COMENIUS UNIVERSITY BRATISLAVA
FACULTY OF PHARMACY

INTERACTION OF MODEL MEMBRANES WITH
SURFACTANTS AND ANTIMICROBIAL PEPTIDES

Dissertation thesis

Bratislava 2022
Mgr. Katarina Zelinska



COMENIUS UNIVERSITY BRATISLAVA
FACULTY OF PHARMACY

INTERACTION OF MODEL MEMBRANES WITH
SURFACTANTS AND ANTIMICROBIAL PEPTIDES

Dissertation thesis

Study programme:  Pharmaceutical chemistry

Department: Department of Physical Chemistry of Drugs
Tutor: doc. RNDr. Jana Gallovéa, CSc.
Consultants: Mgr. Bruno Demé¢, PhD., Mgr. Norbert Kucerka, DrSc.

Bratislava 2022
Mgr. Katarina Zelinska



iy

68873228
Comenius University Bratislava
Faculty of Pharmacy
THESIS ASSIGNMENT
Name and Surname: Mgr. Katarina Zelinska
Study programme: Pharmaceutical Chemistry (Single degree study, Ph.D. III.
deg., external form)
Field of Study: Pharmacy
Type of Thesis: Dissertation thesis
Language of Thesis: English
Secondary language: Slovak
Title: Interaction of model membranes with surfactants and antimicrobial peptides.
Tutor: doc. RNDr. Jana Gallova, CSc.
Consultant: Mgr. Norbert Kucerka, DrSc.
Consultant: Mgr. Bruno Demé, PhD.
Department: FaF.KFChL - Department of Physical Chemistry of Drugs
Head of prof. RNDr. Daniela Uhrikova, CSc.
Department:
Electronic version available:
docdasne nepristupnd, po uplynuti bez obmedzenia
Assigned: 07.09.2020
Approved: 09.09.2020 prof. RNDr. Peter Mikus, PhD.

Guarantor of Main Study Field

Student Tutor



Univerzita Komenského v Bratislave
Farmaceuticka fakulta

ZADANIE ZAVERECNEJ PRACE

Meno a priezvisko $tudenta: Mgr. Katarina Zelinskd

Studijny program: farmaceuticka chémia (Jednoodborové studium,
doktorandské III. st., externa forma)

§tudijny odbor: farmacia

Typ zaverecnej prace: dizertacna

Jazyk zaverecnej prace: anglicky

Sekundarny jazyk: slovensky

Nazov: Interaction of model membranes with surfactants and antimicrobial peptides.

Interakcia modelovych membrdan s tenzidmi a antimikrobidalnymi peptidmi.

Skolitel’: doc. RNDr. Jana Gallova, CSec.

Konzultant: Mgr. Norbert Kucerka, DrSc.

Konzultant: Mgr. Bruno Demé, PhD.

Katedra: FaF.KFChL - Katedra fyzikalnej chémie lieCiv
FaF veduci prof. RNDr. Daniela Uhrikova, CSec.

katedry:

Sposob spristupnenia elektronickej verzie prace:
docasne nepristupna, po uplynuti bez obmedzenia

Datum zadania: 07.09.2020

Datum schvalenia: 09.09.2020 prof. RNDr. Peter Mikus, PhD.

osoba zodpovedna za realizaciu $tudijného programu

Student Skolitel’



ACKNOWLEDGEMENTS

I would like to take this opportunity to thank

doc. RNDr. Jana Gallova, CSc., my supervisor, for all the professional guidance,
valuable advice, patience and her human approach even outside the professional field
throughout my whole study,

prof. RNDr. Daniela Uhrikova, CSc., head of the Department of Physical Chemistry
of Drugs, Faculty of Pharmacy, for help with the evaluation of SANS data, funding, all her
valuable advice and work opportunity,

prof. Ing. Vladimir Frecer, CSc., for help with the funding of our experiments and
help with the mathematics courses,

Mgr. Bruno Demé, PhD., Mgr. Norbert Kucerka, DrSc., for their help with
measurements and evaluation of the SANS and SAND experiments,

thanks to ILL for neutron beamtime on D16 diffractometer (DOI: 10.5291/ILL-
DATA.8-02-862) and JINR for neutron beamtime on small-angle neutron spectrometer
YuMO,

to the entire team of the Department of Physical Chemistry of Drugs, Faculty of
Pharmacy and Large-Scale Structure Group at ILL, for creating a pleasant and friendly
environment, with special thanks to my colleagues and friends Mgr. Silvia Hulakova, PhD.,
Mgr. Lukas Hubcik, PhD. and Mgr. Loreto Misuraca, PhD.,

and last but not least, the biggest thanks to my family and my fiancé for their immense
love and support.

DECLARATION OF HONOUR

| declare that | have prepared this dissertation thesis independently under the
guidance of my supervisor, doc. RNDr. Jana Gallova, CSc., using the cited references.

In Bratislava,



ABSTRACT

This thesis examines the interaction of surfactant N,N-dimethyl-1-dodecanamine-N-
oxide (DDAO) with various mammalian and bacterial model membranes. This thesis also
explores the effect of antimicrobial peptide dermaseptin S1 (DS1) on the permeability of
bacterial model membrane. Mixtures of palmitoyloleoylphosphatidylcholine (POPC) or
dioleoylphosphatidyl-choline (DOPC) with cholesterol (CHOL) were used as models of
mammalian model membrane. Lipids palmitoyloleoylphosphatidylethanolamine (POPE),
palmitoyloleoyl-phosphatidylglycerol (POPG) and tetraoleoylcardiolipin (TOCL) were used
in bacterial model membranes to mimic the inner membrane of Escherichia coli. The
solubilisation process is a complex process describing membrane-surfactant interaction in a
wide range of surfactant concentration, from the partitioning and pore formation in the initial
stage, to saturation of the membrane by surfactant and subsequent transition of liposomes
into lipid-surfactant mixed aggregates. Disruption of bacterial membranes is the mechanism
of antimicrobial effect of surfactants. The solubilisation process was studied
nephelometrically on unilamellar liposomes (ULLSs). Less DDAO was needed to solubilise
the mammalian model membrane (POPC-CHOL) when compared to the bacterial model
membranes. The TOCL containing bacterial model membrane (POPE-POPG-TOCL) was
more stable against the DDAO-induced solubilisation than POPE-POPG. Creation of
membrane pores was studied using the fluorescent probe leakage method. We found that the
bacterial model membrane (POPE-POPG) was more resistant against the DDAO-induced
leakage of the fluorescent probe than the mammalian model (POPC-CHOL). The complete
release of the probe occurred at a concentration of DDAO that was lower than the
concentration causing liposome disintegration. We calculated the partition coefficients of
DDAO between the lipid bilayers and the water phase, 2300 + 300 for POPC-CHOL, 4800
+ 500 for POPE-POPG and 6500 + 500 for POPE-POPG-TOCL. Our data show that the
partitioning coefficient of DDAO is higher when interacting with bacterial model
membranes and the bacterial model membranes need more incorporated surfactant to
undergo solubilisation. The leakage of the fluorescent probe was also observed after the
addition of the antimicrobial peptide DS1. DS1 proved to be highly effective in releasing of
the probe even at small molar ratios of npsi:nuirip, €ven though the DS1 was not able to
completely release the probe. The small-angle neutron scattering method was used to study
the structural parameters of the bilayers in ULLs made of DOPC, DOPC-CHOL and POPE-
POPG and the geometry of the aggregates created after the addition of DDAO. With the
increase of the molar ratio nppao:nLipip, We have observed decreasing bilayer thickness,
followed by a transition from liposomes into cylinders with elliptical cross section. In case



of POPE-POPG, the transition occurred at higher nppao:nLipio molar ratio than for the two
mammalian models. The cross-sectional dimensions of the cylinders suggested that the
longitudinal part of the ellipse is formed by LIPID-DDAO mixed bilayer that is stabilised
by a DDAO-rich rim. Small-angle neutron diffraction experiments on oriented stacks of lipid
bilayers at 97% relative humidity were carried out with the intention of reconstructing the
neutron scattering length density (NSLD) profiles of mammalian and bacterial model
membranes with the addition of DDAO and DS1. Similar results were obtained for both
types of model membrane — POPC-CHOL and POPE-POPG. We observed decrease in the
bilayer thickness with increasing amount of DDAO incorporated into the membrane,
accompanied by an increase in the area per lipid molecule. Membrane-incorporated DDAO
did not prove to have an effect on the water distribution probability, as the water layer
thickness and the width of the lipid/water interface stayed approximately the same. Samples
containing DS1 showed unstable repeat spacing in different contrasts, preventing us from
being able to calculate the NSLD profiles.

Key words: surfactant, antimicrobial peptide, liposome, solubilisation, static light
scattering, fluorescence spectroscopy, SANS, SAND



ABSTRAKT

Tato praca skuma interakciu tenzidu N,N-dimetyl-1-dodekanamin-N-oxidu (DDAOQ)
s rtéznymi cicavéimi a bakteridlnymi modelovymi membranami. Tato préaca tiez skiima vplyv
antimikrobialneho peptidu dermaseptinu S1 (DS1) na permeabilitu membrany bakteridlneho
modelu. Zmesi palmitoyloleoylfosfatidylcholinu (POPC) alebo dioleoylfosfatidylcholinu
(DOPC) s cholesterolom (CHOL) boli pouzité¢ ako modely membrany cicav¢ieho modelu.
Lipidy palmitoyloleoylfosfatidyletanolamin (POPE), palmitoyloleoylfosfatidylglycerol
(POPG) a tetraoleoylkardiolipin (TOCL) boli pouzité v bakteridlnych modelovych
membranach na napodobenie vnitornej membrany Escherichia coli. Solubilizacia je
komplexny proces opisujuci interakciu membrana-tenzid v Sirokom rozmedzi koncentracie
tenzidu, od rozdelovania a tvorby poérov v pociatocnej faze, po saturdciu membrany
tenzidom a naslednu premenu lipozémov na zmesné lipid-tenzid agregaty. NaruSenie
bakteridlnych membran je mechanizmom antimikrobidlneho Uc¢inku tenzidov. Proces
solubilizécie unilamelarnych lipozomov bol Studovany nefelometricky. Na solubilizaciu
membrany cicav¢iecho modelu (POPC-CHOL) bolo potrebné menej DDAO v porovnani s
bakteridlnymi membranami. Bakteridlna modelovda membrana obsahujiica TOCL (POPE-
POPG-TOCL) bola v porovnani s POPE-POPG stabilnejsia vo¢i solubilizacii indukovanej
DDAOQO. Tvorba pérov v modelovych membranach bola Studovana pomocou metddy
uvolnovania fluorescencnej sondy. Zistili sme, Ze membrana bakteridlneho modelu (POPE-
POPG) bola odolnejsia voci uniku fluorescencnej sondy vyvolanému DDAO ako cicav¢i
model (POPC-CHOL). K uplnému uvolneniu sondy doslo pri niz$ej koncentracii DDAO
ako je koncentracia sposobujuca rozpad lipozémov. Vypocitali sme rozdelovacie
koeficienty DDAO medzi lipidovymi dvojvrstvami a vodnou fazou, 2300 + 300 pre POPC-
CHOL, 4800 + 500 pre POPE-POPG a 6500 £+ 500 pre POPE-POPG-TOCL. Nase udaje
ukazuju, ze rozdelovaci koeficient DDAO je vys§i pri interakcii s bakteridlnymi
modelovymi membranami a ze bakteridlne modelové membrany potrebuju na solubilizaciu
viac inkorporovaného tenzidu. Unik fluorescenénej sondy bol tiez pozorovany po pridani
antimikrobialneho peptidu DS1. DS1 sa preukazal byt’ vysoko u¢inny pri uvolniovani sondy
aj pri malych molovych pomeroch npsi:nLipip, aj ked” DS1 nebol schopny sondu kompletne
uvolnit. Metdda rozptylu neutronov pod malymi uhlami bola pouzitd na Stadium
Struktirnych parametrov dvojvrstiev unilamelarnych lipozémov pripravenych z DOPC,
DOPC-CHOL a POPE-POPG a geometrie agregatov vytvorenych po pridani DDAO. So
zvySenim molového pomeru nppao:Nuipip sme pozorovali klesajicu hribku dvojvrstvy,
nasledovala premena lipozémov na cylindre s eliptickym prierezom. V pripade POPE-POPG

sa prechod vyskytol pri vy$Som molovom pomere nppao:NLipip ako v pripade oboch



cicavéich modelov. Prierezové rozmery cylindrov naznacovali, Ze pozdizna ¢ast elipsy je
tvorend zmieSanou dvojvrstvou LIPID-DDAO, ktora je stabilizovana okrajom bohatym na
molekuly DDAO. Experimenty s difrakciou neutrénov pod malymi uhlami na orientovanych
vzorkach pri 97% relativnej vlhkosti sa uskutocnili so zdmerom rekonStruovat’ profily
hustoty rozptylovej dizky neutrénov cicavéich a bakteridlnych modelovych membran s
pridavkom DDAO a DS1. Podobné vysledky boli ziskané pre oba typy modelovej membrany
— POPC-CHOL a POPE-POPG. Pozorovali sme pokles hribky dvojvrstvy so zvySujiicim sa
mnozstvom DDAO inkorporovaného do membrany, sprevadzany narastom plochy
pripadajtcej na jednu molekulu lipidu. DDAO zaclenené do membrany nepreukazalo vplyv
na pravdepodobnost’ distribucie vody, pretoze hribka vodnej vrstvy a Sirka rozhrania
lipid/voda zostali priblizne rovnaké. Vzorky obsahujice DS1 vykazovali nestabilné
mriezkové parametre pri meraniach v roznych kontrastoch, o nam zabranilo v moznosti

vypocitat’ profily hustoty rozptylovej dizky neutrénov.

KPucové slova: tenzid, antimikrobialny peptid, lipozom, solubilizacia, staticky rozptyl
svetla, fluorescencna spektroskopia, SANS, SAND



INTRODUCTION

Biological membranes are complex macromolecular aggregates necessary for cell
function. Fundamental part of biological membrane is the lipid bilayer, which is a fluid
system that provides structural support for other membrane components. Due to the
structural complexity of biological membranes, it is more suitable to study model
phospholipid membranes in the form of spherical liposomes.

Research on bacterial model membranes and their interactions with potential new
pharmacotherapeutics is currently of great importance due to the alarming increase in the
number of cases of multidrug-resistant bacterial infections. In particular, infections caused
by multi-resistant G~ pathogenic bacteria pose a serious public health threat. Bactericidal
surfactants, such as N-oxides, and antimicrobial peptides are promising substances
exhibiting antimicrobial effects. In this thesis we are studying the interactions of surfactant
N,N-dimethyl-1-dodecanamine-N-oxide (DDAOQ) and antimicrobial peptide dermaseptin S1
(DS1) with various mammalian and bacterial model membranes.

DDAO is often used in pharmaceutical and cosmetic formulations, as surfactants in
cleaning products and also for research in membrane and protein studies. Due to its non-
specific interaction with the membranes, it also exhibits haemolytic effect. Therefore, it is
necessary to study its effect on mammalian membranes as well, to ensure it does not exert
toxic actions on animals and humans. The goal of this thesis was to study the complex
process of solubilisation of mammalian and bacterial model membranes by DDAO, from the
partitioning and pore creation to the transition of liposomes into lipid-surfactant mixed
aggregates.

Dermaseptins interact with the lipid bilayer of the target organism. This interaction
leads to permeabilization and eventual cell lysis. Despite intensive research dedicated to
antimicrobial peptides, we still do not know all about their interactions. The goal of this
thesis was to study the effect of DS1 on the permeability and stability of model membranes.

This thesis was created at the Department of physical chemistry of drugs, Faculty of
Pharmacy, Comenius University in Bratislava, supported by the VEGA grants 1/0916/16
(prof. RNDr. Daniela Uhrikova, CSc.) and 1/0228/17, APVV project 17-0239 (prof. Ing.
Vladimir Frecer, CSc.), FaF UK grants FaF-30-2017, FaF-21-2018 (Mgr. Katarina Zelinska)
and JINR topical themes 04-4-1121-2015/2020, 04-4-1142-2021/2025. This work benefited
from the use of the SasView application, originally developed under NSF award DMR-
0520547. Part of this work was created during a student internship at Institut Laue-Langevin,

Grenoble, France, under the supervision of Mgr. Bruno Demé, PhD.
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1 THE CURRENT KNOWLEDGE

1.1 Biological membrane: function and composition

Biological membranes play an irreplaceable function in cell protection — they form
selective barriers that separate, communicate and define cells and their internal organelles.
They receive and promote important signals that control the behaviour of the cell (Escriba
and Nicolson, 2014). The currently accepted model of biological membrane is called the
fluid mosaic model, proposed in 1972 by Singer and Nicolson. The membrane has been
described as an oriented, two-dimensional, viscous solution of amphiphilic proteins (or
lipoproteins) and lipids in instant thermodynamic equilibrium (Singer and Nicolson, 1972).
Its modifications have been suggested in 1997, in the works of Simons and Ikonen (1997)
and Brown and London, (1997). It has been pointed out that biological membranes do not
form a homogeneous fluid lipid phase, but it was proposed that the lipids are organized into
phase — separated microdomains, called lipid rafts, characterized by specific composition
and molecular dynamics different from their surroundings in the liquid-crystalline phase.

Biological membranes are very complex structures composed of lipids, proteins and
oligosaccharides. Membrane proteins are dispersed in the membrane at low concentrations,
some pass through the entire lipid bilayer (transmembrane proteins), and others are found
only on its surface (peripheral proteins). Some proteins occupy a small space in the
biological membrane, but have large ectodomains that cover lipids, thereby creating steric
hindrances. The fluidity of the lipid bilayer makes it possible to adapt to relatively rigid
protein molecules (Engelman, 2005).

1.1.1 Lipids

Lipids are a large and heterogeneous group of substances of biological origin,
characterized by their good solubility in organic solvents, methanol, acetone, chloroform and
benzene. In contrast, they are either insoluble or only very poorly soluble in water (Koolman
and Roehm, 2005). They are usually divided into three classes: simple lipids (higher
hydrocarbons, higher alcohols, higher carboxylic acids, triacylglycerols etc.), complex lipids
(also called polar lipids, e.g. phospholipids, glycolipids etc.) and derived lipids (also known
as isoprenoids, for example terpenes or steroids) (Dobrota, 2012).

Higher carboxylic acids (fatty acids, FAs) consist of the unbranched hydrocarbon
chain (in the figures often marked with R-) and the terminal carboxyl group (-COOH). In
cells, they occur rarely on their own, only transiently during biochemical reactions or during
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transport from cell to cell, while bound to certain transport proteins (lipoproteins). However,
they are fundamental components of complex lipids. The most commonly occurring FAS
have chains with lengths from 14 to 22 carbons. The organism produces saturated FAs as a
result of the activity of a multienzyme complex, called fatty acid synthase. Since the
precursor of the synthesis is a 2-carbon fragment (acetyl-CoA), odd number of carbon atoms
rarely occurs.

Saturated fatty acids

18:1 \
OH number of number of

stearic acid 18:0 carbon atoms  double bonds

Unsaturated fatty acids —_—
o]
/\/\/\/\/\/\/\/\)I\OH 0
elaidic acid 18:1 oleic acid 18:1

OH

trans- configuration cis- configuration

Figure 1: Saturated and unsaturated fatty acids

Saturated FAs are usually drawn in the conformation with the lowest energy, where
all the C—C—C bonds are in an all-trans arrangement (Figure 1). However, isomerisation
occurs around the single bonds in the FAs molecules, leading to more disordered
conformations, which affects the hydrocarbon chain length and consequentially the
thickness of the bilayers. Unsaturated FAs are created by oxidation process at specific
places in the hydrocarbon chain. Most commonly, monounsaturated FAs occur. The first
double bond is located at the ®-9 position (hnomenclature calculates from the last carbon of
the hydrocarbon chain, which is labelled ) and the following desaturations can be found at
the -6 and ®-3 position. Desaturations at the ®-6 and ®-3 positions occur only in plant
cells, therefore, polyunsaturated linoleic acid (18:2, ®-6) and a-linolenic acid (18:3, o-3) are
essential for animals. The mammals are able to prolong these essential FAs in the liver cells
and desaturate them to create other important derivatives such as arachidonic acid (20:4, »-
6), eicosapentaenoic acid (20:5, ®-3) and docosahexaenoic acid (22:6, ®-3). From
arachidonic acid derivatives called eicosanoids are produced in cascade enzymatic oxidation.
Eicosanoids are substances with significant, hormone-like, biological activity. Unsaturated
FAs can vary in their spatial arrangement. The double bond between the two carbon atoms
(C=C) may take two different stereocisomeric configurations called cis- or trans-. In the cis-
isomers, the methylene groups (—-CH>-) next to the double bond are located on one side in
the FA molecule (Figure 1, oleic acid). The methylene groups are located on the opposite
sides in the trans-isomers (Figure 1, elaidic acid). The naturally occurring FAs occur almost
always in the cis- configuration. Bending of the hydrocarbon chain of FAs molecule leads
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to a reduction in hydrophobic interactions between neighbouring lipid molecules in the
biological membrane. (Quinn, 2011; Mouritsen, 2005; Dobrota, 2012; Roche, 1999)

Polar lipids are the basic building blocks of cell membranes. As the name suggests,
polar lipids contain polar components in their molecule: phospholipids (phosphoric acid
residue), glycolipids (carbohydrate component), sulpholipids (sulphuric acid residue),
lipoproteins (lipid complexes with specific proteins). The simultaneous presence of
hydrophobic FAs and a hydrophilic fragment in the molecule of complex lipid gives them
an amphiphilic character, which allows them to spontaneously create different aggregates
(discussed in chapter 1.2.1 Spatial geometry of lipid molecules and supramolecular
arrangements) in aqueous solutions (Dobrota, 2012).

Phospholipids are chemically esters of alcohols (glycerol — glycerophospholipids
or sphingosine — sphingophospholipids) with FAs and ester-bound phosphoric acid.
Glycerophospholipids include phosphatidic acids (PAs) and their esters, named
phosphatidylcholines (lecithins, PCs), phosphatidylethanolamines (PEs),
phosphatidylserines (PSs), phosphatidylglycerols (PGs) and phosphatidylinositols (PIs).
While PCs and PEs are zwitterions (electroneutral net charge), PSs, PGs and PIs are carriers
of negative charge. In the PC molecule, amino alcohol choline, is bound via an ester linkage.
Choline is an important part of the acetylcholine neurotransmitter, also serves as a supply of
methyl groups and is part of a lung surfactant (especially dipalmitoylphosphatidylcholine).
The presence of Pl is necessary to transmit signals in the cell. Through phospholipase C, the
secondary messengers of diacylglycerol (DAG) and inositol-1,4,5-triphosphate (1P3) are
released from PI. The dimeric phospholipid, which contains 4 FAs in its molecule, is called
cardiolipin (diphosphatidylglycerol, CL) (Dobrota, 2012; Mouritsen, 2005). Among the
sphingophospholipids we list the sphingomyelins (SMs), which are predominantly found in
myelin neurons. SM molecules consists of alcohol sphingosine, choline bound via the
phosphoric acid residue to the primary alcohol group of sphingosine and a fatty acid (most
commonly C»4) attached to its amino group (Dobrota, 2012).

Glycolipids are present in all tissues on the outside of the plasma membrane. In their
molecule they contain the oligosaccharide, the alcohol component and the rest of the FA.
According to the alcohol content, we divide the group into glycosphingolipids, present in
animal membranes, and glycoglycerolipids, typical of plant and bacterial membranes. By
attaching the hexose molecule (Cs sugar, e.g. B-D-glucose or p-D-galactose) to the ceramide
(N-acylsphingosine), the  simplest  glycolipids, cerebrosides, are formed.
Galactocerebrosides are typically found in neuronal membranes, and in other tissues,
predominantly glucocerebrosides are present. More complex glycolipids, gangliosides,
include a branched or unbranched oligosaccharide chain consisting of up to 7 neutral sugars
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or amino sugars attached to the ceramide molecule. Gangliosides, whose carbohydrate
component from the membrane protrudes into the extracellular space, serve as specific
receptors regulating several physiological functions, e.g., as pituitary receptors for certain
glycoprotein hormones. They are also important for cell recognition among themselves,
which is likely to play an important role in tissue growth and differentiation, as well as
carcinogenesis (Quinn, 2011; Voet and Voet, 2010).
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Figure 2: Membrane polar lipids

Sterols are derivatives of isoprene of considerable biological importance. The
presence of cholesterol is typical in the biological membranes of animal cells, while in plant
cells there are various sterols, e.g. stigmasterol, g-sitosterol, campesterol and others. Sterol
present in microorganisms is called ergosterol (Quinn, 2011). The presence of cholesterol in
the phospholipid bilayer alters its structural and dynamic properties by affecting freedom of
movement and hydrophobicity. Its molecule consists of a rigid polycyclic skeleton with a
side hydrocarbon chain and a hydroxyl group representing the polar part of the molecule.
The amphiphilic character allows it to be incorporated into the membrane. Depending on the
cell type, cholesterol is present in the animal cell membrane in the range of 20 — 50% of all
lipids. Cholesterol has an unusual dual effect on membranes. It makes the membranes firmer,
but leave the fluidity necessary for their proper function (Mouritsen, 2005). The solid
cholesterol steroid skeleton, after incorporation into the membrane in the gel state, creates a
defect in the bilayer. The defect allows for greater freedom in the movement of the acyl
chains, thereby reducing the amount of heat required to pass into the liquid-crystalline phase.
In the liquid-crystalline phase, cholesterol has the opposite effect. The rigid skeleton of
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cholesterol prevents the increase of trans-gauche isomerization of the acyl chains, thereby
maintaining their order (Uhrikova, 2015). A mixture of lipid and cholesterol melts at a
slightly lower temperature and a wider range of transition temperatures than is observed for
pure lipid (Edidin, 2003). Cholesterol is an important component of cell membranes and
myelin. It also serves as a precursor to oxysterols, steroid hormones, vitamin D and bile
acids. It is an important part of the human brain (an adult human brain contains
approximately 35 g of cholesterol) (Orth and Bellosta, 2012). Cholesterol and lipids with
saturated chains are preferentially distributed in the membrane in microdomains called lipid
rafts. Cholesterol exhibits a lower affinity for the surrounding, fluid disordered membrane,
consisting in particular of lipids with unsaturated acyl chains. Saturated chains acquire the
all-trans configuration to facilitate closer contact with the rigid steroid skeleton, while
unsaturated chains exhibit high conformational disorder, that is caused by a low energy
barrier for rotation around single bonds separating multiple bonds (repeat pattern =C — C =)
(Harroun et al.,, 2008). Lipid rafts are comprised in a ratio of about 1:1:1 of
glycerophospholipids, sphingophospholipids and cholesterol. Lipid rafts are not formed in
both layers of the bilayer randomly. They occur close to each other in the outer and inner
layer of the membrane, despite various factors such as, higher degree of FA unsaturation in
the inner bilayer or asymmetry of distribution of SMs and cholesterol in bilayer (Edidin,
2003).

1.2 Properties of biological membranes

1.2.1 Spatial geometry of lipid molecules and supramolecular arrangements

The lipids contain both the hydrophilic and the hydrophobic parts of the molecule.
In the aqueous medium they form supramolecular arrangements, which are the most energy
efficient state (Balazs and Godbey, 2011). These self-assemblies, which differ in
morphology and size (nm to um), are maintained by weak, non-covalent interactions. The
arrangement of molecules is highly dependent on the geometry of the molecule (Elizondo et
al., 2011). The geometry of the molecule is characterized by a dimensionless parameter P,
which indicatively determines the preferred type of supramolecular arrangement:

\%

P= 1
axl;

where v — volume of the hydrophobic part of the molecule, a — the polar surface of the
molecule and 1. — the maximum chain length in the liquid-crystalline phase (Uhrikova, 2015;
Israelachvili, 2011; Meister et al., 2014). The preferred arrangement and influence of the
geometry of the molecule on the curvature are schematically shown in the Figure 3.
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Figure 3: Parameter P of different lipid molecules and their preferred molecular
arrangements.

Biological membranes are not only ordinary walls separating cells from their
surroundings, there are many physiological and pathological processes occurring in the
membranes. Membranes made only from lamellar lipids would be ideal insulators, but
incompatible with cell function (Goni, 2014). The membranes may be positively or
negatively curved, their deformability vary depending on the tension in the membrane. One
way to modify curvature in membranes is by influencing the local composition, e.g. by
changing the polar fragment, the FA chains of phospholipids, or by the presence of
cholesterol. The shape of the individual different types of lipids present in the membrane
gives it a spontaneous curvature. Membrane-bound proteins, whether asymmetrically nested
hydrophobic protein domains, amphiphilic helical proteins, or various oligomeric protein
structures also affect the curvature of the membrane. (Jarsch et al., 2016).

1.2.2 Lipid polymorphism

According to the liquid mosaic model, biological membranes are liquid-crystalline
lipid bilayers with anchored proteins. However, in addition to bilayer-forming lipids, there
are a large number of lipids, which after their isolation are more likely to acquire non-
lamellar structures. Phases with different geometry and arrangement, called mesophases, are
mutually related and are changing from one to another via phase transitions (Koynova and
Tenchov, 2013). The ability of lipids to change their structural arrangement under the
influence of changing external conditions is referred to as polymorphism. The structural
arrangement of lipids can be determined by optical methods (e.g. polarisation microscopy,

11



electron microscopy) or *!P NMR spectroscopy. In case of symmetrical structures, a reliable

method is small-angle diffraction and scattering of neutrons or X-rays (Uhrikova, 2015).

Nomenclature proposed in the 1960s (Luzzati, 1968) is still used today. The lipid

phases are generally characterised by:

a.

lattice periodicity: described by uppercase Latin letters — L = one-dimensional
lamellar lattice; H = two-dimensional hexagonal lattice; P = two-dimensional oblique
or rectangular lattice; T, R and Q = three-dimensional rectangular, rhombohedral and
cubic lattice

arrangement of FAs chains: the hydrocarbon chain conformation is described by
the lower (Greek or Latin) index — o = liquid-crystalline (disordered), B = gel
(ordered), B' = gel with tilted chains, C = crystalline (subgel)

type: type of aggregate is denoted by Roman numerals: | = oil in water (normal type),
Il = water in oil (inverted type)

Structures, together with the names of the lipid phases that may arise in the lipid-

water system due to various external conditions are depicted in the Figure 4.

I. Lamelar phases:
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A - lamellar crystalline phase (Lc) E - fully interdigitated gel phase (Lg™)
B - lamellar gel phase (Lp) F - partially interdigitated gel phase
C - lamellar gel phase with tilted chains (Lg) G - mixed interdigitated gel phase
D - lamellar rippled gel phase (Pp) H - lamellar liquid—crystalline phase (L)
I1. Micellar aggregates, liposomes: A - spherical micelles (M)
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Figure 4: Examples of various lipid phases and aggregates. (Koynova and Tenchov, 2008)
d — repeat spacing of the lattice
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l. Lamellar phases:

The properties of lamellar phases are affected by several physico-chemical
parameters such as temperature, pH, ionic strength or other factors (e.g. chemical structure
of lipid component or a presence of cholesterol) (Eeman and Deleu, 2010).

Lamellar crystalline phase (Lc) is formed by lipids at low hydration and/or low
temperature. It is characterised by the tight ordering of the hydrocarbon chains that are in
the all-trans conformation (Kulkarni, 2012). By adding heat to the Lc phase, a phase
transition into the lamellar gel phase (Lg) occurs. Hydrocarbon chains are still in all-trans
conformation and high order restricts lateral diffusion of lipids (it is also called solid-ordered
phase, So). Lamellar gel phase with tilted or interdigitated chains can also occur.

In liquid-crystalline phase (L), also known as liquid-disordered phase (Ld), trans-
gauche isomerisation of the hydrocarbon chains allows less tight ordering of the bilayer.
This facilitates both lateral and rotational diffusion of lipids. The transition between gel and
liquid-crystalline phase occurs at the temperature of the main phase transition (Tm) (Eeman
and Deleu, 2010). Because of the energy needed to expand the hydrocarbon area (to
overcome the attractive van der Waals interactions) and to enlarge the surface of the bilayer
(increasing the hydration of the polar fraction of the lipid molecules) is the main phase
transition associated with a large enthalpy change and is the largest energy event occurring
in a bilayer (Koynova and Tenchov, 2013).

ippled ph Pp,
pre-fransition ripled pRaiel main phase
transition
/ / main phase
fransition
wm

solid ordered liquid-disordered

phase (S,) phase (Ly
+ cholesterol é + cholesterol @

liguid-ordered phase (L,)

Figure 5: Schematic representation of various phases of lipid bilayer in aqueous
environment. Adapted from (Eeman and Deleu, 2010)
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For some membrane lipids, e.g. PCs or charged PGs, a pre-transition takes place a
few degrees below the main phase transition. If the pre-transition is present, another phase
can be observed, called rippled gel phase (Pg). This phase is characterised by the rippled
surface of the bilayer caused by its partial disorder. In the bilayer, ordered and disordered
lipid domains alternate. In the presence of cholesterol, the lipid bilayer acquires a liquid-
ordered phase (Lo), with less tight arrangement of the FA chains than in the gel phase, but
higher order than liquid-crystalline phase (Eeman and Deleu, 2010).

1. Liposomes:
The lamellar lipid phase is considered to be the most relevant for biological functions,

because it most closely resembles the structure of plasma membrane. Liposomes are
vesicular structures consisting of one or more concentric spheres of lipid bilayers that
enclose the aqueous medium. The size of the liposomes is directly related to the preparation
method and can vary from 50 nm to several micrometres. They may be formulated as
suspensions, aerosols or even in the form of gels and creams. Liposomes have low toxicity
and are biocompatible and biodegradable. They have the ability to seal lipophilic and
hydrophilic drugs. (Himanshi et al., 2015) An important characteristic of liposomes is their
lamellarity, a term denoting the number of bilayers (separated from each other by the
aqueous medium) that form it. One-layer liposomes are called unilamellar, while several
concentrically arranged bilayers form multilamellar liposomes. Unilamellar liposomes are
most similar to the cell membrane, both in terms of structure and function, and are therefore
used in the study of membrane proteins, substances affecting stability or other properties of
the membrane. Depending on the method used to prepare the liposomes, we can obtain
liposomes of varying size and lamellarity: unilamellar liposomes (ULLs) —small unilamellar
liposomes (SULs), large unilamellar liposomes (LULS), giant unilamellar liposomes
(GULs); multilamellar liposomes (MLLs) or multivesicular liposomes (MVLs). (van Swaay
and DeMello, 2013) These types of liposomes are depicted in Figure 6.

SUL LUL GUL MLL MVL
<100 nm 100 nm-1 pm >1pm
® gy
N\ ’/’,/" \\
(| 1
R 4

Figure 6: Liposomes of different size and lamellarity. (van Swaay and DeMello, 2013)
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The use of liposomes has great potential in various fields of science, industry, but
also in diagnostics and therapy. They can serve as carriers of hydrophilic or lipophilic drugs
and genetic material. Usage was found, for example, in dermatology (therapeutic cosmetics)
or in immunology (Garg and Goyal, 2014).

1. Non-lamellar phases:

Some membrane lipids are able to form non-lamellar lipid phases. Among the lipids
constituting the predominantly lamellar phase we list PCs, PSs and SMs. The anionic
phospholipids, such as PGs, PAs, PSs a CLs, form non-lamellar structures only under
extreme conditions, e.g. high ionic strength, presence of divalent metal ions in high
concentration or low pH. Therefore, it is assumed that these lipids will not form non-lamellar
structures under physiological conditions, but on the contrary, they will help to stabilize
lamellar structures. Lipids that prefer to form an inverse hexagonal phase include
zwitterionic PEs, the most represented phospholipid in some bacterial membranes (Haney et
al., 2010). Despite the high PEs content, bacterial cells are capable of regulating the FA
chain composition of their inner membrane phospholipids to preserve its liquid-crystalline
phase (Morein et al., 1996). Among the non-lamellar structures, we list the hexagonal phase
(Hi) consisting of lipids arranged in the shape of cylinders or inverted hexagonal phase
(Hn) with water enclosed inside the cylinders and hydrocarbon chains oriented to the
outside. In addition to these simpler architectures, more complex, but still well-organized
lipid phases are to be found. The most common are cubic phases, which may be of two types:
bicontinuous cubic phase (Qu: 1a3d, Pn3m and Im3m) formed by continuous lipid bilayer
with a structure of mathematically minimal surface that separates two water channels. The
second type is inverted micellar cubic phase (QuM) consisting of discrete micelles arranged
in a cubic lattice (Kulkarni, 2012). Some of the most common non-lamellar structures are
depicted in the Figure 4.

At present, the liquid-crystalline phase and non-lamellar lipid phases are intensively
studied as targeted drug carriers for their ability to encapsulate drugs. Non-lamellar phases
are also able to protect peptides from enzymatic degradation. They may be applied topically
to the skin, by injection (subcutaneously or intravenously) or by adhesion to the mucous
membranes (Chang et al., 2015).

1.2.3 Membrane fluidity

Fluidity is probably the most obvious physical property of the membrane. FAs, an
inseparable part of the phospholipid bilayer, significantly affect membrane fluidity and
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interactions between lipids and proteins. Cholesterol is an important substance whose
increasing concentration in the membrane regulates its structural and dynamic properties by
affecting freedom of movement and hydrophobicity (Cocera et al., 2003). The
conformational changes of FAs and the influence of cholesterol on phospholipid bilayer have
already been discussed in Chapter 1.1.1 Lipids.

Lipid molecules are in the bilayer in motion, continuously altering their
intramolecular conformation, vibrating, even temporarily protruding from the bilayer.
Depending on the type of movement, the length of the duration is also individual.
Conformation changes (rotation around C — C bonds) usually take several picoseconds (10
12'5). The molecule rotates around its own axis within nanoseconds (10° s), while the
movement in the lateral direction takes up to tens of nanoseconds. In the direction
perpendicular to the membrane, the lipid molecule can protrude itself from the membrane in
a few tens of picoseconds. The movement of the molecule from one layer to the other, so-
called flip-flop movement, may take several hours, maybe even days. Of course, all these
movements are affected by factors such as the type of lipid molecule, the temperature and
the phase in which it occurs. E.g. lateral diffusion in the gel phase is slowed by at least one
hundred times compared to the liquid-crystalline phase. Not only single molecules or their
parts (FA residues) can carry out the movement. Several molecules can also perform a
variety of joint movements, e.g. bilayer waving, changes in the thickness of bilayer or
collective diffusion of the entire cluster of molecules within the plane of the membrane
(Mouritsen, 2005).

1.2.4 Lateral pressure

Structure of the cell membrane in the lateral direction is described weakly in the
literature. This is due to the lack of direct methods for observing bilayers in the lateral
direction, as well as dynamic changes occurring in bilayer (molecular motions) (Bagatolli et
al., 2010). Changes in membrane composition can significantly modulate the activity of
transmembrane proteins. Enzymes, ion and molecular transporters and ion channels are often
sensitive to changes in the polar fragment and length of the FA chains, or to the concentration
of cholesterol or some smaller molecules such as general anaesthetics (Cantor, 1997).

Lipids in the bilayer are maintained in place due to the hydrophobic effect. However,
different attractive and repulsive forces also act between the individual parts of the lipid
molecules. This property of the bilayer is referred to as lateral pressure. Unlike attractive
forces on the lipid/water interface (induced by a hydrophobic effect), repulsive forces act

16



between polar lipid fragments. Hydrophobic hydrocarbon chains also repel each other
(Mouritsen, 2005).
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Figure 7: Schematic illustration of a lateral pressure profile on the cross section of a lipid
bilayer.

1.3 Eukaryotic and prokaryotic cell membranes

The biomembranes are complex mixtures of lipids, proteins and other molecules. The
lipid composition differs depending on the type of organism, tissue, cellular organelle, and
to a certain extent, on the environmental and nutritional factors. In Table 1, we can see how
big differences in lipid composition of the membrane are between the human erythrocytes
(Lipowsky and Sackmann, 1995) and bacteria Escherichia coli (Lopes et al., 2010).
Differences in the cell membrane construction of both types of cells will be discussed in the
following chapters.

Table 1: Lipid composition (in weight %) of the membrane of human erythrocyte and

Escherichia coli.

Membrane type | PCs | PEs | PSs | PGs | PIs | CLs | SMs | GLs | CHOL | Other
Erythrocyte 20 | 18 | 7 0 3 0 18 3 20 11

Escherichiacoli | O | 57 | O 15 0 10 0 0 0 18

PCs — phosphatidylcholines, PEs — phosphatidylethanolamines, PSs — phosphatidylserines, PGs —

phosphatidylglycerols, Pls — phosphatidylinositols, CLs — cardiolipins, GLs — glycolipids, CHOL —
cholesterol

1.3.1 Eukaryotic cell membranes

The plasma membrane of mammalian cells is composed of lipids (phospholipids,
glycolipids, cholesterol), proteins and carbohydrates. The molecular composition is highly
dependent on the type of the cell, for example the weight ratio between proteins and lipids
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varies from 1:5 to 5:1. Carbohydrates are present in the membranes in less than 10 % amount
of the dry mass. (Mouritsen, 2005) The most prevalent lipids in mammalian plasma
membranes are PCs, PEs, SMs and CHOL. Proteins can be peripheral (weakly bound to the
membrane) or integral (bound more strongly to the membrane). (Dobrota, 2012) A liquid-
mosaic model of mammalian (eukaryotic) plasma membrane is shown in the Figure 8.

Asymmetric distribution of lipids has been found in the plasma membranes. Lipid
asymmetry is necessary for multiple cellular functions, such as cell fusion, coagulation
cascade or apoptosis (death) of the cell. (Fadeel and Xue, 2009) The outer leaflet is mostly
enriched in choline-containing phospholipids (PCs and SMs), while PEs, PSs and other
minor phospholipids are oriented to the inside of the cell. Cholesterol is distributed equally
between the two leaflets of the plasma membrane. (Daleke, 2008)
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Figure 8: Liquid-mosaic model of eukaryotic cell membrane.

1.3.2 Prokaryotic cell membranes

The structure of prokaryotic cell is simpler at every level than eukaryotic cell, with
the only exception — their cell membrane and additional cell wall are more complex. Based
on the construction of the cell wall (Figure 9) we can distinguish two major groups of
bacteria using Gram staining: gram-positive (G*) and gram-negative (G°) bacteria
(Neidhardt, 2013).

The cell wall of both G* and G~ bacteria contains peptidoglycan. The peptidoglycan
structure consists of linear strands formed by alternating N-acetylglucosamine (GIcNAc) and
N-acetylmuramic acid (MurNAc) molecules (linked B-(1—4) glycosidic bonds) crosslinked
with identical tetrapeptides. The tetrapeptide is attached to the carboxyl group of MurNAc
and usually consists of L-alanine (L-Ala) in the first position, D-glutamic acid (D-Glu) in
the second and D-alanine (D-Ala) in the fourth position. The amino acid in the third position
is the most variable (Vollmer et al., 2008).
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Figure 9: The cell walls of G* and G~ bacteria. PM — plasma membrane, M — murein
(peptidoglycan), W — G* peptidoglycan wall, P — periplasmic space, OM — outer membrane.
(Morse and Meitzner, 2013)

In G* bacteria, the peptidoglycan is 30 — 100 nm thick and has many layers.
Threading through the peptidoglycan layers are polymeric molecules called teichoic acids,
which give the G* bacteria negatively charged surface (Silhavy et al., 2010). They consist
predominantly of glycerol-phosphate, or ribitol-phosphate residues. The wall teichoic acids
are covalently bound to the peptidoglycan. Teichoic acids covalently bound to membrane
glycolipid are called lipoteichoic acids (Morse and Meitzner, 2013).

In G~ bacteria, the cell wall consists of thin layer of peptidoglycan. For example, in
E. coli more than 80% of peptidoglycan forms a monolayer and the thickness of its cell wall
is smaller than 4 nm (Huang et al., 2008). Peptidoglycan is a part of the periplasmic space,
which accounts for approximately 20 — 40% of cell volume. It is a gel-like solution of
proteins, for example binding proteins for specific substrates, hydrolytic enzymes or
detoxifying enzymes (such as B-lactamase) for disabling certain antibiotics (Morse and
Meitzner, 2013). The distinctive feature of G bacteria is the presence of an outer membrane
that never occurs in the G* bacteria. The outer membrane of G~ bacteria contains
phospholipids (20 — 25 w%), lipopolysaccharide (20 — 30 w%) and proteins (45 — 50%)
(Kaufmann et al., 2012). The specificity of the outer membrane is that instead of it being
formed by a bilayer of phospholipids, its inner leaflet resembles a composition of the plasma
membrane whereas the outer leaflet contains molecules of lipopolysaccharide (LPS)
(Kayser, 2005; Hogg, 2005). LPS is highly toxic for humans and other animals. It consists
of lipid A, polysaccharide core and terminal series of repeat units called O-antigen. Lipid A,
responsible for the high toxicity, is formed by phosphorylated glucosamine disaccharide
units with 6 — 7 long-chain FAs attached. LPS is called an endotoxin, because lipid A is
released only after the lysis of the bacteria. Even at low concentration in the blood it causes
fever, higher concentration leads to a septic shock (possibly deadly). The polysaccharide
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core of G~ bacteria consists of two characteristic sugars: ketodeoxyoctanoic acid and a
heptose. The terminal repeat units are usually formed by either linear tri-saccharides or
branched tetra- or penta-saccharides. They are called O-antigen because they are highly
immunogenic. Negatively charged LPS molecules are non-covalently stabilized by divalent
cations (Mg?*, Ca2"), thereby neutralizing the negative charge of the phosphate groups
present in the molecule. The FA chains are saturated, allowing a tight alignment. This creates
a very effective barrier for hydrophobic molecules. Selective permeability is provided by
special proteins called porins along with other translocation systems. The porins are very
abundant in the outer membrane, having approximately 250 000 copies per cell. (Kayser,
2005; Hogg, 2005; Morse and Meitzner, 2013; Neidhardt, 2013; Nikaido, 2003; Silhavy et
al., 2010)

The plasma membrane of the bacteria is a phospholipid bilayer and over 200
different types of proteins. Proteins make up about 70% of the mass of the membrane, which
is a higher proportion than that of mammalian cell membrane. Aerobic bacteria have the
electron transport and oxidative phosphorylation system incorporated in the membrane,
which is functionally analogous to eukaryotic mitochondria. The membrane also contains
enzymes and other molecules necessary for biosynthesis of DNA, cell wall polymers and
membrane lipids. Bacterial membranes do not contain sterols, with the exception of
mycoplasmas, which incorporate sterols into the membrane when cholesterol is present in
the medium in which they grow (Morse and Meitzner, 2013; Neidhardt, 2013).

There are considerable differences in the composition of the membrane between
different types of bacteria. For most, zwitterionic PEs are dominant. G~ bacteria have a
higher PEs content than G* bacteria. The predominant negative phospholipids in the bacterial
membranes are PGs and CLs. All bacteria contain at least 15% of anionic phospholipids
(from the total amount of phospholipids) (Epand and Epand, 2009).

1.4 Model membranes

1.4.1 Mammalian model membranes

One of the most studied mammalian plasma membranes is that of erythrocytes.
About 80 mol% of the FA chains in membrane phospholipids are 16 and 18 carbons long.
Approximately 30 mol% is saturated, 43 mol% monounsaturated and 22 mol%
polyunsaturated. (Luchini and Vitiello, 2021) PCs are the most common phospholipids in
eukaryotic membranes. (van Meer et al., 2009) Therefore, PCs or mixtures containing PCs
with another type of lipid are used as model membranes. This can be either from the group
of PEs or PSs, but often it is cholesterol (CHOL), because of its effect on the arrangement
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of PCs bilayers (described in Chapter 1.1.1 Lipids). The maximum solubility of CHOL in
glycerophospholipid membrane is 50 — 66 mol% (depending on the prevalent lipid species).
(Ohvo-Rekild et al., 2002)

Because of all the above-mentioned information dioleoylphosphatidylcholine
(DOPC), palmitoyloleoylphosphatidylcholine (POPC) and their mixtures with CHOL can
serve as suitable model membranes to represent simplified mammalian plasma membrane.
In our case the molar ratio of PC to CHOL was chosen to be 2:1 mol/mol. Figure 10 shows
a phase diagram of POPC-PSM-CHOL mixtures (Simons and Vaz, 2004; de Almeida et al.,
2003). Palmitoylsphingomyelin (PSM) is the major component of egg yolk sphingomyelin
(EYSM) used in one of our experiments. As we can see from the phase diagram our mixture
POPC-CHOL (Xporc = 0.66; XcHor = 0.33) is formed by coexisting Lq and L, phase. To
compare POPC and DOPC, the latter has 2 unsaturated FA chains compared to only one
present in POPC. This means the DOPC bilayer is more fluid compared to bilayer formed
by POPC. The addition of CHOL into the DOPC bilayer would therefore consist of a uniform
phase with properties between Lq and L, phase or by coexisting Lq and L, phase. (van Meer
et al., 2009)

Mole Fraction PSpM

Figure 10: Phase diagram of POPC-PSM-CHOL mixtures. A —single Lo phase; B — So + Lo
phase coexistence; C — Lg + Lo + S, three-phase region; D — Lq + Lo phases coexistence.
Dashed line represents approximate maximal solubility of CHOL. PSpM -
palmitoylsphingomyelin. (Simons and Vaz, 2004)

1.4.2 Bacterial model membranes

For our experiments, G~ rod-shaped bacteria Escherichia coli (E. coli) were selected
as model organisms. Membrane lipids of E. coli are a mixture of PEs (57 w%), PGs (15
w%), CLs (10 w%) and other lipids (18 w%) (such mixture of lipids is commercially
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available as E. coli Total Lipid Extract). An extract of polar lipids of E. coli contains PEs
(67%), PGs (23%) and CLs (10%). It is commercially prepared from E. coli Total Lipid
Extract by precipitation with acetone and extraction with diethyl ether
(https://avantilipids.com/product-category/natural-lipids/extracts, [12.4.2022]).

Frequently used models are two-component PEs and PGs mixtures (Lopes et al.,
2010). The FAs found in E. coli are predominantly 16 — 18 carbons long, with a considerable
part of them being unsaturated (Meister et al., 2014). Therefore, a mixture of
palmitoyloleoylphosphatidylethanolamine (POPE) and palmitoyloleoylphosphatidyl-
glycerol (POPG), in a molar ratio of POPE/POPG = 0.6/0.4 mol/mol was studied as bacterial
model system in this thesis. More complex system containing CLs (in our case
tetraoleoylcardiolipin, TOCL), POPE/POPG/TOCL in a molar ratio 0.67:0.23:0.1
mol/mol/mol was also used in this thesis. It was proven that the phase transitions of
POPE/POPG/CL three-component mixture in this molar ratio shows the highest similarity
to those of E. coli extracts (Lopes et al., 2010).

PEs are zwitterionic phospholipids. Polar headgroup of PEs is smaller in diameter
compared to the hydrocarbon chain area, giving them molecular shape of a truncated cone.
Therefore, they prefer to form structures with negative curvature, at higher temperatures they
tend to form non-lamellar phases. (Lopes et al., 2012) In water solutions they form MLLs.
PGs with a pKa value ~ 3 are negatively charged at physiological pH. Thanks to their
cylindrical molecular shape, they prefer to create flat bilayers even at high temperatures.
Because of the charge, in water solution they form ULLs. (Pozo Navas et al., 2005) At
physiological pH, the PEs headgroup can act as a donor (NHs*) and acceptor (PO2") for
intermolecular hydrogen bonds. The polar fragment of PGs may be a hydrogen bond
acceptor (PO2"), but can also serve as a weaker hydrogen bond donor (hydroxyl groups of
glycerol). Differences in the hydrogen bonding capabilities and PGs additional hydroxyl
groups cause that PGs headgroups are much more hydrated than those of PEs. PGs
headgroups therefore occupy larger volume, which causes their FA chains being tilted (Lp
phase) as opposed to the non-tilted (Lg) phase formed by PEs. This probably results in the
ability of PGs to increase the hydration of PEs in the bilayer by breaking the tight packing
of PE molecules. This effect is of greater importance in the gel phase. In the liquid-crystalline
phase, polar fragments of the phospholipid molecules are generally more hydrated due to
lateral expansion of the bilayer. (Garidel and Blume, 2000) Molecular dynamics simulation
of POPE/POPG bilayer showed stronger interaction between PE-PG molecules than between
PE-PE molecules (Murzyn et al., 2005).
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Figure 11: Phase diagram of POPE-POPG mixtures. (Pozo Navas et al., 2005) The empty
symbols — beginning of the phase transition, full symbols — end of the phase transition. Lg,
— gel phase of pure POPG, Ls: — gel phase of pure POPE, L, — liquid-crystalline phase.

Figure 11 shows a phase diagram of POPE-POPG mixtures (Xporc = 0 —1). Because
of its asymmetric shape, we assume non-ideal mixing in both liquid-crystalline and gel
phase. At Xporg > 0.75, lateral phase segregation occurs. Mixtures of POPE and POPG form
oligolamellar liposomes (OLLs) with few bilayers (3 — 5). The main phase transition of the
mixture POPE-POPG in a molar ratio 0.6:0.4 mol/mol was determined to be 19.4° (Pozo
Navas et al., 2005). This matches the results in other works: from the measurements of
steady-state anisotropy — 19.8 £ 0.6° C a20.1 £ 0.7° C (using 2 different fluorescence
probes), and dynamic light scattering — 19.6 + 1.0° C (Lopes et al., 2010).

CLs are the third major component of the bacterial membrane. CLs are anionic lipids
with two negative charges and have four FA residues in their molecule. It is a relatively rigid
lipid (regarding the mobility of the molecule) of cylindrical shape. (Lopes et al., 2012)
Despite CLs having 4 FAs in their molecules, the dominant types of cardiolipin usually
contain only one or two kinds of FAs. It was found that the FA composition is relatively
resistant to dietary manipulations, suggesting a specific composition is needed for its
biological functions. (Schlame et al., 2005) TOCL has a gel to liquid-crystalline phase
transition at approximately -15°C. (Chen, 2012) Therefore, we can assume that our ternary
mixture (POPE-POPG-TOCL) is in liquid-crystalline phase at laboratory temperature
(25°C).

The existence of lipid domains in bacterial membranes (lateral heterogeneities in
the composition of the bilayer) has been demonstrated and is believed to be important for
certain regulatory functions of the cell. Study with pyrene-labelled phospholipids (2-pyrene-
decanoyl-PE and 2-pyrene-decanoyl-PG), which were introduced into living model
organisms (G~ E. coli a G* Bacillus subtilis) revealed, that these phospholipids are
segregated into domains. These domains differ in composition, protein-lipid interactions and
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degree of order. It has been shown that a protein-rich domains are enriched with PE
molecules. (Vanounou et al., 2003) During the bacterial cell division, the membrane septum
between the two daughter cells is also rich in PEs. Thanks to the CLs-specific fluorescent
dye, 10-nonyl acridine orange, CLs-enriched domains were also observed in the septal
region of plasma membrane of E. coli. (Epand and Epand, 2009) Lipids like PEs and CLs
may be used to accommodate membrane proteins and modulate their activities. (van Meer
et al., 2009)

1.5 N-alkylamine-N-oxides

N-alkylamine-N-oxides are amphiphilic, at physiological pH non-ionic surfactants.
The negative part of the molecule forms a monovalent (and thus negatively charged) oxygen
covalently bound to a positively charged tetravalent nitrogen. This bond is strongly polar,
with high electron density on the oxygen atom. N-alkylamine-N-oxides are crystalline
substances with strong hygroscopic properties and are very well dissolved in water. They
are considered weak bases, which in the acidic environment form N,N,N-trisubstituted
hydroxylammonium salts (Devinsky, 1985; Devinsky et al., 2013).

Structure — effect relationship

The N-alkylamine-N-oxides, often used in pharmaceutical and cosmetic formulations
and as surfactants in cleaning products, are those which contain two methyl groups and a
hydrocarbon chain with variable length. Various biological activities of N,N-dimethyl-
alkylamine-N-oxides (shortly C,NO, subscript n specifies the length of the hydrocarbon
chain) have been observed: antimicrobial and haemolytic activity (Devinsky et al., 1990),
immunomodulatory effect (Bukovsky et al., 1996; Kacani et al., 1996), phytotoxic effect
(Serseti et al., 1992) and antiphotosynthetic activity (Murin et al., 1990). The activity of
CnNO is non-linearly dependent on the length of the hydrocarbon chain. In a homologous
series of ChNO, the activity increases to a certain critical point at which the activity starts to
decrease. Such behaviour is called cut-off effect (Balgavy and Devinsky, 1996). The authors
suggested a free volume hypothesis to explain such structure — effect relationship. Due to
the amphiphilic character of ChNO, they intercalate into the phospholipid bilayer. Their polar
fragment (N-O bond) is localised near the polar fragments of phospholipids, while the
hydrophobic chains of C,NO orient themselves parallel to the hydrocarbon chains of
phospholipids. The partition coefficient of amphiphiles should increase exponentially with
the increase of the chain length. On the other hand, the longer the chain length, the less will
be the arrangement of the bilayer disturbed by the presence of the amphiphile. Amphiphiles
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with shorter chain lengths will create a void (free volume) in the bilayer, because their chains
are shorter than the chains of phospholipids. The void enables the change of the properties
of the membrane (increased trans-gauche isomerisation of hydrocarbon chains, their
bending or interdigitation — all resulting in the change of thickness of the bilayer). (Balgavy
and Devinsky, 1996) Changes in the thickness of mammalian model bilayers were observed
in studies of (Dubnic¢kova et al., 1997; Uhrikova et al., 2001; Karlovska et al., 2004a).
Changes in the properties of the bilayer might be the reason for the observed biological
effects. (Balgavy and Devinsky, 1996)

The highest antimicrobial activity against E. coli was observed with a 12-carbon
chain homologue, N,N-dimethyl-1-dodecanamine-N-oxide (hereinafter referred to as
DDAO, also referenced in literature as C12NO). (Balgavy and Devinsky, 1996) For this
reason, DDAO was chosen for our experiments with mammalian and bacterial model
membranes. DDAO is a water-soluble, commercially available surfactant with pKa ~ 5.
Apart from its presence in cleaning products of everyday use, it has been used as a micellar
catalyst of some chemical reactions and in biological studies as a mild surfactant for
solubilisation of membranes and for reconstitution and crystallisation of membrane proteins.
(Goracci et al., 2007; le Maire et al., 2000) At pH > 7, all DDAO molecules are uncharged,
at pH < 3 all DDAO molecules are positively charged, while in the range of pH 3 — 7, there
is a mixture of the uncharged and the charged form. (Lorenz et al., 2011) The pH sensitivity
can play an important role while designing lipid based drug or DNA delivery systems.
(Hubcik et al., 2015; Liskayova et al., 2017) The critical micellar concentration of DDAO at
27° C is 2.1 mmol/dm® and 1 micelle is composed of approximately 76 monomers
(Herrmann, 1962).
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Figure 12: Structure of N,N-dimethyl-1-dodecanamine-N-oxide

1.5.1 Interactions of surfactants with model membranes (solubilisation)

Because of the complexity of construction and molecular diversity of biological
membranes, studies of interactions with biologically active compounds are preferably
performed on model systems, especially lipid bilayers in the form of liposomes. Based on
the characteristic types of the lipid-surfactant aggregates, the interaction of lipid-formed
liposomes with a surfactant can be divided into three stages (Helenius and Simons, 1975).
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In the first stage (Figure 13, 1), the surfactant molecules partition between the lipid
bilayers and the water phase (according to the partition coefficient). As was described in the
previous Chapter (1.5 N-alkylamine-N-oxides), the molecules of DDAO intercalate into the
phospholipid bilayer, affecting its properties and creating defects and pores. Pore formation,
typical during the first stage of solubilisation, can be observed by the method described in a
later chapter (3.2 Fluorescence spectroscopy, Fluorescent probe leakage method).

In the second stage (Figure 13, 1), the bilayers are saturated by the surfactant and
begin to transform into lipid-surfactant mixed micelles.

In the third stage (Figure 13, Il1), the concentration of the surfactant is higher than
necessary to convert all bilayers to mixed micelles and further addition of surfactant results
only in a decrease in the size of mixed micelles. (Helenius and Simons, 1975; Ahyayauch et
al., 2010; Lichtenberg et al., 2013a; Lichtenberg et al., 2013b; Heerklotz and Blume, 2012)
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Figure 13: Interpretation of a three-stage model of surfactant interaction with ULLS
observed by static light scattering.

Solubilisation is defined as a spontaneous process leading to a thermodynamically
stable solution of a substance that is normally insoluble or very poorly soluble in the solvent
by the addition of one or more amphiphilic substances (surfactants). Even though the term
solubilisation itself refers, more precisely, to the second stage of the process described earlier
(Lichtenberg et al., 2013b), it is often used to describe the whole complex process that can
be observed in model membranes interacting with a surfactant in a wide range of surfactant
concentration. The term solubilisation will be used in this thesis to describe the whole three-
stage process.
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Figure 14: Characterisation of the lipid-surfactant aggregates using the dependence of DA
and D on concentration of lipid. The lines of the dependence distinguish the change
between the three solubilisation stages with different lipid-surfactant aggregates.

Solubilisation and its critical steps can be characterised by several parameters. The
total concentrations of surfactant (Dy) required for the initiation of the liposome-micelle
transformation (D7) and its completion (D°°Y) are linearly dependent on the lipid
concentration of the mixture (Figure 14). DA is the surfactant concentration at which the
bilayer is completely saturated by the surfactant and the D°°" denotes the total concentration
of the surfactant causing complete solubilization of the bilayers to mixed micelles. Linear
dependences of D°AT, D°" on the lipid concentration in the Figure 14 define 3 regions with
different composition. Prior to the saturation, the solution contains liposomes and surfactant
molecules partitioned between the liposomes and the water phase. After saturation of the
bilayers, there is a transition region of coexistence of surfactant-saturated bilayers and
already formed mixed micelles. In the last region the mixed micelles are present together
with the abundant surfactant in the form of monomers or micelles. Concentrations of
surfactant in water at the onset of the second stage of solubilisation (Dw°AT) and after its
completion (Dw°Y) can be obtained by extrapolating the dependences of DSAT and DS on
the lipid concentration to zero lipid concentration. The slopes of these dependences, ReSAT
and RSO, are the effective surfactant-lipid molar ratios causing the onset and completion of
the second stage. (Lichtenberg et al., 2013a) With this dependence, it is also possible to
determine the partition coefficient of the surfactant between lipid and water phase. This
method will be discussed in a later chapter (3.4 Partition coefficient calculations).

Several mechanisms have been proposed for the process of solubilization and the
way it proceeds. Based on the time it takes to achieve the liposome-micelle transition we
distinguish slow and fast solubilisation. The fast solubilisation occurs via saturation of the
bilayer by a surfactant capable of rapid flip-flop movement into the inner leaflet of the
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liposome. This is also called transbilayer mechanism. The amount of surfactant in the
bilayer subsequently creates defects in the membrane and disruption of the bilayer because
of high curvature stress. In some cases, solubilisation may start in a surfactant-rich region
following a surfactant segregation for instance due to poor miscibility with the lipid. DDAO
and Triton X-100 (TX-100), another surfactant often used in scientific research, are
examples of such fast solubilising surfactants. On the other hand, slow solubilisation
happens in the case of surfactants incapable of rapid flip-flop movement, such as anionic
SDS (sodium dodecyl-sulphate) or surfactants with bulky molecules (bile salt, Tween-20).
The so-called micellar solubilisation assumes the surfactant micelles extract the bilayer lipid
components directly from the liposomes. The problem is that the slow solubilisation takes
place at surfactant concentration below their critical micellar concentration (CMC). This was
explained by the probability that the surfactants might be able to form unstable and short-
lived small micelles even bellow their CMC, which can be stabilised by incorporating the
lipid molecules. The completion of the micellar solubilisation process might take hours or
even days to reach equilibrium. (Heerklotz and Blume, 2012; Lichtenberg et al., 2013b; le
Maire et al., 2000)

Solubilisation of mammalian model membranes by surfactants have been studied by
several experimental methods. The most commonly used are spectroscopic techniques, static
and dynamic light scattering or fluorescence spectroscopy. The most commonly used, and
hence the best-studied, in solubilisation literature is non-ionic surfactant TX-100 (de la Maza
and Parra, 1994; Sot et al., 2002; Ahyayauch et al., 2010; Mattei et al., 2017). In the works
of (Schnitzer et al., 2005; Mattei et al., 2015), the authors observed the effect of added
cholesterol on the solubilisation induced by the TX-100. As Ahyayauch (Ahyayauch et al.,
2010) pointed out in his work, each surfactant exhibits unique behaviour when interacting
with the membrane and therefore it is difficult to compare the effect of two different
surfactants.

Our group (Department of Physical Chemistry of Drugs) studied the interaction of
DDAO with mammalian model membranes using various methods. Densitometry study
(Belicka et al., 2014a) of DOPC proved ideal mixing of DOPC and DDAO within the studied
range (0 — 30 wt.% of DDAQ). Small-angle neutron scattering (SANS) study of ULLs of
DOPC using the external H.O/D-0 contrast variation technique showed that increasing the
molar ratio nppao:Nporc caused narrowing of the hydrocarbon region in DOPC bilayers
(Belicka et al., 2014b). Pore formation in DOPC and DOPC-CHOL model membranes by
DDAO was detected by leakage of fluorescent probe calcein (Hulakova et al., 2013; 2015).
The effect of DDAO on Ca?*-ATPase activity of a sarcoplasmic reticulum incorporated into
a membrane composed of PCs with different chain lengths was studied in (Karlovska et al.,
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2006). Complexes composed of DDAO, dioleoylphosphatidylethanolamine (DOPE) and
DNA have been investigated as potential carriers of DNA in gene therapy in the works of
(Hubgcik et al., 2015; Liskayova et al., 2017). Destabilisation of DOPC-containing ULLs by
DDAO and solubilisation it into mixed DOPC-DDAQO micelles was studied in (Uhrikova et
al. 2001). Solubilisation of egg-yolk phosphatidylcholine (EYPC) ULLs by DDAO was
studied in (Hrubsova et al., 2003). Solubilisation of EYPC MLLs was studied in (Karlovska
et al., 2004b).

The study of solubilisation of bacterial model membranes is a novelty in our
department. The effect of DDAO on bacterial membrane models in scientific literature is not
documented and is therefore the subject of this study.

1.6 Antimicrobial peptides

Living organisms use different water-membrane soluble proteins and peptide toxins
as defensive mechanisms. A large group of such substances includes antimicrobial peptides
that serve as a non-specific defence system complementing pathogen-specific cell-mediated
immune response. Shortly after a bacterial infection, these peptides are mobilized to have
rapid effect against a broad spectrum of microorganisms. Rapid response is necessary
because the highly specific cell-mediated immune response is relatively slow compared to
the high reproductive potential of microorganisms. (Shai, 2002; Cisse et al., 2021)

Peptide antibiotics used in therapeutic practice

Polypeptide antibiotics belong to the most effective antimicrobial agents. A
relatively large number of polypeptides have been isolated, but their practical use is limited
by a number of undesirable effects, nephrotoxicity in particular. These polypeptide
antibiotics are charged drugs with strong basic character, therefore are not absorbed by the
gastrointestinal system. Against systemic infections, a parenteral (intravenous) application
Is necessary. An example is bacitracin, a cyclic decapeptide isolated from Bacillus subtilis
or polymyxins isolated from Bacillus polymyxa. Their systemic use is limited only for
bacteria resistant to less toxic antibiotics. Polymyxin E (colistin) is administered parenterally
in a modified form, colistimethate sodium, while polymyxin B is used only topically.
Tyrothricin (isolated from Bacillus brevis) is a mixture of two polypeptide antibiotics,
gramicidin and tyrocidine. For severe side effects (nephrotoxicity and hepatotoxicity), only
local use is allowed. Glycopeptide antibiotics are formed by a polypeptide chain with
different carbohydrates linked via glycoside bonds. We include the ototoxic and nephrotoxic
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vancomycin (from Streptomyces orientalis) and structurally similar teicoplanin (from
Actinoplanes teichomyceticus). (Hartl et al., 2012)
In addition to these polypeptide and glycopeptide antibiotics that are already in use,
a large number of antimicrobial peptides of various structural types have been discovered.
Most multicellular organisms produce a mixture of multiple peptides of different structure.
Even in related species, the diversity of produced antimicrobial peptides is very high. It is
believed that the diversity reflects the adaptation of individual species to the unique
microbial environment in which the organism was evolving.
Because of the great diversity of the antimicrobial peptides, it is difficult to categorise
them, but it can be broadly done, based on their common structural properties:
|.  Amphiphilic and hydrophobic a-helical peptides (e.g. alamethicin, gramicidin A,
magainin, dermaseptin, cecropin, melittin, pleurocidin, LL37).
Il.  p-sheet peptides (e.g. tachyplesins, protegrins, lactoferricin, gramicidin S,
polymyxin B, tyrocidine).
I1l.  Peptides enriched in specific amino acids (AAs) (e.g. histatins, PR-39, prophenin,
tritrpticin, indolicidin).
IV.  Peptides with thioether rings (e.g. lantibiotics — nisin, cinnamycin).
V. Peptaibols (e.g. trichogin).
VI.  Macrocyclic cystine-knot peptides (e.g. circulins A and B).
(Brogden, 2005; Epand and Vogel, 1999; Zasloff, 2002)

Structure — effect relationship

Antimicrobial peptides are a diverse group of substances produced by tissues and cell
types of various plant and animal species. There are some characteristic structural properties
that affect the antimicrobial activity. These include the size and the charge, primary and
secondary structure and their amphiphilic character.

a. size: The size of antimicrobial peptides ranges from 6 AAs for anionic peptides to more
than 59 AAs (e.g. cationic Bac7 peptide). Dipeptides and tripeptides exhibiting
antimicrobial activity have been recorded as well.

b. charge: Negatively charged antimicrobial peptides complexed with zinc or highly
positively charged peptides are usually more active than neutral peptides or peptides
with lower charge. Aspartic and glutamic acids give peptides anionic character, while
cationic peptides are enriched in arginine and lysine instead.

c. primary structure: Antimicrobial peptides frequently consist of basic AAs (lysine or
arginine), hydrophobic AAs (alanine, leucine, phenylalanine or tryptophan) and others
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AAs (such as isoleucine, tyrosine, valine). In some peptides, the AAs sequences can be
repeated. The ratio of hydrophobic and charged AAs can range from 1:1 to 2:1.

d. secondary structure: Antimicrobial peptides can adopt various secondary structures
including a-helixes, relaxed coils or antiparallel B-sheets. Amphiphilic (explained in the
next point) a-helical peptides are usually more potent than peptides with a less defined
secondary structure.

e. amphiphilicity: For a-helical peptides, we often observe the arrangement of AAs with
hydrophilic AAs at one side of the helix and hydrophobic AAs at the other side of the
helix. For peptides with a different secondary structure, such spatial separation of
hydrophilic and hydrophobic AAs is more difficult to qualify. Peptides with a strong
amphiphilic structure exhibit haemolytic activity, while less amphiphilic peptides have
stronger antimicrobial activity. The ability to fold into an amphiphilic structure is often
induced by membrane interaction. Hydrophobic part of the peptide allows the
incorporation into the membrane. (Lohner and Blondelle, 2005; Brogden, 2005; Powers
and Hancock, 2003)

1.6.1 Interaction of antimicrobial peptides with model membranes

It is unlikely for such a diverse group of peptides to have the same mechanism of
action, but the interaction of antimicrobial peptides with membranes is essential for most, if
not all. This is supported by their broad spectrum of activity and quick mode of action (in
vitro usually in minutes). (Epand and Vogel, 1999) Antimicrobial peptides containing D-
forms (instead of the natural L-forms) of AAs showed the same activity as the natural
peptides, which also supports the interaction with the membrane lipids mode of action rather
than some stereospecific protein receptors. The bacterial membranes contain negatively
charged lipids in higher amounts and despite the high diversity, the vast majority of
antimicrobial peptides is positively charged. Therefore, we assume that the electrostatic
interaction may play an important role in differentiation between eukaryotic and prokaryotic
cells. (Huang, 2000) We believe that most of the antimicrobial peptides act by influencing
membrane permeability (insertion and subsequent pore formation), but other mechanisms of
action were also observed.

I.  Carpet model and pore formation

Antimicrobial peptides cause damage to the membranes by disintegration or pore
formation. The pores allow increased transport of water and ions across the membrane. The
collapse of the transmembrane electrochemical gradient means the loss of energy source,
because bacteria have the respiratory chain enzymes present in the plasma membrane.
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Therefore, the formation of pores in the plasma membrane is ultimately lethal for bacteria.
(Shai, 2002; Bechinger and Lohner, 2006) Several models describe the interaction of
antimicrobial peptides with the membranes. The mechanism of membrane disruption
depends both on the properties of the peptide and the composition of the membrane.
Biophysical studies showed complex behaviour with regard to membrane disruption, which
can vary from pore formation to micellization (carpet model). Formation of peptide-rich
domains was observed as well, which can promote formation of cubic structures, affecting
the membrane function and integrity. (Lohner, 2009)

A typical feature of the so-called carpet model is the adsorption of the antimicrobial
peptide to the surface of the membrane and its coverage. Adsorption continues until a certain
breakpoint concentration at which the peptide begins to insert into the hydrophobic core of
the membrane resulting in its permeation and disruption. The explicit mechanism of this
process is less determined, possibly disintegration in a similar way as in case of surfactants
or creation of pores/channels. (Lohner, 2009) Some antimicrobial peptides are able to form
oligomers with different behaviour than that of monomers. (Bechinger and Lohner, 2006)
Whether it is monomers or oligomers, the antimicrobial peptides coat the surface of the
membrane as indicated by the name of this model (like a carpet). At low peptide to lipid ratio
(P/L), the antimicrobial peptides position their hydrophobic part of their secondary structure
to the surface of the membrane and the hydrophilic parts towards the aqueous environment.
Upon reaching the threshold peptide to lipid ratio (P/L*), the antimicrobial peptides
permeate/disintegrate the membranes by distorting their curvature, with antimicrobial
peptides stabilising (covering) any openings in the membrane, similarly as surfactants do.
Therefore, this mechanism is also called in literature as “surfactant-like” model. The carpet
mechanism was described for the interaction of dermaseptin S with the bacterial membrane
and also for many other antimicrobial peptides, among the more known, e.g. cecropins and
antimicrobial peptide produced by humans, LL-37. (Shai, 2002; Huang, 2000; Nicolas and
Ladram, 2013; Marx et al., 2021)

Another possibility is the insertion of the antimicrobial peptides into the membrane
and creation of pores. Two types of pores have been documented. In the case of barrel-stave
model, the o-helical peptides act like staves that form a barrel-like pore traversing the
membrane. An example of such peptide is alamethicin, whose pores are formed by
approximately eight monomers. When it comes to the toroidal-pore model, the antimicrobial
peptides insert into the membrane and cause the lipid monolayers to bend at the edges of the
pore connecting the two leaflets. The lipid headgroups at the bend serve as a part of the pore.
Toroidal pores are created by melittin, magainins and protegrins. (Brogden, 2005)
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Il.  Some antimicrobial peptides also show intracellular targets (e.g. mersacidin,
buforin 11, pleurocidin and PR-39) or receptor-mediated killing (e.g. nisin Z
and mesentericin Y). (Shai, 2002)

Carpet model Pore formation

barrel-stave pore

Figure 15: Models of the interaction of antimicrobial peptides with lipid bilayers. Blue
represents the hydrophilic side of the peptide, red is the hydrophobic part. Fig. adapted from
(Salditt et al., 2006).

1.6.2 Dermaseptin S1

Dermaseptins are a large group of cationic peptides exhibiting membrane damaging
effects. Their antimicrobial activity have been already detected at micromolar concentrations
against a wide spectrum of microorganisms: G*, G~ bacteria, mycoplasma, fungi, protozoa,
yeasts and enveloped viruses. The individual peptides of this group exhibit variability of
effect on different organisms. (Nicolas and Ladram, 2013; Bartels et al., 2019) The
dermaseptins consist of a 28 — 34 AAs long chain, with a typical incidence of 3 — 6 lysine
residues and tryptophan in the third position (from the N-terminus). In addition to their
antimicrobial effects, the spermicidal activity of dermaseptins against human spermatozoa
was demonstrated. Dermaseptins have low to no detectable haemolytic activity. (Savoia et
al., 2008)

Dermaseptin S1 (DS1) was extracted from dried skin of the frog Phyllomedusa
sauvagii. It has 34 AAs (5 positively charged and 1 negatively charged AAs) and exhibits
Iytic activity against G*, G~ bacteria, yeasts and protozoa. (Nicolas and Ladram, 2013)
Dermaseptins S1 — S5 showed antiviral activity against Herpes simplex (type 1) and HIV-1.
It has been shown that DS1 promotes the microbicidal activity of polymorphonuclear
leukocytes by stimulating stimulating the production of reactive oxygen molecules and
releasing myeloperoxidase already at concentrations 10 — 100 nmol/dm?®. (Nicolas and El
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Amri, 2009) The minimum inhibitory concentration (MIC) of DS1 against Staphylococcus
aureus and Escherichia coli is 12 umol/dm®. 50% haemolysis of human erythrocytes was
observed at concentrations greater than 100 umol/dm?3. DS1 exhibits the lowest haemolytic
activity from natural dermaseptins. (Savoia et al., 2008) In comparison, DS4 stimulates 50%
haemolysis at a concentration of 1.4 + 0,2 pumol/dm?®, while the concentration required for
50% growth inhibition of E. coli was 40 + 5 pmol/dm?. (Feder et al., 2000) DS4 analogues
have been recently examined as potential antiviral agents against Covid-19 infection (Sekar
and Rajasekaran, 2021).

For DS1 to take effect on the plasma membrane of our model organism E. coli, it
must first first overcome the outer membrane barrier. It is presumed that it happens via self-
promoted uptake. This hypothesis suggests that unfolded cationic peptides associate with
the negatively charged surface of the outer membrane (created by LPS), neutralising the
charge and creating an opening for the peptides to pass through. (Powers and Hancock, 2003;
Shai, 2002)

Structure — effect relationship of DS1 and its analogues

The amino acid sequence of dermaseptin S1 (Ci52H257N43044S>) in its abbreviated
form is ALWKTMLKKLGTMALHAGKAALGAAADTISQGTQ. (Nicolas and Ladram,
2013) Part of the DS1 molecule responsible for antimicrobial activity is the N-terminal a-
helical fragment of AAs 1 — 18. An analogue shortened by 5 AAs, DS1(1-29)-NH; exhibits
very high antimicrobial activity. This derivative showed high antiviral activity against
human papillomavirus (associated with cervical cancer) when lysine was replaced by
threonine in position 4 and threonine replaced with lysine in position 12.

The minimum of the bioactive sequence is DS1(1-15)-NHa. Tryptophan in position
3 is essential for the antimicrobial activity but it may be replaced by a synthetic AA with a
side chain containing a naphthyl residue, e.g. 3-(1-naphthyl)alanine. This exchange resulted
in increased efficacy against Candida albicans (yeast causing skin and vaginal mycoses) but
decreased the effect against Trichomonas vaginalis (causes a sexually transmitted disease
trichomoniasis). High antiviral activity against herpes simplex virus was also observed. A
decrease in activity was observed if the tryptophan was replaced by AA with 1H-imidazole,
p-hydroxyphenyl or isobutyl side chain. Tryptophan is likely to be important in terms of
anchoring the peptide on the surface of the membrane. Adding lysine to the N-terminus of
DS1(1-15)-NH:2 increased efficacy against E. coli, probably due to the positive charge of
lysine. (Savoia et al., 2008; 2010; Mor and Nicolas, 1994; Mor et al., 1994)
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2 GOALS

This dissertation aims to examine and compare the interactions of two types of model
membranes — mammalian and bacterial types — with compounds that exert antimicrobial
activity — surfactant N,N-dimethyl-1-dodecanamine-N-oxide (DDAQO) and antimicrobial
peptide dermaseptin S1 (DS1) using a variety of methods.

Study of DDAO interactions with model membranes:
1. Static light scattering:
a) To study and compare the interaction of mammalian and bacterial model membrane
in the form of ULLs with DDAO.
b) To determine concentrations of DDAO needed to reach certain stages of the
solubilisation process.

2. Fluorescence spectroscopy:
a) To study the leakage of an encapsulated fluorescent probe calcein from the ULLs
after the addition of DDAO.

3. Vibrational densitometry:
a) To measure the density of bilayers formed by lipids or mixtures of lipids used in this
study, in order to be able to calculate the partition coefficient of DDAO.
b) To calculate the volumetric parameters of lipids used in this study, essential to
evaluate the data obtained from small-angle neutron scattering and diffraction.

4. Partition coefficients calculation of DDAO between the model membranes
(mammalian and bacterial) and the aqueous phase.

o

Small-angle neutron scattering (SANS):

a) To study the changes in the bilayers caused by DDAO before the solubilisation of
mammalian and bacterial model membrane.

b) To determine the geometry of LIPID-DDAO mixed non-lamellar aggregates.

S

Small-angle neutron diffraction (SAND):
a) To study the mammalian and bacterial model membranes using the swelling method
and the contrast variation method.
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b) To obtain the diffraction data from mammalian and bacterial model membrane
samples mixed with DDAO in various molar ratios up to nppao:niieip = 1.

c) To evaluate the diffraction data, reconstruct the neutron scattering length density
profiles and calculate the water distribution probability across the membranes.

Study of DS1 interaction with model membranes:
1. Fluorescence spectroscopy:
a) To study the release of fluorescent probe calcein after the addition of DS1 to the
bacterial model membrane ULLs and compare its effect with the effect of DDAO.

2. Small-angle neutron diffraction (SAND):
a) To study the mammalian and bacterial model membrane samples mixed with DS1 in
various molar ratios using the contrast variation technique.
b) To evaluate the diffraction data, reconstruct the neutron scattering length density
profiles and calculate the water distribution probability across the membranes.
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3 ANALYSIS OF METHODOLOGICAL APPROACH

3.1 Static light scattering

A focused monochromatic beam of radiation (with a wavelength A) is scattered in all
directions by particles smaller than 3/2 A. We recognise two basic types of scattering: an
elastic scattering (the energy of the radiation does not change) and inelastic scattering (the
energy changes) (Harvey, 2000). For our research, only the elastic type of scattering, the so-
called Rayleigh scattering, is interesting. Rayleigh scattering is observed at a particle size of
less than 5% of the wavelength of the radiation used. Scattered radiation is symmetrically
distributed, and the intensity of scattered radiation is the reciprocal of the 4" power of the
wavelength of radiation (A*), as described by the equation:

2
o (n’ NV? , 5
E = <; — 1) <r27\4> (1 + cos“ 0)

where Iy — the intensity of the scattered light at the angle 6, I, — the initial light intensity, n’

—refractive index of the particles, n — refractive index of the solvent, N — number of particles
with volume V, r — distance from sample to detector (Lawler, 2005).

Il

Figure 16: Scheme of a spectrofluorometer instrument. 1 — xenon lamp, xenon lamp power
supply and flash lamp; 2 — excitation monochromator; 3 — sample compartment; 4 —
emission monochromator; 5 — detector; 6 — reference detector; 7 — instrument controller
(operation manual FluoroMax-4 Spectrofluorometer).

Both nephelometry and turbidimetry are methods based on the scattering of
electromagnetic radiation by particles of the system under investigation. Turbidimetry
measures the loss of radiation in the direction of the passing beam. In the case of
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nephelometry, we measure true scattered radiation at 90° angle from the radiation source.
Nephelometric measurements are most often carried out on a spectrofluorometer, with
identical excitation and emission wavelengths (in the range of 400 — 700 nm). The
spectrofluorometer scheme is shown in the Figure 16. The spectrofluorometer has a detector
positioned at an angle of 6 = 90°. The method is very sensitive even at low sample
concentrations. Higher sensitivity allows the use of higher wavelengths, which is
advantageous in order for Rayleigh scattering conditions to be met. (Harvey, 2000; Goni and
Alonso, 2000; Lawler, 2005; Brar and Verma, 2011)

3.1.1 Sample preparation (nephelometry)
3.1.1.1 Chemicals

1,2-dioleoyl-sn-glycero-3-phosphocholine  (DOPC),  1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), cholesterol (plant derived) (CHOL), sphingomyelin
(Egg, Chicken) (EYSM), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (POPG), 1',3'-
bis[1,2-dioleoyl-sn-glycero-3-phospho]-glycerol (sodium salt) (also called
tetraoleoylcardiolipin, TOCL) were purchased from Avanti Polar lipids (USA) and used
without further purification. N,N-dimethyldodecylamine-N-oxide (DDAQO) was obtained
from Sigma-Aldrich (Germany). Buffer constituents monopotassium phosphate (KH2PO4),
dipotassium phosphate (K2HPO4), sodium chloride (NaCl) and organic solvents chloroform
(CHCIs) and methanol (CH3OH) were of analytical grade.

3.1.1.2 Phosphate-buffered saline (PBS)

PBS buffer consisting of 7.6 mmol/dm® KH,POa, 42.4 mmol/dm? K,HPO,4 and 150
mmol/dm?® NaCl was prepared using redistilled water. pH ~ 7.5 was measured using pH
meter MO 230 (Mettler Toledo, Switzerland) with combined glass electrode (4 mm InLab
422).

3.1.1.3 Liposome preparation
Various lipids/lipid compositions were studied using nephelometry: DOPC, POPC,
POPC-CHOL (npopc:ncroL = 2:1 mol/mol), POPC-EYSM-CHOL (npoprc:Neysm:NcHoL =

0.375:0.375:0.25 mol/mol/mol), POPE-POPG (npore:nporc = 0.6:0.4 mol/mol), POPE-
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POPG-TOCL (npore:Npoprc:NTocL = 0.67:0.23:0.1 mol/mol/mol). Weighted amounts of dry
lipids in glass tubes were co-solubilised by dissolving in chloroform (or CHCI3:CH30OH 1:1
v/v mixture in case of POPC-EYSM-CHOL). Organic solvent was evaporated under a
stream of gaseous nitrogen to dryness. Evacuation in a vacuum chamber using rotary oil
pump for 8 h followed.

For nephelometric measurements, DOPC liposomes of various size and
concentration were prepared to test the sensitivity of the method. Adequate amount of DOPC
was hydrated with 1 ml of H,O to obtain lipid concentration 50 mmol/ dm®. 24 h long
hydration allowed spontaneous formation of MLLs and a vortex mixer was used from time
to time to obtain homogenous dispersion. ULLs with different sizes were prepared using
filters with different size of pores (50, 100 and 200 nm pores) during the extrusion. MLLs
dispersion was extruded (LiposoFast-Basic Extruder) 51 times through 50 nm, 100 nm or
200 nm polycarbonate filter (Olson et al., 1979; MacDonald et al., 1991). Extruded stock
solution was used to create 10 samples with concentration ranging from 0.01 mmol/dm? to
0.1 mmol/dm?.

For solubilisation experiments with DDAO, adequate amount of dry lipid film was
hydrated with 1.3 ml of PBS buffer to obtain 10 mmol/dm? lipid concentration. Spontaneous
formation of MLLs was accompanied by occasional mixing with a vortex mixer until a
homogenous dispersion was obtained. MLLs dispersion was extruded through a 100 nm
polycarbonate filter 51 times. Acquired dispersion was used to prepare a set of 25 samples
with constant lipid concentration and increasing concentration of DDAO from 0 to 3.12
mmol/dm?®. POPC-CHOL, POPE-POPG and POPE-POPG-TOCL were prepared with lipid
concentrations 0.02; 0.04; 0.06; 0.08 and 0.1 mmol/dm?3, while only 0.1 mmol/dm? samples
were prepared in case of POPC and POPC-EYSM-CHOL.

3.1.1.4 DDAO stock solution preparation

Adequate volume of 1 mmol/dm® DDAO stock solution was prepared before each
individual measurement. PBS with pH ~ 7.5 was used as a solvent.

3.1.2 Nephelometric measurements

Nephelometric experiments were carried out using Fluoromax 4 spectrofluorometer
(Horiba Jobin Yvon, USA). Scattering of the light with 600 nm wavelength at a 90° angle
was measured for 6 seconds every 0.1 second. The data were corrected for fluctuations
caused by the light source (signal in CPS was divided by the lamp reference detector signal).
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Average intensity of the scattered light was calculated. Samples were measured 3 hours after
the DDAO was added to the ULLSs dispersion at controlled temperature of 25°C.

3.1.3 Data treatment

The measured dependences of fluorescence intensity on the concentration of lipid
(we will use the term “solubilisation curve” to describe these dependences) followed the
three-stage process described in 1.5.1 Interactions of surfactants with model membranes.
Surfactant concentration causing the turning points (signalising the progress to the next stage
of the solubilisation process) in the course of the solubilisation curve will be referred to as
“critical concentration” (Dt). Since there are three stages, two critical concentrations were
sought. They were labelled DSAT (progress from the first to the second stage) and D:°t
(from the second to the last stage). DSAT is the total concentration of DDAO in the sample,
which after partitioning between the liposomes and water phase saturates the bilayer
sufficiently enough to start the transformation of liposomes into mixed micelles. DC"
represents the total concentration of DDAO that causes complete transition of all present
bilayers into mixed micelles.

Bilinear function was used to fit the solubilisation curve, specifically the transition
from the first to the second stage:

-D
y=(kx+q)><0.5><(1—X t)+

|x — Dy 3
X_Dt
(mx+Dt(k—m)+q)><0.5><<1+ )
|x — D¢l

where y =kx + g and y = mx + r are the equations for the straight lines, before and after the
turning point (Dy), respectively. Dy is the x-coordinate of the turning point, in this case the fit
was used to calculate DAT.

Because the signal in the third stage was not significantly changing, a modified
bilinear function was used to fit the solubilisation curve to find the second turning point.

(mx + s — mD,) X 0.5 (1 X Dt)+ 0.5 <1+X_Dt> 4
= (mx S—m D X — S X V.o X
Y : x — Dl X — Dy

where y = mx + r is the equation for the straight line in the second stage of solubilisation and
in the third stage the signal was considered constant (therefore, the straight line equation for
the third stage is y = s).

Apart from the turning points, the solubilisation can also be characterized by a critical
concentration labelled as DMP. DMIP is total concentration of DDAO in the sample causing
the turbidity from the first stage to diminish by a half. To determine its numerical value, we
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have used reverse sigmoid function (also known as Boltzmann function) to fit the

solubilisation curve:
AT,max - AT,min

_ Sbppao — DE/HD>
L+ exp( dcppao

where At max — the maximum turbidity, At i, — the minimum turbidity and dcpppg IS the

width of the transition from liposomes to mixed micelles. DMP is the x-coordinate of the

Ar = AT,min +

midpoint of the sigmoid.

3.2 Fluorescence spectroscopy

The basis of fluorescence spectroscopy is a phenomenon called luminescence.
Luminescence is the emission of light by a substance in an excited state. When the substance
enters the excited state by absorbing the energy of light, we speak of photoluminescence.
Depending on the nature of the excited state, we divide luminescence into 2 categories:
fluorescence and phosphorescence. The processes that take place between absorption and
emission of light are described by Jablonski diagram (Figure 17) (Lakowicz, 2006).
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Figure 17: Jablonski diagram. IC — internal conversion, ISC — intersystem crossing, So, Si,
S> — singlet electronic states, T1, T2 — triplet electronic states. Horizontal lines represent
different vibrational levels. (Valeur, 2002)

Under normal circumstances, most molecules occur at the lowest vibrational energy
levels of the singlet ground electronic state (So). Electrons that make up an electron pair have
a different spin in this state. After energy absorption, the molecules are excited into the
vibrational energy levels of the first or second singlet state (S1, S2). This means one of the
valence electrons moves to the excited singlet state, keeping its original spin. Absorption is
a very fast process (101° s). Relaxation, returning to a ground energy state, can happen
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through several mechanisms. Excess energy can be released by radiationless deactivation or
by releasing a photon with energy:

E = hv =¥ 6
where h — Planck’s constant, v — radiation frequency, c — speed of light in vacuum, A —
wavelength.

Fluorescence is the release of a photon when the electron passes from the singlet
excited state to the ground state. The electron remains in the singlet excited state only for
10° — 1078 s, thus fluorescence is a very fast process. If the spin of the electron changes in
the excited state, we are talking about the triplet excited state (T1). The transition from the
lowest vibrational level of the excited state to the higher vibrational level of the electronic
state with the lower energy with different spin is referred to as intersystem crossing (S1 —
T1). The transition of the electron from this state to the ground state is spin disabled, because
both electrons have the same spin. Returning to the ground level is more challenging,
resulting in a longer process — phosphorescence (10* — 10%s).

There are several methods of radiationless deactivation, e.g. vibrational relaxation,
lasting less than 1072 s. Vibrational relaxation means that the molecule loses energy by
moving to lower vibrational levels of the same electronic state. For internal conversion, an
example of which is the transition S, — S1, the molecule from the lowest vibrational level
of the excited state passes to a higher vibrational level of the excited state with lower energy
but the same spin. External conversion means transferring excess energy to solvent
molecules or other system components. The last way of radiationless deactivation is the

already mentioned inter-system crossing. (Valeur, 2002; Harvey, 2000; Lakowicz, 2006)
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Figure 18: Excitation and emission spectra of fluorescent probe calcein and its chemical
structure.
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Figure 18 shows the excitation and emission spectra of our fluorescent probe calcein.
The excitation spectrum shows a change in the fluorescence intensity measured at maximum
emission wavelength (515 nm). The emission spectra were measured using the maximum
excitation wavelength (485 nm). The excitation and emission spectra are similar, due to the
vibrational levels of the ground and excited state being similar. This phenomenon is called
mirror image rule. The difference between the maxima of excitation and emission spectra
is called the Stokes shift. The energy of emission is typically smaller than that of excitation,
therefore, it occurs at a longer wavelength. (Valeur, 2002; Harvey, 2000; Lakowicz, 2006)

Fluorescence efficiency (the fraction of excited state molecules returning to the
ground state by fluorescence) is quantitatively expressed by the fluorescence quantum yield
(Pg). Fluorescence does not occur if g = 0, while each molecule in the excited state
undergoes fluorescence if @ = 1. If the concentration of the solution is low (ecl < 0.01), the
fluorescence intensity (Ir) can be expressed by a relationship derived from the Lambert-
Beer law as:

Ig = 2.303kdgl,ecl 7
where Kk — instrument constant (the efficiency of detecting the fluorescence emission), lo —
intensity of the excitation source, € — molar absorption coefficient, ¢ — molar concentration,
| — length of the optical path (Harvey, 2000).

The fluorescence intensity of certain fluorescent probes decreases at high
concentrations. This process is known as self-quenching. The mechanisms of self-
quenching are not completely known. Because it happens at relatively high concentrations,
it is likely caused by the formation of complexes lacking fluorescent properties (Hamann et
al., 2002). The fluorescent probe calcein is an example of such self-quencher, which can be
useful for fluorescent probe leakage experiments.

Surfactant-induced membrane leakage

Surfactants can cause leakage of liposomal internal contents by various mechanisms.
In case of surfactants undergoing no spontaneous flip-flop (see 1.2.3 Membrane fluidity),
the membrane may rupture because of the asymmetric lateral expansion of the outer layer.
General mechanical failure of the membrane may occur as a result of thinning and
disordering of the bilayer by the surfactant. The last mechanism of pore formation is that the
surfactant stabilises the highly curved edges of the pores by creating surfactant-rich rims.

The formation of pores in the membrane due to the effect of surfactants or some
antimicrobial peptides can be observed by fluorescent probe leakage method. The principle
of this method is the entrapment of a fluorescent probe inside the ULLs at a self-quenching
concentration. The non-encapsulated probe is removed from the dispersion by gel
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chromatography. The pore formation in the bilayer of ULLSs is observed by the release of the
probe into the extra-liposomal space due to the addition of pore-forming compounds. The
fluorescent probe that is released from the ULLs is diluted to such an extent that an increase
in fluorescence intensity can be observed. Enclosure of fluorescent probes of different
molecular weights can be an indicator of the size of the pores. (Heerklotz, 2008; Patel et al.,
2009; Lichtenberg et al., 2013b; Ahyayauch et al., 2010)

3.2.1 Sample preparation (fluorescence spectroscopy)
3.2.1.1 Chemicals

POPC, CHOL, POPE, POPG were purchased from Avanti Polar lipids (USA) and
used without further purification. DDAO was obtained from Sigma-Aldrich (Germany).
Buffer constituents (KH2PO4, K2HPO4, NaCl) were of analytical grade.

3.2.1.2 Phosphate buffered saline (PBS)

PBS buffer was prepared according to 3.1.1 Sample preparation (nephelometry).

3.2.1.3 Calcein solution preparation

Calcein (Acros Organics, USA), also known as bis[N,N-bis(carboxymethyl)amino-
methyl]-fluorescein or fluorescein (chemical structure shown in Figure 18), was used as a
fluorescent probe in our fluorescent probe leakage experiments. Calcein solution was
prepared by dissolving adequate amount of crystalline calcein in minimum effective amount
(~ 150 ul) of 1 mol/dm®NaOH solution, which was followed by heavy stirring using a vortex
mixer and subsequent diluting with PBS to required concentration 10 mmol/dm? (pH of the
final solution was ~ 7.46).

3.2.1.4 Preparation of liposomes with encapsulated calcein

Adequate amount of dry lipid film was hydrated with 2 ml of 10 mmol/dm? calcein
solution and vortexed resulting in formation of MLLs, which were then extruded 51 times
through 100 nm polycarbonate filter. The liposomes containing calcein were separated from
the untrapped calcein in the extra-liposomal space by column chromatography using
Sephadex G-50 fine gel swollen in PBS (Benachir and Lafleur, 1995; Memoli et al., 1999a).
After the chromatography, the dispersion of liposomes with encapsulated calcein was diluted
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to a required concentration, which was subsequently used to prepare a set of samples with a
constant lipid concentration. Model membranes with different lipid compositions were
prepared: POPC (cporc = 0.3 mmol/dm?®), POPC-CHOL (nporc:NcHor = 2:1 mol/mol,
cropccHoL = 0.1, 0.2, 0.3, 0.4 mmol/dm?®) and POPE-POPG (npore:Nporc = 3:2 mol/mol,
Ccrope+poPG =, 0.1, 0.2, 0.3, 0.4 mmol/dm?). POPE-POPG with encapsulated calcein at lower
lipid concentration (0.01 mmol/dm?) was prepared for the experiment with dermaseptin S1
and similarly with DDAO (for comparison).

3.2.1.5 DDAO stock solution preparation

Adequate volume of 1 mmol/dm® DDAO stock solution was prepared before each
individual measurement. PBS with pH ~ 7.5 was used as a solvent.

3.2.1.6 Dermaseptin S1 (DS1) stock solution preparation

2 ml of DS1 stock solution was prepared with concentration of 0.579 mmol/dm?®. The
stock solution was further appropriately diluted before being added into the samples.

3.2.2 Fluorescence measurements

Pore formation was observed using the fluorescent probe leakage technique.
Fluorescence measurements were carried out using Fluoromax 4 spectrofluorometer (Horiba
Jobin Yvon, USA). The excitation and emission spectra of calcein are shown in Figure 18.
Using the excitation wavelength of 485 nm, emission spectra in the wavelength interval 490
—580 nm were recorded. The data were corrected for fluctuations caused by the light source
(signal in CPS was divided by the lamp reference detector signal). The fluorescence intensity
was evaluated at maximum of calcein emission. For a solution of calcein, the maximum of
emission spectrum is 515 nm (Figure 18). For other samples containing lipids, the maximum
of fluorescence emission spectra slightly varied within the range 513 — 520 nm. The results
were not significantly different if the data were evaluated at 515 nm or at the maximum of
fluorescence emission. Therefore, we decided to use the fluorescence intensity results
obtained at the wavelength with maximum fluorescence. Calcein leakage experiments were
performed on a set of samples (usually 25 samples per set) with constant lipid concentration
and increasing concentration of added DDAO (0 — 3 mmol/dm?, depending on the lipid
composition). The samples containing mammalian lipid liposomes gave similar results when
measured right after the DDAO addition to those measured 3 and 24 hours later. The samples
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containing bacterial lipid liposomes became unstable if measured 3 hours after the addition
of DDAO. Therefore, all the samples (both mammalian and bacterial models) were measured
right after adding DDAO.

The experiment with dermaseptin DS1 consisted of 18 samples with a constant
concentration of lipid (0.01 mmol/dm®) and increasing concentration of DS1 up to 0.01
mmol/dm?3, expressed in the molar ratios npsi:nuipip from 1:500 up to 1:1. The samples were
measured right after the addition of DS1 and 3 hours afterwards. The experiment with 0.01
mmol/ dm? lipid was carried out with DDAO as well.

3.2.3 Data treatment

The leakage of the fluorescent probe calcein can be divided into three stages. In the
first stage, a gentle rise in fluorescence intensity can be observed, because transient pores
are created at low concentration of the surfactant. Upon further increase in surfactant
concentration, causing the stabilisation of the pores leads to the second stage, where massive
release of the fluorescent probe is detected. Critical DDAO concentration causing the onset
of the massive leak of the encapsulated calcein from the liposomes will be labelled as D{FERT,
The concentration of DDAO at which the fluorescence intensity reaches a stable value, that
cannot be influenced by further DDAO addition will be marked as D{R-S. These two critical
concentrations were evaluated similarly as in case of the solubilisation curves. The first two
stages were fitted with bilinear function (Equation 3) to obtain D{"®RT. Because the
fluorescence intensity in the third stage stays approximately the same, the transition from
second to the last stage was fitted with the modified bilinear function (Equation 4) to get the
value of DRSS,

3.3 Vibrational densitometry

The density (p) of a sample can be calculated as mass (m) divided by its volume (V):

o= fgem :

In case of vibrational densitometry, the sample is measured inside a borosilicate glass

U-shaped tube that vibrates at a characteristic frequency. This frequency changes depending

on the density of sample inside the tube. The density is calculated from a quotient of the

period of oscillations of the U-shaped tube and a reference oscillator by the densitometer.
(Anton Paar, 2009)
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3.3.1 Sample preparation

Adequate amount of lipid or lipid mixtures were (co-)dissolved in a small amount of
chloroform in glass vials. The solvent was evaporated to dryness using a stream of gaseous
nitrogen, followed by stay in a vacuum chamber for 8 hours. The dry lipid film was hydrated
by deionised water 4 hours before the measurement to obtain the final lipid concentration ~
2 w%. The amounts of lipid in the vial after chloroform evaporation and the amount of water
added to the sample were gravimetrically controlled. The samples were degassed under a
low pressure to prevent formation of bubbles in the U-shaped tube of the densitometer. The
weight losses after the chloroform evaporation and degassing were negligible for all samples.
The samples containing POPC, POPC-CHOL (npopc:nNcHoL = 2:1 mol/mol), POPG, POPE-
POPG (npore:npore = 3:2 mol/mol) and POPE-POPG-TOCL (npore:Nporc:NTOCL =
0.67:0.23:0.1 mol/mol/mol) were measured, as well as pure deionised water.

3.3.2 Densitometry measurements

Vibrational densitometer DMA 4500M (Anton Paar, Austria) was used for
densitometric experiments. Samples were measured in a temperature range 12 — 40° C with
a step of 1° C. The precision of density measurement was = 0.00005 g/cm?® and the precision
of temperature control was + 0.03 °C.

3.3.3 Data treatment

For the evaluation of densitometric data, we have used procedures used previously
in (Gallova et al., 2017; Klacsova et al., 2010; Murugova and Balgavy, 2014).

Reciprocal value of the density of sample (ps) is the specific volume of the sample
(vs). If we assume that the specific volume of water (vw) in our sample is identical to that of
pure water, the apparent specific volume of the lipid (v.) can be calculated as
vs — (1 —wp) X vy 9

WL
where w is the mass fraction of lipid in the sample calculated from the mass of the lipid

Vi, =

(m¢) and mass of the water (mw) in the sample:

m
wp = —— — 10
mL+mW
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The apparent specific volume of a mixture of lipids (L1 and L2) can be calculated

similarly:
_ Vs = (1 = wiip2) X vw 11
VL1+L2 = W
L1+L2
where
mp; +mp;
WLi+L2 = 12

mpq + mp, + myy
If we further suppose that the specific volume of a lipid in the mixture does not depend on

the presence of the other lipid, we can calculate the apparent specific volume of that lipid
from the specific volume of the mixture:

oo = VLitlz = (1 —wip) X vy 13
L2 =
W2
where
my,,
Wi, =z 14
mp, +my;

This was used to calculate the apparent specific volumes of CHOL (from POPC-CHOL
mixture) and POPE (from POPE-POPG mixture).

The density of the bilayer (py) can be calculated using the apparent specific volume
of the lipid:

1

pb—VL

where v is the apparent specific volume of lipid or lipids in case of a mixed bilayer.

15

The apparent specific volume of a lipid can be used to calculate the apparent
molecular volume of a lipid (VL):
_ Vi, X ML 16

=
Na
where M is the molar mass of the lipid and Na is Avogadro's constant. (Gallova et al., 2017,

Klacsova et al., 2010; Murugova and Balgavy, 2014)

3.4 Partition coefficient calculations

Molar partition coefficient (Kp) of surfactant molecule, in equilibrium state, is
defined as the ratio of molar concentration of surfactant in the lipid phase (Dy, subscript b
signifies bilayer) to its molar concentration in the water phase (Dw, subscript w represents
water or water-based buffer).
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p D,
In this thesis we are calculating partition coefficient of surfactant DDAQO between

K 17

our lipid bilayers and PBS buffer following previously described procedure (Hrubsova et al.,
2003). After substituting the concentration in Equation 17 with the amount of DDAO in a
specific case (specified by the subscript b and w) divided by the volume (V) of that phase
(Db = nu/Vp; Dw = nw/Vw), we can express it as

_ ny X Vw 18
P n,, X Vb
Total amount of DDAO in the sample (n) is
n = np + ny, 19

where np is the membrane-bound amount of DDAO and nw is the amount of DDAO in the
water phase. Because the volume of the bilayer (Vb) is much smaller than the volume of the
water phase (Vw), we can assign the total volume of the sample (Vt) is approximately equal
to Vw. The use of a low lipid concentration (ordinarily 10* mol/dm?®) in our experiments
ensures that this assumption is maintained. Using this approximation and Equation 19 in the
Equation 18, the concentration of DDAO in the bilayer can be rewritten as

n, ng Kp
e s S— 20
W W Vb
1+K, X v,
The volume of the bilayer (V1) can be expressed
my, _ np, X ML 21

Vb =

Pb Pb
using total amount of lipid (n.), molar mass of a lipid (M.) and density of the bilayer (p).
In case of a mixed bilayer, its molar mass (Mv) was calculated using mole fractions of lipids

(Xv) constituting the bilayer. For example,

Mpopc+cHor = Xpoprc X Mpopc + Xchor X MchoL 22
Total concentration of DDAO (Dy) in the sample is
Ny
D, = — 23
t Vt
After substituting Equation 21 and 23 into Equation 20
n, Py Kp
— X — =Dy X
nt My T g XMy 2
P Ve X py
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Using substitutions Re = nu/nL (Re is the effective molar ratio) and c. = n./V: (co is the
concentration of lipid) in the Equation 24, it can be modified to obtain a linear dependence
of total DDAO concentration (Dy) on the concentration of lipid

pg 1
Dt=Re><lv[—L><K—p-+-Re><cL 25

The slope of the dependence (Equation 25) is the effective molar ratio (Re) of the amount of
DDAO integrated into the bilayer (np) to the amount of lipid (n.) under equilibrium
conditions. Re is constant for specific surfactant-lipid mixture and it is not dependent on the
concentration of lipid.

All experimentally acquired linear dependences of critical DDAO concentrations
(Dy) on the concentration of lipid were fitted simultaneously with a global function (Equation
25), with the Multi-Data Fit Mode in Origin software (Version 2019b, OriginLab
Corporation, Northampton, MA, USA). The constant ratio of po/ML was denoted as a fixed
parameter. The density of bilayer (p») was measured following the procedure described in
3.3 Vibrational densitometry. The global fit fitted the individual linear dependences and
their slopes (Re) and calculated one shared partition coefficient for all used dependences.
Concentration of DDAO in the water phase (Dw) for the particular steps in the solubilisation
process were obtained by extrapolation of the global function to zero lipid concentrations.
Their value is the y-coordinate of the intersection points of the global function with thy y-
axis.

3.5 Small-angle neutron scattering

Neutrons are sub-atomic particles found in all atomic nuclei (except for *H). Free
neutrons are unstable with mean lifetime of 885.9 s (~ 15 min.) and decay into a proton,
electron and antineutrino (Katsaras et al., 2006; Jackson, 2008). Neutrons have null electric
charge and because of that they do not interact with the electron shells of atoms which grants
them their high penetration ability into different materials. Depending on their state of
motion, neutrons also display wave behaviour. Properties of the neutron wave are
characterised by the wavelength (A) given by the neutron mass (my), its velocity (v) and
Planck’s constant (h), known as de Broglie relationship:

h

my, X v
The energy (E) of a neutron is predominantly kinetic and is often expressed using

A= 26

thermodynamic temperature (T):
E = kB X T 27
where kg is the Boltzmann’s constant. (Beli¢ka et al., 2014c; Willis and Carlile, 2009)
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Different neutron sources can provide neutrons with different energies, as show in
Table 2. (Willis and Carlile, 2009)

Table 2: Energy and wavelength classification of neutrons.

E [meV] A [nm]

Cold (20 K) 0.1-10 0.3-3
Thermal (300 K) 5-80 0.1-04
Hot (2000 K) 80 — 500 0.04 -0.1

Different types of mutual interactions take place when neutrons interact with atomic
nuclei. In case of small-angle neutron scattering (SANS) and small-angle neutron diffraction
(SAND), elastic scattering occurs. There is no energy transfer between the neutron and the
scattering particle and the size of their momentum is preserved.

The wave vector (E) is used to describe the neutron wave
- 21 28

k = T X I’l_(;
where 1, is a unit vector with the same direction and orientation as the neutron momentum.
(Belicka et al., 2014c) The schematic illustration of neutron scattering on a single atomic

nucleus is showed in the Figure 19.

(a) Scattered beam

Incident beam

v
i

Lattice planes of
crystalline sample

Incident
neutrons

kl

(b)

Nucleus

Figure 19: Schematic illustration of neutron scattering experiment (on the left). The incident
neutron beam (wave vector k;) is scattered on a nucleus in a specific direction characterised
by angles 26-¢ (to a point r). k; characterises the scattered neutron beam wave vector, d2
is a solid angle, dA represents the surface area collected by the detector. On the right:(a)
Scattering of a neutron in real space. v; and v, are the initial and final velocities of the
neutron. (b) Scattering in the reciprocal space displays the scattering vector q. (Willis and
Carlile, 2009)
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The incident neutron beam, specified by its wave vector E is scattered to a point r,
with the scattering defined by angles 26 and ¢. Scattering occurs in an elementary cone of

solid angle dQ. The scattered neutron wave vector is labelled E
Change in the wave vector is characterised by the scattering vector (momentum transfer
vector):
i=k-Kk 29
In case of elastic scattering of neutrons on a nucleus, k; = k¢, the size of the
scattering vector q is:

q= 47“ X sin(0) 30
where 20 is the scattering angle. We call the space containing all position vectors r the real
space, and the space which contains the scattering vectors q the reciprocal space. The
detection of scattered neutrons leads to the determination of the neutron scattering cross-
section.

The total scattering cross-section (o) is defined by the number of neutrons scattered
in all directions per second divided by the incident flux (I,). The incident flux is the number
of neutrons hitting unit area of the sample, where the area is considered perpendicular to the
incident neutron beam. The unit of cross-section is 1 barn = 1028 m?.

The differential scattering cross-section (de/dQ) is given by

do  number of neutrons scattered per second into a solid angle d() 31
dQ I,dQ
and is measured by a neutron diffractometer, which records the scattered intensity as a

function of the scattering vector g, without reference to any changes in energy. The units are
barns/steradian. (Willis and Carlile, 2009)

Each atomic nucleus has a characteristic scattering ability, specified by the scattering
length (b). The value is given by the negative ratio of the scattered and incident wave
amplitudes. Since the scattering length value is dependent on the actual composition of the
atomic nucleus (and in case of nuclei with non-zero spin also on the mutual neutron/nucleus
spin configuration), it differs for isotopes of the same element. The scattering lengths values
of individual isotopes have been experimentally determined and are compiled into tables.
(Belicka et al., 2014c) This is very convenient for the studies of the biomolecules, since the
scattering lengths of hydrogen (H) and deuterium (D) are very different, -3.74x10°> m and
6.67x10 m, respectively. Hydrogen is ubiquitous in most biomolecules and solvents,
therefore interchanging the two either in biomolecules or the solvent may serve as a useful
tool in biological studies. Variation of the H.O/D20 ratio of the solvent is often used to
change the contrast. This technique is called contrast variation technique. (Poon and
Andelman, 2006)
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Since the studied samples contain a lot of particles, we use a quantity called
scattering length density (SLD, p), which is the summation of all atoms with scattering
lengths (b;) that are present in the volume AV:

—1210 32
p_AV_ i

Figure 20 shows scattering length densitly of various types of molecules plotted as a
function of H/D ratio of the water in which they are immersed. The value of SLD in the
Figure 20 is shown as m/A3, where angstrom (A) is a unit of length A = 10*° m, often used
instead of nm (nm = 10° m) in scattering and diffraction literature.
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Figure 20: Scattering length density of various molecular components plotted as a function
of the percentage of “heavy” D,0O water used as the solvent.(Willis and Carlile, 2009)

The scattering intensity (I(q)) is measured as a function of the momentum transfer
(q) and depends on the contrast factor between the particles and the solvent Ap = (p, — ps),

the form factor (F(q)), the structure factor (S(q)), the number (N,) and volume (V;,) of
particles: (Fragneto et al., 2018)
1(q) = Ap*F(q)S(q)N,V,” 33

The form factor (F(q)) describes the influence of the shape of the scattering particle
on the observed intensity. Many possible shapes (sphere, ellipsoid, rod etc.) have known
theoretical expressions of form factor. (Willis and Carlile, 2009) The structure factor (S(q))
contains information about the correlation between different particles. For very dilute
systems without interaction between the particles, S(q) = 1. (Willis and Carlile, 2009;
Pedersen, 1997) The neutron scattering data in low ¢ region are sensitive to larger scales,
such as the size of the particles. In the mid and high g region we can find the information
about the bilayer structure. (Kucerka et al., 2007)
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3.5.1 Sample preparation (SANS)
3.5.1.1 Chemicals

DOPC, CHOL, POPE and POPG were purchased from Avanti Polar lipids (USA)
and used without further purification. DDAO was obtained from Sigma-Aldrich (Germany).
Buffer constituents (KH2PO4, KoHPO4, NaCl) were of analytical grade.

3.5.1.2 Phosphate-buffered saline in D,O (D.O-PBS)

75 ml of PBS buffer with the same composition (7.6 mmol/dm® KH,PO., 42.4
mmol/dm® K;HPO4, 150 mmol/dm?® NaCl) as used for all other experiments was prepared
using D>O water instead of H2O. pH of this buffer was 7.581. According to (Rubinson,
2017), no correction of measured pH is needed for 100% D>O content within the range of
measured pH 4 — 8.

3.5.1.3 Liposome preparation

DOPC, DOPC-CHOL (nporc:ncHoL = 2:1 mol/mol) and POPE-POPG (npope:Nporc =
0.6:0.4 mol/mol) model membranes were prepared. Weighed amounts of dry lipids were co-
solubilised in glass vials using chloroform. Chloroform was then evaporated with gaseous
nitrogen until dry and the vials were placed in a vacuum chamber for 8 hours to ensure
complete evaporation of the chloroform. Lipid films were hydrated with D.O-PBS buffer
for 24 hours to obtain lipid dispersions with concentration of lipid 40 mmol/dm? for all three
model membranes. Dispersions of MLLs were extruded 51 times through 100 nm and
subsequently 51 times through 50 nm polycarbonate filter. Extruded liposomes were then
used to prepare samples with constant concentration of lipid (8.9 mmol/dm?), diluted by
D.0-PBS and appropriate amount of stock solution of DDAO in D20O-PBS. The volume of
each sample was 1 ml and the molar ratio of nopao:nLipio in the sample was in the range 0 —
5 mol/mol, with 15 samples being prepared for each model membrane. For POPE-POPG, an
additional sample was measured with the molar ratio 6 mol/mol. The LIPID+DDAO
concentration, expressed in weight percentage (w%), increased from 0.64 w% in the first
sample without DDAO to 1.56 w% in the last sample (npbpao:Nborc = 5). Similar weight
percentages were present in the DOPC-CHOL and POPE-POPG samples.

Samples of DOPC (1 w%) without DDAO were also prepared using different
aqueous phase: 1. 100% D,0; 2. 150 mmol/dm?® NaCl in D20; 3. 150 mmol/dm® NaCl in
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D>0-PBS. The DOPC dispersion in these samples was extruded 51 times through 50 nm
filter.

3.5.1.4 DDAO stock solution preparation

10 ml of 174 mmol/dm?® DDAO stock solution was prepared in D,O-PBS. This stock
solution was used to prepare all samples.

3.5.2 SANS measurements

Small-angle neutron scattering experiments were carried out at the small-angle
neutron spectrometer YuMO at the IBR-2 fast pulsed reactor in Frank Laboratory of Neutron
Physics, Joint Institute of Nuclear Research in Dubna, Russia. (Kuklin et al., 2017; Soloviev
etal., 2017) The samples in quartz cells (Hellma, Miillheim, Germany) with a path length 2
mm were measured 24 hours after extrusion at 25.0 + 0.1° C. The scattered intensity was
normalised using vanadium standard and corrected for the background effect by the blank.
The output of SANS experiment is a curve describing the dependence of the scattering
intensity 1(q) as a function of the scattering vector q. These dependences will be referred to

as “scattering curves” in further text.

3.5.3 Data treatment

SasView fitting software, version 4.1 (Doucet et al., 2017), was used for the analysis
of scattering curves. The ideal model scattering curves were smeared by the instrumental
resolution of approximately 10%. The scattering length density (p) for each sample was
calculated using the known molar ratios of nppao:nLipio and molecular volumes (calculated
in Chapter 4.3 Densitometry) according to Equation 32.

Two model fitting functions were successfully used to fit the experimentally obtained
scattering curves. In this Chapter, we will cover their theoretical background.

The paracrystal lamellar stack model calculates the scattering from a stack of
repeating lamellar structures. The lamellar stacks (infinite in lateral dimension) are treated
as a paracrystal to account for repeat spacing (d). The repeat spacing is the sum of the lamella
(in our case lipid bilayer) thickness and the water layer thickness.

55



The scattering intensity is calculated as

d F
i) = 22 = an(apy, fl';l) Zn(q) 4

where Ap is the contrast between the SLD of particle and solvent; I, is the scale factor (mass

per area of the bilayer) and Zy(q) describes the interference effects of aggregates consisting
of more than one bilayer. Zy(q) can be written as a function of the average number of layers
of two clusters comprised of integer number of layers N, the fraction of which is xy, and
N + 1 layers, the fraction of which is 1 — xy:

N =xyN+ (1 —xy)(N+1) 35

As an example, if N, = 1.4, 60% of the mixture are ULLs (N;= 1) and 40% are OLLs with
2 bilayers on average (Ni,= 2) or interacting ULLs. This factor also includes the average
repeat spacing (d).

The form factor F(q) is separated into a contribution that accounts for the cross
section of a planar bilayer with half the bilayer thickness (£) and a factor proportional to q~2,
which is typical for an infinitely large two-dimensional sheet.

r - (20 *

In conclusion, this fitting model gives us back these parameters: scale factor (I},),

bilayer thickness (2€ = d; ), number of layers (N;,) and repeat spacing (d). (Bergstrém et al.,
1999; Silva et al., 2018)

The elliptical cylinder model calculates the scattering from cylinders with elliptical
cross section. The cylinders are described by the length of the cylinder (L) and volume of
the cylinder (V). Their cross-section is characterised by axial ratio (v) of ellipse major
radius (rpyajor) OVEr minor radius (rminor). Their position is characterised by angles 0
(cylinder axis to beam angle), ¢ (rotation around the beam) and s (rotation around the axis
of the cylinder). a is the angle between the axis of the cylinder and scattering vector q. The
scattering intensity is calculated as

1
@) = j dy f do f p(8, b, ) F2(q, @, §) sin(c0) da 37
cy

The form factor can be expressed as

le(rminor) Sin(rmajor)
F(q, o) = 38
minor * 'major

where J; (rminor) 1S the first order Bessel function and the radii are given by ryiner =

qr’ sin(a) and rpajor = qcos(a) L/2 with r’ being defined as

' Iminor

T

JA+vD) + (1= v2) cos(V) 39
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For 1D scattering without preferred orientation, the form factor is averaged over all
possible orientations and normalised by the particle volume: F(q) = Fm(FZ)/VCyl. (Feigin
and Svergun, 1987; Pedersen, 1997)

To conclude, the fitted parameters are scale factor (I},,), minor radius of the ellipse
(rminor), @xial ratio of the ellipse (v) and the length of the cylinder (L). For more detailed
description of the fitting functions, see the SasView User Documentation
(https://www.sasview.org/docs/user/qtgui/Perspectives/Fitting/models/index.html,
[12.4.2022])

3.6 Small-angle neutron diffraction

Diffraction (sometimes called Bragg scattering) is an elastic scattering process that
can be observed on a set of scattering planes (Figure 21) in ordered (crystal) structure.
Diffraction can be observed when the waves scattered from adjacent scattering planes remain
in phase, resulting in the constructive interference.

Reflected Beam

Incident Beam

/™ In Phase

Scattering Plane 1

Scattering Plane 2

Figure 21: Scattering geometry and the derivation of Bragg’s law. 4 is the wavelength of
the neutron wave, d is the distance between 2 scattering planes and 8 is the angle between
the incident neutron beam and the scattering plane. (Pynn, 2009)

For the diffraction to occur, the scattering vector must be perpendicular to a set of
atomic planes. Figure 21 shows scattering on two adjacent planes, where we can see that
wave scattered on the second scattering plane has to travel extra distance. For the
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constructive interference to occur between the waves scattered from plane 1 and 2, the path
length difference (calculated as 2d sin(8) using trigonometry) must be integer multiple of

the wavelength A. This condition for diffraction is known as Bragg’s law:
nA = 2dsin(0) 40

where n — diffraction order; A — neutron wavelength (for D16 diffractometer A = 0.4493
nm); d — repeat spacing (the distance between the two scattering planes) and 6 — angle
between an incident neutron beam and the scattering plane. (Pynn, 2009)

The SAND method enables us to obtain the scattering form factors from experimental
diffraction data. Problem of assigning the scattering form factor phases can be solved by
measuring the samples at either different relative humidities (swelling method) or by
changing the H20/D>0 contrasts (contrast variation method). The Fourier transform of the
scattering form factor with assigned phase then gives us information about the distribution
of scattering length densities over the bilayer and the water layer, so-called neutron
scattering length density (NSLD) profile.

3.6.1 Sample preparation (SAND)
3.6.1.1 Chemicals

POPC, CHOL, POPE, POPG and partially deuterated lipids — 1-palmitoyl-d31-2-
oleoyl-sn-glycero-3-phosphocholine (16:0-d31-18:1 PC, dPOPC), 1-palmitoyl-d31-2-
oleoyl-sn-glycero-3-phosphoethanolamine (16:0-d31-18:1 PE, dPOPE) and 1-palmitoyl-
d31-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt) (16:0-d31-18:1 PG,
dPOPG) were purchased from Avanti Polar lipids (USA) and used without further
purification. DDAO was obtained from Sigma-Aldrich (Germany) and Dermaseptin S1
(DS1) was purchased from Bachem (Switzerland).

3.6.1.1 Preparation of oriented lipid bilayer stacks

Different model membranes were studied using SAND: models mimicking
mammalian membrane: POPC, POPC-CHOL (nporc:ncHoL = 2:1 mol/mol), and bacterial
model membrane: POPE-POPG (npore:Nporc = 3:2 mol/mol).

Stock solution of lipid or a lipid mixture (in molar ratios specified earlier) in
CHCI3:CH30H = 1:1 v/v was prepared. All types of model membranes were prepared using
the same procedures. Appropriate amount of the lipid stock solution was taken to create a
final solution containing 5 mg of lipid/lipid mixture and volume 500 ul. The solutions were
mixed thoroughly using a vortex mixer. The solutions were then deposited onto 25 x 50 mm
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silicon wafers (covering the entire surface of the wafer) and gently rocked during
evaporation of the solvent (the “rock and roll method”, (Tristram-Nagle, 2007)). Samples
were then placed under vacuum to remove the remaining traces of the solvent. The samples
were put in an enclosed humid environment at a temperature 40° C for several hours before
the measurement. This procedure is called annealing. Well-oriented bilayer stacks were
confirmed by observation of up to 8 orders of Bragg diffraction.

Samples with DDAO: 1 ml of stock solution of DDAO in CHCI3:CH3OH = 1:1 v/v
was prepared containing 30 mg of DDAO. Adequate amount of stock solution was added to
the lipid mixture to form the 500 pl solution that was being deposited onto the wafer.
Samples always contained 5 mg of lipid/lipid mixture and DDAO in molar ratios
(nbpao:Nuipip = 0.2:1, 0.5:1 and 1:1 mol/mol). 2 samples containing NaCl in a molar ratio
Nnaci:NLipip = 1:1 mol/mol without DDAO were also prepared.

Samples containing dermaseptin S1 (DS1) contained partially deuterated lipids:
dPOPC, dPOPE and dPOPG. CHOL and DS1 were not deuterated. All sample components
were dissolved in CHCI3:CH3OH = 1:1 v/v. All the lipid molar ratios were kept the same as
with previous samples: dPOPC-CHOL (ngropc:NcroL = 2:1 mol/mol) and dPOPE-dPOPG
(ngrore:Ndroprc = 3:2 mol/mol). Samples with npsi:nLipip = 1:150, 1:100, 1:80, 1:50 mol/mol)
were prepared by co-dissolving appropriate amounts of lipid and DS1 stock solutions to
create 500 pl solution, which was then deposited onto silicon wafers, using the same

procedure as described before.

3.5.1.2 Preparation of H.O/D20 contrasts

Different H.O/D20 contrasts were prepared for the measurements: 8%, 40%, 70%
and 100% D0 according to Table 3.

Table 3: H2O/D,0 contrast preparation.

Contrast | Vyg,o [MI] | Vp,o [Ml]
8% 18.4 1.6
40% 12 8
70% 6 14

100% 0 20

3.5.2 SAND measurements

Small-angle neutron diffraction (SAND) data were measured at D16 cold-neutron
diffractometer (Cristiglio et al., 2015) at the Institut Laue-Langevin (ILL) located in

59



Grenoble (France). The neutron beam with the wavelength of 0.4493 nm was achieved by a
focussing pyrolytic graphite monochromator. The beam then passed through a set of slits
with dimensions set to 150 x 6 mm? and 25 x 6 mm?2. Monochromator to sample distance is
2.8 m. The samples were measured in a BerILL humidity chambers (Gonthier et al., 2019).
Silicon wafers with the samples were held in a vertical position on a goniometer. Lower part
of the humidity chamber contains a temperature-controlled water bath (containing the
contrast). The sample alignment was done optically using the goniometer and a laser before
closing the chamber, which was followed by approximately 4 h equilibration. The inner and
outer part of the chamber were separated by a vacuum during the equilibration and the whole
measurement. The alignment of the sample in the beam (the “zero position™) was corrected
using the neutron beam before the measurement. The “zero position” refers to a position of
the silicon wafer in the neutron beam where a minimum intensity is detected due to the
enhanced absorption of the neutrons passing through a large amount of the sample on the
wafer. The intensity of neutron scattering as a function of the scattering angle was detected
by scanning the sample rotation (rocking scan) with two-dimensional *He detector at fixed
position (the detector was fixed at I" angles 12° and 28° to detect up to 8 diffraction orders).
In the first " position, the sample was rotated in the incident neutron beam in the range from
-1° to 12° (at 0.05° steps) to obtain first 4 orders of Bragg diffraction. In the second T’
position, Q scan 8° — 20° was performed to detect higher diffraction orders.

3.6.2.1 Swelling experiments

POPC, POPC-CHOL (nporc:NcHoL = 2:1 mol/mol) and POPE-POPG (npope:Npopc =
3:2 mol/mol) samples were prepared to test the possibility of using relative humidity
technique to determine the phase of the scattering form factors needed for reconstruction of
the one-dimensional neutron scattering length density profiles. Samples were placed
vertically in the D16 chambers at 25°C. The chamber’s bath reservoir was filled with 20 ml
of 100% D0 and the samples were hydrated from vapour using a setup for relative humidity
(RH) control. The chamber was held under vacuum to ensure stable conditions throughout
the whole measurement. The hydration of the samples from the DO vapour was controlled
by changing the RH in the chamber — by varying the bath reservoir temperature.

Assuming ideal behaviour, the RH [%] at the reservoir is
P
RH[%] = ———=x 100 41
%] Pu,0 X T
where P — partial pressure of water vapour in the chamber, Py, o — saturated water vapour
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pressure in thermodynamic equilibrium with the condensed liquid, T — sample temperature
(Gonthier et al., 2019)
According to the Clausius-Clapeyron equation for a liquid-gas equilibrium

din(P) AH,, 42

dT ~ RT?
where AH,,, — enthalpy of vaporization of water, T — sample temperature

The equation can be rewritten as

AP AP AH,,AT
In(1+45)~ 5~ -2 43
where AT and AP are the temperature difference and the difference in partial pressure of

water vapour between the sample and the reservoir, respectively. By controlling the
temperature of the reservoir bath (T,) and the temperature of the sample (Ts), we can control
the temperature difference AT = T, — T. The distribution of water molecules in the water
vapour rearranges according to the temperature gradient, which results in a change of relative
humidity (Ma et al., 2015).

Table 4: Calculated values of bath reservoir temperature used in order to achieve the
desired RH values.

RH[%] | 95 85 70 50 30
T.[°C] | 25 25 25 25 25
T.[°C] | 24.14 | 22.3 | 19.15 | 13.86 | 6.23

3.6.2.2 Contrast variation experiments

Samples were placed vertically in the D16 humidity chambers at 25°C. The
chamber’s bath reservoir was filled with Ho.O/D>O mixture and the samples were hydrated
from vapour. The chamber was held under vacuum to ensure stable conditions throughout
the whole measurement. The samples were measured using at least three different contrasts
(8%, 40%, 70% or 100% D-0). This enabled us to determine the phase of the scattering form
factors and reconstruct the one-dimensional neutron scattering length density profiles.

3.6.3 Data treatment

A computer code provided by (Hrubovc¢ak et al., 2019) and a LAMP software
(provided by ILL) were used for the analysis.

An example of 2D reciprocal space map in angular coordinates Q and 26
(measurements from both T" positions of the detector) is shown in Figure 22. A series of
reflections spaced periodically is caused by the regular lamellar ordering of the bilayer stack.
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Figure 22: Reciprocal space map of sample POPC-CHOL measured with 8% D-O as a
contrast and at 97% relative humidity. The red line on the right shows the integration radius
for acquiring the intensity dependence on 26. The red crosses signify the diffraction peaks.

From the reciprocal space maps, intensities were calculated by integrating along the
line passing through all diffraction peaks (Figure 22, on the right). The result of the
integration is shown in the Figure 23.
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Figure 23: The intensity dependence on 26 — example of diffraction data after the
integration. Scans for I" angles 12° (on the left) and 28° (on the right) of the detector.
(POPC-CHOL, 8% D20)

The acquired Bragg peaks were analysed using a Gaussian function superimposed on
a linear background:

A 1 (x—x,)?
WV 2T

to obtain the parameters: A — area under the Gaussian; w — width of the Gaussian; x,, — 20
position of the maxima; k and y, being the slope and intercept of the linear background,
respectively. The area under the Gaussian peak (A) is the measured integrated intensity
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(I(q)). The maximum intensities of each diffraction peak (x,, = 260) allow us to calculate the
repeat spacing (d) (which is the sum of bilayer thickness and water layer thickness). Repeat
spacing can be calculated from the Bragg’s law:

ni

d=—
2sin(0)
In our case, the repeat spacing was calculated from the slope of the dependence of 2sin(6)

on the diffraction order (n), using positions of maximum intensity of all fitted peaks (Figure
24).

45

Figure 24: Plot of 2sin(8) vs. order of Bragg peak used to calculate the repeat spacing.

3.6.4 Neutron scattering length density profiles

The scattering length density distribution of the bilayer was calculated from the
Fourier transform of the diffraction intensities. The intensity was corrected using the
following corrections.

1. The flux correction: Varying neutron flux impinges on the sample caused by a

Gaussian-shaped incident beam.

w X sin(e)) 46

Cgr=1 erf(—
F / 2sV/8

where erf — error function; w — width of the sample and 2s — width of the beam.
2. The Lorentz correction: A geometric correction factor that accounts for different
rate at which the sample rotates through the Bragg condition.

Cr, = sin(20) 47
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3. Correction for absorption:

a
= 48
Ca 1—e™@
where
2ut
o =—E 49
sin(0)

u is the absorption coefficient, calculated by taking into account all atoms in the unit cell,
and t is the thickness of the sample.

The amplitude of the Fourier coefficients F, (will be referred to as “form factors” in the
text) was determined as a square root of the integrated intensities and the correction factors:

IFnl = /1(@)n X Cp X Cp, X Cyp 50

Another step in the analysis was the assignment of a phase.

4. Extinction effect correction: The diffraction planes first encountered by the beam
reflect some of the incident radiation, so that the inner parts of the multilayer have
less chance of contributing to the measured intensity. This is called extinction effect
and it is prominent for the stronger Bragg reflections. A correction for this effect was
made for the first Bragg peak intensities by multiplying the Fourier coefficient with
a factor 1 — 1.2. This correction was done only if the sample was measured using the
70% or higher D20 contrast (The linear dependence of the Fourier coefficients F,, on
the % of D.O was checked).

(Kucerka et al., 2009; Gawrisch et al., 2007; Harroun et al., 2008; Marquardt et al., 2018;
Willis and Carlile, 2009)

Determination of scattering phases

The scattering form factor phases were determined thanks to the contrast variation.
This method is based on the fact that the Fourier transform of a hydrated structure is a linear
function of the isotopic composition of the water (D-O content in the contrast). The phase
can also be determined from swelling experiments, but in our case, the structure of the lipid
bilayer was not constant throughout the swelling experiments. Therefore, a contrast variation
method was applied.

In case of centrosymmetric structures (such as the bilayer), we only need to determine
the sign (+/-) of the form factors. For the 1% diffraction order, the form factors were always
assigned as negative to obtain a minimum on the NSLD profiles in the centre of the bilayer
(z = 0). All other phases were assigned by making sure that the linearity of the dependence
F, = f(%D,0) is preserved and by observing the shape of all 3 NSLD profiles.
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Figure 25 shows the linear dependences of the scattering form factors on the varying
contrast composition. Table 5 shows the calculated form factors (F,,) with above mentioned
corrections and assigned phase sign for the sample POPC-CHOL. The form factors of peaks
that were not detected were assigned the value 0.
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Figure 25: Linear dependence of the scattering form factors F, as a function of D>O content
in the contrast. POPC-CHOL, diffraction orders F; — F, (on the left), Fs — Fg (on the right).

Table 5: Calculated repeat spacing d and corrected scattering form factors F, with assigned

hases for the POPC-CHOL sample measured at 3 different contrasts.
o Diffraction peak order
sample | p,g | 4 [nm]
P | D20 F, F, F, | F, | F; | F, | F, | Fs
572 + i ) i i i 51
8 0003 2613 | -1000 | +605 416 74 47 0
POPC- | 40 | 272% | 4456 | +69 | +453 | -520 | -88 | -03 0 0
CHOL 0.005
70 | 2005 | 5852 | +1107 | +130 | 457 | 54 | 95 | 60 | O

The neutron scattering length density profile (NSLD, p(z)) of the bilayer was
determined from the Fourier coefficients according to the following equation:

Nmax

p(@) =2 ) Frcos(q2) 51

where z is the distance from the centre of the bilayer and q = 4msin6/A.
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The NSLD profile was then put on an absolute scale:

F
ooy = py 4 PO =00 =) %2
Yod p(0) X p(z)
where p,, is the scattering length density of the water contrast; p(0) is the scattering length

density in the centre of the bilayer and the parameter F, is the forward scattering intensity

used to put the data on an absolute scale. F, cannot be measured and it is therefore estimated
as:

_ 2(by, — pw X V) 53
Ay,

where by, is the scattering length of the unit cell; Vi, is the volume of the unit cell and A, is
the area of the unit cell. These parameters are calculated based on the composition of the

Fo

sample.
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Figure 26: NSLD profiles of POPC-CHOL sample measured with 3 different H,O/D.0O
contrasts.

The water distribution was calculated by subtraction of NSLD profiles of contrast
varied experimental data. The NSLD profiles are comprised of the contributions of the
bilayer and water molecules.

p(z) = ppPo(2) + pwPw(2) 54

Where py,, py, are the mean NSLDs of bilayer and water, respectively, and P,(z), P, (z) are
the probabilities of occurrence at a distance from the centre of bilayer (z = 0).

The NSLD profile of the bilayer is not dependent on the changing contrast, whereas
the NSLD of the water changes according to the ratio of H2O/D>O used as a contrast.
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Therefore, by subtracting the NSLD profiles measured at different contrasts (p,,4(z) —
pw2(z)), we could calculate the probability of water occurrence along the profile of the
membrane:
Pw1(2) — pw2(2) 55

w1 — Pw2

where p,,; and p,,, are the calculated NSLDs of the contrast.

Py (2) =

The water probability is between 0 and 1 if p,,; (z) and p,,,(z) are on an absolute scale.
The average of the water probability profiles was then fitted with the sum of two
classical error functions placed at the bilayer/water interface:

Z—Zg

2 (Vao 2 56
erf(z,zy,0) = —f e %du
Vil

where o is the width of the lipid/water interface and z, is the mean position at which the area
under the curve from the centre of bilayer up to that point is equal to the area above the curve
in the rest of the profile. The distance between —z, and z, gives us the bilayer thickness
(dy). Since repeat spacing d was defined earlier as the sum of a bilayer thickness (d;) and
water layer thickness (d,,), we can calculate the water layer thickness as well. This proved
to be a suitable model for describing the profile of water distribution in (Klauda et al., 2006;
Kucerka et al., 2009; Hrubov¢ak et al., 2019) and references therein.

d=5.71nm

[
N
1

P70 - Pao

Loy
o
1

P70 - Ps

“ P40~ Ps
Average
—— Error function fit

o
<)
1

d, =3.67 nm

Water distribution (probability)
o o
N >

o
N
1
=
o
N
o}
3

o\ 4
AAAAAAAA

o
o
1

-3 -2 -1 0 1 2 3
z [nm]

Figure 27: Water distribution probability obtained from subtraction of NSLD profiles of
contrast varied experimental data. Averaged distribution was fitted with the error function
to determine the thickness of the bilayer (d,), water layer thickness (d,,) and the width of
the lipid/water interface (o). Sample is POPC-CHOL (97% RH).
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4 RESULTS AND DISCUSSION

4.1 Static light scattering (nephelometry)

Turbidimetric method of studying the solubilisation process has been used many
times in our Department of physical chemistry of drugs (e.g. Karlovska et al., 2004b;
Karlovska et al., 2007; Hulakova et al., 2013; 2015; HrubSova et al., 2003; Bullova and
Balgavy, 2005). However, using nephelometry proposed more advantages, such as higher
sensitivity or lower lipid concentration needed in the samples. Initial experiments were
performed to examine the sensitivity of the method. Pure DOPC liposomes dispersed in
redistilled water were prepared using filters with three different sizes of pores during the
extrusion: 50 nm, 100 nm and 200 nm filter. The dependence of the intensity of scattered
light (with wavelength 600 nm) on the lipid concentration can be seen in Figure 28.
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100 nm filter]
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Figure 28: Dependence of intensity of scattered light on lipid concentration of 3 different
sizes of liposomes.

Our experiments have shown that the intensity of the scattered light is sufficiently
sensitive to the size of liposomes and the concentration of lipid. 100 nm size of the filter was
chosen for subsequent solubilisation experiments. The results were not significantly
different if PBS was used instead of redistilled water (the experiment was repeated using
100 nm filter and PBS as a solvent).

4.1.1 Solubilisation of mammalian model membranes by DDAO

Solubilisation of POPC-CHOL model membranes by non-ionic surfactant DDAO (at
pH ~ 7.5) at various lipid concentrations was studied using nephelometry. Decrease in the
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particle size is a typical indication of the solubilisation, as liposomes transform into the
smaller mixed micelles during the process. Dependence of fluorescence intensity (I¢) on the
concentration of DDAO (solubilisation curve) of POPC-CHOL model membrane at different
lipid concentrations is shown in Figure 29. We can see the typical three-stage solubilisation

process, which was described in Chapter 1.5.1 Interactions of surfactants with model
membranes.
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Figure 29: Dependences of fluorescence intensity (IF) on the concentration of DDAO
(solubilisation curves) of POPC-CHOL at different concentrations of lipid.

An example of solubilisation curve (cropc-cHoL = 0.04 mmol/dm?®) fitting with the
bilinear (Equations 3 and 4) and Boltzmann (Equation 5) functions, can be seen in Figure 30

and Figure 31, respectively. The equation of the straight line in the second stage is identical
for both bilinear fits (one for DSAT and the second one for DSOY).
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Figure 30: Fitting of the solubilisation curve of cropc-croL = 0.04 mmol/dm?® with bilinear
functions. DAT and DE°" are the x-coordinates of the turning points indicated by the arrows.
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Figure 31: Boltzmann function fitting on the solubilisation curve of cpopc.cHoL = 0.04
mmol/dm3. DM'P is the x-coordinate of the midpoint of the sigmoid indicated by the arrow.

All acquired critical concentrations can be seen in the Table 6. All critical
concentrations will be used to calculate the partition coefficient of DDAO (Chapter 4.4
Partition coefficients).

Table 6: Critical DDAO concentrations for POPC-CHOL model membranes.

POPC-CHOL
CPOPC+CHOL DSAT DMIP D¢SOL
[mmol/dm?3] [mmol/dm?] [mmol/dm?] [mmol/dm?]
0.02 1.02 + 0.02 1.114 + 0.005 1.198 + 0.003
0.04 1.03 £ 0.02 1.159 + 0.005 1.232 £ 0.001
0.06 1.00 +£ 0.01 1.158 + 0.005 1.307 £ 0.005
0.08 1.12 + 0.01 1.187 + 0.005 1.26 £ 0.01
0.1 1.00 + 0.05 1.224 £ 0.009 1.46 + 0.03

Figure 32 shows comparison of solubilisation curves of three different mammalian
model membranes, with the same lipid concentration. Intensity of fluorescence was
normalised for better graphical comparison of the overall trend of the solubilisation curves:

_ I —Tnin 57
Inorm - I _ I .
max min

where Imin is the lowest detected fluorescence intensity and Imax iS the highest detected
intensity.
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Figure 32: Comparison of solubilisation curves of different mammalian model membranes
(POPC, POPC-CHOL and POPC-EYSM-CHOL), concentration of all compared lipids is
0.1 mmol/dmd,

Both solubilisation curves of POPC and POPC-EYSM-CHOL were fitted with the
bilinear (Equations 3 and 4) and Boltzmann (Equation 5) functions. The acquired critical
concentrations of DDAO are shown in Table 7.

Table 7: Critical concentrations of POPC, POPC-CHOL and POPC-EYSM-CHOL model
membranes at lipid concentration 0.1 mmol/dm?.

DtSAT DtMID DtSOL
[mmol/dm?3] [mmol/dm?] [mmol/dm?3]
POPC 0.83 £ 0.01 1.093 + 0.006 1.387 £ 0.004
POPC-CHOL 1.00 £ 0.05 1.224 £ 0.009 1.46 £ 0.03
POPC-EYSM-CHOL 0.39 + 0.07 1.17 £ 0.03 1.91 +£0.04

As we can see from the results (Table 7 and Figure 32) the POPC membrane enriched
by EYSM+CHOL reached the saturation concentration at lower DDAO concentration than
it was for both POPC and POPC-CHOL. On the other hand, the concentration of DDAO
needed for complete solubilisation was highest out of the three mammalian model
membranes. The exchange of a part of POPC molecules by CHOL caused a slight increase
in all 3 fitted parameters.

In (Ruiz et al., 1988) it was reported that the solubilisation of EYPC-CHOL
(neypc:ncHoL = 3:1) liposomes induced by non-ionic surfactant Triton X-100 (TX-100) was
similar as that observed for CHOL-free liposomes. The solubilisation was more difficult at
equimolar EYPC-CHOL ratio. Study of Mattei et al. (2015) showed changes in the ability
of TX-100 to solubilise POPC-CHOL and EYSM-CHOL liposomes with 30 mol% of
CHOL. The liposomes became either partially (POPC-CHOL) or completely (EYSM-
CHOL) insoluble by TX-100.
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In this thesis, DDAO was able to achieve complete solubilisation of all of the studied
membranes. Ahyayauch et al. (2010) concluded that all surfactants interact with the model
membrane differently, therefore, it is difficult to compare them.

In our previous solubilisation study (Zelinska et al., 2020) of DOPC and DOPC-
CHOL (33 mol% of CHOL) induced by DDAO, we reported insignificant effect of the
presence of CHOL on the critical concentrations (coorc = 0.3 mmol/dm3: DSAT = 1.41 +0.05
mmol/dmé, DS = 2.38 + 0.04 mmol/dm® and for coopc+choL = 0.3 mmol/dm?®: DSAT = 1.43
+ 0.1 mmol/dm?3, Dt =2.28 + 0.07 mmol/dm®).

4.1.2. Solubilisation of bacterial model membranes by DDAO

Solubilisation of two types of bacterial model membranes — POPE-POPG
(npope:NpPorc = 0.6:0.4 mol/mol) and more realistic POPE-POPG-TOCL (npope:Nrorc:NToCL
= 0.67:0.23:0.1 mol/mol/mol) by DDAO was studied at 5 different concentrations of lipid
nephelometrically. Solubilisation curves (Figure 33) followed the typical three stage process
described earlier.
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Figure 33: Solubilisation curves of POPE-POPG liposomes (on the left) and POPE-POPG-
TOCL liposomes (on the right) at different concentrations of lipid.

All solubilisation curves were fitted with bilinear functions (Equations 3 and 4) and
a Boltzmann function (Equation 5) to obtain the critical DDAO concentrations DAT, DM!IP
and DO, All critical concentrations (Table 8) will be used to calculate the partition
coefficient of DDAO (Chapter 4.4 Partition coefficients).
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Table 8: Critical DDAO concentrations for POPE-POPG and POPE-POPG-TOCL model

membranes.
POPE-POPG

CPOPE+POPG DSAT DMID D¢SOL
[mmol/dm?] [mmol/dm?] [mmol/dm?] [mmol/dm?]
0.02 1.08 +0.03 1.27 £ 0.01 1.40 £ 0.02
0.04 1.03 £0.04 1.32 £ 0.01 1.51 +£0.02
0.06 0.97 £0.06 1.39 £ 0.02 1.65 + 0.05
0.08 1.27 £ 0.03 1.54 +£ 0.01 1.73 £ 0.02
0.1 1.27 + 0.04 1.62 +£ 0.01 1.88 + 0.03

POPE-POPG-TOCL

CPOPE+POPG+TOCL DSAT DMID D¢SOL
[mmol/dm?] [mmol/dm?] [mmol/dm?] [mmol/dm?]
0.02 0.98 + 0.05 1.29 £ 0.02 1.57 £ 0.03
0.04 1.14 + 0.04 1.46 £ 0.01 1.73 £ 0.02
0.06 1.25+ 0.03 1.57 £ 0.01 1.87 £ 0.02
0.08 1.37 + 0.03 1.65 + 0.01 1.97 £ 0.01
0.1 1.47 + 0.03 1.81 +£ 0.01 2.19 £ 0.01

Solubilisation of bacterial model membranes is not well documented in the literature.
Most studies focus on the isolation of proteins from bacterial membranes rather than the
solubilisation of the lipids that are present in it. In comparison with the mammalian model
membrane POPC-CHOL studied in this thesis, both bacterial model membranes required
more DDAO for complete solubilisation. A comparison between the solubilisation curve of
POPC-CHOL and POPE-POPG can be seen in the Figure 34 (on the left). Figure 34 (on the
right) shows a comparison of solubilisation curves of both types of bacterial model
membrane at the same concentration of lipid 0.1 mmol/dm?®. The intensity of fluorescence
was normalised (Equation 57) for better graphical comparison.
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Figure 34: Comparison of solubilisation curves of mammalian model membrane POPC-
CHOL and bacterial model membrane POPE-POPG (on the left) and both bacterial model
membranes (on the right). Lipid concentration is 0.1 mmol/dm? for all shown solubilisation
curves.
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From the results in Table 8 and Figure 34, we can see that the cardiolipin containing
model was more stable against the DDAO-induced solubilisation. This is important because
many studies on bacterial model membranes tend to neglect the importance of the presence
of cardiolipin in model membranes, because of its low occurrence in the bacterial membrane
(only 10 w% in E.coli).

4.2 Fluorescence spectroscopy

4.2.1 Calibration curve of calcein

In the Figure 35, we can see a calibration curve of calcein — the dependence of the
fluorescence intensity on the concentration of calcein. In the first part of the dependence,
within 0 — 0.007 mmol/dm? (the full points), fluorescence intensity increases linearly with
calcein concentration. The dependence reaches maximum at about 0.02 mmol/dm?, beyond
which it starts to decrease due to a phenomenon called self-quenching. The fluorescence
intensity becomes negligible at the concentration higher than 0.1 mmol/dm?3. Similar results
were observed by authors (Memoli et al., 1999b; Hulédkova et al., 2013). As proven by
(Hulakova et al., 2013), the spectral behaviour of calcein is not affected by the presence of
DDAO.
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Figure 35: Dependence of fluorescence intensity on the concentration of calcein. Full circle
points indicate the linear part of the dependence.

Prepared samples contained calcein encapsulated in liposomes at a concentration 10
mmol/dm?, so its fluorescence was insignificant. After the surfactant was added, calcein
leaked into extra-liposomal space, where it was diluted to the calcein concentration which is
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in the linear range of the dependence. Since the probe no longer self-quenched, an increase
in fluorescence was monitored as an indicator of pore formation in the liposomes.

4.2.2 Calcein leakage from mammalian model membranes

Calcein leakage experiments have been performed on mammalian model membranes
containing lipids POPC and POPC-CHOL (nporc:ncHoL = 2:1 mol/mol). Samples were
measured immediately after the addition of DDAO. Dependences of the normalised
fluorescence intensities (Ihorm) 0N the concentration of DDAO measured with POPC-CHOL
model membranes are shown in the Figure 36. The description of the process of calcein
leakage was explained earlier in Chapter 3.2.3 Data treatment.
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Figure 36: Calcein leakage experiments — dependence of normalised fluorescence intensity
on concentration of DDAO using POPC-CHOL liposomes.

In Figure 37, we can see an example of the fluorescent probe leakage data and their
fitting with bilinear functions, Equation 3 (on the left) to obtain D{"5RT and Equation 4 (on
the right) to get the value of D{*"S. The fit for the straight line in the second stage (described
in 3.2.3 Data treatment) is identical for both fits.
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Figure 37: Example of the fitting with bilinear functions on the calcein leakage data
(cropc+crHoL = 0.3 mmol/dmd).

The same procedure was used to fit all data from calcein leakage experiments. Figure
38 shows a comparison of experiments with POPC and POPC-CHOL using the same
concentration of lipid (0.3 mmol/dm?®).
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Figure 38: Comparison of calcein leakage experiment between POPC and POPC-CHOL at
cupip = 0.3 mmol/dm?.

All critical concentrations acquired using the mammalian model membranes are
shown in the Table 9. These results will be used to calculate the partition coefficient of
DDAO in the Chapter 4.4 Partition coefficients, except for POPC, for which we have
insufficient data.
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Table 9: Critical DDAO concentrations of studied mammalian model membranes POPC
and POPC-CHOL.

POPC+CHOL

CPOPC+CHOL D¢PERT D¢RLS
[mmol/dm?] [mmol/dm?] [mmol/dm?]
0.1 0.46 = 0.04 0.79 + 0.02
0.2 0.44 £ 0.03 0.87 £ 0.01
0.3 0.55 + 0.03 1.01 + 0.01
0.4 0.65 £ 0.02 1.05 + 0.01

POPC

CpPoPC D¢PERT D¢RLS
[mmol/dm?3] [mmol/dm?3] [mmol/dm?3]
0.3 0.39 £ 0.03 0.71 £ 0.01

As we can see from Table 9 and Figure 38, the POPC-CHOL model membrane was
more resistant against DDAO-induced pore formation than the CHOL-lacking model. The
effect of the presence of CHOL in POPC bilayers on the leakage of fluorescent probe 5,6-
carboxyfluorescein from liposomes was investigated in (Apel-Paz et al., 2005). CHOL have
linearly increased the resistance of liposomes against the surfactant sodium dodecylsulphate
(SDS) until 30 mol% of CHOL was reached, the amount of CHOL higher than 30 mol% had
“super-toughening effect” on the bilayer. (Nagawa and Regen, 1991) reported significantly
reduced ability of 4 different membrane-disrupting surfactants to release the internal
contents of EYPC and POPC liposomes that contained more than 33 mol% of CHOL. They
also reported that the surfactant TX-100 was not sensitive to the presence of CHOL, when
the leakage of 5,6-carboxyfluorescein was observed from POPC-CHOL liposomes (at molar
ratios npopc:NcroL = 4:1, 2:1 and 1:1).

4.2.3 Calcein leakage from bacterial model membranes

Calcein leakage experiments have been performed on bacterial model membranes
containing lipid mixture POPE-POPG (npore:nporc = 0.6:0.4 mol/mol). Samples were
measured immediately after the addition of DDAO. Two sets of samples with cpope+poprc =
0.1 mmol/dm® were prepared identically, one of them was measured immediately after
DDAO addition and the second one was measured 3 hours after the addition of DDAO. A
comparison of the two experiments is seen in the Figure 39 (on the left). The samples
measured 3 hours after the addition did not follow the typical three-stage process, which was
probably caused by instability of the liposomes with the encapsulated fluorescent probe.
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Figure 39: Comparison of the calcein leakage experiment from POPE-POPG liposomes
(crope+porc = 0.1 mmol/dm®) measured immediately after the addition of DDAO and three

hours later (on the left). Calcein leakage experiments with ceope+popc = 0.1 — 0.4 mmol/dm?
(on the right).

All dependences of fluorescence intensity on the concentration of DDAO were fitted
with bilinear functions to obtain the values of D{ERT and DR'S. Results of this fitting are
shown in the Table 10. These critical concentrations will be used to calculate the partition
coefficient of DDAO (Chapter 4.4 Partition coefficients).

Table 10: Critical DDAO concentrations of studied bacterial model membrane POPE-

POPG.

POPE-POPG
cropre+porc [mMmol/dm?3] | D«*ERT [mmol/dm3] | D+RLS [mmol/dm?3]
0.1 0.62 + 0.02 1.03 +£ 0.02
0.2 0.69 + 0.02 1.09 £ 0.02
0.3 0.65 + 0.03 1.45 + 0.02
0.4 1.16 £ 0.02 1.64 £ 0.02

o POPC-CHOL]
= POPE-POPG

1.0
0.8 4

0.6

Inorm

0.4+

0.2

00 02 04 06 08 10 12 14 16 18
Copao [Mmol/dm?]

Figure 40: Comparison of calcein leakage experiment between POPC-CHOL and POPE-
POPG at cLipip = 0.1 mmol/dm?.
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Figure 40 shows a comparison of the calcein leakage experiment of POPC-CHOL
and POPE-POPG at the same concentration of lipid (cLipio = 0.1 mmol/dm?).

As we can see from the critical concentrations obtained from these two types of
model membrane (Table 9 and Table 10) and from the graphical comparison (Figure 40), the
bacterial model membrane POPE-POPG was more resistant against the DDAO-induced
leakage than the mammalian model (POPC-CHOL). Another noticeable difference when
comparing the calcein release data of these two model membranes is the difference in the
first stage of calcein release. In case of POPC-CHOL, the straight line in the first stage of
calcein release had a positive slope, whereas for POPE-POPG, it was much closer to zero or
it had even a slightly decreasing tendency. The dependence of the slope of the straight line
in the first stage on the concentration of lipid is depicted in Figure 41. This suggests that the
pore formation and their stabilisation requires higher amount of DDAO in case of POPE-
POPG membrane.

o POPC-CHOL

10- ®  POPE-POPG
0.8 4
y =-0.59x + 0.76
R2=0.96
0.6
X 0.4

]
| o

-0.2 T T T T T T T
0.10 0.15 0.20 0.25 0.30 0.35 0.40

CLipip [Mmol/dm3)]

Figure 41: The dependence of the slope (k) of the linear fit in the first stage of calcein release
on the concentration of lipid.

The difference may be caused by the different interactions between the lipid
molecules and/or their ordering. The difference between the predominant phospholipids in
our model membranes, PCs and PEs, is just that the choline group of the PCs polar fragment
is replaced by the ammonium group in PEs. The polar fragment of PEs is therefore smaller
in diameter than the polar part of the PCs molecule and binds smaller amount of water
molecules. The ammonium group is able to form hydrogen bonds with phosphate and
oxygen atoms of adjacent molecules. Molecular dynamics simulation of POPE-POPG (in
the proportion 3:1) model membrane with Na* ions to neutralise the negative charge of
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POPG was done by authors (Murzyn et al., 2005). In the study it was concluded that POPE
molecules interact readily with POPG and other POPE molecules with hydrogen bonds and
water bridges. These bonds strengthen the interlipid contact within the bilayer.

On the other hand, we have the mammalian model membrane POPC with 33 mol%
of CHOL. CHOL incorporation into the phospholipid bilayer leads to higher ordering of the
phospholipid hydrocarbon chains, but the bilayer maintains the relatively high rates of lateral
and rotational diffusion (Ohvo-Rekilé et al., 2002). Because of the relatively large and rigid
molecule, CHOL increases the separation between the polar fragments of phospholipids and
reduces the possible interactions between them (Kucerka et al., 2007; Gallova et al., 2010a

and references therein).

4.2.4 Dermaseptin S1 induced leakage

Calcein release from POPE-POPG liposomes (Crope+rors = 0.01 mmol/dm?) induced
by an antimicrobial peptide dermaseptin S1 (DS1) was observed. The dependence of I,,orm
on the concentration of DS1 is shown in the Figure 42. The results were similar if measured
3 hours after the addition of DS1. Complete calcein release was monitored by preparing a
sample from the same stock solution of lipid and adding DDAO at a concentration Cppao =
1.5 mmol/dm?®, which is sufficient for a complete release of the probe (the highest

concentration of DDAO added in Figure 43).
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Figure 42: Normalised fluorescence intensity (I,,,,) after the addition of DS1 to 0.01
mmol/dm?® POPE-POPG liposomes with encapsulated calcein. Exponential decay function
(dashed line) serves graphical purpose only. The horizontal line shows the I,,,,, after the
addition of DDAO at a concentration causing maximum release of calcein (cpp4o In the
sample is 1.5 mmol/dm?). The inset displays the same data in smaller range of cpg;.

80



When compared with the sample containing redundant amount of DDAO, we can see
that the DS1 was not able to fully release the probe. The ability to release the probe was
decaying exponentially with concentration of DS1. Figure 43 shows a comparison of calcein
release experiment induced by DS1 and DDAO (both with 0.01 mmol/dm? of POPE-POPG).
Even though the DS1 was not able to completely release the probe, it was highly effective
at low npsi:nLipip molar ratios — reaching approximately 75% release at npsi:Npope+PoPG =
0.1 (mol/mol). In comparison, nppao:Nrore+porc = 90 (mMol/mol) was needed to achieve
similar effect. The large difference might be explained by the fact that due to the small
concentration of lipid in these samples, large amount of DDAO might not partition into the
lipid phase (partitioning will be discussed in Chapter 4.4 Partition coefficients), while the
antimicrobial peptide attaches to the liposomes much more effectively even at low lipid
concentration.
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Figure 43: Calcein release from POPE-POPG (Cpope+porc = 0.01 mmol/dm?®) liposomes
induced by DS1 (squares) and DDAO (circles).

We compared our findings with a study of Pouny et al. (1992), who studied the
interaction of dermaseptin S1 with model membranes consisting of EYPC, EYPC-PS (1:1
w/w ratio) and soybean PC, all mixed with 10 w% of CHOL. The comparison of calcein
release is shown in Figure 44. In their study, the fluorescence recovery was calculated
similarly as we did our normalised intensity (I,,orm, Equation 57). As 100% fluorescence
recovery, the authors have used the intensity of fluorescence after the addition of surfactant
TX-100.
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Figure 44: On the left: Calcein release induced by dermaseptin, reproduced from (Pouny et
al., 1992). Increasing amounts of dermaseptin SI were added to 2.5 umol/dm® of EYPC
(circles), EYPC-PS (1:1 w/w) (triangles) and soybean (squares), all containing 10 w% of
CHOL. The open symbols correspond to dermaseptin fluorescently modified with
tetramethylrhodamine (Rh-dermaseptin). On the right: Our calcein release data from
POPE-POPG model membrane by dermaseptin.

As we can see in the Figure 44, DS1 was the least effective in releasing the calcein
from the EYPC-CHOL liposomes. Dermaseptin has high activity in inducing calcein release
from EYPC-PS-CHOL and soybean PC-CHOL mixtures as compared to EYPC-CHOL. For
example, the peptide/lipid molar ratios causing 20% release were observed to be 0.005, 0.075
and 0.350 for soybean PC-CHOL, EYPC-PS-CHOL and EYPC-CHOL liposomes,
respectively. In our case, 20% release from POPE-POPG liposomes was observed at even
lower peptide/lipid ratio, 0.002 specifically. Pouny et al. (1992) reported strong binding and
ability to permeate membranes composed of negatively charged phospholipids as opposed
to zwitterionic phospholipids, such as EYPC.

Calcein leakage induced by melittin, antimicrobial peptide (26 AAs, 5 positive
charges, a-helical structure) similar to DS1, was studied by authors Benachir and Lafleur
(1995). The authors observed rapid binding of melittin to liposomes without subsequent
interliposomal migration. They reported that adding negatively charged palmitic acid or
POPG to POPC limited the release of encapsulated calcein. It was proposed to be caused by
electrostatic anchorage of the peptide at the bilayer interface. Similar results have been
reported for a positively charged lantibiotic nisin when interacting with DOPC liposomes
containing anionic lipids. On the other hand, the opposite effect was observed for magainin
— its Iytic effect was increased by the addition of anionic lipids in EYPC (Benachir and
Lafleur (1995) and references therein).
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4.3 Densitometry

The densitometric and volumetric parameters acquired following the procedures
described in 3.3 Vibrational densitometry are essential for our method of calculating the
partition coefficient of DDAO, as well as to evaluate the data obtained from small-angle
neutron scattering and diffraction.

Table 11 shows parameters calculated using procedures described in Chapter 3.3.3
Data treatment. The values of density of DOPC and DOPC-CHOL (2:1 mol/mol) mixed
bilayer were taken from literature (Gallova et al., 2015) and will be needed for the evaluation
of our SANS data. The apparent molecular volume and density of DDAO in a DOPC bilayer
at 20° C were taken from literature as well (Belic¢ka et al., 2014a). We presume the values
do not change significantly in model membranes with different composition.

Table 11: Calculated densitometric and volumetric parameters of used lipids and lipid
mixtures and DDAO.

Lipid/lipid mixture [g/‘é?n3] Vi [nm?]
DOPC 1.0062° 1.2974°
DOPC-CHOL 1.0076° 1.0654°
POPC-CHOL 1.0151 1.0398
POPC 1.0079 1.2523
CHOL 1.0446 0.6146
POPE-POPG 1.0384 1.1821
POPE 1.0231 1.1654
POPG 1.0606 1.2071
POPE-POPG-TOCL | 1.0360 1.2961

DDAO 0.9498° 0.4011°

% taken over from (Gallova et al., 2015) b(Belicka et al., 2014a)
4.4 Partition coefficients

Permeabilisation and solubilisation study of liposomes (Chapter 4.1 Static light
scattering (nephelometry) and 4.2 Fluorescence spectroscopy) representing mammalian and
bacterial model membranes at various lipid concentrations by surfactant DDAO enabled us
to calculate the partition coefficient of DDAO between the model membrane and aqueous
phase. The calculation process is described in Chapter 3.4 Partition coefficient calculations.
The linear dependence of critical concentrations (from nephelometric and fluorescence
spectroscopy experiments) on the concentration of lipid (Equation 25), was used to calculate
the partition coefficient (K,) of DDAO between our model membranes and water phase, the
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effective molar ratio (Re) of the amount of DDAO integrated into the bilayer to the amount
of lipid and the molar concentration of DDAO in the water phase (Dw).

The constant parameters used for fitting are listed in Table 12. The density of the
bilayers was taken from Table 11. Molar mass of mixed bilayers was calculated according

to Equation 22 (p. 49).

Table 12: Constant fitting parameters used for partition coefficient calculations.
Membrane type pb [g/cm3] ML [g/mol] pb/ML [mmol/dm?3]
POPC-CHOL 1.0151 635.6 1597
POPE-POPG 1.0384 739.2 1405
POPE-POPG-TOCL 1.0360 808.6 1281

4.4.1 Mammalian model membrane

The critical concentrations of DDAO acquired from nephelometric experiments
(DSAT, DMIP and D°L, Table 6) and fluorescence spectroscopy experiments (D¢”ERT and
DRSS, Table 9) were plotted as a function of lipid (Cropc+croL) concentration. The
dependences can be seen in the Figure 45. The concentrations of DDAO in the water phase

(Dw) for each critical step are indicated by the arrows.
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Figure 45: Linear dependences of critical DDAO concentration on the concentration of lipid
(crorc+cHoL) obtained from nephelometric data (on the left) and fluorescence spectroscopy
data (on the right). Dw values are indicated with arrows.

Figure 46 shows the global fit of all linear dependences from nephelometric and

fluorescence spectroscopy experiments.
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Figure 46: Global fit of the dependences of critical DDAO concentrations (D:) on the
concentration of lipid (cropc+cHoL).

Table 13 shows the effective molar ratio (Re) and the concentration of DDAO in the
water phase (Dw) for each particular step of the studied process. The partition coefficient of
DDAO between POPC-CHOL model membrane and PBS buffer was calculated to be 2300
+ 300.

Table 13: Effective ratio (Re) of the amount of DDAO integrated into the bilayer to the
amount of lipid (nporc+cHoL) and concentration of the monomeric surfactant in the water
phase (Dw).

POPC-CHOL
Critical concentration Re Dw [mmol/dm?3]
D ERT 0.57 £0.07 0.40 = 0.10
DRLS 0.98 £0.10 0.68 +0.17
DSAT 1.41 +0.18 0.98 + 0.27
DM!P 1.56 £ 0.20 1.08 £ 0.29
DOt 1.69 + 0.22 1.17 + 0.32

As can be seen from the values of Re, the perturbation of the bilayer and complete
release of the fluorescent probe happen before the bilayer is completely saturated by the
surfactant. A graphical comparison of both methods (nephelometry and calcein release) can
be seen in Figure 47 for identical lipid concentration of POPC-CHOL and POPE-POPG, 0.1
mmol/dm?®. Concentration of surfactant needed to create pores in the membrane is not
sufficient enough to start the liposome—micelle transformation process. Further increase in
the membrane bound DDAO concentration is needed to stabilise those pores and proceed

into the next stage of the solubilisation.
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Figure 47: Dependence of the normalised fluorescence intensity (Inorm) 0N the concentration
of DDAO (cppao). Fluorescence spectroscopy data (fitted with bilinear functions — dashed
line) and nephelometric experiment (fitted with bilinear functions — full line) with cpopc-cHoL
= 0.1 mmol/dm? (on the left) and crope-porc = 0.1 mmol/dm? (on the right).

In comparison with our previous study (Zelinska et al., 2020), where we calculated
the partition coefficient of DDAO in a system DOPC/PBS (Kp = 2300 + 400) and DOPC-
CHOL/PBS (Kp = 2100 = 600), the partition coefficient calculated in this thesis for POPC-
CHOL/PBS is very similar (Kp = 2300 + 300) suggesting that DDAO interacts similarly with
these lipids/lipid mixtures. On the other hand, in the study of (Hrubsova et al., 2003), the
partition coefficient of DDAO in the system EYPC/water was calculated to be smaller Kp =
500 + 200. Only the dependence of D/M'® on the lipid concentration was used. The effective
molar ratio Re for the DM'® concentration was 0.60 + 0.16, which is much lower than in our
case for the system POPC-CHOL/PBS (1.56 + 0.20). We suspect the difference is caused by
a part of DDAO molecules being charged in the absence of the buffer. Similarly, Karlovska
et al. (2004b) reported a partition coefficient of MLLs composed of EYPC dispersed in TRIS
buffer to be 1200 + 400. The author suggested that the different curvature of MLLs and
ULLs might affect the partitioning, but with the samples being measured only 30 minutes
after the preparation it is not guaranteed that the partitioning equilibrium has been reached
in their multilamellar system. (Kragh-Hansen et al., 1998) reported the Ky = 4000 for DDAO
in a dispersion of ULLs made of sarcoplasmic reticulum lipids in a buffered aqueous phase.
From these different results, we can conclude that the partitioning is affected by the type and
the composition of the model membrane, as well as the aqueous phase it is dispersed in.

The partition coefficients of DDAO stated in the previous paragraph were lower than
for some other surfactants. For example, the partition coefficients of TX-100 and sodium
dodecylbenzene sulfonate (SDBS) in a system of EYPC ULLS/HEPES buffer were
calculated to be 6337 for TX-100 and 23800 for SDBS (Marcelino et al., 2007). The higher
the Ky, the higher the predisposition to accumulate in the environment.
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4.4.2 Bacterial model membranes

The critical concentrations of DDAO acquired from nephelometric experiments
(DSAT, DMIP and DS, Table 8) and fluorescence spectroscopy experiments (D¢”ERT and
DS, Table 10) were plotted as a function of POPE-POPG concentration. Figure 48 shows
the global fit of all linear dependences from nephelometric and fluorescence spectroscopy
experiments. Table 14 shows the effective molar ratio (Re) and the concentration of DDAO
in the water phase (Dw) for each particular step of the studied process. The partition
coefficient of DDAO between POPE-POPG model membrane and PBS buffer was
calculated to be 4800 + 500.
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Figure 48: Global fit of the dependences of critical DDAO concentrations (D:) on the
concentration of lipid (crope+popG).

Table 14: Effective ratio (Re) of the amount of DDAO integrated into the bilayer to the
amount of lipid (npore+porc) and concentration of the monomeric surfactant in the water

phase (Dw).

POPE-POPG

concc:;:';f:tlion Re Dw [mmol/dm?]
D."ERT 1.43 £ 0.13 0.45 + 0.08
DRLS 2.34 + 0.19 0.74 + 0.13
DSAT 3.09 + 0.36 0.98 + 0.19
DMID 3.81 + 0.41 1.20 + 0.23
D50t 4.31 + 0.47 1.36 + 0.26

Similar procedure was followed for POPE-POPG-TOCL mixed bilayers. The critical
concentrations of DDAO acquired from nephelometric experiments (D47, DM and DL,
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Table 8) were plotted as a function of POPE-POPG-TOCL concentration. Only these three
linear dependences were used for the calculation of Ky, Re and Dw.
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Figure 49: Global fit of the dependences of critical DDAO concentrations (D:) on the
concentration of lipid (crope+poPG+TOCL).

Table 15 shows the effective molar ratio (Re) and the concentration of DDAO in the
water phase (Dw) for each particular step of the studied process. The partition coefficient of
DDAO between POPE-POPG-TOCL model membrane and PBS buffer was calculated to be
6500 + 500.

Table 15: Effective ratio (Re) of the amount of DDAO integrated into the bilayer to the
amount of lipid (npope+popc+TocL) and concentration of the monomeric surfactant in the
water phase (Dw).

POPE-POPG-TOCL
Critical concentration Re Dw [mmol/dm?3]
DSAT 5.04 £ 0.28 0.95+0.12
DM!IP 6.25 + 0.33 1.18 £ 0.15
DSOL 7.45 +£0.37 1.41+0.17

In conclusion, the solubilisation process induced by DDAO follows the same three-
stage process for all model membranes studied in this thesis. When looked-upon closer, we
can see some differences, mainly in the amount of DDAO needed to undergo the particular
stages of the solubilisation process. We were able to calculate the partition coefficients of
DDAO between the aqueous phase and lipid model membranes with various compositions.
The partition coefficients calculated in this thesis were: 2300 + 300 for POPC-CHOL,
4800 = 500 for POPE-POPG and 6500 = 500 for POPE-POPG-TOCL. In comparison with
mammalian model membranes, the partition coefficients for the bacterial model membranes
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are greater. On the other hand, the effective molar ratio (Re) needed for complete
solubilisation were 1.69 + 0.22 for POPC-CHOL, 4.31 £+ 0.47 for POPE-POPG and 7.45 +
0.37 in case of POPE-POPG-TOCL. Our data show that the partitioning of DDAO is higher
when interacting with bacterial model membranes and the bacterial model membranes need
more incorporated surfactant to undergo solubilisation. This proves that DDAO destabilises
the POPC-CHOL bilayer with more ease than POPE-POPG, with even more distinct
difference when compared to POPE-POPG-TOCL. Multiple factors might cause such
differences. As discussed earlier (in Chapter 4.2.3 Calcein leakage from bacterial model
membranes), the ammonium group of PEs is able to form hydrogen bonds with adjacent
molecules, thus strengthening the interlipid contacts, resulting in more resilient membrane.
Presumably, the negative charge in the polar fragments of POPG and TOCL and their
interaction with ions present in PBS buffer might also have an impact. Different geometry
of the molecule might also be a contributing factor. PE molecules have a characteristic
truncated cone shape because of their smaller polar fragment compared to the cross-section
of their hydrocarbon chains. During the solubilisation of lipid bilayers by DDAO, aggregates
with positive curvature are created, but PEs tend to form aggregates with negative curvature,
due to their truncated cone shape. That being the case, more DDAO might be needed to
disturb the POPE-POPG bilayer, compared to POPC-CHOL, to compensate for the curvature
preference. The bacterial model membrane is also able to better compensate the mismatch
in the length of the hydrocarbon chains of phospholipids and DDAO thanks to the trans-
gauche isomerisation, which is suppressed in the case of the mammalian model membrane,
due to the presence of cholesterol.

4.5 Small-angle neutron scattering

4.5.1 Mammalian model membranes

Using the small-angle neutron scattering (SANS), we studied the structure of DOPC-
DDAO and DOPC-CHOL-DDAO aggregates in a D.O-PBS. Despite the thorough extrusion
of the MLLs dispersion (51 times through the 100 nm filter and 51 times through the 50 nm
filter), all samples up to Nppao:NLIPD = 1 show a noticeable correlation peak at ¢ ~ 1 nm™*
(Figure 50).

The existence of the correlation peak indicates aggregation of ULLs or existence of
oligolamellar structures. For this reason, a paracrystal lamellar stack model was chosen
instead of a model of unilamellar liposomes. Detailed description of the model is in Chapter
3.5.3 Data treatment. This model determines the bilayer thickness (d;), number of layers
(N.) and repeat spacing (d) from the scattering data. Example of the fitting is depicted in
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Figure 50. The fitting model calculates from stack of lamellae infinite in the lateral
dimension. Because our liposomes are not infinite in diameter, there is a small discrepancy
between the fit and scattering data in the small q region.
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Figure 50: Scattering intensity 1(q) as a function of the scattering vector q for samples
containing DOPC (on the left) and DOPC-CHOL (on the right) and their mixtures with
DDAO in various amounts (the legend depicts nppao:nuipip). Fitting of scattering curves
using the paracrystal lamellar stack model (nopao:nuipio = 0, 0.5 and 1) and the model of
elliptical cylinder (nppao:nuipip = 3, 5). The scattering curves are shifted in vertical direction
for better clarity.

The bilayer thickness was found to be d;, = 3.61 + 0.02 nm for DOPC bilayer and d,
=3.94 + 0.02 nm for DOPC-CHOL bilayer. The increase in bilayer thickness after adding
CHOL to DOPC bilayer is caused by increased acyl chain ordering. Similar increase was
also observed by authors (Kucerka et al., 2007; Gallova et al., 2010b). Insertion of the DDAO
molecules into the bilayer creates voids because of the mismatch of the chain lengths of
DDAO and lipid molecules. This disturbs the chain packing and enables trans-gauche
isomerisation of the hydrocarbon chains, resulting in a thinner membrane. We observed
bilayer thickness decrease of 0.30 + 0.04 for DOPC and 0.36 + 0.04 for DOPC-CHOL at
nopao:NLipip = 1 for both types of phosphatidylcholine model membranes (Figure 51, on the
left).

The repeat spacing was found to be d = 6.26 + 0.03 nm for DOPC and d = 6.64 +
0.03 nm for DOPC-CHOL. The higher value of repeat spacing of DOPC-CHOL is caused
mainly by the higher bilayer thickness. Upon the addition of DDAO, we detected
undistinguished changes in repeat spacing in samples nppao:nuipio = 0 — 0.5, followed by an
increase up to a value ~ 6.75 nm for nppao:nNuipio = 1 (Figure 51, on the right). Due to the
small number of interacting bilayers, we do not consider this parameter to be sufficiently
reliable.
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Our results regarding the bilayer thickness and repeat spacing of DOPC coincide well
with previous studies of (Nagle and Tristram-Nagle, 2000; Kucerka et al., 2005;
Pullmannova et al., 2012), as well as the influence of DDAO on the DOPC bilayer thickness
reported by (Belicka et al., 2014b).
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Figure 51: Bilayer thickness (d., on the left) and repeat spacing (d, on the right) of liposomes
composed of DOPC and DOPC-CHOL as a function of the molar ratio nppao:nLirip.

The correlation peak at g ~ 1 nm~ (Figure 50) suggests the presence of aggregated
ULLs or oligolamellar structures. Ny, was around 1.4 for all DOPC and DOPC-CHOL
samples up to molar ratio 0.9, and it decreased to approximately 1.35 for the last samples
fitted with the paracrystal lamellar stack model (npbpao:nuiPip = 1). According to the
definition of this parameter (Equation 35), the value of 1.4 suggests that our sample consists
of 60% unilamellar liposomes and 40% of oligolamellar liposomes with 2 bilayers on
average.

We also studied samples of pure DOPC dispersed in different aqueous phase: 1.
100% D0; 2. 150 mmol/dm? NaCl in D20; 3. 150 mmol/dm? NaCl in DoO-PBS. The sample
in D20 showed a scattering curve typical for non-interacting ULLs 3 hours after the
preparation, but showed an indication of interaction after 24 h with Ny, being approximately
1.3. The samples prepared in 150 mmol/dm® NaCl in D2O and D,O-PBS both showed
correlation peak at g ~ 1 nm= 3 h after preparation and the scattering curves did not change
significantly after 24 h.

2, representing the coincidence between the fit and the data was in the range 2-3 at
low DDAO concentration. The agreement increased for samples nppao:Nuirpip > 0.7 and the
lamellar paracrystal model was no longer suitable for samples nppao:nLirip > 1.

We were not able to fit the sample nppao:Npborc and Nppao:Nporc+cHoL = 2 by neither
of the two fitting models and were not analysed further. This probably occurred because at
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this molar ratio a liposome-micelle transition occurred, during which a complex mixture of
mixed micelles are present, as well as remaining surfactant-saturated bilayers and surfactant
monomers. Using the Equation 25 (p. 50), we can calculate the effective molar ratio (R,) of
DDAO in DOPC-CHOL bilayer in this sample. Sample composition is known — total DDAO
concentration (D, = 17.8 mmol/dm®) and concentration of lipid (c;, = 8.9 mmol/dm?) and the
values of pp/ML = 1543 mmol/dm? and K, = 2092 + 594 were taken from (Zelinska et al.,
2020). The calculated R, value for the sample nppao:Npborc+cHoL = 2 is 1.85 + 0.04, which
Is very close to the effective molar ratio of DDAO at the midpoint of the solubilisation
sigmoid fit (RMIP = 1.82 + 0.31) as was reported in (Zelinska et al., 2020). This corresponds
well with our assumption.

Elliptical cylinder model was used to fit the scattering curves in the range
Nopao:Nuipip = 3-5. Detailed description of the model is in Chapter 3.5.3 Data treatment.
This model determines the minor radius of the elliptical cross-section (rpyinor), axial ratio of
the ellipse (v = Irmajor/Tminor) @nd the length of the rigid cylinder (L) from the scattering
data. An example of the fitting is depicted in Figure 50. The acquired parameters are
presented in Table 16. Small values of ¥? indicate high agreement of the fits and the
scattering curves.

Table 16: Parameters of the cylindrical DOPC-DDAO and DOPC-CHOL-DDAO
aggregates with elliptical cross section detected at high concentrations of DDAO.

NDDAO:INLIPID i

[mol/mol] [nm] v L [nm] X"

3 1.76 £ 0.01 | 1.79+£0.02 | 521.33 + 75.41 | 3.66

DOPC 4 1.67+0.01 | 1.67 £ 0.02 34.38 £ 1.56 1.38
5 1.67 £0.01 | 1.55+0.02 18.76 + 0.30 1.19

3 1.77+0.01 | 2.87 + 0.03 19.73 £ 0.30 1.94

[():OH%CI:_ 4 1.77+0.01 | 2.04 + 0.02 13.13 £ 0.14 1.65
5 1.79 £ 0.01 | 1.70 £ 0.03 10.23 £ 0.10 0.63

I'minor — Minor radius of the ellipse, v — axial ratio of the ellipse, L. — the length of the cylinder,
%2 characterises the agreement of the fit with experimental data

The cross-sectional dimensions of the DOPC-DDAO elliptical cylinders with the
lowest amount of DDAO (Nobpao:Npopc = 3) WEre 2Iminer = 3.52 £ 0.02 nm and 2ry,j0r =
6.30 = 0.02 nm. The former dimension of the cross section is similar to the thickness of
DOPC-DDAO bilayer, which suggests that the central part of the cylinder is formed by
DOPC-DDAO mixed bilayer that is stabilised by a DDAO-rich rim, as illustrated in Figure
52.
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Figure 52: Schematic representation of the elliptical cross section of DOPC-DDAO
cylinder. DOPC (two chains), DDAO (single chain)

Similar results were observed with the DOPC-CHOL-DDAO cylinders, with some
of the geometrical parameters being different. The dimensions of the cross section of
cylinders with lowest amount of DDAO (nppao:Nborc+cHoL = 3) were found to be 3.54 +
0.02 nm and 10.16 + 0.02 nm. The former value is similar to that of DOPC-DDAO, but the
later value suggests the ellipse is more prolonged in the direction of the major axis. On the
other hand, the DOPC-CHOL-DDAO cylinders were found to be shorter than the DOPC-
DDAO ones.

As far as the length of the cylinders is concerned, it decreased with increasing
amount of DDAO for both DOPC-DDAO and DOPC-CHOL-DDAO cylinders (Table 16).
The ratio of elliptical radii also decreased with increasing DDAO concentration. If this
decrease continued upon further addition of DDAO, this could eventually lead into the
formation of round mixed micelles. These findings are in good agreement with the previous
study of (Uhrikova et al., 2001), where DOPC aggregates up to nppao:Nporc = 1.5 were
identified as bilayers/bilayer fragments, rod-like particles were observed within the molar
ratios of nppao:Nporc = 2.5-3.5, followed by transition into globular particles at nppao:Npborc
> 4. Lichtenberg et al. (2013b) claim that the largest mixed micelles forming during the
liposome/micelle phase transition are long thread-like structures that are decreasing in length
with increasing surfactant concentration. This is supported by our data, in case of our model
systems we managed to identify these thread-like structures as cylinders with elliptical cross
section. A theoretical analysis of Fattal et al. (1995) and Kozlov et al. (1997) also suggested
that cylindrical micelles are the most probable aggregates arising from phospholipid bilayer
interacting with micelle-forming surfactants. Edwards and Almgren (1991) observed
cylindrical micelles coexisting with bilayer sheets in a system of EYPC and non-ionic
surfactant C12Eg. Cylindrical aggregates with elliptical cross-section were also theoretically
predicted by Goltsov and Barsukov (2000) and later experimentally observed by Kiselev et
al. (2008) in a mixture of dimyristoylphosphatidylcholine (DMPC) and surfactant sodium
cholate.
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4.5.2 Bacterial model membrane

Using the small-angle neutron scattering (SANS), we studied the structure of POPE-
POPG-DDAO aggregates in a D,O-PBS. All samples up to nppao:npore+porc = 1 show a
noticeable correlation peak at g ~ 1 nm™ (Figure 53), just as it was observed with the
mammalian model membranes.
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Figure 53: Scattering intensity 1(q) as a function of the scattering vector g for samples
containing POPE-POPG and its mixtures with DDAO in various amounts (the legend
depicts nopao:nuipip). Fitting of scattering curves using the paracrystal lamellar stack model
(Nnobpao:nuipip = 0, 0.5 and 1) and the model of elliptical cylinder (nppao:nuipio = 3, 5). The
scattering curves are shifted in vertical direction for better clarity.

The samples with molar ratios up to nppao:npope+porc = 2 were fitted with the
paracrystal lamellar stack model. The agreement between the fits and the scattering curves,
expressed as 2, was approximately 1 for all the fits, confirming the suitability of the model
for our samples.

The bilayer thickness was found to be 3.47 + 0.02 nm for pure POPE-POPG
membrane and it decreased to a value of 3.27 + 0.02 nm at nppao:nNrore+pore = 1. The
decrease in bilayer thickness, 0.21 + 0.04 nm, was lower than that observed for both of the
mammalian models (0.30 + 0.04 for DOPC and 0.36 + 0.04 for DOPC-CHOL) The change
in the bilayer thickness correlates with the magnitude of the defect that DDAO causes in the
bilayer. This defect being larger in the mammalian model membrane than the bacterial one
corresponds well with the findings from the solubilisation and fluorescent probe leakage
experiments.
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The repeat spacing has reached 8.18 = 0.05 nm for neat POPE-POPG bilayer. Higher
value of repeat spacing was probably influenced by the negative charge of POPG molecules,
resulting in repulsive forces between the individual liposomes. Due to the small number of
interacting bilayers, we do not consider this parameter to be sufficiently reliable.

The electrostatic repulsion probably also influenced the lower value of N;,, which
was stable for samples up to nppao:nrore+porc = 1, With the value being ~ 1.2. This means,
only approximately 20% of the liposomes were oligolamellar with 2 bilayers on the average.
For the last sample fitted with the model (nboao:nepore+porc = 2), the value of Ny, dropped to
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Figure 54: Comparison of the changes in bilayer thickness (d., on the left) and repeat
spacing (d, on the right) of liposomes composed of DOPC-CHOL and POPE-POPG plotted
as a function of increasing molar ratio nppao:NLiriD.

Elliptical cylinder model was used to fit the scattering curves in the range
Nopao:Nrore+porc = 3—6. The results of these fits are displayed in Table 17.

Using the Equation 25 (p. 50), we can calculate the effective molar ratio (R.) of
DDAO in POPE-POPG bilayer in the sample with nppao:Npore+rorc = 3, using the values of
po/ML = 1405 mmol/dm? and K, = 4800 + 500 (from Chapter 4.4 Partition coefficients) and
the known concentrations of lipid and DDAO in this sample. The calculated R, value is 2.9
+ 0.01, which is close to the value of the effective molar ratio of DDAO at the saturation
point (from static light scattering data), R3AT = 3.09 + 0.36. Such proximity to the saturation
point might explain higher values of x?2 for this sample.
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Table 17: Parameters of the cylindrical POPE-POPG-DDAO aggregates with elliptical
cross section detected at high concentrations of DDAO.

nIErI?]AO(i/r?f]LOIr]ID Tminor [nm] v L [nm] XZ
3 1.56 £ 0.01 3.19+£0.03 | 191.41 +80.30 | 10.20

POPE- 4 1.69 =+ 0.01 2.10 £ 0.02 21.09 + 0.40 2.63
POPG 5 1.74 £ 0.01 1.63 £ 0.02 14.24 + 0.16 1.38
6 1.77 £ 0.01 1.49 £ 0.02 10.44 + 0.09 1.94

I'minor — Minor radius of the ellipse, v — axial ratio of the ellipse, L — the length of the cylinder,
x? characterises the agreement of the fit with experimental data

The dimensions of the elliptical cross section of the sample with the lowest amount
of DDAO (nppao:Npore+porc = 3) were 3.12 £0.02 nm and 9.98 + 0.02 nm. The former value
is similar to the thickness of the POPE-POPG-DDAO bilayer before the liposome-cylinder
transition (~ 3 nm). The dimensions are very similar to those observed for DOPC-CHOL-
DDAO cylinder with the same molar ratio of nopao:nuipp (3.54 = 0.02 nm and 10.16 + 0.02
nm). The changes to the geometrical parameters upon further addition of DDAO were also
very reminiscent of the DOPC-CHOL model. Figure 55 shows the comparison of the minor
and major radius of the ellipses of DOPC-CHOL-DDAO and POPE-POPG-DDAO
cylinders.
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Figure 55: Comparison of the minor (r,in0r) @nd major (ryqjor) radius of the ellipse in
DOPC-CHOL and POPE-POPG samples fitted with the model of elliptical cylinder.

As observed for mammalian model membranes, the increase in DDAO concentration
also caused shortening of POPE-POPG-DDAO cylinders. Therefore, we propose that the
solubilisation of our bacterial and mammalian models proceeds in a similar way. The
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noticeable difference is that the POPE-POPG liposomes needed more DDAO to undergo
those changes (the samples were fitted up to the molar ratio Nnppao:nNrore+porG = 2 USING
lamellar paracrystal stack model, as opposed to the mammalian model membranes, that
could not be fitted with either of the fitting functions at this molar ratio, because of
undergoing liposome-micelle transformation), which is consistent with our previous data
acquired using nephelometry.

The research involving bacterial model membranes and their interaction with
surfactants is mostly oriented on the reconstitution and purification of membrane proteins.
The current knowledge on the changes that the lipid part of the membrane goes through
during the solubilisation process is not well documented in the literature.

Our SANS experiments have proven that during the solubilisation process induced
by DDAO, similar types of aggregates are formed for our mammalian and bacterial model
membranes. We observed the transition from lamellar arrangement to cylinders with
elliptical cross section. With increasing amount of DDAO, the cylinders become shorter and
the difference between the dimensions of the cross-sectional axes is decreasing. SANS
results have also shown that the defect in the bilayer caused by the DDAO is larger in case
of the mammalian model membrane, as manifested by the change in the bilayer thickness
between the neat membrane and the sample with equimolar ratio of DDAO:lipid, which is
0.36 + 0.04 nm for DOPC-CHOL, in comparison with the bacterial model membrane 0.21 +
0.04 nm for POPE-POPG. It is in agreement with our solubilisation and fluorescent probe
leakage experiments.

4.6 Small-angle neutron diffraction

Using the small-angle neutron diffraction (SAND), we studied the structural
properties of bilayer stacks with compositions mimicking mammalian and bacterial
membranes. At first, the swelling method was used when measuring lipid membranes
without any additives (POPC, POPC-CHOL, POPE-POPG) to analyse the molecular
organisation and periodicity as a function of hydration with the intention to reconstruct the
neutron scattering length density profiles.

4.6.1 Swelling experiments

4.6.1.1 Mammalian model membranes

The whole procedure regarding the preparation, measuring and evaluation of the data
is described in detail in Chapter 3.6 Small-angle neutron diffraction. The samples were
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measured at 5 different relative humidities. Figure 56 shows the changes in the repeat
spacing for data measured at different RH for POPC (on the left) and POPC-CHOL (on the
right).

In case of POPC, negligible changes were observed in the range from 95 — 50% RH.
At the lowest humidity (30% RH), a rapid increase in d was observed, which was caused by
a phase transition from liquid-crystalline phase (L) to a gel phase (Lg). The larger repeat
spacing is caused by the hydrocarbon chains being more straightened in the gel phase,
resulting in a thicker membrane. Similar transition was observed for a deuterated analogue
of POPC by the authors (Binder and Gawrisch, 2001).

5.8
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20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100
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Figure 56: Repeat spacing as a function of RH — POPC (on the left) and POPC-CHOL (on
the right). The type of lamellar phase is indicated on top. Dashed line signifies a phase
transition.

From our results we assume that the POPC-CHOL (33 mol% of CHOL) mixture
created well-organised (given by up to 8 observed diffraction peaks) liquid-ordered phase
(Lo), which was stable in the whole range of studied RH. No additional phases occurred.
Figure 56 shows that the decrease in the RH is accompanied by decreasing values of the
repeat spacing d. This was most probably caused by the reduction of the water layer thickness
between the particular bilayers in a stack.

4.6.1.2 Bacterial model membrane
The same procedures were followed with the bacterial type of model membrane,

POPE-POPG. Figure 57 shows the results of the swelling experiment with POPE-POPG
sample.
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Figure 57: Dependence of repeat spacing d of POPE-POPG bilayer stacks on the RH in the
humidity chamber. The type of lamellar phase is indicated on top. Blue points signify an
additional phase that appeared during the transition.

On the dependence of repeat spacing on the relative humidity we can see a phase
transition from liquid-crystalline phase (L), that was present at 95% RH to the gel phase
(Lg) at 30% and 50% RH. During the phase transition, an additional lamellar phase
appeared, characterised by a larger value of repeat spacing (blue points). In the liquid-
crystalline phase, this sample showed only 4 diffraction orders. At RH 30% — 70% we
collected up to 8 diffraction orders, which confirms the formation of a gel phase with higher
ordering. Because of the phase transition, and the additional phase that appeared, we would
not be able to calculate the NSLD profiles using this method. Therefore, we have decided to
continue our experiments with the contrast variation technique instead.

4.6.2 Contrast variation experiments
4.6.2.1 Experiments with DDAO

Mammalian model membrane

Up to eight diffraction orders were obtained for the POPC-CHOL and POPC-CHOL-
DDAO samples and different conditions, suggesting a well-organised stack of bilayers.
Upon the addition of DDAO, the number of Bragg peaks decreased to no less than 4 peaks
for the sample with the highest amount of DDAO. This was to be expected since the DDAO
is @ membrane-disrupting surfactant. The NSLD profiles were reconstructed as described in
Chapter 3.6.4 Neutron scattering length density profiles. Table 18 shows the results obtained
from the NSLD profiles analysis. Sample containing nnaci:Nporc+cHoL = 1 was also
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measured, but showed only 2 Bragg peaks (d = 7.14 nm), so we were not able to proceed
with NSLD profile calculation.

Table 18: Parameters calculated from POPC-CHOL and POPC-CHOL-DDAO bilayer

stacks at 25°C and 97 % RH.

Nppao: Npopc+chor | d [nm] | dy [nm] | Ay [nm?] | dy, [nm] | 6 [nm]
0 5.71 3.67 0.58 2.04 0.47
0.2 5.54 3.55 0.65 1.99 0.51
0.5 5.30 3.39 0.75 1.91 0.50
1 5.03 3.04 0.99 1.99 0.47

d — repeat spacing, dy, — bilayer thickness, A;, — area per lipid, d,, — water layer thickness, ¢ — width
of the lipid/water interface.
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Figure 58: Dependences of repeat spacing d, bilayer thickness dy (on the left) and area per
lipid (on the right) on the amount of added DDAO in POPC-CHOL model membrane.

The repeat spacing of POPC-CHOL bilayer stack obtained at 97% RH was 5.71 nm.
The values of repeat spacings of our POPC-CHOL samples measured in the form of bilayer
stacks are lower when compared to repeat spacing of the DOPC-CHOL liposomes obtained
from SANS (6.64 = 0.03 nm). Even though the relative humidity was 97%, the water layer
thickness is significantly smaller in comparison with hydration in bulk water phase.

The repeat spacing decreased to the value of 5.03 nm for equimolar mixture with
DDAO. As can be seen in Figure 58 (on the left), the repeat spacing and the bilayer thickness
decreased with increasing amount of DDAO similarly, suggesting a constant interlipid water
layer. Since the repeat spacing is the sum of the water layer and bilayer thickness, the
decrease in repeat spacing was caused by the decrease in the bilayer thickness. The
differences in repeat spacing of the particular samples measured in different contrasts did
not exceed 0.1 nm, suggesting the samples had sufficient time to reach hydration
equilibrium,
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The bilayer thickness of POPC-CHOL membrane was found to be 3.67 nm. As
observed with our SANS data, DDAO caused decrease in the thickness of the bilayer. The
reason is that the difference in the size of lipids compared to DDAO leads to creation of free
space in the hydrophobic region, giving more space for trans-gauche isomerisation of the
chains which lowers their length. From our SANS experiment, equimolar ratio of
DDAO:DOPC-CHOL caused decrease in the bilayer thickness by 0.36 nm. From the SAND
data, the difference in the bilayer thickness between POPC-CHOL and its equimolar mixture
with DDAO was slightly bigger, 0.63 nm.

The area per lipid was reported to be 0.45 + 0.01 nm? for equimolar mixture of
POPC-CHOL and 0.60 + 0.04 nm? for pure POPC by (Leftin et al., 2014). (Kuderka et al.,
2011) reported the area per lipid of POPC 0.64 nm?2. The value we obtained for POPC-CHOL
(2:1 mol/mol), 0.58 nm?, fits reasonably with the previous findings. It is well known that
CHOL in PC bilayers lowers the trans-gauche isomerization of the hydrocarbon chains,
causing them to straighten up, which enables more compressed packing in the lateral
direction.

Incorporating DDAO into the POPC-CHOL bilayer caused a linear increase (Figure
58, on the right) in area per lipid up to the value of 0.97 nm? for the highest DDAO content
studied in this thesis. Belicka et al. (2014b) calculated a partial lateral molecular area of
DDAO in DOPC bilayer to be 0.36 nm?. The authors suggest that the area per lipid is

Ay, = Apopc-cror + Nppao: Npopc—cHoL * Appao 58

so, from the slope of the dependence A;, = f(nppao: Npopc—cuor) N the Figure 58, we can
obtain the area per DDAO molecule 0.39 nm?. Despite the difference in hydration (97% RH
in our case), the area per DDAO is very similar to that of Belicka et al. (2014b), which was
obtained from sample in bulk water.

Figure 59 shows the probability of water distribution acquired as described in
Chapter 3.6.4 Neutron scattering length density profiles, with z = 0 nm being the centre of
the bilayer. The calculated water distribution probability reach values from zero (no water)
to a value very close to one (pure water). The water layer thickness (d,,) was around 2 nm
for all the samples (Table 18). The width of the lipid/water interface (o) also did not change
significantly upon the addition of DDAO, and stayed at a value ~ 0.5 nm. So, the shifting of
the water probability that we see with increasing amount of DDAO in Figure 59 is simply
caused by the decrease in the thickness of the bilayer.
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Figure 59: Probability of water distribution for POPC-CHOL samples with DDAO in molar
ratios nppao:Npopc+cHoL = 0; 0.2; 0.5 and 1.

Bacterial model membrane

We obtained up to five diffraction orders for the POPE-POPG and POPE-POPG-
DDAO samples, proving well-organised bilayer stack. No less than four diffraction orders
were detected even for the sample with highest amount of DDAO. Unfortunately, we were
not able to reconstruct the NSLD profile for the neat POPE-POPG sample, due to the
problem with stability of the sample. The sample containing Nnaci:Npore+porc = 1 showed 5
diffraction orders.

Because we were not able to reconstruct the NSLD profile for neat membrane, we
added the results from the sample containing NaCl, where we were able to do so. The results
of the NSLD profile analysis of our bacterial model membrane samples are shown in Table
19.

Table 19: Parameters calculated from POPE-POPG and POPE-POPG-DDAO bilayer
stacks at 25°C and 97 % RH. 0 (+NaCl) is the sample with nnaci:Npope+pPorG = 1.

Nppao: Npopk+popg | d [nm] | dy [nm] | A; [nm?] | d, [nm] | 6 [nm]
0 5.30 - - - -
0 (+NacCl) 5.60 3.62 0.68 1.98 0.45
0.2 5.11 3.37 0.77 1.74 0.45
0.5 4.95 3.13 0.90 1.83 0.51
1 4.70 2.87 1.11 1.83 0.42

d — repeat spacing, dy, — bilayer thickness, A;, — area per lipid, d,, — water layer thickness, ¢ — width

of the lipid/water interface.
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Figure 60: Dependences of repeat spacing d, bilayer thickness dy (on the left) and area per
lipid (on the right) on the amount of added DDAO in POPE-POPG model membrane. The
orange points signify the sample with added NaCl, which was excluded from the fitting.

The repeat spacing of neat POPE-POPG sample was 5.3 nm. The difference in repeat
spacing obtained from POPE-POPG OLLs measured using SANS (8.18 £ 0.05 nm) and
repeat spacing of SAND samples is even bigger than we reported for the mammalian model
membranes, because the negative charge of POPG influences the water layer thickness even
more at full hydration. The repeat spacing of POPE-POPG membrane slightly increased to
5.6 nm when NaCl was added to the neat membrane (Nnaci:Npope+PorPG = 1).

Natural and model bacterial membranes were studied previously by (Sebastiani et al.,
2012) using the SAND method. The authors have used Bacillus subtilis lipid extract and a
mixture of lipids mimicking its composition (40% POPE, 20% POPG, 40% CL), as well as
pure POPE and POPG. They obtained two Bragg peaks for the synthetic samples and only
the first order (d = 11 nm) for the natural one. The pure POPG sample showed a drastic
increase in the repeat spacing (from ~5.2 nm to ~7.7 nm) when the RH changed from 92.5%
to close to 95% due to electrostatic repulsion. In a small-angle X-ray diffraction study (with
liposomes in bulk water) by Pozo Navas et al. (2005), the authors reported increase in repeat
spacing from 6.22 nm for pure POPE to 11.3 nm for POPE-POPG sample with Xpopg = 0.1.
Upon further increase in the amount of POPG, the repeat spacing reached a value of ~ 13
nm at Xpopg = 0.4 (our composition). Introducing just a small amount of charged POPG into
the MLLs had a significant effect on the repeat spacing in solution. In our case, the bilayer
stack of POPE-POPG (Xporc = 0.4) measured at 97% RH was stable with repeat spacing 5.3
nm (averaged for all contrasts). Unfortunately, we were not able to calculate the NSLD
profiles, because before the measurement in the last contrast, the sample got equilibrated to
99% RH, which unbeknownst to us at the time probably caused swelling to the point where
the bilayers moved on the wafer due to gravitation. We have still observed diffraction, but
the integrated intensity was very low, meaning we could not proceed to calculate the NSLD
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profiles for this sample. Fortunately, we have measured a sample with the same composition
of POPE-POPG, just with added NaCl (nnaci:nNpope+porc = 1), without DDAO.

The bilayer thickness of our POPE-POPG-NaCl sample was 3.62 nm. The thickness
of the POPE-POPG bilayer obtained from our SANS experiment was 3.47 + 0.02 nm. This
corresponds well with the theoretical value of POPE-POPG bilayer that can be obtained from
our linear dependence in Figure 60 (on the left). The experimentally acquired equation d, =

—0.62 X nppao: Npope+porg + 347, gives us the bilayer thickness value of 3.47 nm if
Nppao: Npope+popG = 0.

We found the area per lipid 0.68 nm? for the POPE-POPG-NaCl sample. A
molecular dynamics simulation of POPE-POPG in a molar ratio 3:1 (ours is 3:2) revealed
an area per lipid of 0.58 nm?. Pure POPE occupies 0.56 nm? according to studies of (Rand
et al., 1988; Skjevik et al., 2016) and area per POPG lipid was reported to be ~ 0.67 nm?
(Skjevik et al., 2016; Kucerka et al., 2012). In the study of (Kucerka et al., 2021), it was
reported that the presence of divalent cations increased the repeat spacing of DOPC bilayer
stack, had thickening effect on the bilayer, as well as tightening and condensing effect in the
lateral dimension. Even though an increase in the repeat spacing was observed when
comparing the sample with and without added NaCl, our monovalent cation seemed to have
no effect on the lateral separation of the lipids, as the area per lipid fits perfectly with the
other data (Figure 60, on the right).

Incorporating DDAO into the POPE-POPG bilayer caused a linear increase (Figure
60, on the right) in area per lipid up to the value of 1.11 nm? for the highest DDAO content.
Similarly, as in the case of the mammalian model membrane, we can calculate the area per
DDAO molecule from the slope of the dependence A}, = f(nppao: Npope—popg) IN Figure
60:

AL = Apope-popG + Nppao: NPOPE-POPG * ADDAO 59
Appao = 0.43 nm?, which does not significantly differ compared to the area per DDAO

molecule in POPC-CHOL (0.39 nm?).

The linear increase was very similar for both the mammalian and bacterial model,
even though the area per lipid of the neat bacterial model was higher (by 0.1 nm?).

The probability of water distribution is shown in the Figure 61. The water layer
thickness (d,,) was slightly below 2 nm for all the samples (Table 19). The width of the
lipid/water interface (o) also did not change significantly upon the addition of DDAO, and
stayed at a value ~ 0.45 nm. Therefore, we assume the shifting of the water distribution
probability that we see with increasing amount of DDAO in Figure 61 is simply caused by
the decrease in the thickness of the bilayer. Similar results were reported for the mammalian
model (POPC-CHOL).
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Figure 61: Probability of water distribution for POPE-POPG samples with NaCl (empty
squares) and DDAO in molar ratios nNppao:npope+poprc = 0.2; 0.5 and 1.

4.6.2.2 Experiments with DS1

Samples containing partially deuterated phospholipids, dAPOPC-CHOL and dPOPE-
dPOPG, and their mixture with the antimicrobial peptide dermaseptin S1 (DS1) were
measured following procedures identical to the non-deuterated lipids. For these samples, 4
different H.O/D>0 contrasts were used (8%, 40%, 70% and 100% D-0). Figure 62 shows
the repeat spacing for the dPOPC-CHOL-DS1 samples (on the left) and dPOPE-dPOPG-

DS1 samples (on the right).
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Figure 62: Repeat spacing (d) of samples containing dPOPC-CHOL (on the left) and
dPOPE-dPOPG (on the right) and their mixture with DS1 in multiple molar ratios and

different contrasts.
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We observed unexplainable differences in repeat spacings larger than 0.1 nm
between the particular contrasts for most of the samples (except for dPOPC-CHOL). We are
unaware of what might have caused these differences, as identical preparation procedures
and measurement techniques were employed for all samples, and yet this issue did not occur
with the non-deuterated samples. Because of this, we were not able to continue with the
calculation of NSLD profiles, with the exception of sample with neat dPOPC-CHOL.

70% D,0 —— 100% D,0
40% D,0 74 70% D,0
8% D0 40% D,0
8% D,0

NSLD [10* nm?
NSLD [10* nm?]
¢

z [nm] z [nm]

Figure 63: NSLD profiles of POPC-CHOL (on the left) and dPOPC-CHOL (on the right).

Figure 63 shows the NSLD profiles calculated from diffraction data of POPC-CHOL
(on the left) and its partially deuterated variant dPOPC-CHOL (on the right). As we can see,
the NSLD at the centre of the dPOPC-CHOL bilayer (z = 0 nm), does not acquire negative
values (as can be seen on the POPC-CHOL profile), because the SLD of a -CH3 and -CDs
group together has a theoretical value of 2.29x10* nm™. This is very close to the SLD of
40% D20 (2.22x10* nm2), which is why the profile of the membrane at this contrast is not
very pronounced. The SLD of 8% DO is close to zero, therefore the profile of the membrane
obtained at 8% D,0 contrast seems to be “inverted”, if compared to that of POPC-CHOL.

The repeat spacing (averaged across all contrasts) for neat dPOPC-CHOL sample
was 5.73 nm, nearly identical to that of its protonated equivalent, POPC-CHOL. Other
parameters obtained from the analysis of NSLD profile are also very similar (Table 20).
Figure 64 shows that the water distribution probability is also identical for POPC-CHOL and
dPOPC-CHOL, despite their different NSLD profiles.

Table 20: Parameters calculated from POPC-CHOL and dPOPC-CHOL bilayer stacks at
25°C and 97 % RH.

d [nm] | dy, [nm] | A; [nm?] | d,, [nm] | 6 [nm]

POPC-CHOL 5.71 3.67 0.58 2.04 0.47
dPOPC-CHOL 5.73 3.72 0.57 2.02 0.48
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Figure 64: Comparison of water distribution probability between the POPC-CHOL and
dPOPC-CHOL membranes.

The dPOPC-CHOL-DS1 samples with molar ratios npsi:ngropc-cHor = 1:50 and
1:100 showed indication of phase separation, with a peak at 26 = 7.7° (example in Figure
65). Similar peak was observed in the study of (Schmitt et al., 2018), attributed to a phase-
separated CHOL. (Engelbrecht et al., 2012) reported the first and second order diffraction
peaks with 20 positions 7.49° and 14.84°.
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Figure 65: Diffraction data of dPOPC-CHOL-DS1 sample (npsi:ndropc-cHoL = 1:50) at
100% D20 with three diffraction orders of the lamellar lipid phase and the first order
diffraction peak of phase-separated CHOL.

Even though the interaction of model membranes and antimicrobial peptides has
been studied using the small-angle neutron diffraction before (Rehal et al., 2017), we were
unfortunately not able to reconstruct the NSLD profiles of DS1-containing samples, due to
the differences in repeat spacing obtained from different contrasts caused by an unknown

reason.
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5 CONCLUSION

The aim of this thesis was to compare the interactions of mammalian and bacterial
model membranes with compounds that exert antimicrobial activity — surfactant N,N-
dimethyl-1-dodecanamine-N-oxide (DDAQ) and antimicrobial peptide dermaseptin S1
(DS1) using a variety of methods. Amongst the chosen mammalian models were DOPC,
DOPC-CHOL and POPC-CHOL (or its partially deuterated form dPOPC-CHOL). POPE-
POPG (or its partially deuterated form dPOPE-dPOPG) and POPE-POPG-TOCL were used
as the model membranes mimicking the inner membrane of Escherichia coli.

To study the interactions, we chose four different experimental methods — static light
scattering, fluorescence spectroscopy, small-angle neutron scattering (SANS) and small-
angle neutron diffraction (SAND) — together with densitometric study of our lipids/lipid
mixtures, to obtain the parameters needed for further evaluation of the other methods.

Static light scattering was used to observe the changes in the size of unilamellar
liposomes (ULLs) with increasing concentration of DDAO. Critical concentrations DAT
(saturation of the bilayer by DDAO), DMP (midpoint of the solubilisation) and D¥°-
(complete liposome-micelle transformation) were evaluated from the dependence of
intensity of scattered light on the concentration of DDAO (solubilisation curve). In
comparison with the mammalian model membrane (POPC-CHOL), both bacterial model
membranes (POPE-POPG, POPE-POPG-TOCL) required more DDAO for complete
solubilisation. The cardiolipin containing bacterial model membrane was more stable against
the DDAO-induced solubilisation. This is quite significant because many studies on bacterial
model membranes tend to neglect the importance of the presence of cardiolipin in model
membranes, because of its low occurrence in the bacterial membrane (only 10 w% in E.coli).

The creation of defects and pores in the bilayer in the first stage of solubilisation was
studied using the fluorescent probe leakage method. ULLs with encapsulated fluorescent
probe at a self-quenching concentration were exposed to DDAO, causing the leakage of the
probe and increase in fluorescence intensity. Two critical concentrations of DDAO were
evaluated D{FERT (perturbation of the ULLs with intensive leak of the probe) and DR
(complete release of the probe). In contrast to the static light scattering experiments, that
were measured three hours after the addition of DDAO, the fluorescent probe leakage had
to be measured immediately after the DDAO addition, due to instability of POPE-POPG
ULLs to keep the fluorescent probe encapsulated even without adding DDAO. We found
that the bacterial model membrane (POPE-POPG) was more resistant against the DDAO-
induced leakage than the mammalian model (POPC-CHOL), which corresponds well with
the static light scattering-data. The mammalian model membrane showed significant release
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of the probe even at copao < DFERT, while the bacterial model membrane showed little to no
leakage before reaching the D{"ERT concentration of DDAO. We suggest that the difference
may be caused by the different interactions between the lipid molecules and/or their ordering
of the two model membranes.

The leakage of the probe was also observed after the addition of the antimicrobial
peptide DS1. DS1 proved to be highly effective in the release of the probe even at small
molar ratios of npsi:npore+porc. ON the other hand, DS1 was not able to completely release
the probe, even at high molar ratio (nps1:npore+porc = 1).

Using the static light scattering, fluorescence spectroscopy and densitometric data,
we were able to calculate the partition coefficients of DDAO between the model membranes
and the aqueous phase. The partition coefficients were higher in case of the bacterial model
membranes (4800 + 500 for POPE-POPG and 6500 + 500 for POPE-POPG-TOCL)
compared to the mammalian model membrane (2300 + 300 for POPC-CHOL).The effective
molar ratios of the amount of DDAO to the amount of lipid needed for complete
solubilisation also much higher in case of bacterial membranes. To conclude, the amount of
DDAO in lipid phase is higher when interacting with bacterial model membranes in
comparison with mammalian model and the bacterial model membranes need more
incorporated DDAO to undergo solubilisation. Multiple factors might cause such
differences, for example the strengthening hydrogen bonds in the bacterial model
membranes or their charge. Another one might be the tendency of PE molecules to form
aggregates with negative curvature, in contrast to the aggregates with positive curvature
created by solubilisation. The bacterial membranes are also able to compensate the mismatch
in the length of the hydrocarbon chains of phospholipids and DDAO via trans-gauche
isomerisation, which in case of the mammalian model membrane is suppressed by the
presence of cholesterol.

The small-angle neutron scattering method was used to study the structural
parameters of the bilayers made of DOPC, DOPC-CHOL and POPE-POPG and the
geometry of the aggregates created after the addition of DDAO. An indication of correlation
peak was observed for all studied model membranes. Paracrystal lamellar stack model, used
to fit the samples with lamellar structure, showed that a part of the liposomes were either
oligolamellar with two bilayers on average or some of the ULLs were interacting with each
other, causing the visible correlation peak. With increasing amount of DDAO, we observed
the bilayer thickness was decreasing. The change in the bilayer thickness between the neat
membrane and the sample with equimolar ratio of DDAO:lipid was larger in case of DOPC-
CHOL, proving larger defect in the mammalian bilayer caused by the DDAO. Similar types
of aggregates are formed during the solubilisation process induced by DDAO for our
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mammalian and bacterial model membranes. With the increase of the molar ratio
Nopbao:NLIPiD, We have observed a transition from liposomes into cylinders with elliptical
cross-section. In case of POPE-POPG, this occurred at higher nppao:nLipip molar ratio than
for the two mammalian models. The cross-sectional dimensions of the cylinders suggested
that the central part of the ellipse is formed by LIPID-DDAO mixed bilayer that is stabilised
by a DDAO-rich rim. Further increase in DDAQO concentration caused the decrease of the
major radius of the ellipse and shortening of the cylinders.

Small-angle neutron diffraction experiments on oriented stacks of bilayers were
carried out with the intention of reconstructing the neutron scattering length density profiles
of mammalian and bacterial model membranes with the addition of DDAO and DS1. To
solve problem of assigning the scattering form factor phases, we first performed swelling
experiments with POPC, POPC-CHOL and POPE-POPG membrane. The phase transition
of POPE-POPG membrane observed between 70 and 85% relative humidity and the
additional phase that was detected during this phase transition ruled out the option of using
the swelling experiments to reconstruct the NSLD profiles. POPC-CHOL and POPE-POPG
showed similar hydration pressure at low relative humidities.

The contrast variation technique proved to be suitable for NSLD profiles
reconstructions of POPC-CHOL and POPE-POPG model membranes mixed with DDAO in
various ratios at 97% RH. The samples showed up to 8 orders of diffraction for the neat
membranes and the the number did not decrease bellow 4 diffraction peaks, giving us good
quality NSLD profiles. We were able to calculate the water distribution probability, area per
lipid, thickness of the bilayer, thickness of the water layer and width of the lipid/water
interface. As observed with SANS, we observed decrease in the bilayer thickness with
increasing amount of DDAO incorporated into the membrane, accompanied by increase in
the area per lipid. Membrane-incorporated DDAO did not prove to have an effect on the
water distribution probability, as the water layer thickness and the width of the lipid/water
interface stayed approximately the same.

Samples containing partially deuterated phospholipids, dPOPC-CHOL and dPOPE-
dPOPG, and their mixture with the antimicrobial peptide dermaseptin S1 (DS1) were
measured following procedures identical to the experiments with non-deuterated lipids and
DDAO. For an unknown reason, the samples did not show stable repeat spacing in different
contrasts, with the exception of the neat mammalian model membrane dPOPC-CHOL.
Therefore, we could not proceed with the NSLD profile calculation for these samples. Some
of the dPOPC-CHOL-DS1 samples even showed phase-separated cholesterol. The
parameters obtained from POPC-CHOL and dPOPC-CHOL NSLD profiles, as well as water
distribution probability, were almost identical.

110



Contribution of dissertation to current scientific knowledge:

This dissertation study offers complex knowledge on the topic of the interaction of
mammalian and bacterial model membranes with non-ionic surfactant DDAO. With the use
of different experimental methods, we have studied all stages of solubilisation, from the
partitioning of DDAO into the membranes, creation of defects and pores to complete
liposome-mixed micelle transformation. We have proven that the solubilisation proceeds in
a similar way for our mammalian and bacterial model membranes, despite the fact that the
bacterial model membranes required more DDAO to undergo the particular stages of
solubilisation. The fact that mammalian model membranes are more susceptible to
solubilisation by DDAO is also very important. It is necessary to monitor the effects of
surfactants not only against the bacteria, but also their possibly toxic effect on the
environment.

Studying the mechanism of action of compounds with antimicrobial effects is
essential for future pharmaceutical development, especially when facing such alarming
increase in the number of cases of antibiotic-resistant bacterial infections.
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