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Abstract

Multiresitant bacterial strains pose a serious threat to our health. They are
resistant against first and second order antibiotics and infections therewith
cause severe damage or death. Main problems are the careless use of antibi-
otics, their mode of action and the high degree of adaptability of bacteria.
A promising approach is offered by antimicrobial peptides (AMPs). They
exhibit a fast non receptor based killing of bacteria, with the cytoplasmatic
membrane as their main target. Prime candidates are the magainins PGLa
and MGz2a, which exhibit a tenfold increase in killing efficacy when applied
as cocktail. Currently there is a wide range of information on the enhanced
killing ability of magainins (synergistic activity) in literature available. Un-
fortunately much of it stands in contradiction with observations and only
little quantitative information on the membranes structural response is avail-
able. A large part of this thesis was spent on the creation of an analysis for
scattering data to retrieve precisely those quantities in a statistical approach.
In general, fundamental studies on systems with living bacteria and AMPs
are a highly complex task. Therefore we aimed to establish an simple as
possible lipid only mimic, which still captures the essential response of
Gram-negative bacterial membranes to the peptides.

We observed that the leakage induced in 100 nm large unilamellar vesi-
cles (LUV) composed of POPE/POPG (3/1) by L18W-PGLa, MGz2a, their
equimolar mixture and the chemically linked hybrid peptide correlates
remarkably with growth inhibitation (MIC) experiments performed on live
bacteria. In particular we found that key characteristics for the occurrence of
synergistic activity are a tight polar-apolar interface of the membrane (nega-
tive Jo) and the presence of negatively charged lipids. This clearly states how
crucial the proper choice of lipids for a mimic is. Those insights prompted
us to perform an in-depth small angle scattering study in a low (before
synergism) and high (synergism) peptide concentration regime. To access
quantitative information in diffusive scattering data at a molecular level
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the during this thesis developed analysis was employed for a peptide/lipid
(P/L) ratio < 1:200, which allowed global data fitting including scattering
contributions from the peptide. A joint analysis of neutron and X-ray data
provided information on the peptides transbilayer position, also showing
that when applied as a mixture both peptides were relocated. Further we
showed that the relocation process most likely originates in the formation
of parallel heterodimers. At synergistic conditions (P/L > 1:50) we were
able to correlate the observed dye-release with the occurrence of a sponge
and cubic Pn3m phase. Together with a variety of complementary molecu-
lar dynamics (MD) simulations performed by our collaboration partners,
we proposed a possible way for L1I8W-PGLa and MGza synergistic mode
of action against Gram-negative bacterial mimics. Their enhanced killing
efficacy starts with the early formation of heterodimers, before synergism
is even observed. Those dimers insert shallow into the membrane with
their cationic residues exposed to the aqueous solution. The charged amino
acids lead to adhesion and aggregation of multiple vesicles via electrostatic
interactions. Dimers, as well as the fibre-like peptide structures, formed at
higher peptide concentration both induce a strong membrane curvature.
Additionally fusion stalk formation between bilayers in close proximity in
the presence of heterodimers and larger aggregates was observed. Those
stalks eventually transformed the system in a leaky sponge like structure
that accounts for the increased amount of fluorescence. Contributions to the
observed leakage from defect enriched zones might also be of relevance.
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Kurzfassung

Mehrfach resistente Bakterienstimme erweisen sich als ernstes Problem fiir
unsere Gesundheit. Sie sind resistent gegen Antibiotika ersten und zweiten
Grades und Infektionen enden oftmals in schwerwiegenden Gesundheitlichen
Schédden oder Tod. Hauptprobleme sind der sorglose Umgang mit Antibi-
otika, sowie deren Wirkungsweise und die enorme Anpassungsfahigkeit
von Bakterien. Einen vielversprechenden Ansatz stellen antimikrobielle Pep-
tide (AMPs) dar. Sie greifen die cytoplasmatische Membran an und toten
Bakterien schnell und effizient. Anwaérter fiir ein Antibiotikum dieser Art
sind die Peptide PGLa und MGz2a, beide zugehorig zur Familie der Magain-
ins. Bei kombinierter Anwendung wird eine zehnfach hohere Wirksamkeit
erzielt (Synergismus). Gegenwirtig ist eine Vielzahl an Informationen tiber
Synergismus von den zuvor genannten Peptiden in der Literatur auffindbar.
Ein beachtlicher Teil dieser Schriften steht jedoch in Widerspruch zueinan-
der. Zusitzlich gibt es kaum quantitative Information {iber die strukturelle
Reaktion der Membran auf angreifende Peptide. Deswegen wurde ein
grofier Teil dieser Doktorarbeit damit verbracht eine Analyse zu entwick-
eln, welche genau dieses Wissen zugdnglich macht. Untersuchungen an
lebenden Systemen wie Bakterien sind wegen ihrer enormen Komplex-
itat fiir fundamentale Aussagen tiber die Wirkungsweise von Peptiden
nicht der beste Startpunkt. Im ersten Teil dieser Arbeit wurde nach einem
"Minimalsystem" gesucht, welches zugleich die fiir diese Arbeit essentielle
biophysikalische Reaktion des Bakteriums auf angreifende Peptide wieder-
spiegelt. Im Speziellen beobachteten wir, dass die induzierte "Leakage" von
L18W-PGLa, MGza, ihrer 4quimolaren Mischung und dem chemisch gelink-
ten Hybridpeptid in 100 nm grofien unilamellaren Vesikeln (LUV) mit den
Ergebnissen von Wachstumsinhibitationsmessungen an lebenden Bakterien
in hervorragender Ubereinstimmung sind. Das Auftreten von Synergismus
konnte auf zwei Schliisselkomponenten zuriickgefiihrt werden, namlich,
eine dicht gepackte Schnittstelle polarer und apolarer Komponenten der



Membran und das Vorhandensein von negativ geladenen Lipiden. Dies
zeigt bereits wie wichtig die Wahl der Lipide des Testsystem ist. Obige
Erkenntnisse motivierten uns zu einer systematischen Studie mittels Klein-
winkelstreuexperimenten als Funktion der Peptidkonzentration, vor und
bei synergistischen Bedingungen. Fiir ein Peptid/Lipid Verhéltnis (P/L)
< 1:200 wurde mittels Einsatz der entwickelten Analyse die Eindringtiefe
der Peptide in die Membrane bestimmt. Im speziellen wurden Rontgen-
und mehrere Neutronendatensatze gleichzeitig mit einem Model ausgew-
ertet. Des Weiteren wurde gefunden, dass wenn L18W-PGLa und MGza
als Mischung eingesetzt wurden eine Umpositionierung der Peptide in
der Membran stattfand. Bei synergistischen Bedingungen wurden Fluo-
reszenzmessungen mit dem Auftreten einer lamellaren Struktur in Rontgen-
daten korreliert. Cryo-Transmissionselektronenmikroskopische (cryo-TEM)
Messungen identifizierten diese als multilamellare Vesikel. Zusammen mit
zahlreichen Molekulardynamiksimulationen (MD), ausgefiihrt von unserem
Kooperationspartner konnte eine mechanistische Beschreibung fiir die syn-
ergistische Wirkung von L18W-PGLa und MGz2a gefunden werden.

Der Nukleus ihrer erhohten Wirksamkeit ist mit der Ausbildung von paralle-
len Heterodimeren bevor synergistische Bedingungen erreicht sind gegeben.
Diese Dimere dringen nur oberfldchlich in die Membran ein, mit ihrer ka-
tionischen Seite der Bufferlosung zugewandt. Attraktive Interaktionen mit
Peptiden auf benachbarten Vesikeln fithren zu Adhésion, gefolgt von der
Aggregation von mehreren Vesikeln. Bei einer erhohten Peptid Konzentra-
tion wurde die Ausbildung von Peptid-Fasern festgestellt. Diese Fasern,
sowie auch die Dimere induzieren eine starke Membran Kriimmung, welche
zusammen mit den beobachteten Fusionhélsen das System im Verlauf der
Zeit in eine schwammartige Struktur transformiert. Diese Struktur ist stark
Poros und beschreibt somit den beobachteten Anstieg in Fluoreszenz.



Contents

Abstract vii
Kurzfassung ix
List of Figures xiii
1. Introduction 1
1.1. Lipid Curvature - Lipid Bilayer Model - Gram-Negative Bac-
terial Cell Membrane . . . . . ... ... ... ... ...... 3
1.2. Antimicrobial Peptides AMPs . . . . . ... ... .. ..... 7
List of Abbreviations 1
2. Materials and Methods 13
2.1. Materials . . . . ... 13
2.2. Sample Preparation . . . ... ... ... ... ... . ... 15

2.2.1. Samples for Intrinsic Lipid Curvature Determination . 15
2.2.2. Samples for Mechanistic Investigations of Peptide-

LUV Interactions . . . ... ... ............. 16
2.3. Small-Angle Neutron and X-ray Scattering . . ... ... ... 17
2.3.1. Modeling of Diffusive Scattering Signals . . . . .. .. 19
2.3.2. Interpretation of SANS Data for Zero Contrast Exper-
iments . .. ... ... 29
2.3.3. Model-free Analysis of MLV and Hjy SAXS Data . .. 29
3. Results and Discussion 33
3.1. Intrinsic Lipid Curvature . ... ... ... ... ........ 33
3.2. First Results Towards Synergism and a Proper First Order
Lipid only Mimic for E. Coli . . . . . . ... ... ....... 35

xi



Contents

3.3. The Lipid Membranes Structural Response towards an AMP

Attack . . . .. ... ..

3.3.1. Low Peptide Concentration - Before Synergistic Con-

ditions . . . ..

38

3.3.2. High Peptide Concentration - At Synergistic Conditions 43

4. Conclusion
5. Outlook
Bibliography

A. List of Publications
A.1. Attached Publications

B. Scientific publications

xli

53
57
59

67
67

69



List of Figures

1.1. Spatial structure of the phospholipids (A) POPE and (B)
POPG. Grey shaded areas mark hydrophilic fatty acids and
blue shaded circles highlight the lipid headgroups. . . . . .. 4
1.2. The top row shows cylindrical (A), conical (B) and inverse
spherical shaped lipids (C). Below are the corresponding
membranes and formed aggregates (D), (E) and (F). Panel F
was adapted from Tresset 2009 [1]. . .. ... ... ...... 5
1.3. Cell envelope of a Gram-negative Bacterium. Lipopolysac-
charide LPS, outer membrane OM, peptidoglycan layer PGN

and the cytoplasmatic (inner) membrane of E. coli. . . . . . . . 6
1.4. Overview of popular models for AMP activity proposed in
literature. Figure taken from Wimley 2011. . . . ... ... .. 8

1.5. Various antimicrobial peptides and their versatile primary/secondary
structures, reaching from cyclic (A), linear (B), globular (C),
B-sheets (D) to extended (E) conformations.. . . . .. ... .. 9

1.6. Different views of the secondary structure of Li8W-PGLa
(A) and MGza (B) including their side chains. Below are
the corresponding hydrophobic wheel schematics. The hy-
drophob section is shaded in grey and the hydrophil section
is shown in dark cyan. Polar/basic residues are shown in red,
whereas polar/acid, polar/uncharged and nonpolar residues
are colored in blue, green and yellow respectively. . . . . . . . 10

1.7. Currently proposed models for synergism in literature. Panel
(A) shows a toroidal pore, formed by parallel heterodimers.

(B) Illustrates lipid-mesophase like peptide arrangements and
(C) displays a tetrameric pore. Schematics are taken from

[2,3] - o 11

xiii



List of Figures

Xiv

2.1.

2.2.

2.3.

2.4.

2.5.

2.6.

2.7.

3.1.

3.2.

Panel (A) shows the used phospholipids and panel (B) pro-
vides a color coded overview of the peptides primary se-
quences. Light blue/red corresponds to positive/negative
charged residues respectively. . . . . .. ... ... .. ... ..

The phospholipids POPE and POPG were parsed into six
quasimolecular fragments. Due to their chemical similarities
both have the CH3, CH,, CH, CG and the PO, group in
common, while they differ in the last group, namely ENX

Schematic of the applied SDP model. Top panel (A) shows
the spatial distribution functions of the quasi molecular frag-
ments which were overlayed with an MD simulation of a
membrane. Orange spheres correspond to phosphor atoms.
Panel (B) shows the employed unit cell/hybrid particle for
data fitting together with its cross-section Ay;. . . . . . . . ..

X-ray data (circles) of 100 nm large unilamellar vesicles in
the presence of MGza at 35 °C at various molar ratios. Lines
represent fits. . . . .. ... Lo Lo Lo

Form factors of the individual groups for the unit cell as
function of reciprocal vectorq. . . . ... ... ... ...

Histogram of the retrieved parameters from a global statistical
analysis. . .. ... ... L L

Example of a correlation map for the area per unit cell A,
and the transbilayer position of the peptide z,. . . . . . . ...

Leakage of POPC/POPG (3:1 mol/mol, A), POPE/POPG
(3:1 mol/mol, B), lyso-PE/POPE/POPG (1.6:1.4:1 mol/mol,
C), POPC (D) and POPC/Chol (3:1 mol/mol, E) LUVs (50
pM). Solid lines represent guides to the eye and insets show
corresponding monolayer curvatures. . . . ... .. ... ...

Schematic of the energy landscape with various states during
peptide insertion into a lipid bilayer. Adsorption and peptide
folding at the membrane surface AG;y, insertion into the
hydrophobic core AG;,;;, activation barrier AGt. Synergistic
action decreases A(AGE). . . . . .. .

14

20

37



3-3-

3.4

3-5-

37

List of Figures

Volume probability distribution of the hydrocarbon core (HC-
core) function of POPE/POPG(3/1, mol/mol) at 35°C in the
presence of L1I8W-PGLa, MGz2a and the equimolar mixture
M11 with a peptide/lipid ratio of 1:200. . . . . . ... ... .. 39
Panel (A), (B) and (C) show histograms for the area per unit
cell and the peptide’s transbilayer position for L18W-PGLa,
MGza and the equimolar mixture at 35°C and P/L =1 : 200
from 400 independent fits. Corresponding correlation maps
are shown below. The color coding represents the amount of

counted pairs. . . . ... ... oo 40
Water probability distribution (A) and difference (B) function
with and without magainins across one leaflet. . . . . . .. .. 41

Panel (A) shows the cumulative number of water molecules

as a function of transmembrane position across one leaflet

for POPE/POPG (3/1) in the absence (black) and presence

of L18W-PGLa (blue), MGz2a (green) and their equimolar
mixture (red). A close-up of the transition regime is given in
panel (B). The total amount of water molecules at any leaflet
position (in any slice with the volume Ay; - dz) is displayed

in panel (C). The grey area marks the hydrocarbon core of

the lipid only membrane in the absence of peptides with

its maximum at zcy, and the blue area extends from there
towards the furthest outward lipid group + twice its standard
deviation.. . . . . . ... o oo oo 42
Thermograms of large unilamellar vesicles (A) in the absence

of peptides a and the presence of MG2a b, L18W-PGLa ¢, the
equimolar mixture d and the hybrid e. Panel (B) shows zero
contrast scattering for Matrix A and B at 35°C at P/L =1:50. 44
Scattering patterns of 100 nm LUVs composed from POPE/POPG
(3:1 mol/mol) in the presence and absence of magainins at

P/L of 1:50 (A) and 1:25 (B) at 35°C. The inset in (B) is a zoom

of the region around the broad peak at low g-angles and
additionally displays the hybrid at a P/L of 1:12.5. Lamellar
repeat distances as function of temperature induced in 100

nm LUVs upon exposure of magainins at P/L 1:25 and P/L
1:12.5 are shown in panel (C). Linear curves represent fits,

solid orange line is a guide to theeye. . . . . . ... ... ... 46

XV



List of Figures

XVi

39

3.10.

3.11.

3.12.

3.13.

Cryo-TEM images of 100 nm LUVs composed of POPE /POPG
(3/1 mol/mol) in the absence (A) and presence of the peptides
(P/L = 1:50) L18W-PGLa (B), MG2a (C), M11 (D) and the

hybrid peptide (E) at35°C. . ... ................

Cryo-TEM images of 100 nm LUVs composed of POPE /POPG
(3:1 mol/mol) upon addition of the equimolar mixture (A,B)

and the hybrid (C,D) at a molar P/Lof 1:50. . . ... ... ..

Simulation snapshots of coarse-grained Martini systems with

48

two lipid bilayers in the absence (A) and presence of MG2a+L18W-

PGLa at P/L 1:41 (B) and 1:21 (C) after 20 us. (D) corresponds
to a top a view of the fiber-like peptide structures. The blue
rectangle marks the simulation cell. Phosphate atoms are
shown as orange and yellow spheres and the peptides are
displayed in cartoon representation with the color coded
residues (Nonpolar: gray, polar: green, acidic: red, and basic:
blue). Water beads are illustrated as half transparent dark-

bluespheres. . . . . .. ... ... L Lo o

Simulation snapshots (top) and schematics from the bilayer
fusion process with MGz2a (m1) and L18W-PGLa (p1) ar-
ranged as parallel heterodimers. The bilayer fusion was initi-
ated by the purple lipid, followed by a V-shaped configuration
of the peptides that caused the formation of a fusion stalk. In
images 1), 2) and 3), phosphate beads of the first and second
bilayer are shown in yellow and orange, respectively. In image
4), all phosphate beads are shown orange due to lipid mixing.

Fore more detailsseen [4]. . . . . . .. ... ... ... ... ..

SAXS patterns of 100 nm LUVs composed of POPE/POPG
(3/1 mol/mol) in the presence of the chemically linked hybrid
peptide (A) and the equimolar mixture M11 (B) at 35°C as
function of P/L molar ratio. The purple arrow marks the
broad peak of the sponge phase. Panel (C) shows a schematic

of the sponge structure, adapted from Snabre 1990 [5]. . . . .

52



1. Introduction

This thesis is split into five parts, providing the reader with a motivation and
the necessary background in the first chapter, followed by the description of
the employed methods in the second chapter. Core results from attached
publications are presented and discussed in chapter three. A short conclu-
sion with a brief subsequent discussion of the derived mechanism with
focus on the comparison to proposed models for synergism in literature is
given in chapter four. Last but not least technical suggestions to improve
the analysis can be found in the last part.

Motivation

The increase of antibiotic resistance is rising to dangerously high levels. The
World Health Organization (WHO) published in February 2017 a list of
antibiotic-resistant pathogens to guide medical development towards high
priority targets. This list highlighted in its most critical group the "ESKAPE"
pathogens which are multidrug resistant bacteria that pose a severe threat
in hospitals, nursing homes and community settings [6]. The ESKAPE
pathogens consist of Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter.
Infections with any of them leads to severe damage and worst case death.
Key problems of antibiotic resistance are the mode of action of conventional
antibiotics (receptor/target), the bacteria’s adaptability towards such attacks
and their immense number. Nearly all commercially available antibiotics
target specific parts of a bacterium, e.g a specific protein. Unfortunately
bacteria’s response to such an attack is a prime example of evolution. Its
various ways of defense reach from mutational adaption towards horizontal
gene transfer, ultimately leading to resistance against the employed drug
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(for more detail see [6]). This inauspicious development is further aided
by the steady decrease in yearly approved antibiotics by the Federal Drug
Association (FDA) thus severely limiting treatment options. In the last three
decades most "new" introduced drugs were only structural derivatives of
already existing antibiotics. Their similarity caused extremely high vulnera-
bility towards resistance development and generally led to a low life span.
Hence there is an urgent need of compounds which are less likely to en-
counter bacterial resistance. Prime candidates are host defense peptides. In
particular the class of antimicrobial peptides (AMPs) which offer new and
"novel" multifaceted ways of killing bacteria within minutes. Most AMPs do
not bind to a specific protein target. Their site of action is the lipid bilayer
of the cell membrane. Further electrostatic interactions between cationic
AMPs and negatively charged lipids in the exofacial leaflet of the plasma
membrane lead to a strong discrimination between mammalian (zwitteri-
onic lipids) and bacterial (enriched in anionic lipids) cells. Considering the
full architecture of live bacteria, AMPs have to bypass all outer layers of
the cell [7] (Figure S1.3) until their final target the cytoplasmic membrane
is reached. There they insert depending on their amphipathicity and kill
bacteria due to membrane rupture. Their precise interaction with target
membranes strongly depends on the present lipid composition. The latter
influences the peptides due to different molecular shapes (intrinsic lipid
curvature), charge and chemistry. It is imperative to posses a detailed level
of understanding on the architecture and lipid composition of the bacteria
for faithful studies on AMP-bacteria interactions [8, 9].

This thesis focuses on the interactions of L18W-PGLa and MGza with first
order lipid only mimics for Gram-negative bacteria. Both peptides are part
of innate immune system of the African clawed frog Xenopis Laevis [10, 11]
and are classified as magainins. Of particular interest is their enhanced
killing ability observed in bacteria and lipid only mimics thereof [12-
17]. Originally (1998) synergism was attributed to a transmembrane pore
formation with a 1:1 stoichiometry between L18W-PGLa and MG2a [12-14].
In 2016 Bechinger introduced the idea of lipid-mesophase like structures for
peptides where they are aligned side-by-side with their helices parallel to
the membrane surface [2]. This was followed again by a pore, stabilized via
a tetrameric heterocomplex of transmembrane aligned PGLa in combination
with a surface state for MG2a [3]. Interestingly, nuclear magnetic resonance
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(NMR) spectroscopy experiments clearly state that MG2a and PGLa both
never adopt a transmembrane position for the main constituent lipids of a
Gram-negative bacterium’s cytoplasmatic membrane, not even when applied
as a cocktail [18, 19]. This fact clearly stands in contradiction to any pore
based model for synergism in Gram-negative bacterial mimics. Currently
there is a lack of understanding in how both peptides remain surface
bound and at the same time synergistically disrupt bacterial membranes.
This motivated us to perform a comprehensive study utilizing molecular
dynamics (MD) simulations paired with a wide range of experimental
techniques, breaching dimension from nanoscopic to macroscopic length
scales in order to elucidate the interactions of L18W-PGLa and MGz2a with
first order lipid only mimics and to unravel the mystery of their synergistic
killing efficacy.

1.1. Lipid Curvature - Lipid Bilayer Model -
Gram-Negative Bacterial Cell Membrane

The core of every biological cell is shielded by a barrier, the so called
plasma membrane. This barrier is a highly dynamic fluid structure and
consists of a double layer composed of various lipids. Lipids are small
amphiphile molecules with a hydrophilic headgroup (polar, water loving)
and hydrophobic tails (non polar, water hating). Their structure, hydrophilic
and hydrophobic regions of two major constituents in a Gram-negative
bacterium’s plasma membrane are given in Figure 1.1.

Lipids can be classified in terms of their intrinsic curvature Jp, which is
defined as the negative inverse radius of the neutral plane of a stress less
monolayer [20, 21]. It is a geometrical parameter providing information
about the shape a lipid wants to adopt at a certain temperature. Figure
1.2 shows cylindrical Jy ~ 0, conical Jy > 0 and inverse conical J < 0
shaped lipids. Directly below is the preferred membrane of each species,
highlighting that cylindrical lipids prefer bilayers whereas curved lipids
favor bend monolayers. Dissolved in aqueous solution, lipids self assemble,
driven by the need to minimize hydrophobic exposure of the hydrocarbon
core and their molecular shape. For example, cylindrical shaped lipids tend
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Figure 1.1.: Spatial structure of the phospholipids (A) POPE and (B) POPG. Grey shaded
areas mark hydrophilic fatty acids and blue shaded circles highlight the lipid headgroups.

to form multilamellar (onion) or unilamellar vesicles (onion shell, panel D)
whereas a negative overall geometry can lead to inverted hexagonal phases
(panel E). By mixing of differently shaped lipids, depending on their molar
ratios and temperature bi-continuous cubic phases can be observed. E.g.
the cubic Pn3m phase is build up by a complex network of water channels
encapsulated by one continuous lipid bilayer (Figure 1.2 panel E) exhibiting
zero overall gaussian curvature.

To tune artificial model systems towards the present topic of interest the
architecture and lipid composition of Gram-negative bacteria (target) with
focus on Escherichia coli (E. coli) has to be briefly reviewed.

In terms of architecture the bacterial cell wall is a complex structure (Fig-
ure 1.3) consisting of the inner membrane (cytoplasmatic membrane), a
rigid peptidoglycan (PGN) layer and the outer membrane. The purpose of
this barrier is to provide stability to the cell interior, to protect it from harm
originating in the environment and simultaneously provide material trans-
port and information exchange with the outside. Studying peptide/bacteria
interactions at a quantitative level is a highly sophisticated task and requires
due to the large amount of unknown factors a simplification of the bac-
terial cell wall. AMPs in general will have different affinities to different
parts of the cell wall. For example lipopolysaccharides (LPS) are the main
constituents of the outer leaflet of the outer membrane. It is anionic and
therefore could potentially trap AMPs until all LPS is saturated. Conse-
quently reducing the peptides concentration at the cytoplasmatic membrane
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A

Vesicle Inverse Hexagonal Phase H, Cubic Pn3m

Figure 1.2.: The top row shows cylindrical (A), conical (B) and inverse spherical shaped
lipids (C). Below are the corresponding membranes and formed aggregates (D), (E) and (F).
Panel F was adapted from Tresset 2009 [1].

(attack site of the peptide) but not changing the peptides mode of action.
Literature suggests that the PGN layer which is located between the IM
and the OM possibly guides the AMPs through its sponge like network
towards the inner membrane [22]. Thus it is a valid approach to discard
all outer layers completely and solely focus on the inner membrane. It is
well known that most AMPs do not have a specific protein target and to
further simplify it is possible to mimic the cytoplasmatic membrane with a
lipid only system representative for the bacterium’s lipid composition. A
previous publication [23] demonstrated that the cytoplasmatic membrane
of E. coli is reasonably represented by 82% phosphatidylethanolonamine
(POPE), 6% phosphatidylglycerol (POPG) and 12 % diphosphatidylglycerol
(DPG). This is further substantiated by the fatty acid chain profiles of E. coli
PE and E. coli PG extracts, which are enriched in palmitic (16:0) and elaidic
(18:1) acids. Also, DPG’s intrinsic curvature heavily depends on the ionic
composition of the aqueous buffer [24]. To avoid any ambiguities from this
issue we substituted each DPG molecule with two POPG lipids, leading to
a final membrane composition of 75% POPE and 25% POPG as a first order
mimic for the inner membrane of E. coli in terms of lipid constituents and
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Figure 1.3.: Cell envelope of a Gram-negative Bacterium. Lipopolysaccharide LPS, outer
membrane OM, peptidoglycan layer PGN and the cytoplasmatic (inner) membrane of E.
coli.
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stored intrinsic curvature strain. To mimic the scenario of bacteria getting
attacked from the outside 100 nm large unilamellar vesicles were prepared
and peptides added externally. Findings from such model systems have to
be viewed critically and should not be taken directly to describe living cells
however they are imperative to unravel the fundamental biophysics behind
it. Their biggest advantage is the possibility of biophysical studies in highly
controlled chemical and experimental environments [25].

1.2. Antimicrobial Peptides AMPs

Antimicrobial peptides are part of the innate immune system and act as
natures very own antibiotics [26, 27]. They exhibit a broad spectrum of activ-
ity against various strains of Gram-negative and Gram-positive bacteria. In
contrast to conventional antibiotics most AMPs interactions with bacterial
membranes do not involve specific protein targets [28, 29]. They primarily
attack the cytoplasmatic membrane and therefore reduce the risk of bac-
terial resistance. For those reasons AMPs have been extensively studied
over the last three decades and data of over 3000 AMPs have been collected
in databases [30, 31]. Yet compelling structure-function relationships are
still lacking. AMPs in general are constructed of a short sequence (8 - 35)
of amino acids. Their secondary structures may embrace an a-helical con-
formation, B-sheets, or may be looped or extended structures (Figure 1.5).
Despite all their variety AMPs share two common features, amphipathicity
and a positive charge. Electrostatic interactions between negatively charged
lipids and cationic peptides lead due to the compositional differences in
mammalian (zwitterionic) and bacterial (anionic) membranes to favored
interactions with the latter. Upon adsorption to the membrane many AMPs
adopt conformations where the spatial distribution of amino acid residues
results in amphipaticity. Their ability to insert into the membrane is driven
by hydrophobic interactions. Overall a delicate balancing of electrostatic and
hydrophobic forces between peptides, lipids and the aqueous environment
is required.

Researchers discovered in the past various modes of action for AMP activity.
Figure 1.4 provides a brief overview over the most commonly used mecha-
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Figure 1.4.: Overview of popular models for AMP activity proposed in literature. Figure
taken from Wimley 2011.

nisms in literature. In any case the AMPs action starts with initial binding
at the target membrane. From there it is strongly dependent on the specific
peptide, its concentration and system of interest which process will act.
The models shown in Figure 1.4 can be classified in two categories, trans-
membrane pore formers and non-pore models. The barrel-strave [32] and
torodoidal pore [33] both create a water filled channel across the membrane.
Main differences are their geometry and the way the pore is stabilized and
constructed. The barrel-strave pore perturbs only the surrounding lipid
matrix to a small degree whereas the toroidal pore affects the membrane by
inducing curvature with phospholipids intercalated between the long pep-
tide axis. In addition, peptide activity has been shown with plenty different
non pore models. The carpet model [34] describes the lysis of membranes at
high peptide concentrations. Peptides accumulate at the membrane and once
a critical concentration is reached permeabilization occurs via global mem-
brane disruption/destabilization. Closely related is the detergent model
where upon a critical peptide concentration a collapse of membrane integrity
starts until it is completely destroyed in detergent like fashion [35—38]. The
molecular shape concept [37, 38] is based on permeabilization due to a
disturbance of lipid packing. Once a peptide inserts into the membrane in a
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Figure 1.5.: Various antimicrobial peptides and their versatile primary/secondary structures,
reaching from cyclic (A), linear (B), globular (C), B-sheets (D) to extended (E) conformations.

surface state, a void in the hydrocarbon region is created. Such a situation
is energetically extremely unfavorable and the surrounding lipids close the
gap with their hydrocarbon chains. Depending on the degree of mismatch
dimple formation (membrane thinning) or interdigitated bilayers can be
observed. Next Epand proposed that AMPs induce lipid phase separations
or induce lipid clustering and that the resulting permeabilization originates
from defects at the boundary region [39, 40]. Almeida and coworkers have
proposed the sinking raft model where a transient pore is induced due to
peptide translocation through the bilayer [41, 42]. Last but not least Wimley
and Rathainakumar proposed the interfacial activity model [43, 44]. It is
driven by imperfect amphipathicity. Peptides insert into the interface region
and due to polar/apolar mismatches of lipid and peptides lipids become
vertically rearranged, resulting in a perturbation of the membranes perme-
ability barrier. Note that in literature there are far more non pore forming
models proposed. Yet in many publications pores are used to describe the
observed. Interestingly, experiments are often well described by one or more
of those models. However no model describes all observations.

Of particular interest is the enhanced killing ability (synergism) of PGLa and
MGz2a when applied as equimolar mixture to live bacteria and lipid only
mimics thereof [12-16]. Their enhanced killing efficacy is much larger than
the sum of the individual effects. This manifold increase in activity has been
studied for the last 30 years with a wide array of biophysical techniques
and its molecular mechanism is still a matter of debate. A summary of
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A L18W-PGLa B MG2a

Figure 1.6.: Different views of the secondary structure of L1I8W-PGLa (A) and MGz2a (B)
including their side chains. Below are the corresponding hydrophobic wheel schematics.
The hydrophob section is shaded in grey and the hydrophil section is shown in dark cyan.
Polar /basic residues are shown in red, whereas polar/acid, polar/uncharged and nonpolar
residues are colored in blue, green and yellow respectively.
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Figure 1.7.: Currently proposed models for synergism in literature. Panel (A) shows a
toroidal pore, formed by parallel heterodimers. (B) Illustrates lipid-mesophase like peptide
arrangements and (C) displays a tetrameric pore. Schematics are taken from [2, 3].

the proposed mechanism for synergism is given in Figure 1.7. In brief,
Matsuzaki and coworkers proposed that heterodimers of PGLa and MGza
together form in 1:1 stoichiometry a peptide-lipid supramolecular complex
pore (toroidal pore) [12-14]. This was followed in 2016 by Bechinger with
the suggestion of mesophase-like peptide arrangements that creates patches
on the membrane at elevated peptide concentration inducing membrane
perturbations [2]. Last but not least the Ulrich group (2017) postulated
pore formation based on a tetrameric heterocomplex. This particular pore
is constructed from antiparallel transmembrane PGLa dimers and surface
state aligned MGz2a and is stabilized via Gly-Gly contacts (GxxxG motif)
between the PGLa dimers and C-terminal interactions between MGza and
PGLa.

In the present work we used L18W-PGLa instead of native PGLa to stay com-
parable with the work performed by Matsuzaki [13]. There they exchanged
leucine at position 18 with tryptophan for fluorescence experiments and
demonstrated in the same paper that L1I8W-PGLa has a similar activity than
native PGLa.

L18W-PGLa and MGza are short (21 and 23 residues) linear cationic peptides

11
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which are unfolded in solution and adopt an amphipathic a-helical confor-
mation next to membranes. Their primary structure (sequence) is given in
Figure 2.1 panel B. Once in a-helical conformation they exhibit hydrophobic
(grey shaded) and hydrophilic (green shaded) sectors (Figure 1.6). This
simple view already indicates that L18W-PGLa inserts due to its larger
hydrophobic section deeper into lipid membranes compared to MGz2a. We
previously found that their synergistic activity against lipid only model sys-
tem composed of POPE and POPG (3/1 molar ratio) correlates closely with
their growth inhibition efficacy for E. coli [17]. NMR studies of PGLa, MGz2a
individually and mixtures thereof on our lipid only system have shown
that at any investigated peptide concentration only surface state aligned
topologies were observed [18, 19]. These facts stand in direct contradiction
with currently the widest spread mechanism used to describe synergism in
the community, namely transmembrane pore formation [3, 13].

The goal of this thesis was to identify new aspects of the synergistic acting
magainins L18W-PGLa and MGza. Particular focus was on the membrane’s
structural response towards attacks by AMPs. Ultimately a mechanistic
description of the enhanced killing efficacy was desired.

12



2. Materials and Methods

This chapter focuses on the employed materials, sample preparation and
the description of the methods for data analysis which were not fully given
in publications.

2.1. Materials

All studied materials except DOPC and the sterol cholesterol are represented
in Figure 2.1. Panel A provides an overview of the used phospholipids
chemical structure, chain composition and headgroup variation and panel
B shows the primary sequence of each investigated peptide. Residues are
color coded with light blue and red for positive and negative charged amino
acids at present pH conditions. Lipids were purchased from Avanti Polar
Lipids, Alabaster, AL (purity>99%) as a powder. Cholesterol was ordered
from Sigma-Aldrich, Vienna, Austria and L18W-PGLa, MGz2a, as well as
their GGC linked derivatives and the L18W-PGLa-MGz2a heterodimer was
obtained in lyophilized form (purity >95%) from PolyPeptide Laboratories
(San Diego, CA). For further details see the publications appendix [4, 17,

451
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DLPE DMPE DPPE POPE DOPE DPPG POPG DOPG
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B L18W-PGLa
|GMASKAGAIAGKIAKVAWKAL |- NH,
L18W-PGL-GGCa
|GMASKAGAIAGKIAKVAWKAL |- GGC - NH,
MG2a
|GIGKFLHSAKKFGKAFVGEIMNS|- NH,
MG2a-GGCa
|GIGKFLHSAKKFGKAFVGEIMNS|- GGC - NH,

L18W-PGLa-GGCa / hybrid
|GMASKAGAIAGKIAKVAWKAL |- GGC - NH,

|GIGKFLHSAKKFGKAFVGEIMNS|- GGC - NH,

Figure 2.1.: Panel (A) shows the used phospholipids and panel (B) provides a color
coded overview of the peptides primary sequences. Light blue/red corresponds to posi-
tive/negative charged residues respectively.
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2.2. Sample Preparation

2.2. Sample Preparation

2.2.1. Samples for Intrinsic Lipid Curvature
Determination

Samples for intrinsic lipid curvature determination were prepared via a
modified version [46] of the rapid solvent exchange technique [47, 48].
Lyophilized lipids were brought to room temperature before opening,
weighting and mixing with organic solvent. As standard organic solvent
chloroform/methanol 9/1 v/v was used for any lipid except lyso-PE. Here
we had solubility issues which were addressed by a solvent mixture of
chloroform/methanol/H,O 65/35/8 v/v/v. In a second step glass tubes
(Pyrex) were filled with appropriate amounts of Sodium-Phosphate (NaPi)
buffer (20 mM NaPi, 130 mM NaCL, pH 7.4) and equilibrated at the temper-
ature used during the RSE experiment for 15 minutes. Once at temperature,
adequate amounts of lipid stock solutions and tricosene were injected with
hamilton syringes into test tubes succeeded by immediate mounting at the
RSE system. The vortexer was turned on at pre-defined settings followed
by rapid solvent exchange induced by an opening of the pressure valve
between pump and sample environment. The pressure was set between the
vapor pressure of water and organic solvent. That way after five minutes
only NaPi buffer was present and the lipids were forced due to their am-
phipathicity and molecular shape into inverse hexagonal phases. Sample
preparation was stopped after five minutes. During the evaporation process
the system was constantly under a gentle stream of argon with 60 ml/min to
speed up the removal of organic solvent. The temperature of each individual
sample was set 15°C above reported Hj; transition temperatures for the
constituent lipids. To reduce the packing frustration of the Hj; phase 12%
wt of tricosene were added to all samples [49]. All experimental parameters
can be seen in Table 2.1. In general when using the RSE it is advantageous
to lower the pressure slowly in order to avoid foaming/bubbling of some
samples and to apply lower vortex speeds of 600-800 rpm in the beginning.
This helps to avoid material loss due to sticking at the boundaries of glass
test tubes. Depending on the type of sample, from zero up to three days of
equilibration times were needed to observe scattering from pure hexagonal
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phases. For storage purposes samples were covered with argon to avoid
oxidation of the hydrocarbon chains.

Table 2.1.: Experimental settings used during the rapid solvent exchange process.

Lipids Temperature [°C] Pressure [mbar] Vortex speed [U/min]
DLPE/DOPE 50 300 800
DMPE/DOPE 70 450 600
DPPE/DOPE 65 350 1200
POPE 55 360 1000
DOPE 45 200 1200
POPG/DOPE 60 300 1000
DOPG/DOPE 45 200 1800
lyso-PE/DOPE 70 900 1000

2.2.2. Samples for Mechanistic Investigations of
Peptide-LUV Interactions

Large unilamellar vesicles (LUVs, 100 nm) were prepared with standard thin
film hydration followed by eight cycles of freeze and thaw in aqueous 10
mM HEPES 140 mM NaCL pH 7.4 buffer solution. First lipid stock solutions
were made and for precise quantification of lipid concentration phosphate
assayed [50]. Appropriate amounts of stock solution were mixed together
with hamilton syringes. Next, organic solvent was evaporated under a gentle
stream of nitrogen at 35°C succeeded by overnight storage in a vacuum
chamber. Dry lipid films were hydrated in buffer and equilibrated at 55°C
for one hour with eight subsequent cycles of freeze-and-thaw using liquid
nitrogen. Large unilamellar vesicles were obtained by 31 cycles of extrusion
with a hand held avanti mini extruder using a 100 nm pore diameter poly-
carbonate filter. Vesicle size and polydispersity were verified with dynamic
light scattering. The final lipid concentration was determined again by phos-
phate assay. According to this adequate amounts of peptide stock solution
(dissolved in the buffer used in the corresponding experiment) were added
externally to LUVs. In the case of the equimolar mixture peptides were
already premixed in the stock solution. All prepared lipid base systems can
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be seen in Table 2.2 with the corresponding D,O/H,0 [v/v] ratio of the
buffer and the equilibration time before experiments.

Table 2.2.: Prepared lipid systems together with the corresponding D,O/H;0 [v/v] ratios
of 10 mM HEPES 140 mM NaCL pH 7.4 buffer solution and the used equilibration times
before experiments.

Lipid System [molar ratio] D,O/H,0 [v/v] equilibration [days]
POPE/POPG [3:1] 0 4
POPE/POPG [3:1] 100 4
POPE/POPG [3:1] 75 4
POPE/POPG [3:1] 50 4
POPE-d31/POPG/POPGd31 [75/22/3] 43.7 >3
POPE/POPE-d31/POPG/POPGd31 [16.5/58.5/5.5/19.5] 43.7 >3

2.3. Small-Angle Neutron and X-ray Scattering

Small-angle scattering (SAS) is a non-invasive tool to study e.g. proteins,
liposomes and colloids with respect to their structure and overall shape.
Depending on the experimental setup (wavelength, scattering angles) length
scales from =2 1 — 1000 A are accessible. SAS provides an ideal platform for
the interrogation of lipid bilayers which are in general about 50 A thick.

In this thesis we mainly focus on scattering from dilute systems considering
only Thomson scattering (elastic scattering). The corresponding experimen-
tally detectable intensity is given by

I(q) = n|F(q)|?, (2.1)

where n is the number density of suspended particles and F(q) is the
scattering amplitude with it’s general form

F(q) :/Vp(r)eiqrdr. (2.2)
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F(q) is the fourier transform of the electron density p(r), q and r are coordi-
nates in reciprocal and real space respectively. Here we deal with spherical
suspended particles in a solvent and consequently p(r) has to be substi-
tuted with the electron density of the solvent, leading to the observable
contrast Ap(r) = p(r) — Psorvent (r). Considering unilamellar vesicles with a
polydispersity P(q) the detectable intensity can be described as

I(q) = nP(q)|F(q)[. (2:3)

Taking advantage of the particles spherical symmetry and size (100 nm) and
the fact that the membrane thickness (~ 50 A) is much smaller compared to
the vesicles radius (~ 1000 A) equation 2.3 simplifies by employment of
the separated form factor approach [51, 52] to

1(q) = nP(q)|Frs(q)|*|Em(q) ?, (2.4)

where Frg is the thin shell scattering amplitude and Fy; corresponds to
scattering from a flat bilayer. In the present case Frg is constant for data
evaluation above q = 0.025% and will be neglected (scaling constants do not
influence the retrieved structural parameters). The final Lorentz corrected
intensity can be fully described with a flat bilayer form factor and a constant
Iine accounting for the incoherent scattering background by

I(q) ~ (%IFM(q) !2> + linc- (2.5)

qu is the Lorentz correction and the scattering amplitude of a symmetric flat
membrane Fy; is given by

Fpy = 2/OD Ap(z)cos(gz)dz. (2.6)

The integration limit D corresponds to a position in real space where
Ap(z) = 0 applies.
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2.3.1. Modeling of Diffusive Scattering Signals

Currently the most elegant way of describing a lipid bilayer is the scattering
length density profile (SDP) model proposed by Kucerka [53]. It charac-
terizes the scattering contrast p in terms of a composition dependent lipid
parsing by utilization of volume probability distribution functions (equation
2.12). A lipid bilayer (Figure 2.3 A) is parsed into several quasimolecular
fragments/groups and their spatial distribution along the bilayer normal
(z direction) is described with either a Gaussian-type function (eq 2.7) or
error functions (eq 2.8).

e —' e i 2.
AuU’i\/ 27 ( 7)

Pyiat(2) = % ( /O v e—"zdx> (2.8)

The pre-factors of those distributions are scaled with group specific neutron
or X-ray scattering length densities. Single lipids were parsed according
to previous reports on POPE [54] and POPG [55] into CHs, CH,, CH,
carbonyl-glycerol CG, POy, ethanolamine ENX and glycerol PG2 groups.
A schematic of the lipid parsing can be seen in Figure 2.2. To account
for lipid mixtures similar to Belicka [56] a hybrid lipid was introduced
which combined the individual groups of POPE and POPG by molecular
averaging.

In detail, we merged the CH3, CH,, CH, carbonyl-glycerol CG and the
POy groups under the assumption that they align at the same transbilayer
position. This is reasonable since both lipids are chemically identical except
for ethanolamine and gylcerol. That left the ENX and PG2 as two inde-
pendent groups. Figure 2.3 shows in panel A the lipid membrane and the
corresponding volume probability distributions.

By assuming spatial conservation in the hydrocarbon core (Pplat(z <=
zpc) = 1) we obtained the volume probability distribution of the methy-
lene group Pcy, by subtraction of the methyl and methin group from the
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Figure 2.2.: The phospholipids POPE and POPG were parsed into six quasimolecular
fragments. Due to their chemical similarities both have the CH3, CH,, CH, CG and the
POy group in common, while they differ in the last group, namely ENX and PG2.

—— L18W-PGLa
—— PG2

—— ENX

—— PO,

— CG
——CH

—— CH,

— CH,

—— HC-Core

Volume probability

' Peptide

Figure 2.3.: Schematic of the applied SDP model. Top panel (A) shows the spatial dis-
tribution functions of the quasi molecular fragments which were overlayed with an MD
simulation of a membrane. Orange spheres correspond to phosphor atoms. Panel (B) shows
the employed unit cell/hybrid particle for data fitting together with its cross-section Ay;.
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hydrocarbon core function.

Pcn,(z) = Ppiar(z) — 2Pcp, — 2Pcu(2) (2.9)

Further, we acquired values of the water distribution function Py by apply-
ing the requirement of ideal volume filling and defining water as the final
group. It can be retrieved as

allgroups

Py(z) =1— Z Pi(z). (2.10)

The current model is valid for pure lipid mixtures. Since we intend to study
peptides interacting with membranes we included an analytical term for the
scattering contribution of magainins. Previous NMR measurements of PGLa
and MGz2a in membranes composed of POPE/POPG at a molecular ratio
of 3:1 showed that both peptides individually or applied together always
stay in a surface aligned topology at any investigated peptide concentration
[18, 19]. Therefore we were able to describe the peptide scattering with one
additional Gaussian term. The volume of the new unit cell is defined as

NPOPE NpOPG np
VrorE + VporG + Vp +ny, Vi
NpOPE + MPOPG NpOPE + MPOPG NnpOPE + NPOPG ( )
2.11

Vip =

where Vpp is the volume of the unit cell, V is either the volume of a peptide,
the individual lipids or water (x =POPE, POPG, P or W) and n, stands
for the total numbers of POPE, POPG and peptide in the sample or in
the case of ny for the total number of water molecules in the unit cell.
The mathematical expressions in front of the volume terms are molecular
weighting factors (e.g. rm:;%). They are used during the creation of the
hybrid lipid and later also for proper weighting of the peptides scattering
contribution. Meaning that every volume V; inserted in the equations used
to evaluate the intensity ( 2.12, 2.16, 2.13, 2.14 and 2.15) was multiplied
with the corresponding weighting factor. A schematic of the parsing for the
unit cell can be seen in Figure 2.3 panel B.
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The final scattering length density profile of the bilayer including the peptide
in surface state conformation can be retrieved as

groups
AP(Z) = Z (Pz - pSolvent)Pn(Z)' (2.12)

i

Since data fitting of the recorded intensity is performed in reciprocal space
the model needs to be Fourier transformed. This led to eq. 2.13 for Gaus-

sians Ff, equation 2.14 for error functions Ffrf and to eq. 2.15 for the

hydrocarbon core function Fi’;lat. Note that only the real parts of the Fourier

transformations are used. The imaginary part (sinus) adds precisely to zero
for symmetrical membranes.

V-
F§ = Zle_o"r’”’z”iz cos(z;q) (2.13)

(2.14)

= (B (q,21,0) — E (g,21,00)) (2.15)

The scattering amplitude of a flat membrane is then given by

FM(‘]) = ZAPCHz(Z)Perf(q/ZCHyUCHZ)
CHs;,CH,CG,PO4,ENX,PG2

+2 Y. F3 (Vi, 2k, 0%)
k

—2Mpcn, FS 11, (Veh,, Zch,, 0ch)

—20pci, Fe g (Ven, zcn, oc)

+2APP€PPI%e (Vpep, Zpep, U'pep). (2.16)
p
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To retrieve structural information at highest fidelity SAXS/SANS data were
titted simultaneously with a combined cost function

I—r. \?
1 1t
X = 2 <—f> (2.17)
ij

j o]
w0
where I{ is the recorded intensity I; of contrast j and the calculated intensity

from fitting parameters is given by I:}](iti' o’

. are the experimental errors and

wZ are weighting parameters accounting for the difference in data points

between SAXS and SANS and they are also used to highlight specific regions
in q space. In general SANS data is affected by instrumental smearing and
the wavelength spread. To evaluate neutron data properly a Gaussian-type
resolution function Gsyeqr (g, o) was introduced. The theoretically calculated

intensity I]]"it was smeared by performing a convolution with equation 2.18.

Each (q,I) tuple was corrected with the provided ¢ from the beamline. For
X-ray data no correction had to be performed. Data was convoluted over
larger q ranges as used during the fitting procedure to avoid boundary
effects.

) inf . )
[{ (q) - /—inf Ij’iti(k) Gsmear(q —k, Og)dk (2.18)

In general data fitting of model functions with many adjustable parameters
is a highly delicate task often leading to an entrapment of the cost function
in a local minimum. To counteract this issue we implemented four measures.
First, based on the lipids geometry the number of adjustable parameters
was reduced by connecting the CG group with the hydrocarbon core (zcg =
Dc +1 [56]) and by a fixation of the intra headgroup distances between
the ENX/PG2 with respect to the phosphate group to 1.57 A and 2.92 A
respectively. Those values where obtained after molecular averaging from
literature data [54, 55]. Second, a genetic algorithm was chosen as fitting
routine. It excels at minimizing nonlinear cost functions with many fitting
parameters and offers a high possibility to escape a local minimum. Third,
to gather statistical information on the retrieved structural parameters every
data set was fitted 400 times with random starting parameters. In any case
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a normal distribution for each fitting parameter was observed encouraging
a description of scattering in terms of averaged parameters with standard
deviations for each of them. Additionally, Matlab code to explore possible
correlations between parameters visually and quantitatively was developed.
Last but not least energetic penalties for the cost function were introduced
and various quadratic terms were tested and are listed below. Occasionally
an overfilling of the unit cell at high peptide concentrations at certain
transmembrane positions occurred. This effect was observed in negative
values for the water probability function. We counteracted it with a quadratic
penalty based on the amount of negative transmembrane positions (eq.

2.19).

Py, (z)<0 2
wpw:( Z PZU(Z)) (2.19)

To help localize the peptides transmembrane position without sufficient
sample contrasts (i.e. for SAXS data only) a second penalty was introduced.
It located the peptides within 2.5 A of the carbonyl glycerol group. Next,
at rare events (2-5 times in 400 fits) a width of a Gaussian or even rarer a z
position of a lipid group assumed non physical values. Those trends were
stopped by penalizing deviations of ¢ > 25% and transmembrane position
Az > 15% per iteration via equation 2.20 and 2.21. Further, based on the
maximal physical achievable distance between the carbonyl-glycerol and
the phosphate group connectivity was assured by equation 2.23 which adds
a small penalty upon separations above 4.5 A. Last but not least the area
per unit cell was penalized by eq. 2.24 if it changed more than 10% per
iteration.

No penalties were needed for the joint simultaneous analysis of X-ray and
neutron contrasts.

of
£<075)>1.25
0

w = (L

or(or) — oo(or)
oo(o7)

2
) (2.20)
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2
) (2.21)

Zf(zl) - Zo(Zl)

D

if
( L <085/>1.15
0

zo(z;)
2
|A(ZGC - ZPeptide)' —25
Wpeptide = 75 (2.22)
A( ) —45)
ZGC — Zp04)| — 4
Wgp = ( is5 4 ) (2.23)

A
if A—J; <09 > 11

2
w0, — [Ar— Al
A = g (2.24)

The final residual for the optimization routine was calculated via

XZ = XZ(SPW'wPW+SU'wa+Sz'wz+SA‘wA

+Scp - wep + Speptide : wpeptide) (2.25)

where wxx (XX = 0, z, Peptide, GP, A) are the weighted cost contributions
depending on the strength of disturbance for penalty XX and Sxx are scaling
factors which were tested carefully to ensure that only the minimal amount
of penalty was added to ensure the escape from a local minimum and at the
same time not to trap the cost function due to its energetic contribution.

Structural parameters like the hydrocarbon chain thickness D¢ and the
bilayer thickness D where calculated similar to Tristram-Nagle et al. [57].
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Figure 2.4.: X-ray data (circles) of 100 nm large unilamellar vesicles in the presence of MG2a
at 35 °C at various molar ratios. Lines represent fits.

However, in this thesis the bilayer thickness contains a fraction of peptide
volume.

Dc = —VCZ”'”S (2.26)
Dp = 2‘;# (2.27)

Validation of the model for an X-ray standalone analysis

Figure 2.4 shows fits for POPE/POPG (3/1) in the presence of MG2a with
molar P/L ratios of 1 : 50,1 : 100,1 : 200,1 : 400 at 35°C. This data set
was taken from publication [45] for illustrative purposes only. The model
shows excellent agreement at low and intermediate peptide concentrations.
Slight offsets occur at P/L = 1 : 50 which in this case are dominated by
contributions from the methyl and methylene groups as shown in the form
factors in Figure 2.5. Advancement of the model towards asymmetry would
improve those results.

Further a tool to compute histograms for any parameter of interest was
coded. For example Figure 2.6 shows the obtained Gaussian distributions for
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Figure 2.5.: Form factors of the individual groups for the unit cell as function of reciprocal
vector q.

every fitted parameter of the POPE/POPG (3/1) system in the presence of
MGz2a at a P/L of 1:50. The Gaussian shape profile enables the description of
scattering data in terms of averaged parameters and increases the statistical
relevance of the retrieved results significantly. Also note that zpo,, zenx and
zpgo behave identical. This might cast doubt on the model at first but is
reconciled with the fixation of the intra headgroup distances. To eludicate
parameter dependencies 2D correlation maps between parameter pairs of
interest were calculated. E.g. the 2D correlation map between the area per
unit cell and the peptide position for dummy data is illustrated in Figure
2.7. It shows a negative linear dependency of the peptides transbilayer
position with the area per unit cell. Consequently both parameters are not
independent and this correlation could be used to simplify the model. No
such simplifications were done in this work.
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Figure 2.6.: Histogram of the retrieved parameters from a global statistical analysis.
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Figure 2.7.: Example of a correlation map for the area per unit cell A, and the transbilayer

position of the peptide zy,.
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2.3. Small-Angle Neutron and X-ray Scattering

2.3.2. Interpretation of SANS Data for Zero Contrast
Experiments

The intensity in a scattering experiment as described above is proportional
to the observed contrast Ap divided by ¢?

A , — 0
I(g) o« 20 = Lilow =pi) (2.28)
q q
This means that any slight contrast mismatch will become dominant in
the low q regime. In the case of neutrons the electrons density p has to

be exchanged with the corresponding neutron scattering length density
(NSLD), which for a certain molecule is defined as:

_— -

The coherent neutron scattering factor of atom i is given by b; and Vj,
represents the volume of the whole molecule. To identify the zero contrast
condition of the present lipid mixture, deuteration degree depended theo-
retical calculations of the scattering from lipids using a 2 slab model were
performed (HC-core and headgroup, p; ). The evaluation of this data is
straight forward. Due to the presence of incoherent scattering zero signal
will never be observed in experiments. Correspondingly a completely flat
signal which increases in intensity at low q equals zero contrast scattering. If
any peak arises at a certain q value in the plateau regime then zero contrast

is broken and something is happening for realspace distances d = 27”.

2.3.3. Model-free Analysis of MLV and H;; SAXS Data

To obtain real space information on any system from scattering electron
density maps can be created. This was done via Fourier synthesis for data
with Bragg peaks.

To do so, first the present lipid mesophase and its unit cell parameters had
to be determined. Next the diffraction peaks were fitted with Lorentzian
peak shape functions in combination with a linear background. To obtain
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the form factors Fyy; the retrieved intensities Ij;; were Lorentz and peak
multiplicity corrected. In diffraction experiments information about the
phase ayy; is lost but for simple geometries as discussed below it can be
obtained by trial and error. The final electron density for a centrosymmetric
system is given by [58-60]

max

o(r) = Y ap| Fukt| cos(qniar) (2.30)
il

where the phase ayy; is restricted to £1. The reciprocal lattice vector is
denoted as qp, /1kl are the Miller indices and r corresponds to the real
space vector.

For lamellar systems p(r) was calculated by insertion of the lamellar lattice
relationship dj;, = 27/g; into equation 2.30. Note that ;—’11 was used instead
of Fj,. The final electron density is then given by

Hmay 2mthz
Z och— cos | —— (2.31)

where F, is the form factor of the h’ reflection and «j, is the phase with
values of [-1,-1,1,-1] for the four observed diffraction peaks. d denotes to
the lamellar repeat distance. Electron density maps for nonlamellar inverse
hexagonal phases were calculated according to Kollmitzer [49]. The final
electron densities were derived in a similar way, as described above. The
main goal was the extraction of intrinsic lipid curvature values for arbitrary
lipids. In brief, ]y was determined with its relation to the neutral plane Ry
by using Jo = — RLO Ry itself was obtained from the phosphate position +0.44

A (Ro = zpo, +0.44 A) [20, 49].

The intrinsic curvature for non Hj; forming lipids was retrieved under the
assumption of linear additivity and the use of a host (DOPE) guest (lipid of
interest) sample system via

]6nz'x ( )]DOPE

Jo= X , (2.32)
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where ]y serves as an estimate for the intrinsic curvature of the guest lipid
and x denotes to its molar fraction in the sample. Sometimes form factors
Fjx; were corrected by manual fitting with a separate script followed by the
routine developed by Kollmitzer.

For cubic lipid mesophases only structure and lattice parameter determi-
nations were done with

\/ﬁ
qhkl = 2ﬂ¥, (2:33)
where h,k,| are the Miller indices and a is the lattice parameter. Tables
for the Miller indices were taken from [58] and tested against diffraction
peak positions present in the scattering patterns. Lattice parameters were
retrieved by indexation plots (f(hkl) vs qni1) and subsequent fitting with a
straight line where the slope is given by 27”
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3. Results and Discussion

This chapter summarizes and discusses the core results from the attached
publications and includes extended parts on the intrinsic lipid curvature
section and the analysis of scattering data at low peptide concentrations.
For more detail please see the attached manuscripts [4, 17, 45].

3.1. Intrinsic Lipid Curvature

All samples for intrinsic lipid curvature determination were measured using
the SAXSpace System (Anton Paar, Austria). It is equipped with a Pilatus
100K-S detector (Dectris, Swiss), covering a g-range in the small angle
configuration (SDD position 308mm) from 0.6nm ! up to 10.9nm 1. Cu-Ka
(1.54 A) radiation was supplied by a Genix 3D microfocus tube (Xenocs,
France). The sample temperature was controlled by the TC Stage 150. All
samples were transferred into a paste cell holder (Anton Paar, Austria) and
equilibrated for 10 minutes at each temperature before an exposure of 1
hour. Image integration was performed with the Software SAXStreat (Anton
Paar, Austria).

To estimate the curvature stress in relevant lipid compositions we had to
determine Jy of the individual components first. Spontaneous curvatures
of Hjj forming lipids like POPE and DOPE could be determined directly.
For non Hjj formers a host guest lipid matrix with DOPE as template
for the formation of the inverse hexagonal phase was used. Lipids were
mixed at various molar ratios and values for the spontaneous curvature
were extracted under the assumption of ideal mixing and linear additivity.
We performed a systematic variation of chain length and hydrocarbon
saturation (12:0 to 18:1) for PE lipids. Not surprisingly all PE lipids exhibited
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significant negative intrinsic curvature at 35°C. ]y decreased from —0.22 +
0.02 nm~! at a chain length of 12:0 to —0.38 4-0.19 nm~! for 16:0. The highest
negative spontaneous curvature was observed for the twofold unsaturated
hydrocarbon chains containing DOPE —0.44 nm ™. In addition, we were able
to show that Jj of lyso-PE is strongly positive with 0.18 & 0.12 nm~!. Next
we exchanged the headgroups from PE to PG for DO (18:1), PO (16:0/18:1)
and DP (16:0) tails. Here we observed that ]y changed to approximately zero
for POPG and DOPG. The exchange of PE with PG headgroups showed
the expected trend, since the PG headgroup is significantly larger. Further
by exchanging NaPi with H,O for POPE and POPG (Table 3.1 bottom 2
lines) a slight decrease in Jy was observed. This suggested that the presence
of ions in the NaPi buffer led to a more upwards orientation of the PE
headgroup. All values mentioned before together with the temperature at
which the analysis was performed, their error and the present buffer system
are collected in Table 3.1.

Table 3.1.: Intrinsic/spontaneous curvature Jy of relevant lipids for this thesis.
Lipids  Temperature [°C] Jp [nm~1] error [nm~1] Buffer

DLPE 35 -0.22 0.02 NaPi
DMPE 60 -0.32 0.03 NaPi
DPPE 35 -0.38 0.19 NaPi
POPE 35 -0.35 - NaPi
DOPE 35 -0.44 - NaP1i
POPG 35 -0.02 0.03 NaPi
DOPG 35 0.025 0.06 NaPi
lyso-PE 35 0.18 0.12 NaPi
POPE 35 -0.33 - H,O
DOPE 37 -0.4 - H,Ot

t Value taken from [49].
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3.2. First Results Towards Synergism and a
Proper First Order Lipid only Mimic for E.
Coli

In a next step we performed a systematic study of the permeabilizing
efficiencies (leakage experiments) of MG2a, L18W-PGLa and their equimolar
mixture against mammalian and bacterial membrane mimics as function
of charge and stored intrinsic curvature stress by a methodical variation
of the lipid composition. As described in section 1.1 POPE/POPG 3/1
was chosen as prime mimic for the cytoplasmatic membrane of Gram-
negative bacteria. Additionally, we interrogated POPC/POPG as frequently
employed alternative mimic [19, 61]. Both model systems hold an equal
amount of negatively charged lipids but differ strongly in the polar/apolar
interface tightness. POPE/POPG exhibits with Ji"* = —0.258 nm ™! a strong
negative intrinsic lipid curvature whereas POPC/POPG has approximately
zero spontaneous lipid curvature. To elucidate the influence of lipid shape
(intrinsic/spontaneous curvature) in more detail a third mimic composed
of lyso-PE/POPE/POPG (1.6:1.4:1, molar ratios) with the same amount of
charge and ]y but now identical lipid headgroups was employed. Further
POPC and POPC/Chol (3:1) were used as a simple first order mammalian
mimic. Note that both systems contain no charge and exhibit close to zero
intrinsic lipid curvature. A summary of all employed systems together with

the corresponding J#* values is given in Table 3.2.

We found that in order to observe synergism the target system has to fea-
ture a sufficiently dense packed polar/apolar interface, while for a high
peptide retention time on the lipid membrane negatively charged lipids are
required. All monomers, L18W-PGLa, MGz2a and their equimolar mixture
induced strong leakage in POPC/POPG and lyso-PE/POPE/POPG (Figure
3.1 panel A and C). Both systems have negligible JM™*. This allowed the
peptides to penetrate and disrupt the membrane easily. Leakage induced by
the equimolar mixture was roughly the same as single L18W-PGLa applica-
tion. These observations clearly show that no synergistic action occurs in
POPC/POPG and lyso-PE/POPE/POPG. Switching to POPE/POPG with
its densely packed polar/apolar interface we found weak leakage <10% at
all investigated lipid /peptide ratios for both peptides individually (Figure
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3.1 panel B ). Interestingly, L18W-PGLa, MGz2a and their equimolar mix-
ture behaved identical until 0.2 pM peptide concentration. At 0.2 uM the
observed dye release from the equimolar mixture started to level off until it
reached an approximately five times higher leakage at 1 M concentration
compared to individual application. Thus providing strong evidence that
lipid curvature is a key parameter in the development of synergistic activity.
Next by interrogation of dye release from POPC and POPC/Chol model
systems (Figure 3.1 panel D and E) the effect of charge on the peptides
activity was studied. In any case low leakage was observed. This is directly
related to the lack of electrostatic attraction from the membrane towards the
cationic peptides. The difference in detected fluorescence between POPC
and POPC/Chol originates in their individual values of Ji"*. POPC exhibits
roughly zero intrinsic lipid curvature whereas POPC/Chol has a consider-
ably denser packed interface. The already low dye-release observed in POPC
decreased further towards 2% in POPC/Chol. To correlate our results with
bacteria the peptides antimicrobial activity of monomers and dimers were
tested against live E. coli and compared with respect to our leakage data.
Notably, the POPE/POPG mimic captured many of the observed experi-
mental features and therefore strengthened its position as a proper mimic
for synergistic studies. Our findings led to the suggestion of an activation
barrier and to a preliminary hypothesis that for L1I8W-PGLa and MGza
synergism L18W-PGLa acts as the helper "molecule"”, preconditioning the
membrane and assisting the more disruptive MG2a. A schematic of the
proposed mechanism is shown in Figure 3.2. Further we emphasized the
proper choice of lipids for bacterial mimics and identified that charge and
interface packing are key parameters for the development of synergistic
activity. More details can be seen in the attached publication [17].

Table 3.2.: Intrinsic curvature J2'* for various membrane mimetics and corresponding
peptide synergy parameter ) (3. < 0.5 synergistic activity).

Mimic Jo> [nm ] y

POPE/POPG(3:1) —0.258 +0.013 0.4+0.1
POPC/POPG(3:1) —0.0124+0.015 0.8+0.2
Lyso-PE/POPE/POPG (1.6:1.4:1) —0.04440.059 1.340.3
POPC —0.0224+0.010 22+04
POPC /Chol (3:1) —0.1440.011 1.24+0.3
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Figure 3.1.: Leakage of POPC/POPG (3:1 mol/mol, A), POPE/POPG (3:1 mol/mol, B),
lyso-PE/POPE/POPG (1.6:1.4:1 mol/mol, C), POPC (D) and POPC/Chol (3:1 mol/mol,
E) LUVs (50 uM). Solid lines represent guides to the eye and insets show corresponding
monolayer curvatures.
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Figure 3.2.: Schematic of the energy landscape with various states during peptide insertion
into a lipid bilayer. Adsorption and peptide folding at the membrane surface AG;y, insertion
into the hydrophobic core AG;j,s, activation barrier AG}. Synergistic action decreases
A(AGY).
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3.3. The Lipid Membranes Structural Response
towards an AMP Attack

The remarkable correlation between dye release experiments and antimicro-
bial assays for POPE/POPG mimics and E. coli reported in [17] motivated
us to perform a comprehensive study using a combination of experimental
(we) and computational tools (Robert Vacha group, ceitec BRNO) to reveal
the effects of L1I8W-PGLa and MGz2a on free floating fully hydrated unil-
amellar vesicles (100 nm) from nanoscopic to macroscopic length scales. In
experiments, attacks by peptides were always simulated by external addition
of appropriate amounts of peptide stock solution to LUVs.

3.3.1. Low Peptide Concentration - Before Synergistic
Conditions

We analyzed the membranes structural response to an attack by magainins
at low peptide concentrations (P/L < 1:200) via elastic X-ray and neutron
scattering. The recorded 1D-patterns were of diffusive nature and required
a model based analysis. For this purpose a statistical global joint analysis
of X-ray and neutron data was custom tailored, including an explicit term
for the scattering contributions originating from peptides (section 2.3.1 or
publication [45]).

Joint examinations of four different contrasts per sample showed that all
peptides at P/L = 1 : 200 individually or applied as mixture induced signif-
icant hydrocarbon core (HC) thinning (Table 3.3). Figure 3.3 illustrates this
effect for one leaflet. The thinning can be easily seen by a shift in z position
of the curves. Slopes (0s) varried only marginally. It was weakest for L18W-
PGLa, followed by MGz2a and the equimolar mixture L18W-PGLa/MGza.
To gain further insights we correlated the thinning induced by the peptides
with their transbilayer positions. Analysis showed that L18W-PGLa inserted
deepest in the membrane whereas MG2a was located more towards the
aqueos phase. Note that both of these observations match perfectly with
the peptides hydrophobic sections (see Figure 1.6). Figure 3.4 displays
a histogram of the peptides position and the area per unit cell (which is
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Figure 3.3.: Volume probability distribution of the hydrocarbon core (HC-core) function
of POPE/POPG(3/1, mol/mol) at 35°C in the presence of L1i8W-PGLa, MGz2a and the
equimolar mixture M11 with a peptide/lipid ratio of 1:200.

directly related to the HC-core thickness) over 400 independent fits and
their corresponding correlograms. z, and A, exhibit weak correlations,
most pronounced for the equimolar mixture. Interpreting a physical effect
in the observed correlations is beyond the resolution of the model but it
still should be mentioned that it shows a clear difference between combined
and individual magainin application for the retained fit parameters. Ac-
cording to the molecular shape model from Lohner and Bechinger [62]
both peptides create a "void" under them. This gap has to be filled with
lipid hydrocarbon chains. Since MGz2a is the larger peptide and was lo-
cated further towards the aqueous phase the resulting HC thinning was
more pronounced. Interestingly the equimolar mixture was located between
L18W-PGLa and MG2a in terms of position but resulted in the strongest
overall HC thinning. This indicated that there has to be an additional interac-
tion when both peptide species are present. The HC thinning, redistribution
of hydrocarbon chains, as well as the peptides positioning was verified by
MD simulations [45]. Our cooperation partners also tested the influence
of peptide dimerization (homo and hetero) on the positioning within the
bilayer. The general result was that any dimer positioned further towards
the aqueous phase with the MG2a homodimer furthest outward, followed
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Figure 3.4.: Panel (A), (B) and (C) show histograms for the area per unit cell and the
peptide’s transbilayer position for L18W-PGLa, MGza and the equimolar mixture at 35°C
and P/L =1:200 from 400 independent fits. Corresponding correlation maps are shown
below. The color coding represents the amount of counted pairs.

by the L18W-PGLA /MGz2a heterodimer and the L18W-PGLa homodimer.
Further, they were able to show that the heterodimer created the strongest
HC-core perturbation which is consistent with the results obtained from
fitting. In a next step the peptides tendency to spontaneously form dimers
was addressed, with the outcome that parallel heterodimers are more likely
to be encountered especially at higher peptide concentrations. Combining
all observations led to the new hypothesis that synergism, which occurs at
higher peptide concentrations, could potentially originate in the early on-set
of heterodimer formation. For more details see paper [45].

Last but not least the peptides influence on the lipid bilayers hydration was
examined by a detailed interrogation of the water probability difference
function. Since each membrane had different dimensions, the transmem-

brane direction was normalized by the phosphate position for all water

probability functions before computation of APy = PPeP fide — plMembrane,

Probability values themselves were left untouched and mtegrals thereof are
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Figure 3.5.: Water probability distribution (A) and difference (B) function with and without
magainins across one leaflet.

directly related to the amount of present water molecules. Figure 3.5 panel
A shows a closeup of the water probability distributions for POPE/POPG
in the absence and presence of L18W-PGLa, MGz2a and their equimolar
mixture. Py of L1i8W-PGLa and MGz2a was always below Py of the pure
membrane, showing that there was less water present at any transmem-
brane position for the individual magainins. L18W-PGLa/MG2a crossed
Py of the reference at 0.7 and 1.1, thus exhibiting regions where more
water was present and regions where it dehydrated the membrane (water
redistribution). Integration from the bilayer center (CHj3 position) towards
the furthest outward positioned lipid group + twice its sigma led to 20.5,
19.1, 19.7, and 21 water molecules (1) per unit cell of the membrane in
the absence and in the presence of L18W-PGLa, MGz2a and the equimolar
mixture respectively. The retrieved values are in good qualitative agreement
with [63]. A complete depth dependency including a close-up of the tran-
sition regime of the cumulative amount of present water molecules as a
function of transmembrane position is given in figure 3.6 panel A and B.
The total number of water molecules per slice with the volume Ay; - dz at
any leaflet position is displayed in Panel C.

To further clarify we computed the water probability difference functions
(Figure 3.5 panel B) together with their integrals across one leaflet towards
z/zp values where only water was present. The integral of the equimolar
mixture was of particular importance, since positive and negative areas
could potentially cancel each other. We obtained zero for the reference,
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Figure 3.6.: Panel (A) shows the cumulative number of water molecules as a function of
transmembrane position across one leaflet for POPE/POPG (3/1) in the absence (black)
and presence of L1i8W-PGLa (blue), MG2a (green) and their equimolar mixture (red). A
close-up of the transition regime is given in panel (B). The total amount of water molecules
at any leaflet position (in any slice with the volume Ay - dz) is displayed in panel (C).
The grey area marks the hydrocarbon core of the lipid only membrane in the absence
of peptides with its maximum at zcy, and the blue area extends from there towards the
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furthest outward lipid group + twice its standard deviation.
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-0.0711 for L18W-PGLa, -0.0453 for MG2a and 0.0042 for M11. Therefore
individual magainin application led to an overall dehydration of the mem-
brane with a more pronounced effect for LiI8W-PGLa. The equimolar mix-
ture induced a redistribution of water molecules and a slight increase of
bilayer hydration. Those results should be viewed critically, since no other
supporting data for that effect currently exists. A short summary of the
most important structural results obtained from the SDP analysis in this
chapter is given in Table 3.3.

Table 3.3.: Structural parameters of lipid membranes composed of POPE/POPG (3:1
mol/mol) with and without magainins.

Parameter POPE/POPG + L18W-PGLa + MGza + L18W-PGLa/MGz2a
Ay [Az] 60.56+0.10 61.26+0.13 62.0010.09 63.29£0.06

Dg [A] 39.151+0.06 39.491+0.08 39.17+0.06 38.311+0.03

Dc [A] 15.34%0.02 (15.10)" | 15.1640.03 (15.06)" | 14.98+0.02 (15.01)* | 14.68=+0.01 (14.93)?
zp [A] 15.75£0.44 16.29£0.50 15.98+0.43
Db [A] 4.197£0.05 4.07£0.06 3.80+0.06 4.45=£0.04

nw 20.5 19.1 19.7 21

7 values in brackets are derived from all-atom MD simulations.

3.3.2. High Peptide Concentration - At Synergistic
Conditions

Previous results suggested that the enhanced activity of L18W-PGLa/MGz2a
mixtures might be driven by an early formation of parallel peptide het-
erodimers [45]. To expand our current knowledge into the synergistic
(P/L > 1 :50) regime we investigated the thermotropic behavior as well as
the structure and aggregate shape from nanoscopic to macroscopic length
scales via DSC, SAXS, SANS and cryo-TEM experiments. Note that here we
also used a chemically linked heterodimer of PGLa and MGza. Its sequence
is given in Figure 2.1 (material section) and will be referred to as hybrid.

First the peptides effect on the lipids chain melting behaviour (cooperativity
and main transition temperature) was investigated. L18W-PGLa and MGza
caused a distinct splitting of the melting transition into multiple peaks,
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Figure 3.7.: Thermograms of large unilamellar vesicles (A) in the absence of peptides a and
the presence of MGz2a b, L1i8W-PGLa c, the equimolar mixture d and the hybrid e. Panel
(B) shows zero contrast scattering for Matrix A and B at 35°C at P/L = 1:50.

which was most pronounced in cooling scans (Figure 3.7 panel A curves b
and c). The equimolar mixture (M11) and the hybrid peptide also induced a
splitting into multiple peaks but over a much larger temperature range (Fig-
ure 3.7 panel A curves d and e). Next to a hysteresis between heating and
coolings scans a shift in main transition temperature and a loss of coopera-
tivity was only observed for the peptide cocktail and the hybrid. Both effects
were more pronounced for the latter. Those observations guided us to the
hypothesis that cationic peptides induce lipid separation by forming regions
enriched in peptide and anionic POPG and regions depleted of POPG which
melt at different temperatures. To test this, zero contrast neutron scattering
experiments on two differently deuterated versions of our E. coli lipid only
mimic (Table 2.2 last two lines) at P/L =1:50 and 1 : 25 for each peptide
application were carried out. Any sample was measured above and directly
inside the lipid chain melting regime. Surprisingly no signal was observed
in any case. Figure 3.7 panel B shows scattering data for both systems at
35°C. Accordingly the observed peak splitting in thermotropic experiments
does not originate in lipid domains with different composition and had to
be related to a non-homogenous distribution of AMPs on vesicles.

With lipid demixing ruled out as possible part of synergism we focused
on structural aspects. Scattering from single peptide applications (L18W-
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3.3. The Lipid Membranes Structural Response towards an AMP Attack

Table 3.4.: Structural parameters of peptide induced lamellar phases at P/L = 1:25 and
35°C.

POPE/POPG + DI[A] DyplA]l DLIA] DwlA]

L18W-PGLa 52.1
MGz2a 53.3
Mi11 50.3 37.6 43.4 6.9
Hybrid 50.3 37.6 43.4 6.9

PGLa and MGza) at P/L = 1 : 50 showed purely diffusive signals whereas
lamellar correlation peaks with similar repeat distance were observed for
the equimolar mixture and the hybrid (Figure 3.8 panel A). Interestingly
the latter showed a coexistence of a lamellar and a cubic Pn3m lattice.
The appearance of a cubic phase suggests membrane fusion. An increase
in peptide concentration to P/L = 1 : 25 led to lamellar phases also for
the individual peptides (Figure 3.8 panel B). Additionally, there was a
broad feature for M11 and the hybrid at low g-angles visible. The lamellar
repeat spacing of any peptide application as function of temperature are
shown in Figure 3.8 panel C. Structural paramaters like the lipid bilayers
head-head distance Dpp, estimates of its steric D% and water layer Dy
thickness for the equimolar mixture and the hybrid peptide were retrieved
from corresponding scattering data (Table 3.4).

Water layers below ~ 7 A are undoubtedly proof of highly condensed lamel-
lar systems with peptides possibly acting as spacers in between. Further,
the temperature response of each system exhibited similar decreasing rates
of the lamellar repeat distance until 45°C. At 45°C the equimolar mixture
started to deviate from its monotonic decreasing trend and increased until
values of single MGz2a application at 65°C were reached (Figure 3.8 panel
C). All others followed the steady monotonic decrease.

The difference between the hybrid and M11 might be due to less translational
degrees of freedom for the hybrid and most likely that M11 was present
as a heterodimer, stabilized via salt bridges and hydrophobic interactions
between the peptides which start to fail at 45°C. Since the lamellar systems
is strongly collapsed it is plausible that the more bulky furthest outward
positioned MGz2a led to the highest repeat distance. This is consistent with
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Figure 3.8.: Scattering patterns of 100 nm LUVs composed from POPE/POPG (3:1 mol/mol)
in the presence and absence of magainins at P/L of 1:50 (A) and 1:25 (B) at 35°C. The inset
in (B) is a zoom of the region around the broad peak at low g-angles and additionally
displays the hybrid at a P/L of 1:12.5. Lamellar repeat distances as function of temperature
induced in 100 nm LUVs upon exposure of magainins at P/L 1:25 and P/L 1:12.5 are
shown in panel (C). Linear curves represent fits, solid orange line is a guide to the eye.
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3.3. The Lipid Membranes Structural Response towards an AMP Attack

Figure 3.9.: Cryo-TEM images of 100 nm LUVs composed of POPE/POPG (3/1 mol/mol)
in the absence (A) and presence of the peptides (P/L = 1:50) L1I8W-PGLa (B), MGz2a (C),
Ma11 (D) and the hybrid peptide (E) at 35°C.

earlier observations of peptide positioning at lower peptide concentrations
[45]-

At this point the microscopic structure was clear, however information on the
aggregate shape was still lacking. Lamellar stacks or multilamellar vesicles
both would result in identical scattering patterns for the investigated g-range.
To explore the morphology at microscopic scale cryo-TEM experiments at
P/L =1 : 50 were carried out. Those measurements provided evidence
that the equimolar mixture created morphologies different than single
peptide applications and that the observed correlations in scattering patterns
originated from multilamellar vesicles (Figure 3.9). Starting vesicles were
perfectly spherical large unilamellar vesicles. Single peptide application
increased vesicle size slightly and addition of the peptide cocktail led to the
formation of multilamellar vesicles.

Additional cryo-TEM measurements showed a simultaneous presence of
unilamellar vesicles with dense spherical aggregates (Figure 3.10 A, B)
indicating vesicle adhesion, fusion and aggregation. Images of the hybrid
peptide also showed dense particles D and a lattice of aggregates C.
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3. Results and Discussion

Figure 3.10.: Cryo-TEM images of 100 nm LUVs composed of POPE/POPG (3:1 mol/mol)
upon addition of the equimolar mixture (A,B) and the hybrid (C,D) at a molar P/L of 1:50.

48



3.3. The Lipid Membranes Structural Response towards an AMP Attack

Complementary MD simulations showed in all atom production dynamic
calculations as well as in Martini simulations membrane adhesion, fusion
stalk and peptide fibril formation for the equimolar mixture. The mechanism
of the stalk formation is displayed in Figure 3.12. For more detail please
see publication [4]. Stalks have been previously shown to be precursors
for membrane fusion [64-66] and cubic phase formation [67]. Indeed a
cubic Pn3m phase was observed for the hybrid peptide during scattering
experiments (figure 3.9 panel A).

Figure 3.11 shows the last simulation snap shots of coarse-grained Martini
simulations after 20 ps. Based on X-ray diffraction results a stack of bilayers
composed of POPE/POPG (3:1) with 50 A repeat spacing was prepared
(panel A). Addition of MG2a+L18W-PGLa at P/L 1:42 (panel B) and 1:21
(panel C) both consistently showed the formation of an alternating pattern
between solvent pockets and nodes with the peptides located at the bilayer
contact points (nodes). At P/L 1:42 the peptides on opposite membranes
aggregated resulting in a height modulation of the membrane and the
creation of solvent pockets. Twofold increase in peptide concentration (P/L
1:21) led to the formation of fiber-like structures for Li8W-PGLa and MG2a
mixtures along the contact nodes between the two membranes ( 3.11 panel
D). Note, the alternating pattern corresponds to a certain spatial frequency
which in MD simulations is affected by the simulation box size. In X-ray
diffraction experiments a broad peak at low q values of unknown origin
was observed for the hybrid peptide and the equimolar mixture (figure 3.13
panel A and B). Data of the hybrid peptide additionally showed a coexistence
of the cubic Pn3m phase with the broad peak and an additional lamellar
diffraction pattern at a P/L of 1:25. An increase of peptide concentration
(P/L 1:12.5) led to the disappearance of the Pn3m Phase. Only the broad
peak and the lamellar phase prevailed (Figure 3.13 panel A). The same
broad feature was seen for the equimolar mixture (Figure 3.13 panel B).
The similar peak shape and position of the feature suggested that this peak
also originated from the same source. A small contribution of the broad
peak could also be observed at a P/L 1:100 for M11.

Together with MD simulations two possible explanations for this feature
were found. First, the peak is connected to the frequency of the above
mentioned modulated pattern also resembling it’s increase in frequency
upon addition of more peptide. Second, it could be related to a molten
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Figure 3.11.: Simulation snapshots of coarse-grained Martini systems with two lipid bilayers
in the absence (A) and presence of MG2a+L18W-PGLa at P/L 1:41 (B) and 1:21 (C) after 20
us. (D) corresponds to a top a view of the fiber-like peptide structures. The blue rectangle
marks the simulation cell. Phosphate atoms are shown as orange and yellow spheres
and the peptides are displayed in cartoon representation with the color coded residues
(Nonpolar: gray, polar: green, acidic: red, and basic: blue). Water beads are illustrated as
half transparent dark-blue spheres.

cubic Pn3m phase (sponge phase) which no longer exhibits a long range
crystalline order. This scenario is strongly supported by the X-ray data
due to the coexistence of the broad peak with the cubic Pn3m at P/L of
1:25 and the final loss of the Pn3m correlation peaks at P/L 1:12.5. Further
evidence is provided by the distance between the water channels of the
sponge (Figure 3.13 panel C) and cubic phase. The D spacing of the broad
peak is significantly larger than then the distance between the pores in
the cubic system (D(q 1 ¢)). Therefore, the broad peak observed only in the
presence of the hybrid and the equimolar mixture originated in both cases
from a sponge phase.
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3.3. The Lipid Membranes Structural Response towards an AMP Attack

Figure 3.12.: Simulation snapshots (top) and schematics from the bilayer fusion process
with MGza (m1) and L18W-PGLa (p1) arranged as parallel heterodimers. The bilayer fusion
was initiated by the purple lipid, followed by a V-shaped configuration of the peptides
that caused the formation of a fusion stalk. In images 1), 2) and 3), phosphate beads of
the first and second bilayer are shown in yellow and orange, respectively. In image 4), all
phosphate beads are shown orange due to lipid mixing. Fore more details seen [4].

Reviewing all previous observations we propose that a transition from
LUV to MLV alone is not a sufficient condition for enhanced dye release
observed in [17]. Additionally, synergistic leakage is coupled to the increase
of membrane curvature induced by dimers or peptide-fibril structures,
followed by fusion events (fusion stalk) and the consecutive development of
a sponge or cubic phase. Both structures are due to their porous nature leaky
and therefore account for the increased amount of fluorescence in leakage
experiments. Also, the substantial difference between the D19y ~ 73 A of
the cubic Pn3m phase and the lattice parameter of the lamellar phase D ~
50 A suggests that there is no epitaxial relationship between them. This
indicates a defect-rich transition zone between both structures, which may
also contribute to the dye-release.
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Figure 3.13.: SAXS patterns of 100 nm LUVs composed of POPE/POPG (3/1 mol/mol) in
the presence of the chemically linked hybrid peptide (A) and the equimolar mixture M11
(B) at 35°C as function of P/L molar ratio. The purple arrow marks the broad peak of the
sponge phase. Panel (C) shows a schematic of the sponge structure, adapted from Snabre

1990 [5].
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4. Conclusion

We quantified the lipid membranes microscopic structural response induced
by attacking magainins (L18W-PGLa, MGz2a, Mix, Hybrid) under physiolog-
ical conditions. Further the peptides transbilayer position was determined
with less then 1 A uncertainty via a custom tailored analysis developed dur-
ing this thesis. Ultimately a model for the synergistic activity of L18W-PGLa
and MGza on a molecular level was proposed.

Experimentally we demonstrated that 100 nm large unilamellar vesicles
composed of POPE/POPG (3/1) mimic E. coli’s response towards an attack
by AMPs in terms of biophysics remarkable. Also, by testing various mimics
we found that the synergistic activity of the L18W-PGLa/MGz2a cocktail
was only observed when the membrane exhibited a tight polar/apolar
interface (Jp). This key requirement states clearly how crucial the proper
choice of lipids for a membrane mimic is. Next we found by application of
the developed analysis for samples below synergistic peptide concentrations
that any of the investigated peptides induced hydrocarbon core thinning
and when the peptides were applied as equimolar mixture both L18W-
PGLa and MGz2a relocated within the transbilayer profile with respect to
their single peptide positions. Ancillary biophysical studies at synergistic
conditions informed on the presence of a lamellar lattice which was related
to the formation of multilamellar aggregates via cryo-TEM experiments. In
addition, the high dye- release observed in [17] was correlated with the
occurrence of either a sponge or a cubic Pn3m phase [4]. Lipid demixing
due to the cationic nature of the peptides was discarded via zero contrast
neutron scattering experiments. Complementary MD simulations showed
peptide induced membrane oscillations with solvent pockets and peptides
positioned at the nodes. Peptide fiber formation along the contact points of
the membranes was observed at elevated peptide concentrations.
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4. Conclusion

Based on our observations we postulated a possible mode of action for
the synergistic interaction of L18W-PGLa and MGza in our test system.
Synergism is coupled to an early onset of parallel heterodimer formation
which inserted less deep into the membrane and caused vesicles to adhere
and eventually to aggregate (LUV-MLV transition). An increase in peptide
concentration led to the formation of peptide-fibril-structures. The partial
insertion of those aggregates induced strong local membrane curvatures and
cross-linked bilayers in close proximity. Those connections (fusion-stalks)
transformed the system over time into a sponge phase. In the case of the
hybrid, the Pn3m phase transformed into a sponge phase upon an increase
of peptide content. Both structures account due to their leaky nature for the
observed enhanced fluorescence reported in [17]. It is important to mention
that our MD results showed that both peptides always remained in a surface
state topology, even during fusion stalk formation. This is a direct result
of POPE’s negative intrinsic curvature and the accordingly tight packed
polar/apolar interface. Therefore, Gram-negative bacterial mimics lacking
the contribution of negatively curved lipids will lead to wrong results!
Further, pores of sponge or cubic phases observed during this work resulted
from the bridging of two closely located bilayers with any involved peptide
in a surface state topology and are consequently fundamentally different
compared to peptide pores proposed for synergism in literature [3, 13].

The above described model for the synergistic action of Li8W-PGLa and
MGza is conform with the reported surface state orientation in literature for
POPE/POPG (3:1) mixtures [18, 19]. Also it is topologically different from
the models postulated by Ulrich (tetrameric heterocomplex [3]), Matsuzaki
(toroidal pore [13]) and Bechinger (lipid-mesophase like peptide structures
[2]). The first two are pore based models whereas the latter corresponds
to a surface aligned topology. In particular the structure of the tetrameric
heterocomplex was derived with NMR experiments on DMPC/DMPG
lipid bilayers. This is a critical point, since it has been shown that short
tully saturated lipid chains facilitate a transmembrane orientation of PGLa
[18, 19, 61]. Further they are not representative for bacterial membranes.
More adequate lipid mimics for Gram-negative bacteria should be enriched
in POPE and POPG. Both are mixed-chain phospholipids and for both
it has been shown that PGLa and MGza never adopt a transmembrane
positioning, not even when present simultaneously. During the attribution
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of the toroidal pore model to PGLa/MGz2a synergism by Matsuzaki natural
lipids like EYPC, EYPG and BBPS were used. Those lipids do not exhibit
well defined hydrocarbon chains and consequently the proposed model
could be due to the nature of the hydrocarbon chain composition at least for
PGLa. Based on NMR studies on DPPC in the presence of MG2a [19] and
the fact that exchanging the PC headgroup by either PG or PE will lead to a
significant tighter polar/apolar interface it is unlikely that MGz2a will adopt
a transmembrane state. Last but not least Bechinger proposed in 2016 lipid-
mesophase like structures for PGLa and MGz2a synergism. Topologically
there is a similarity to the observed fibers, however their formation is driven
by the tendency of peptides to form parallel heterodimeres followed by
aggregation with peptides located on neighboring membranes.

The here derived model for the synergistic activity of PGLa and MG2a mix-
tures provides up to date the most comprehensive view of the phenomenon.
It is consistent with previous observations in literature and supplies not
only a non transmembrane pore centered mechanism ascribed to synergism
but equally important supplies a novel way of viewing their synergistic
killing at a molecular level.
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5. Outlook

The state of the art analysis developed during this thesis provides the field
with a tool to model diffusive scattering including an explicit term for the
peptides contribution. It provides structural information on the membrane’s
response towards peptide attacks at highest possible resolution. Further, it
offers the possibility to accurately determine the peptide’s insertion depth
if neutron contrasts are available. A parameter which was previously hard
to pinpoint. In general the mathematical framework behind it is capable
of describing any admixed molecule as long as its located in the bilay-
ers headgroup region and follows a Gaussian distribution profile. Minor
modifications of the code are going to allow for arbitrary positioning and
distribution profiles. Further advancements of the model towards trans-
membrane states could potentially provide the capability to judge from
scattering experiments alone which peptide insertion state is present. The
present thesis showed that the derived framework functions remarkable well
for symmetric unilamellar vesicles with peptides in surface state topologies.
Given its success it would be advisable to advance the SDP towards asym-
metric lipid membranes and as mentioned earlier towards transmembrane
peptide orientations. Further the analysis could be based on Bayesian proba-
bility theory, similar to Frewein et al. [68, 69]. The different states observed
during the simulation/calculation and their likeliness could be exploited
to further substantiate which peptide insertion state is present. The model
itself could be improved by the introduction of tilt angles for various lipid
groups as fitting parameters, e.g. headgroup angles. Also a complexer pars-
ing for the peptides of interest could be employed as e.g. recently shown by
SAXS experiments and MD simulations for cholesterol [53, 70]. This could
provide additional information on the peptides orientation. Next, when
applying the SDP on data from deuterated samples exchangeable hydrogens
have a massive influence on the retrieved structural parameters. Therefore,
it should be identified which and how many of the hydrogen atoms of the
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peptide will be exchanged. This might also effect the peptides parsing and
is definitely going to enhance the achievable results. Further if a peptide
parsing with at least two terms is present it could be possible to study data
from peptide flip flops across the membrane.
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ABSTRACT Mixtures of the frog peptides magainin 2 and PGLa are well-known for their pronounced synergistic killing of
Gram-negative bacteria. We aimed to gain insight into the underlying biophysical mechanism by interrogating the permeabilizing
efficacies of the peptides as a function of stored membrane curvature strain. For Gram-negative bacterial-inner-membrane
mimics, synergism was only observed when the anionic bilayers exhibited significant negative intrinsic curvatures imposed
by monounsaturated phosphatidylethanolamine. In contrast, the peptides and their mixtures did not exhibit significant activities
in charge-neutral mammalian mimics, including those with negative curvature, which is consistent with the requirement of
charge-mediated peptide binding to the membrane. Our experimental findings are supported by computer simulations showing
a significant decrease of the peptide-insertion free energy in membranes upon shifting intrinsic curvatures toward more positive
values. The physiological relevance of our model studies is corroborated by a remarkable agreement with the peptide’s
synergistic activity in Escherichia coli. We propose that synergism is related to a lowering of a membrane-curvature-strain-
mediated free-energy barrier by PGLa that assists membrane insertion of magainin 2, and not by strict pairwise interactions

of the two peptides as suggested previously.

INTRODUCTION

Antimicrobial peptides (AMPs) are highly effective compo-
nents of the innate immune system of most living organ-
isms. AMPs respond to invading pathogens and are
optimized to kill bacteria either by direct interaction or by
immunomodulatory activities (1-3). Ever since the discov-
ery of AMPs in prokaryotes in the 1930s and a few decades
later in eukaryotes, research efforts devoted to the molecular
mechanisms of their direct antimicrobial activities have
revealed several modes of interaction (for review, see, e.g.,
(4,5)). A general consensus has been reached in recognizing
that the positive charge of the peptide is essential for initial
binding to the anionic bacterial membrane surface, a factor
which allows discrimination between bacterial and host cell
membranes, whereas hydrophobicity is needed for insertion
into and disruption of the target membrane (see, e.g., (6,7)).
Magainin 2 (MG2) and PGLa, two members of the magainin
family isolated from the skin of the African clawed frog
Xenopus laevis (8,9), are among the best-studied AMPs.
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They exhibit a broad spectrum of activity against microor-
ganisms with minimal inhibitory concentration (MIC)
values ranging from 5 to >100 ug/mL (10). Of particular
interest is their synergistic activity, which has been observed
in bacteria but also in lipid-only model membranes
(11-16). Notably, MG2/PGLa synergism is most pro-
nounced for Gram-negative strains such as Escherichia
coli (13).

Unraveling the molecular origin of this synergistic activ-
ity has not been without disparity. Early biophysical studies
on lipid-only systems suggested enhanced membrane-pore-
formation capabilities of equimolar peptide mixtures
(13-15). Indeed, a stable transmembrane orientation of
PGLa/MG?2 dimers, as reported from solid-state NMR mea-
surements, supported this model (17). A few years later,
however, Salnikov and Bechinger showed that the topology
of PGLa and MG2 (i.e., their orientation with respect to the
bilayer surface), and in particular that of MG2, depends on
the hydrophobic thickness of the lipid bilayer (18). The
important role of membrane physical parameters was
further emphasized by Strandberg et al. (19) by correlating
the topology of both peptides with the intrinsic curvature of
lipids. In particular, these authors suggested that the

Biophysical Journal 114, 1945—-1954, April 24, 2018 1945
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synergistic insertion of MG2 and PGLa into membranes
couples to a positive intrinsic curvature.

Intriguingly, however, cytoplasmic membranes of Gram-
negative bacteria are enriched in lipids with negative
intrinsic curvature, such as phosphatidylethanolamine (PE)
(20). This prompted us to correlate membrane-permeabiliz-
ing activities of magainin monomers and dimers in different
lipid-only model systems with various intrinsic curvatures
Jo determined from small-angle x-ray scattering (SAXS).
In particular, we studied the activity of L18W-PGLa and
MG2a, as well as their analogs containing GGC linkers,
which were used to form the L18W-PGLa-MG2a hybrid
peptide (Fig. 1). The choice of L18W-PGLa is motivated
to facilitate better comparison to a previous study on magai-
nin heterodimers (15). Note that the dye release from lipid
vesicles induced by L18W-PGLa is almost identical to
that induced by native PGLa (13). Thus, our results can be
generalized to PGLa in our comparison to other reports.
Likewise, MG2a is discussed synonymously with MG2.

The choice of lipid-only mimics is delicate. In addition to
the PE enrichment, cytoplasmic membranes of Gram-nega-
tive bacteria also contain anionic phospholipids such as phos-
phatidylglycerol (PG) and cardiolipin (CL). The relative
abundance of anionic lipids strongly depends on the strain
(20) and growth conditions (21). For instance, the inner
membrane of Pseudomonas cepacia contains 82% PE and
18% PG (wt% of total phospholipid), whereas E. coli also
contains ~10 wt% CL (20). The focus of the present work

L18W-PGLa

GMASKAGAIAGKIAKVAWKAL|— NH,

L18W-PGL-GGCa
GMASKAGAIAGKIAKVAWKAL|- GGC — NH,

MG2a
GIGKFLHSAKKFGKAFVGEIMNS - NH,

MG2-GGCa
GIGKFLHSAKKFGKAFVGEIMNS|- GGC — NH,

L18W-PGLa—MG2a

GMASKAGAIAGKIAKVAWKAL|- GGC — NH,
I
GIGKFLHSAKKFGKAFVGEIMNS - GGC — NH,

FIGURE 1 Primary structures of studied magainins.
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is on the role of intrinsic curvature strain in magainin
synergism. Because the sign of J, of CL strongly depends
on the ionic composition of the aqueous buffer (22), we
decided to mimic the inner membrane of Gram-negative bac-
teria to first order with a binary lipid mixture of POPE/POPG
3:1 mol/mol to avoid any ambiguities resulting from this
issue. Additionally, phosphatidylcholine (PC)/cholesterol
(Chol) mixtures served as a simple first-order model of hu-
man erythrocyte membranes considered as archetypes of
mammalian plasma membranes. Again, PC/Chol mimics
do not capture the full compositional complexity of such
plasma membranes, but serve here to address the role of
intrinsic curvature in a system lacking electrostatic interac-
tions between anionic lipids and cationic peptide residues.
Our results provide evidence that PGLa/MG2 synergism is
tightly coupled to negative lipid intrinsic curvature and to
negative surface charge of membranes but does not neces-
sarily require, nor exclude, the formation of PGLa/MG2
pairs. Although electrostatic interactions between AMPs
and lipid headgroups are crucial for significantly long reten-
tion time (binding) of the peptides to the bilayer surface, lipid
intrinsic curvatures contribute to an activation free-energy
barrier AG* for membrane insertion of the peptides. We pro-
pose that PGLa, because of its higher affinity for the hydro-
phobic core of the bilayer, lowers AG* for MG2 by reducing
the curvature-mediated tension at the polar-apolar membrane
interface and thereby potentiates the effect of MG2.

MATERIALS AND METHODS
Lipids, peptides, and chemicals

Palmitoyl-oleoyl-phosphatidylethanolamine (POPE), dioleoyl-phosphatidyl-
ethanolamine (DOPE), palmitoyl-oleoyl-phosphatidylglycerol (POPG), pal-
mitoyl-oleoyl-phosphatidylcholine (POPC), and 1-palmitoyl-2-hydroxy-PE
(lyso-PE) were purchased from Avanti Polar Lipids, Alabaster, AL (purity
>99%) as powder. Cholesterol, cis-9-tricosene, and Triton X-100 were ob-
tained from Sigma-Aldrich, Vienna, Austria. L1I8W-PGLa and MG2a, as
well as their analogs containing GGC linkers and L18W-PGLa-MG2a heter-
odimers, were obtained in lyophilized form (purity >95%) from PolyPeptide
Laboratories (San Diego, CA). ANTS (8-aminonaphthalene-1,3,6-trisulfonic
acid, disodium salt) and DPX (p-xylene-bis-pyridinium bromide) were pur-
chased from Molecular Probes (Eugene, OR). Chemicals used for sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) as well as
antibiotics (ampicillin sodium salt, gentamicin sulfate solution), 1,4-dithio-
threitol (DTT), and Mueller-Hinton broth were obtained from Carl Roth
(Karlsruhe, Germany). The Ultra-Low Range Marker for SDS-PAGE was
purchased from Sigma-Aldrich.

Lipid stock solutions for sample preparation were prepared in organic
solvent. In particular, lyso-PE was dissolved in chloroform/methanol/water
65:35:8 (v/v/v), whereas all other lipids, including cis-9-tricosene, were
dissolved in chloroform/methanol (9:1; v/v). Peptide stock solutions
were prepared in 0.01% acetic acid, and aliquots of the stock solutions
were stored in silanized glass tubes at —20°C until use.

Methods

Large unilamellar vesicles (LUVs) of ~100 nm size were prepared and
assayed for AMP-induced fluorescence leakage as described previously



(23). Intrinsic lipid curvatures were determined using a SAXSpace small-
angle x-ray camera (Anton Paar, Graz, Austria) applying previously
developed procedures (24). Monte Carlo (MC) simulations were performed
using the Metropolis scheme and computationally efficient implicit-solvent
coarse-grained models. Lipids were described by a three-bead model
developed by Cooke and Deserno (25), and the peptide was modeled by
a patchy spherocylinder (26). Free-energy calculations for peptide
translocation were performed using the Wang-Landau method (27). For
details of experimental and simulation procedures, see the Supporting
Material.

RESULTS
Intrinsic curvatures of biomimetic membranes

We first determined estimates for J, of the studied lipids and
their mixtures using SAXS as detailed in (24) (see also Sup-
porting Material and Fig. S1 for x-ray data). Intrinsic curva-
tures relate to the elastic curvature energy stored in lipid
membranes (see, e.g., (28)). The following lipid
mixtures are relevant for the present study: POPE/POPG
(3:1, mol/mol) as a mimic of the inner membrane
of Gram-negative Dbacteria (29), and POPC/POPG
(3:1, mol/mol) as an alternative and frequently used lipid-
only model of bacterial membranes (see, e.g., (18,19)).
Based on the intrinsic curvatures of the individual lipids
(Table S2), we calculate, assuming linear additivity, a
significantly negative value for POPE/POPG (J§'™ =
—0.26 nmfl), whereas POPC/POPG is found to have
J(')""“" ~ 0 (Table 1). To investigate the role of intrinsic
curvature, we further studied lyso-PE/POPE/POPG
(1.6:1.4:1, mol/mol/mol), which has an overall 3:1 PE/PG
molar ratio but JJ"™* ~ 0. Two charge-neutral mimics of
mammalian membranes were considered for testing the
role of Coulomb interactions in addition to the effect of
stored energy strain. Our choice was to use POPC and its
3:1 (mol/mol) mixture with cholesterol, which, because of
the negative intrinsic curvature of cholesterol (24), has
Jov = —0.14 nm ™', which served as a first-order approxi-
mate to mammalian plasma membranes.

Effect of intrinsic curvature and membrane
charge

In the next step, we determined ANTS/DPX leakage in
LUVs induced by L18W-PGLa, MG2a, and their equimolar

TABLE 1 Intrinsic Curvatures J"* of Membrane Mimetics and
Peptide Synergy X

Mimic (molar ratio) Joi [nm '] z
POPE:POPG (3:1) —0.258 + 0.013 04 0.1
POPC/POPG (3:1) —0.012 + 0.015 0.8 =02
lyso-PE/POPE/POPG (1.6:1.4:1) —0.044 = 0.059 1.3 +£03
POPC —-0.022 + 0.010 22+ 04
POPC:Chol (3:1) —0.140 + 0.011 1.2 £ 03

For definition of X, see Eq. 1.

Intrinsic Curvature and Peptide Activity

mixture to exploit the effect of Jo on AMP activity. The
L18W-PGLa/MG2a mixture is motivated by previous
studies (13) suggesting a pairwise interaction of the peptides
to achieve synergism. In POPC/POPG (J§™ ~ 0), we found
significant peptide activities (Fig. 2 A). Specifically, MG2a
and L18W-PGLa were similarly permeabilizing vesicles at
low concentrations, whereas L18W-PGLa was more effec-
tive than MG2a for cpepriqe = 0.3 uM. The equimolar
L18W-PGLa/MG2a mixture, in turn, was less active than
the peptides individually below that concentration, suggest-
ing some antagonizing effect of unknown origin, but one
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FIGURE 2 Leakage of POPC/POPG (3:1 mol/mol) (A), POPE/POPG
(3:1 mol/mol) (B), and lyso-PE/POPE/POPG (1.6:1.4:1 mol/mol/mol) (C)
LUVs as a function of L18W-PGLa and MG2a concentration, as well as
their equimolar mixture. The lipid concentration was 50 uM. Experimental
uncertainties are determined from three independent measurements. The
solid lines are guides to the eye. The membrane insets in each panel
represent the monolayer curvatures as determined in Table 1. To see this
figure in color, go online.
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which was reproduced in several replicas. The focus of the
present report is at higher concentrations, however. Here,
the peptide mixture was more active than L18W-PGLa
and MG2a alone for cpeprige = 0.4 uM. At Cpeprize =
1 uM, leakage induced by just L18W-PGLa was within an
experimental resolution equal to that of L18W-PGLa/
MGQG2a.

In POPE/POPG vesicles, in turn, all studied combinations
of peptides caused identical leakage (< 6%) up t0 Cpepridze =
0.25 uM and remained at the same level for the individual
peptides at higher concentrations (Fig. 2 B). The peptide
mixture, however, exhibited a strong increase of efficacy
and was about six times more active than L18W-PGLa
and MG2a alone at 1 uM. To see whether the different
AMP activities are related to intrinsic curvature, we
repeated the leakage assay for lyso-PE/POPE/POPG, which
has the same lipid headgroup composition as POPE/POPG
but JJ™ ~ 0, just as POPC/POPG. Indeed, the peptides
regained membrane-permeabilizing efficacy, with L18W-
PGLa and L18W-PGLa/MG2a causing full LUV leakage
at 1 uM concentration, just as observed for POPC/POPG
(Fig. 2 O).

For mammalian mimics, in turn, our experiments re-
vealed low activity for all peptides. L18W-PGLa exhibited
the highest activity, although its maximal leakage did not
exceed 10% within the studied concentration range for
POPC (Fig. 3 A). The activity of the L18W-PGLa/MG2a
was between that of L1SW-PGLa and MG2a at all concen-
trations. Most likely this is related to the reduced number
of L18W-PGLa molecules in the peptide mixture. Intro-
ducing cholesterol, which shifts J(’J”i"' to negative values,
did not lead to an increase of activity of L18W-PGLa/
MG2a relative to the peptide monomers as in POPE/
POPG. Instead, the overall leakage dropped for all
peptides almost to the noise level of the measurement
(Fig. 3 B).

The diverse activities of the presently studied peptides
can be summarized by the definition of a synergy parameter.
For antimicrobial activity, this is usually based on the MIC
(30). In analogy, we define

5 _ Lyisw-rGLa +LMG2a, )

Li18w—pGLa/MG2a

where L; jsw.pcra and Ly, are the leakage values for the
individual peptides at half of the peptide concentration
used to determine the leakage L;;sw.pcramczq Of their
mixture. Hence, ¥ < 0.5 if both peptides act synergisti-
cally. Table 1| lists the results for the highest peptide
concentration measured. Except for POPE/POPG, all
model systems exhibited ¥ > 0.5. This is consistent with
a recent report on an increase of PGLa/MG2 synergy for
PE/PG mixtures as compared to PC/PG (31). We thus
conclude that L18W-PGLa/MG2a act synergistically only
in POPE/POPG.
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FIGURE 3 Leakage of POPC (A) and POPC/Chol (3:1 mol/mol) (B)
LUVs as a function of LISW-PGLa, MG2a, and their equimolar mixture.
The lipid concentration was 50 uM. Experimental uncertainties are
determined from three independent measurements. The solid lines are
guides to the eye. The membrane insets in each panel represent the
monolayer curvatures as determined in Table 1. To see this figure in color,
go online.

Effect of peptide dimerization

Synergistic effects of L18W-PGLa and MG2a have been pro-
posed to result from pairwise peptide interaction in mem-
branes (13). Following (16), we therefore constructed
L18W-PGLa-MG?2a heterodimers using L18W-PGL-GGCa
and MG2-GGCa (Fig. 1). Further, LI8W-PGL-GGCa and
MG2-GGCa form in buffer solution (pH ~7) homodimers
(15) as verified by SDS-PAGE (Fig. S2). This enabled us to
compare the activities of the diverse magainin dimers.
Fig. 4 A shows results from leakage experiments on
POPE/POPG vesicles. In general, all dimers were able
to permeabilize lipid bilayers more strongly than the
equimolar mixture of L18W-PGLa and MG2a. More
specifically, homodimers of L18W-PGLa and MG2a ex-
hibited similar activities for c,epige < 0.1 uM. At higher
peptide concentrations, homodimers of L18W-PGLa
exhibited a sigmoidal increase reaching nearly 100%
leakage, whereas the activity of MG2a homodimers satu-
rated at much lower leakage values (~60%). Turning to
L18W-PGLa-MG2a heterodimers, we observed leakage su-
perior to LISW-PGLa and MG2a homodimers already at
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FIGURE 4 Dye release induced by L18W-PGLa/MG2a homodimers and
heterodimers. (A) compares the activities of L18W-PGLa-L18W-PGLa and
MG2a-MG2a homodimers, L18W-PGLa-MG?2a heterodimers, and L18W-
PGLa/MG2a equimolar mixtures in POPE/POPG LUVs. (B) presents re-
sults for the same peptides in POPC/Chol LUVs. Note that the results for
MG2a homodimers and L18W-PGLa/MG2a are identical within experi-
mental resolution. The lipid concentration was 50 uM. The lines are guides
to the eye. To see this figure in color, go online.

low peptide concentration. Final leakage values at
Cpepide = 1 uM were comparable to those of L18W-
PGLa homodimers, however.

In the POPC/Chol mixture, effects were significantly
different (Fig. 4 B). LISW-PGLa-MG2a heterodimers suc-
cessfully permeabilized the LUVs and induced close to
100% leakage at 1 uM peptide concentration. L18W-
PGLa homodimers were active above concentrations of
0.1 uM but reached only ~74% leakage at the highest con-
centration studied. In contrast, MG2a homodimers, just
like L18W-PGLa/MG2a equimolar mixtures, were not
able to induce significant dye release from the vesicles.
Finally, we performed a control experiment on POPE/
POPG vesicles by adding DTT (40 uM), which is known
to reduce disulfide bonds (32), to the L18W-PGLa-
L18W-PGLa solution before mixing the peptides with
LUVs. This in situ transformation of L18W-PGLa
homodimers to monomers resulted in permeabilization
capabilities identical with that of L18W-PGLa peptide
(Fig. S3). Thus, the membrane-lytic activity of L18W-
PGLa can be increased strongly by chemical fixation as
dimers.

Intrinsic Curvature and Peptide Activity

Free energy of peptide translocation

To get deeper insight on the influence of intrinsic curvature
on peptide insertion, we performed coarse-grained MC sim-
ulations on the translocation of an MG2a mimic through
lipid bilayers of different J,. The sign of intrinsic curvatures
of the simulated systems corresponded to those of the
measured systems and also included a system of positive
intrinsic curvature (see Supporting Material). Simulations
clearly show that membrane composition affects the free-
energy profiles (Fig. 5). In particular, the system with the
most negative J, exhibits the highest free-energy penalty
for translocation of the peptide across the membrane. The
barrier decreases significantly with shifting J, toward
positive values, which makes the peptide translocation
much easier. The translocation is mainly determined by
the insertion step, which requires a change in orientation
from a parallel to perpendicular/tilted peptide alignment
with respect to the membrane surface. Note that the free-
energy minimum corresponds to the peptide position in
the membrane adsorbed state, which shifts progressively
toward the membrane center with increasing Jy, i.e., positive
curvature.

Antimicrobial activity of peptide monomers and
dimers against E. coli

To correlate our results on membrane mimetics to
biological activities toward bacteria, we determined the
effect of peptides on E. coli growth. We observed distinct
MIC values for the individual peptides (Fig. 6). In
agreement with (16,31), we found synergistic activity of
L18W-PGLa/MG2 mixtures (X ~ 0.25) as compared to sin-
gle-peptide applications. Further, chemically fixed peptide
homodimers were significantly more active than their
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FIGURE 5 Calculated free energy profiles of peptide translocation across
membranes with different intrinsic curvature (numbers in legend corre-
spond to J, in nm ™). The headgroup and tail regions are shown as orange
and gray areas, respectively. The left-hand side shows simulation screen
shots of the most important steps of peptide translocation: (a) surface
adsorption, (b) peptide tilting, and (c) peptide insertion. To see this figure
in color, go online.
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FIGURE 6 Effect of different magainins on the growth of E. coli K12.
The antibiotics gentamicin and amphotericin B serve as positive controls.
To see this figure in color, go online.

different results upon repeats O

monomers. MG2a dimers reduced the MIC from 62.5 to
7.8 ug/mL and L18W-PGLa dimers from ~31.25 to
~7.8 ug/mL, respectively. In particular, L18W-PGLa
homodimers exhibited the same efficacy as L18W-PGLa-
MG2a heterodimers.

The MIC values can be compared qualitatively to our
dye-release experiments on vesicles using the leakage
intensities observed at the highest-measured peptide
concentrations. Notably, the synergistic activity of the
equimolar peptide mixture (Fig. 2 B), the similar activities
of L18W-PGLa homodimers and L18W-PGLa-MG2a
(Fig. 4 A), and the high efficacy of LI§W-PGLa homo-
dimers compared to individual LI18W-PGLa peptide
applications (Fig. S3) are well-captured by the POPE/
POPG (3:1 mol/mol) mimic. Other features, such as the
different antimicrobial activities of LI8W-PGLa and
MG?2, as well as the almost equal efficacy of equimolar
peptide mixtures and L18W-PGLa-MG2a hybrids, are not
observed in our simple E. coli inner membrane mimics,
which may be explained by the vastly more complex struc-
ture of the E. coli cell envelope that consists of an outer
membrane, periplasm, and inner membrane. We emphasize,
however, that the synergistic activity of L18W-PGLa and
MG2a, which is the main focus of this work, is reproduced
in POPE/POPG 3:1 (mol/mol).

We can further compare our leakage results on POPC/
Chol vesicles to the peptide’s hemolytic activity. Nishida
et al. (16) reported a sixfold increase of erythrocyte
hemolysis for PGLa-MG2a heterodimers as compared to
the PGLa/MG2a equimolar mixture. Further, compared
to single peptides, the heterodimer’s hemolytic activity
was even 40- to 60-fold increased. This latter result
correlates qualitatively with our findings in POPC/Chol
(3:1 mol/mol) vesicles, in which the heterodimers showed
a 50 times higher activity than the L18W-PGLa/MG2a
mixture (Fig. 4 B). Hence, POPC/Chol appears to be a
reasonable first-order lipid-only model to estimate the
hemolytic potential of magainins.
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DISCUSSION

Synergism is coupled to negative intrinsic
curvature

Coupling experimental data for intrinsic curvatures and AMP-
induced ANTS/DPX dye release from selected lipid-only
mimics of bacterial and mammalian membranes provided
clear evidence for the delicate balance of membrane curvature
elasticity, overall bilayer surface charge, and peptide proper-
ties in promoting or obstructing the synergistic activity of
L18W-PGLa/MG2a mixtures. The synergism of PGLa and
MG?2 has been studied before by leakage assays on diverse
lipid vesicles, showing significant enhancement of peptide ac-
tivity for PGLa/MG2 equimolar mixtures (13,33).

Pronounced synergism was observed only in POPE/
POPG bilayers (Fig. 2 B). The requirement of high peptide
concentration to permeabilize PE-enriched bilayers may
be additionally enhanced by extensive intermolecular
H-bonding of PEs (34,35). Most interestingly, however,
L18W-PGLa/MG2a synergism is fully abolished in lyso-
PE/POPE/POPG (Fig. 2 C). This system was designed
to have 1) the same overall charge as POPC/POPG
and POPE/POPG, 2) the same headgroup composition as
POPE/POPG (i.e., the same abilities to form H-bonds),
and 3) the overall same intrinsic curvature as POPC/POPG
(Jo~0). The loss of synergism in lyso-PE/POPE/POPG
hence provides unambiguous evidence for a coupling to
negative intrinsic curvature.

It has been recognized for some time that protein/peptide
activity couples to intrinsic lipid curvatures (36—38). Intrinsic
lipid curvature is a property of lipid monolayers (i.e., each
membrane leaflet) that gives rise to an elastic energy stored
in flat lipid bilayers (see, e.g., (39)), which may be released
upon interaction with a membrane active compound (36).
That is, lateral strain, in particular at the polar/apolar inter-
face, is significantly larger for lipids with a more negative
Jo, whereas lipid membranes with a positive J,, have a looser
polar/apolar interface. Membrane intrinsic curvature has been
previously related to MG2 activity (40) or synergism (19).
Conversely, the latter authors concluded that synergistic inter-
actions between PGLa/MG2 are related to positive J, that
would allow the peptides to penetrate into the bilayer more
easily (19). This assessment was based on the assumption
that synergism is related to the adoption of a tilted or inserted
PGLa topology in the presence of MG2. This hypothesis has
been cast into doubt by (41,42), which show that the peptides
develop synergistic activities in an in-planar topology.
Strandberg et al. (19) also notably reported mainly surface
aligned PGLa/MG2 for POPC/POPG bilayers, whereas
MG2-mediated PGLa insertion was reported only for lipid
mixtures with disaturated hydrocarbon chains (17,19).

Based on our results, we agree with (17,19) that mem-
branes with a more positive curvature facilitate peptide
insertion into the bilayer interface because of reduced lateral
stress at the bilayer’s polar/apolar interface (i.e., looser



packing). However, at the same time, this hampers the
development of synergy because both magainins are able
to disrupt the polar/apolar interface at low energetic cost.
POPE/POPG (3:1 mol/mol), in turn, displays substantial
interfacial stress, and indeed both magainins did not induce
significant vesicle leakage (Fig. 2 B). However, when
applied as an equimolar mixture, they clearly showed syn-
ergy with ¥ = 0.4 (Table 1), which is in good agreement
with recent observations from Zerweck et al. (31). Corrob-
orated by our MC simulations (Fig. 5), these findings
strongly suggest an activation barrier for vesicle leakage,
AG*, that is mediated by the interfacial packing density
and hence lipid composition. In addition, synergy requires
anionic lipids for increased affinity of peptides to the
membrane surface. This is clearly demonstrated by POPC/
Chol, which contains significant intrinsic negative curvature
energies but resulted in a synergy parameter ¥ = 1.2
(Table 1).

To appreciate the different activities of L18W-PGLa and
MG2a, it is instructive to consider the energetics of
membrane insertion based on the Wimley-White hydropho-
bicity scale (43). We thus calculated estimates for the Gibbs

free energy of insertion into the bilayer nonpolar region (44)
AG; =AG] + AG;, — AG,=AG; , — AG) = AG,

ins oct oct oct—if

@

using the Membrane Protein Explorer (MPEX, http://blanco.
biomol.uci.edu/mpex/), where AG? is the free energy from
peptide conformational changes in the aqueous phase
(assumed to be insignificant), AGY,, is the free energy of
peptide transfer from water to octanol, and AGj is the
free energy of binding to the membrane-water interface.
Calculation of AGj requires knowledge of the peptide’s
helicity taken up at the membrane surface. For charged
membranes, electrostatic interactions need to be consid-
ered (45). However, corrections calculated via the Gouy-
Chapman theory for melittin yielded the same surface-
partition coefficient for charged and charge-neutral bilayers
(45). For our semiquantitative discussion, it thus suffices to
derive AGj; based on the peptide’s helicity in PC bilayers
(Table 2). Our AGY,, estimates show that LISW-PGLa has

a higher propensity for being located within the membrane
core than MG2a. This agrees with previous NMR data

TABLE 2 Thermodynamics of AMP Insertion in PC
Membranes According to the Wimley-White Hydrophobicity
Scale

% helix AGj AGY, AGS,

in PC (kcal/mol)  (kcal/mol)  (kcal/mol) My
MG2a 83" -7.3 16.9 242 14.1
L18W-PGLa 72° —6.1 16.2 22.3 10.9

The Wimley-White hydrophobicity scale is from Ref. (43).
#Taken from (66).
*Taken from 67).
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showing that PGLa may tilt into the bilayer core, whereas
MG2 always remained parallel at the membrane surface
(18,19).

To correlate these considerations with our leakage data, it
is further necessary to consider AG' as introduced above.
Inspired by (44), we can draw a hypothetical energy path
for AMP insertion and synergism (Fig. 7). In particular,
the difference in AG; between L18W-PGLa and MG2a
(Table 2) should lead to a higher AG* for MG2a in bilayers
of equal lipid composition, which would explain why MG2a
is always less active than L18W-PGLa. In the case of
synergistic interaction between L18W-PGLa and MG2a,
the activation barrier also appears to be lowered. We specu-
late in particular that the perturbation of the lipid bilayer by
L18W-PGLa helps to lower AG* for MG2a, which, because
of its higher mean hydrophobic moment uy, (Table 2), i.e.,
amphipathicity, will cause a stronger impairment of the
bilayer’s permeability barrier because of a larger mismatch
with the polarity profile of the lipid bilayer. This agrees with
a previous analysis of properties of a-helical antimicrobial
peptides showing that their efficacy is dominated by their
overall amphipathicity (46). Note that previous solid-state
NMR measurements did not report on PGLa-mediated
insertion of MG2 (18,19). However, detection of such states
could have been impeded by a limited degree of sample
hydration, which has been shown previously to significantly
increase threshold concentrations for peptide insertion into
lipid bilayers (see, e.g., (47)).

Synergism is not necessarily coupled to
L18W-PGLa/MG2a pair formation

Motivated by a maximum of antimicrobial activity at
equimolar peptide ratio, a number of studies claim that

—_— L18W-PGLa
- MG2a
Seas MG2a + L18W-PGLa

R e e i e e i = i

FIGURE 7 Schematic free-energy landscape with different states during
the peptide-insertion process into a lipid bilayer, including adsorption to
and folding at the membrane surface AGy, as well as insertion into the
hydrophobic core AGiy,s, for which the peptide has to overcome an activa-
tion barrier AG*. Depending on the energy difference between the transition
state (1) and the peptide’s interfacial state, AG! can vary significantly. AGy
is assumed to be smaller for LISW-PGLa than for MG2a. Synergistic
interactions between the peptides may lower the barrier by A(AGH). To
see this figure in color, go online.
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synergism of magainins is due to a pairwise interaction
of the two AMPs (formation of physical heterodimers) in
the presence of the lipid bilayer (13,15,16,33). Further,
molecular dynamics simulations (48) and mutation studies
(31) suggest that close contact interactions between glycine
and alanine residues on PGLa support the formation of an
antiparallel (physical) homodimer. Indeed, chemically
cross-linked L18W-PGLa homodimers are almost as active
as L18W-PGLa-MG2a heterodimers in POPE/POPG (Fig. 4
A). These results are in good agreement with several previ-
ous studies demonstrating that peptide aggregates (dimers)
are in general—due to their larger size—significantly
more perturbing bilayers than their monomers (see, e.g.,
(49-52)). Nishida et al. (16) argued that association of
L18W-PGLa and MG2a is concentration-dependent and
that cysteine-linked L18W-PGLa-MG2a mimic high pep-
tide concentrations. However, even at our highest peptide
concentration, which is ~5 times larger than that applied
in (16), the heterodimers are still 2-3 times more effective
than the equimolar L18W-PGLa/MG2a mixture. Consid-
ering that peptides diffuse in membranes at a similar rate
to lipids (53,54), it thus occurs that L18W-PGLa/MG2a
pairs should have formed rapidly on the time scale of our
experiment. Thus, aggregation of L18W-PGLa and MG2a
is not a strict prerequisite for developing synergism. In
turn, our conclusion is in agreement with (41), who found
that carboxyterminal-GGS or -GGA analogs of PGLa and
MG?2 are more active than PGLa/MG2a mixtures, although
they are not able to form cysteine cross-links.

Correlation of membrane-lytic activities of
magainins between plasma membrane mimics
and live cells

The role of membrane lipid architecture in AMP selectivity
has been extensively discussed before (see, e.g., (29)). One
of the most obvious differences in lipid architecture is the
absence of charged lipid species in the outer leaflet of
mammalian plasma membranes, whereas bacterial plasma
membranes contain anionic lipid species. Thus, attractive
electrostatic interactions between cationic residues on
AMP and anionic lipids are an essential first step of discrim-
ination that has been already recognized for several years
(for review, see, e.g., (6)). However, the effects of membrane
elasticity in particular at the polar/apolar interface are of
similar importance to consider. This is convincingly demon-
strated by comparing the synergistic peptide activities found
for POPE/POPG with the peptide activity on E. coli. For
POPC/POPG, in turn, we found no such agreement. More-
over, the increased activity of LI18W-PGLa-MG2a in
POPC/Chol mixtures correlates well with their increased
hemolysis of erythrocytes (16). We note, however, that other
aspects, such as differences in LI8W-PGLa and MG2a ac-
tivities or the almost-equal killing efficacy of equimolar
L18W-PGLa/MG2a mixtures and L18W-PGLa-MG2a het-
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erodimers, are not mirrored in our leakage experiments
on POPE/POPG (3:1 mol/mol) LUVs. This indicates limita-
tions of the currently applied lipid-only model systems,
which are unable to capture the full complexity of the
E. coli cell envelope. We are currently developing more
complex membrane mimetic systems.

CONCLUSION

We have provided experimental evidence for the signifi-
cance of combining a negatively charged membrane surface
with a tightly packed polar/apolar interface for synergistic
interactions of L18W-PGLa and MG2a with lipid mem-
branes. Tight packing of this interface is achieved here by
POPE, which has a significant negative intrinsic curvature.
Cardiolipin, which is also present in cytoplasmic mem-
branes of Gram-negative bacteria (20) and which has nega-
tive Jy in the presence of divalent ions (22), may further add
to the interfacial packing strain. If bilayers have negligible
overall intrinsic curvature, L18W-PGLa and MG2a permea-
bilize the membrane much more easily and do not develop
synergism. This effect is expected to be even more pro-
nounced for lipids with positive intrinsic curvature, which
agrees well with previous observations (18,19). Conse-
quently, “softening up” the polar/apolar interface by a
concerted action of MG2a and L18W-PGLa appears to be
the underlying mechanism of synergism for the two pep-
tides. We speculate that LISW-PGLa is the “helper mole-
cule” that preconditions the bilayer and thereby allows
MG2a, which, due to its more pronounced amphipathicity,
is less compatible with the distribution of polar and
nonpolar moieties in lipid membranes, to increase its activ-
ity. In addition, synergism also requires electrostatic inter-
actions between the peptides and membrane lipids to
anchor the AMPs more strongly within the membrane inter-
face. Importantly, however, pairwise interactions of L18W-
PGLa and MG2a are not strictly required for this scenario,
which is supported by our experiments on homo- and heter-
odimers of the two peptides and which agrees with a recent
report (41). Additional effects, such as peptide-induced
lipid phase separation, may further influence this mecha-
nism. Corresponding experiments will be performed in
our laboratory in the near future. The correlation of syner-
gistic activity of LI8W-PGLa and MG2a in E. coli with
dye-release experiments in POPE/POPG LUVs but the
inability to reproduce other features of AMP activity in bac-
teria strongly supports a proper choice of the lipid mimetic
system for unraveling the biophysics of AMP-membrane
interactions.

SUPPORTING MATERIAL

Supporting Materials and Methods, five figures, and two tables are
available at http://www.biophysj.org/biophysj/supplemental/S0006-3495
(18)30323-0.
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PREPARATION OF LIPOSOMES

Lipid films (20 mg total lipid) for dye-release experiments were prepared by mixing the
appropriate amounts of dissolved phospholipids before evaporation of solvents under a stream
of nitrogen and stored in vacuum overnight. After addition of Hepes buffer containing the
fluorophor/quencher ANTS/DPX (10 mM Hepes, 68 mM NaCl, 12.5 mM ANTS, 45 mM
DPX, pH 7.4), formation of lipid vesicles was achieved by equilibration at 15°C above the
lipid’s melting temperature and intermittent vigorous vortex mixing. PE/PG-mixtures were
additionally homogenized by six freeze/thaw-cycles. Large unilamellar vesicles (LUVS) were
obtained by 25 cycles of extrusion of the hydrated liposomes through a polycarbonate filter
(Millipore-1sopore™, Merck, Vienna) of 0.1 um pore size above the lipid’s melting
temperature. Non-encapsulated fluorophore and quencher were removed by size-exclusion
chromatography using SephadexTM G-75 (Sigma-Aldrich, Vienna) gel as described earlier
(1). LUVs were eluted with Hepes buffer (10 mM Hepes, 140 mM NaCl, pH 7.4). Liposomal
lipids were quantified by the determination of lipid phosphorus according the method
described by (2). The final LUV concentration for dye-release experiments was adjusted to 50
MM in Hepes buffer (10 mM Hepes, 140 mM NaCl, pH 7.4).

PREPARATION AND ANALYSIS OF INVERTED HEXAGONAL PHASES BY SAXS

Samples for X-ray analysis were prepared by rapid solvent exchange (RSE) (3) using an
adapted method that allows control of temperature (4). Here we focus in particular on the
intrinsic curvatures of POPG and lyso-PE, whose values have to the best of our knowledge
not been reported before. Both lipids do not form H;, phases and were therefore mixed with
DOPE at various amounts as detailed above. In brief, appropriate amounts of lipid stock
solution were pipetted into test tubes containing NaPi buffer (20 mM Na-phosphate, 130 mM
NaCl, pH 7.4) and which were pre-equilibrated at a given temperature. The test tubes were
quickly mounted onto the RSE apparatus, setting the argon flow to 60 ml/min and the vortex

speed to 1000-1200 rpm. Rapid evaporation was initiated by opening the valve to a vacuum



pump set to a pressure in between the vapor pressure of solvent and water leading to the
formation of lipid aggregates. Sample preparation was terminated after six minutes. Details of
RSE settings are listed in supplementary Table S1. Control experiments using 'H NMR

showed no contamination of the samples with organic solvent.

Table S1: Settings used for the rapid solvent exchange.

Vortex speed

Lipids Temperature [°C] Pressure [mbar] [U/min]
DOPE 45 200 1200
POPG/DOPE 60 300 1000
lyso-PE/DOPE 70 900 1000
POPE 55 360 1000

All samples contained 12 wt% tricosene, which is needed to reduce the packing frustration of
the inverted hexagonal phase (Hy) (see, e.g., (5)). This effect decreases the lamellar-to-H,
phase transition of POPE close to room temperature (6). POPG and lyso-PE do not form Hy,
phases. Therefore they were mixed with DOPE at various concentrations using a previously
reported protocol (6). Samples containing DOPE and POPG were measured immediately after
preparation, while lyso-PE containing samples were equilibrated for three days at room

temperature in argon atmosphere to avoid lipid oxidation.

SAXS measurements were performed using a SAXSpace compact camera from Anton Paar
(Austria), equipped with a Pilatus 100K-S detector system (Dectris, Switzerland) and a Genix
3D microfocus X-ray generator from Xenocs (Grenoble, France) [beam-size (Cu-Ka): ~ 300
pm (diameter)]. A scattering vector range of g = 0.6 nm™ 0 10.9 nm™ was covered by setting
the sample-to-detector distance to 308 mm. Temperature control was provided by a Peltier
unit to within £ 0.1 °C. All samples were transferred into a paste cell holder (Anton Paar,
Austria) and equilibrated for 10 minutes at 35°C before exposing to X-rays for one hour. Data

reduction was performed with SAXStreat (Anton Paar, Austria). Note that temperature
dependencies of intrinsic curvatures are in the range of A% =—-1x1073 nmY/K?* to —=3 x

1073 nm™Y/K™ (6). Temperature corrections to adjust the here reported J,°s to 37°C used for

vesicle leakage assays are consequently within experimental error.

SAXS data analysis was performed according to Kollmitzer et al. (6). In brief, intensities and

peak positions of Hy; phase patterns I, , were used to construct electron density maps
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where h, k are the Miller indices, my, ;. is the multiplicity of equivalent diffraction planes and
ap i is the phase. Subsequently, electron density maps were radially integrated over azimuthal
angles between 0° and 60° to yield one-dimensional electron density profiles. The maximum
of these profiles was fitted with a Gaussian to determine the position of the lipid headgroup
R,. The intrinsic curvature J, = —1/R, is then determined by finding the position of the
neutral plane Ry, = R, + dy4 (7), which is assumed to be located at the glycerol backbone (6).
Specifically, we used dy, = 0.44 nm as estimate for the distance between the lipid heads and
the backbone (6).

The intrinsic curvature of non Hj-phase forming lipids was estimated assuming linear
additivity using
_ I -(-08%F

Jo=F—=" (S2)

X

where y is the mole fraction of the respective ‘guest’ lipid in DOPE, which is used as a Hy-
phase forming template (‘host’). To increase the reliability of the Jo estimates for guest lipids
several guest/host mixtures were measured and interpolated, ensuring full miscibility of the

guest lipids within the host structure (Fig. S1) and (6).

Figure S1 shows the SAXS patterns of 9:1 (molar ratio) lipid mixtures used to calculate Jo.
The intrinsic curvatures of both DOPE mixtures increased with concentration of the guest
lipid (Fig. S1, insert), albeit stronger for lyso-PE, as can be expected from its cone-like
molecular shape, due to the difference of projected lateral areas of the PE head and the single
hydrocarbon chain (8). The resulting Jo°s for all lipids relevant for this study are listed in Tab.
S2. In agreement with the qualitative assessment based on the molecular shape we found a
significant positive Jo for lyso-PE, while Jo of POPG was, within experimental uncertainty,
essentially zero. In order to test the effect of buffer on intrinsic lipid curvatures we also
measured POPE, which readily forms in the presence of 12 wt.% tricosene a Hy, phase at 35°C
(Fig. S1), see also (6). The derived J, = -0.35 nm™ is slightly more negative than our
previously reported value. We attribute this to the effect of buffer ions on PE headgroup
hydration, which is further supported by a similar decrease of J, for DOPE (-0.45 nm™) as
compared to the value found in pure water (6). For the present study such subtleties are,

however, of less significance. Here we are interested in estimates for net intrinsic curvatures



of lipid mixtures, which were calculated by their molecular averages upon assuming linear

additivity

Jo =3 g, 3)
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Figure S1: SAXS patterns of DOPE/POPG (9:1 mol/mol), DOPE/lyso-PE (9:1 mol/mol) and
POPE at 35°C. All samples contained 12 wt% tricosene. Data are offset vertically for clarity
of presentation. The insert shows the change of intrinsic curvatures as a function of POPG and
lyso-PE concentration in DOPE, which is used to estimate their Jo’s.

Table S2: Intrinsic curvatures of presently studied lipids at 35°C.

Lipid Jo [nm™]

lyso-PE  0.180 +0.123
POPG  0.020 +0.030
POPE  -0.350 % 0.007
POPC*  -0.022 +0.010
Chol*  -0.494+0.013

* Data taken from ref. (6)



FLUORESCENCE SPECTROSCOPY - LEAKAGE ASSAY

Leakage of the aqueous content of ANTS/DPX-loaded LUVs upon incubation with peptides
was determined according to (9) and as detailed previously (1). Briefly, 2 ml of LUV
suspension was filled into quartz cuvettes and equilibrated at 37°C for 5 minutes. Incremental
amounts of peptide solutions prepared in Hepes buffer were added to the LUV suspension
with p-pipettes and mixed using a magnetic stirrer to achieve final peptide concentrations
ranging from 0.016 - 1 uM, corresponding to peptide-to-lipid molar ratios from 1:3200 to
1:50. Fluorescence emission was recorded 5 minutes before and after the addition of peptides
on a Cary Eclipse Fluorescence Spectrophotometer (Varian Inc., now Agilent Technologies,
California, US) using an excitation wavelength of A.x = 360 nm and an emission wavelength
rem = 530 nm. The slit widths for excitation and emission monochromators were set to 10 nm.
Percentage of leakage was calculated from the fraction of the leakage (10)

I = (F-Fp)
F (Fmax_Fo) '

(S4)

where F is the measured fluorescence, Fy is the initial fluorescence without peptide, and Fpax

is the fluorescence corresponding to 100% leakage gained by addition of 1% Triton X-100.

SODIUM DODECYL SULFATE POLYACRYLAMIDE GEL ELECTROPHORESIS
(SDS-PAGE)

In order to verify the dimeric or monomeric state of peptides, 2 pug of peptides were dissolved
in loading buffer without DTT and separated by a one-dimensional SDS-PAGE using 5 %
stacking and 18 % separating gels according to the method of Laemmli (11). Peptides were
stained for 30 min with Coomassie brilliant blue after electrophoretic separation (11). An
ultra-low range molecular weight marker was used to estimate the size of peptides after
separation via SDS-PAGE. Experiments show that L18W-PGL-GGCa and MG2-GGCa form
homodimers in buffer solution (pH ~ 7) (Fig. S2), in agreement with (12). Application of
DTT leads to a drop of peptide activity to levels observed for single peptides, consistent with

monomer formation (Fig. S3).
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Figure S3: Effect of DTT addition to L18W-PGLa homodimers on leakage of POPE/POPG
3:1 mol/mol LUVs. For comparison, leakage induced by L18W-PGLa is shown as well (see
also Fig. 2 B). The lipid concentration was 50 pM. Lines are guides to the eye.

MC SIMULATIONS

Monte Carlo simulations were performed using the Metropolis scheme and computationally
efficient implicit solvent coarse-grained models. Sizes and distances of the models were
calculated in reduced units, which (based on real particle dimensions) roughly translate to nm.

The studied systems were composed of 200 lipid molecules and a single peptide. Lipids were
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described by a three-bead model developed by Cooke and Deserno (13), using one bead for

the head group of diameter d;, and two beads for tails each of diameter d; (Fig. S4 A).

A B

Hydrophilic

PSC-MG2a

Hydrophobic

Lipid

Figure S4: Schematic representations of the employed models. Panel A: Three-bead lipid
model with lipid mapping (shown as silhouette). Panel B: PSC model of MG2a. Hydrophobic
patches/regions are represented in grey, while orange and blue depict hydrophilic parts of
lipid and peptide, respectively.

Three lipids with different intrinsic curvatures were simulated by variation of headgroup size
(Fig. S5). The size of head bead affects Jo. Assuming cylindrical geometry of lipids one can

calculate the intrinsic curvature by (14)

ho=%(1-15) (S5)

Apl
where [ is the length of the hydrophobic tails, A;, is the effective headgroup area and V is the
hydrocarbon chain volume. However, there are more possibilities to calculate the [ and
V/(AnD). The first possibility is based on the geometry of individual molecules with 4, =
nd,zl/4, V = md?l/4, and | = 2d,. For d;, = 0.85 nm, 0.95 nm and 1.05 nm, this results for
d; =1 nmin J, = —0.38 nm?, —0.11 nm™, and +0.09 nm™, respectively. However, this
considers only excluded volume interactions between lipid molecules in ideal configuration.
We therefore adhere to the second possibility, which derives J, from MC simulations and
consequently include also contributions from temperature and the lipid parametrization
(bonds, bending, and tail attraction). In this case the length of hydrophobic tails is calculated
from the average distance of headgroup beads from the bilayer center, i.e. d; = 2.5 nm. The
headgroup areas are derived from the simulation box size of the equilibrated membrane at
zero tension, which yields 4, = 1.025 nm? 1.145 nm? and 1.215 nm? with increasing dj,.
Assuming that A, « d? we can interpolate the headgroup area to perfectly cylindrical lipids

(i.e., dn = d, and J, = 0), yielding A = 1.176 nm?. Consequently Eq. (S5) is modified to



_2 Ap
Jo=3(1-3), (S6)
leading to J, = —0.12 nm™, —0.02 nm™, and +0.03 nm™ for d), = 0.85 nm, 0.95 nm and

1.05 nm, respectively. The lipid with the largest headgroup leads to Jo > 0.

a) b) )
dn

ds

Figure S5: Schematic representation of lipid shape and induced curvature. Diameters of lipid
heads and tails are denoted as d; and d;, respectively, with d; = 1 nm. Conical lipids a) and c)
had d, = 0.85 and 1.05 nm, respectively. For cylindrical lipids b) d, = 0.95 nm. The
corresponding intrinsic curvatures are a) Jo = -0.12 nm?, b) Jo = -0.02 nm?, and c) Jo = +0.03
nm™.The induced curvature is shown below each lipid. Differences in headgroup sizes are
magnified for clarity.

The peptide was modelled by a patchy spherocylinder (PSC) (15), setting the peptide length
to 4 nm and its diameter to 1 nm to roughly match the size and polarity of MG2a, i.e. half of
the peptide surface was hydrophobic (Fig. S4 B). At either side of the patch, there is a 5°
switching range to linearly scale the interaction potential to zero. The remaining surface is
purely repulsive and thus considered to be hydrophilic. For more details on the model, see
(15).

To mimic the hydrophobic effect, effective tail-tail interactions were used to drive membrane
self-assembly leading to an effective attractive potential with a cos? profile. Further, the same
potential was used to describe interactions between lipid tails and the peptide’s hydrophobic
patch. Repulsive interactions were modeled by Weeks-Chandler-Anderson (shifted and
truncated Lennard-Jones) potential. The PSC-MG2a switching range between hydrophobic
and hydrophilic surfaces was set to 1.0 nm. As described in the original article, the switching
range of lipids was extended to 1.6 nm to keep the membrane in the fluid phase (13). The
depth of the attractive potential well was -1 KT (k is the Boltzmann constant and T is the
temperature) for lipid-tail particles and -1 KT per unit length of PSC line segment.

The membrane bilayer was assembled in the XY-plane of a rectangular box. The initial box

size was about 11 x 11 x 50 nm. Periodic boundary conditions were applied in all three

8



dimensions, forming “infinite” membrane plane. Simulations were performed under constant
temperature and number of particles, while keeping zero lateral tension in the XY-plane. We
used standard MC trial moves to move the peptide/lipid beads/whole lipids and to modify the
box size (16). All simulations were carried out using our in-house software (freely available
github.com/robertvacha/SC).

Free energy calculations for peptide translocation were performed using the Wang-Landau
method (17). The free energy surface was considered converged once the modification factor
was below 107. Subsequently, simulations maintaining detailed balance of peptide
translocation were performed and the obtained free energy surface was used as an external
bias. The obtained histogram was then used to further improve the previously calculated free

energy surface. The error of the free energy profiles is about 1 kT.

For proper sampling of peptide insertion, two collective variables (CVs) were used. First CV
is the distance between peptide and the membrane center of mass. The free energy profile is
symmetrical around the membrane center and asymmetry shows the calculation error. Second
CV s the peptide orientation with respect to the membrane normal. The orientation is
expressed as the cosine of the angle. Change of orientation from perpendicular to parallel
(with respect to the membrane normal) is considered. For clarity, the second collective

variable is averaged out and only the dependence on peptide position is shown.

IN VITRO ASSAY FOR AMP ACTIVITY

To study the effect of magainins on metabolically active bacteria, we assessed the
antimicrobial activity of the peptides by determining the MIC values according to Clinical
and Laboratory Standards Institute (CLSI, formerly National Committee for Clinical
Laboratory Standards) guidelines.

Inhibition of bacterial growth by frog peptides was determined using an automated
turbidimetric-based system (Bioscreen C, Labsystem, Helsinki, Finland), which measures
absorbance of cell cultures in 100-well plates at regular time intervals (A = 580 nm). Assays
were performed in Mueller-Hinton (MH) broth without Ca®* (18) using Bioscreen polystyrene
honeycomb 100-well plates. Briefly, serial dilutions of the AMPs or control antibiotics

(gentamicin and ampicillin B) were made in MH broth and dispensed with a multi-pipette into



polystyrene honeycomb 100-well plates. E. coli K12 cells grown for 18-20 h on agar plates
were suspended in saline adjusting the turbidity to an optical density at A=565 nm (ODsgs) of
0.5 (~1 x 108 cells/mL) using a DEN-1B densitometer (Grant Instruments, Cambridge, UK).
A fifty-fold dilution of this E. coli suspension prepared in MH broth was mixed with 50 pL
(2:1 volume ratio) of a given peptide solution by three times up and down pipetting. Resulting
cell suspensions were grown at 37°C with continuous, low amplitude shaking. The turbidity
was measured in intervals of 5 minutes (filter bandwidth: A= 420 — 580 nm). MIC was
considered as the minimum concentration of peptide that inhibited any increment of turbidity
after 48 h.
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PREPARATION OF LIPOSOMES

Lipid films (20 mg total lipid) for dye-release experiments were prepared by mixing the
appropriate amounts of dissolved phospholipids before evaporation of solvents under a stream
of nitrogen and stored in vacuum overnight. After addition of Hepes buffer containing the
fluorophor/quencher ANTS/DPX (10 mM Hepes, 68 mM NaCl, 12.5 mM ANTS, 45 mM
DPX, pH 7.4), formation of lipid vesicles was achieved by equilibration at 15°C above the
lipid’s melting temperature and intermittent vigorous vortex mixing. PE/PG-mixtures were
additionally homogenized by six freeze/thaw-cycles. Large unilamellar vesicles (LUVS) were
obtained by 25 cycles of extrusion of the hydrated liposomes through a polycarbonate filter
(Millipore-1sopore™, Merck, Vienna) of 0.1 um pore size above the lipid’s melting
temperature. Non-encapsulated fluorophore and quencher were removed by size-exclusion
chromatography using SephadexTM G-75 (Sigma-Aldrich, Vienna) gel as described earlier
(1). LUVs were eluted with Hepes buffer (10 mM Hepes, 140 mM NaCl, pH 7.4). Liposomal
lipids were quantified by the determination of lipid phosphorus according the method
described by (2). The final LUV concentration for dye-release experiments was adjusted to 50
MM in Hepes buffer (10 mM Hepes, 140 mM NaCl, pH 7.4).

PREPARATION AND ANALYSIS OF INVERTED HEXAGONAL PHASES BY SAXS

Samples for X-ray analysis were prepared by rapid solvent exchange (RSE) (3) using an
adapted method that allows control of temperature (4). Here we focus in particular on the
intrinsic curvatures of POPG and lyso-PE, whose values have to the best of our knowledge
not been reported before. Both lipids do not form H;, phases and were therefore mixed with
DOPE at various amounts as detailed above. In brief, appropriate amounts of lipid stock
solution were pipetted into test tubes containing NaPi buffer (20 mM Na-phosphate, 130 mM
NaCl, pH 7.4) and which were pre-equilibrated at a given temperature. The test tubes were
quickly mounted onto the RSE apparatus, setting the argon flow to 60 ml/min and the vortex

speed to 1000-1200 rpm. Rapid evaporation was initiated by opening the valve to a vacuum



pump set to a pressure in between the vapor pressure of solvent and water leading to the
formation of lipid aggregates. Sample preparation was terminated after six minutes. Details of
RSE settings are listed in supplementary Table S1. Control experiments using 'H NMR

showed no contamination of the samples with organic solvent.

Table S1: Settings used for the rapid solvent exchange.

Vortex speed

Lipids Temperature [°C] Pressure [mbar] [U/min]
DOPE 45 200 1200
POPG/DOPE 60 300 1000
lyso-PE/DOPE 70 900 1000
POPE 55 360 1000

All samples contained 12 wt% tricosene, which is needed to reduce the packing frustration of
the inverted hexagonal phase (Hy) (see, e.g., (5)). This effect decreases the lamellar-to-H,
phase transition of POPE close to room temperature (6). POPG and lyso-PE do not form Hy,
phases. Therefore they were mixed with DOPE at various concentrations using a previously
reported protocol (6). Samples containing DOPE and POPG were measured immediately after
preparation, while lyso-PE containing samples were equilibrated for three days at room

temperature in argon atmosphere to avoid lipid oxidation.

SAXS measurements were performed using a SAXSpace compact camera from Anton Paar
(Austria), equipped with a Pilatus 100K-S detector system (Dectris, Switzerland) and a Genix
3D microfocus X-ray generator from Xenocs (Grenoble, France) [beam-size (Cu-Ka): ~ 300
pm (diameter)]. A scattering vector range of g = 0.6 nm™ 0 10.9 nm™ was covered by setting
the sample-to-detector distance to 308 mm. Temperature control was provided by a Peltier
unit to within £ 0.1 °C. All samples were transferred into a paste cell holder (Anton Paar,
Austria) and equilibrated for 10 minutes at 35°C before exposing to X-rays for one hour. Data

reduction was performed with SAXStreat (Anton Paar, Austria). Note that temperature
dependencies of intrinsic curvatures are in the range of A% =—-1x1073 nmY/K?* to —=3 x

1073 nm™Y/K™ (6). Temperature corrections to adjust the here reported J,°s to 37°C used for

vesicle leakage assays are consequently within experimental error.

SAXS data analysis was performed according to Kollmitzer et al. (6). In brief, intensities and

peak positions of Hy; phase patterns I, , were used to construct electron density maps

2



S ’1 k4 - s
p() = Xnk Ani hnlzh Z’k C05(27TCIh,k 7”) , (S1)

where h, k are the Miller indices, my, ;. is the multiplicity of equivalent diffraction planes and
ap i is the phase. Subsequently, electron density maps were radially integrated over azimuthal
angles between 0° and 60° to yield one-dimensional electron density profiles. The maximum
of these profiles was fitted with a Gaussian to determine the position of the lipid headgroup
R,. The intrinsic curvature J, = —1/R, is then determined by finding the position of the
neutral plane Ry, = R, + dy4 (7), which is assumed to be located at the glycerol backbone (6).
Specifically, we used dy, = 0.44 nm as estimate for the distance between the lipid heads and
the backbone (6).

The intrinsic curvature of non Hj-phase forming lipids was estimated assuming linear
additivity using
_ I -(-08%F

Jo=F—=" (S2)

X

where y is the mole fraction of the respective ‘guest’ lipid in DOPE, which is used as a Hy-
phase forming template (‘host’). To increase the reliability of the Jo estimates for guest lipids
several guest/host mixtures were measured and interpolated, ensuring full miscibility of the

guest lipids within the host structure (Fig. S1) and (6).

Figure S1 shows the SAXS patterns of 9:1 (molar ratio) lipid mixtures used to calculate Jo.
The intrinsic curvatures of both DOPE mixtures increased with concentration of the guest
lipid (Fig. S1, insert), albeit stronger for lyso-PE, as can be expected from its cone-like
molecular shape, due to the difference of projected lateral areas of the PE head and the single
hydrocarbon chain (8). The resulting Jo°s for all lipids relevant for this study are listed in Tab.
S2. In agreement with the qualitative assessment based on the molecular shape we found a
significant positive Jo for lyso-PE, while Jo of POPG was, within experimental uncertainty,
essentially zero. In order to test the effect of buffer on intrinsic lipid curvatures we also
measured POPE, which readily forms in the presence of 12 wt.% tricosene a Hy, phase at 35°C
(Fig. S1), see also (6). The derived J, = -0.35 nm™ is slightly more negative than our
previously reported value. We attribute this to the effect of buffer ions on PE headgroup
hydration, which is further supported by a similar decrease of J, for DOPE (-0.45 nm™) as
compared to the value found in pure water (6). For the present study such subtleties are,

however, of less significance. Here we are interested in estimates for net intrinsic curvatures



of lipid mixtures, which were calculated by their molecular averages upon assuming linear

additivity
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Figure S1: SAXS patterns of DOPE/POPG (9:1 mol/mol), DOPE/lyso-PE (9:1 mol/mol) and
POPE at 35°C. All samples contained 12 wt% tricosene. Data are offset vertically for clarity
of presentation. The insert shows the change of intrinsic curvatures as a function of POPG and
lyso-PE concentration in DOPE, which is used to estimate their Jo’s.

Table S2: Intrinsic curvatures of presently studied lipids at 35°C.

Lipid Jo [nm™]

lyso-PE  0.180 +0.123
POPG  0.020 +0.030
POPE  -0.350 % 0.007
POPC*  -0.022 +0.010
Chol*  -0.494+0.013

* Data taken from ref. (6)



FLUORESCENCE SPECTROSCOPY - LEAKAGE ASSAY

Leakage of the aqueous content of ANTS/DPX-loaded LUVs upon incubation with peptides
was determined according to (9) and as detailed previously (1). Briefly, 2 ml of LUV
suspension was filled into quartz cuvettes and equilibrated at 37°C for 5 minutes. Incremental
amounts of peptide solutions prepared in Hepes buffer were added to the LUV suspension
with p-pipettes and mixed using a magnetic stirrer to achieve final peptide concentrations
ranging from 0.016 - 1 uM, corresponding to peptide-to-lipid molar ratios from 1:3200 to
1:50. Fluorescence emission was recorded 5 minutes before and after the addition of peptides
on a Cary Eclipse Fluorescence Spectrophotometer (Varian Inc., now Agilent Technologies,
California, US) using an excitation wavelength of A.x = 360 nm and an emission wavelength
rem = 530 nm. The slit widths for excitation and emission monochromators were set to 10 nm.
Percentage of leakage was calculated from the fraction of the leakage (10)

I = (F-Fp)
F (Fmax_Fo) '

(S4)

where F is the measured fluorescence, Fy is the initial fluorescence without peptide, and Fpax

is the fluorescence corresponding to 100% leakage gained by addition of 1% Triton X-100.

SODIUM DODECYL SULFATE POLYACRYLAMIDE GEL ELECTROPHORESIS
(SDS-PAGE)

In order to verify the dimeric or monomeric state of peptides, 2 pug of peptides were dissolved
in loading buffer without DTT and separated by a one-dimensional SDS-PAGE using 5 %
stacking and 18 % separating gels according to the method of Laemmli (11). Peptides were
stained for 30 min with Coomassie brilliant blue after electrophoretic separation (11). An
ultra-low range molecular weight marker was used to estimate the size of peptides after
separation via SDS-PAGE. Experiments show that L18W-PGL-GGCa and MG2-GGCa form
homodimers in buffer solution (pH ~ 7) (Fig. S2), in agreement with (12). Application of
DTT leads to a drop of peptide activity to levels observed for single peptides, consistent with

monomer formation (Fig. S3).
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Figure S3: Effect of DTT addition to L18W-PGLa homodimers on leakage of POPE/POPG
3:1 mol/mol LUVs. For comparison, leakage induced by L18W-PGLa is shown as well (see
also Fig. 2 B). The lipid concentration was 50 pM. Lines are guides to the eye.

MC SIMULATIONS

Monte Carlo simulations were performed using the Metropolis scheme and computationally
efficient implicit solvent coarse-grained models. Sizes and distances of the models were
calculated in reduced units, which (based on real particle dimensions) roughly translate to nm.

The studied systems were composed of 200 lipid molecules and a single peptide. Lipids were
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described by a three-bead model developed by Cooke and Deserno (13), using one bead for

the head group of diameter d;, and two beads for tails each of diameter d; (Fig. S4 A).

A B

Hydrophilic

PSC-MG2a

Hydrophobic

Lipid

Figure S4: Schematic representations of the employed models. Panel A: Three-bead lipid
model with lipid mapping (shown as silhouette). Panel B: PSC model of MG2a. Hydrophobic
patches/regions are represented in grey, while orange and blue depict hydrophilic parts of
lipid and peptide, respectively.

Three lipids with different intrinsic curvatures were simulated by variation of headgroup size
(Fig. S5). The size of head bead affects Jo. Assuming cylindrical geometry of lipids one can

calculate the intrinsic curvature by (14)

ho=%(1-15) (S5)

Apl
where [ is the length of the hydrophobic tails, A;, is the effective headgroup area and V is the
hydrocarbon chain volume. However, there are more possibilities to calculate the [ and
V/(AnD). The first possibility is based on the geometry of individual molecules with 4, =
nd,zl/4, V = md?l/4, and | = 2d,. For d;, = 0.85 nm, 0.95 nm and 1.05 nm, this results for
d; =1 nmin J, = —0.38 nm?, —0.11 nm™, and +0.09 nm™, respectively. However, this
considers only excluded volume interactions between lipid molecules in ideal configuration.
We therefore adhere to the second possibility, which derives J, from MC simulations and
consequently include also contributions from temperature and the lipid parametrization
(bonds, bending, and tail attraction). In this case the length of hydrophobic tails is calculated
from the average distance of headgroup beads from the bilayer center, i.e. d; = 2.5 nm. The
headgroup areas are derived from the simulation box size of the equilibrated membrane at
zero tension, which yields 4, = 1.025 nm? 1.145 nm? and 1.215 nm? with increasing dj,.
Assuming that A, « d? we can interpolate the headgroup area to perfectly cylindrical lipids

(i.e., dn = d, and J, = 0), yielding A = 1.176 nm?. Consequently Eq. (S5) is modified to



_2 Ap
Jo=3(1-3), (S6)
leading to J, = —0.12 nm™, —0.02 nm™, and +0.03 nm™ for d), = 0.85 nm, 0.95 nm and

1.05 nm, respectively. The lipid with the largest headgroup leads to Jo > 0.

a) b) )
dn

ds

Figure S5: Schematic representation of lipid shape and induced curvature. Diameters of lipid
heads and tails are denoted as d; and d;, respectively, with d; = 1 nm. Conical lipids a) and c)
had d, = 0.85 and 1.05 nm, respectively. For cylindrical lipids b) d, = 0.95 nm. The
corresponding intrinsic curvatures are a) Jo = -0.12 nm?, b) Jo = -0.02 nm?, and c) Jo = +0.03
nm™.The induced curvature is shown below each lipid. Differences in headgroup sizes are
magnified for clarity.

The peptide was modelled by a patchy spherocylinder (PSC) (15), setting the peptide length
to 4 nm and its diameter to 1 nm to roughly match the size and polarity of MG2a, i.e. half of
the peptide surface was hydrophobic (Fig. S4 B). At either side of the patch, there is a 5°
switching range to linearly scale the interaction potential to zero. The remaining surface is
purely repulsive and thus considered to be hydrophilic. For more details on the model, see
(15).

To mimic the hydrophobic effect, effective tail-tail interactions were used to drive membrane
self-assembly leading to an effective attractive potential with a cos? profile. Further, the same
potential was used to describe interactions between lipid tails and the peptide’s hydrophobic
patch. Repulsive interactions were modeled by Weeks-Chandler-Anderson (shifted and
truncated Lennard-Jones) potential. The PSC-MG2a switching range between hydrophobic
and hydrophilic surfaces was set to 1.0 nm. As described in the original article, the switching
range of lipids was extended to 1.6 nm to keep the membrane in the fluid phase (13). The
depth of the attractive potential well was -1 KT (k is the Boltzmann constant and T is the
temperature) for lipid-tail particles and -1 KT per unit length of PSC line segment.

The membrane bilayer was assembled in the XY-plane of a rectangular box. The initial box

size was about 11 x 11 x 50 nm. Periodic boundary conditions were applied in all three
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dimensions, forming “infinite” membrane plane. Simulations were performed under constant
temperature and number of particles, while keeping zero lateral tension in the XY-plane. We
used standard MC trial moves to move the peptide/lipid beads/whole lipids and to modify the
box size (16). All simulations were carried out using our in-house software (freely available
github.com/robertvacha/SC).

Free energy calculations for peptide translocation were performed using the Wang-Landau
method (17). The free energy surface was considered converged once the modification factor
was below 107. Subsequently, simulations maintaining detailed balance of peptide
translocation were performed and the obtained free energy surface was used as an external
bias. The obtained histogram was then used to further improve the previously calculated free

energy surface. The error of the free energy profiles is about 1 kT.

For proper sampling of peptide insertion, two collective variables (CVs) were used. First CV
is the distance between peptide and the membrane center of mass. The free energy profile is
symmetrical around the membrane center and asymmetry shows the calculation error. Second
CV s the peptide orientation with respect to the membrane normal. The orientation is
expressed as the cosine of the angle. Change of orientation from perpendicular to parallel
(with respect to the membrane normal) is considered. For clarity, the second collective

variable is averaged out and only the dependence on peptide position is shown.

IN VITRO ASSAY FOR AMP ACTIVITY

To study the effect of magainins on metabolically active bacteria, we assessed the
antimicrobial activity of the peptides by determining the MIC values according to Clinical
and Laboratory Standards Institute (CLSI, formerly National Committee for Clinical
Laboratory Standards) guidelines.

Inhibition of bacterial growth by frog peptides was determined using an automated
turbidimetric-based system (Bioscreen C, Labsystem, Helsinki, Finland), which measures
absorbance of cell cultures in 100-well plates at regular time intervals (A = 580 nm). Assays
were performed in Mueller-Hinton (MH) broth without Ca®* (18) using Bioscreen polystyrene
honeycomb 100-well plates. Briefly, serial dilutions of the AMPs or control antibiotics

(gentamicin and ampicillin B) were made in MH broth and dispensed with a multi-pipette into



polystyrene honeycomb 100-well plates. E. coli K12 cells grown for 18-20 h on agar plates
were suspended in saline adjusting the turbidity to an optical density at A=565 nm (ODsgs) of
0.5 (~1 x 108 cells/mL) using a DEN-1B densitometer (Grant Instruments, Cambridge, UK).
A fifty-fold dilution of this E. coli suspension prepared in MH broth was mixed with 50 pL
(2:1 volume ratio) of a given peptide solution by three times up and down pipetting. Resulting
cell suspensions were grown at 37°C with continuous, low amplitude shaking. The turbidity
was measured in intervals of 5 minutes (filter bandwidth: A= 420 — 580 nm). MIC was
considered as the minimum concentration of peptide that inhibited any increment of turbidity
after 48 h.
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Magainin 2 and PGLa in Bacterial Membrane Mimics I:
Peptide-Peptide and Lipid-Peptide Interactions

M.P, LK., M.-S. A, K.L., R.V,, G.P.

ABSTRACT We addressed the onset of synergistic activity of the two well-studied antimicrobial peptides magainin 2 (MG2a) and
PGLa using lipid-only mimics of Gram-negative cytoplasmic membranes. Specifically, we coupled a joint analysis of small-angle
X-ray and neutron scattering experiments on fully hydrated lipid vesicles in the presence of MG2a and L18W-PGLa to all-atom
and coarse-grained molecular dynamics simulations. In agreement with previous studies both peptides, as well as their equimolar
mixture, were found to remain in a surface-aligned topology upon membrane insertion and to induce significant membrane
perturbation as evidenced by membrane thinning and hydrocarbon order parameter changes in the vicinity of the inserted
peptide. These effects were particularly pronounced for the so called synergistic mixture of 1:1 (mol/mol) L18W-PGLa/MG2a
and cannot be accounted for by a linear combination of the membrane perturbations of two peptides individually. Our data are
consistent with parallel heterodimers forming at much lower concentrations than previously considered, but which do not induce a
synergistic leakage of dyes. Our simulations further show that the heterodimers interact via salt bridges and hydrophobic forces,
which apparently makes them more stable than putatively formed antiparallel L18W-PGLa and MG2a homodimers. Moreover,
dimerization of L18W-PGLa and MG2a leads to a relocation of the peptides within the lipid headgroup regime as compared to
the individual peptides. The early onset of dimerization of L18W-PGLa and MG2a at low peptide concentrations consequently
appears to be key to their synergistic dye-releasing activity from lipid vesicles at high concentrations.

STATEMENT OF SIGNIFICANCE

We demonstrate that specific interactions of the antimicrobial peptides MG2a and PGLa with each other in POPE/POPG
bilayers lead to the formation of surface-aligned parallel dimers, which provide already at low peptide concentrations the
nucleus for the peptides’ well-known synergistic activity.

INTRODUCTION

The steady increase of antibiotic resistance of pathogenic bacteria combined with the decline of approved antimicrobial agents
is considered to be a severe threat to global health. In view of these developments, considerable research efforts have been
devoted to understanding the mode of action of antimicrobial peptides (AMPs), considered as alternative for the development of
novel antibiotics. AMPs are effector molecules of the innate immune system, whose main targets are bacterial membranes.
AMPs Kkill bacteria within minutes, which makes it more difficult for bacteria to develop resistance mechanisms (for review see
e.g. (1,2)). Applying diverse biophysical techniques on lipid-only membrane mimics, several interaction models have been
conceived for AMPs (1, 3, 4). Pore-formation is arguably the most widely discussed membrane disruptive mechanism.

Choosing a specific membrane mimic requires a delicate balance between experimental or computational tractability and
physiological relevance. This leads to a search for the minimum realistic lipid mixture which yields a similar response to AMPs
as in live bacteria. Phosphatidylethanolamine, phosphatidylglycerol, and cardiolipin represent the main lipid components of
Gram-negative cytoplasmic membranes. Yet, we demonstrated previously that lipid bilayers composed of palmitoyl-oleoyl-
phosphatidylethanolamine (POPE) and palmitoyl-oleoyl-phosphatidylglycerol (POPG) (molar ratio: 3:1) respond similarly to
PGLa and Magainin 2-amide (MG2a), in agreement with their antimicrobial activity toward Escherichia coli K12 (5), despite
the lack of cardiolipin or other cell wall components. Hence POPE/POPG (3:1 mol/mol) bilayers appear to be valid first order
mimics for biophysical studies on the activity of AMPs with Gram-negative bacteria.

Studying the activity of PGLa and MG2a is of specific interest due to synergistic effects, first described by Matsuzaki and
coworkers (6—8). Equimolar mixtures of the two peptides reduced the minimum inhibitory concentration of the individual
peptides in E. coli K12 by about one order of magnitude. The molecular mechanism of the observed synergy remains
controversial, however. Originally, synergism was associated with the formation of a transmembrane pore with a 1:1 peptide
stoichiometry (6-8). In contrast, solid state NMR experiments from the Ulrich and Bechinger groups demonstrated that
MG2a never adopts a transmembrane topology and that PGLa may insert perpendicularly in the presence of MG2a into

Manuscript submitted to Biophysical Journal 1



the membrane only in phosphatidylcholine-enriched or short chain disaturated phosphatidylethanolamine-enriched bilayers,
respectively (9—13). None of these latter lipids are of significance for Gram-negative cytoplasmic membranes, however.

The dependence of MG2a mediated PGLa insertion into bilayers was attributed to the intrinsic lipid curvature, which leads
to a tight packing of the bilayer’s polar-apolar interface in the case of cone-shaped lipids, such as POPE, and increases the
energy barrier for peptide translocation (5, 14). Of recent, this was refined by considering also details of hydrocarbon chain
configurations (13).

The topologies of PGLa and MG2a within the synergistic regime as proposed from the above mentioned data differ
significantly. Zerweck et al. postulated a pore formed by a tetrameric heterocomplex of transmembrane PGLa and surface
aligned MG2a, which is stabilized by intimate Gly-Gly contacts between antiparallel PGLa dimers and C-terminal interactions
between PGLa and MG2a (12). This contrasts, however, the surface topology of both peptides reported in POPE enriched
bilayers (11, 13). Notably some of the observed effects on peptide topology might be also related to the relatively low water
content of solid state NMR experiments. We are thus currently lacking insight that would explain how PGLa and MG2a remain
surface bound, but disrupt membrane at the same time synergistically (5).

We therefore performed a comprehensive study using a broad selection of experimental and computational tools in order to
reveal the effects of PGLa and MG2a in fully hydrated POPE/POPG (3:1 mol/mol) bilayers on nanoscopic to macroscopic
length scales. Specific care was given to ensure that conditions allow a direct comparison to our previously reported leakage
experiments, including the use of LISW-PGLa instead of native PGLa (5). Note that LISW-PGLa was reported to behave
analogously to native PGLa (6).

Due to the large number of produced data, we decided to present the results in a paper series. The present paper focuses on
low peptide concentrations, i.e. where L18W-PGLa/MG2a mixtures do not cause synergistic dye-release from POPE/POPG
vesicles (5). This allowed us to investigate the peptides influence on the membrane structure in great detail by using combined
joint small-angle X-ray and neutron scattering (SAXS/SANS) as well as all-atom and coarse-grained molecular dynamics
(MD) simulations. We found, for example, that membrane-mediated interactions between the two peptides lead to an early
onset of dimerization causing a shift of LISW-PGLa from slightly below to slightly above the lipid’s glycerol backbone, while
remaining surface aligned. This effect leads to a perturbation of membrane structure, which is more pronounced than in the
case of non-interacting individual peptides. The resulting remodelling of membrane structure thus appears as a precursor to
synergistic dye release at higher peptide concentrations.

MATERIALS AND METHODS

Lipids, Peptides and Chemicals

POPE and POPG were purchased from Avanti Polar Lipids (Alabaster, AL, USA, purity>99%) as powder and used without further
purification. LISW-PGLa (GMASKAGAIAGKIAKVAWKAL-NH;) and MG2a (GIGKFLHSAKKFGKAFVGEIMNS-NH5)
were obtained in lyophilized form (purity >95%) from PolyPeptide Laboratories (San Diego, CA, USA). Deuterium dioxide
(purity 99.8 atom %) and HEPES (purity >99.5) were purchased from Carl Roth (Karlsruhe, Baden-Wiittenberg, Germany).
All other chemicals were obtained from Sigma-Aldrich (Vienna, Austria) in pro analysis quality. Lipid stock solutions for
sample preparation were prepared in organic solvent chloroform/methanol (9:1; v/v); lipid concentration was determined using
a phosphate assay (15). Peptide stock solutions were prepared in 10 mM HEPES 140 mM NaCl buffer solution (pH 7.4).

Sample Preparation

Lipid thin films were prepared by mixing appropriate amounts of lipid stock solutions to obtain samples composed of
POPE:POPG (3:1, 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 10 mM HEPES, containing 140 mM NaCl (pH 7.4). For neutron experiments the
H,0/D;O0 ratio in the buffer was varied as detailed below. Hydrated samples were equilibrated for one hour at 55°C followed by
8 freeze-and-thaw cycles using liquid N; and intermittent vortex mixing. Large unilamellar vesicles (LUVs) were obtained by
31 extrusions with a hand held mini extruder (Avanti Polar Lipids, Alabaster, AL) using a 100 nm pore diameter polycarbonate
filter. Vesicle size and polydispersity was determined via dynamic light scattering using a Zetasizer NANO ZSP (Malvern
Instruments, Malvern, United Kingdom). LUVs were again phosphate assayed and mixed with appropriate amounts of peptide
stock solution to obtain peptide/lipid (P/L) molar ratios in the range of P/L. = 1/400 — 1/50. LUVs were equilibrated at a given
peptide concentration for 4 days prior to measurement.
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Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) data were collected at the SWING beamline (Soleil, Saint-Aubin, France) using X-ray
photons of wavelength A = 10 A and an Eiger 4M detector (Dectris, Baden-Daetwill, Switzerland). Samples were manually
loaded in 1.5 mm path length quartz capillaries and mounted in a capillary holder, whose temperature was controlled with a
circulating water bath. The sample-to-detector distance (SDD) was set to 1 m, which allowed us to cover scattering vectors
in the range from ¢ = 0.0098 A~! to 0.9 A~!. Data correction (integration, normalization and background subtraction) was
performed using the software Foxtrot (Xenocs, Sassenage, France).

Small-angle neutron scattering

Neutron scattering experiments (SANS) were performed at KWS-1 (FRM II, Munich-Garching, Germany (16). Using 2D
scintillation detector, a wavelength of 5 A (A1/A2=0.1)and SDD = 1.21 m and 7.71 m, allowed us to cover a g-range from
0.005 — 0.42 A~'. Samples were kept in 1 mm path length quartz cuvettes QX-404 (Helmma, Jena, Germany) and equilibrated
at 35°C, using a circulating water bath. Used contrast conditions were 100, 75 and 50 % v/v D20/H20. Data correction was
performed using the QTIKWS software from JCNS (Gaching, Germany).

Joint SAXS/SANS analysis

For the P/L ratios used in the present study no peptide-mediated aggregation of LUVs was observed, i.e. scattering data did
not exhibit any Bragg peak scattering. This allowed us to treat SAXS/SANS data in terms of dilute particle scattering, that
is we were able to neglect any contribution from LUV-LUYV or bilayer-bilayer positional correlations. Moreover, we focused
our analysis on peptide-induced changes of the membrane structure by analyzing scattering data for ¢ > 0.05 A~!. In this
g-range overall vesicle size and morphology do not contribute (17), which allowed us to model the scattered intensities as
I(q) « |Fra(q)|*/q*, where Frp(q) is the flat bilayer form factor.

The form factor was derived within the framework of the scattering density profile (SDP) model (18). In brief, the SDP
analysis is based on a composition-dependent parsing of membrane structure into quasi-molecular fragments, whose distribution
along the bilayer normal is described in terms of Gaussian-type volume probability functions. Parsing is guided by MD
simulations (for a recent review, see e.g., (19)). The volume probability functions can be easily scaled with the neutron or X-ray
scattering lengths of each group entailing a joint SAXS/SANS analysis that combines the differently contrasted samples into
one underlying membrane structure. Analogous strategies have been reported previously, see e.g. (20-23).

Parsing. Considering previously reported SDP data for POPE (24), POPG (25), and by using all-atom MD simulations (see
below) the lipid part of the membrane structure was parsed into the ethanolamine (ENX), glycerol (PG2), phosphate (POy,),
carbonyl glycerol (CG), CH, CH;, and CHj3 groups (see Fig. | and supplementary Fig. S1). Following our previous SDP
analysis of coexisting lipid domains (26, 27), we combined the individual groups of POPE and POPG into one hybrid lipid
structure, using molecular averaging. In particular, we paired all hydrocarbon, CG and PO4 groups, assuming that they align at
the same transbilayer position. This is reasonable considering the identical hydrocarbon chain composition of both lipids. That
is, only the ENX and PG2 groups were adjusted independently.

Based on experimental evidence for surface-aligned topologies of MG2a and L18W-PGLa in POPE/POPG (3:1 mol/mol)
(13), as well as our own MD simulations results, we modelled the contribution of the peptides by a single Gaussian volume
probability function centered at zp in the headgroup regime. Further, we assumed that peptides (i) distribute equally in both
leaflets and (ii) fully partition into the lipid membrane. The first assumption is motivated by the long sample equilibration times,
during which peptides are able to translocate spontaneously through the bilayer. The second assumption is corroborated by the
absence of scattering from unbound peptides in our data (28) and previous partitioning experiments (29). For the equimolar
mixture, we combined L18W-PGLa and MG2a into a single Gaussian as supported by MD simulations (see below).

The individual volume distribution functions are detailed in the SI. The area per unit cell Ay is a common scaling factor for
all distribution functions and therefore was chosen as fit parameter (see also (27)). From the analysis we determined several
structural parameters, such as, e.g., the Luzzati bilayer thickness (30)

2Wip
Dp = —, 1
B4, (D

where Wp is the total volume of the lipid/peptide unit cell (Eq. S9), the hydrocarbon chain length D¢ = zch,, where zch, is the
outer terminal position of the methylene group, and the distance from the CG to PO4 groups Dup = zpo, — 2¢G-
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Figure 1: Schematic of the applied SDP model. Panel A shows the distribution functions of the different quasimolecular groups
(see also Fig. S1). The spheres in the overlayed MD simulations represent phosphor atoms. Panel B gives a schematic of the
unit cell of cross sectional area Ay with different contributions from lipid, peptide and water.

Data fitting. To obtain robust fitting parameters and estimates for their uncertainties every data set was fitted 400 times
using a genetic algorithm (31) with random starting parameters. This gave us Gaussian-like distributions for each adjustable
parameter. We report the average (center of mass) of these distributions; uncertainties where calculated from second moments.
For details regarding constraints and cost function, see the SI.

Molecular dynamics simulations
Molecular dynamics (MD) simulations were performed using GROMACS version 2016.2 (32, 33).

All-atom simulations

Simulation Settings. Protein and solvent molecules were described by Amberff99SB-ILDN (34, 35), and lipids by Slipids (36,
37) force fields. The simulation time step was set to 2 fs. A temperature of 308.15 K was maintained by using a Nosé-Hoover
thermostat (38—40), with a coupling constant of 0.5 ps. Two separate coupling groups for protein-lipid and solvent atoms were
used. 3D periodic boundary conditions were applied and a Parrinello-Rahman barostat (41, 42) with semi-isotropic coupling
scheme was employed for keeping the pressure at 1 bar with a coupling constant of 2 ps. Long-ranged electrostatic interactions
were treated with particle mesh Ewald method (43) with the real-space cutoff set to 1.2 nm.Lennard-Jones interactions were
cutoff at 1.2 nm. All bonds were constrained using the LINCS algorithm; long-range dispersion corrections (44) were applied
for energy and pressure.

System Preparation. Lipid bilayers composed of 192 POPE and 64 POPG molecules were assembled in the XY-plane
by distributing lipids equally in both leaflets using the CHARMM-GUI interface (45). The system was hydrated by more
than 40 water molecules per lipid and NaCl ions were added at 130 mM concentration. The initial box dimensions were
8.9 X 8.9 x 8.5 nm. MG2a and L18W-PGLa were prepared in a-helical conformation.

The following starting configurations were considered. System (1): A single peptide was placed into each membrane leaflet
in a surface-aligned topology. System (2): A parallel L18W-PGLa/MG2a heterodimer was placed into each membrane leaflet in
a surface-aligned topology.

All systems were equilibrated using similar protocols. Firstly, energy minimization was performed using the steepest descent
algorithm. Then, an equilibration with positional restraints on peptide backbone was performed for 60 ns followed by an
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equilibration with dihedral restraints, in order to maintain the peptide’s secondary structure. The length of simulations with
dihedral restrains were 105 ns (system (1)), or 180 ns (system (2)). Finally, unrestrained production dynamics simulation were
performed for 500 ns.

Coarse-grained Simulations

Simulation Settings. Computationally-efficient coarse-grained simulations were performed using the MARTINI 2.2 force
field (46—48) with a simulation time step of 20 fs. A velocity-rescaling thermostat (modified with a stochastic term) (49) was
employed with coupling constant of 1.0 ps to maintain the temperature at 310 K. Protein-lipid and solvent beads were coupled
to separate baths to ensure correct temperature distribution. The pressure was kept at 1 bar using a Parrinello-Rahman barostat
with a semi-isotropic coupling scheme and a coupling constant of 12 ps. All non-bonded interactions, including van der Waals
forces were cut-off at 1.1 nm. The relative dielectric constant was set to 15.

Since MARTINI does not explicitly describe backbone hydrogen bonds, we imposed the secondary structures (a-helices)
on the peptides throughout the entire simulation run. The peptide C-terminal capping was modeled by removal of the charge
and changing the backbone bead type to neutral.

System Preparation. The membrane was assembled in the XY -plane using the CHARMM-GUI web server (50). The lipid
bilayer was composed of 378 POPE and 126 POPG equally distributed lipids in both leaflets. Roughly 30 water beads per lipid
were added (a single bead corresponds to four water molecules) and also NaCl ions were added at a concentration of 130 mM.
Two P/L ratios — 1/42 and 1/21, were considered for MG2a, L18W-PGLa and MG2a/L18W-PGLa (1:1 mol/mol) placing an
equal number of randomly distributed peptides into each membrane leaflet. Dimerization was derived from analyzing distances
between the peptide centers of mass and the peptide termini. If at least two of these distances were smaller than 1 nm, then the
peptides were considered to be in a dimer. As control we performed an unbiased simulation starting with peptide heterodimers
taking all parallel/antiparallel variants of mutual peptide alignment into accoun and analyzed as a function of time. Finally, we
performed a biased simulation, where MG2a and L18W-PGLa were restrained in heterodimers via a flat-bottom potential. The
potential was applied to the distances between peptide centers of mass for separations larger than 1 nm with a force constant of
1000 kJ mol~! nm~2,

RESULTS
Scattering Experiments

Membrane structure and peptide location

We determined the structural response of POPE/POPG (3:1 mol/mol) LUVs to both peptides, including their equimolar mixture
(P/L =1/200, T = 35°C) using a joint analysis of scattering data with a total of four contrasts (SAXS, SANS: 50, 75 100% D,0).
No vesicle aggregation or formation of multilamellar aggregates occurred at this peptide concentration as evidenced by the
pure diffuse nature of all scattering patterns (Fig. 2, Figs. S2—-S4). This enabled us to derive the peptides’ effect on membrane
structure in detail using the analysis described in the previous section.

Pure POPE/POPG bilayers serve as a reference system for the present study. Our SDP analysis yields 60.56 + 0.10 A2 for
the lateral area per lipid (Tab. 1), see Fig. S2, for corresponding fits and Tab. S1 for all parameter values. This value compares
well to Ay = 59.8 A? obtained by molecular averaging the individual areas per lipid reported for POPE and POPG (24, 25),
which supports our analysis. Moreover, our model shows a good agreement with the scattered intensities in the presence of
peptides (Fig. 2), Fig. S3, S4), which further supports our assumption of evenly distributed peptides. An equal distribution of
peptides in both leaflets is expected to need extended sample equilibration times, such as realized for the here presented data,
during which peptides may spontaneously translocate through the membranes. We note, however, that we cannot fully exclude
the presence of asymmetric transleaflet distributions of the peptides. Disentangling leaflet compositional differences is beyond
the resolution of the here presented experiments.

All peptides caused significant modulations of membrane structure (Tabs. 1) with L18W-PGLa having the least effect, e.g.,
the decrease of thickness of the hydrophobic core 2ADc ~ —0.4 A and AAy ~ 0.7 A2, Interestingly, Dy increased slightly. This
can be mainly attributed to the increased volume of the unit cell due to contributions from L18W-PGLa (see Eq. (1)). For
MG?2a in turn, no significant changes were observed for Dg, while 2D¢ and Ay changed about twice as much compared to
L18W-PGLa. In case of the equimolar peptide mixture AAy ~ 2.7 A2 is most significant, leading even to a decrease of Dg.
Since 2AD¢ does not contain contributions from peptide volumes, it consequently is the appropriate parameter to measure
membrane thinning. For the studied peptides membrane thinning follows the order L18W-PGLa/MG2a > MG2a > L18W-PGLa.
We note that the thinning observed for L1SW-PGLa/MG2a cannot be explained by a simple linear combination of the thinning
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Table 1: Effect of magainins on the structure of POPE/POPG (3:1 mol/mol) bilayers.

02 o o o o
sample Ay [A7] Dg [A] Dc [A] zp [A] Dyp [A]
POPE/POPG 60.56+0.10 39.15+0.06 15.34+0.02 (15.10)¢ 4.19+0.05
+ L18W-PGLa 61.26+0.13 39.49+0.08 15.16+0.03 (15.06)¢ 15.75+0.44 4.07+0.06
+ MG2a 62.00+£0.09 39.17£0.06 14.98+0.02 (15.01)¢ 16.29+0.50 3.80+0.06
+ L18W-PGLa/MG2a 63.29+0.06 38.31+0.03 14.68+0.01 (14.93)¢ 15.98+0.43 4.45+0.04
% values in brackets are derived from all-atom MD simulations.
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Figure 2: SDP analysis of POPE/POPG (3:1 mol/mol) in the presence of L18W-PGLa (P/L = 1/200). Panels (A) and (B) show
the calculated model fits from averaged parameters (solid lines) for SAXS an SANS data, obtained from 400 independent
optimization runs. Insets in (A) show histograms of the area per unit cell, Ay, and the position of the peptide in the bilayer,
zp. Panel (C) shows the volume probability distribution of the bilayer and panel (D) displays the corresponding electron and
neutron scattering length densities. The arrow indicates location of zp and the dashed-line shows the position of Dg /2.

effects of the individual peptides. In particular the experimental form factors of POPE/POPG in the presence of L18W-PGLa
and MG2a cannot be averaged to yield the form factor observed upon addition of the equimolar mixture, which should be
possible if the two peptides were not interacting with each other (Fig. S5). This supports the formation of heterodimers at
significantly lower P/L than previously reported (7, 9).

It is particular interesting to relate membrane thinning to the location of the peptides within the bilayer (Tab. 1). L1I8W-PGLa
is positioned slightly below, and MG2a slightly above the glycerol backbone (CG group), respectively as observed by
comparing zp and Dc. The peptide mixture behaved similar to MG2a with a preferential location just above the lipid backbone.
Thus, pronounced thinning effects are observed for peptides located further away from the membrane center, as well as for
L18W-PGLa/MG2a, presumably due to dimer formation.

Finally, we present results for the distance between CG and the PO4 groups, Dyp. Because of the rotational flexibility of the
lipid head group, this value is a measure of the average headgroup tilt projected on to the normal of the lipid bilayer. That is, the
lowest Dyp found in the presence of MG2a indicates that the lipid headgroups are more tilted toward the membrane than for
L18W-PGLa/MG2a with the largest Dyp-value.
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Effect of Temperature and Peptide Concentration

We varied the temperature in the range from 35 — 50°C to see whether the two peptides and their mixture induce specific
changes to membrane structure (Figs. S6-S8). Additionally, we increased the peptide concentration ensuring that Bragg peaks
resulting from vesicle aggregate changes do not dominate the scattered intensities. In the case of MG2a and L18W-PGLa this
allowed us to go up to P/L = 1/50 (Figs. S7 and S8). For the 1:1 peptide mixture we observed the onset of MLV formation
(indicated by a low intensity peak) already at P/L = 1/200 (Fig. S9). We thus restricted our analysis to P/L = 1/400 — 1/200 for
the equimolar mixture. Peptide induced formation of coupled bilayers will be discussed in the subsequent paper.

Compared to the above discussed joint SAXS/SANS data, the performed temperature-dependent SAXS experiments
provided limited structural resolution. Nevertheless relative structural changes of structural parameters such as Ay as a function
of temperature can be retrieved reliably (Figs. S10, S11), using reported lipid volume temperature dependencies (24, 25). Figure
3 shows the thermal expansion of the area per unit cell for POPE/POPG bilayers (AAy/AT), for the presently studied magainins
as function of peptide concentration resulting from this analysis. In general we find that the area expansion decreases with
peptide concentration and levels off at about 0.22A%/K, independent of the specific structure of the added peptides including
their mixture. This shows that membranes are increasingly less able to expand laterally with increasing temperature as a result
of the peptide induced membrane perturbation.
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Figure 3: Dependence of the thermal area expansion coefficient of POPE/POPG (3:1 mol/mol) bilayers on peptide concentration
(circles: pure bilayer, triangles: MG2a, squares: LISW-PGLa, diamonds: L18W-PGLa/MG?2a (1:1 mol/mol)).

All-atom and coarse-grained simulations

To gain additional insights on the molecular level, we performed MD simulations of both peptides within POPE/POPG (3:1
mol/mol) bilayers. Figure S12 compares the form factors derived from all-atom MD simulations to experimental data. The
remarkable agreement in particular for ¢ > 0.15 A provides a valuable validation of the results presented below.

Individual peptides

Firstly, we performed all-atom simulations with peptide monomers, where each membrane leaflet contained a single peptide to
ensure membrane and system symmetry. Throughout the simulations, both peptides retained their mostly @-helical conformation
and remained oriented parallel with respect to the membrane plane (Fig. 4). The exception was MG2a, which showed a partial
loss of helicity at the C-terminus in one leaflet. Figure 4 shows snapshots from the end of the 500 ns long simulations together
with the depth of peptide insertion. L18W-PGLa was found to be slightly deeper in the headgroup region compared to MG2,
which is consistent with our SANS/SAXS analysis.

We observed a local membrane modification in the vicinity of the peptides in agreement with our scattering data analysis.
Lipids changed their tilt and conformation in order to fill the hydrophobic void below the inserted peptide, as shown
previously (51). To quantify this effect, we calculated the density distribution of the methyl groups of the lipid tails in the
peptide aligned trajectories (Fig. 5 A, B). The methyl density was locally increased below the peptides filling the available space
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Figure 4: Membrane positioning of MG2a and L18W-PGLa peptides. Left side shows the snapshots from the end of 500 ns long
MD simulations of (A) MG2a and (B) L18W-PGLa adsorbed at the membrane surface. Panel C shows the peptide positions in
both leaflets averaged over trajectories. Snapshots color coding: Lipid phosphate atoms are shown as orange spheres. Solvent
is represented by a blue-shaded area and lipid tails are not shown for clarity. The peptide secondary structure is shown in a
cartoon representation, colored by residue type (nonpolar: gray, polar: green, acidic: red, and basic: blue).

between peptide side-chains. The consequent effects on hydrocarbon chain packing are observed in the order parameter profiles
dependence as a function of the distance from the peptides Fig.6 A, B (see also Figs. S13, S14). In general, our analysis showed
that palmitoyl chains are mostly affected at intermediate segments, whereas oleoyl hydrocarbons experience most significant
changes toward the hydrocarbon tails. Moreover, MG2a appears to induce a slight increase of order close to the POPG glycerol
backbone of the unsaturated and a more pronounced disordering of its saturated hydrocarbon chain, respectively. Overall, the
effects on hydrocarbon packing lead to membrane thinning in good agreement with our scattering data analysis (see Tab. 1).
The changes in density distributions for individual groups of membrane are depicted in Figs. S15 and S16.

Figure 5: Averaged densities of terminal hydrocarbon CH3 groups (cyan surfaces) after insertion of MG2a (A) and L18W-PGLa
(B) in POPE/POPG bilayers.

Effects of peptide dimers

MG?2a and PGLa peptides were previously shown to prefer parallel dimers using a coarse-grained model (52), which also
agrees with experimental findings (7, 9). We verified this tendency also for our bacterial membrane mimic. Due to the low
number of dimer formation events at low peptide concentrations within the length of our simulations (20 us), we had to increase
P/L ratios from 1/42 to 1/21 in order to facilitate the analysis. We note, however, that this did not lead to the formation of a
transmembrane pore as observed in simulations using dilaureoylphosphatidylcholine bilayers (52). This is due to the larger
membrane thickness and tighter interfacial lipid packing of POPE/POPG (3:1 mol/mol) bilayers (5) and allowed us to derive the
dimerization behavior even at elevated peptide levels. MG2a/L18W-PGLa mixtures starting from random configuration showed
the strongest preference for dimerization, followed by MG2a and L18W-PGLa (Fig. 7). MG2a/L18W-PGLa mixtures mainly
formed parallel heterodimers, while MG2a and L18W-PGLa preferentially formed anti-parallel homodimers. An additional
independent 40 us long coarse-grained simulations starting with peptides preformed in various heterodimer configurations
further corroborated the higher stability of parallel heterodimers as compared to other peptide-peptide alignments (Fig. S20).

Since the peptide-peptide interactions might be overestimated in coarse-grained simulations (53), we performed additional
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Figure 6: Changes of the lipid tail order parameters as a function of distance from the peptide (A) MG2a, (B) L18W-PGLa, and
(C) MG2a+L18W-PGLa.

all-atom simulations starting from preformed dimers. In agreement with our coarse-grained simulations, we found that parallel
heterodimers were stable on the simulated timescale.

Based on the preference of MG2a/L18W-PGLa mixtures to form parallel MG2a/L.18W-PGLa heterodimers, we investigated
the effect of this heterodimer on membrane structure using all-atom simulations of parallel heterodimers in both membrane
leaflets (see Fig. S17 for final snapshot of the 500 ns trajectory). In agreement with experimental data heterodimers lead to
increased membrane thinning (Tab. 1) and significantly pronounced hydrocarbon chain packing defects (Fig. 6 C) as compared
to the individual peptides. This supports our above notion that the experimentally observed enhanced membrane perturbation is
a result of L18W-PGLa/MG2a dimer formation at low peptide concentrations.

In the next step we interrogated our all-atom simulations for the effect of dimerization on peptide location within bilayers.
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Figure 7: Time averaged number of dimers formed in all simulated coarse-grained systems. Left group corresponds to parallel
dimers, while anti-parallel dimers are in the right group. Systems were simulated at either 1/42 or 1/21 (denoted by asterisk)
peptide-to-lipid ratio. Purple bars represent MG2a homodimers, L18W-PGLa homodimers are green, and MG2a+L18-WPGLa
heterodimers are shown in cyan.

Compared to MG2a and L18W-PGLa (Fig. 4 C), L18W-PGLa/MG2a heterodimers inserted more shallow into the membrane
(Fig. S18). An analysis of our coarse-grained Martini simulations at both peptide concentrations showed that the transbilayer
position of the heterodimers was within uncertainty almost equal to that of MG2a (Fig. 8, Fig. S19). In order to see, whether
the dynamics of dimer formation might affect their insertion depth, we artificially kept the peptides in parallel heterodimer
configuration in an additional simulation (for details see the Methods section). This simulation decreased the uncertainty of
the peptide position significantly, but gave the overall same result for the dimer position as the unconstrained coarse grained
simulations, i.e. dimers are located closely to the phosphate group. The main difference compared to all-atom simulations is the
slightly less deeper insertion of MG2a, which could be due to force field issues. However, on an absolute scale these differences
are only minor. Moreover, results of both simulation models even agree considering the positional uncertainty of the peptides
(Fig. 8, Figs. S18, S19). Regarding experimental data (Tab. 1), we find an overall reasonable agreement, with respect to the
peptide position. Specifically, there is broad consensus between the here applied different experimental and computational
techniques that L18W-PGLa positions itself further out from the bilayer center, when dimerizing with MG2a.
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Figure 8: Effect of peptide dimerization on the insertion depth of peptides in POPE/POPG bilayers from coarse-grained

simulations. Data show the distances of the peptides from the membrane’s center of mass for the individual peptides (MG2a

(purple), LI8W-PGLa (green))

, as well as unconstrained (blue) and constrained (orange) L18W-PGLa/MG2a (P/L = 1/21). The distances were averaged over
20 us for all peptides and are presented for (L)ower and (U)pper membrane leaflets individually. Error bars represent the
standard deviation. Orange and red horizontal lines represent the approximate position of phosphate and glycerol groups.
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DISCUSSION

We combined SAXS/SANS experiments with all-atom and coarse-grained MD simulations to interrogate mutual interactions
between L18W-PGLa, MG2a, and fully hydrated POPE/POPG (3:1 mol/mol) bilayers. The focus of the present work is
on low peptide concentrations, i.e. where equimolar mixtures of both peptide do not permeabilize POPE/POPG bilayers
synergistically (5). Yet, we demonstrate that the peptide mixture leads to significantly enhanced membrane perturbations even
at low concentrations.

We developed a SDP analysis for peptide containing lipid membranes, which allowed us to determine the peptide position in
the bilayer with high accuracy at low peptide concentrations by a simultaneous statistical analysis of four differently contrasted
SAXS/SANS experiments. The observables were in excellent agreement with our MD simulations, enabling additional insight
on lipid-peptide and peptide-peptide interactions. Note that previous reports on similar systems using solid state '’ N-NMR were
not sensitive to the penetration depth of peptides within the headgroups. Both our experimental and simulation data consistently
showed that MG2a inserts slightly less into the bilayer than L18W-PGLa (Tab. 1, Fig. 4 C). This can be understood in terms of
the larger hydrophilic surface of MG2a compared to LIS8W-PGLa due the larger number of polar residues (5).

In agreement with I5N-NMR data on POPE/POPG (3:1 mol/mol) (13) and POPE-enriched bilayers (11) we found that both
peptides adopt a surface-aligned topology, even in the case of equimolar L18W-PGLa/MG2a mixtures. The surface-aligned
topology caused significant disorder of hydrocarbon chain packing, which was most pronounced in the vicinity of the peptides.
In particular, we observed that the methyl termini of the hydrocarbons filled large fractions of the void below the peptide (Fig. 5),
consistent with previous reports on dimple formation and membrane thinning (54). Membrane thinning was observed for both
peptides (Tab. 1), consistent with a surface-aligned topology. The pronounced membrane thinning for equimolar mixtures of the
two peptides provides indirect evidence for dimer formation. This is further supported by our experimental form factors, which
were determined from a statistical data analysis and which clearly show that the effects of the individual peptides cannot be
simply combined to yield the membrane structure in the presence of both peptides (Fig. S5). Hence, PGLa and MG2a seem to
form dimers at concentrations much lower than reported previously (7, 9, 52).

Using all-atom MD simulations we derived order parameter profiles as a function of distance from the peptides. In agreement
with a previous NMR study (13) both peptides were found to perturb the saturated hydrocarbons of surrounding lipids
(Fig. 6). Our results suggest that MG2a is more effective than L18W-PGLa in doing so, which correlates with the further

outward location of MG2a within the membrane and its increased bulkiness (molecular volumes: V| 1gw-pgLa = 4927.8 As, and

WmGa = 5748.0 A3). MD simulations additionally allowed us to probe order parameter profiles of unsaturated hydrocarbons.
Interestingly, we found that MG2a increased the order of the oleoyl chain close to the glycerol backbone of POPG only, while a
general decrease of this chain’s order parameter was observed for POPE at all segments for both peptides (Fig. 6 A, B, Figs. S13,
S14). This indicates specific interactions of MG2a with POPG, which are located around the positively charged amino acids as
revealed a detailed analysis of MD data (Fig. S21). Finally, assuming heterodimers, all effects observed with respect to the
order of hydrocarbon chains were significantly more pronounced as compared to single peptides (Fig. 6 C), in agreement with
our experimentally observed changes of membrane structure. This is also consistent with previous reports (see, e.g. (55)),
showing that the formation of dimers amplifies the perturbation of the lipid tails in the vicinity of peptide dimer as compared to
monomers.

Our simulations indicated that homodimers formed preferentially in antiparallel configuration, while L18W-PGLa/MG2a
formed mainly parallel heterodimers (Fig. 7), which is in agreement with a previous study (52). Interestingly, heterodimer
formation has been reported for significantly different lipid bilayers. Thus, dimerization of PGLa and MG2a, does not appear
to be highly specific to lipid composition, although we cannot comment on the onset of dimerization in other lipid bilayers
from the present study. The analysis of enthalpic interactions between different amino acids showed that dimer formation is
stabilized by salt bridges between MG2a-Glu19 and Lys12 or Lys15 residues of L18W-PGLa (Fig. S22) in agreement with (52).
Moreover, there are significant hydrophobic interactions between the peptides. For example, Ulmschneider et al. reported a
stabilization of PGLa homodimers by Gly/Ala interactions at high P/L ratios (56). It appears, however, that the sum of all these
interactions leads to a preferential formation of L18W-PGLa/MG2a heterodimers as compared to L18W-PGLa/L18W-PGLa or
MG2a/MG2a homodimers, which is consistent with previous observations (6).

Most interestingly, peptide dimerization affects the penetration depth of the surface-aligned peptides. In particular L18W-
PGLa moves somewhat further out in the headgroup region, when it associates with MG2a (Tab. 1, Fig. 8, Figs. S18, S19). This
leads to a larger void created in the membrane interior just below the peptides, causing an increased change of membrane
structure. Hence, the ability to form a dimers appears to be important for the membrane perturbation efficacy of the studied
peptides.
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CONCLUSION

Our study suggests that an early onset of the formation of peptide dimers is the key event to the enhanced activity of
L18W-PGLa/MG2a mixtures. Previously, we speculated that L18W-PGLa causes a deeper insertion of MG2a into the bilayer
(5). Indeed, the present work shows the opposite, i.e. that L18W-PGLa moves further out from the membrane center when
forming a heterodimer with MG2a. These heterodimers perturb membranes significantly more than the sum of the effects induced
by individual (non-interacting) peptides. Apparently, this ’synergistic’ dimerization is not sufficient to allow enhanced leakage
of dyes (although smaller polar molecules might already permeate the bilayer) (5). For membrane leakage to occur, higher
peptide concentrations are required. The corresponding membrane restructuring effects will be described in the subsequent

paper.

SUPPORTING MATERIAL

Supporting Materials and Methods, twenty three figures, and one table are available at ...
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Supporting Material

Magainin 2 and PGLa in Bacterial Membrane Mimics I:
Peptide-Peptide and Lipid-Peptide Interactions

M.P., LK., M.-S.A., K.L., R.V., G. P.

Scattering Density Profile Model for a symmetric Membrane

POPE and POPG were parsed into CHs, CHo, CH, CG, POy, ENX and PG2 groups as
reported previously (1, 2) (Fig. S1). Since we studied POPE/POPG mixtures the several
of these groups were combined in order to reduce the number of adjustable parameters.
In particular, we merged the CHs, CHs, CH, CG, POy4 groups and fitted only ENX and
PG2 individually. Except for CHy all lipid groups were modelled with Gaussians

v
PX(2) = §X 1
() = 53

_GH)? (=2)?
(& 202 —|— € 202 (Sl)

of width o; with ¢ € {CHs, CH, CG, PO4, ENX and PG2}, where V; is the volume of
each group and n; is number of type i components (e.g. ncu, = 2).

NMR experiments demonstrated that LISW-PGLa and MG2a align parallel to the
membrane surface in POPE/POPG bilayers (3). Their volume distribution functions
were therefore described analogously to Eq. (S1). The scaling factor S;¥ (X € {L, P})
accounts for the fraction of lipid

P s2)
St — v S2
TS
and peptide per unit cell
P
SP = E” =T (S3)
respectively.
The overall hydrocarbon core of the unit cell was described with error functions
z«&»zZ z—2;
V2o N 2
Phe(2) [I/ wdx+/ o ] (s4)
from which the CHy distribution is obtained via
PCL:HQ(’Z) = PI%C(Z) - P£H3(Z) - P(,L*H(Z)- (S5)



Figure S1: Schematic of POPE and POPG parsing into quasimolecular fragments. The
chains consist of terminal methyl (CHs), methylene (CHz) and methine (CH),
whereas the headgroup region is composed of carbonyl+glycerol (CG), phos-
phate (POy), ethanolamine (ENX) and glycerol (PG2).

Assuming ideal volume filling at every position z along the bilayer normal, we obtain
the water distributions by using

Py (z) =1=Y_ P(2), (S6)
k

with k € {CHs, CHs, CH, CG, POy, ENX, PG2, and P}.
Finally, the neutron and X-ray form factors were calculated through

F(q) = 2/02 Ap(z)cos(qz)dz, (S7)
where
B(2) = 3 [el2) — pw] Pil2), (59)
k

is the scattering length density (SLD) contrast with respect to water py and D/2 refers
to any position outside the bilayer for which Ap(z) = 0.

The total volumes of the individual components needs to be supplied to the analysis.
For example, the volume of the unit cell containing lipid and peptide

nporEVPOPE nporc Vrora npVp (S9)

VLP == ’
NPOPE + MPOPG  MPOPE + MPOPG  NPOPE + NPOPG

where npopg, npopg and mp are the total numbers of POPE, POPG and peptide
molecules, and Vpopg = 1175.1 A3, Vpore = 1216.55 AP (1, 2) are the correspond-
ing volumes. The peptide volumes Vp = 4927.8 A® for LISW-PCLa and 5748.0 A® for
MG2a were obtained from MD simulations.

The scattered intensity is then given by

I@=§HW+ma (510)

where I;,. is the incoherent background and K is the instrumental scaling constant.



SAXS/SANS data were jointly fitted with a combined cost function

- \?
X :Z (J) ’ (511)

i, w; 03

where Ig is the recorded intensity of contrast j (e.g. SAXS or SANS including differently
contrasted samples), I%ti is the calculated intensity, and ag corresponds to the experi-
mental error of the measured intensities. Additionally, specific weighting schemes were
employed to account for the importance of the first minimum as well as the intensity
modulations at high ¢. This was achieved by introducing weighting factors W‘Z in order
to decrease experimental uncertainties by in specific ¢g-regions of the scattering data.

To ensure connectivity of the lipid structure and to further reduce the number of
adjustable parameters, we coupled the CG group to the boundary of the hydrocarbon
core analogously to a previous report (4), zcq = Do + 1 A, and fixed relative distances
between zpnx — zpo, = 1.57 A and zpge — 2po, = 2.92 A, as reported in (1, 2). By
definition, the position of the CHg group is constrained by zcn, = Viic/Au, thus leaving
only zcH,, ZcH, 2P0, and the position of the peptide zp, as well as the corresponding
widths as freely adjustable parameters. In cases, where only SAXS data was available
a quadratic penalty function for negative water probabilities was utilized, which were
caused by inappropriate positioning of the peptides. The corresponding prefactor was
chosen to be as small as possible, in order to prevent a trapping of the fitting routine in
a local minimum.
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Figure S2: Joint analysis of SAXS and SANS data of LUVs (size ~ 100 nm) composed

POPE/POPG (3:1 mol/mol) at 35°C. Panels (A) and (B) show the fits (solid
lines) of the joint analysis. The insert to (A) shows a histogram of the area
per unit cell obtained from the statistical analysis. Panel (C) shows the
volume probability distribution of the bilayer and panel (D) displays the
corresponding electron and neutron scattering length densities. The Luzzati
thickness, Dg, is marked in the electron density profile.
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Figure S3: Joint analysis of SAXS and SANS data of liposomes composed POPE/POPG

(3:1 mol/mol) in the presence of MG2a (P/L = 1/200) at 35°C. Panels (A)
and (B) show the fits (solid lines) of the joint analysis. Inserts to (A) show
histograms of the area per unit cell and the position of the peptide in the
bilayer as obtained from the statistical data analysis. Panel (C) shows the
volume probability distribution of the bilayer and panel (D) displays the
corresponding electron and neutron scattering length densities. The Luzzati
thickness, Dg, and the transbilayer position of MG2a, zynaoa, are marked in
the electron density profile.
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Figure S4: Joint analysis of SAXS and SANS data of liposomes composed POPE/POPG

(3:1 mol/mol) in the presence of a equimolar mixture of L1I8W-PGLa and
MG2a (M11) (P/L = 1/200) at 35°C. Panel (A) and (B) show the fits (solid
lines) of the joint analysis. Inserts to (A) show histograms of the area per
unit cell and the position of the peptide in the bilayer as obtained from the
statistical data analysis. Panel (C) shows the volume probability distribu-
tion of the bilayer and panel (D) displays the corresponding electron and
neutron scattering length densities. The Luzzati thickness, Dy, and the av-
erage transbilayer peptide position, zy11, are marked in the electron density
profile.
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and presence of the different peptides obtained from statistical data fitting.
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Figure S6: SAXS data of 100 nm unilamellar vesicles composed of POPE/POPG (3:1
mol/mol, open circles) at 35, 40 and 50°C. Solid lines correspond to fits with
the SDP model.
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Figure S7: SAXS data of 100 nm unilamellar vesicles composed of POPE/POPG (3:1
mol/mol) in the presence of L1I8W-PGLa as a function temperature and P /L
(numbers right to the scattering data). Solid lines correspond to fits.
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Figure S9: SAXS data of 100 nm unilamellar vesicles composed of POPE/POPG (3:1

mol/mol) in the presence of a equimolar mixture of L1I8W-PGLa and MG2a
as a function temperature and P/L (numbers right to the scattering data).
Solid lines correspond to fits.

Area per Unit cell [A%)

® POPEPOPG

& LI8W-PGLaMG2a

= MG2a
v L18W-PGLa

Area per Unit cell [A%]

4 46 48 50 52 34 3% 3 40 42 44 46 48 50 52

Trel

()

Figure S10: Temperature dependencies of the area per unit cell, in the absence of peptide

(a) and for P/L = 1/400 (b) and 1/200 (c). Solid lines represent the fits.
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Figure S12: Comparison of experimental form factors for POPE/POPG (3:1 mol/mol)
with and without peptides at P /L= 1/200 and 35°C for the pure lipid system
(A), LI8W-PGLa (B), MG2a (C) and the equimolar mixture (D) to those
obtained from MD simulations and global fits. Global fits and simulations
are in absolute units while experimental form factors haven been scaled.

Note that the global fits include an optimization three additional contrasts
from neutron experiments.
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Figure S13: Calculated lipid order parameter of POPE (left) and POPG (right) acyl
chains. The data were collected from a 500 ns long all-atom simulation with
single MG2a peptide on each membrane leaflet. The distance is given by
lipid phosphate to the nearest MG2a peptide Ca atom.
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Figure S14: Calculated lipid order parameter of POPE (left) and POPG (right) acyl
chains. The data were collected from a 500 ns long all-atom simulation with
single L18W-PGLa peptide on each membrane leaflet. The distance is given
by lipid phosphate to the nearest L1I8W-PGLa peptide Ca atom.
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Figure S15: Calculated density profiles from 500 ns long all-atom simulations as a func-
tion of distance from the membrane center of mass. (A) Number density of
POPE/POPG (3:1 mol/mol) membrane. (B-F) Difference in the number
density after the addition of peptides.
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of POPE/POPG (3:1 mol/mol) membrane. (B-D) Difference in the number
density after the addition of peptides. Systems with P/L = 1/42 and 1/21
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Figure S17: Last snapshots from a 500 ns long MD simulations of MG2a+L18W-PGLa
heterodimer adsorbed at the membrane surface. Initially, the peptide pairs
were prepared as parallel dimers. Lipid phosphate atoms are shown as or-
ange spheres. Solvent is represented by a blue-shaded area and lipid tails
are not shown for clarity. Peptide secondary structure is shown in cartoon
representation and colored by residue type. Nonpolar: gray, polar: green,
acidic: red, and basic: blue.
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Figure S18: The distance between the peptide and membrane centers of mass. Monomers
of (A) MG2a and (C) L18W-PGLa, and heterodimer (B) MG2a+L18W-
PGLa are shown. Either (A,C) one monomer or (B) one parallel dimer
was adsorbed on (L)ower and (U)pper membrane leaflet. Data are averaged
over 500 ns long all-atom trajectory and the bars represent the standard
deviation.
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Figure S19: The distance between the peptide and membrane center of mass as ob-
tained from coarse-grained MD simulations. Six peptides (MG2a: purple;
1:1 MG2a+L18W-PGLa: cyan; PGLa: green) were placed on each mem-
brane leaflet (P /L ratio 1/42). Under these conditions, MG2a+L18W-PGLa
peptides form parallel heterodimers only occasionally (see Fig. 9 in the main
text), causing the L1I8W-PGLa peptide to be positioned slightly closer to-
wards the membrane surface. The distances are averaged over 20 us for all
peptides (MG2a or L1I8W-PGLa) on either the (L)ower or (U)pper mem-
brane leaflets. The bars represent the standard deviation. Orange and red
horizontal lines represent the approximate position of phosphate and glyc-
erol groups.
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Figure S20: Average number of peptide dimers as a function of time in a system with 12

peptides on each leaflet (P/L = 1/21). Four different heterodimeric starting
configurations (each prepared three times) were considered. These configu-
rations are shown in the upper part of the legend. A) On the first leaflet,
there were six parallel heterodimers (three of each configuration — gray and
yellow) and B) six antiparallel heterodimers (three of each configuration —
blue and violet) in the second leaflet. Parallel heterodimers (gray) seem to
have the highest stability followed by MG2a homodimers (dark-green). In
addition, newly formed dimers were only parallel heterodimers and MG2a
antiparallel homodimers, first of which formed more in both A) and B).
These results are consistent with simulations starting from random configu-
rations (Fig. 7). Data from the first 1 us of the trajectory are averaged every
100 ns. Then, each point is an average from a 1 us long trajectory. Color
coding of dimers is displayed in the legend on the right side. The instability
of parallel PGLa-MG2a heterodimers (yellow) as apposed to MG2a-PGLa
heterodimers (grey) is due to the inability to form salt bridge between the
residues K19-K15 and stronger tryptophan interactions S23-W18 and 120-
W18 of MG2a and L18W-PGLa in such configuration (see Figs. S22 and
S23).
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Figure S21: Averaged densities of POPG sn-2 acyl chains from a 500 ns long all-atom
MD simulations in the vicinity of MG2a. Lipids with increased order pa-
rameter were selected and used for the analysis. In the simulation each
membrane leaflet contained one MG2a molecule. Peptides on top (A-C) and
bottom (D-E) leaflets were individually analyzed to evaluate the agreement.
(A,D) top view on the simulated system, (B,E) side view, and (C,F) view
along the peptide long axis. Snapshot color coding: Yellow surfaces repre-
sent the average densities of the acyl chain carbons. Lipid phosphate atoms
are shown as orange spheres. Solvent and lipid tails are not shown for clarity.
The peptide secondary structure is shown in cartoon representation colored
by residue type (nonpolar: gray, polar: green, acidic: red, and basic: blue).
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Figure S22: Averaged enthalpic interaction energies between the MG2a and L18W-PGLa

heterodimers. Fifteen residue pair interactions with the lowest average ener-
gies are shown for both all-atom (left) and coarse-grained (right) simulations.
The insets show representative snapshots of MG2a (top) and L1I8W-PGLa
(bottom) peptides in a parallel heterodimer. Color bars show the total av-
erage interaction of a residue from one peptide with all residues of the other
peptide. The corresponding color scale is presented at the top of the figure.
Terminal capping groups were considered as a separate residues according
to Amber force field settings (5). Error bars correspond to standard devi-
ations. The large error bars in the all-atom simulations are caused by the
possibility of formation of two salt bridges between E19 of MG2a and either
K15 and K12 of L18W-PGLa with long residence times. To reach conver-
gence, longer time scale of our all-atom simulation would be required. The
peptide secondary structure is shown in cartoon representation colored by
residue type (nonpolar: gray, polar: green, acidic: red, and basic: blue).
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MG2a L18W-PGLa

Figure S23: Helical wheels of MG2a and L18W-PGLa arranged in a parallel heterodimer
with hydrophobic moments pointing in the same direction. The strongest
interactions between peptide residues are marked by dashed lines demon-
strating a preference for the displayed conformation. Residues are colored
by residue type: nonpolar — white, polar — green, acidic — red, and basic —
blue).
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Supplementary Tables

Table S1: Summary of the joint analysis of 100 nm LUVs composed of POPE / POPG

(3:1) in the absence and presence of L1I8W-PGLa, MG2a and their equimolar
mixture at P/L = 1/200 and 35°C

Paramters | POPE/POPG | L18W-PGLa MG2a L18W-PGLa / MG2a
zcH, [A] 15.344+0.02 15.164+0.03 | 14.98+0.02 14.68+0.01

zon [A] 9.4540.22 9.53+0.23 9.53+0.2 9.534+0.21

zac [A] 16.344+0.02 16.16+0.03 | 15.984+0.03 15.68+0.01
zpo, [A] 20.5310.02 19.96+0.03 | 20.06%0.03 20.13+0.03
zenx [A] 22.1040.02 21.534+0.03 | 21.62+0.03 21.70+0.03
zpa, [A] 23.4540.02 22.894+0.03 | 22.98+0.03 23.05+0.03

zp [A] 15.764+0.44 | 16.294+0.50 15.98+0.43
ocH, [A] 2.64+ 0.02 2.65+0.02 2.6540.02 2.65£0.02

ocn, [Al 3.21£0.05 3.1940.04 3.1940.04 3.1840.04

ocu [A] 2.82+ 0.04 2.8240.04 2.8140.03 2.81£0.04

oce [A] 2.49+ 0.03 2.4840.03 2.4940.04 2.4940.03

opo, [A] 2.4740.11 2.60+0.13 2.5140.16 2.7240.09
oenx [A] 2.81+0.04 2.81+0.04 2.8140.04 2.80£0.04

opa, [A] 3.154+0.04 3.16+0.04 3.1640.04 3.1640.04

op [A] 4.024+0.14 4.04+0.15 4.00+0.14
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Magainin 2 and PGLa in Bacterial Membrane Mimics Il:
Membrane Fusion and Sponge Phase Formation

LK, M.P, S.P,LL-P,KL., G.P,RV.

ABSTRACT We studied the synergistic mechanism of equimolar mixtures of magainin 2 (MG2a) and PGLa in phos-
phatidylethanolamine/phosphatidylglycerol mimics of Gram-negative cytoplasmic membranes. In a preceding paper [Pachler et
al., Biophys. J. 2019 xxx], we reported on the early onset of parallel heterodimer formation of the two antimicrobial peptides already
at low concentrations and the resulting defect formation in membranes. Here, we focus on the structures of the peptide/lipid
aggregates occurring in the synergistic regime at elevated peptide concentrations. Using a combination of calorimetric, scattering,
electron microscopic and in silico techniques, we demonstrate that the two peptides, even if applied individually, transform
originally large unilamellar vesicles into multilamellar vesicles, with a collapsed interbilayer spacing resulting from peptide induced
adhesion. Interestingly, the adhesion does not lead to a peptide induced lipid separation of charged and charge neutral species.
In addition to this behavior, equimolar mixtures of MG2a and PGLa formed surface-aligned fibril-like structures, which induced
adhesion zones between the membranes and the formation of transient fusion stalks in molecular dynamics simulations and a
coexisting sponge phase observed by small-angle X-ray scattering. The previously reported increased leakage of lipid vesicles of
identical composition in the presence of MG2a/PGLa mixtures is therefore related to a peptide-induced cross-linking of bilayers.

STATEMENT OF SIGNIFICANCE

We demonstrate that the synergistic activity of the antimicro-
bial peptides MG2a and PGLa correlates to the formation of
surface-aligned fibril-like peptide aggregates, which cause
membrane adhesion, fusion and finally the formation of a
sponge phase.

INTRODUCTION

PGLa and Magainin 2 (MG2a) are two antimicrocial peptides
(AMPs) derived from the African clawed frog, which are
well known for their synergistic killing of bacteria (1). So
far, no consensus has been reached regarding the biophysical
mechanism though. While some groups proposed the forma-
tion of distinct transmembrane pores formed by PGLa/MG2a
dimers (1) or complex peptide aggregates (2), others suggested
the formation of mesophase-like structures by surface-aligned
peptides (3). Recently, we reported that the activity of these
peptides in Escherichia coli can be reasonably mimicked
by mixtures of palmitoyl oleoyl phosphatidylethanolamine
(POPE) and palmitoyl oleoyl phosphatidylglycerol (POPG)
(molar ratio 3:1), while other lipid mixtures fail to capture
synergistic effects (4). Intriguingly, both peptides, in par-
ticular when mixed at an equimolar ratio, were shown to
adopt a surface-aligned topology in POPE-enriched bilay-
ers (5, 6), thus questioning the formation of transmembrane
pores. However, even if the peptides from mesophase-like
structures at synergistic concentrations in POPE-enriched
bilayers (3), it is far from being clear how that should cause
enhanced leakage of dyes from large unilamellar vesicles
(LUVs) (4). In order to address the synergistic mechanism,

we applied several experimental and computational tools that
allowed us to study the peptide-induced effects occurring on
the nanoscopic to macroscopic length scales. In the preceding
paper of this series, we combined small-angle X-ray and neu-
tron scattering (SAXS/SANS) experiments with all-atom and
coarse-grained molecular dynamics simulations to show that
equimolar mixtures of L18W-PGLa and MG2a are prone to
form surface-aligned parallel heterodimers already at low pep-
tide concentrations and the dimerisation leads to an increase
of the defects within the membrane interior (7).

The present paper focuses on the synergistic regime of
the peptides at high concentrations (i.e. peptide to lipid molar
ratio P/L < 1/50) (4). For direct comparison to our previous
results including leakage assays, we used L18W-PGLa instead
of native PGLa (4). Nevertheless, the mutant behavior was
reported to be analogous to native PGLa (1). In addition to
the experimental techniques applied in our first paper (7), we
used differential scanning calorimetry (DSC) to reveal effects
of the peptides on the cooperative melting of POPE/POPG bi-
layers, as well as cryogenic transmission electron microscopy
(cryo-TEM) to capture the macroscopic equilibrium structure
after incubating LUVs with the two peptides. Our results
demonstrate that the peptides transform the LUVs at suf-
ficiently high concentration into condensed multilamellar
vesicles (MLVs) with the peptides sandwiched between the
individual bilayers. Additionally, equimolar peptide mixtures
formed surface-aligned fibril-like structures in the interstitial
bilayer space, which finally lead to fusion events and to the
formation of a leaky sponge phase.
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MATERIALS AND METHODS

Experiments

Lipids, Peptids and Chemicals. POPE, POPG, palmitoyl-
d31-oleoyl-phosphoethanolamine (POPE-d31) and palmitoyl-
d31-oleoyl-phosphatidylglycerol (POPG-d31) were purchased
from Avanti Polar Lipids (Alabaster, AL, USA, purity > 99%)
as powder. L18W-PGLa, MG2a and the chemically linked
heterodimer L18W-PGLa-MG2a, denoted in the following as
hybrid peptide (Fig. S1), were obtained in lyophilized form
(purity >95%) from PolyPeptide Laboratories (San Diego,
CA, USA). Deuterium oxide (D,0O, purity 99.8 atom%) and
HEPES (purity >99.5) were purchased from Carl Roth (Karl-
sruhe, Baden-Wiittenberg, Germany). All other chemicals
were obtained from Sigma-Aldrich (Vienna, Austria) in pro
analysis quality. Lipid stock solutions for sample preparation
were prepared in organic solvent chloroform/methanol (9:1;
v/v) and phosphate assayed for quantification of lipid content
(8). Peptide stock solutions were prepared in 10 mM HEPES
140 mM NaCl buffer solution (pH 7.4).

Sample preparation Samples were prepared, assayed and
controlled as described in (7). Samples for zero-contrast
neutron experiments contained mixtures of protiated and
deuterated lipids as detailed below and were hydrated in 10
mM HEPES (140 mM NaCl, pH 7.4) prepared in D,O/H,0
(43.7 vol%). We emphasize that all lipid samples were ex-
truded to ~ 100 nm-sized large unilamellar vesicles (LUVs)
prior to the addition of the peptides. Further, all presented data
have been recorded at least three days after peptide addition.
We therefore refer to these data as end states.

Small-Angle X-ray Scattering (SAXS)

SAXS data were collected at the SWING beamline (Soleil,
Saint-Aubin, France) as described in (7). Peptide induced
aggregation of vesicles led to the formation of Bragg peaks,
which impeded the data analysis developed in (7). Instead,
data were analyzed based on Bragg peak positions and inten-
sities only, see e.g. (9). In brief, the electron density for a
centrosymetric lamellar structure is given by

1 g 2nhz
P& = T Dl h|cos( > ) (1)

h=1

where a;, = %1 is the phase, F}, is the form factor of the h’
reflection, and D = 2xh/ gy, is lamellar repeat distance. From
the derived electron density profiles we calculated the head
to headgroup distance Dyy from the distance between the
maxima across the lipid bilayer. The steric bilayer thickness
D} = Dyn + 2Dpo can be estimated by using Dpo = 2.92 A,
which corresponds to a distance between the PO4 group and
the furthest outward lipid group (here the glycerol group) as
determined from a joint SAXS/SANS data analysis (7).
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Bragg peak positions of cubic phases index as

Vh2 + k2 + 12
qnki = 27—, 2
a
where h, k, [ are the the Miller indices and a is the lattice

parameter.

Small-Angle Neutron Scattering (SANS)

Zero-contrast SANS data were acquired on D11 at the Institut
Laue-Langevin (ILL), Grenoble, France, with a multiwire 3He
detector of 256256 pixels (3.75x3.75 mm?), at a wavelength
A =0.53 nm (A1/2 = 9 %), and three sample-to-detector
distances: 1.4, 8 and 39 m (with corresponding collimations of
8 m, 8 mand 40.5 m, respectively, covering a g-range of 0.015—
5nm™'. Samples were poured into quartz cuvettes of either 2
mm or 1 mm pathway and mounted in a thermostated rotating
holder to minimize sample sedimentation. Data were reduced
with BerSANS, accounting for flat field, solid angle, dead
time, transmission, and background subtraction. Scattered
intensities were placed on an absolute scale using the scattering
by 1 mm H;O as a secondary standard.

In general, the scattered intensity is proportional to the
scattering contrast Ap

1(q) « A_'ZO — M 3)

¢

where pyw is the neutron scattering length density (NSLD)
of the buffer, and p; is the NSLD of a given slab of the lipid
bilayer. For designing zero contrast conditions, we considered
two slabs describing the lipid headgroup and hydrocarbon
core, respectively. In this case it can be estimated that homo-
geneously distributed lipids match the 43.7 vol% deuterated
buffer at a molar ratio of 78/22 deuterated/protiated hydro-
carbons. That is, under these experimental conditions, the
lipid headgroup and the hydrocarbon core are both fully
contrast-matched and invisible to neutrons.

We used two lipid mixtures, both having a total deuter-
ated/protiated hydrocarbon ratio of 78/22. System A with
POPE-d31/ (POPG)/(POPG-d31) at (75)/(22 /3) mol/mol/mol
and system B with (POPE/POPE-d31)/ (POPG/POPG-d31)
at (16.5/58.5)/(5.5/19.5) mol/mol/mol/mol. The compositions
were designed that a peptide-induced lipid separation will
give rise lateral contrast and hence lead to detectable coherent
scattering signal for the first mixture only. Analogous experi-
ments have been reported for the formation of nanoscopic lipid
domains (10). The second mixture was chosen to contrast-
match each lipid component individually. Hence, no scattering
contrast can be achieved upon lipid demixing. These samples,
therefore served as negative controls.

Differential Scanning Calorimetry (DSC)

DSC experiments were carried out on a MicroCal VP high-
sensitivity DSC (Microcal, Northhampton, MA, USA) at a



scan rate of 30 °C/h in the temperature regime of 5 to 60°C.
Each experiment consisted of three subsequent heating and
cooling scans. Baseline subtraction was performed using
Origin (OriginLab, Northampton, MA, USA).

Cryo Transmission Electron Microscopy (TEM)

All cryo-TEM images were recorded with a Gatan system
mounted on a Tecnail2 electron microscope (FEI Company,
Hillsboro, OR), equipped with a LaBg¢ filament as described
previously (11).

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed using
GROMACS version 2016.2 (12, 13).

All-atom simulations

Simulation Settings. POPE and POPG lipids were de-
scribed using the Slipids force field (14, 15), while MG2a
(GIGKFLHSAKKFGKAFVGEIMNS-NH;) and L18W-PGLa
(GMASKAGAIAGKIAKVAWKAL-NH,) were simulated
with Amberff99SB-ILDN force field (16, 17). The time inte-
gration was performed using the leap-frog algorithm with the
time step set to 2 fs. A Nosé-Hoover thermostat (18-20) with
a coupling constant of 0.5 ps was used to maintain the tem-
perature at 308.15 K. To ensure proper heating of the system,
two coupling groups for peptide+lipid and water+ion atoms
were used. A Parrinello-Rahman barostat (21, 22) with a semi-
isotropic coupling scheme and a coupling constant of 2 ps
was employed for keeping the membrane tensionless and the
system at a constant pressure of 1 bar. 3D periodic boundary
conditions were applied. Long-ranged electrostatic interac-
tions were treated with the particle mesh Ewald method (23)
using the real-space cutoff to 1.2 nm. Lennard-Jones inter-
actions were cutoff at 1.2 nm. All bonds were constrained
using the LINCS algorithm. Long-range dispersion correc-
tions were applied for both energy and pressure. (24) For
equilibration, the protein backbone atoms were held by po-
sitional restraints during a 120 ns simulation of the system.
For the next 180 ns long equilibration step, backbone dihedral
angles were constrained to maintain a helical structure while
letting the peptide free to move.

Membrane Stack system. The equlibrated bilayer with
parallel MG2a+P18W-PGLa heterodimers in each membrane
leaflet was duplicated and shifted by 5 nm in the Z-axis
(direction of membrane normal). Each bilayer was composed
of 192 POPE and 64 POPG lipids equally distributed in both
leaflets. The initial box dimensions were 8.9x8.9x8.5 nm. This
system with two stacked membranes was solvated and energy
minimized using the steepest descent algorithm. Production
MD was performed without any restraints for 1 us.

Fusion and Sponge Phase Formation

Peptide Fiber system. A smaller membrane patch com-
posed of 96 POPE and 32 POPG lipids (with initial dimen-
sions of 6.9 x 6.9 x 10 nm) was prepared. Two parallel
MG2a+L18W-PGLA heterodimers were inserted into the
membrane center in parallel orientation with respect to the
membrane plane. The dimers were placed in a fibril with
the N-terminus of L18W-PGLa peptide (of the first dimer)
interacting with C-terminus of MG2a (of the second dimer),
see Fig. S8 A, B. Thus, the peptides formed an “infinite" fiber
over periodic boundary conditions. The production MD was
performed without any restraints for 330 ns.

Coarse-grained Simulations

Simulation Settings. We employed coarse-grained Martini
2.2 (25-27) force field with four-to-one atom mapping in
combination with the leap-frog algorithm with an integration
time step of 20 fs. A velocity-rescaling thermostat (modified
with a stochastic term) (28) with a coupling constant of
1.0 ps maintained the temperature at 310 K. Protein-lipid
and solvent beads were coupled to separate baths to ensure
correct temperature distribution. The pressure was kept at
1 bar using the Parrinello-Rahman barostat (21, 22) with a
semi-isotropic coupling scheme with coupling constant of
12 ps. All non-bonded interactions were cut off at 1.1 nm and
the van der Waals potential was shifted to zero. The relative
dielectric constant was set to 15.

As a consequence of coarse-graining, the Martini model
does not explicitly describe backbone hydrogen bonds. Thus,
the secondary structure has to be imposed on the peptides
and maintained throughout the simulation. Both MG2a and
L18W-PGLa peptides were modeled as a-helices. The peptide
C-terminal capping was modeled by removing the charge and
changing the backbone bead type to neutral.

System Preparation. The lipid membranes were assembled
in the XY plane using the CHARMM-GUI web server. (29)
All Lipid bilayers were formed from POPE and POPG lipids
(3:1 mol:mol), equally distributed in both leaflets.

The following systems with two stacked membranes were
prepared: (i) a membrane-only system with two 504-lipid
bilayers, (ii) two 504-lipid bilayers containing MG2a and
L18W-PGLa (1:1 ratio; P/L = 1:42), (iii) same as (ii) but
with P/L = 1:21, (iv) two 2016-lipid bilayers containing
MG2a and L18W-PGLa (P/L = 1:21), (v) same as (ii) but
with but with the peptides placed only in one leaflet of each
bilayer. Roughly four solvent beads were added per lipid and
NaCl ions were added at 0.13 M concentration with an excess
of sodium ions to neutralize the system net charge. In the
coarse-grained representation, one water bead corresponds to
four water molecule and ion beads are considered to implicitly
contain its first hydration shell. The production dynamics
simulation was performed for 20 us with the exception of
system (iv) with the simulation length of 100 us.
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RESULTS
Experiments

Peptides do not induce lipid domain formation, but
distribute non-homogeneously

We first investigated the effects of the peptides on the ther-
motropic behavior of POPE/POPG (3:1 mol/mol) bilayers
using DSC. The pure bilayer exhibited a broad, but single
main transition at ~ 23°C, consistent with a previous report
(30), and a hysteresis of AT,,, ~ —2°C, upon cooling (Fig. 1).

Equilibration of the LUVs in the presence of the peptides
(P/L = 1:50) caused a splitting of the melting transition into
at least two components, which was mostly pronounced upon
cooling. Note that this peptide concentration corresponds to
the synergistic regime of both L18W-PGLa/MG2a equimolar
mixtures and their chemically-linked hybrid (4). In the case
of the equimolar L18W-PGLa/MG2a mixture, denoted in the
following as M11, and the hybrid peptide, the splitting of the
transition upon cooling occurred over a larger temperature
range — and in particular for the hybrid peptide — signifying
a loss of cooperativity. Additionally, the maximum of the
specific heat capacity shifted slightly to higher temperatures.

c, [a.u.]

10 15 20 25 30
T[°C]

Figure 1: Melting of POPE/POPG (3:1 mol/mol) in the absence
(a) and presence of the peptides MG2a (b), L18W-PGLa (c),
their equimolar mixture M11 (d) and the hybrid peptide (e) at
P/L =1 : 50. Heating scans are shown as dashed lines and
cooling scans as solid lines, respectively.

In order to test, whether the peptide-induced splitting of
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the melting transition is due to the formation of lipid domains,
we performed zero-contrast SANS experiments. We prepared
two lipid mixtures using a combination of perdeuterated
and protiated POPE and POPG, which should give rise to
a scattering signal in the case of lipid domain formation
(system A). System B severed as a negative control and should
not show any scattering features even in the case of domain
formation (see Material and Methods for details).

Figure 2 shows the corresponding scattering data. Both
systems (A and B) exhibited a flat scattering signal for ¢ >
0.1 nm™' and increased intensities at low g-vectors. The
control experiment showed the same trend (Fig. 2 B). The
increase atlow g-values can be explained by residual scattering
contrast, i.e. slightly imperfect contrast matching, which leads
to an increase of scattered intensities due its dependency on
g% (see Eq. 3). Additional experiments in the main phase
transition regime at P/L = 1:50 yielded analogous results
(Figs. S4 - S6). Therefore, we conclude that the addition of
peptides does not induce the formation of domains enriched in
either lipid species. Consequently, the complex thermotropic
behavior revealed by DSC (Fig. 1) needs to be related to a
non-homogeneous distribution of peptides.
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Figure 2: Zero-contrast SANS data of
(POPEd31)/(POPG/POPGd31) (75)/(22/3) (Panel A)

and the control sample (Panel B) in the absence (black circles)
and presence of the peptides at 35°C and a P/L of 1:25.

Peptides transform LUVs to MLVs with collapsed layer
spacing

In the following we focus on the end states (see the Methods
section) of the systems well above the melting regime. SAXS
data of the pure POPE/POPG samples showed a diffuse mod-
ulation of the scattered intensity, characteristic of positionally



Table 1: Structural parameters of peptide induced lamellar
phases at P/L = 1:25.

POPE/POPG + DI[A] Duu[A] D’g[A] Dwl[A]
L18W-PGLa 52.1

MG2a 53.3

M11 50.3 37.6 43.4 6.9
Hybrid 50.3 37.6 43.4 6.9

uncorrelated bilayers, as present in LUV dispersions which
was analyzed in detail in the preceding paper (7). Equilibration
of the LUVs with L18W-PGLa or MG2a (P/L = 1:50) did not
affect the diffuse character of the scattering patterns (Fig. 3
A). In contrast, additional sharp peaks occurred for M11 and
the peptide hybrid at the same P/L. The peaks can be ascribed
to a single lamellar lattice of d = 49.8 A (Fig. S2 A) in case
of M11. The hybrid peptide induced a similar lamellar phase
coexisting with a cubic Pn3m phase with a lattice constant of
a=100Aanda prominent ¢g(; 1 o) ~ 0.088 A_l peak (Fig. S2
B, Tab. S1). Note that we observed the Pn3m phase for the
hybrid peptide already at P/L = 1 : 200 (Fig. 3 B, insert).

Doubling the amount of peptide concentration (P/L =1 :
25) also caused a formation of a multilamellar phase for the
individual peptides (Fig. 3 B) with DMG% » pLISW-PGLa -,
DMIL = phybrid (Tapy 1) While formation of a multilamellar
aggregate was the only effect of L18W-PGLa or MG2a,
their equimolar mixture induced an additional broad peak at
g = 0.081 A~!. The significant different shape of this peak as
compared to the Bragg peaks originating from the lamellar
phase clearly shows that it originates from different positional
correlations. In fact, this peak was even present, though much
weaker, at P/L = 1:50 at slightly higher g-values. Interestingly,
we observed it also for the hybrid peptide at P/L = 1:25,
where it partially overlapped with the (1,1,0)-reflection of the
Pn3m phase (Fig. 3 B, insert). No signatures of a cubic phase
were detected at P/L = 1:12.5, but the broad peak was clearly
present.

The SAXS patterns observed at P/L = 1:25 for M11 and
the hybrid peptide both displayed four lamellar diffraction
orders (Fig. 3 B). This enabled us to calculate the steric
bilayer thickness as detailed in the Methods section and the
thickness of the water layer according to Dw = D — D,
Our results show very small Dy values of ~ 7 A (Tab. 1).
That is, the formed lamellar aggregates are almost completely
collapsed and most likely separated only by the steric size of
partially membrane-inserted peptides. The lower amount of
Bragg reflections observed in the presence of L18W-PGLa or
MG?2a individually impedes us from deriving electron density
profiles with comparable resolution. However, the similarly
small D-values suggest that also these lamellar aggregates are
almost completely collapsed.

Increasing temperature leads to a linear decrease of the
lamellar repeat distance with a similar rate for MG2a, L18W-
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Figure 3: SAXS patterns of pure POPE/POPG LUVs (a) and
in the presence of MG2a (b), LI8W-PGLa (c), M11 (d) and
the hybrid peptide (e) at P/L = 1:50 (panel A) and P/L =
1:25 (panel B), respectively at 35°C. The insert in panel B
corresponds to a closeup of the scattering data in the low ¢
region for the hybrid peptide. Numbers correspond to relative
number of lipids for P/L, with P = 1.
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PGLa and the hybrid peptide (Fig. 4), which is most likely
due to a progressive thinning of the membrane, observed
previously for other systems (see, e.g., (31)). The exception
was M11, for which we observed the same D as for the
hybrid peptide at low temperatures. However, D diverged
from these data at 45°C and approached the D values of
MG?2a at 66°C. The difference between the hybrid and M11 is
probably due to the decreased translational and configurational
degrees of freedom for the hybrid, where both peptides are
covalently coupled. In the case of M11 peptides interact
only via weak forces, which seem to be overcome upon
increasing temperature. Previously, we reported that MG2a
inserts somewhat less deeply into the headgroup regime of
POPE/POPG mixtures than L18W-PGLa (7). The temperature
behavior of D for the equimolar mixture therefore indicates
that the heterodimers dissociate for 7 > 45°C and peptides
take up their "original’ positions within the bilayer.

54 + ¢ M1
v L18W-PGLa
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Figure 4: Temperature dependence of the lamellar repeat
distance of POPE/POPG (3:1 mol/mol) multibilayers in the
presence of magainins at P/L = 1:25 (full symbols) and P/L =
1:12.5 (open circle).

It is not clear from SAXS experiments, whether the lamel-
lar phases observed in the presence of peptides correspond
to a stack of sheets or multilamellar vesicles (MLVs). To
differentiate between these two types of aggregates we per-
formed cryo-TEM. Adding either L18W-PGLa or MG2a
(P/L =1 :50) to POPE/POPG LUVs (Fig. 5 A) induced a
significant variation of vesicle size without changing their
lamellarity (Fig. 5 B, C). In contrast, the addition of M11 or
the hybrid peptide induced clear signatures of MLVs (Fig. 5
D, E). We thus conclude that the peptides indeed lead to
the formation of MLVs composed of tightly coupled bilayers.
Note that the sharp peaks observed at P/L = 1:25 for the indi-
vidual peptides (Fig. 3) indicate that MG2a and L18W-PGla
are able to induce a LUV — MLV transition at sufficiently
high concentration.
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Figure 5: Cryo-TEM images of POPE/POPG (3:1 mol/mol)
(A) and in the presence of the peptides (P/L = 1:50) L18W-
PGLa (B), MG2a (C), M11 (D) and the hybrid peptide (E) at
35°C. All scale bars correspond to 100 nm.

MD simulations

Peptide mixtures are able to form surface-bound
tetramers in isolated bilayers

In the preceding paper, we found that MG2a and L18W-
PGLa alone prefer to form surface-aligned monomers or
antiparallel homodimers in POPE/POPG (3:1) bilayers (7).
In contrast, equimolar mixtures of the peptides resulted in
the preferential formation of parallel heterodimers in the
same lipid bilayers and concentrations. Here we extended the
coarse-grained simulation of the peptide mixture and found
that the parallel heterodimers of MG2a and L18W-PGLa can
further assemble into tetramers (Fig. 6). In these aggregates,
all four peptides interact via their C-termini. Both MG2as are
aligned completely parallel to the membrane surface, while
L18W-PGLa peptides are slightly tilted with their C-termini
reaching into the membrane hydrophobic core. Due to the
amidation of the terminal carboxyl group and the lack of
complementary charged species, the tetramer is held together
mainly by hydrophobic interactions (see Fig. S7 for calculated
interaction energies between individual residues).

Since previous NMR experiments do not provide informa-
tion on the penetration depth of the two peptides (6) we also
tested the possible formation of peptide aggregates within the
membrane’s hydrophobic core. To do so, we inserted two par-
allel heterodimers in an alternating fashion in the membrane
center, as shown in Fig. S8 A, B. Initially, the peptides were
held in the position by restraints to equilibrate the membrane.
Upon removal of these constraints, the peptide aggregate
quickly fell apart and the peptides assumed surface-bound
position (Fig. S8 (C)) .
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Figure 6: Representative simulation snapshots of two
MG2a/L18W-PGLa parallel dimers forming a tetramer
through the interaction of their C-termini. Side and top views
on the tetramer are shown on left and right images, respec-
tively. Lipid phosphate atoms are shown as orange spheres.
Solvent is represented by a blue-shaded area and lipid tails are
not shown for clarity. Peptide secondary structure is shown in
cartoon representation and colored by residue type. Nonpolar:
grey, polar: green, acidic: red, and basic: blue. Mag2a has a
glutamic acid (red) in its sequence and is more polar, while
L18W-PGLa is more hydrophobic.

Formation of fibre-like structures in collapsed
multibilayers

Motivated by our experimental evidence for the peptide-
induced formation of MLVs with reduced intrinsic spacing,
we prepared a stack of two membranes at P/L = 1:64 (see Meth-
ods section for details) and performed a 1 us long all-atom
dynamics simulation, see Fig. S11 and 7. To mimic the experi-
mental conditions, the bilayers centers were initially displaced
by 50 A as determined from our SAXS measurements. Due
to the slow diffusion of peptides on membranes, the peptides
were prepared as parallel dimers and placed randomly on the
membrane. All dimers remained stable and interacted with
lipids of the adjacent membrane. These peptides interactions
lead to the formation of an alternating pattern of peptide nodes
and solvent pockets (see Fig. 7). Any further aggregation of
peptides was not observed within the 1 us time scale and
all peptides remained within the initial membrane with their
hydrophobic side facing the center of the bilayer. Note that
the system size likely affected the size of the water pockets as
water is constrained to remain within the simulation box.

To verify that the observed behavior is not an artifact,
we extended the lateral system size to 504-lipid bilayers and
performed 20 us long coarse-grained Martini simulations in
the presence and absence of L18W-PGLa and MG2a. No
spontaneous membrane adhesion or appreciable interaction
between the bilayers was observed for the pure membrane
system (Fig. 8 A). Membrane adhesion with a concomitant
formation of "pockets and nodes" was only observed in the
presence of the peptide mixture. At P/L = 1:42, the peptides
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Figure 7: Final snapshot of two lipid bilayers after 1 us long
all-atom simulation. Blue rectangle marks the simulation cell.
Lipid phosphate atoms of first and second bilayers are shown
as orange and yellow spheres, respectively. Lipid tails are
not shown for clarity. The peptides’ secondary structures are
displayed in cartoon representation and colored by residue
type. Nonpolar: gray, polar: green, acidic: red, and basic: blue.
Water oxygens are shown as semi-transparent dark-blue dots.

aggregated resulting in a height modulation of the mem-
branes, where peptides were located at the nodes (Fig. 8 B), in
agreement with all-atom simulations. The wavelength of the
modulation is different from all-atom simulations and is likely
to be affected by the system size. At higher peptide concentra-
tion (P/L=1:21), L18W-PGLa and MG2a formed fibril-like
structures along the bilayer contact nodes (connected through
the periodic boundary), as shown in Fig. 8 C, D. Interestingly,
we also observed a temporary formation of membrane fusion
stalk in the presence of the peptides (Fig. S12). The fusion
stalk fell apart after the exchange of several lipids in tens of
nanoseconds.

To investigate the effect of periodic boundary conditions,
we prepared a much larger system with a stack of membranes
each composed of 2016 lipid molecules. The peptides were
added at random initial positions and orientations (P/L =
1 : 21), but distributed equally on the membrane surfaces.
Fig. S9 A shows the initial configuration from the production
dynamics simulation. During the simulation, a fusion stalk
formed between two bilayers and remained stable for the
remaining duration of the simulation, i.e., 100 us. Fig. SOB
shows the snapshot from the end of the simulation. Note
that even during the stalk formation the peptides remained
parallel or slightly tilted to the membrane plane. Irrespective
of the fusion stalk, which occurred only at a single location
of the simulated membrane stack, the peptides aggregated
and formed fibril-like structures, analogously to the 504-lipid
simulation (Fig. S10).

In order to interrogate, whether the presence of peptides
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Figure 8: Last simulation snapshots of coarse-grained systems
with two lipid bilayers and (A) without peptides, (B) with
MG2a+L18W-PGLa at 1:42 peptide-to-lipid ratio, and (C,
D) with MG2a+L18W-PGLa at 1:21 peptide-to-lipid ratio
after 20 us. Arrows indicate the system axes: (X) red, (Y)
magenta, and (Z) green. Blue rectangle marks the simulation
cell: (A, B) view along the Y axis, (C) cell is rotated by
45° (because nodes formed in that direction this time), and
(D) top view along the Z axis. Lipid phosphate atoms of
the first and second bilayers are shown as orange and yellow
spheres, respectively. Lipid tails are not displayed for clarity.
Peptide secondary structure is shown in cartoon representation
and colored by residue type. Nonpolar: gray, polar: green,
acidic: red, and basic: blue. Water beads are shown as semi-
transparent dark-blue spheres.

in both leaflets of opposing bilayers is a necessary condition
for bilayer adhesion we performed a coarse-grained simu-
lation of a similar-sized system but placing the peptides in
one leaflet of each bilayer, only. We again observed a mem-
brane stalk. Interestingly, its formation was accompanied by a
translocation of peptides between the membranes. Specifically,
stalk-formation was initiated from a heterodimer by moving
a MG2a toward the interbilayer space (Fig. 9). This caused
one of the lipids from the opposite membrane to insert its
tail between the peptide dimer. The insertion was stabilized
by the hydrophobic interactions of the hydrocarbon chain
with the phenylalanine residues of MG2a at position 12 and
16. Subsequently, the heterodimer split at the N-terminus
leading to the formation of a fusion stalk, which was further
stabilized by other peptides, which diffused into the stalk.
Similar process of stalk formation was observed it in three
independent simulations.
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DISCUSSION

We used a combination of experimental and computational
techniques to demonstrate that equimolar mixtures of L18W-
PGLa and MG2a induce intricate topological changes in mem-
branes composed of POPE/POPG (3:1 mol/mol) at synergistic
peptide/lipid ratios. The peptide mixture caused a transforma-
tion of LUVs into MLV with a collapsed interbilayer distance
as evidenced by SAXS and cryo-TEM (Figs. 3, 5). MG2a
and L18W-PGLa individually were also found to induce
this transformation, however, only at doubled concentration.
At the molecular level, our coarse-grained MD simulations
showed that the formation of parallel L18W-PGLa/MG2a
heterodimers observed in a previous report (7) progresses
to a tetramer formation (or double heterodimers) stabilized
by C-termini interactions, which can further assemble into
fibril-like structures in presence of two close membranes
(Figs. 6 - 8). These fibril-like structures are aligned paral-
lel to the membrane surface and are sandwiched between
the collapsed multibilayers, i.e. the peptides couple adjacent
bilayers by peptide-peptide and peptide-lipid interactions. In-
terestingly, electrostatic interaction between POPG and the
cationic residues of MG2a and L18W-PGLa does not induce
lipid domain formation as evidenced by zero-contrast SANS
(Fig. 2). Instead, the splitting of the main phase transition of
the aggregates into multiple melting transitions appears to be
due to a non-homogeneous distribution of peptides.(Fig. 1).
We note, however, that the overall melting process was signifi-
cantly less cooperative for the peptide mixture and the hybrid
peptide, i.e., in the presence of their aggregates.

The formation of fibril-like structures induced a curvature
modulation of membranes with peptides forming the con-
nections between the membranes. These peptides aggregates
were able to initiate the formation of fusion stalks (Figs. 9,
S12). The smallest peptide aggregate, for which we observed
stalk formation, was a parallel heterodimer, inserted only in
one membrane leaflet, which induced a fusion to the proximal
peptide-free bilayer. Interestingly, peptides remained parallel
or slightly tilted from the membrane plane even during the
stalk formation.

Stalks are well-known precursors to membrane fusion (32—
34) and cubic phase formation (32). Indeed, we observed a
Pn3m cubic phase coexisting with the collapsed multibilayers
in case of chemically-linked heterdimers by SAXS (Fig. 3),
thus supporting MD results. At elevated concentration of
the hybrid peptide (P/L = 1:25), we observed an additional
broad peak indicating the presence of an additional phase
coexisting with the Pn3m and lamellar phases. The Pn3m
completely vanished at P/L = 1:12.5, and the scattering pattern
exhibited just a broad peak as well as the peaks arising from
the collapsed multibilayers. A similar broad Bragg reflection
was also observed for L18W-PGLa/MG2a mixtures, but not
for the individual peptides (Fig. 3).

There are two possible scenarios for the origin of this
broad peak, the first one being the peptide-induced curvature
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Figure 9: Simulation snapshots (top) and corresponding illustrative images from the side (middle) and top view (bottom)
capturing the process of bilayer fusion. 1) MG2a (m1) and L18W-PGLa (p1) peptides arranged in a parallel dimer. 2) The
bilayer fusion was initiated by one lipid (highlighted in purple). Single lipid tail was interacting with Phe12 (red arrow) and
Phel6 (dark-yellow arrow) of the MG2a peptide and connected both bilayers. 3) MG2a and L18W-PGLa peptides assumed a
V-shaped configuration that caused the formation of a fusion stalk. 4) Several peptides crossed from one bilayer to another and
lipids from the two bilayers started to mix through the stalk. Later in the simulation, two L.18W-PGLa peptides formed an
antiparallel homodimer and the fusion stalk further expanded. One MG2a peptide was stabilizing the stalk from the other side.
The stalk remained stable until the end of the 20 us long simulation. In first three columns, phosphate beads of the first and
second bilayer are shown in yellow and orange, respectively. In the most right column, all phosphate beads are shown orange

due to lipid mixing.

modulation of the lamellar phase. In this case, the peak would
emanate from the wavelength of the modulation. Somewhat
similar patterns have been reported for sandwiched struc-
tures formed by DNA/surfactant complexes under specific
conditions (35), where DNA aligned between the bilayers. A
second scenario explaining the presence of the broad peak
is the formation of a sponge phase. Sponge phases can be
viewed as molten bicontinuous cubic phases, with a charac-
teristic low-angle peak, whose position relates to the average
distance between the water channels (36-38). Likewise, the
D(y,1,0) of the Pn3m phase, gives the distance between the
pores. The facts that (i) the D-spacing of the broad peak is
larger than D(y 1) in the presence of the hybrid peptide at
P/L = 1:25 and (ii) the Pn3m phase vanishes upon further
increasing the peptide concentration (Fig. 3 B, insert) indeed
support the formation of a sponge phase, which analogously
to Pn3m consists of a network of water channels, but lacks
3D crystalline-like positional correlations. In other words,
increasing hybrid peptide concentration appears to lead to an
overall decrease of membrane curvature causing a melting of
the Pn3m phase into a spongy structure. The similar position

and shape of the broad Bragg peak formed in presence of
MI11 suggest also the formation of a sponge phase in the
synergistic regime of the peptide mixture. Previously, Silva et
al. reported a LUV — collapsed MLV transition for the same
lipid mixture in the presence of cecropin A (39). However, no
coexisting sponge phase or other curvature-related structures
were observed. We found black featureless objects in samples
with the equimolar mixture or the hybrid peptide (Fig. S13).
These structures could contain cubic or sponge structures, but
are too large/thick to be analyzed by cryo-TEM.

Finally, it is important to align our present findings with
our previously reported leakage data for the same lipid sys-
tem (4). Both L18W-PGLa and MG2a caused only minor
release of fluorescent dye, whereas their equimolar mixture
and the hybrid peptide induced significant leakage. Our present
experiments revealed the formation of multibilayers with a
collapsed D-spacing at high peptide concentration for all pep-
tides, including their equimolar mixture (Figs. 3). Therefore,
a LUV — MLV transition does not seem to be a sufficient
condition for enhanced dye leakage. This suggests that there is
a pathway transforming LUVs to MLVs without leaking their
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content. In contrast, synergistically increased dye release is
coupled to increased membrane curvature in the presence of
fibril-like peptide structures leading to fusion events and the
development of sponge or cubic phases. Importantly, fusion
events could be leaky (40, 41) and both above phases are
highly leaky structures able to account for the dye release.
Additionally, the significant difference between Dy 1) ~ 73
A of the Pn3m phase and the D ~ 50 A of the lamellar phase
(Tab. 1) shows that there is no epitaxial relationship between
the cubic and the lamellar phases. This indicates the formation
of a defect-rich zone bridging the two structures, which could
also give rise to significant membrane leakage (see, e.g., (38)
for a detailed discussion).

An important aspect of our results is that both peptides
remained in a surface-aligned topology even during the for-
mation of fusion-stalks. This is specific to the significant
negative intrinsic curvature of POPE, which leads to a tight
packing of the bilayer’s polar/apolar interface and a high
energy barrier for peptide translocation (4). Therefore other
membrane mimics, lacking contributions of lipids with nega-
tive intrinsic curvature — e.g. if lipids not occurring in bacteria
are used —, may allow for a full insertion of peptides and
the formation of specific transmembrane pores as suggested
previously for MG2a and PGLa (1, 2). Pores of sponge or cu-
bic phases essentially result from bridging two close bilayers
and are consequently distinct from peptide transmembrane
pores. Our results agree in part with the suggested mesophase-
like peptide arrangement (3), which in a way are similar to
the fibril-like structures observed here, although effects on
membrane curvature were not considered. However, effective
discharge of dyes from LUVs correlates with the formation
of sponge or cubic phases.

Correlating our present findings to the biological activity
of the peptides (4) is not straightforward, due significant
differences between Gram-negative bacteria and here stud-
ied lipid vesicles. We are not aware of any observation of
peptide-induced non-lamellar membrane structures in bac-
teria. However, inner mitochondrial membranes have been
reported to form cubic phases under stress conditions (42).
Moreover, bacterial lipid extracts have been shown to form
cubic phase in the presence of surface-inserted AMPs (43).
Observations of cubic phases formed by membranes enriched
with lipids with negative intrinsic curvature (such as phos-
phatidylethanolamine and cardiolipin) are in line with our
findings. Aggregates, as observed for L18W-PGLa and MG2a,
seem to facilitate this effect leading to sponge or cubic phases
even in the absence of cardiolipin, which might be even be ex-
ploited by PGLa and MG2a in bacteria. Moreover, constantly
ongoing membrane remodelling processes such as bacterial
endocytosis (44) or cell division provide membrane contact
points for peptides to intercept these processes possibly by
inducing non-lamellar membrane structures.
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CONCLUSION

The synergistic mechanism of MG2a and L18W-PGLa is a
complex process which evolves over several length scales.
MG?2a and L18W-PGla are able to dimerize already at low
peptide concentrations (7), which progresses upon increasing
their content into fibril-like structures inducing cross-links
between proximate bilayers leading to the occurrence of fusion
stalks. The membrane with synergistic peptides evolve over
time into a sponge phase correlating with synergistic leakage
of the vesicles as observed previously (4). If the peptides are
strongly coupled, as in the case of the MG2a-L18W-PGLa
hybrid, a cubic phase with high membrane curvature forms
already at peptide concentrations as low as P/L = 1:200 (Fig. 3
B), tying in with the hybrid’s even higher activity (see Fig. 4
Ain (4)). One of remaining issue to address regarding the
synergistic mechanism of PGLa and MG2a is the sequence
of events, i.e. the kinetics of their activity. We are currently
performing such studies in our laboratories.
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Figure S1: Chemical structure of the L18W-PGLa-MG2a hybrid peptide made of covalently bound peptides L18W-PGLa and
MG2a.
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Figure S2: Indexation plots for the lamellar phase formed in the presence of M11 (A) and the coexisting lamellar and cubic
phases formed by the chemically linked hybrid peptide (B) at a P/L of 1:50.

Table S1: Observed reflections of the lamellar and Pn3m phases.

lamellar (h) Pn3m (h,k,l)

1 1,1,0
2 2,00
3 2,1,1
4 2,20

3,1,0
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Figure S3: Electron density of 100 nm unilamellar vesicles composed of POPE/POPG (3:1 mol/mol) in the presence of M11
and the hybrid peptide at a P/L of 1/25 and 35°C.
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Figure S4: Zero-contrast SANS data of (POPEd31)/(POPG/POPGd31) (75)/(22/3) (Panel A) and the control sample (Panel B)
in the absence (black circles) and presence of the peptides at 20°C (A) and 22°C (B) at a P/L of 1:25.
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Figure S7: Calculated interaction energies between residues in opposing L18W-PGLa/MG2a heterodimers. Using single-letter
amino acid codes, only residues with interaction energies larger than 5 kJ mol~' are shown. MG2a and L18W-PGLaW are
abbreviated as "M’ and "P’, respectively. The inset shows a representative structure of the tetramer formed by the heterodimers
pointing with C-termini in the center. Purple and green bars represent Lennard-Jones and Coulomb interactions, respectively.
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Figure S8: Initial and final simulation snapshots of a peptide fiber in the middle of the membrane. Initial system configuration
with view along the fiber axis (A) and a sideview — rotated by 90° — (B). Periodic images are semi-transparent. (C) Final
snapshot after 330 ns of production dynamics. Lipid phosphate atoms are shown as orange spheres. Lipid tails are not shown for
clarity. The peptide secondary structure is shown in cartoon representation and colored by residue type. Nonpolar: gray, polar:
green, acidic: red, and basic: blue.



Fusion and Sponge Phase Formation

Figure S9: (A) Initial snapshot from the production simulation of a stack of two lipid bilayers with adsorbed peptides at 1:21
P/L. (B) Cut through the simulated system from the final simulation configuration after 100 us. Due to the formation of a stable
membrane stalk, lipids were mixed between bilayers. Lipid phosphate atoms of first and second bilayers before mixing are
shown as orange and yellow spheres, respectively. Lipid tails are not shown for clarity. Nonpolar: gray, polar: green, acidic: red,
and basic: blue. Water beads are shown as semi-transparent dark-blue spheres.
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Figure S10: Top view on the interface between two lipid bilayers with adsorbed peptides at P/L= 1:21. The snapshot was taken
from the end of a 100 us. Peptides formed fiber-like structures and brought the membrane leaflets closer together. A stable
fusion stalk is in the center of the image, surrounded by the peptides. Lipid phosphate atoms are shown as orange spheres.
Lipid tails are not shown for clarity. Nonpolar: gray, polar: green, acidic: red, and basic: blue. Water beads are shown as
semi-transparent dark-blue spheres.



Fusion and Sponge Phase Formation

Figure S11: Initial configuration for an all-atom simulation of two lipid bilayers. Blue rectangle marks the simulation cell. Lipid
phosphate atoms of first and second bilayers are shown as orange and yellow spheres, respectively. Lipid tails are not shown for
clarity. The peptides’ secondary structures are displayed in cartoon representation and colored by residue type. Nonpolar: gray,
polar: green, acidic: red, and basic: blue. Water oxygens are shown as semi-transparent dark-blue dots.



Figure S12: Simulation snapshot of two lipid bilayers connected with a fusion stalk and peptides at P/L. = 1:21. Lipid phosphate
atoms of first and second bilayers are shown as orange and yellow spheres, respectively. Lipids are shown as light-gray sticks.
One lipid connecting both bilayers is highlighted by purple color. Nonpolar: gray, polar: green, acidic: red, and basic: blue.
Water beads are shown as semi-transparent dark-blue spheres.



Fusion and Sponge Phase Formation

Figure S13: Cryo-TEM images of large unresolved aggregates found for POPE/POPG (3:1) in the presence of the equimolar
peptide mixture (panel A) and the hybrid peptide (panel B).
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