is equal, yp = py, the free energy of transfer of a single
peptide from solution into the membrane is given by,

R
AGo = u% — 1y ~ —kpTIn (7£WB> =

= —kBTln (K) — kBTln (’)/B)

since [P]p [P]w, 7w = 1 can be used as an approximation. Only in the
regime of infinite dilution of partitioned peptides (73 ~ 1), which in
this case defines the standard state, an Rp-independent AGo could be
directly obtained from K values alone [61]. In general, however, the
peptide activity cannot be neglected.

(2.13)

To compare peptide interactions with membrane mimics and bacte-
rial cells, an analogous approach was used to determine partitioning in
bacterial cells, where bacteria were treated as a homogeneous medium
accessible to the peptides as described in [24].
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2.5.5 Dynamic Light Scattering

Dynamic light scattering (DLS) is a noninvasive technique frequently
used for the determination of size distribution of small particles in
solution. In the course of this thesis, structural changes in initially
unilamellar vesicles were monitored using DLS. With this method
average values of particle sizes (Z-average) can be determined as well
as their polydispersity index (PDI), defined as the squared ratio of the
size distribution peak width and particle size. For large unilamellar
vesicles of sufficient homogeneity a measured size of ~ 100 nm and a
PDI o.1 were set as quality guideline. Monochromatic laser light is
directed at the sample, the incident laser light gets elastically scattered
in all directions and the scattered light is then detected at a specific
angle. The measured signal shows random changes due to the ran-
domly changing relative position of the investigated particles, caused
by Brownian motion, where smaller particles are known to move at
higher speeds than larger particles. The signal is interpreted in terms
of an autocorrelation function, who’s decay is proportional to particle
size: the faster the decay, the smaller the particle size. The relationship
between the speed of the moving particles and their size is described
by the Stokes-Einstein equation, in which the diffusion coefficient D
depends on the hydrodynamic radius of the investigated particles,
viscosity of the solvent and temperature. It should be noted that the
Stokes-Einstein equation is only applicable if Brownian motion is the
only factor influencing particle motion. Other non-random sources for
particle movement like sedimentation can falsify results [63]. In the
course of this work, measurements were conducted using a Zetasizer
Nano ZSP (Malvern Instruments, Herrenberg, Germany) equipped
with 10 mW laser with a wavelength = 632.8 nm to obtain size
distribution profiles of LUVs. Samples were diluted with HBS to a
concentration of 50 or 100 uM. Scattering was detected at an angle of
173°C (backscatter detection), reducing multiple scattering.
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2.5.6 Differential Scanning Calorimetry

To check for presence of LPS after performing the asymmetry assay for
outer membrane mimicking aLUVs as described in Section [2.3|and as
a first indicator of asymmetry, differential scanning calorimetry (DSC)
measurements were conducted. DSC is an experimental method in
which the difference in required heat to increase the temperature of a
sample and respective reference sample is measured over a gradual
increase or decrease in temperature. Using this technique it is possible
to study the phase transitions in lipids and other biological systems,
see e.g. [64]. The sample cell contains the respective lipid sample while
the reference cell is filled with pure HBS buffer. By comparing the
power consumption needed to keep the sample/reference cell at the
same temperature during heating/cooling cycles, a DSC thermogram
is obtained where the specific heat capacity is plotted over the range
of scanned temperatures. This can be exploited to investigate phys-
ical transformations such as lipid phase transitions specific for the
examined lipid type. During a transition from the ordered gel phase,
with fully extended hydrocarbon chains and tight packing, to the
disordered fluid lamellar phase, with randomly oriented hydrocarbon
chains, more heat needs to flow into the sample cell than into the
reference cell to keep both at the same temperature. This is due to
the absorption of heat by the sample as it undergoes the endother-
mic phase transition from gel to liquid. This leads to maxima in heat
capacity at temperatures specific to the investigated lipids or lipid
mixtures. Calorimetric experiments were performed on a MicroCal
VP-DSC high sensitivity differential scanning calorimeter (MicroCal,
Inc., Northhampton, MA, USA). Heating and cooling scans were con-
ducted with a scan rate of 0.5 °C per min between 2-50 °C at a sample
concentration of ~ 2 mg/mL. Investigated samples were acceptor
vesicles consisting of PE/PG 3:1 mol/mol and PE/PG 4:1 mol/mol,
donor vesicles made of Ra-LPS from Salmonella minnesota, as well as
Re-LPS from Escherichia coli, respective asymmetric LUVs (PE/PG
3:1);,/ Ra-LPSy, and (PE/PG 4:1);,/ Ra-LPSy,; with corresponding

35



2 Materials and Methods

scrambled vesicles. DSC measurements of symmetric and asymmetric
systems of outer membrane mimics are presented in Section

36



3 Results and Discussion

This chapter presents selected data from the attached publications as
well as other unpublished results obtained by the author during the
course of this thesis, summarizing and relating findings to each other
in a wider context. The published manuscript can be found in the

Appendix

In the course of this thesis the influence of the lipid composition
and overall sample concentration of cytoplasmic membrane mimics
of Gram-negative bacteria on interactions with antimicrobial peptides
was investigated using different biophysical and biochemical tech-
niques. In this context, we exploited a common thermodynamic frame-
work for the partitioning of antimicrobial peptides from the magainin
and lactoferricin families as previously applied in [26], [27]. We fo-
cused on the effect of the magainins L18W-PGLa, MGz2a and their syn-
ergistic ensemble (manuscript in preparation) as well as the two lacto-
ferricins LF11-215 and LF11-324, on model membranes, as published
in [24]. Partitioning was investigated using Trp-fluorescence measure-
ments as well as dye leakage experiments. While Trp-fluorescence
measurements offer information about the actual number of parti-
tioned peptides per lipid molecule - results from ANTS/DPX leakage
experiments provide the number of partitioned peptides that cause a
specific dye-efflux. Determined partitioning values from either tech-
nique as well as other peptide induced effects on the investigated
membrane mimics were shown to not simply depend on the used
AMP. Instead, a strong dependence on the lipid species and their
ratios making up the model membranes as well as their distribution
within the bilayer in a non-trivial manner was shown, additionally to
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a dependency on overall lipid and peptide concentrations.

3.1 Peptide Partitioning

Peptide partitioning behavior of the magainins L18W-PGLa, MG2a and
their equimolar mixture, as well the lactoferricins LF11-215 and LF11-
324 was investigated using tryptophan fluorescence and dye leakage
measurements, methods are described in Sections |2.5.3| and [2.5.2)
respectively. The calculation of partitioning coefficients is described in

Section

3.1.1 Dependence of L18W-PGLa Partitioning on
Lipid Concentration

Using tryptophan fluorescence measurements, we first focused on the
dependence of peptide partitioning on the overall lipid concentration
within the studied systems (manuscript in preparation). We therefore
investigated the membrane affinity of the Li8W-PGLa peptide in
PE/PG (3:1 mol/mol) mimics at a fixed peptide concentration of [P] =
4 uM. As described in more detail in Section the fluorescence
signal from the Trp-containing peptide L18W-PGLa exhibits a blue-
shift when inserted into lipid membranes, with values of A? ~ (330 —
333) nm and I'® ~ (50 — 53) nm, compared to pure peptides in
solution with a A" ~ 354 nm and T" ~ 64 nm.
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Figure 3.1: Peptide partitioning from Trp-fluorescence experiments in PE/PG 3:1
LUVs ([L] = 100 — 1000 uM). The dependence of A) the number of
bound L18W-PGLa peptides per lipid molecule Rg, B) the partitioning
coefficient K and C) the fraction of bound peptides fg, on the overall
lipid concentration [L] inside the system for a fixed L18 W-PGLa concen-
tration ([P] =4 uM). Exact values are presented in table in Table The
arrows mark the lipid concentration [L] ~ 380 yM of the minimum in
K, additionally, selected kpTIn (Ky) = — [AG2 + kT In (vp)] values are
displayed (manuscript in preparation).

Figure 3.1/ shows partitioning parameters for increasing lipid con-
centration, with A) Rp, the number of partitioned peptides per lipid
molecule, B) K, the molar partitioning coefficient and C) fg, the frac-
tion of peptide bound to the membrane in relation to the total peptide
concentration within the system. Parameters were determined using
the analytical tools described in Section and values derived from
measurements after 60 min of lipid peptide incubation are presented
in Table

In Figure A) the number of bound peptides per lipid shows
an initial rapid decrease for higher lipid concentrations but reaches
a plateau at [L] < 380 uM, while the fraction of bound L18W-PGLa
increases monotonously with increasing [L] (Figure 3.1/ C)). The par-
titioning coefficient exhibits a minimum at a lipid concentration of
[L] ~ 380 uM, see Figure 3.1/ B), corresponding to the beginning of
the plateau of Rp. This implies that partitioning of L1i8W-PGLa at
a [L] ~ 380 uM is energetically the least favorable and partitioning
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Table 3.1: Partitioning results from Trp-fluorescence spectroscopy measurements of
L18W-PGLa [P] = 4 uM into PE/PG 3:1 vesicles of varying concentration
[L] = 100 — 1000 M after one hour of lipid-peptide incubation: Ry gives
the number of bound peptides per lipid molecule, K the partitioning coef-
ficient and fp the fraction of membrane bound L18W-PGLa (Manuscript
in preparation).

PE/PG 3:1 | 100 M | 200 uM | 500 uM | 800 uM | 1000 uM

Rp x1073 | 6.7+0.2 | 2.94+0.2 | 2.140.1 | 2.1+0.1 | 2.140.1
K x10* 11.1+0.8 | 4.8+0.3 | 3.9£0.2 | 4.8+0.2 | 6.31+0.3
fB [%] 17.840.9 | 14.740.9 | 25.9+1.0 | 41.01+0.9 | 53.3+1.1

does not simply increase for higher lipid concentrations but shows
more complex behaviour. Although K increases again for lipid con-
centrations [L] > 380 uM, the number of membrane bound peptides
per lipid does not show a corresponding increase. This can be ex-
plained through the rather small difference in free energy or activity
[AGY + kT In (7p)] even for substantial changes in K by a factor of
three, for the two most strongly diverging values displayed in Fig-
ure [3.1] B).

Corresponding Trp-fluorescence kinetics of L18W-PGLa, recorded over
the course of 60 min after lipid-peptide mixing with an initial dead-
time of 30 sec, are presented in Figure 3.2/ A-C), showing the temporal
evolution of the partitioning parameters Rp, K and fp for different
lipid concentrations ([L] =100-1000 uM). Partitioning kinetics also
appear to be [L]-dependend: All partitioning parameters determined
from mixtures of different lipid concentrations are shown to reach a
plateau in less than 10 min, and then stay constant over the course of
one hour, except for the lowest lipid concentration of [L] =100 uM,
where partitioning parameters reach constant values in the course of
60 min. For the highest investigated lipid concentration [L] =1000 uM,
values already appear to be rather constant from the first measurement
conducted 30 sec after mixing.
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Figure 3.2: Partitioning parameters derived from time-resolved Trp-fluorescence
measurements of [P] = 4 uM for L18W-PGLa at different PE/PG 3:1
concentrations, A-C) showing Rp, K and f3, respectively. Lines are guides
for the eye (manuscript in preparation).

To correlate the partitioning of L18W-PGLa with its activity, we
additionally performed leakage experiments, investigating membrane
permeability by measuring dye-efflux from PE/PG 3:1 vesicles after
incubation with L18W-PGLa at various [L]/[P] ratios. We used the
equi-activity approach as previously shown in [26], [27] to quantify
how much of the peptide is actually needed to induce the same
effect or membrane activity (in this case leakage) in regard to the
investigated lipid concentration and membrane lipid composition.
We studied the effect of Li8W-PGLa at physiological temperature in
the lipid fluid phase, up to much higher lipid concentrations than
typically used in dye leakage experiments ([L]=50-600 #M). Recorded
leakage data are presented in Figure A) and were interpolated
with a sigmoidal function which made it possible to perform peptide
partitioning analysis analogously to Trp-fluorescence data analysis
for well-defined dye-leakage percentages shown in Figure [3.3| B, fitted
linearly.
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Figure 3.3: Data from membrane permeability assays induced by L18W-PGLa with
the dye-quencher pair ANTS/DPX from PE/PG 3:1 lipid vesicles. A)
Leakage percentages as a function of peptide concentration concentration
[P] at different total lipid concentrations [L]. Data were fitted with a
sigmoidal function by fixing a final plateau at 100%. B) Lipid and peptide
concentrations corresponding to 10% (red squares), 50% (green circles)
and 99% (blue diamonds) leakage. Data were fitted linearly to extract
partitioning parameters (manuscript in preparation).

The obtained partitioning parameters Rp and K, are presented in
Figure as a function of leakage percentage. While Rp shows an
increase up to a maximum value of Rg ~ 0.025 at 100% leakage, the
partitioning coefficient K shows a monotonous decrease for increasing
leakage percentages, which corresponds to an increase in peptide
concentration, independent of the regarded lipid concentration. This
means that dye-leakage experiments should be regarded as an indirect
method to study peptide partitioning.
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Figure 3.4: Partitioning parameters of L18W-PGLa extracted from leakage data
presented in Figure with A) the number of bound peptides per lipid
Rp and B) the partitioning coefficient K for L1i8W-PGla, at increasing dye
leakage percentages. Dashed lines are guides for the eyes.

3.1.2 Synergistic Effect of Magainins Connected to
Partitioning

In a next step, we performed Trp-fluorescence measurements at a
fixed lipid concentration of [L] = 100 uM and varying peptide con-
centration ([Ppgr,] = 1 — 6 uM) and investigated the partitioning of
L18W-PGla in the absence and presence of the non-Trp containing
MGz2a, shown in Figure A-C). The two magainins are well known
for their synergistic mode of action. Increased peptide partitioning
of one peptide in the presence of the other, is one of the possible
explanations for their enhanced effect when applied in an equimo-
lar mixture [19]. For both investigated systems similar trends were
observed for Rp, K and fp with increasing peptide concentrations,
although obtained values were almost quadrupled for L18W-PGLa
in presence of MG2a (equimolar mixture). Rp shows a monotonous
increase that presents much stronger for the equimolar mixture, while
K features a subtle maximum, which is also more apparent for the
peptide mixture. The generally higher values of the partitioning coef-
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ficient observed in the presence of MG2a, which postulates that the
transfer of L1I8W-PGLa from solution into the membrane under the
synergistic conditions of the peptide mixture, is either energetically
more favorable or signifies and enhanced peptide activity or both. The
difference in [AGY + kzTIn ()] values in absence and presence of
MG2a, is however again rather small. When taking into account the
total peptide concentration (PGLa + MGza) in case of the equimolar
mixture ([P] ~ [P] *2), the maxima of K in both data sets coincide.
The fraction of bound L18W-PGLa in reference to the total L18W-
PGLa concentration (fp) is approximately doubled under synergistic
conditions and reaches up to 40% of bound peptide.
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Figure 3.5: Peptide partitioning from Trp-fluorescence experiments in PE/PG 3:1
LUVs ([L] = 100 uM), showing A) the number of bound L18W-PGLa
peptides per lipid molecule Rg, B) the partitioning coefficient K and
C) the fraction of bound peptides fp, plotted as a function of L18W-
PGLa concentration for L1I8W-PGLa-only systems and L18W-PGLa:MG2a
1:1 mixtures ([P] =1-6uM L18W-PGLa). Corresponding kzT In (Ky) =
—[AGY +kpTIn ()] values are displayed for two selected [L]/[P] ratios.
Dashed lines serve as a guide for the eye. Extracted partitioning values
after one hour of lipid-peptide incubation are presented in Table
(manuscript in preparation).

To probe for potential structural changes induced by the peptides,
we performed dynamic light scattering measurements after each
Trp-experiment. Additionally we measured MGz2a-LUV mixtures at
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Table 3.2: Partitioning results from Trp-fluorescence spectroscopy measurements of
L18W-PGLa in the presence and absence of MGz2a peptides (L18W-PGLa
[P] =2 — 8 uM) into PE/PG 3:1 vesicles at [L] = 100 uM after one hour
of lipid-peptide incubation, with Rp the number of bound L18W-PGLa
peptides per lipid molecule and K the partitioning coefficient (manuscript

in preparation).

L18W-PGLa | 2uM | 4uM | 6uM

Rp x1073 25402 | 67403 | 74404
K x10* 8+0.8 11.1+0.8 | 7.8%+0.5
1B [%] 12.6+1.1 | 17.84+0.9 | 12.41+0.7
L18W-PGLa [+MGza] | 2 uM* | 4uM* | 6 uM*

Rp x1073 8.240.2 | 14.5F0.4 | 18.2F0.5
K x10* 39.0t2 | 31.7£1.3 | 24.1%£1
1B [%] 41.2+1.2 | 36.31+0.98 | 30.310.8

* Sample aggregation

[L] =100 uM and [P] =2, 4 and 8 uM after an incubation period of 60
min at 37°C. Figure [3.6| shows corresponding DLS data. No significant
changes in size distribution were detected for separate addition of
L18W-PGLa or MGz2a. The equimolar mixture of both peptides re-
vealed significant structural changes even at the lowest investigated
peptide concentration ([P] =2 uM), leading to a broadened size distri-
bution (increased polydispersity index), and increased hydrodynamic
radii. This can be explained through the formation of large aggregates
after mixing PE/PG/CL mimics with AMPs, as observed in SAXS
measurements described in Section
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Figure 3.6: Intensity-weighted size distribution functions from DLS measurements
of PE/PG 3:1 membrane mimics after incubation with peptides for 6o
min at 37 °C. A) LUVs at [L]= 100/1000 M after incubation with solely
L18W-PGLa ([P]=2-6 uM). B) [L]=100 uM vesicles with solely MGz2a
([P]=4-8 uM) and C) [L]|=100 uM LUVs with the equimolar mixture
([P]=2-12 uM), (manuscript in preparation).

3.1.3 Dependence of Partitioning on Lipid
Composition for Lactoferricin Derived Peptides

In a related study, we investigated peptide partitioning in dependence
of lipid composition of the used membrane mimics for lactoferricin-
derived peptides [24].

Therefore, we performed Trp-fluorescence measurements in three dif-
ferent vesicular membrane mimics composed of: pure PG, PE/PG
3:1 mol/mol and PE/PG/CL 82:6:12 mol/mol/mol, to determine
partitioning parameters of the peptides L11-215 and L11-324. Both
peptides are known to contain Trp and exhibited emission spectra
of AW ~ 354 nm and T"W ~ 65 nm in HBS buffer, indicating that all
Trp residues are exposed to a polar environment [65]]. As reported for
L18W-PGLa in PE/PG mimics, the Trp emission bands exhibited a
blue-shift regardless of lipid composition and peptide type. We could
thereby determine partitioning kinetics for both lactoferricin derived
peptides into the three different lipid bilayers.

The fluorescence signal from the partitioned Lactoferricins in differ-
ent membrane mimics exhibited values of A® ~ (331 — 335) nm and
I'B ~ (49 — 54) nm, indicating an average location of the Trp residues
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3.1 Peptide Partitioning

within the hydrophobic region of the membrane [65]]. Figure 3.7/ A)/C)
and B)/D) shows time-dependend Rp and K values for [P] = 4 uM of
LF11-215 and LF11-324, respectively, in the three investigated mem-
brane mimics at a lipid concentration of [L] = 100 uM. Different
kinetics and absolute partitioning values were observed with varying
membrane lipid composition, partitioning kinetics also varied for the
two investigated peptides. Interestingly, in pure PG-LUVs, LF11-215
exhibited the highest Rp and K values, while partitioning proved to be
the lowest in this membrane mimic for the LF11-324 peptide and only
reached a third of the values observed for LF11-215. Both peptides
in PG mimics reach stationary values within 30 s after mixing and
showed no further significant change during the measurement time
of 60 min. Both peptides behaved similarly in PE-containing mimics,
exhibiting significantly increased partitioning for systems including
CL, while in both PE lipid systems similar kinetics were recorded. Rp
and K show an increase within roughly 20 min after mixing, before
reaching a plateau. Strikingly, the first values recorded after mixing
for all three membrane mimics diverge for LF11-215 according to their
final values, in case of the LF11-324 peptide, the initial value after
mixing of Rp as well as K coincides in all three mimics.
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Calculated partitioning parameters (Rp the number of bound pep-

tides per lipid, K the partitioning coefficient) after lipid-peptide in-

cubation and magnetic stirring for 60 min at 37°C are presented in
Table (3.3} The increased affinity of AMPs to CL-containing membranes
compared to PE/PG mimics was only observed for the higher peptide
concentration. At [P] = 2 uM partitioning was approximately equal
for both PE-containing membrane mimics. The great difference be-
tween partitioning of both lactoferricins in PG membranes was also
only observed at the increased peptide concentration ([P] =4 uM).
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Table 3.3: Partitioning results from Trp-fluorescence spectroscopy measurements of
LF11-215 and LF11-324 peptides ([P] = 2/4 uM) into three different mem-
brane mimics of [L] = 100 uM after one hour of lipid-peptide incubation.
Table taken from [24]

LF11-215 (2 M / 4 uM) | Rp x1073 K x10*

PG 14.91+0.3 / 31.9t0.4 161+6 / 21718
PE/PG 11.24+0.3 / 17.5£0.7 70%4 / 43%3

PE/PG/CL* 11.9+0.2 / 28.64+0.3 82+4 / 13916
LF11-324 (2 uM / 4 uM) ‘ Rp x1073 K x10*

PG 10.51+0.3 / 10.7£0.9 61%4 / 20420
PE/PG* 11.01+0.3 / 18.4£0.6  67+%4 / 47%3

PE/PG/CL** 10.6+0.3 / 26.74+0.4 63%4 / 111%5

* Sample aggregation at [P] = 4 uM
** Sample aggregation at [P] = 2 and 4 yM.

The corresponding, intensity-weighted size distribution functions
from DLS measurements after incubation with either peptide for one
hour at 37 °C are shown in Figure Structural changes were inves-
tigated for all three membrane mimics in combination with LF11-215
([P] = 4 uM) shown in Figure [3.8| A), revealing no changes induced
in PG mimics when compared to measurements of extruded LUVs
without peptide addition, while PE/PG membranes exhibited a two
component system with both LUVs and bigger structures present and
in CL-containing mimics no LUVs remained. Figure [3.8/ B) shows DLS
investigations of structural changes induced by elevated concentra-
tions of LF11-324 ([P] = 100 — 1500 #M) in PG mimics. Structural
changes were only observed at peptide concentrations ([P] > 1000
uM).
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Figure 3.8: DLS measurements of different membrane mimics after incubation with
peptides for one hour at 37 °C. The dotted black line represents measure-
ments of extruded PE/PG and pure PG LUVs prior to peptide activity in
A) and B), respectively. A) Different lipid systems ([L] = 100 uM) after
incubation with LF11-215 ([P] = 4 uM). B) Varying concentrations of
LF11-324 concentrations mixed with pure PG mimics ([L] = 10 mM).
Figure taken from [24]

As conducted for L18W-PGLa, we correlated the partitioning of
the lactoferricin-derived peptides with their activity through leakage
experiments, investigating membrane permeability by measuring dye-
efflux from LUVs after sample incubation for 60 min at physiological
temperatures of 37°C with LF11-215 at different [L]/[P] ratios. This
enabled us to investigate membrane-peptide interactions up to highly
elevated lipid concentrations typically used in small angle scattering
experiments ([L] ~20 mM).

Recorded leakage percentages are presented in Figure [3.9|as a func-
tion of peptide concentration mixed with A) PG, B) PE/PG and C)
PE/PG/CL mimics. As revealed by DLS measurements shown in
Figure substantial amounts of leakage (> 15%) could always
be related to the formation of larger structures, represented in Fig-
ure 3.9| A-C) by gray shaded regions, which are shown to depend on
overall lipid-peptide ratios as well as membrane composition. Leakage-
inducing peptide concentrations were shown to be significantly in-
creased in pure PG mimics [P] < 1000 M compared to [P] < 250 uM
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Figure 3.9: LF11-215 induced leakage in vesicles composed of PG A), PE/PG B), and
PE/PG/CL Q) for varying lipid concentrations. Initial leakage increases
were fitted using a sigmoidal function, lines in PE-containing systems,
following the subsequent decrease are guides to the eye. Grey-shaded
areas mark the unilamellar regime without significant lipid aggregation.
D)-F) shows leakage data analysis to determine partitioning parameters
(Table according to Equation from straight line fits for the three
different membrane mimics. Figure taken from [24]]
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in PE-containing membranes. For PG mimics a sigmoidal increase in
leakage with increasing peptide concentrations was observed for all
investigated lipid concentrations between ([L] = 1 — 20 mM), while
systems with PE presented more complex behaviour with increasing
peptide concentration. In this case, for all investigated lipid concen-
trations with increasing peptide concentration, a leakage maximum
at a certain [L]/[P] ratio was observed and followed by a leakage
decrease down to a specific value. Comparing mimics of PE/PG and
PE/PG/CL, CL-containing membranes proved to be the more per-
meable for the dye in presence of LF11-215, with PE/PG vesicles
exhibiting particularly low dye efflux, never exceeding 40% even at
high lipid concentrations, while CL mimics almost reached full leak-
age quota at specific [L]/[P] ratios. Data were further analyzed to
obtain partitioning parameters as described in Section The initial
increases in leakage percentage plotted over peptide concentration for
different lipid concentrations presented in Figure [3.9| were fitted with
a sigmoidal function to be able to extract and compare specific leakage
percentages corresponding to specific [L]/[P] ratios, independent of
the systems overall structure. Respective partitioning parameters are
presented in Table Rp and K values are shown to increase for
higher leakage percentages in all three membrane mimics, systems
containing PE generally showed significantly lower values compared
to PG mimics. This indicates that a higher number of peptides per
lipid is required to induce leakage in PG vesicles, since at high lipid
concentrations almost all peptides are partitioned into the membrane.
To induce leakage in PE-containing mimics a lower percentage of
peptides per lipid is required.

3.1.4 Investigations of Structural Kinetics using
Time-Resolved SAXS

Taking a closer look at the peptides’ structural effects on the model
membranes as suggested by leakage and DLS experiments described
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Table 3.4: Partitioning parameters for LF11-215 ([P] = 0.05 — 2 mM), derived from
dye-leakage measurements of membrane mimics with different composi-
tion ([L] = 1 — 20 mM). Table taken from [24]

Leakage | Rp x107% K x10*
PG 10% 3614 2.4=F0.7
PG 20% 55.9£1.6  4.2F0.4
PG 40% 7216 5.4%+1.4
PE/PG 10% 9.8+0.4 1.37%+0.16
PE/PG 15% 10.7£1.0 0.75%0.15
PE/PG/CL 10% | 5.6%0.7 1.7+0.8
PE/PG/CL 20% | 7.2#+0.5 1.5+0.3
PE/PG/CL 40% | 9.6%0.9 1.5+0.4

above, we performed time-resolved small angle X-ray scattering ex-
periments, introduced in Section to investigate the kinetics of
structural changes induced by the AMPs from the magainin and
lactoferricin family in different membrane mimics. SAXS data was
analyzed based on Bragg peak positions only, to gain more insight into
the observed structures, elaborate data modelling would be required,
as demonstrated in [21] in combination with investigations using com-
plementary techniques like contrast-variation SANS or transmission
electron spectroscopy, which proved to be beyond the scope of this
thesis.

In a comparison of the activity of Li8W-PGLa, MG2a, L1i8W-PGLa:MG2a
1:1 mol/mol mixture and an additional chemically linked heterodimer
of L18W-PGLa and MG2a referred to as the hybrid peptide, we first
studied their time-resolved effect on LUVs with a PE/PG 3:1 mol/mol
composition.
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Figure 3.10: Time-resolved SAXS data of PE/PG 3:1 LUVs mixed with A) the hybrid
peptide showing SAXS patterns of pure vesicles and changes over
time at a [P]/[L] = 1:25 (o indicates the sponge phase, O the cubic
phase and II the collapsed lamellar phase). B) shows the corresponding
surface plot showing changes in the first order lamellar peak. Panel D)
presents the changes in lamellar d-spacing and E) number of lamellae in
the investigated membrane mimics over time induced by L18W-PGLa,
MGaza, their equimolar mixture and the hybrid at a [P]/[L] = 1:25.

SAXS patterns of phospholipid LUVs have been previously shown
to exhibit a purely diffuse scattering pattern that stems from position-
ally uncorrelated lipid bilayers. Diffuse scattering was observed in
vesicle reference systems of all investigated compositions, depicted
for PE/PG 3:1 LUVs in Figure A) (bottom, grey curve). It was
demonstrated in a previous study [9] that L18W-PGLa and MGza
induce the formation of multilamellar aggregates with collapsed layer
spacings after equilibrating lipid-peptide mixtures for three days. In
further endstate measurements the equimolar mixture and the hybrid
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peptide were revealed to additionally induce a molten cubic phase
(sponge phase), and in the case of the hybrid also a cubic phase was
observed. In the time-resolved measurements conducted in the course
of this thesis, PGLa, the equimolar mixture, as well as the hybrid, were
shown to induce rapid (within 30 s) formation of a lamellar phase
with collapsed interbilayer spacing, at a ratio of [P]/[L] =1 : 25 for
PE containing systems. MGz2a and the lactoferricin-derived peptides
presented slower kinetics. Figure A) and B) and Figure
presents scattering curves obtained between 1-30 min after peptide ad-
dition to PE/PG 3:1 mimics and preliminary endstate measurements
obtained after 7 h. Scattering patterns of the L18W-PGLa:MGz2a mix
and the hybrid exhibited an additional peak at g ~ 0.8 nm~1, indicat-
ing a sponge phase, already visible in the first kinetic measurement
recorded 1 min after mixing. In case of the hybrid peptide, the peak
corresponding to the sponge phase did not change significantly within
the kinetic measurement. Distinctive kinetics were observed in case of
the lamellar phase, with the Bragg peaks becoming more pronounced
and the peak position changing over time. In the case of the hybrid
peptide additionally to the lamellar and sponge phase, a coexisting
cubic Pn3m phase, as indicated by an additional, slightly sharper peak
atg ~ 09 nm !, which was visible in the endstate measurement, but
not during the 30 min time-span of the kinetic measurements, see
Figure A). This could be due to the cubic phase forming later
on, or because the peak disappears in the increased noise level of
the time-resolved measurements. The equimolar mixture as well as
the hybrid, induced rapid precipitation of the sample, leading to a
decrease in measured intensity since a reduced amount of the sample
is illuminated by the X-ray beam. This explains the increased noise of
scattering data at longer times.

Figure C) shows the change of the lamellar-spacing d over time,
corresponding to the temporal evolution of the first order Bragg peak,
see Equation Non-monotonic behaviour for d was observed, with
an initial decrease between 10 - 20 min after mixing, and subsequent
slow increase. At the beginning of the kinetic measurement the LUVs
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have already been transformed into a multilamellar system with es-
sentially no water between the individual bilayers. Observed d-values
were greater for lipid-peptide mixtures containing MGz2a than for mix-
tures with L18W-PGLa, signifying more condensed layer spacings for
L18W-PGLa. d-values were even lower for the equimolar mixture and
the hybrid (d(MGza) > d(L18W-PGLa) > d(L18W-PGLa:MGza) >
d(hybrid)). The estimated number of positionally correlated layers
(n7), determined according to Equation increased for all peptides
but the equimolar mixture, the highest number of layers were ob-
served for the hybrid peptide, followed by L18W-PGLa and MGza.
(n(hybrid) > n(L18W-PGLa) > n(L18W-PGLa:MGz2a) > n(MGz2a) ).
n; was initially highest for the equimolar mixture, but remained fairly
constant during the time-span of the measurement.
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Figure 3.11: Structural kinetics observed with SAXS in PE/PG-LUVs induced by A)

L18W-PGLa and A) MG2a and E) MG2a+L18W-PGLa ata [P|/[L] =1:
25 as well as corresponding surface plots B), D) and E) (o indicates the
sponge phase, and II the collapsed lamellar phase).
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For further investigations of peptide kinetics, we compared the
processes observed for L1i8W-PGLa in two membrane mimics with dif-
ferent membrane composition. Additionally to the simple PE/PG (3:1
mol/mol) mixture examined above, we also investigated a membrane
mimic composed of PE/PG/CL (82:6:12 mol/mol/mol). Figure
A) shows a comparison of the d-value for the two membrane mimics
mixed with L18W-PGLa. d is already lower in the first measurements
obtained for CL containing membranes and the observed decrease
during the first 10 min and subsequent increase is significantly more
pronounced for this mimic. This holds also true for the estimated num-
ber of correlated layers presented in B) with a considerably larger
increase in number of layers over time for the PE/PG/CL membrane
mimic. The shift of the first order lamellar peak is clearly visible in the
recorded SAXS data shown Figure C) and corresponding surface
plot D).
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Figure 3.12: Comparison of L18W-PGLa kinetics in PE/PG and PE/PG/CL con-
taining samples, showing changes in A) d-spacing and B) number of
lamellae, in both membrane mimics over time after peptide addition.
C) presents the SAXS curves of CL-containing LUVs and 1-28 min after
mixing with theL18W-PGLa, as well as the preliminary endstate mea-
sured 7 h after mixing (II indicates the collapsed lamellar phase) and
D) the corresponding surface plot.

A comparison of the structural effect of MGza, the equimolar mix-
ture and hybrid on the CL-containing mimic is presented in Figure
While for L18W-PGLa only the first order lamellar peak is visible
(Figure Q)) as observed for PE/PG mimics, mixtures with MGz2a
show more elaborate kinetics presented in Figure A). An addi-
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tional peak can be observed, corresponding to d ~ 10.5 nm arising
approximately 10 min after mixing and disappearing simultaneously
with a splitting of the first order lamellar peak after roughly 20 min
corresponding to a change in d-spacing from d ~ 5.7 nm down to
4.8 nm. This could be explained through vesicle fusion processes of
approaching membranes leading to a swollen lamellar phase (related
to the peaks with d ~ 10.6 nm) and then gradually changing into a
system of fully collapsed bilayers with d ~ 4.8 nm. This could explain
how the collapsed lamellar structures also observed for the other
AMPs are formed, where these kinetics were possibly to fast to be
recorded.

Structural changes induced by the equimolar mixture and the hybrid
presented in Figure C) and E), respectively, show similar kinetics
in CL containing membranes as observed in the simpler PE/PG mix-
tures. The hybrids endstate shows a double peak, corresponding to
d ~ 6.3 nm and d ~ 4.8 nm, with the latter clearly stemming from a
collapsed lamellar phase. In a previous study [9], a value of dq ; gy ~
7.3 nm was determined for the Pn3m cubic phase induced by the hy-
brid in PE/PG mimics. The additional peak observed here for mixtures
of the hybrid and CL-containing mimics corresponding to d ~ 6.3 nm
might therefore be connected to a more curved non-lamellar phase
or a somewhat more swollen lamellar phase. However, due to large
noise levels in the discussed SAXS data, no further Bragg-peaks could
be evaluated in this case and therefore a definitive identification is not
possible. No endstates could be measured for MG2a and the equimo-
lar mixture, after the 7 h incubation period with CL at 37°C containing
mimics, the highly aggregated samples were stuck to the bottom of
the micro well-plate they were incubated in and could therefore not
be injected into the sample cell by the auto-sampler.
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Figure 3.13: Time-resolved SAXS patterns showing structural changes in PE/PG/CL
LUVs induced by A) MGz2a C) L18W-PGLa:MGza and E) the hybrid
at a [P]/[L] = 1:25 with B), D) and F) showing the corresponding
surface plots, respectively. A) and G) also include preliminary endstates
measured 7 h after mixing. No end-states could be measured for MGza
and the equimolar mixture in this case. (II indicates the collapsed
lamellar phase, IT* the swollen lamellar phase, o the sponge phase and
0" a possible condensed cubic phase). 61



3 Results and Discussion

The kinetics of peptide-induced structural changes were also in-
vestigated for the lactoferricins LF11-215 and LF11-324 in PE/PG
(3:1 mol/mol) and PE/PG/CL (82:6:12 mol/mol/mol) mimics, and
additionally in pure PG vesicles [24]. For endstate measurements,
LUVs mixed with the AMPs at [L]/[P] ratio of 1:25 were incubated
at 37°C for 4 h, recorded SAXS patterns are presented in Figures
A) and B) for LF11-215 and LF11-324, respectively. Reference systems
are depicted by dashed lines and all exhibit purely diffuse scattering
patterns. Both peptides induced structural changes in all membrane
mimics, although changes were much less pronounced compared to
effects of peptides from the magainin family. The least pronounced
changes were observed in PG membranes. Mixtures of PG liposomes
with LF11-324, still showed a purely diffuse scattering pattern and
solely indicated a slight shift of the first minimum at g ~2.8 nm~! to
higher g, which could stem from a thinning of the membrane. For PG
LUVs with LF11-215 additionally an indistinctive positional correla-
tion peak at q ~ 1.2 nm~! was observed, corresponding to a d-spacing
of 5.24 nm. In both PE-containing mimics mixed with either AMP,
measured endstates showed a small, but clearly discernible positional
correlation peak at g ~ 1.2 nm~! but additionally, still exhibit a much
more pronounced diffuse scattering pattern when compared to scat-
tering patterns observed for structures induced by the magainins. PE
containing systems mixed with either one of the investigated lacto-
ferricins showed an additional modulation at 4 ~ 2.0 nm~!, which
could stem from an unequal distribution of peptides throughout the
system by either preferentially locating in one leaflet of the lipid
bilayer or through the formation of peptide-enriched domains. In ac-
cordance with measurements conducted for magainins, we performed
time-resolved SAXS measurements for all three membrane mimics in
combination with LF11-215 presented in Figure No structural
kinetics were observed for LUVs consisting of pure PG, where only
the endstate presented a weak feature of a positional correlation peak.
As observed for Magainins, the kinetics in PE-containing membranes
appeared faster and more pronounced in PE/PG/CL-mixtures. In the
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first recorded frame 30 s after mixing a weak correlation peak was
already visible see Figure C). In PE/PG vesicle, induced changes
were comparably less pronounced and slower, with the first onset of a
peak visible approximately 5 min after lipid-peptide mixing. In PE/PG
and PE/PG/CL membranes, again, a time-dependend non-monotonic
behaviour of d was observed (Figure D). Diverging from observed
evolution of d-spacing values shown in Figure A) an immediate
decrease was observed before a slow increase over several minutes
after peptide addition. In agreement with measurements presented
above for mixtures with L18 W-PGLa, the derived d-values of PE/PG
were always larger than those of PE/PG/CL mixtures (Ad~ 0.1 nm) in
recorded end-states, where more pronounced changes were observed
for the simpler PE/PG mimic during the time-span of this measure-
ment. This could be attributed the the faster kinetics observed for CL
containing mimics and significant decrease in d already happening
before the first frame of the measurement (<30 s). Figure D)
also shows d-spacing values for endstates of LF11-324 with PE/PG
and PE/PG/CL, which exhibited significantly lower d-values in the
presence of LF11-324, d = 5.12 nm and d = 5.07 nm, respectively.
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Figure 3.14: SAXS patterns of PG, PE/PG and PE/PG/CL before and after 4 h
of incubation with A) LF11-215 and B) LF11-324 at [P]/[L] = 1 : 25,
corresponding to [L] = (24.5—27.9 mM) and [P] ~ 1.1 mM. Figure taken
from ||
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Figure 3.15: LF11-215 induced structural kinetics as observed in the evolution of
SAXS patterns of A) PG, B) PE/PG and C) PE/PG/CL; [P]/[L] =1: 25,
corresponding to [L] = 24.5—27.9 mM and [P] ~ 1.1 mM. Panel D)
shows the changes in d-spacing over time for PE/PG and PE/PG/CL
with LF11-215, as well as preliminary end-states (ES) for LF11-215
and LF11-324 measured after 4 h of system equilibration. Figure taken
from [24]

For all investigated peptides and at high lipid and peptide con-
centrations used in SAXS experiments, especially for the equimolar
mixture and hybrid peptide from the magainin family in combination
with membrane mimics containing PE, particularly for PE/PG/CL
LUVs, a major challenge proved to be the rapid, peptide-induced pre-
cipitation of the samples, causing increased noise levels in recorded
data for longer measurement times, which can be explained due to
a smaller fraction of the sample being hit by the X-ray beam. This
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explains increased noise levels of scattering data at longer times.

3.1.5 Discussion of Studies with Symmetric
Membrane Mimics

We investigated antimicrobial peptides from two different families
regarding membrane partitioning and structural effects on different
symmetric mimics of cytoplasmic membranes of Gram-negative bacte-
ria.

Trp-measurements revealed complex partitioning interdependencies
for different experimental parameters. Partitioning of L18W-PGLa
in PE/PG mimics was shown to be dependend on the overall lipid
concentration and the percentage of membrane associated AMPs more
than doubled from ~18% to ~53% for an increase of [L] =100 to 1000
uM (Fig. [3.1), higher investigated lipid concentrations, also led to
faster partitioning kinetics (Fig. [3.2). Partitioning parameters derived
from leakage studies of the same system at different [L]/[P] ratios for
increasing lipid concentrations also showed concentration dependend
behaviour. A comparison of partitioning studies derived from Trp-
fluorescence and leakage experiments, revealed significantly higher
partitioning values stemming from leakage measurements (up to a
factor of 7). This is not necessarily contradictory and can be explained
by how the partitioning parameters are actually determined for the
two techniques. The equi-activity approach used to determine parti-
tioning parameters in dye-leakage assays is an indirect method, since
it measures the effect that a certain number of associated peptides
have on the membrane, while Trp-fluorescence directly determines the
number of partitioned AMPs and not their activity. It should be noted,
that in the lipid concentration range used for L18W-PGLa partitioning
studies, no structural changes of the investigated LUV's were detected
in supplementary DLS measurements.
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The equimolar peptide mixture of L18W-PGLa and MGza is well
known for its synergism and considerably boosts AMP activity, es-
pecially in Gram-negative bacterial strains. For the two magainins, it
has recently been shown in a partitioning study derived from fluores-
cence experiments with NBD-labeled peptides in PE/PG 3:1 mimics
investigating MGz2a, L18W-PGLa, and their mixtures, that MGz2a as-
sociates more strongly with the membrane than L18W-PGLa [19].
The membrane affinity of their mixture was shown to increase by an
order of magnitude compared to individually added peptides. The
data in this study were derived from a dilution assay, where both
lipid and peptide concentrations were changing, therefore this method
can be considered an indirect method, similar to the equi-activity
approach used in dye-leakage assays [26], [27], [66]. We therefore
also directly investigated the partitioned fraction of L18W-PGLa in
the presence and absence of MGza at a fixed [L] with increasing [P]
using Trp-fluorescence measurements (Fig. [3.5). We likewise observed
significantly increased partitioning of L18W-PGLa in the presence of
MGza, with an up to fourfold increase of the amount of L18W-PGLa
incorporated into PE/PG mimics. Additional DLS measurements also
revealed significant structural changes induced by the synergistic mix-
ture even at the low investigated lipid and peptide concentrations,
whereas no significant changes in size distribution were detected for
separate addition of L18W-PGLa or MGza (Fig. [3.6).

Investigations of peptide partitioning in dependence of lipid composi-
tion for the two lactoferricin-derived peptides LF11-215 and LF11-324
(Fig. in PG, PE/PG and PE/PG/CL mimics, revealed the strongest
partitioning for LF11-215 in PG membrane mimics, while, interest-
ingly, it was shown to be the lowest for LF11-324. Due to electrostatic
interactions between the anionic PG membranes and cationic AMPs,
the preferential adsorption to more negatively charged membranes
seems evident. However, this is not the only property driving peptide
partitioning. The investigated AMPs also comprise a hydrophobic
region, therefore the amphipathic moment of the peptides plays an
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important role in membrane-peptide interactions. It has been shown
(e.g. [23]) that lactoferricins insert into the membranes with their posi-
tively charged N-terminal part inside the hydrophobic region of the
lipid bilayer, while their C-terminal part is partially interacting with
the lipid head-groups and partially exposed to the solvent. The ob-
served blue shift of recorded emission spectra in Trp-fluorescence data
indicates, that Trp residues of the investigated peptides reside within
an apolar environment, which also points toward their N-terminal
lying within the same region for these short molecules. LF11-324 is
the slightly larger peptide and is comprised of two additional Phe and
Pro residues on the C-terminus, see Figure |2.5| for primary peptide
sequences. Consequently this peptide needs to insert deeper into the
membrane for the Trp residue to reside within the hydrophobic core of
the bilayer. However, this means in turn that there is a larger distance
between the N-terminus and the anionic lipid headgroups of the PG
molecules, leading to less favorable electrostatic interactions for the
LF11-324 peptide. This is corroborated by the fact, that the lower par-
titioning of LF11-324 was only observed in pure PG mimics and not
for membrane mimics containing a significant amount of uncharged
PE where electrostatic interactions have a decreasing influence on
peptide-membrane affinity.

In membrane mimics containing cardiolipin, the highest partition-
ing was observed for both lactoferricin-derived peptides. This can
be explained through peptide-induced domain formation, as previ-
ously observed for CL-containing mixtures in the presence of LF11
derivatives [22], [23]] leading to packing defects at domain boundaries
(see, e.g., [67]) which may make it easier for peptides to partition into
membranes containing CL.

The interesting effect observed in ANTS/DPX leakage measurements
has, to the best of our knowledge, not been reported before. As pre-
sented in Figure 3.9/ B-C), in PE/PG and PE/PG/CL mimics at constant
lipid concentration and increasing peptide concentration, LF11-215
induced increasing leakage values up to a certain AMP concentration
and upon increasing peptide content even further, dye-efflux decreased
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again and eventually reached seemingly stable values, never reaching
100% of leakage. Especially for LUVs consisting of PE/PG, recorded
leakage values never exceeded ~35%. Pure PG mimics show typical
sigmoidal increase of leakage (Fig.[3.9), as reported above for L18W-
PGLa and as previously established in e.g., [26], although elevated
peptide concentrations were necessary, compared to concentrations
used in PE-mimics. For all membrane mimics, significant leakage (>
15%) always coincided with lipid aggregation as shown by dynamic
light scattering for the 3 different mimics (Fig. at 4 uM of LF11-
215 and 10 mM PG vesicles with different concentrations of LF11-324.
When compared to leakage induced by L18W-PGLa in PE/PG mimics
(Fig. the membrane activity of lactoferricins was very low even at
highly elevated peptide concentrations. However, partitioning deter-
mined through Trp-fluorescence measurements revealed significantly
higher membrane affinities of lactoferricins compared to magainins
(for solely L18W-PGLa up to a factor of 4, indicating a completely
different mode of action for the two peptide families.)

Structural kinetics induced by the peptides investigated through time-
resolved SAXS were consistent with results discussed above and re-
vealed much more pronounced membrane remodelling induced by
magainins when compared to the lactoferricin derivatives, see Sec-
tion

For the magainins L18W-PGLa, MG2a, their equimolar mixture and
the hybrid peptide, SAXS-pattern revealed distinctive Bragg-peaks
already for short lipid-peptide incubation times. Comparable SAXS
data was previously shown to stem from peptide-induced multibilayer
systems with collapsed interbilayer distance for PE/PG (3:1 mol/mol)
mimics [9]. For this specific lipid mixture, the steric bilayer thickness
was shown to be ~ 4.7 nm [21]]. Multilamellar structures were ob-
served for the individual L1i8W-PGLa and MGza peptides (Fig. [3.11)),
in the case of their equimolar mixture an additional sponge phase was
observed, which can essentially be described as a molten cubic phase
consisting of a network of water channels throughout the multibilayer
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system. Lipid-peptide mixtures with the hybrid peptide exhibited
the collapsed multibilayer system, a sponge phase and an additional
Pn3m cubic phase as described in [9]]. The equimolar mixture, as well
as the hybrid peptide therefore seem to induce high curvatures in the
investigated mimic since the sponge phase and cubic phase consist of
strongly curved membrane regions.

Although the first structural changes seem to be induced in the mem-
brane mimics in a matter of seconds, recorded time-resolved SAXS
data indicate that membrane fusion processes occur for all peptides
on time-scales of 10 - 20 min after lipid-peptide mixing as revealed
by a non-monotonic behaviour of the derived d-values. SAXS data
of PE/PG mimics with all magainin systems except MGza, already
showed distinct Bragg-peaks for the first measurement 30s after lipid
peptide mixing, growing more pronounced over the time-span of
the measurement. The very weak Bragg-peaks and derived d-spacing
values observed in SAXS measurements for lactoferricin peptides in
PE/PG-mimetics point to the formation of a very small fraction of
positionally well-correlated aggregates, but SAXS patterns also exhib-
ited a large diffuse scattering fraction with an additional modulation
at g ~ 2 nm~! which was not observed for magainin peptides. This
modulation could stem from an unequal distribution of peptides
throughout the system by either preferentially locating in one leaflet
of the lipid bilayer or through the formation of peptide-enriched do-
mains.

A decrease and subsequent in increase in d-values determined from
Bragg-peak positions was observed for all lipid-peptide systems
(Fig. and Fig. [3.15), corresponding to a convergence of membranes
followed by swelling of the lamellar phase. The minimal derived d-
values roughly corresponds to the steric thickness of the investigated
PE/PG membranes.

The strongest membrane perturbations were observed for the equimo-
lar mixture and the hybrid, for both of which the observed kinetics

70



3.1 Peptide Partitioning

were also shown to be the fastest. The addition of L18W-PGLa led to
smaller d-values compared to MGza, with the latter generally lead-
ing to significantly less pronounced structural changes. This can be
explained by the position of the two peptides within the membrane.
In membrane mimics with negative intrinsic curvature like PE/PG
3:1, L18W-PGLa and MGz2a both were established to be aligned with
the surface in solid-state NMR experiments [46] although the position
of L18W-PGLa was shown to be slightly tilted. It was also previously
demonstrated, that AMPs inserted into the membrane in a parallel
orientation, do not form any pores and are preferentially located on
the membrane surface within the region of the lipid headgroups [9].
The peptides thereby lead to a disorder of hydrocarbon chain packing
and induce membrane thinning, which is especially pronounced for
peptide aggregates. The slightly tilted angle of L18W-PGLa might
lead to an even less ordered defect within the membrane, with the
peptide not simply positioned nicely on the hydrocarbon chains of
the opposing leaflets as suspected for the fully membrane-surface
aligned MG2a, thereby exposing a larger hydrophobic fraction to the
surroundings and favoring the formation of aggregates.

Partitioning data from leakage experiments with L18W-PGLa could be
extrapolated to high lipid concentrations used in SAXS experiments
(Fig.[1.1). Scattering experiments were conducted at lipid concentra-
tions of ~ 20 mM, while Trp-fluorescence and DLS measurements
were performed with lipid concentrations as much as three orders of
magnitude lower (50/100 uM). For experimental methods performed
using high lipid concentrations like SAXS, this means that almost all
L18W-PGLa peptides are partitioned into the membrane, regardless of
the presence or absence of MGza. In this lipid concentration regime,
the observed multibilayer system with a coexisting sponge phase
in membrane mimics induced by the equimolar L18W-PGLa:MGza
mixture, is not simply a consequence of increased peptide partition-
ing, but a unique structural impact of the synergistic mixture. It was
previously shown [12] that Li8W-PGLa and MGza, when applied
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separately to PE/PG 3:1 membrane mimics, did not induce significant
dye-leakage (~10%) at lipid concentrations conventionally used in
membrane permeability assays (50 M), while the equimolar mixture
increased the induced dye efflux by approximately a factor of four.
When comparing leakage results to SAXS data and not taking into ac-
count the increased lipid concentrations of the measurement technique
only regarding the [L]/[P] ratios, one could easily conclude that for
the observed multibilayer systems induced by the single peptides, no
leakage occurs and the multibilayer formation can take place without
loss of dyes included in initial LUVs. It becomes evident (Fig.
that at the investigated [P]/[L] ratios of 25:1 and a lipid concentra-
tion of 20 mM, 100% of leakage would be achieved also in the case
of solely adding L18W-PGLa, therefore in this case the formation of
collapsed multibilayers must be accompanied by significant dye-efflux.

Derived d-values from time-resolved SAXS measurements were higher
for lipid-peptide mixtures containing MGz2a than for mixtures with
L18W-PGLa, signifying more condensed layer spacings for L18W-
PGLa. d-values were even lower for the equimolar mixture and the hy-
brid (d(MGz2a) > d(L18W-PGLa) > d(L18W-PGLa:MGz2a) > d(hybrid))
with minimal values ranging between d =4.98 nm for MGz2a, down to
as low as d =4.74 nm for the hybrid.

After the addition of LF11-215 and LF11-324 to PE/PG mimics, SAXS
measurements revealed d-values of 5.53 nm and 5.12 nm, for the pep-
tides respectively after one hour of lipid-peptide incubation (Fig. [3.15).
In comparison to the thickness of the pure lipid system, this sug-
gests also for lactoferricins that the recorded Bragg peaks stem from
lamellar aggregates with almost completely collapsed bilayers that are
probably only separated by the steric size of the peptides partitioned
into the membranes. In case of LF11-324, the smaller d-values could be
attributed to more pronounced membrane thinning due to the higher
hydrophobicity of this peptide causing more disorder in the region of
the fatty acid chains of the lipid bilayer.
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In general, lower d-values were found for PE/PG/CL membrane
mimics for all investigated AMPs. The steric membrane thickness
of CL-containing membranes has not been published, therefore the
lower d-spacing cannot be interpreted definitively. The hydrocarbon
thickness is expected to be roughly the same for both PE-containing
mimics, therefore the observed difference in d-values can most likely
be attributed to an increased membrane perturbation induced by
AMPs. Also, Trp-fluorescence and leakage measurements reported
more pronounced effects of the peptides on the CL-containing mimic
and related higher partitioning coefficients for lactoferricins (Fig. [3.7).
Also, peptide kinetics appeared to be faster in membranes containing
cardiolipin, revealed by both Trp-fluorescence and SAXS experiments.
E.g. LF11-215, induced a Bragg peak in PE/PG/CL bilayer, 30 s after
the addition of peptides, whereas the peak first appeared approxi-
mately 5 min after lipid-peptide mixing in PE/PG mimics. PE-mimics
exhibited an initial increase in partitioning in Trp-fluorescence exper-
iments during the first 10—20 min which corresponds to the initial
decrease in d-spacing observed in time-resolved SAXS measurements.

Mixtures of magainins with CL-containing mimics, also led to more
inhomogeneous structures than in PE/PG systems. Derived d-values
from mixtures of L18W-PGLa with either PE-mimic (Fig. [3.12), show
corresponding temporal progression but significantly lower minimal
d values of 4.92 nm in PE/PG and 4.69 nm in CL-containing mem-
branes.

PE/PG/CL mixtures with MG2a showed more elaborate kinetics
(Fig. [3.13), which can possibly explain how the collapsed lamellar
structures, also observed for the other AMPs, are formed and where
these kinetics were most likely to fast to be recorded. Approximately
10 min after mixing, a swollen lamellar phase appeared as indicated
by corresponding d-values of 10.5 nm and 5.7 nm. After roughly 20
min, this swollen phase started to disappear simultaneously with the
emergence of an additional lamellar peak with d ~ 4.8 nm. This could
be explained through vesicle fusion processes of approaching mem-
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branes, first leading to a swollen lamellar phase and then gradually
changing into a system of fully collapsed multilayers.

The minimal d-values observed for LF11-215, approximately coin-
cided for both PE-mimics at ~ 4.9 nm, which roughly corresponds to
the steric membrane thickness of PE/PG. This demonstrates that the
bilayers within the sample come into very close contact, which can
in turn be interpreted as the point in the peptide kinetics where the
membranes fuse and form large aggregates. These findings also coin-
cide with increased leakage reported for LF11-215 in CL-containing
membranes, as discussed above (Fig. [3.9). Both PE [68] and CL [69]
have been shown to be lipids with negative intrinsic curvature and
are well-known for the formation of non-lamellar structures and mem-
brane fusion events [70], [71], making this a likely explanation. Fusion
of PE/PG membranes induced by magainin peptides has been previ-
ously shown in [9].

SAXS measurements of pure PG mimics in combination with lactoferricin-
derived peptides only presented a weak Bragg peak in preliminary
endstate measurements obtained after 7 h of lipid-peptide incubation
(Fig. with a derived d ~ 4.5 nm, which is even lower than the
minimum values observed for PE-containing mimics. Unlike PE and
CL, PG is a phospholipid with approximately zero intrinsic curva-
ture [12], and is known to form unilamellar vesicles. In connection
to dye leakage experiments, membrane fusion can also explain the
decrease in dye-release in PE-containing membranes for increasing
peptide concentrations shown in Figure with ANTS/DPX staying
trapped during the fusion process. Therefore we argue that the weak
observed Bragg peak for PG mimics is not related to membrane fusion,
but stems from adhesion of a few vesicles within the sample. This is
supported by the fact that leakage measurements of PG vesicles did
not show a drop in dye efflux with increasing AMP concentrations as
was observed for PE-containing systems. To definitively identify all
induced structures, further measurements would be required using
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complementary techniques, which was out of the scope of this thesis.

Combining insights from all used techniques revealed that the shift
of Bragg peak position over time observed in SAXS patterns can be
related to an increasing accumulation of peptides on the membranes
within roughly 20 min after lipid-peptide mixing and a subsequent
peptide equilibration process by translocation throughout the multibi-
layers over hours. Concluding, overall higher peptide activities were
observed for mimics containing lipids with negative intrinsic curva-
ture, which can most likely be attributed to the stored elastic energy,
making the membrane more vulnerable to the AMPs. Laggner and
Lohner [72] proposed the "balanced spring model” and suggested that
membrane active compounds can relief this stored elastic energy when
inserting into the membranes.

Lactoferricin derived peptides were revealed to generally induce sig-
nificantly less pronounced structural changes compared to the in-
vestigated magainin peptides, although LF11-215 and LF11-324 have
been demonstrated to be highly active against a broad range of Gram-
positive and Gram-negative strains [22], [23], [49]. The observed effects
of the lactoferricins were shown to strongly depend on the lipid com-
position of the used membrane mimics and the resulting collective
membrane properties. However, in life Gram-negative bacteria the
peptides do not only interact with the plasma membranes but also
have other interaction partners. In order to shed some light on this
issue, in a different study we also compared AMP partitioning studies
in membrane mimics to studies of life E.coli bacteria as a representa-
tive strain of Gram-negative bacteria [24]. The comparison revealed
that the majority of LF11-215 and LF11-324 pass through into inner
bacterial compartments and solely 1—5% stay bound on the surface.
Neither the interaction with the bacterial cells outer membrane or
other cellular components actually excludes the interaction of the
peptides with the plasma membrane [73] and collective membrane
properties play an important role in peptide translocation.
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3 Results and Discussion

3.2 Peptide Kinetics of L18W-PGLa in
Asymmetric Membrane Mimics

As shown in Section the observed leakage rate induced by AMPs
in ANTS/DPX filled LUVs and the peptides overall membrane affinity
strongly depends on the lipid composition of the used membrane
mimic (see also [12]). To obtain reference values of leakage percentages
dependend on membrane composition, we performed time-resolved
leakage measurements of dye-filled symmetric LUVs ([L] = 50 yM)
composed of different PE/PG ratios shown (Fig. after adding the
AMP L18W-PGLa at a fixed concentration ([P] = 0.125 yM) in order
to be able to observe leakage kinetics and to avoid rapid dye-release.
Leakage kinetics show comparable progression, showing a fast initial
increase within roughly the first 60 s and then a plateau or slow
increase up to the end of the measurement time after 40 min. While
leakage kinetics were comparable for all investigated systems, the
tinal leakage values reached after 60 min of lipid-peptide incubation
at 37°C, differed significantly for the different PE/PG mixtures. In PE
rich systems only very little leakage was observed during the time-
span of the measurement, while in pure PG vesicles 100% leakage was
reached in a matter of minutes. Significant leakage values were only
detected for systems containing a larger fraction of PG than PE, with
tinal leakage values increasing gradually with increasing PG content.
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Figure 3.16: ANTS/DPX leakage kinetics induced by low concentrations of the
AMP L18W-PGLa ([P] = 0.125 uM) in membrane mimics consisting of
different ratios of PE/PG (7:3-0:1) (|[L] = 50 uM) over the course of 40
min at 37°C.

The influence of membrane asymmetry on lipid-peptide interac-
tions and membrane permeability was investigated using ANTS/DPX
filled aLUVs, produced through CD mediated exchange, consisting
of mostly PG in the inner leaflet and approximately 70 mol% PE in
the outer leaflet. The observed leakage kinetics in this asymmetric
membrane mimic show a different progression over time when com-
pared to symmetric vesicles of the same composition or symmetric
vesicles mimicking the outer leaflet of the membrane (Fig.[3.17). Leak-
age kinetics induced in aLUVs exhibit a two-step process, with the
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tirst step, starting from lipid-peptide mixing to approximately 20 min
after peptide addition and the second step from roughly 20-40 min
when 100% of leakage is reached. Measurements of the symmetric
system with the same overall lipid composition as the asymmetric
sample and a symmetric system with the outer leaflet composition of
the asymmetric sample did not exhibit this type of kinetic progression
and overall much lower dye-efflux was recorded. We speculate that
this different behaviour could originate from lipid flip-flop induced by
the peptide in aLUVs over the course of 20-40 min thereby disturbing
the integrity of the membrane and leading to dye-release.
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Figure 3.17: Time-resolved leakage measurements induced by L18W-PGLa ([P] =
0.125 yM) in asymmetric membrane mimics consisting of PG on the
inner and mostly PE on the outer leaflet. For comparison leakage from
symmetric vesicles with the same lipid composition (scrambled) as
well as outer leaflet composition are presented. Measurements were
conducted over 40 min after lipid-peptide mixing at 37°C (manuscript
in preparation).

To investigate the possibility of lipid flip-flop induced in asym-
metric membranes by L18W-PGLa during the time-scales observed
in leakage experiments, we performed small angle neutron scatter-
ing measurements, a technique that has a different sensitivity to the
hydrogen isotopes protium and deuterium. Experiments were per-
formed with aLUVs consisting of chain-deuterated PG on the inner
leaflet and protiated PE on the outer leaflet, produced through cy-
clodextrin mediated exchange in 100% D,O HBS buffer solution to
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enhance contrast. SANS experiments were conducted at low [P]/[L]
ratios, where no formation of aggregates occurs. We first characterized
aLUVs and symmetric (scrambled) control samples with the same
overall lipid composition to ensure that their neutron scattering signal
offered detectable differences, see Figure We then tracked the
influence of the AMP L18W-PGLa on lipid asymmetry through a de-
crease of the detected scattering signal over time, demonstrating lipid
flip-flop and ultimately the transition into a symmetric, scrambled
bilayer as previously shown by e.g. [6], [7]. SANS measurements were
performed for mixtures of aLUVs with L18W-PGLa at three different
[L]/[P] ratios as well as MG2a, the equimolar mixture and LF11-215,
to compare flip-flop rates induced by peptides of various structures.
aLUV-PGLa mixtures at [L]|/[P] ratios of 400:1/100:1/800:1 are pre-
sented in Figure A) C) and D), respectively. Presented data frames
are measurements conducted at 37°C over 2 or 5 min, and then aver-
aged over 10 or 20 min for better statistics in the case of sufficiently
slow kinetics. For the fast kinetics of the 100:1 mixture, presented
measurements recorded within 20 min of lipid peptide mixing, consist
of only one recorded frame. At a [L]/[P] ratio of 400:1, see Figure
A), a continuous intensity decrease in the g-range of the minimum is
observed over the course of 60 min and full symmetry seems to be
reached over night. At the lowest investigated lipid to peptide ratio,
800:1, see Figure C), no significant changes were observed within
60 min after addition of L18W-PGLa, but relevant flip-flop seemed to
occur during incubation over several hours. Figure D) shows the
highest [L]/[P] ratio, where the membrane already seems to become
significantly more symmetric within 1 min after peptide addition.
Flip-flop rates k¢ and flip-flop half-times #;,, could be determined
according to Equations [2.6| from log-level regression fits of the nor-
malized total intensity decay as shown in Figures [3.19|and [3.21| For
all investigated peptides, LiI8W-PGLa exhibited the highest flip-flop
rates and lowest corresponding flip-flop half-times which were shown
to be highly concentration dependend Table t1,» ranged from
roughly 14 min ata [L]/[P] =100:1, 52 min at [L]/[P] =400:1 down to

80



3.2 Peptide Kinetics of L18W-PGLa in Asymmetric Membrane Mimics

8 h at [L]/[P] =800:1. Interestingly, the flip-flop halftime determined
for MGza, even at the highest investigated peptide concentration at
[L]/[P] =100:1, showed significantly slower lipid translocation with
t1 /2 ~7 h. For lower concentrations of MGz2a and for the LF11-215
peptide, no significant flip-flop was observed during the time-span of
the measurement.
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Figure 3.18: Time-resolved SANS measurements conducted at 37 °C showing flip-
flop kinetics in asymmetric LUVs induced by L18W-PGLa at a [L]/[P]
ratio of A) g400:1, C) 8o0:1 and D) 100:1. The measurement of asym-
metric vesicles without peptide is depicted in a continuous, black line.
Scrambled references consisting of vesicles of the same lipid composi-
tion with symmetric lipid distribution are presented as dashed, black
lines. Data are depicted with the scattering intensity (I) multiplied by
the scattering vector ¢° plotted over q to highlight changes induced
by the peptide. B) Shows a schematic of an asymmetric vesicle with
different lipid composition in the two bilayer leaflets (top) and the same
vesicle after the addition of the AMP L18W-PGLa (bottom), leading to
a loss of lipid asymmetry (manuscript in preparation).
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Figure 3.19: Log-level regression of the normalized total intensity decay of I' =

09i25 % g°dq as a function of time in sec *10% in A) aLUVs without

peptide, showing stable asymmetry over 8 h and after the addition of
L18W-PGLa showing concentration dependend flip-flop at L /P ratios
of B) 400:1, C) 100:1, and D) 8oo:1. Intensity decays stem from peptide-
enhanced lipid flip-flop. Fastest lipid flip-flop was observed for the
highest L18W-PGLa concentration at 100:1, and was significantly slowed
down for lower AMP concentrations. Dashed lines represent best fits to
the data and confidence interval from which the flip-flop rate (kr) and
flip-flop half-time (t; /) could be determined according to Equations
Derived values are presented in Table [3.5/ (manuscript in preparation).
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Figure 3.20: Flip-flop kinetics in asymmetric LUVs from SANS measurements, in-
duced by the AMPS A) L18W-PGLa:MGza 8o0:1, B) LF11-215 100:1,
C) MGza 100:1 and D) MG2a 200:1, at 37°C. Reference measurements
of asymmetric vesicles and corresponding symmetric systems without
peptide are depicted in a black, continuous and dashed lines, respec-
tively. Data are depicted as I * g> over q to highlight changes induced
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by the peptide (manuscript in preparation).

84



3.2 Peptide Kinetics of L18W-PGLa in Asymmetric Membrane Mimics

%ﬁ*“i%.ﬂ% ; [ e s =
05 - -’lt‘ -;|-( ) % % 05f
=7 = 1
s _-1.5¥
2F 2t
B
29 10 15 20 2 30 29 5 10 15 20 25
time [s*10%] time [s*10%]
Ogﬁﬂi&%%i | Oﬁ%ﬁi%ii%%§%¥$%
0.5 %-_%-1%—%‘%“-%-_% .0,5;
= | =
2 2t
. D
25 . : . : . 25! . : : : .
5 10 15 20 25 5 10 15 20 25
time [s*10%] time [s*10°%]

Figure 3.21: Log-level regression of the normalized total intensity decay of I' =

00"125 I % g°dq as a function of time in sec *10% indicating lipid flip-flop

induced by A) L18W-PGLa:MGz2a 800:1, B) LF11-215 100:1, C) MG2a
100:1 and D) MG2a 200:1. Dashed lines represent best fits to the data and
confidence interval from which the the flip-flop rate (ks) and flip-flop
half-time (¢;/,) were determined according to equations see Table
for derived values. No significant flip-flop was observed for LF11-
215 100:1 and MGz2a 200:1 during the time-span of this measurement
(manuscript in preparation).
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Table 3.5: Flip-flop rates ks and flip-flop half-times #; /, for mixtures of asymmetric
vesicles with L1i8W-PGLa, MGz2a, their equimolar mixture at different L/P
ratios, derived from SANS measurements presented in Figures [3.18/and
5.20| according to Equations [2.6|a-b, see Figures|[3.19|and [3.21]

[L:P] AMP | kp [s71)%107° | £, [min]
100:1 L18W-PGLa 41.3 = 12.8 14 % 4
400:1 L18W-PGLa 11.2 &£ 3.5 52 + 16
800:1 L18W-PGLa 1.2 = 0.4 490 % 200
100:1 MG2a | 14=+o05 |420=+ 140

800:1 L1I8W-PGLa:MG2a | 0.8+ 0.3 | 730 £ 290

3.2.1 Discussion of Studies with Asymmetric
Membrane Mimics

This discussion has so far concentrated on the interaction of AMPs
with symmetric bacterial membranes mimics and the lion’s share of
available research investigating membrane-peptide interactions in the
past was conducted using symmetric model membranes. However,
membrane asymmetry has been shown to be a general feature of
almost all biological membranes including plasma membranes and
Gram-positive bacteria, see [14], [34], respectively and therefore make
studying the influence of lipid asymmetry on membrane-peptide
interactions the logical next step towards more realistic membrane
mimics. In the course of this thesis, leakage studies with L18W-PGLa
at low [P]/[L] ratios where no formation of aggregates occurs, were
conducted to compare asymmetric LUVs (PG;;, /PE,,t) with symmet-
ric systems of the same lipid composition and highlighted the rel-
evance of membrane asymmetry when studying interactions with
antimicrobial peptides. These membrane permeability assays revealed
significantly different leakage kinetics for aLUVs (Fig. [3.17), which
could be connected to lipid flip-flop induced by the peptide. During
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lipid translocation, the peptides see a changing membrane interface
over time, with the outer vesicle leaflet changing from a PE-rich to
a PG-rich system. Thus, lipid flip-flop is accompanied by changes in
packing density and charge, leading to a fluctuating environment for
the peptides over time and the formation of membrane defects with
connected dye leakage.

Studies conducted on lipid flip-flop in the past have been performed
using various techniques and membrane model mimics, although all
studies were performed using isotopically distinct phosphocholines
(PCs), which are not a part of bacterial membranes and therefore
do not represent realistic mimetic systems of bacteria but offer ex-
perimental advantages. Previous studies include 'H NMR measure-
ments of DPPC-aLUVs at different sample temperatures and long
time scales [56] as well as lipid flip-flop in asymmetric POPC/DMPC
liposomes including gramicidin using differential scanning calorime-
try [38] and investigations of intervesicular lipid exchange and flip-
flop induced by AMPs using a strategic contrast matching scheme
in two isotopically distinct DMPC vesicle populations as revealed by
SANS [el, [7].

In very recent measurements, we could directly investigating peptide-
induced lipid flip-flop in asymmetric LUVs (deuterated PG;,, /protiated
PE,,:) using time-resolved neutron scattering measurements. SANS
revealed stable asymmetric vesicles over the course of 8 h at 37°C
in comparison to a scrambled, symmetric system of the same lipid
composition (Fig. [2.6). Scattering data of aLUVs in a 400:1 [L]/[P]
ratio mixed with L18W-PGLa as investigated in dye-leakage experi-
ments, showed significant translocation of lipids within the first 10-20
min after peptide addition with flip-flop halftimes of t; /, ~50 min
(Fig. Tab. [3.5). When significant flip-flop is induced in aLUVs
by any AMP, the outer leaflet sensed by the peptides becomes gradu-
ally more negatively charged and the packing density decreases with
increasing PG-content. Therefore, electrostatic interactions become
more and more crucial with progressing lipid translocation while
curvature-mediated tension is lowered in the outer bilayer leaflet. The
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determined flip-flop rate was shown to depend on the investigated
peptide concentration, exhibiting significantly faster flip-flop halftimes
of t; ) ~14 min at a [L]/[P] ratio of 100:1 as opposed to much slower
lipid translocation at [L]/[P] 8oo:1 of t; /, ~8 h. Interestingly, MGz2a
led to significantly lower flip-flop rates, at [L]/[P] = 100:1 showing a
tlip-flop halftime of t; ,, ~7 h as opposed to only a few minutes for
L18W-PGLa at the same [L]/[P] ratio. A measurement of the L18W-
PGLa:MG2a equimolar mixture at [L]/[P] = 800:1 also revealed slower
lipid flip-flop compared to L18W-PGLa applied on its own. This can be
understood in the light of MG2a having only little effect on membrane
asymmetry and with a decrease in induced flip-flop rates with de-
creasing L18W-PGLa concentration. For the mixture, only an effective
lipid-to-PGLa ratio of 1600:1 is applied, leading to a low translocation
rate for the otherwise highly active synergistic peptide mix. For lower
MGz2a concentrations ([L]/[P] = 200:1), SANS measurements indicated
no significant flip-flop, in case of LF11-215 no lipid translocation could
be recorded during the time-span and within the error of the mea-
surement even at a [L]/[P] = 100:1. This concurs with the differences
in peptide activity measured for L18W-PGLa, MG2a and LF11-215 in
PE /PG systems. Time-resolved SAXS measurements showed signifi-
cantly less pronounced structural changes in PE/PG mimics induced
by MGz2a compared to L18W-PGLa during the time-span of flip-flop
measurements (minutes up to 8 h). In this regard, the slightly tilted
position of L18W-PGLa in the outer leaflet [46], might cause a less
ordered defect within the membrane and lead to the observed increase
in lipid translocation. The much shorter LF11-215 peptide also showed
rather modest effects on model membranes in dye-leakage and ki-
netic SAXS measurements. It should be noted that compared to the
aforementioned studies in PE/PG 3:1 mimics, the here investigated
asymmetric systems consists of a significantly different overall PE/PG
ratio of ~1:2 but comparable outer leaflet composition of PE/PG ~2:1
in the fully asymmetric system as described in Section [2.2.2]

88



3.3 Asymmetric Outer Membrane Mimics

3.3 Asymmetric Outer Membrane Mimics

Although partitioning data of antimicrobial peptides in mimics of the
bacterial plasma membrane were shown to resemble the findings in
E. coli [24], suggesting that these mimics are also first order proxies to
peptide partitioning into outer membranes, despite the lack of LPS,
the outer membrane of Gram-negative bacteria like Escherichia coli
or Salmonella Minnesota acts as significant initial barrier for AMPs
when interacting with bacterial cells. Realistic mimics of the highly
asymmetric outer membrane of Gram-negative bacteria could be a
means to further delineate the mode of action of AMPs and better
understand their interaction with bacterial cells. Different experimen-
tal approaches have been used for the reconstitution of these highly
asymmetric membranes, such as solid supported membranes prepared
by the Langmuir-Blodgett technique, planar lipid bilayers prepared by
the Montal-Mueller technique, and giant unilamellar vesicles (GUVs)
prepared by the phase transfer method [40]. Following our investiga-
tions of the interaction of AMPs with LUVs mimicking the cytoplasmic
membrane, it would be highly instructive to compare these findings
with interactions with LUVs mimicking the outer membrane of Gram-
negative bacteria. We therefore aspired to engineer asymmetric mimics
of the OM consisting of aLUVs with LPS in the outer leaflet produced
through cyclodextrin-mediated lipid exchange, following the protocol
described in Figure shows DSC heating scans of A) PE/PG
(3:/1 mol/mol), Ra-LPS from Salmonella minnesota, as well as asym-
metric (PE/PG);,,/ Ra-LPS,,; and scrambled PE/PG/Ra-LPS LUVs
and B) PE/PG (4:1 mol/mol), Re-LPS from Escherichia coli, and asym-
metric (PE/PG);,,/ Re-LPS,,; and scrambled PE/PG/Re-LPS LUVs.
Table [3.6/show the derived melting transitions, which indicate signifi-
cant lipid exchange for the aLUVs containing S. Minnesota-LPS. The
double peaked transition for aLUVs containing E. coli-LPS is shifted
to significantly lower temperatures. The observed shifts of transition
temperatures in aLUVs compared to PE/PG and LPS might originate
from weak interleaflet coupling, see e.g. [64] or lipid flip-flop induced
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by passing through the phase transition in the course of the DSC mea-
surements [56]. We observed broadened transition peaks, as expected
for an asymmetric membrane, where approximately, only half of the
lipids melt cooperatively. A broadening of the phase transition could
also result from an inhomogenous lipid composition throughout the
vesicle population, tracing back to the CD-mediated exchange process.
Presence of LPS after preparation of asymmetric vesicles was verified
through phase transition peaks present at higher temperatures in DSC
measurements.

A B
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S.minnesota Ra-LPS /\Ti Re-LPS
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Figure 3.22: DSC heating scans (0.5°C/min) of A) PE/PG (3:1 mol/mol), Ra-LPS
from Salmonella minnesota, as well as asymmetric (PE/PG);,,/ Ra-LPS,y;
and scrambled PE/PG/Ra-LPS LUVs and B) PE/PG (4:1 mol/mol), Ra-
LPS from Escherichia coli, as well as asymmetric (PE/PG);,,/ Ra-LPS,,;
and scrambled PE/PG/Ra-LPS LUVs.

These first promising results could not be repeated in follow-up
experiments using a freshly extracted batch of E.coli-Re LPS. As ex-
plained in Section the LPS used for the measurements described
above was stored prior to experiments at -20°C for extended periods
of time. The discrepancy between initial and follow-up measurements
could therefore be explained through insufficient LPS stability for
longer storage periods, connected to hydrolysis of some of the double
ester bonds of the studied LPS. This leads to a decreased number
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Table 3.6: Derived melting transitions from DSC measurements (Figur of Ra-
LPS from Salmonella minnesota and Re-LPS from Escherichia coli, as well as
corresponding asymmetric and symmetric membrane mimics.

S.Minnesota | T}, [°C] | T2 [°C]

PE/PG 3:1 21 -
LPS 38 -
aLUV 18 31
scrambled 21 -
E.coli | TY [°C] | T2 [°C]
PE/PG 4:1 20 21
LPS 33 -
aLUV 18 22
scrambled 22 -

of fatty acid chains attached to the lipid A moiety and therefore an
impairment of LPS molecules. The lipopolysaccharides in their hy-
drolized state might be more easily accessible for cyclodextrin during
the exchange process of the asymmetry assay (see Section [2.2.2), lead-
ing to partially deacylated LPS being more likely transferred into the
phospholipid acceptor vesicles. The weak, additional transition peak
observed in Figure B) at 22°C, however, might also indicate a
small amount of successfully exchanged LPS in aLUVs produced with
E. coli-LPS.
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4 Conclusion and Outlook

We investigated antimicrobial peptides from the magainin (L18W-
PGLa, MGz2a, their equimolar mixture and a hybrid peptide) and
lactoferricin (LF11-215 and LF11-324) families regarding their mem-
brane affinity and time-resolved structural effects on mimics of Gram-
negative bacterial membranes of different complexity. In order to
combine insights from diverse experimental methods, we applied a
common thermodynamic framework to determine effective peptide
partitioning for different lipid and peptide concentration regimes.

The data collected in the course of this thesis clearly demonstrates
that for the investigation of antimicrobial peptide interactions with
lipid membrane mimics, oversimplification in terms of the used model
membranes and not carefully taking into account the investigated con-
centration ranges for different biophysical and biochemical techniques,
can be highly misleading. E.g. by just looking at a simple delineation
of leakage experiments, for the studied LF11-215 and LF11-324 pep-
tides, the conclusion from leakage data could be drawn that pure
PG vesicles suffice as mimics to investigate the membrane permeabi-
lization of the lactoferricin-derived peptides, although the negative
intrinsic curvature in PE/PG, and in the more realistic PE/PG/CL
mixture was clearly connected to higher peptide activities and was
shown to make the membrane more vulnerable to the peptides. This
can most likely be attributed to the stored elastic energy within the
PE-containing membranes.

Using a combination of different experimental techniques to investi-
gate the effect of the magainins L18W-PGLa, MGz2a, as well as their
synergistic mixture, revealed complex interdependencies for different
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lipid and peptide concentration regimes. At high lipid and peptide
concentrations, topological changes in lipid vesicles were revealed,
leading to the generation of multilamellar aggregates and even to the
stabilization of a sponge phase, while in the lower lipid and peptide
concentration regime, AMP partitioning also seems to play a key role
in the synergistic activity of the two peptides.

Combining insights from all used investigation techniques revealed
an increasing accumulation of peptides on the membranes during
the first 20 min after lipid-peptide mixing and a subsequent peptide
equilibration process by diffusion throughout the multibilayers over
hours. Time-resolved SAXS measurements of PE/PG/CL mixtures
with MGza, provided further insight into how the collapsed lamellar
structures are formed, while these kinetics were to fast to be recorded
for other lipid-peptide systems. Observed MGz2a kinetics indicate vesi-
cle fusion processes of approaching membranes, first leading to a
swollen lamellar phase within 10 minutes after lipid-peptide mixing
and then gradually changing into a system of fully collapsed bilayers
starting after approximately 20 min.

Lactoferricin-derived peptides comparably induced rather modest
overall membrane effects, although they have been shown to be highly
active against Gram-negative bacteria. This can be explained by the
majority of LF11-215 and LF11-324 peptides passing through the mem-
brane into inner bacterial compartments, with their efficacy arising
from specific interactions with cytosolic components [24]. The stored
elastic stress of the cell membranes in this case makes them more
vulnerable to peptide translocation.

Investigations of the interaction of L18W-PGLa with asymmetric
membrane mimics revealed a connection between enhanced mem-
brane permeability of bilayers with asymmetric lipid distribution and
peptide-induced lipid flip-flop on timescales of a few minutes, up to
several hours depending on the used peptide concentration.

94



Concluding, achieving a full molecular understanding of membrane-
peptide interactions requires not the only the use of realistic and
specific membrane mimics and a combination of different experimen-
tal techniques to probe a large range of time and length scales, but also
careful interpretation and delineation of the data in terms of actual
number of peptides partitioned into the membrane at a specific lipid
concentration.

Outlook

Resuming the direct investigation of partitioning using Trp-fluorescence
of the peptide PGLa conducted in the course of this thesis, it would
be highly instructive to also directly investigate the partitioning of
solely MGz2a or MGza in the presence of PGLa. This could either
be approached by exploiting the fluorescent nature of the amino
acid Phenylalanin (F), already comprised in the investigated MGza
molecule which poses the challenge of fairly weak fluorescence signal
compared to Trp, or alternatively using a variation of MGza including
the amino-acid Tryptophan and in turn, a PGLa-derivative without
this intrinsic fluorescent probe. Thereby, a fuller picture of the parti-
tioning of the magainin peptides and their synergistic mixture could
be obtained, without resorting to an indirect measurement approach.

Further investigations on peptide-induced lipid flip-flop using Trp-
fluorescence, could connect the different peptide activity observed
in asymmetric LUVS, to the effective partitioning in symmetric and
asymmetric membrane mimics. This will provide valuable information
on the role of membrane asymmetry in the kinetics of peptide parti-
tioning and in combination with SANS measurements conducted in
the course of this thesis, could help to unveil the significance of lipid
flip-flop induced by AMPs in their mode of action in live bacterial cells.

To investigate AMP interactions with the outer membrane of Gram-
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negative bacteria, further efforts to engineer asymmetric outer mem-
brane mimics consisting of LUVs containing LPS in the outer leaflet
of the bilayer, could be a worthwhile objective. Following up on our
approach, this could be tackled using cylcodextrin-mediated exchange
but using different cyclodextrins (e.g. the smaller m-a-cylodextrin
or larger m-y-cyclodextrin) or use synthetically produced LPS alter-
natives that are more stable and more homogeneous than the LPS
molecules used in the course of this work, extracted from bacteria in a
complex and time-consuming process.
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We coupled the antimicrobial activity of two well-studied lactoferricin derivatives,
LF11-215 and LF11-324, in Escherichia coli and different lipid-only mimics of its
cytoplasmic membrane using a common thermodynamic framework for peptide
partitioning. In particular, we combined an improved analysis of microdilution assays
with ¢ -potential measurements, which allowed us to discriminate between the maximum
number of surface-adsorbed peptides and peptides fully partitioned into the bacteria. At
the same time, we measured the partitioning of the peptides into vesicles composed of
phosphatidylethanolamine (PE), phosphatidylgylcerol (PG), and cardiolipin (CL) mixtures
using tryptophan fluorescence and determined their membrane activity using a dye
leakage assay and small-angle X-ray scattering. We found that the vast majority of
LF11-215 and LF11-324 readily enter inner bacterial compartments, whereas only
1-5% remain surface bound. We observed comparable membrane binding of both
peptides in membrane mimics containing PE and different molar ratios of PG and CL.
The peptides’ activity caused a concentration-dependent dye leakage in all studied
membrane mimics; however, it also led to the formation of large aggregates, part of
which contained collapsed multibilayers with sandwiched peptides in the interstitial
space between membranes. This effect was least pronounced in pure PG vesicles,
requiring also the highest peptide concentration to induce membrane permeabilization. In
PE-containing systems, we additionally observed an effective shielding of the fluorescent
dyes from leakage even at highest peptide concentrations, suggesting a coupling of
the peptide activity to vesicle fusion, being mediated by the intrinsic lipid curvatures of
PE and CL. Our results thus show that LF11-215 and LF11-324 effectively target inner
bacterial components, while the stored elastic stress makes membranes more vulnerable
to peptide translocation.

Keywords: antimicrobial peptides, lactoferricin, minimum inhibitory concentration, partitioning, zeta-potential,
dye-leakage assay, tryptophan fluorescence, small-angle X-ray scattering
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1. INTRODUCTION

The history of research on antimicrobial peptides (AMPs) as
promising agents to combat infectious diseases is long and rich
in diverse aspects. Studied for about four decades (1), AMPs
continue to spur significant research efforts by their ability to
discriminate the lipid architecture of cell envelopes, and evade
classical resistance mechanisms based on direct molecular (key-
lock) interactions, which increasingly limits medical treatments
by conventional antibiotics [for review, see e.g., (2, 3)].

AMPs are typically composed of cationic and hydrophobic
amino acids making them highly membrane active. Responses of
their target membranes depend on the AMPs’ physicochemical
properties (primary structure, hydrophobic moment, length,
etc.) and concentration (partitioning), as revealed from
studies on membrane model systems, and include membrane
thinning (4), or thickening (5), lipid flip/flop (6) or changes in
membrane elasticity (7) at relatively low concentrations. Pore-
formation (barrel-stave, toroidal/worm-hole) (8) or changes in
membrane topology (9, 10) have been reported at elevated AMP
concentrations, eventually leading to complete micellization (11)
of the membrane, also known as the carpet model (12). It is
increasingly becoming clear, however, that the observed effects
strongly depend on the lipid composition of the used membrane
mimics and the resulting collective membrane properties (13-
15). At the same time, several studies also indicate that AMPs
may have intracellular targets (16, 17), which might be coupled to
highly specific interactions with cytosolic components and lead
to the inhibition of different metabolic or biosynthesis pathways.
Such multiple inhibitory processes, however, do not exclude any
AMP activity within the bacterial membranes (17).

In order to shed some light on this issue, it would be highly
instructive to compare AMP partitioning studies in microbes
and artificial lipid-only membranes. However, and to the best
of our knowledge, such data are currently not available. Instead,
the peptide-to-lipid molar ratio commonly used in lipid-only
systems, for example, dye leakage experiments, is about five
orders of magnitude lower than in microbial killing assays (2,
18, 19). Estimates based on the surface/volume ratio of bacteria
consequently indicate a large number of non-membrane bound
peptides per cell (18). This may, however, be strongly biased by
not considering cell-surface deformation, vesiculation processes,
or extracellular peptide aggregation (16, 20). Reflecting on such
controversies, Wimley and Hristova (2) formulated almost 10
years ago several unanswered questions relating to AMP activity
studies in model membrane systems and microbes. Answering
these questions is often challenged by the different experimental
windows and sensitivities of the applied techniques (21).
Here, focusing on the lactoferricin derivatives LF11-215 (H-
FWRIRIRR-NH;) and LF11-324 (H-PFFWRIRIRR-NH3), we set
out to address three of these questions: (i) How are vesicle leakage
and microbial killing correlated? (ii) Is membrane binding the sole
basis for selectivity? and (iii) Is membrane translocation required
for activity?

Derived from human lactoferrin, the peptide lactoferricin
and its 11 amino acids fragment LF11 are well-known for
their affinity to lipid A and antimicrobial activity (22), with

LF11-215 and LF11-324 being among the most promising LF11
derivatives with significantly improved activities against a broad
range of Gram-positive and Gram-negative strains (20, 23-
25). LF11-215 leads, for example, to a damage of the cell
wall of Gram-negative bacteria, including an increased distance
between cytoplasmic and outer membranes, membrane ruffling
and formation of external blebs (20, 25). The somewhat increased
hydrophobicity of LF11-324 was linked to a stronger efficacy
in planktonic cultures, but at the same time led to a lower
cell specificity (25). Interestingly, LF11-215 was instead reported
to be more effective against bacterial biofilms (26), which is
probably related to its lower hydrophobicity, facilitating the
peptide diffusion within the matrix of microorganisms. Model
membrane studies, using selected bacterial lipid species, suggest
that both peptides interact preferentially with the negatively
charged cardiolipin (CL), inducing a segregation into peptide-
enriched and peptide-poor lipid domains (25). Further, LF11-
215 and LF11-324 were shown to efficiently kill Escherichia
coli, but exhibited at the same time only moderate membrane
permeabilization in lipid vesicles consisting of E. coli total lipid
extracts even at high peptide-to-lipid ratios, while N-acylated
LF11 derivatives showed high activity both against bacteria
and lipid-only membranes (20). Further, also effects of LF11-
215 and LF11-324 on membranes, such as thinning or stored
curvature stress, were rather modest (20). This suggests that
the activity of both peptides in cytoplasmic membranes might
not be the primary cause for their high efficiency in killing
Gram-negative bacteria.

In order to gain some deeper insight in view of the
three questions quoted above, we therefore correlated the
partitioning of peptides in both bacterial cells and lipid-only
systems with their effects on bacterial growth inhibition,
membrane permeabilization, and structure, focusing on E. coli as
representative strain of Gram-negative bacteria to demonstrate
the feasibility of our approach. In particular, we exploited a
thermodynamic framework that allowed us to relate the total
number of AMPs located within bacteria at the minimum
inhibitory concentration (MIC) to the membrane-bound
fraction, combining a standard microbiological assay with
¢-potential measurements. The same theoretical framework
was also applied to different lipid-only mimics of bacterial
cytoplasmic membranes to determine the partitioning of the
peptides and their membrane associated effects as a function of
lipid composition, combining Trp fluorescence and dye leakage
assays with small-angle X-ray scattering (SAXS). In agreement
with previous studies, we find that LF11-324 is more active
against E. coli than LF11-215 (20, 25). Performing our studies
as a function of cell density, it has been further demonstrated
that this difference in activity is enhanced at elevated cell
concentrations, but also that the number of cell-associated AMPs
at the MIC is about 4 times lower for LF11-324, while the number
of surface-bound AMPs is about equal within the error of our
experiments. At the same time, however, our results provide
evidence that the vast majority of both peptides (up to 95—99%)
are located in intracellular compartments. A slightly (~ 1.3
times) higher membrane partitioning of LF11-215 was observed
in lipid mixtures of palmityol-oleoyl-phosphatidylethanolamine
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(POPE), palmitoyl-oleoyl-phosphatidylglycerol (POPG), and
tetra-oleoyl-cardiolipid (TOCL), which most closely mimic
E. coli cytoplasmic membrane, while differences in peptide
partitioning into POPE/POPG membrane mimics were
negligible. The overall partition process of AMPs into these
systems plateaued after 10—20 min. Pure POPG bilayers
instead showed instantaneous uptake of the peptides, but
disparate partitioning for LF11-215 and LF11-324. Dye leakage
experiments in turn showed intriguing effects. While pure
POPG membranes followed typical permeabilization behavior
[see, e.g., (27)] and showed the highest peptide partitioning
coefficient, POPE/POPG and POPE/POPG/TOCL vesicles
exhibited a maximum leakage at low peptide concentration,
followed by a decrease of permeabilization upon further addition
of peptide. Using dynamic light scattering (DLS) and SAXS,
we were able to attribute this effect to the formation of large
aggregate structures containing collapsed lipid membranes,
sandwiching the peptides, and capable of encapsulating the dyes.
No aggregates with collapsed lipid bilayers were formed for
POPG. While the initial formation of the collapsed bilayers was
most rapid for TOCL-containing membranes (within 30 s), the
overall process including a relaxation was slower and occurred
over the course of ~ 2 h.

2. MATERIALS AND METHODS

2.1. Samples

2.1.1. Lipids, Peptides, and Chemicals

POPE, POPG, and TOCL were purchased from Avanti Polar
Lipids (Alabaster, AL) as powder (purity >99%), and freeze-
dried LF11-215 and LF11-324 (purity >95%) were obtained
from PolyPeptide Laboratories (San Diego, CA). ANTS (8-
aminonaphthalene-1,3,6-trisulfonic acid, disodium salt) and
DPX (p-xylene-bis-pyridinium bromide) were purchased from
Molecular Probes (Eugene, OR) and dimethyl sulfoxide (DMSO)
from Sigma-Aldrich (Vienna, Austria). HEPES (purity >99.5%)
and LB-agar and LB-medium (Luria/Miller) powders were
purchased from Carl Roth (Karlsruhe, Germany). All other
chemicals were obtained from Sigma-Aldrich (Vienna, Austria)
in pro analysis quality.

2.1.2. Bacterial Suspensions

Colonies of E. coli K12 5K (courtesy of Giinther Koraimann,
University of Graz) were grown in LB-agar plates at 37°C.
Overnight cultures (ONCs) were prepared by inoculating a
single colony in 3 ml LB-medium in sterile polypropylene
conical tubes (15 ml), enabling bacterial growth under aerobic
conditions for 12—16 h in a shaking incubator at 37°C. Main
cultures were prepared by suspending an aliquot of the ONCs
in 10 ml LB-medium in sterile polypropylene conical tubes (50
ml) and harvested in the middle of the exponential growth
phase. Bacteria were then immediately washed twice and re-
suspended in nutrient-free and isotonic phosphate-buffered
saline (PBS) solution (phosphate buffer 20 mM, NaCl 130 mM)
at pH 7.4. Bacterial concentration was measured via turbidity
measurements. The optical density at A = 600 nm (ODggp)
was acquired with the spectrophotometer Thermo Spectronic

Genesys 20 (Thermo Fisher Scientific, Waltham, MA), where
ODgpo = 1 corresponds approximately to 8 x 103 CFU/ml (where
CFU is colony forming units).

2.1.3. Lipid Vesicles

Lipid stock solutions for sample preparation were prepared
in organic solvent chloroform/methanol (9:1, vol/vol) and
phosphate assayed for quantification of lipid content (28).
Lipid thin films for SAXS measurements were prepared
by mixing appropriate amounts of lipid stock solutions to
obtain samples composed of POPE/POPG (3:1, mol/mol) and
POPE/POPG/TOCL (82:6:12, mol/mol) followed by solvent
evaporation under a nitrogen stream at 35°C and overnight
storage in a vacuum chamber. Dry lipid films were hydrated in
HEPES-buflered saline (HBS) solution (10 mM HEPES, 140 mM
NaCl, pH 7.4).

All hydrated samples were equilibrated for 1 h at 40°C
followed by 5 freeze-and-thaw cycles using liquid N> and
intermittent vortex-mixing. Large unilamellar vesicles (LUVs)
were obtained by 31 extrusions with a handheld mini extruder
(Avanti Polar Lipids, Alabaster, AL) using a 100 nm pore
diameter polycarbonate filter. Vesicle size and polydispersity
were determined via DLS using a Zetasizer NANO ZSP (Malvern
Panalytical, Malvern, UK). ANTS/DPX-containing vesicles were
separated from free ANTS/DPX by exclusion chromatography
using a column filled with SephadexTM G-75 (Amersham
Biosciences, Little Chalfont, UK) fine gel swollen in iso-
osmotic HBS. Phospholipid concentrations for all samples were
determined by phosphate analysis.

2.1.4. Peptides

Peptide stock solutions of LF11-215 and LF11-324 were prepared
in PBS solution for bacteria and HBS solution for lipid vesicles.
Due to the weak solubility of LF11-324 in buffer, AMP stock
solutions were prepared by adding acetic acid and DMSO, up to
0.3% and 3% vol/vol, respectively. Prior to each measurement, the
concentrations of such compounds were systematically lowered
down to 0.01% acetic acid and 0.1% vol/vol DMSO (final pH
7.2), in order to minimize, or even remove, any effect on the
membrane structure (29). AMP concentrations of the stock
solutions were determined by comparing against the absorption
band of the aromatic amino acids with the spectrophotometer
NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA).
Peptide stock solutions were stored in silanized glass tubes
until use.

2.2. Methods

2.2.1. Microdilution Assay

The antimicrobial activity of the AMPs on E. coli was tested
using a modified susceptibility microdilution assay (30) in the
bacterial concentration range of 5 x 10° to 10° CFU/ml. Bacterial
suspensions were incubated at a given AMP concentration for 2
h at 37°C (control samples were incubated in buffer only). Then,
cell growth was monitored upon addition of double concentrated
LB-medium for about 20 h using a Bioscreen C MBR (Oy Growth
Curves Ab, Helsinki, Finland).

Frontiers in Medical Technology | www.frontiersin.org

February 2021 | Volume 3 | Article 625975



Marx et al.

AMP Partitioning and Activity

Data were analyzed assuming that the AMP-induced delayed
bacterial growth is entirely due to a lower number density of
survived cells, which is supported by the observation that the
growth rate in the exponential phase does not depend on peptide
concentration (Supplementary Figure 1A), ie., the growth of
the viable fraction of cells is similar to bacterial growth in
absence of AMPs. This allowed us to quantify the number
density of surviving bacteria from the onset of the exponential
growth via the relation Afleyy = a + blog(nce), where a
and b were obtained from a calibration curve in absence of
AMPs (Supplementary Figure 1B). Then, the inhibited bacterial
fraction I[F = 1 — nce]l([P])/n(c’ell was calculated for different
values of peptide concentration, [P], and of bacterial number
density of the control sample, n(c)ell’ Following the so-called “equi-
activity” analysis (27, 31), we further interpolated IF using a
Gompertz function, which enabled us to derive inhibitory peptide
concentrations ICy, where x is the corresponding inhibited
bacterial fraction (Supplementary Figure 1C). By convention,
the standard MIC is defined at inhibition levels of 99.9%, i.e.,
IC9990 = MIC. Additional control experiments were performed
in order to test whether DMSO and acetic acid, used in buffer
solutions of both peptides (see above), affect bacterial growth.
In particular, the microdilution assays were repeated with LF11-
215 dissolved in pure PBS, yielding equivalently delayed onsets of
bacterial growth. This suggests that DMSO and acetic acid at low
concentrations used in this study do not significantly affect our
derived MIC and IC,-values.

2.2.2. Size and ¢-Potential Measurements

DLS and ¢-potential measurements were carried out with a
Zetasizer Nano ZSP (Malvern Panalytical, Malvern, UK). E. coli
suspensions were incubated with a given AMP concentration
at 37°C for 1 h prior to each measurement. The used AMP
concentrations were centered at the MIC values, and ranged
from about 0.2x to 2.5x MIC. Control samples (no AMPs) were
suspended and incubated in buffer alone. A concentration of 107
CFU/ml was found to provide the optimal compromise between
high signal-to-noise ratio and low multiple-scattering bias.
Because of the high conductivity of PBS, the electrode voltage
was set to 4 V for ¢-potential measurements to keep currents
below 1 mA. Further, measurements were paused for 180 s
between individual runs. This prevented Joule heating leading to
sample denaturation and electrode blackening. Experiments were
repeated three times on different preparations, each consisting of
at least six measurements. Reported ¢-potential values are given
by the median of the corresponding measurements (i.e., from
at least 18 values) and errors were derived using the median
absolute deviations.

2.2.3. Leakage

Dye leakage experiments were performed combining previously
reported protocols (20, 27). In brief, the dependencies of
ANTS/DPX leakage on lipid and peptide concentration were
determined by first incubating lipid vesicles ([L] = 1, 4, 10,
and 20 mM) with peptides [[P] = (0.025 — 2) mM] at 37°C
for 1 h using a gently rocking shaker (Eppendorf Thermomixer
C, Hamburg, Germany). Similar time protocols were applied

previously (27) and are justified here based on separate time-
resolved leakage experiments (Supplementary Figure 3) and
Trp-fluorescence measurements (Figure 3), showing that a quasi
steady state has been reached after 1 h. Before measurements,
lipid/peptide solutions were diluted with HBS to a lipid
concentration of 50 M, and every measurement was repeated
at least twice. Vesicle size was checked after each incubation
period using DLS. Samples were excited at A = 360 nm, and the
intensity of the fluorescence emission peak at A = 530 nm, I,
was recorded with a slit width of 10 nm for both excitation and
emission monochromators. Measurements were performed in
quartz cuvettes in 2 ml of the iso-osmotic buffer on a Cary Eclipse
Fluorescence Spectrophotometer (Varian/Agilent Technologies,
Palo Alto, CA). The percentage of leakage, Eo, was calculated
according to the relation

By = Lo = Tomin_ 1)

Imax — Lin ’

where I, is the initial fluorescence without peptide, and gy
is the fluorescence corresponding to 100% leakage determined
through the addition of a 1 vol% solution of Triton X-100. The
initial, monotonic increase of Eo values with increasing [P] was
interpolated with a sigmoidal function. This enabled us to obtain
peptide and lipid concentrations leading to a specific Ey, value,
which can in turn be used to calculate the partitioning parameters
(see section 2.3.1).

2.2.4. Tryptophan Fluorescence
Fluorescence emission from Trp, present in both peptides,

was measured with the Cary Eclipse Fluorescence
Spectrophotometer, setting the excitation wavelength to
A = 280 nm, which corresponds to the maximum intensity

of the Trp absorption/excitation band. Intensities of exciting
and emitting light were adjusted by setting the slit widths of
both incident and outgoing beam to 5 or 10 nm, depending on
the emission intensity, in order to optimize the signal-to-noise
ratio. Emission spectra were background-subtracted to remove
contributions originating from the instrument’s baseline and
scattered light from vesicles. All samples were measured in
HBS at 37°C using a quartz cuvette, with a magnetic stirrer
to prevent sample sedimentation in the case of aggregation.
LUVs ([L] =100 M) were mixed with peptides ([P] =2 and
4 M), recording fluorescence spectra at various post-mixing
time intervals ranging from 0.5 to 60 min. Peptide solutions
were measured at concentrations of 2, 3, and 4 uM in order to
calibrate their intensity dependence in buffer.

The fluorescence emission band was fitted with the log-
normal-like function (32, 33)

1,2, T) =
(Ig exp [—ll:’% In? (1 + (}‘_y)‘+"‘))] » A > (Amax —yT)

2
0, A< (max—yT) @

where Amax and Iy are, respectively, wavelength and intensity
of the emission peak; I' is the full-width-at-half-maximum
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(FWHM) of the band; « is a skewness parameter (fixed at an
optimum values 1.36 after testing); and y = a/(a® — 1). Spectra
from mixtures of LUVs and peptides were analyzed with a linear
combination of two independent bands I'" and I5, referring
to AMPs in bulk (W) and partitioned into the lipid bilayer
(B). AW and T were fixed to the reference values obtained
by analyzing spectra from pure AMPs. Instead, I}', IF, AP,
and I'? were adjustable parameters. The so obtained set of I}"
values was converted to the concentration of dissociated peptides
[Plyy and further analyzed for peptide partitioning as detailed in
section 2.3.1.

2.2.5. Small-Angle X-ray Scattering (SAXS)
SAXS experiments were performed at the highflux Austrian
beamline at Elettra Synchrotron in Trieste, Italy (34) using a
photon energy of 8 keV. SAXS patterns were recorded using
a Pilatus 1 M detector (Dectris, Baden-Daettwil, Switzerland)
in the g-range from 0.1 to 5 nm~!, and further processed
with FIT2D (35). A custom-build cell, termed “nanodrop,
was used, allowing for precise measurements of very small
volumes (10 jl) (36). Measurements were performed at a lipid
concentration of 20 mg/ml (24.5—27.9 mM depending on the
used membrane mimic) at 37°C. Lipids and peptides were mixed
using an automatic sample changer and automatically injected
into the nanodrop cell immediately after mixing. Peptide kinetics
were measured starting 30 s after lipid-peptide mixing with an
acquisition time of 1 s and a rest time of 10 s.

For the end-states, lipids mixed with peptides were incubated
at 37°C for at least 4 h. These samples were measured using 12
frames of 10 s exposure each and a rest time of 12 s. Data were
analyzed based on Bragg peak positions only. Using Bragg’s law,
the reported d-spacing values are simply given by d = 27 /qy,,
where g, is the peak position.

2.3. Data Analysis
2.3.1. Partitioning Equations for Lipid and Bacterial
Systems
Following a previously reported thermodynamic formalism for
the partitioning of peptides into lipid bilayers (37), based on the
free energy of transfer of molecules from water into octanol (38),
we define the mole fraction partitioning coefficient, K, as

_ [PI/PL + (L) PLsW] o

[Plw/([Plw + (WD — [PhvIL]

where [P]p is the molar concentration of peptides partitioned
into the lipid phase; [Plyy is the peptide concentration in the
water phase; and [L] and [W] are, respectively, the molar
concentrations of lipids and bulk water (55.5 M at 25°C and 55.3
M at 37°C). The approximation for K (Equation 3) is obtained
applying [W]>>[Pyy] and [L]>>[Pg] (similarly, the concentration
of ions in water, i.e., buffer solutions, is negligible compared to
[W]). By definition, the total concentration of peptides is [P] =
[Plyy + [P], thus leading to

21 = B gyt = ry (wHL]), @
—— K
Pl [P]s

where R = [P]p/[L].

An analogous approach can be applied to cells (39), replacing
the lipid membrane with a so-called “cell phase,” i.e., treating
bacteria as a homogeneous medium consisting of all cell
compartments accessible to the peptides. Then, similarly to
Equation (3), the mole fraction partitioning coefficient, K¢, of
peptides in bacterial cells is defined as

_ [PlslW]
“ T PlwiXT

®)

where [X] is the total molar concentrations of all molecular
species within the cell phase, including cytoplasmic water. This
leads to
[W]
[P] = [P] (1 +—. (6)
U T Kelx]

Furthermore, [P]p and [X] can be expressed as a function of the
cell number density ne:

_ Np el and [X] = Nx e

P
[PlB No Na

, @
where Np is the absolute number of partitioned peptides per
single cell, Ny is Avogadro’s constant, and N, in analogy to [X],
represents the number of molecules that constitute the accessible
compartments of a single cell. The combination of Equations (6)
and (7) gives:

Ng[W] Ng N [ Na[W]
P = 2 [ S
[P](ncen) NyKe + Nl = N NyKe +nen ) (8)
RS

[PTw [Plp

Since Ny is inaccessible, we thus define the effective partitioning
coefficient K& = NxKc as measurable quantity.

2.3.2. Estimating the Maximum Number of AMPs
Adsorbed to the Bacterial Surface

Remembering that ¢-potential values are sensitive only to
the charges exposed to the outside of any particle, including
bacteria, we can obtain upper boundaries for the number
of surface adsorbed peptides. Given the high abundance of
lipopolysaccharides (LPS) in the outer leaflet (about 70-90 vol%)
of Gram-negative bacteria, as compared to other charged lipid
species such as PG and CL (<2 vol%) and membrane proteins
(7-20 vol%) (40), it is justified to assume that LPS dominates
the surface potential of E. coli. Then, following considerations put
forth for peptides partitioning in liposomes (31, 41), the ratio of
¢ -potential values in the presence and absence of AMPs is

.o <ﬁ) Z,‘Nizi“‘NPZP) ©)

- S

% 0o NYps2Lps

where (o, 09) and (S, Sy) are the corresponding surface charge
densities and cell surface areas, respectively. Further, N(L)PS is
the initial number of LPS molecules in the outer leaflet, with a
nominal charge zips >~ —6 (42); Np is the number of surface
adsorbed AMPs of nominal charge zp >~ 45 (20); and ) _; Njzj =
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Nipszips + Npgzpg + NcrzcL considers anionic lipids that
translocate into the outer leaflet due to AMP activity (3, 6, 18).
This term also accounts for a possible loss of LPS molecules in
the outer leaflet due to vesiculation processes (25). Note that
Equation (9) is only valid for || < 25 mV, in which range
¢ o o (43). Equation (9) also assumes that the position of the
slipping plane is not significantly altered upon the addition of
peptides. Rearranging Equation (9) leads to

Np aps) (&S >Nz
NN\ e TN o) (10)
Nipg zp %0 S0 Nppgzies
which is physically meaningful only if
o So ™ NypgzLps

This leads to two extreme cases, the first one being the maximum
“charge scrambling”

&S _ > i Nizi ) (12)
%S0 NPpszres

leading to Np/NBPS = 0, i.e., complete dissociation of peptides
from the bacteria, which is physically not realistic. The second
limiting scenario is given by ), Njzi = gPsZLPS’ i.e., bacteria
retain their original surface exposure of LPS, which yields, upon
insertion into Equation (10),

()6
N zp o ’
where Np*** is the upper boundary of surface adsorbed peptides.
Moreover, this assumes S/So ~ 1, which may be contradictory
to previously observed bacterial cell shrinking in the presence
of AMPs [see, e.g., (44)]. However, it can be justified in view
of our goal to obtain an estimate the upper boundary values
for N~ NEPS can be estimated using NEPS ~ 0.980/Arps,
where Arps >~ 1.6 nm? (45, 46) is the lateral area per LPS
molecule and Sy is supplied by size measurements. The prefactor
originates from considering a maximum surface coverage of 90%
by LPS molecules (40). For example, using DLS, we measured
a hydrodynamic diameter of E. coli K12 2Ry = 980£30 nm,
from which we calculate Sy >~ 4.5 x 10° nm?, approximating
the bacteria’s shape with a cylinder of radius r and length [
using R%_I ~ r?/2 + /12 and r ~ 400 nm (47). This
yields N(L)PS A3 x 106,

(13)

3. RESULTS

3.1. Antimicrobial Activity and Partitioning

in Bacterial Systems

3.1.1. Efficacy and Partitioning

We started our analysis of peptide activity in E. coli with
measuring a range of inhibitory concentrations, including the

MIC, by means of a slightly modified susceptibility assay, and
for different bacterial concentrations. An example using LF11-
324 is reported in Figure 1A, showing different IC, values as a
function of n (note that in these bacterial suspensions 1 CFU
corresponds to one single cell).

The partitioning formalism, described in section 2.3.1, was
used to fit the linear increase of IC, with cell concentration
(Figure 1A) (LF11-215 data not shown). Also the MIC values
increased linearly with cell concentration (Figure 1B), but more
rapidly for LF11-215; results at n ~ 5 x 10° CFU/ml are
consistent with previous reports (20, 25). At low concentrations,
fell < Na[W1/KL ~ 2 % 108 ml~, [P] ~ [Py, explaining the
apparent plateau in the semi-log plot at low bacterial densities
(see inset in Figure 1B). In this regime, the number of peptides
dispersed in buffer dominates the total AMP amount. At high
concentrations, instead, i.e., nicey 3> Na[W]/KY, most of AMPs
partition into the cell volume; thus [P] ~ [P]p.

Finally, results for Np and K¢ from our thermodynamic
analysis are shown in Figures 2A,B. About four times less LF11-
324 is needed to bind to the cells compared to LF11-215 in order
to induce full growth inhibition (Figure 2A). Interestingly, this is
not related to the affinity of the AMPs to the cell (see Figure 2B),
as LF11-215 exhibits ~2-fold higher K< values over the whole
range of inhibited fractions. Further, K& slightly decreases as
a function of inhibited fraction for both AMPs, suggesting that
the likelihood of interactions with cells becomes lower the more
AMPs are added to the system.

3.1.2. Outer Leaflet Distribution of AMPs

The distribution of charged AMPs on the outer leaflet of the
outer cell membrane was interrogated by analyzing ¢ -potential
data. Unfortunately, the “equi-activity” approach (31) was not
applicable, because ¢-potential differences from the control
systems were weak in magnitude and constant over a wide range
of [P] around the MIC values (Figure 2C). Nevertheless, the
maximum number of peptides partitioned in the outer bacterial
surface, N3*%, can be estimated to be in the order of 10°
AMPs for both LF11 molecules. N5™* (corresponding to about
one peptide over 2-3 LPS molecules) is rather constant in the
concentration range of 0.3x to 2.5x[MIC], suggesting that the
cellular surface is already saturated with peptides in the sub-MIC
range. In addition, Ny'™ can be compared with the total number
of peptides per cell, Ng. The ratio N3***/Np as a function of
the inhibited fraction, and hence of the peptide concentration, is
displayed in Figure 2D. We found N'®*/Np < 25% at the lowest
measured inhibited fraction, followed by a decrease of about 1
and 5% at the MIC of LF11-215 and LF11-324, respectively.

3.2. Effects in Cytoplasmic Membrane
Mimics

In order to compare the growth inhibition of E. coli by
LF11-215 and LF11-324 with their membrane activity, we
prepared 100 nm sized LUVs of three different cytoplasmic
membrane mimics, pure POPG, POPE/POPG (3:1 mol/mol),
and POPE/POPG/TOCL/ (82:6:12 mol/mol/mol), all of which
are frequently used in biophysical studies on the mode
of action of AMPs [see e.g., (15, 48-50)]. Out of these
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FIGURE 1 | (A) Selected IC4-values of LF11-324 related to different inhibited fractions (see legend) as a function of neey. Lines represent best fits using Equation (8).
(B) Dependence of minimum inhibitory concentration (MIC) on the cell number density for LF11-215 and LF11-324, including best fits using Equation (8) (straight
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FIGURE 2 | Dependence of the total number of antimicrobial peptides (AMPs) partitioned into E. coii (A), as well as the effective partitioning coefficient (B) on the
inhibited bacterial fraction; lines are a guide to the eyes. (C) Variation of ¢-potential with peptide concentration [normalized by the respective minimum inhibitory
concentrations (MICs)]. The lines mark the average, constant ¢-values from [P] = 0.3 x MIC to 2.5 x MIC for LF11-215 (green dashed line) and LF11-324 (red dotted
line). (D) Upper boundaries of the ratio of surface-adsorbed to cell-partitioned AMPs as a function of inhibited fraction. Color-shaded areas represent confidence
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systems, POPE/POPG/TOCL/ (82:6:12 mol/mol/mol) most
closely resembles the natural lipid composition of E. coli inner
membranes (51).

3.2.1. Tryptophan Fluorescence

We first measured the partitioning of the two peptides using
Trp fluorescence. The emission spectra of the single Trp residue
of LF11-215 and LF11-324 exhibited in buffer a band with
AW~ 354 nm and ' =~ 65 nm [see c.g., Figure3A].
This is in agreement with the emission maximum of Trp

exposed to a polar environment (52). When peptides were
added to the LUVs, the Trp emission bands exhibited a blue-
shift regardless of lipid composition and peptide type (example
in Figure3A). The analysis of the spectra (see example in
Figure 3B and details in section 2.2.4) enabled us to derive
the kinetics of AMPs partitioning into the different bilayers.
For all membranes, the fluorescence signal from the partitioned
AMPs exhibited values of A’ ~ (331 — 335) nm and I'? ~
(49 — 54) nm, indicating an average location of the Trp
residues within the hydrophobic region of the lipid bilayer (52).
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FIGURE 3 | Peptide partitioning from Trp fluorescence experiments. (A) Example of Trp emission-band kinetics. The arrow indicates the decrease in intensity and
blue-shift as a function of time. (B) Example of spectral analysis (POPE/POPG [L] = 100 uM, LF11-215 [P] = 4 uM); red line: best fit; blue dashed line: emission from
antimicrobial peptides (AMPs) in suspension; green dotted line: emission from AMPs partitioned into the membrane. The arrows mark the different Aax values. (C,D)
Adsorption kinetics for LF11-215 and LF11-324, respectively, for three different membrane mimics. (E,F) Kinetics of the partitioning coefficient K for LF11-215 and
LF11-324, respectively, for three different membrane mimics.

CL-containing systems displayed broader bands, '? ~ 65 nm,
after 20—30 min of incubation, probably due to a heterogeneous
distribution of Trp locations within the bilayers (33). Speculating
that this might be related to supramolecular structural changes,
we performed DLS after 60 min of incubation. Indeed, we
observed large aggregate structures, for POPE/POPG/TOCL
samples, but also for POPE/POPG in presence of 4 #4M LF11-
324 (see Supplementary Figure 2A and Table 1). We note,
however, that the derived AMP partitioning data are not
directly linked to such morphological changes. Overall, CL and
LF11-324-containing samples showed the highest propensity to
form aggregates, wherecas POPG LUVs remained intact under
present conditions.

Table 1 reports results of the AMP partitioning analysis
(see section 2.1) after 60 min of incubation with the peptides,
and the temporal evolution of these parameters for [P] = 4
uM is shown in Figures 3C-F. Both peptides quickly achieve
stationary Rp and K values in POPG LUVs (within 30 s),
but the amount of adsorbed LF11-215 is three times higher
than for LF11-324. In PE-containing bilayers both peptides
instead exhibited similar adsorption and partitioning kinetics,
with an increase over the first 10-20 min before reaching
stable values. Both peptides showed, however, a higher affinity
to POPE/POPG/TOCL membranes than to POPE/POPG. In
contrast, at lower peptide concentration (2 uM), this effect was
not observed (Table 1). In this case, the parameters derived from
the partitioning analysis including POPG did not depend on
whether LF11-215 or LF11-324 was added.

3.2.2. Leakage

To test the permeability of the three membrane mimics, we
investigated the dye efflux from LUVs after incubation with
LF11-215 at various lipid-to-peptide ratios. This allowed us to
pursue the effect of peptides at a physiological temperature,
where all lipid systems are in the fluid phase, up to very high
lipid concentrations typically used in small angle scattering
experiments ([L] ~20 mM). Figures 4A-C display leakage
percentages as a function of [P] for different concentrations
of POPG, POPE/POPG, and POPE/POPG/TOCL systems.
In all three systems, substantial leakage seemed to coincide
with the formation of larger structures, as corroborated with
DLS measurements (see example in Supplementary Figure 2B).
Indeed, the transformation from unilamellar vesicles to larger
aggregates (marked as a gray, shaded areas in Figures 4A-C)
depends on the overall lipid and peptide concentrations, and
coincides with a leakage of 15—20%, and [P] < 1 mM
for POPG and [P] < 0.25 mM for PE-containing systems.
Interestingly, while POPG LUVs showed a sharp, sigmoidal
increase of leakage up to 100%, PE-containing systems exhibited
a maximum at a certain peptide-to-lipid ratio, followed by
a leakage decrease and, most likely, a stabilization at higher
[P] values. POPE/POPG vesicles, in particular, resulted in a
relatively low total efflux < 40%. In analogy with the equi-
activity analysis used for the susceptibility assay, leakage curves
where exploited to calculate the partitioning parameters (27).
The peptide concentrations needed to induce leakage Ey, at a
given [L] were all fitted with Equation (4), demonstrating that
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TABLE 1 | Partitioning parameters calculated from the spectral analysis of the Trp emission band for LF11-215 and LF11-324.

[Plw (nM)

LF11-215 (2 uM / 4 M)

Rg x10~2

K x10*

POPG
POPE/POPG
POPE/POPG/TOCL*

14.9+03/31.9+04
11.2+08/17.5+0.7
11.9+02/286+0.3

161+6/217£8
70+4/434+3
82+4/139+6

0.518 £0.015/0.81 £ 0.04
0.88 + 0.03/2.25 £+ 0.07
0.81+0.02/1.14 +0.03

LF11-324 (2 uM / 4 uM)

Rg x10-2

K x10*

[Plw (xM)

0.95 + 0.03/2.93 + 0.09

10.56+0.3/10.7+ 0.9

61+4/20+20

0.90 + 0.02/2.16 + 0.06

FIGURE 4 | LF11-215 induced permeabilization of LUVs composed of POPG (A), POPE/POPG (B), and POPE/POPG/TOCL (C) at different lipid concentrations (see
legend). A sigmoidal function was used to interpolate the initial leakage increase, whereas lines describing the following decrease (B,C) are just guides to the eyes.
Gray-shaded areas indicate regimes where the formation of large aggregates was not detected. (D=F) Analysis of peptide induced ANTS/DPX leakage (see legend) in

terms of Equation (4) (straight lines) for the different membrane mimics. For result, see Table 2.

POPG
POPE/POPG* 11.0+03/184+0.6 67 +4/47+3
POPE/POPG/TOCL** 10.6+0.3/26.7 £ 0.4 63+4/111+£5 0.95 4+ 0.03/1.33 £ 0.04
Data refer to systems after 1 h of incubation with peptides (see Figure 3), and [L] = 100 M. *Samples showing aggregation at [P] = 4 nM; **Samples showing aggregation at [P] = 2
and 4 uM.
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in these ranges of [P] and [L], the partitioning characteristic are
alike, regardless of transitions from a unilamellar system to more
complex lipid aggregates. Fitting results are shown in Table 2.
POPG samples seem to require a high number of LF11-215 per
lipid in order to achieve leakage, showing the highest Rp and
K values, which increase along with higher leakage, and with a
rather constant [P]y. This means that at [L]~20 mM, > 90%
of peptides are partitioned into the lipid phase. Leakage from
PE-containing systems instead needs less AMPs per lipid (see
Table 2), with a maximum amount of partitioned AMPs of <

80% for [L] 220 mM.

3.2.3. SAXS

We performed SAXS experiments to investigate structural
changes in membrane mimics induced by the peptides. Vesicles
composed of POPG, POPE/POPG, and POPE/POPG/TOCL
without AMPs (reference systems) as well as end-states at a
lipid-to-peptide ratio of 1:25 measured 4 h after lipid-peptide
mixing are shown in Figures 5A,B for LF11-215 and LF11-
324, respectively. All reference systems showed purely diffuse
scattering patterns originating from positionally uncorrelated
lipid bilayers, as expected for LUVs. In the case of POPG
liposomes, after addition of either peptide, a shift of the first
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TABLE 2 | Partitioning parameters for LF11-215, resulting from the leakage assay
analysis of three differently composed LUVs (see also Figure 4).

Leakage Rp x10-2 K x10% [Plw (mM)
POPG 10% 36+ 4 24+07 0.08 + 0.03
POPG 20% 55.9 + 1.6 42+ 0.4 0.073 + 0.009
POPG 40% 72+6 54+ 1.4 0.08 + 0.03
POPE/POPG 10% 9.8+04 1.37 £ 0.16 0.040 + 0.006
POPE/POPG 15% 10.7 £ 1.0 0.75 + 0.15 0.08 + 0.02
POPE/POPG/TOCL 10% 56 =07 1.7+08 0.018 + 0.010
POPE/POPG/TOCL 20% 72405 1.5+0.3 0.026 + 0.007
POPE/POPG/TOCL 40% 9.6 +0.9 15+04 0.036 + 0.012

Concentration ranges: [L] = (1 — 20) mM, [P] = (0.05 — 2) mM.

minimum at ¢ ~ 2.8 nm~! can be observed, which could

originate from a thinning of the membrane. Most pronounced for
PE-containing mimics, the measurements after peptide mixing
showed a small, but clearly discernible positional correlation peak
at ¢ ~ 1.1 — 1.3 nm™! in addition to a significant diffuse
scattering pattern; a similar feature—but much less expressed—
was also observed for POPG in the presence of LF11-215.
The diffuse scattering of POPE/POPG and POPE/POPG/TOCL
mixtures in the presence of both peptides showed an additional
modulation at ¢ ~ 2 nm~!. This feature might originate from a
preferential enrichment of AMPs in one leaflet or the formation
of thin peptide-enriched domains. Clarification of the underlying
structures would require dedicated experiments using neutron
scattering combined with contrast variation and computational
modeling [see e.g., (49)]. This is, however, beyond the scope
of the present study. Instead, we focused on the evolution of
the correlation peak in case of LF11-215 using time-resolved
SAXS (Figure 6). For the PE-containing samples, especially in
the case of POPE/POPG/TOCL, addition of peptides led to a
rapid precipitation of the sample, which reduced the amount of
sample being hit by the X-ray beam. This explains the increased
noise of scattering data at longer times. For liposomes consisting
of pure POPG, only the final pattern contained a weak feature
of a positional correlation peak. In turn, TOCL-containing
membrane mimics showed the onset of peak formation already
30 s after mixing, while this was slightly delayed to about 5 min
in POPE/POPG. The d-value, derived directly from the peak
position, exhibited a non-monotonic behavior over time in both
POPE/POPG and POPE/POPG/TOCL mimics (Figure 6D),
showing first a decrease and subsequent increase over several
minutes after peptide addition. During this equilibration process,
the d-values of POPE/POPG were always larger than those
of POPE/POPG/TOCL mixtures, with a difference of ~ 0.1
nm in the end-states. Interestingly, final d-values of both PE-
containing mixtures were even lower in the presence of LF11-
324 (POPE/POPG: d = 5.12 nm and POPE/POPG/TOCL: d =
5.07 nm). This could stem either from a pronounced membrane
thinning or/and different penetration depths of the peptides
within the bilayer (see section 4). Notably, the time scale of the

related equilibration process is much longer (hours) than peptide
adsorption (minutes) (see Figure 3).

4. DISCUSSION

We exploited a common thermodynamic framework for the
partitioning of antimicrobial peptides to bridge the activities
of LF11-215 and LF11-324 in E. coli and different lipid-only
mimics of their cytoplasmic membranes. In the case of bacteria,
this was achieved by evolving a susceptibility microdilution
assay for the antimicrobial activity of the two AMPs. This
yielded more accurate results (confidence < 3%) than standard
MIC evaluations over a broad range of cell concentrations.
In particular, we found MICrFi1-215 (13.7 £ 0.4) uM
and MICrp11 324 (11.1 £ 0.6) uM at ngy 106
CFU/ml [in agreement with (20, 25)] increasing linearly up to
MICLF11_215 = (158 + 2) /I.M and MICLF11_324 = (57 + 2)
uM at negy = 10° CFU/ml. The higher antimicrobial efficacy of
LF11-324 was conserved for all measured cell concentrations and
extended also to lower growth-inhibited fractions at decreased
AMP concentrations. Intriguingly, LF11-324 showed a lower
partitioning coeflicient than LF11-215, suggesting energetically
less-favored interaction with cells, despite its higher efficacy.
Combing these data with ¢-potential measurements further
allowed us to obtain an upper boundary for the surface adsorbed
AMP fraction. Strikingly, we found that both lactoferricin
derivatives bind about equally to the microbial envelope, but
constitute only a minor fraction of the total number of AMPs
interacting with the bacteria. That is, at the MIC only 1—5%
of AMPs are surface bound, and even at bacteria inhibition
levels of 10% only ~ 5% (LF11-215) to ~ 18% (LF11-324) of
the cell associated peptides do not enter inner compartments
(Figure 2). Consequently, both peptides target mainly inner
bacterial components.

Partitioning of LF11-215 and LF11-324 in lipid membrane
mimics was instead investigated using Trp fluorescence and
ANTS/DPX leakage. While the first technique quantifies the
actual number of partitioned peptides per lipid, the second
provides the number of adsorbed AMPs leading to a specific
dye-efflux. Trp fluorescence revealed a faster and stronger
partitioning into POPG membranes than into PE systems
in the case of LF11-215, whereas LF11-324 showed the
lowest adsorption and partitioning into POPG. Based on
pure electrostatic interactions of anionic POPG and cationic
residues, which are identical for both peptides, this appears
counterintuitive. It can be understood, however, considering that
the amphipathic moment of both LF11 peptides is normal to
the membrane plane, with the aromatic amino acids of the N-
terminal inserted into the hydrophobic core of the membrane,
and the Arg-rich section of the amidated C-terminal interacting
with the lipid head-groups and exposed to the solvent as reported
from previous studies on this family of peptides (25, 53). Indeed,
our fluorescence data show that the Trp side chain is segregated
into the apolar environment of the bilayer, hence suggesting
that the protonated amino group of the N-terminal lies in the
same region. Consequently, the positively charged N-terminus of
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FIGURE 6 | LF11-215-induced structural kinetics as observed in the evolution of SAXS patterns of (A) POPG, (B) POPE/POPG, and (C) POPE/POPG/TOCL;
[P)/[L] = 1:25, corresponding to [L] = (24.5-27.9 mM) and [P] ~ 1.1 mM. Panel (D) shows the changes in d-spacing over time for POPE/POPG and
POPE/POPG/TOCL with LF11-215, as well as end-states (ES) for LF11-215 and LF11-324 measured after 4 h of system equilibration.

LI'11-324 needs, because of the additional Phe and Pro residues,
to insert deeper into the hydrophobic core of the bilayer and
thus further away from the anionic PG than in the case of
LF11-215, leading to an unfavorable configuration. In the case
of PE-containing mixtures, such electrostatic interactions are less
pronounced; moreover, peptide-induced domain formation, as
previously observed for CL-containing mixtures in the presence
of LF11 derivatives (20, 25), may facilitate peptide insertion

due to packing defects at domain boundaries [see e.g., (54)].
Hence, POPE/POPG and POPE/POPG/TOCL mixtures are thus
more reliable mimics of E. coli inner membranes than pure
POPG. Moreover, the approximate similar adsorption of both
peptides (Figures 3C,D) resembles roughly the findings in E. coli
(Figure 2D), thus suggesting that these mimics are also first-
order proxies to peptide partitioning into outer membranes,
despite the lack of LPS.
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Dye leakage experiments for PE-containing mimics showed
an effect that, to the best of our knowledge, has not
been reported before. Upon raising peptide concentration,
we observed an initial increase of dye-efflux, peaking at
relatively low peptide concentrations, followed by a subsequent
decrease of permeabilization upon further addition of peptide
(Figures 4A-C). POPG vesicles in contrast showed a typical
pure sigmoidal increase of permeabilization [see e.g., (27)],
but required significantly higher peptide concentrations than
in other mixtures, which aligns with our above discussion on
competing electrostatic interactions of the charged N-terminus
with PG headgroups. Moreover, DLS experiments revealed that
significant leakage was always associated with the formation
of large aggregates, independent of the lipid membrane mimic
(i.e., also for pure POPG). The intricate entrapment of dyes in
POPE/POPG and POPE/POPG/TOCL membranes at increased
levels of AMP concentration can be rationalized considering our
SAXS data. Here all three lipid mixtures, with the exception of
POPG in the presence of LF11-324, showed the formation of a
weak Bragg peak (Figure 5), signifying the presence of a minor
fraction of positionally well-correlated aggregates.

While a sole correlation peak does not enable a conclusion
about the specific supramolecular structure, it is still possible to
derive d-spacing values from the peak positions, which can be
connected to previous studies on peptide-induced multibilayer
systems with collapsed interbilayer distance (10). Consider first
POPE/POPG (3:1 mol/mol) and its steric bilayer thickness,
which has been previously determined with high accuracy to
be ~ 4.7 nm (49). The final d-values for this system after
addition of LF11-215 and LF11-324 were 5.53 and 5.12 nm.
This suggests that the Bragg peaks originate from lamellar
aggregates with almost completely collapsed bilayers, most likely
only separated by the steric size of peptides partially inserted
into the membranes. Thus, the lower d-value observed for LF11-
324 suggests pronounced membrane thinning as a result of a
stronger perturbation of the membrane, which could be due to
the bigger size of the peptides’ hydrophobic patch, leading to
stronger disordering effects within the hydrocarbon chain region.

For TOCL containing mixtures, we found slightly lower
final d-values for both peptides, but again more pronounced
for LF11-324 (Figure 6D). Since we do not have any reference
data on the steric thickness of POPE/POPG/TOCL (82:6:12
mol/mol/mol) bilayers, this might be due to either differences
in membrane thickness in the absence of peptide or peptide-
induced membrane perturbation. However, given that the
hydrocarbon thickness of TOCL is expected to be about
equal to POPG and POPE, we speculate that the smaller
d-values for POPE/POPG/TOCL are due to an increased
membrane perturbation by the peptides. Indeed, a more
pronounced effect of peptides for TOCL containing mixtures,
as compared to POPE/POPG, was also observed in Trp
fluorescence experiments, where these mixtures exhibited the
higher partitioning coefficients, as well as faster Kkinetics
(Figure 3). Faster kinetics were also observed for the formation of
the collapsed lamellar phase in the presence of LF11-215, where
the weak Bragg peak was present in POPE/POPG/TOCL 30 s
after the addition of peptides, but needed about 5 min to form

in POPE/POPG (Figure 6D). The initial decrease in d-spacing
observed for the first 10—20 min interestingly correlates with the
Trp fluorescence kinetics. This suggests that the shift of the peak
position over time is related to an initial accumulation of peptides
on the membranes during approximately 20 min, followed by a
slow equilibration over the course of the next few hours, where
peptides diffuse into the newly formed aggregates, most of which
are not forming collapsed multibilayers.

Interestingly, the lowest d-values of both membranes are
~49nm (Figure6D), which is about equal to the steric
membrane thickness of POPE/POPG (49). This provides
evidence that the membranes come in close contact. The negative
intrinsic curvatures of POPE (55) and TOCL (56) and their well-
known propensity to form non-lamellar structures [see e.g., (57)]
make them highly prone to induce membrane fusion (58,
59). We thus propose that the d value minima indicate time
points of membrane fusion. Note that peptide-induced fusion
of membranes was reported previously (10). Membrane fusion
would also explain why some of the dyes are not released by
the peptides activity, but remain trapped within some aggregates
(Figure 4). Interestingly, however, also POPG showed in the
presence of LF11-215 a weak signature of collapsed bilayers after
extended equilibration times (Figure 5A), with a d ~ 4.5 nm that
is even lower than the smallest values observed for POPE/POPG
and POPE/POPG/TOCL (Figure 5D). Note that POPG has an
intrinsic curvature close to zero (15), and is well-known as a
lamellar-phase forming lipid. The collapsed lamellar structure
formed in POPG is thus unlikely to be related to membrane
fusion, but merely the result of possibly disintegrated membrane
patches, forming a stack of bilayers. This notion is supported by
the high permeability of POPG vesicles and the absence of a drop
of dye leakage at increased peptide concentrations (Figure 4A).

The overall higher peptide activity in PE and PE/CL-
containing mixtures (as observed, for example, by the lower
amounts of peptide needed to induce dye leakage) further
suggests that the intrinsic lipid curvatures of these lipids
and the resulting stored elastic energy stress (60) makes the
bilayers more vulnerable to the peptides. A similar view
has been previously proposed as the “balanced spring model
for membrane interactions” (61), where membrane active
compounds can relief the stored elastic stress in bilayers upon
insertion. Finally, we note that also LPS is known for their
propensity to form non-lamellar structures (62, 63). We thus
expect analogous driving forces occurring in the bacterial outer
membrane, although details of membrane composition and in
particular asymmetry certainly cannot be neglected. Nota bene,
we do not necessarily expect that both peptides induce membrane
fusion in live bacterial systems, as the complex architecture of
the cell envelope or the presence of a densely packed cytosol
provides additional constrains. The occurrence of fusion events
in lipid-only systems is a mere indication for elastic curvature
stress stored within the membranes, which upon relaxation
in the presence of peptides will assist their translocation into
the cytosol.

In conclusion, our results show that bridging peptide activities
in live bacteria and lipid membrane mimics is intricate and that
a simple delineation of common leakage experiments can be
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highly misleading. In particular, for the here studied LF11-215
and LF11-324, one might have concluded based on leakage data
that pure POPG would be sufficient to explain the membrane
permeabilizing potential of both peptides. Yet, detailing the
partitioning of the peptides in different membrane mimics
and microbes allowed us to arrive at a completely different
picture. Instead, LF11-215 and LF11-324 both target mainly
intracellular components, presumably DNA due to its highly
negative charge, reaching local concentrations of up to ~ 100
mM at the MIC. Moreover, the elastic curvature stress stored in
POPE/POPG, and to an even greater extent in the more realistic
POPE/POPG/TOCL mixture, bestows the membranes with an
increased potential for peptide translocation, which might in
general be exploited by surface adsorbed wedge-like AMPs. Thus,
at least for the presently studied peptides we may answer the
initially posed questions as follows: (ad i) Vesicle leakage and
microbial killing are not directly correlated, but some valuable
insight can be obtained upon coupling leakage data to peptide
partitioning and studies of membrane structural changes. (ad
ii) Both peptides bind about equally well to membranes, so for
this part, their selectivity indeed seems determined by membrane
binding. The difference in their efficacy, however, is due to
specific interactions with cytosolic components, and most likely
DNA. (ad iii) Our partitioning studies provide strong evidence
that membrane translocation is definitely required for LF11-215
and LF11-324. Additional studies using different bacteria and
AMPs need to be performed to verify whether it is possible to
generalize these findings. In general, and although we restricted
our study to two AMPs and a single bacterial strain, the developed
framework provides a path and guidelines for future studies
intending to get deep insight on AMP activity by coupling in vitro
cell studies with lipid membrane mimics.
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Figure S1. (A) Example of delayed growth as a function of AMP concentration, and extraction of Zexp
values. (B) Calibration: logarithmic description of teyp, as a function of 7nceyj. (C) Sigmoidal interpolation
of the inhibition fraction data as a function of AMP concentration (different colors represent independent
experiments). As an example, arrows highlight the calculated /C, in the case of inhibition fraction 0.25,
0.5 and 0.999 (MIC).
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Figure S2. (A-B) Representative size distribution functions (intensity-weighed) after incubation with
peptides for one hour at 37 °C. (A) Different lipid systems ([L] = 100 zM) after incubation with LF11-215
([P] = 4 uM). (B) Different LF11-324 concentrations and mixing with POPG LUVs ([L] = 10 mM).
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Figure S3. Time-resolved measurement of LF11-215([P] = 0.5 M) induced permeabilization of LUVs
composed of POPE/POPG ([L] = 50 uM), showing peptide induced ANTS/DPX leakage kinetics after

peptide addition converging to ~ 5 % dye efflux after 25 min. The jump to 100% leakage is induced by
addition of Triton X-100.
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