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Abstract

Langmuir-Blodgett and Langmuir-Schaefer (LB-LS) transfers are used to deposit
asymmetric lipid bilayers mimicking the composition of the inner (IM) and the outer

membrane (OM) of Gram-negative bacteria onto the Au(111) electrode surface.

Results of electrochemically controlled polarization modulation infrared reflection
absorption spectroscopy (PM IRRAS) and quartz crystal microbalance with energy
dissipation studies reveal two different types of electric potential-dependent structural
rearrangements in models of the IM. They are correlated to the geometry of the lipid

molecule.

An asymmetric 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) - di[3-
deoxy-D-mannooctulosonyl]-lipid A (KLA) bilayer models the OM. Observed changes
in the orientation of the hydrocarbon chains in hydrogenated POPE-KLA bilayer reflect
rearrengements in the outer KLA leaflet.

In situ PM IRRAS results show that melittin interacts not only with the polar head group
in KLA, but also with the hydrophobic region of the POPE-KLA bilayer.



Zusammenfassung

Langmuir-Blodgett und Langmuir-Schaefer (LB-LS) Methoden werden verwendet, um
die asymmetrische Lipiddoppelschichten, die innere (IM) und &uRere Membran (AM)
von Gram-negativen Bakterien modellieren, auf Au(111l) Elektrodenoberflache

herzustellen.

Ergebnisse der elektrochemisch kontrollierten Polarisationsmodulation-
Infrarotreflexionsabsorptionsspektroskopie (PM IRRAS) und Quarzkristallmikrowaage
mit Energiedissipation zeigen zwei verschiedene Arten von potentialabhangigen
Strukturanderungen in den Modelmembranen. Diese Charakteristik héngt von der

Geometrie der Lipidmolekdle ab.

Eine asymmetrische 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamin (POPE) -
Di[3-desoxy-D-mannooctulosonyl]- Lipid A (KLA) Doppelschicht modelliert die AM.
Die Anderungen der Kettenneigung in der POPE-KLA Membran zeigen eine
Umorientierung der Kohlenwasserstoffketten in der duBeren KLA Schicht.

In situ PM IRRAS Ergebnisse zeigen, dass Melittin nicht nur mit der polaren Kopfgruppe
in KLA interagiert, sondern auch mit der hydrophoben Region der POPE-KLA
Doppelschicht.
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1 Introduction

A biological cell membrane is the most common interface in nature.~" All cells have a
plasma membrane, which gives the shape to the cell and regulates the transport between
the cell and the outside environoment. Microb's cell envelope may contain one (Gram-
positive bacteria) or two (Gram-negative bacteria) membranes. Due to the complex
composition and structure, cell membranes are difficult to study. Therefore, fabrication
model of cell membranes becomes an important research object.” In its natural
environoment, a natural cell membrane is exposed to high electric fields in order of 10°
to 10° V m™® To provide physiological electric fields to model membranes, the
application of electrochemical techniques is essential.’”” Electrochemical methods
provide physical data such as the capacitance, charge and potential drop across the
membrane adsorbed on the electrode surface.>** A combination of infrared spectroscopy
(IRS) and electrochemical methods gives the possibility to monitor simultaneously
potential-dependent changes in the structure, hydration and orientation of lipid molecules
in realistic models of lipid bilayers and their interaction with peptides.®*3
Reflection-based IRS techniques provide the opportunity to analyze the structure of lipids
and proteins. Since various functional groups absorb the infrared (IR) light at specific
frequencies, a sub-molecular level analysis of a supramolecular assembly of lipids and
proteins is possible. Additionally, reflection-based IRS techniques have successfully been
applied for the analysis of the electrodelelectrolyte interface.!*1” However, reflection-
based IRS techniques do not provide information about changes in water content in the
lipid bilayers. For this reason, other techniques, e.g, X-ray reflectometry (XR), neutron
relectometry (NR), quartz crystal microbalance with energy dissipation (QCM-D) are
used.’®2! These methods and reflection-based IRS techniques provide information on
changes of the orientation, hydration of lipid molecules and changes in water content in
the bilayer, providing a molecular scale picture of potential-dependent changes in the
entire supramolecular assembly.

A cell membrane of Gram-negative bacteria interacting with antimicrobial peptides
(AMPs) represents a complex supramolecular asssemply. A perfect antimicrobial peptide
drug should act selectively on bacterial cell membranes and not attack the host cell

membranes.???® In 1920, the first AMPs which led to cell-lytic were isolated.?*?> Now,



hundreds of natural or synthetic AMPs are known.?® Peptide-membrane interactions are
involved in numerous biological processes, such as antimicrobial defense mechanisms,
viral translocation, membrane fusion, transport of therapeutic compounds and disruption
of integrity of membranes.?®-*° During peptide-membrane interactions, both the peptide
and the membrane undergo series of structural changes. Thus, experimental studies of the
peptide-membrane interactions are very difficult.

The peptide-membrane interaction was studied in literature.’*3*% Even less is known
about the impact of the membrane potentials on the interacton between lipids and peptides
(proteins). The lipid-peptide interactions may lead to phase transitions of the hydrocarbon
chains in lipid molecules, change the thickness of the membrane and water content in the
membrane.34+*® Electrochemical studies showed a significant increase in the permeability
of cell membranes to electroactive ions upon AMPs binding.*%" Insertion of AMPs into
the lipid membrane occurs according to different mechanisms.?’*4%-42 The interaction
with the cell membrane involves electrostatic interactions and adsorption of peptides on
the surface of cell membranes. PM IRRAS was used to investigate the interaction of
model cell membranes with melittin.®643 Melittin is an example of membrane-active
peptide.?’343 It is a major toxic component in the venom of the European honeybee Apis
mellifera.** It displays high antimicrobial?® and antiviral*>“® activities.

This thesis describes changes in the capacitance, structure and orientation of the lipid
molecules in the model IM and OM of Gram-negative bacteria exposed to changing
potentials and interacting with melittin. The OM of Gram-negative bacteria is the first
contact surface for melittin. It was proposed that the selectivity of AMPs depends on the
lipid composition of the bacterial cell membranes.?® Bacterial membranes contain a large
amount of negatively charged lipids, which are supposed to interact electrostatically with
cationic antibacterial peptides.

The goal of this thesis is to understand details of the interaction between the model of
biological membranes and AMPs.23-26 Chapter 2 provides an overview on model of the
cell membranes and their relevance for biomimetic studies. Chapter 3 describes the three
main experimental techniques used in this thesis: LB-LS transfer, electrochemical
methods and PM IRRAS. All three techniques have a wide range of applications in many
fields of research resulting in a variety of their modalities and specialized approaches to

suit particular types of experiments. Therefore, the most basic general principles of the



studied methods are explained with emphasis on aspects relevant to the characterization
of lipid bilayers. The experimental methods and procedures are described in chapter 4. In
chapter 5, results of studying the model IM and OM of Gram-negative bacteria and their
interaction with melittin are presented. Conclusions and an outlook are summarized in
chapter 6.



2 Overview on biological membranes and their interaction with

peptides

2.1 Biological cell membrane

Ultrathin films of water-insoluble surfactants are scientifically interesting and find
applications in molecular electronics devices*’* as well as in chemical, biochemical and
physical sensors.*®4% One of the scientific interests in these ultrathin films comes from
their close resemblance to cell membranes. Natural cell membranes contain many
components that accomplish different functions, making these membranes difficult to
study.! Therefore, models of these membranes are used in research.*50-54

A biological cell membrane is a highly complex system, 5-6 nm thick and largely
composed of lipids, proteins and carbohydrates (Figure 1).>>-> Proteins are embedded
into a lipid bilayer.**>>%-8 Carbohydrates are covalently bound to either proteins or lipids
and represent less than 10% of the membrane weight.>” There is a need and a strong
interest to understand properties of the lipid bilayers and how electric fields affect the
lipid bilayer structure.? The cell membrane is a semipermeable membrane, which
regulates the transport of substances to and from a cell.>>%%-2 |t separates the interior of
the cell from the extracellular environoment.5:-% In addition, the cell membrane plays an
important role in cell signaling and anchoring the cytoskeleton to provide the shape to the
cell.>>%%3 |n 1895, Overton investigated the osmotic properties of cells, where the
diffusion of water and solvents took place through a semipermeable membrane.®* He
proposed that the cell membrane is composed of phospholipids and cholesterol.54 In 1917,
Langmuir indicated that interactions between the lipid molecules are important to
determine the supramoleculer level structures.®® In 1925, Gorter and Grendel
domenstrated that the basic structure of biological cell membranes is probably a lipid
bilayer, where cell membranes are composed of two oppositing thin monolayers.%® The
earliest model of the biological membrane was proposed by Danielli and Davson in
1935.% They took into account that proteins adsorb to the lipid layers, separating lipid
leaflets from each other.%® In 1958, Robertson confirmed these models based on electron
microscopy data.®” He has determined that the dark electron dense bands belong to head

groups and proteins of two opposed lipid monolayers.®” The fluid mosaic model was



proposed in 1972 by Singer and Nicolson.%8%° In this model, phospholipids are arranged
in the bilayer with their polar head groups facing outwards to the aqueous environment
and their hydrophobic tails forming the bilayer interior (Figure 1). Membrane proteins
are divided into two classes: peripheral and integral proteins (transport and
transmembrane proteins).®®%® Membrane proteins may adsorb to one side of the
membrane (peripheral) or span through the membrane (integral proteins) (Figure 1).
Singer and Nicolsen noted that the biological membrane is most likely asymmetric.586°
In 1984, Mouritsen and Bloom proposed a mattress model.®® It is a thermodynamic model,
which is based on the description of phase digrams of the lipid bilayer mixtures and
proteins.®® The basic variables of this model are the thickness of the hydrophobic region
of the lipid bilayer and the length of the hydrophobic region of the protein.®® The
mismatch concept is an important part of this model for the hydrophobic regions of lipids
and proteins.®® In 1997, Simons and van Meer proposed the presence of lipid rafts in the
lipid fluid matrix.”®"2 Cholesterol and glycolipids are able to form micro domains in a
fluid lipid matrix that are densely packed and ordered.”®"? These lipid rafts have an
important role in cell signaling.”®"2

Glycoli&id\s

Transport protein Transmembrane protein

Lipid | @€
bilayer & '
Peripheral membrane protein Cholesterol

Figure 1: Scheme of the natural cell membrane.

The membrane fluidity influences membrane-protein interactions.>®>° The fluidity is
affected by temperature,”>’ cholesterol content® >’ and lipid composition.”® At low
temperature, hydrocarbon chains of the lipid bilayer can pack closely together to adopt
with all-trans conformation, typical for a gel phase.”>’* As temperature increases, the
hydrocarbon chains gain gauche conformation and undergo a transition to a liquid
phase.”"* The presence of unsaturated chains does not allow for a close packing of chains

in lipids, so the bilayer fluidity is increased.’”® Phospholipid molecules have a hydrophilic



head group, containing phosphate moiety, an alcohol and usually two hydrocarbon chains,
which are attached to this alcohol by ester linkages. Phospholipids are classified into two
classes based on an alcohol present in their backbone. They are glycerophospholipids and
sphingophospholipids. Glycerophospholipids contain glycerol as an alcohol in their
backbone and sphingophospholipids have sphingosine as an alcohol. The hydrocarbon
chains may vary in length and typically contain between 12 and 20 carbon atoms. They

can be unsaturated or saturated.*’+62

Lipid bilayers supported on a solid surface are attractive models of biological
membranes.*>°0-47® These models have been investigated in recent years 6254588083
Three methods are used to prepare supported lipid bilayers:®+87 spontaneous vesicles
spreading,®+5284 B-LS transfer>>08%& and tethered lipid bilayers®®®’. In 1984, Brain and
McConnel demonstrated that the small unilamelar vesicles spread to form a lipid bilayer
on a solid surface.®* Preparation procedures were elaborated for asymmetric vesicles
containing different lipids in the inner and outer leaflets.®8 The packing of the lipid
molecules produced by vesicles spreading is difficult to control. Easy preparation
procedure and presence of water on both sides of the membrane increased the usage of
the vesicle spreading method. The presence of water on both side of the lipid bilayer is
necessary for the incorporation of integral proteins into the lipid bilayer to avoid protein
denaturation.! Morever, the transport of ions across the lipid bilayer is possible only via
ion channels, if an aqueous layer is interposed between the lipid bilayer and the solid
surface.r In 1985, Tamm and McConnel showed that the LB-LS transfer led to a
formation of a well organized lipid bilayer on solid surfaces.®® LB-LS transfer provides
symmetric and asymmetric lipid bilayers.®® This technique allows controlling the packing
and the physical state of the lipid molecules.®® In addition, LB-LS transfer is a highly
reproducible procedure.®> One of disadvantages of the use of LB-LS transfer method
arises from a direct contact of the lipid molecules with a solid surface. Preparation of
tethered lipid bilayers represents an alternative method, which results in the separation of
the lipid bilayers from a solid surface.5:87909% Formation of the tethered lipid bilayers
provides high stability to the bilayer and ensures a separation of the bilayer from the solid

surface, providing an aqueous environoment on the both sides of the model



membrane 8889091 One of disadvantages of the use of this method arises from complex
preparation procedures.

Surface sensitive techniques, IRS*>° and atomic force microscopy (AFM)’492-% are
used to study the supported lipid bilayers. Cellular lipids and proteins are constantly
exposed to static electric fields in the order of 10° to 10° V m™.2 The high electric fields
may cause charge separation, structural rearrengements of molecules in the membrane
and eventually lead to membrane breakdown.®®® Studies of the electrical properties of
lipid membranes have been carried out using capacitance,®®1% conductivity and charge
density®"1%1%1 measurements. It is important to deposit the lipid bilayers onto metal
electrode surfaces. The interaction of a lipid bilayer with the supporting substrate affects
its biophysical properties. Lipkowski? has studied the structure of lipid bilayers on
Au(111) electrodes. The physical state of a lipid bilayer is mainly determined by the
length and the degree of saturation of the lipid hydrocarbon chains.?? In mammalian cell
membranes, attractive interactions can lead to the formation of cholesterol-phospholipid
domains between cholesterol and phospholipids with saturated hydrocarbon chains,
which exist in a liquid-ordered phase.'®*% Lipid mixtures containing two or more
components have often been selected for fabrication of the cell membrane models. PE,
phosphatidylcholines (PC) and anionic phospholipids such as phosphatidylserine (PS) are
found in inner leaflet of the mammalian cell membranes, whereas sphingomyelin and
cholesterol are the dominant components in outer leaflet.}%® Capacitance measurements
have shown that the 1,2-dimyristoyl-sn-glycerol-3-phosphoethanolamine (DMPE) film
undergoes a phase transition, similar to that observed for 1,2-dimyristoyl-sn-glycerol-3-
phosphatidylcholine (DMPC).® In addition, the DMPE bilayers have a lower capacitance
than the DMPC bilayers.® Madrid et al.® have investigated the effect of the head group
size of the lipid molecules on the molecule packing in the DMPE and DMPC bilayers.
DMPE has the same hydrocarbon chains as DMPC.® The head group in DMPE is smaller
than in DMPC.® The smaller head group allows for a closer packing of the DMPE
molecules and thus is responsible for an almost vertical orientation of the hydrocarbon
chains.® The tighter packing of DMPE molecules reduces the permeability to water and
ions and increases slightly the bilayer thickness.® In situ PM IRRAS measurements
showed that the tilt angle for DMPE chains is 17° vs. the surface normal, which is smaller
than that reported for DMPC chains (20° - 24°).° The average tilt is 82.5° for the ester



carbonyl group in the DMPE bilayers. It indicates that the ester carbonyl groups lye
almost parallel to the surface normal.® It is consistent with a small tilt angle of the DMPE
hydrocarbon chains.® Cholesterol modifies the fluidity and the electrical properties of the
DMPC bilayers.? Yuan et al.% have successfully demonstrated the coexistence of the
ordered and disordered phases in 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) bilayers on mica surface by means
of AFM. They investigated the diffusion of the lipid molecules in the inner and outer
leaflets of the DOPC-DPPC bilayer.®? The DOPC lipid molecules flip-flopped to the outer
leaflet from the inner leaflet, as evidenced by fluorencence contrast and height changes
in the outer leaflet DPPC domains.> Molecule-molecule interactions and molecule-
substrate interactions were also investigated by means of force mapping and correlation
with other imaging results.®? The lateral diffusion of the lipid molecules was found to
occur more slowly in the inner leaflet than in the outer leaflet, indicating that the
interaction between the lipid molecules and the solid surface restrict the mobility of the
lipid molecules on the mica surface.?? Zawisza et al.>>? have compared the properties of
the DMPC bilayer formed by the LB-LS method with the properties of the bilayer
produced by vesicle spreading. LB-LS method provides DMPC bilayer with a control of
the packing and the physical state of the DMPC molecules.>® Independent of the
preparation method, pure DMPC bilayers adsorbed on the Au(111) electrode have a high
capacitance (6 - 9 pF cm?).5254 In addition, AFM measurements showed that the
thickness of 4.2 and 5.1 nm in the DMPC bilayers prepared by vesicle spreading and LB-
LS transfer, respectively.1%"1% |n the LB-LS transferred DMPC bilayers, the average tilt
of the hydrocarbon chains is 25° vs. the surface normal. However, in the DMPC bilayers
obtained by vesical spreading the average tilt is 55° vs. the surface normal. Addition of
cholesterol led to a decrease in the DMPC-cholesterol bilayers capacitance to 1.7 and 2.2
uF cm when the lipid bilayer is prepared by the LB-LS transfer and vesicle spreading,
respectively.>®199110 Thys a large decrease in the capacitance was observed when
cholesterol was introduced into the lipid bilayers. The addition of cholesterol improves
the order of the hydrocarbon chains for the DMPC bilayer. The average tilt decreases for
the hydrocarbon chains in the adsorbed state to 30° and 22° in the DMPC-cholesterol
bilayers prepared by vesicle spreading and LB-LS transfer, respectively.>®199110 Zawisza

et al.> have transferred the DMPC bilayers on SiO,|Au and Au surfaces using LB-LS



transfer. On the Au surface, the hydrocarbon chains exist in a liquid phase having gauche
conformations.®*! When the DMPC bilayer is transferred onto the SiO2|Au surface, the
hydrocarbon chains exist in a ripple phase.®*'? Thus, the supported metal surface has an
effect on the structure of the DMPC bilayer formation by LB-LS transfer.>! In addition,
Garcia-Araez et al.2% have performed studies on the bilayer formed by the LB-LS transfer
building a model membrane in which the inner leaflet consisted of 1,2-dimyristoyl-d54-
sn-glycerol-3-phoshocholine (d-DMPC) and the outer leaflet of DMPC. The use of d-
DMPC molecules allowed an investigation of the orientation of the lipid moelcules in
each leaflet of the bilayer.>'%%!% PM IRRAS studies have shown that the tilt angle is
smaller for the hydrocarbon chains in the inner leaflet (d-DMPC) than that of the outer
leaflet (h-DMPC).2% Madrid et al.” have studied the 1,2-dimyristoyl-sn-glycero-3-
phospho-L-serine (DMPS) bilayers transferd by LB-LS deposition on the Au(111)
electrode with in situ PM IRRAS and electrocochemical measurements. DMPS lipid
molecules have a similar size and shape to DMPE lipids, but they differ in their polar
head groups region. DMPS is an anionic phospholipid, while DMPE is a zwitterion. Their
electrochemical properties are different. The DMPS bilayers have a minimum
capacitance of 9 - 10 uF cm™. This capacitance is higher than that reported for the DMPE
bilayer (2 - 3 uF cm™).” PM IRRA spectra showed that, in contrast to DMPE, the DMPS
head groups are very well hydrated.’

2.2 Bacterial cell membrane

Bacterial cell membranes have a complex composition and structure.!*® Figure 2 shows
schematically the structure of the cell membranes of Gram-positive and Gram-negative
bacteria. The cell membrane of Gram-positive bacteria is composed of a single lipid
bilayer.1** The outer leaflet of the membrane of Gram-positive bacteria is surrounded by
a 20 - 80 nm thick peptidoglycan layer (Figure 2a).}'* The cell membrane of Gram-
negative bacteria is composed of two lipid bilayers: the IM and OM membranes (Figure
2b).113115.116 Both membranes are separated by ca. 8 nm thick hydrophilic peptidoglycan
layer.!*317 PE and PG compose both leaflets of the IM.**31%6 The IM of Gram-negative
E.coli bacteria contains 70 - 80% PE, 20 - 25% PG and 5% cardiolipin.>>*!3 Konarzewska

et al.% have characterized the lipid bilayers composed of PE and PG as a model of IM of



E.coli. Vesicle spreading to a bilayer is a multistep process, as observed from in situ AFM
imaging.® Wydro et al.}*® have investigated the influence of the PE hydrocarbon chains
structure on PE miscibility with PG in Langmuir monolayers. Strong attractions were
obtained resulting from the formation of hydrogen bonds in the mixed monolayers
containing dipalmitoylphosphatidylglycerol (DPPG) and PE with saturated hydrocarbon
chains [dopalmitoylphosphatidylethanolamine (DPPE) and distearoylphosphatidyl-
ethanolamine (DSPE)].}® These attractions slightly increased with an increase in the
length of the hydrocarbon chains of PE. The presence of double bonds in the hydrocarbon
chains of 1,2-diplamitoleoyl-sn-glycero-3-phosphoethanolamine (DOPE) prevents the
DOPE molecules from a tight packing.!'® The unsaturation of the hydrocarbon chains

increases the fluidity of the monolayer.*®

The OM has an asymmetric structure.!>119120 The inner leaflet has a similar composition
to the IM. Lipopolysaccharides (LPS) are present in the outer leaflet of the OM of Gram-
negative bacteria (Figure 2b).1315119 | PS have a protecting function. Lipid A is an
amphiphilic part of LPS and its structure varies between bacteria.''® The polar head group
of the lipid A from E.coli contains B-(1,6)-linked glucosamine disaccharide backbone.!®
The phosphate, carboxylic and hydroxyl groups in LPS increase the overall negative
charge of the cell membrane, which can interact with the divalent cations present in the
surrounding environement.*?* Binding of the divalent cations is responsible for a rigid
structure of the outer leaflet of the OM.*?2123 Specular X-ray reflectivity and simulation
studies of the OM model of Gram-negative bacteria gave the first experimental evidence
that divalent cations influence the orientation of LPS in the membrane and the structure
of the model membrane.*? 3-deoxy-D-manno-octulosonic acid (Kdo) is directly linked
to a lipid A. This part of LPS is called the inner core. Kdo is connected with heptulose
monosaccharides. The outer core of LPS contains more common hexoses including
glucose (Glc), galactose (Gal), N-acetylgalactosamine (NGc) and N-acetylglucosamine
(NGa). Some LPS have an O-antigen composed of repetitive subunits, which contain one
to eight sugar residues.*>° LPS that comprise the lipid A, inner and outer core and an
O-antigen are called smooth (S)-LPS, while LPS lacking the O-antigen are named rough
(R)-LPS.*?* These terms refer to the smooth and rough morophologies.
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Figure 2: Schemes showing the structure and composition of the cell envelope of a) Gram-positive and b)
Gram-negative bacteria. The structure of lipopolysaccharides (LPS) is shown in the upper panel. Symboles
correspond to: Kdo: 3 deoxy-a-D-mannooctulosonic acid, Hep: heptulose, Glc: glucose, Gal: galactose,
NGa: N-acetylgalactosamine and NGc: N-acetylglucosamine.
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Wu et al.!® have shown that an increase in the LPS molecular length has an impact on
the bilayer properties. As the core and O-antigen repeating units are added, the area per
lipid molecule increases and the lipid bilayer order decreases, indicating a looser packing
of the LPS molecules in the lipid A region in the (S)-LPS bilayer compare to the (R)-LPS
bilayer.1?> Fabrication of an asymmetric lipid bilayer compsed of LPS in the outer and
phospholipids in the inner leaflet was reported in literature.®-126-129 First structural studies
were performed on lipid A and LPS monolayers at the air|electrolyte interface,123130.131
LPS form stable monolayers at the air|water interface. The average area per LPS molecule
varies between 1.08 nm? and 1.27 nm? depending on the used LPS.}3 Structural
information is avalible from computer simulation studies for the packing of hydrocarbon
chains and the orientation of the polar head groups in the OM of Gram-negative
bacteria.!?>126.132-134 | pS_phosphatidylcholine vesicles spread on solid surfaces to form
defect-free bilayers.’®® In this model, the full asymmetry in the distribution of lipids
between two leaflets, a unique feature of the OM, was not achieved. Clifton et al.**® have
used LB vertical withdrawing to deposit a phosphatidylcholine in the inner leaflet of the
model membrane on the silicone oxide surface and LS transfer was used to deposit the
outer LPS leaflet. Stability tests of the asymmetric distribution of the LPS revealed their
gradual flip-flop into the inner leaflet in the presence and absence of divalent cations.

Divalent cations are known to be essential not only for the stability of the OM, but also
for the expression of their biological activity.®*"*3® Addition of 1.0 M CaCl; to the
subphase reduced the collapse of the LPS monolayers by 20 % compared to pure water.'3
Jeworrek et al.’*® and Schneck et al.'?® have studied the effect of monovalent and divalent
cations on the packing and molecular-scale of the LPS monolayer at the air|jwater
interface. Addition of monovalent and divalent cations increased the order packing of
LPS in the monolayer at the air|water interface.’®® Na* ions interact unspecifically with
LPS molecules, whereas Ca?* ions are likely to bind specifically to the inner core
phosphate groups of the LPS by cross-linking adjacent molecules in the
monolayer.?212313% | e Brun et al.*° have perfomed detailed structural analysis of E.coli
LPS monolayers at the air|liquid interface. The structure of LPS monolayers and the chain
packing were investigated using grazing incidence X-ray diffraction (GIXD) and
Brewster angle microscopy (BAM). A distorted hexagonal packing of lipid A monolayers

was obtained at surface pressure (I7) > 20 mN m™. X-ray reflectometry (XR)
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measurements showed that the hydrocarbon chains are slightly thicker for the lipid A and
equal 18 A and 20 A at 77 of 30 mN m™ and 40 mN m™, respectively. Jeworrek et al.**
have found that the head group thickness was 12 A at 20 mN m™ for the Salmonella
minnesota (R)-LPS. In addition, neutron diffraction (ND) studies of the P. aeruginosa

(S)-LPS showed that the inner core polysaccharides are 13 A thick.4°

2.3 Lipid-antimicrobial peptide interactions

Understanding of the lipid-peptide interactions is an important step in the development
of novel therapeutics.®13117141142 The OM of Gram-negative bacteria is the first contact
surface for AMPs. AMPs consist a class of naturally occurring antibiotics.*'43 Most of
them are amphipathic peptides, which are effective at uM concentrations.?® AMPs are
usually composed of a 20 - 80 amino acids long polypeptide chain. AMPs adopt either a-
helical or B-sheet structure after its interaction with a cell membrane. AMPs are classified
into several groups depending on their origin, amino acid sequence, secondary structure
or function.?>272841 |n most cases, the interaction of AMPs with a membrane leads to a
cell-lysis and death. These interactions may lead to a formation of pores and transport of
peptides inside the cell, bringing them into a contact with intercellular targets.***® Sterols
are present in membranes of eukaryotic cells but not in prokaryotic cells. This difference
may be important for the interaction of AMPs with both kinds of membranes.?>144-146 |t
has been reported that the efficiency of lipid bilayer permeation by various AMPs is
decreased in the presence of cholesterol in the lipid bilayer.?>44-14¢ Different models of
action of AMPs on the lipid membranes are described in literature (Figure 3).27:3438-42
The carpet, toroidal, barrel-stave and aggregate-channel models require the adsorption of
AMPs on the membrane surface, changes in the peptide structure and orientation.¥4! In
the carpet model, AMPs adsorb in large quantities on the membrane surface covering it
as a carpet. The aggregation of the peptide leads to a formation of patches in the
membrane. Aggregates of AMPs coated by lipid molecules diffuse away from the
membrane surface. This model leads to a quick collapse of the membrane (Figure 3a).43147
In the toroidal model, AMPs molecules adsorb on the membrane surface, aggregate,
impose thinning of the membrane. This induces a bending of the bilayer so that the outer

13



and inner leaflets meet (Figure 3b).1*8 The barrel-stave model requires the aggregation of
AMPs molecules across the membrane and formation of pores (Figure 3c).*114°1%0 |n the
aggregate-channel model, the electrostatic interactions of AMPs with negatively charged
lipids on the membrane surface lead to a phase separation of lipid molecules and
formation of pores in the membrane by removal of negatively charged lipid-peptide
aggregates from the membrane (Figure 3d).*! In Gram-negative bacteria, AMPs have first
to cross through the OM. Negatively charged phosphate, hydroxyl and carboxylic
moieties are present at LPS. They are potential ligands for positively charged AMPs.
Perivous studies of AMPs interactions with LPS in their aqueous vesicles and monolayer
assemblies at the air[water interface showed clearly that the a-helical structure is
enhanced for various AMPs due to the peptide binding to LPS.*1%2 The lipid-peptide
interactions may lead to phase transitions in hydrocarbon chains of lipid molecules,
change the thickness of the membrane, change membrane capacitance and water content
in the polar head group region.** Electrochemical studies showed a significant increase
in the permeability of lipid membranes to electroactive ions upon AMP binding.%3" In
addition, the IR spectroscopy showed that the hydration of the phosphate groups
increased at both, lipid A and inner core of LPS, due to the interaction with AMPs.>
Nathoo et al.’® have characterized the influence of the ethidium multidrug resistant
protein (EmrE) on the lipid organization in the monolayer film. EmrE is a multidrug
transporter, which transports ethidium into lipid membrane and binds quanternary
ammonium compounds in several membranes.’* It is an integral membrane protein
spanning the IM of E.coli.’>* These studies showed that the chemical nature of different
lipid head groups, as well as the hydrocarbon chain length and saturation determine the

lipid-lipid and lipid-protein interactions.*>*

Melittin is one of the most studied AMPs,26:28.38-40434546,155-163 |t j5 3 small linear peptide
composed of 26 amino acid residues, which sequence is shown in Figure 4. It is a cationic
peptide in which the N-terminus is composed of hydrophobic amino acids, whereas the
C-terminus contains hydrophilic amino acids. Melittin has an amphiphilic character.
Melittin has a net charge of +6 at physiological pH,*%>14 ensuring it a good solubility
in water.**444 |t is a major toxic component in the venom of the European honeybee Apis
mellifera,* displays high antimicrobial?® and antiviral*“® activities. In addition, it was

studied as an antitumor agent.*® Terwilliger et al.** have studied the crystal structure of
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melittin. The axes of 1-10 and 16-26 helices intersect at 120°.%41%° Melittin has
fluorescent properties, due to the presence of a single tryptophan residue (Trptophan19),

which makes it a sensitive probe to study its interaction with membranes.**
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Figure 3: Different mechanisms of AMPs action on the lipid bilayers. a) Carpet mode, b) toroidal mode,
c) barrel-stave mode and d) aggregate-channel mode.

In solution, mellitin undergoes a concentration-dependent change in conformation from
a random-coil to a-helical tetramer.%® At high lipid-peptide ratios (> 200 : 1) membrane-
bound melittin is a monomer with its helical axis oriented parallel to the membrane
surface.'*#167 As the concentration of membrane-bound melittin increases, the peptide
undergoes a dynamic reorientation relative to the membrane normal, leading to its

micellization. 144167
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Figure 4: Amino acid sequence of melittin. Colour code: blue (hydrophobic), grey (hydrophilic) and red
(charged) amino acids.

Melittin can bind to neutral membranes as well as to membranes with negative surface

charge.1%%16! The adsorption of melittin on negatively charged membranes results in its
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parallel orientation to the membrane surface, since this orientation facilitates electrostatic
interactions between cationic melittin and anionic head groups of the lipid. The parallel
orientation with respect to the membrane surface was suggested to prevent the association
of the hydrophobic part of melittin with the hydrophobic core of the membrane and
consequently to inhibit the reorganization required to induce membrane-lysis. Melittin
adsorbed on top of the membrane, leads to a fluidization of the lipid membrane. This was
accompanied by reorientation and insertion of the melittin molecules into the bilayer. It
resulted in a formation of numerous defect sites and pinholes.**3 Juhaniewicz et al.** and
Batenburg et al.*®® have domenstrated the affinity of melittin was greater for negativily
charged membranes than for zwitterionic membranes. The presence of negative charge
slows down the reorientation and insertion of melittin molecules compared to membranes
composed of zwitterionic lipids.*>1%8 Melittin forms toroidal pores in zwitterionic
membranes and the size of the pore increases with an increase in the peptide to lipid
ratio.®#° Ladokhin et al.’®® have shown that melittin disrupts anionic membrane in a
detergent-like manner, according to the carpet mechanism (Figure 3a). The minimum
capacitance increases after exposure of the anionic 1,2-dimyristoyl-sn-glycero-3-
phosphoglycerol (DMPG) bilayers to 10 uM melittin for 12 h.*® This showed clearly that
melittin induces changes in the organization of the DMPG bilayers leading to an increase
in the permeability of the DMPG bilayer.** AFM data showed that melittin molecules
penetrate the DMPG bilayer with a formation of pores.*® In this case melittin adopts a
parallel orientation with respect to the membrane surface. A perpendicular orientation of
the peptide molecules to the membrane surface was observed with increasing fraction of
the peptide molecules.®® Juhaniewicz et al.*® have transferred DMPS bilayer on the
Au(111) electrode. The structure of the DMPS bilayers seems to be less affected by
melittin binding compared to the DMPG bilayer.*® Flach et al.1’® have studied the action
of melittin on the DPPC monolayer by means of IRRAS. These studies showed that
melittin conformation may differ in monolayers and bilayers.*’® Melittin monolayer gave
amide | mode at 1635 cm™. This value is lower than the frequency of an a-helix (amide I
frequency 1656 cm™ in dry or aqueous environment).1’® Verma et al.**® have reported that
melittin decreased the lipid chain mobility and caused the head group reorganization.
Juhaniewicz et al.*® have demonstrated that electrochemical methods supported by in situ

AFM topography imaging facilitate the evaluation of mechanisms of melittin action on
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the membrane. The action of 10 uM melittin leads to a quick degradation of the DMPC
bilayer, which undergoes micellization and partial dissolution.® After exposure of the
DMPC bilayer to 10 uM melittin for 30 min, an increase in the membrane capacitance
was reported.®® This may indicate that melittin molecules affect the dielectric properties
of the DMPC bilayer and cause membrane thinning. These results indicate that melittin
acts according to detergent-like mechanism, which corresponds to the aggregate channel
mode (Figure 3d). AFM images showed that the gold electrode is covered by spherical
aggregates after exposure of the DMPC bilayer to 10 uM melittin for 30 min. Melittin
penetrates the lipid membrane and finally mixed micelles are formed.®® However, the
micelles are still attached to the gold surface. Further imaging showed that aggregates are
removed gradually from the surface. Melittin interacts differently with DMPC bilayers
when its concentration is lowered (1 pM). AFM images shown that in the DMPC bilayers
the morphological changes are less rapid.*® Juhaniewicz et al.*® have reported different
behavior of melittin for the DMPC-cholesterol bilayer. Several studies have shown that
cholesterol inhibits the action of melittin.3:14514¢ Therefore, the DMPC-cholesterol
bilayer is more resistant to melittin action than the bilayer composed of pure DMPC.3®
Cholesterol fills the space between DMPC hydrocarbon chains and increases the
membrane stiffness, making it less susceptible for the penetration by melittin, 36145146
Capacitance values are lower for DMPC-cholesterol bilayers from those for the DMPC

bilayers.3®

Alamethicin is AMP, composed of 20 amino acids.!™ It has a helical structure with an a-
helix at the N-terminus and 310-helix at the C-terminus.}”* A combination of in situ PM
IRRAS with electrochemical methods was performed to investigate the structural changes
in 1,2-di-O-phytanyl-sn-glycero-3-phosphocholine  (DPhPC) bilayers during its
interaction with alamethicin.”* DPhPC phospholipids and alamethicin (9:1 mole ratio) in
each leaflet were transferred onto the Au electrode by LB-LS technique.'™* The
capacitance reaches a minimum (7 - 8 uF cm) for the DPhPC-alamethicin bilayers in the
potential range -0.1 V > E < 0.0 V vs. Ag|AgCL.*"* An increase in the capacitance and
decrease in the resistance were obtained at E < -0.1 V vs. Ag|AgCl.1"t The maxima of
absorption of the methylene stretching modes indicate that the hydrocarbon chains in the
DPhPC lipid exist in a liquid state.!”* The integral intensities of the methylene stretching

modes are independent of the potential applied to the Au surface. The average tilt angle
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of the hydrocarbon chains in the DPhPC-alamethicin bilayers is 30° - 35° vs. the surface
normal. PM IRRA spectra contain two IR absorption modes in the 1800 - 1600 cm™
region: the v(C=0) in the carbonyl ester group in DPhPC and the amide I mode in
alamethicin.*’* The orientation of the alamethicin depends on the applied potential, while
the orientation of the DPhPC molecules in the membrane is unaffected by the potentials
applied to the electrode. These results conclude that alamethicin interacts with the

membrane via barrel-stave mechanism (Figure 3c).

This research work describes details of the interaction between the model of biological
membranes and melittin antimicrobial peptide. Changes in the capacitance as well as the
orientation of lipid molecules in the model of the IM and OM of Gram-negative bacteria

exposed to a changing potential and interacting with melittin are discussed.
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3 Characterization methods

3.1 Langmuir-Blodgett and Langmuir-Schaefer technique

Modification of solid surfaces with organized and thin molecular films is an important
research topic.>®17217¢ Molecular films find applications in electronics*’’ 8, sensing
devices'’"181-184 insulators'®18 or matrix for drug testing.'®°! Various surface
modification methods are available 20.°6848791172192-1% QOne of them is LB-LS
transfer®085197-201 \which is described in detail below. Phospholipids are amphiphilic
molecules, which contain hydrophilic (water soluble) and hydrophobic (water insoluble)
parts. The hydrophilic part consists of a polar head group. The hydrophobic part is
composed of hydrocarbon chains. Phospholipids are the major component of biological
membranes.197201-203 At the airjwater interface, phospholipids assembly to form an
insoluble monolayer in which the polar head groups are immersed to water and their
hydrophobic hydrocarbon chains oriented to air. POPE is one of the phospholipid
molecules which has a phosphatidylethanolamine (-PO4(CH2)2NHz) head group and two
hydrocarbon chains.®*2042%5 QOne of these chains is saturated and the other one is
unsaturated. A structure of POPE molecule is shown in Figure 5. The formation of the
monolayer at the air|water interface is monitored by the measurement of the 77 during

compression as a function of the area per molecule (A). I7 is defined as:

n=y,—vy 1)

where y,, is the surface tension of the uncovered air|water interface and y is the surface

tension of the monolayer-covered interface.

y can be measured by the Wilhelmy plate method (Figure 6). The Wilhelmy plate is often
made of a very thin, well wetted and high free surface energy material (e.g., papers, Pt).
When the plate is brought in contact with a liquid, an increase in weight is obtained. The
total force (F) acting on the plate is the sum of three forces: the gravity force [pglwd],
the surface tension force [2 y(d + w)cosd] both are acting downwards and the

buoyancy force of the plate [p,gdwh] is acting upwards.
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Figure 5: Structure of POPE phospholipid molecule with the hydrophilic phosphatidylethanolamine head
group (blue) and the hydrophobic hydrocarbon chains (red) regions at the air|water interface.

When the plate is immersed to a depth (h) in a liquid of density (p;). The F is given by

equation 2:

F = pglwd +2y(d +w)cosd — pjgdwh (2)

where | is the length, w width, d thickness and p material density of the plate. y is the
liquid surface tension, Zthe contact angle of the liquid on the plate and g the acceleration
due to gravity. /7 is calculated by measuring the change in F for a plate at the interface in
the presence and absence of the monolayer.

Wilhelmy
plate

water

Figure 6: A scheme of a Wilhelmy plate at the air|water interface.
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When the plate is completely wetted by the liquid (cos9 = 1), I1 is then obtained from

equation 3:
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Figure 7: Plots of 77-A isotherms of arachidic acid (black) and DMPE (blue) at the air|water interface.
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I1is measured as a function of A. Figure 7 shows isotherms of arachidic acid (black) and
DMPE phospholipid (blue). During compression, barriers of the Langmuir trough move
and thereby reduce the A. Plot of 77 vs. A is known as a Langmuir isotherm. /7 increases
with the reduction in A.1%":20! Different phase transitions may be observed by compressing
lipid monolayers. Figure 7 shows that the monolayer exists in the gaseous (G) phase at
large A. Compression of the film leads to a phase transition to a liquid-condensed (LC)
phase. The molecules are well ordered and closely packed in the LC phase. Figure 7
shows that in DMPE isotherm (blue), a plateau region is obtained between the liquid-
expanded (LE) and LC phases. It corresponds to a two-phase coexistence region. A
further compression leads to a sharp increase in 71, corresponding to a formation of a solid
(S)-like film. The monolayer film collapses at smaller A and a disordered monolayer is
formed at the surface pressure of the monolayer collapse (71.). The limiting area (4;ip,)
corresponds to the smallest A available per single molecule in the monolayer film. The
lift-off area (A,) corresponds to the molecular area at which an increase in 7 is first
detected.

The shape of the isotherm depends on the length of the hydrocarbon chains and the
presence of unsaturated hydrocarbon chains.®®" It depends also on the experimental
conditions (subphase composition, temperature, pH).*%%” Figure 8a shows the Langmuir
isotherm of DOPE at the air|water interface. The compressibility modulus (K;) reflects
the physical state of the monolayer.>®2!3 K, can be determined directly from the Langmuir

isotherm according to:%%:20
=[G Gl @
s— | \4/) \onm

K varies from 10 to 50 mN m™ in the LE phase and from 100 to 200 mN min the LC
phase. Transition to the S phase results in an increase of K, up to 2000 mN m.2%" Figure
8b shows Ks vs. A plot. K reaches maximum (92 + 5) mN m™ for the monolayer of DOPE
at A preceding the monolayer collapse, indicating that the DOPE monolayer exists in the
LE phase. When a solid substrate is hydrophilic, the monolayer is deposited by a vertical
withdrawing of the substrate from the subphase through the monolayer as shown in Figure
9a. The polar head group orients toward the surface and the hydrocarbon chains are
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directed toward air. Figure 9b shows that when the solid substrate is hydrophobic, the
monolayer is transferred by immersing the substrate into the subphase through the
monolayer. The hydrocarbon chains orient toward the surface, while the polar head

groups are directed toward air.

50|

L L | L | L | L L L
02 04 06 08 10 12 14 1.6
A /nm?

Figure 8: Plots of a) 77 and b) Ks vs. A of DOPE at the air|water interface.

The quantitative transfer of the monolayer on a solid surface is measured by the transfer
ratio (TR). It is defined as the ratio between the area decreases on the aqueous surface
during transfer to the area of the solid surface. For quantitative transfer of a monolayer,
TR is equal to 1. TR depends on the experimental conditions (subphase composition, pH,
temperature), structure of the phospholipid molecules and the speed of the immersing or

withdrawing of the solid substrate.

LS transfer offers another way to deposit a monolayer on a solid surface,6:197.201,208-211 ¢
is also called horizontal touch technique. Figure 10 illustrates that the LS transfer results
in the preparation of a lipid bilayer on a solid surface.?'* As shown in Figure 10a-c, the

solid substrate is horizontally oriented and lowered slowly until it is in contact with the
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monolayer at the air|water interface. Afterwards it is slowly withdrawn. The produced
phospholipid bilayer serves as a good model of a cell membrane as shown in Figure 10d.

Figure 9: Arrangement and LB transfer direction of a monolayer of amphiphilic molecules onto a)
hydrophilic and b) hydrophobic solid substrates.

A combination of LB-LS techniques enables the formation of symmetric and asymmetric
phospholipid bilayers on the solid surface.'%?!! Different kinds of LB multilayers can be
fabricated by successive deposition of monolayers onto the same substrate as illustrated

in Figure 1156208209212

a) l b) ¢) d) I

il
'fﬁ'f'fﬁ'f
LAl LU s Ll

Figure 10: a-c) Steps of LS transfer of a monolayer from the air|water interface and d) resulting arrangement
of lipid molecules in the bilayer. Arrows represent the immersing (a, b) and the withdrawing (c, d) directions
of the solid substrate.

The Y-type multilayer is produced when the monolayer is deposited to the solid substrate
in both (up and down) directions (Figure 11a). Figure 11b, c shows LB films obtained for

deposition only in either down or up directions. Those multilayers are called X-type and

Z-type.
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.

Figure 11: Deposition types of LB multilayers: a) Y-type, b) X-type and ¢) Z-type. Arrows represent
the immersing (a, b) and the withdrawing (a, ¢) directions of the solid substrate through the subphase
(light blue colour).

3.2 Electrochemical methods for the study of model membranes

Electrochemical studies are applicable for studies of model membranes adsorbed on
electrode surfaces.®”?13-215 Phospholipids in biological membranes are exposed to electric
fields in the order of 10°—10° VV m™%.8 Deposition of a lipid bilayer on the electrode surface

enables studies on the membrane capacitance as a function of electric fields.3#216-218

3.2.1 Alternating current voltammetry

In alternating current voltammetry (ACV), a sinusoidal voltage is applied to a working
electrode with constant frequency and a small amplitude (5 - 25 mV) as shown in Figure
122174219220 The current has a phase shift (¢) to the voltage (Figure 12b). ACV is a
powerful technique for relative quantitative evaluation of the processes at the solid

surface.>4220.221 ACV was used to determine the capacitance of lipid bilayers.110.215219
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The in-phase (i'") and out-of phase (i°") alternating current are measured. The current

values are used to determine the capacitance of the double layer (C).

l-Zin + i20ut (5)
C = =
2mi°ut0.63662 Afa

where 4 and f are the amplitude and frequency of the voltage perturbation and a is the
area of the electrode. The C of biological membranes is approximately 1.0 pF cm2,221-223
C depends on the applied potential, composition of the electrolyte solution, the metal
surface and reflects the adsorption-desorption process of the model lipid bilayer

transferred on the electrode.37:214.215.224

a) Potential / E b)

Voltage / V

» amplitude Current / i

% 5-25mV

amplitude
‘ ><\ &
s nne »
o = 90°

\->(/angillar
frequency

time / sec

Figure 12: a) Waveform for AC voltammetry where the applied potential as a function of time is a sinusoidal
alternating potential superimposed on a linearly increasing ramp and b) the relationship between alternating
current and voltage signals at angular frequency.

The potential of zero charge (Epzc) is used to calculate the membrane potential >822 The
difference (E- Epz) is a good approximation of the membrane potential.>8%22> ACV is
used to determine the Epzc by determination the Cmin 0f unmodified Au(111) electrode
surface in a lower concentration of an electrolyte solution.?® The potential drop across a
model lipid bilayer deposited on the electrode surface is described by the following

equation:>&°

M,y ©)

ADys = C
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where A@ys is the potential difference across the metal|solution interface and contains

O]

the sum of potential difference across the lipid membrane (A@y = ?M) and surface

potential of the membrane (Xy).>®° The potential difference (E - Epz) is equal to
ADuys(E) - ADyyys(Epze).>* Since A@yys(Epzc) corresponds to the Xy, the potential drop

across the membrane is equal to A@ys = (E - Epzc). Thus, according to equation 6 the

values of %M should be equal to the values of (E - Epz).>®

3.3 Infrared reflection absorption spectroscopy

IRRAS has been developed by Greenler.??® It is a powerful surface sensitive technique
for the studies of the molecular structure, composition and conformation of organic
molecules.??22"-21 However, the sensitivity of these measurements is often limited,
because the signals of interest from surface adsorbates are often camouflaged by
atmospheric background absorption. Therefore, IRRAS is mostly applied in ultra-high
vacuum.?® When IRRAS is applied to an electrochemical experiment, the mirror of IR
radiation is at the same time the working electrode. The electrode material, electrolyte
composition and optical window?® (e.g., CaF2) have to be precisely chosen.?®* The gap
thickness is determined between the prism and the electrode by comparing the
experimental reflectivity spectrum of the thin layer to the reflectivity curve calculated

from the optical constant of the cell.?*®

3.3.1 Polarization modulation infrared reflection absorption spectroscopy

PM IRRAS is a powerful technique for the characterization of molecules adsorbed on IR
light-reflective surfaces.®254109.236.237 The measured spectra provide information about
the structure, hydration and orientation of the lipid molecules. The modulation of the IR
beam is done by a photoelastic modulator (PEM). The PEM is made of a cubic IR
transparent crystal such as CaF, or ZnSe.”®%7-23° The PEM transducer is usually set to

the resonant frequency of the optical element 50 kHz. The PEM generates the alternating
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linear light polarization states (s- and p-polarized components). For a linearly polarized
incident IR light with the polarization axis set to 45° with respect to the optical axis of
the PEM crystal, the incident electric field vector is resolved into two components which
are parallel and perpendicular to the optical axis.’®?3"-23 When the plane of polarization
of the incoming light makes an angle of 45° to the modulator optical axis, then for
radiation of a given wavelength, and at the time of maximum stress or maximum
stretching of the optical element, half-wave retardation occurs.”>?3-2%% Under this
condition a switching between parallel and perpendicular linearly polarized light takes
place. When the optical element is at rest (between compression and expansion) no
retardation of the linearly polarized light occurs.”®?¥-2° PEM acts as a half-wave
retarder.’®23-2% The main advantage of PM IRRAS arises from an excellent signal-to-
noise ratio, which allows measurements under ambient conditions and even in
liquids.1®232237 \When electromagnetic radiation passes the border between air and the
bilayer, a portion of the radiation is reflected and the other portion is transmitted into the
bilayer (Figure 13).

The intensity of the reflected or transmitted light depends on the angle of incidence and
the refractive indices of the different media. According to Snell’s law, the angle of the
reflected light 65 is equal to the angle of incidence 6. Snell's law describes the relation

between the incident angle 61 and the angle 65 of the transmitted (refracted) beam:

n, sinfi = n, sin 6} (7)

where n; and n, are the refractive indices of the different media and
6" and 6% are the angles of incident and transmission (refraction), respectively. Fresnel
equations give the intensity of the reflected s- and p-polarized light as a function of the
incidence angle and describe the reflection and transmission coefficients of the s- and p-
polarized incoming IR beam.?%°

Figure 14 shows the orientation of the electric field vectors of s- and p-polarized beam
reflected from a mirror surface with the respect to the metal surface (z). The beam is
referred to p-polarized when the electric field of the radiation is located in the plane of
incidence. The beam is referred to be s-polarized when it is located perpendicular to the

plane of incidence. Greenler?26241 demonstrated that the electric field of the p-polarized
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beam is enhanced at the metal surface as the result of the constructive interference of the

incident and reflected radiation as shown in Figure 14a.

Figure 13: Reflection and transmission of light at phase boundaries. ' is the incidence angle, while 6 and
6% are the angles of reflection and 6'is the transmission (refraction) angle. The yellow part is the reflective
gold electrode and the gray part is a bilayer.

Due to destructive interference, the electric field of the s-polarized beam is cancelled at
the metal surface as represented in Figure 14b. Therefore, the p-polarized light contains
information about the background and the sample.?*2 On the other hand, s-polarized light

contains only background information.

> x > x
E

Figure 14: Reflection of a) p- and b) s-polarized light at the mirror|air interface.

The intensity of the light, which reaches to the detector during the measurement is

equal: %43

A (Is— 1)
((Il))exp - <¥> J2(80) (8)
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o . . Is+ly . . .
where Al = (I — I,) is the intensity of the differential and (/) = —— is the intensity

of the average signal of the s- and p-polarized IR light.”%243244 |, is the second order
Bessel functions and &, is the maximum phase shift of the incident light by the PEM. 2%
The average and differential intensity spectra are plotted in Figure 15a and can be

presented as:’%%43

L(w) + I (w) I -] ©)
o= 4 — ), @ p(“))‘ Jo(80)
Al(w) = |Is(w) = I,(w)|]2(80) (10)

where I and I, are the intensities of s- and p-polarized light, respectively. ], is the zero
order Bessel functions and w is the excitation frequency of the PEM.®2%
If a highly reflective metal is used, Al is much smaller than (I). The second term in

equation 9 is negligible compared to (I). Equation 9 can be simplified to:

(11)

(@) + I(@)) .

() = -

Jo(8p) = (I)

I{(w) = Iy (w)
2

The half-wave retardation has to be set to the wavelength of interest before recording the
spectrum. Figure 15b shows raw PM IRRA spectrum, calculated by using equation 8 of
the h-POPE-KLA bilayer adsorbed on the Au(111) electrode surface. Weak IR absorption
modes of the species adsorbed on the surface are clearly seen in the spectrum shown in
Figure 15b. To substract the background from the spectrum, a basline is created as shown
in Figure 15c¢. This background comes from the absorbance of IR radiation by the aqueous
electrolyte and Bessel function.”®?’ Figure 15d shows a background-corrected spectrum
of the h-POPE-KLA bilayer adsorbed on the Au(111) electrode surface in DO electrolyte

solution.

When the polarized light is absorbed by a sample, the integral intensity (1) of the
absorption band is proportional to the square of the absolute value of the dot product of

the transition dipole moment vector and the electric field moment vector of the incident

.. 5 -2
radiation | x E| 24524
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I=[Ap dv o< T'|fi x E|?2 =T |fi|*(E)? cos? 6 (12)

where Aps is the absorbance and E is the electric field vector of the p-polarized light,

which is always perpendicular to the surface, I' is the surface concentration of the

molecules in this sample and 0 is the angle between the direction of the i and E vectors.
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Figure 15: PM IRRA spectrum at half-wave retardation 2900 cm™ a) average intensity and differential
intensity spectra, b) raw PM IRRA spectrum in in situ measurement, ¢) enlargement of the raw PM IRRA
spectrum in the 3050 - 2825 cm* spectral region and a spline interpolation to create basline (black circles
represent template points for creating the spline) and d) basline-corrected and intensity normalized spectrum
in the CH stretching region of the h-POPE-KLA bilayer adsorbed on the Au(111) electrode in D,O
electrolyte solution.

Quantitative analysis of the PM IRRA spectra allows the determination of the orientation

of lipid molecules adsorbed on the gold electrode.*°%5253 Figure 16 shows two different

orientations of the hydrocarbon chain adsorbed on a gold surface leading to the

cancellation (Figure 16a) or the enhancement (Figure 16b) of the symmetric methylene
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stretching vs(CH2) mode in the PM IRRA spectrum. When the angle between the i and
E vectors is 90° (Figure 16a), according to equation 12, the integral intensity of the

methylene stretching mode is equal to zero. There is no coupling of the /i and E vectors.
Zero absorbance indicates that the hydrocarbon chain is oriented perpendicular to the gold

surface, because of the i vector of the vs(CH2) mode is perpendicular to the direction of

the hydrocarbon chain. Figure 16b shows a parallel orientation of the ji and E vectors,
causing a strong coupling and enhanced intensity of this IR absorption band. The direction
of the g of vs(CH2) mode is parallel to the surface normal when the hydrocarbon chain is
parallel to the gold surface.
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Figure 16: Different orientations of the hydrocarbon chain in an amphiphilic molecule adsorbed on the gold
surface: a) perpendicular and b) parallel to the surface orientation of the hydrocarbon chain. The red arrow
indicates the direction of the ji vector of the symmetric methylene stretching mode and the blue arrow
indicates the direction of the E vector of the p-polarized light at the phase boundary.

To determine the molecular orientation, the spectrum of randomly oriented molecules has
to be calculated.® The isotropic optical constants of the film have to be determined from
an IR transmission measurement.*® The PM IRRA spectrum is calculated for
experimental parameters (thickness of the electrolyte layer, incidence angle, optical
components of the cell) identical with a previously performed in situ experiment. The
surface concentration and thickness of the film have to be determined by an independent
method. The resulting spectrum calculated from optical constants corresponds to the
random distribution of investigated molecules in the studied film. The integral intensity

of an IR absorption band of randomly distributed molecules gives the average 8 angle

equal to 53.54° (magic angle) since cos? 8 = 1/3. The ratio of the integral intensity of a
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given band in the experimental spectrum (I.x,) to the calculated one for random

distribution (Iyanq) is Used to obtain §:24%24/

[ Lexp dv (13)

cos?f = ———
3flrand dv

where 6 is the time average angle between the ;i and E vectors and provides information
about the orientation of the analyzed molecules in the film with respect to the surface
normal. For a fully stretched all-trans conformation of hydrocarbon chains, the 6,,,5(cH2),

B,s(cH2) and the chain tilt angle 6.,,;, are connected by the formula: 248

cos? 6,,s(CH,) + cos? 8,s(CH,) + €0s? Ocpain = 1 (14)

where 6,,5(cH2) and 6,(cH2) are time averaged angle between the direction of i of the

V,s(cH2) and vgcHz) modes and the direction of E of the p-polarized light. The order
parameter (S) represents the orientational and conformational orders of the investigated

molecules of a film 249250

1 B (15)
S = 2(300529 1)]

Equation 15 shows that S assumes values between 1 and -0.5, when the transition dipoles
are oriented parallel or perpendicular to the surface normal, respectively. When S =0, the

system is disordered.

3.3.2 Infrared spectroscopy of phospholipids and peptides

Phospholipids and peptides give many IR absorption bands in the IR spectral range.
Wavenumbers of the most important fundamental vibrations are listed in Table 1. The
exact frequencies of the methylene modes depend on the physical state for the
hydrocarbon chains. The frequencies increase from ~2849 cm™ and ~2917 cm™ to ~2853
cmtand ~2923 cm, respectively for v,(CH,) and v,,(CH,) modes upon a transition of

the lipid from the ordered gel to the disordered liquid crystalline phase.?! The ester
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carbonyl stretching band is very sensitive to hydrogen bonding.?®? The O atoms in the
phosphate group of phospholipids provide hydrogen bonding acceptors. The
wavenumbers are very sensitive for the vg(PO3Z) and v,4(PO3) modes to hydrogen

bonding and interactions with divalent cations.*?%2>

Table 1: IR absorption bands of hydrocarbon chain and polar region modes in phospholipids.?31254-256

Vibrational mode Wavenumber / cm?

v(= CH) stretch ~3010
v,s(CH3) asymmetric stretch 2950 - 2980
v,s(CH,) asymmetric stretch 2926 - 2915
vs(CH3) symmetric stretch 2885 - 2860
vs(CH,) symmetric stretch 2856 - 2849
v,s(CD,) asymmetric stretch 2200 - 2190
v¢(CD,) symmetric stretch 2100 - 2087
v (CO) stretch (ester) 1745 - 1710
8,s("N(CH;3)3) asymmetric bend ~ 1485
8,s(CH3) + 8(CH3) bending 1465 - 1455
8s(*N(CH3)3) Symmetric bend ~ 1405
CH, wagging band progression 1400 - 1200
8s(CH3) symmetric bend ~1378
v,s (PO3) asymmetric stretch 1250 - 1220
v,5(CO — O — C) asymmetric stretch ~1170
vs(PO3) symmetric stretch 1090 - 1085
v¢(CO — 0 — C) symmetric stretch ~1070
v (C — O — P) stretch ~1047
v,s ("N(CH3)3) asymmetric stretch ~972
v,s (P — 0) asymmetric stretch ~820

Peptides give arise to backbone and side chain vibrations. The approximate frequencies
of amide bands of peptides in D,O solution are listed in Table 2. The primary structure
describes the amino acid sequence of proteins and peptides. Proteins and peptides fold
into specific conformation, which is refered to the secondary and tertiary structure. The
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folding of the polypeptide chain is stabilized by hydrogen bonds, van der Waals and
hydrophobic forces.?®%7 Substractures such as o-helics and PB-sheets or B-strands
contribute to the secondary structure of peptides and proteins. These structures appear

due to the saturation of hydrogen bond donors and acceptors in the polypeptide chain.

Table 2: Amide bands of peptides in DO solution,230.231,254,256,257

Amide mode Wavenumber / cm Description

Amide A 2500 - 2400 v,s(NH) in resonance with overtone
Amide B ~2400 v¢(NH) in resonance with overtone

Amide | 1700 - 1600 76% v(CO), 11% v(CN),

8% 8(CCN)in-plane, 5% 6 (NH)in-plane

Amide |1 1480 - 1460 45% S(NH)in-plane, 30% v(CN),

10% &(CO)in-piane, 8% v(CC),
7% v(CN)
Amide I11 ~960 50% S(NH)in-piane, 20% v(CC),
18% v(CN), 12% 6(CO)in-plane
Amide IV 640 - 620 45% &(CO)in-plane, 35% v(CC),
20% v(CNC)

Amide V 520 - 500 62% (CN)orsion » 38% 8(NH)out-plane
Amide VI 650 - 600 85% 8(CO)out-plane, 15% (CNDorsion
Amide VII 165 - 150 68% &(NH)out-plane, 20% (CN)orsion:

12% &(CO)out-plane

Amide | band is the most important for the analysis of the secondary structure of
peptides.?> 2> The amide | band consists of a number of overlapping components as

represented in Table 3.2%
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Table 3: Amide | frequencies of secondary structure of a polypeptide or a protein in D,O solution.23%257

Secondary structure
a-helix
a-helical coiled coil
310-helix
Parallel 3-sheet

Antiparallel B-sheet

Intermolecular B-sheet
B-turns
y-turns

Unordered structure

36

Wavenumber/cm?
1655 - 1638
1640 - 1630
1665 - 1655
1636 - 1630

1636 - 1630 (strong)
1680 - 1670 (weak)
1625 - 1613

1675 - 1640
1690 - 1650
1648 - 1640



4 Experimental part

4.1 Chemicals and materials

KLA, DMPE, POPE, d-POPE, DOPE, DMPG, 1-plamitoyl-2-oleoyl-sn-glycerol-3-
phospho-(1'rac glycerol) (sodium salt) (POPG) and DPPG were purchased from Avanti
Polar Lipids (Alabaster, Alabama, USA). Structures of the studied lipids are shown in
Table 4. All lipids were used as received. Synthetic melittin was used (melittin > 97 %,
Cat. No. M4171, Sigma-Aldrich, Steinheim, Germany), because the natural melittin
isolated from bee venom contains a small amount of phospholipase A2, which could
damage the membranes.?*>1%6165 Chloroform > 99 %, ethanol > 99.8 %, methanol,
potassium perchlorate > 99.99%, ethylenediaminetetraacetic acid-sodium salt dihydrate
(EDTA), sodium chloride, tris (hydroxyl methyl) aminomethane (TRIS) and magnesium
perchlorate hexahydrate (Mg(ClO4)2x6H20) 99% were purchased from Sigma-Aldrich
(Steinheim, Germany). All aqueous solusions were prepared from deionized water with
a resistivity of 18.3 MQ cm (PureLab Classic, Elga LabWater, Celle, Germany).

Small unilamellar vesicles (SUVs) were prepared freshly to measure the transmission
spectra of the randomly oriented molecules. 10 mg mlI* stock solutions of lipid mixtures
DMPE-DMPG (0.5:0.5 mole), POPE-POPG:DPPG (0.5:0.475:0.025 mole), DOPE-
POPG:DPPG (0.5:0.475:0.025 mole) and POPE-KLA (3.2:1 mole) were dissolved in
[chloroform: methanol (4:1)] volume ratio. A small volume (0.5 ml) was dried for the
stock solution in a small vial under a flow of argon. In order to remove any remaining
solvent residues, the vials were placed in a vacuum desiccator for at least 2 h. Then a
small volume (0.5 ml) of 0.05 M KCIO4 with/without 0.005 M Mg(ClOs)2 in D20 solution
was added to the completely dry lipid film in the vial and the mixture was sonicated
(EMAG-Technologies, Morfelden-Walldorf, Germany) at room temperature for at least
1h.

Microscopic glass slides (Menzel-Glaeser, Braunschweig, Germany) were cut in (2.5
cm X 2.5 cm) pieces and used as substrates for the gold coating. These glass slides were
cleaned in water and isopropanol in ultrasonic bath (Bandelin Sonorex, Berlin, Germany)
for 5 min and dried in a stream of argon. On the cleaned glass surface, 5 nm of an adhesive
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chromium layer and 200 nm of gold were evaporated using a Tectra Mini Coater (Tectra

GmbH, Frankfurt, Germany). These substrates were used to deposit LB-LS lipid bilayers.

Two kinds of substrates were used to investigate asymmetric lipid bilayers adsorbed on

the electrode surfaces: a single crystal gold Au(111) disc electrode [diameter of 15 mm

and 3 mm] (MaTeck, Jilich, Germany) and gold film vapor-deposited on a glass slide.

Table 4: Chemical structures of the studied lipids.

Lipid Chemical structure
Kdoz-lipid A oH
HO A
(KLA) no ° o,
HO Hgo OH
(6]
o O
|| d O NH,
HO——P——O
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4.2 Langmuir-Blodgett and Langmuir-Schaefer technique

Fresh lipid solutions were prepared by dissolving h-POPE, d-POPE, DOPE, DMPG or
POPG in chloroform. DMPE and DPPG were dissolved in a mixture of chloroform and
methanol (Sigma-Aldrich, Steinheim, Germany) in (4:1) volume ratio. KLA was
dissolved in a mixture of chloroform, methanol and water in (13:6:1) volume ratio. The
lipid concentration of KLA, DMPE and DMPG was 1 mg ml. The concentration of
POPE, d-POPE, DOPE and POPG:DPPG (0.95:0.05) was equal to 1 umol ml?. The
experiments were conducted in a Langmuir teflon trough (KSV Ltd., Helsinki, Finland)
equipped with two movable hydrophilic barriers. The trough and barriers were cleaned
before each use. They were rinsed with deionized water and ethanol. Then the trough and
the barriers were cleaned with a Kimtech tissue soaked in chloroform followed by rinsing
with ethanol and water. Small teflon parts like substrate holders were rinsed with ethanol
and left for drying. The subphase was cleaned by moving the barriers together and
siphoning off the surface subphase layer. The cleanliness was checked for the airjwater
interface by the measurement of /7. The trough was ready to start the measurement after
retraction of the barriers.

Using a microsyringe (Hamilton, Nevada, USA) several pl of the lipid solution were
placed at the liquid|air interface of the Langmuir trough. The lipid solution was left for
10 min to evaporate the solvent. Barriers moved at the rate of 10 mm min, while 77 was
recorded. 77 was measured with a Wilhelmy paper plate. The accuracy of measurements

was + 0.02 nm? for A and + 0.1 mN m™ for /7.

LB-LS transfer was used to prepare asymmetric lipid bilayers containing PE in the inner
(facing the Au surface) and PG in the outer (solution-oriented) leaflet on the gold
electrode. The asymmetric lipid bilayers composed of h-POPE-KLA, d-POPE-KLA,
DMPE-DMPG, POPE-POPG:DPPG (0.95:0.05) and DOPE-POPG:DPPG (0.95:0.05)
were transfered on electrode surfaces. The experiments were performed in a laminar flow
hood to avoid the dust. The first monolayer was transferred from water onto the Au(111)
single crystal electrode by LB vertical withdrawing at a speed of 15 mm min. TR was
(1.10 + 0.20). In this monolayer, the head groups of PE face the metal substrate and the

hydrophobic hydrocarbon chains are directed toward air. The monolayer-covered
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Au(111) single crystal substrate was allowed to dry for 1 h. The second lipid monolayer,
which models the outer leaflet was transferred from water for DMPG and from [0.1 M
KCIO4+ 0.005 M Mg(ClO4).] for KLA and the mixture POPG:DPPG (0.95:0.05) using
LS method, which used to deposit the second monolayer at 77 = 30 mN m™. The
hydrocarbon chains of the phospholipid are directed toward the Au(111) electrode and
the polar head groups are directed toward air in the monolayer transferred using LS
technique. This is a Y-type asymmetric lipid bilayers. All lipid bilayers were dried for

24 h before use in further experiments.

4.3 Interaction of melittin with the model of biological membranes

The concentration of melittin in a buffer solution [0.02 M TRIS, 0.15 M NaCl and
0.005 M EDTA, pH (7.3 + 0.1)] was either 1 uM or 10 uM. Gold electrodes modified
with h-POPE-KLA and d-POPE-KLA bilayers were incubated in the buffer solution
containing melittin in a hanging meniscus configuration. For the melittin concentration
of 1 uM, the incubation time was 1 h. The incubation time was 15 min in 10 uM melittin.
After this time the modified electrodes were carefully rinsed with water and transferred

to either the electrochemical or spectroelectrochemical cell.

4.4  Electrochemical measurement for the study of model membranes

Electrochemical measurements were performed in an all-glass three-electrode cell using
the Au(111) single crystal disc (diameter 3 mm, MaTeck, Jilich, Germany) as a working
electrode (WE) in a hanging meniscus configuration as illustrated in Figure 17. The
hanging meniscus configuration allows the single crystal surface to be in contact with an
electrolyte solution. A flame-annealed colied gold wire served as a counter electrode (CE)
and Ag|AgCl|saturated KCI (VWR-Chemicals, Leuven, Belgium) Ag|AgCl served as a
reference electrode (RE). It was separated from an electrolyte solution by a salt bridge.
Electrolyte solution was either 0.1 M KCIO4 or 0.1 M KCIO4 + 0.005 M Mg(ClO4). in
H20. A Methrom Autolab potentiostat (Methrom Autolab, Utrecht, Holland) was used to
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perform the electrochemical measurements. Prior to the experiment, the bare electrode
was rinsed with water, flame-annealed, cooled in air and dried with argon to avoid contact
of the hot electrode with an electrolyte solution. The electrochemical cell and its parts
were cleaned with piranha solution [3:1 mixture of (H2SO4) and 30% (H20>)], ethanol
and rinsed with water. The cell parts were soaked in water for several hours and rinsed
again with water before use. The cell was purged with argon for 1 h before the
measurement to remove oxygen from an electrolyte solution. An argon blanket was
maintained over the solution throughout the experiment to prevent the influx of oxygen.
The cleanness of the electrochemical cell was tested by recording the cyclic

voltammograms in an electrolyte solution.

Au(111)

(WE)
coiled Au
(CE) salt bridge AglAgCl
(RE)
electrolyte N
e 15 =
soluion RSB o —— ——= saturated KC1

- .
solution

Figure 17: Schematic representation of the electrochemical cell used in the ACV measurements.

4.4.1 Alternating current voltammetry

ACV was used to determine the capacitance of unmodified and lipid bilayer modified
Au(111) electrode. The area of the Au(111) electrode was 0.071 cm? The AC
voltammograms were recorded in the negative and the positive going potential scans at a
rate 5 mV s with a perturbation of 20 Hz frequency and 10 mV amplitude. The
differential capacitance vs. potential plots were calculated from the in-phase and out-of

phase components of the AC signal assuming the cell was equivalent to a resistor in series
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with a capacitor using equation 5. A Methrom Autolab potentiostat (Methrom Autolab,

Utrecht, Holland) was used to perform the electrochemical measurements.

4.5 Polarization modulation infrared reflection absorption spectroscopy

measurements

PM IRRA spectra were recorded using a Vertex 70 spectrometer with a photoelastic
modulation (PMA 50, Bruker, Ettlingen, Germany) and a demodulator (Hinds
Instruments, Hillsboro, USA).

45.1 Polarization modulation infrared reflection absorption spectroscopy at
air|gold interface

The setup of ex situ PM IRRAS experiment is shown in Figure 18. The angle of incidence
of the IR light was set to 80°. The half-wave retardation was set to 2900 cm* for the CH
stretching bands, at 2100 cm™ for the CD stretching bands and at 1600 cm™ for the C=0
stretching and amide | bands analysis. All spectra were processed using the OPUS v5.5
software (Bruker, Ettlingen, Germany). 500 spectra were measured with a resolution of
4 cm™. All IR spectra were collected in dry air atmosphere.

FT-IR unit

PEM

polarizer

sample

detector

Figure 18: The setup for the ex situ PM IRRAS experiments. M1 and M2 refer to the mirrors.

43



4.5.2 In situ polarization modulation infrared reflection absorption spectroscopy

measurements

A scheme of the spectroelectrochemical glass cell is shown in Figure 19. It was washed
in water, ethanol and soaked in water for 4 h and finally rinsed with water. The
components of the spectroelectrochemical cell were dried in an oven at 60°C before use.
The CaF. prism was rinsed with water, ethanol and placed in UV-ozone chamber
(Bioforce Nanosciences, Inc. Ames, 1A, USA) for 10 min. The spectroelectrochemical
cell has a build-in platinum CE. The reference electrode (RE) was Ag|AgCl in 3M KCI
in D20. A disc Au(111) single crystal (diameter. 15 mm, MaTeck, Julich, Germany) was
used as the WE and mirror for the IR radiation. The setup of in situ PM IRRAS experiment
is shown in Figure 20. A lipid bilayer was transferred on the WE surface using the LB-

LS transfer, as described in section 4.2.

The 0.05 M KCIO4 in D20 solution was used to study the DMPE-DMPG bilayer. While
the 0.05 M KCIO4 + 0.005 M Mg(ClOa4)2 in D20 solution was used to study the POPE-
POPG:DPPG, DOPE-POPG:DPPG, POPE-KLA bilayers and POPE-KLA bilayer with
bound melittin. The angle of incidence was set to 55°. The half-wave retardation was set
to either 2900 cm™ or 1600 cm™. All solutions were prepared in D20 and purged for 1 h
with argon to remove oxygen. To study the CD stretching bands in d-POPE-KLA bilayer,
an electrolyte solution was 0.05 M KCIO4 + 0.005 M Mg(ClO4)2 in H20 and the angle of

inceidence was set to 52° at half-wave retardation 2100 cm™.

electrolyte solution

IR-light beam

/

CaF, prism

connection
point for WE

—argon inflow
(solution)

25)
mm C'
gF  argon inflow/outlet

detector (over solution)

1
1
1
1
¥

Figure 19: A scheme of the spectroelectrochemical cell for the in situ PM IRRAS experiments.

44



At each potential applied to the Au electrode, 400 spectra were measured with a resolution
of 4 cm™. In each experiment, five negative and positive going potential scans were
recorded. Each potential scan was analyzed separately. In the negative going potential
scan, the following potentials were applied to the Au(111) electrode: 0.40, 0.25, 0.10,
0.00, -0.10, -0.20, -0.30, -0.40, -0.55, -0.65, -0.80 V, while in the positive going potential
scan -0.80, -0.60, -0.40, -0.30, -0.20, -0.10, 0.00, 0.10, 0.25, 0.40 V. The thickness of an
electrolyte layer varied between 4 and 5 um between the Au(111) electrode and the CaF

prism in different experiments.

FT-IR unit

polarizer

detector

Figure 20: The setup of the in situ PM IRRAS experiments. M1 and M2 refer to the mirrors.

4.6 FTIR transmittance measurements

The IR transmission spectra were recorded for 0.05 M KCIO4 with/without 0.005 M
Mg(CIOs4)2 in D20 solution and vesicles of lipids in D20 solution in a flow cell between
two ZnSe windows (Sigma-Aldrich, Steinheim, Germany) and a 50 um Teflon spacer.
By using a Vertex 70 spectrometer (Bruker, Ettlingen, Germany), 64 spectra were
recorded with a resolution of 4 cm™. In each measurement, the exact thickness was

determined for the spacer.

The transmission IR spectra were used to obtain the refractive index (n) and the
attenuation coefficient (k) of the lipid mixture using a computer program written by Prof.

Dr. Zamlynny (Acadia University, Canada).?” Lambert-Beer law is used to calculate the
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approximate value of the attenuation coefficient of the analyte (kA"¥*) from the IR

transmission spectrum:237:260

o

i . _47TfAnalytekAnalyte d (16)
L P A

where | and |, are the intensities of the IR radiation transmitted by the analyte and solvent,
respectively. 4 is the wavelength of the incoming IR radiation, d is the cell thickness and
f Analvee js the volume fraction of the analyte dissolved in the electrolyte solution.?3"26° The

f Analyte js equal to:

Analyt
fAnalyte — Analyte (M i e> a7

Analyte
p y

where ¢V js the molar concentration, MA"™Y® molar mass and p”"* the density of the
analyte in the solution. The approximate k was first used to determine the refractive index

of the pure analyte (n""¥) using the Kramer-Kroenig transformation.237:20

v, /51, Analyte
nAnalyte% — n;ﬁlonalyte +E Pf 2 (Vk _ ~2(V) dv (18)
n vy (V - Vo)
where n"*Y* is the average refraction index of the analyte in the spectral regions where

no absorption of the IR light by the analyte takes place and P is the Cauchy principal

value of the integral.

The nA" js calculated in the spectra region between ¥;and v, for kA" £ zero. v;and
V5, is the difference in wavenumbers between the maximum (or minimum) of the last and
first fringe in the spectral region. The refractive index is calculated as a function of
wavenumber (V) ¥ >> (¥ - V,,) where v, is the frequency at which the refractive index is
evaluated. The calculated refractive index contains the contribution of all absorbing
species in the analyte and the solvent.
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The n and the k of the solution containg the analyte are calculated using equations 19 and
20.237,260

MAnalyte nZ -1 MAnalyte nz Analyte __ 1 (19)
xAnalyte — xAnalyte
p n2 + 2 pAnalyte nZ Analyte + 2

Analyte Analyte (20)
k = z Analyte kAnalyte

Analyte

Z xAnalyte

Where p and p""® are the densities of the solution with the analyte and the pure analyte,
respectively. The terms n, k and nAme kAmlye represent the refractive index and
attenuation coefficient of the solution and pure analyte, respectively. The xA"® and
MAmalYe represent the mole fraction and molar mass of the analyte, respectively. The
calculated n and k, obtained from equations 19 and 20, were introduced to the Frensel
matrix to calculate the transmittion spectrum of the pure substance. The refractive index
and attenuation coefficient of the analyte were obtained. These optical constants are used
to calculate the PM IRRA spectrum of a randomly oriented film using the Fresnel matrix

method.2%’

Optical constants of pure lipids were used to calculate the PM IRRA spectra in the
following regions: v(CH) (3050 - 2700 cm'®), v(C=0) stretching modes and amide 1 (1800
- 1500 cm'Y).

4.7 Atomic force microscopy measurements

In situ electrochemical AFM measurements were carried out with 5500 AFM instrument
(Keysight Technology, Santa Rosa, California, USA). Images were acquired in MAC
Mode using type VII MAC cantilevers with nominal spring constant of 0.14 N m™ and a
resonance frequency of 18 kHz. The POPE-POPG:DPPG bilayer was deposited on single
crystal Au(111) substrate at 77 = 30 mN m™. The image of POPE-POPG:DPPG was
recorded in 0.05 M KCIO4 + 0.005 M Mg(CIO4). under electrochemical control. Single
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crystal Au(111) substrate (MaTeck, Julich, Germany) served as a working electrode,
while a quasi-reference and counter electrode were made of Pt wires. Teflon parts of the
electrochemical cell were cleaned in piranha solution for at least 2 h and rinsed with
water. The single crystal Au(111) electrode was flame annealed before lipid film

deposition.
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5 Results

5.1 Studying model systems of the inner membrane of Gram-negative bacteria

Asymmetric phospholipid bilayers composed of PE in the inner leaflet and PG in the outer
leaflet were deposited using LB-LS transfer onto a gold electrode. These bilayers
represent simple models of the IM of Gram-negative bacteria. Phospholipid molecules
were used to fabricate the IM of Gram-negative bacteria containing two saturated (DMPE
and DMPG), one monounsaturated (POPE and POPG) and two monounsaturated
hydrocarbon chains (DOPE). DMPE and DMPG had shorter hydrocarbon chains than
POPE and DOPE.

5.1.1 Surface pressure-area isotherms

Figure 21a, ¢ shows the recorded I7-A isotherms of the studied PE and PG. Ks was
calculated using equation 4 and the corresponding plots are shown in Figure 21b, d.
Isotherms were compared for phospholipids with the same length of the hydrocarbon
chains (DMPE and DMPG). Both isotherms have a similar shape. The Ao and Ajim were
smaller in the DMPE monolayer than in the DMPG monolayer (Table 5). Both isotherms
showed a plateau region, indicating the coexistence of the LE and LC phases. At A below
0.6 nm?, IT increased rapidly until the monolayer collapsed. Moreover, the isotherm was
shifted for the DMPE monolayer to smaller areas compared to the DMPG isotherm. It is
a consequence of a less bulky polar head group of the PE compared to the PG. Table 5
summerizes the Ao, Aiim, maximum Kjs at the 77c and I1; extracted from the DMPE, POPE,
DOPE, DMPG and POPG:DPPG (0.95:0.05) mixture monolayers. These values are in
agreement with literature,5:94118.154.261.262 \PE | POPE and DOPE molecules differ in the
length of the hydrocarbon chains. The isotherm for the DMPE was shifted to smaller areas
as compared to POPE and DOPE isotherms (Figure 21a). This indicated that, the DMPE
monolayer molecules were packed denser than the monolayers of the POPE and DOPE.
Isotherms recorded for POPE and DOPE were different than those of phospholipids

having saturated hydrocarbon chains. It can be concluded that the presence of a double
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bond in the hydrocarbon chains prevented the POPE and DOPE molecules from a tight
packing. POPE isotherm showed a plateau region at /7 = 38 — 40 mN m™, indicating the
coexistence of the LE and LC phases. In addition, the isotherm for the DOPE monolayer
was situated at larger areas than the isotherms obtained for the POPE and DMPE

monolayers.

Table 5: The Ao, Aiim, /1. and maximum K; at the I7; of the DMPE, POPE, DOPE, DMPG and POPG:DPPG
(0.95:0.05) mixture monolayers.

Monolayer Ao / nm? Alim / nm? IT;/ mN m? Ks/ mN m?
DMPE 0.96 £ 0.02 0.41 £0.02 50+ 2 3535
POPE 1.00 £ 0.02 0.40+0.01 57+2 102+ 3
DOPE 1.12+0.02 0.52 £ 0.02 47+ 2 92+3
DMPG 1.32+£0.03 0.45+0.03 68 £ 2 429 +3

POPG:DPPG 1.80 £ 0.01 0.75+0.02 46 + 2 87+2

(0.95:0.05)

Furthermore, the maximal value of the Ks at the /7. was much lower for the DOPE
monolayer [Ks = (92 + 3) mN m™] than that for the DMPE monolayer [Ks = (353 + 5)
mN m™]. This proved that unsaturation of the hydrocarbon chains increased the fluidity
of the monolayer.?%® The isotherm of DMPG was shifted to smaller areas compared to the
isotherm of the POPG:DPPG (0.95:0.05) mixture (Figure 21c). This indicated that
molecules were packed denser in the DMPG monolayer than in the POPG:DPPG
(0.95:0.05) monolayer. The monolayer of DMPG collapsed at Ajim = (0.45 #+ 0.03) nm?
and 77c = (68 + 2) mN m™. The Aiim was (0.75 + 0.02) nm? and 77 was (46 + 2) mN m™ in
the two component POPG:DPPG (0.95:0.05) monolayer (Figure 21c and Table 5).
Furthermore, the maximum value of Ks at the 71c was lower for the POPG:DPPG
(0.95:0.05) monolayer [Ks = (87 + 2) mN m™] than the Ks value of the DMPG monolayer
[Ks = (429 + 3) mN m™].
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Figure 21: Plots of a), ¢) 77 and b), d) K; vs. A of the studied phospholipids: a), b) PE (blue): DMPE (solid
blue line), POPE (short dot blue line) and DOPE (dash dot blue line) on water subphase and c), d) DMPG
(solid red line) on water subphase and POPG:DPPG (0.95:0.05) (short dot red line) on 0.1 M KCIO4 +
0.005 M Mg(CIQy4), subphase.

5.1.2 Electrochemical characterization of the studied lipid bilayers

Figure 22 shows cyclic voltammograms for a bare Au(111) electrode in 0.1 M KCIO4 +
0.005 M Mg(ClOg4)2 solution [pH (5.9 + 0.2)]. A small peak at E = 0.49 V vs. Ag|AgCl
corresponded to the oxidation of gold on an electrode surface in the anodic scan, while
the reduction peak appeared at E = 0.39 V vs. Ag|AgCI.

Capacitance-potential curves of the three studied phospholipid bilayers: DMPE-DMPG,
POPE-POPG:DPPG and DOPE-POPG:DPPG on the Au(111) electrode showed different
electrochemical characteristics (Figure 23). The potential of zero charge (Epz) of the
Au(111) electrode in 0.1 M KCIO4 + 0.005 M Mg(CIlOa4). solution equals 0.305 V vs.
Ag|AgCI. It was determined from the minimum in the double layer capacitance at lower
electrolyte concentration [5x10° M KCIO4 + 1x10° M Mg(ClOa4)]. Figure 23 and Table
6 show that the minimum capacitance (Cmin) equals to (5.5 + 0.6) uF cm™ for the studied

phospholipid bilayers. This value was larger than the capacitance expected for a defect-
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free phospholipid bilayer (~0.8 - 1.0 uF cm™)?!, indicating the presence of some defects
in the model membranes.?%+2%¢ The Cpin (5.7 + 0.5) uF cm™ remains constant in a wide
range of the membrane potentials (-0.60 V < E - Epzc < 0.10 V) in the DMPE-DMPG
bilayer. In this potential region, the phospholipid bilayer was adsorbed directly on the
Au(111) electrode.

(I8
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Figure 22: Cyclic voltammograms of a bare Au(111) electrode in 0.1 M KCIO4 + 0.005 M Mg(ClO4)
solution. The scan rate is 0.025 V s,

The capacitance-membrane potential plot shows a desorption peak (Eges) in the negative
going potential scan at E - Epc = -0.92 V (Figure 23a). Below this potential, the
capacitance was the same for the DMPE-DMPG bilayer modified Au(111) as the
capacitance of unmodified Au(111) electrode, indicating desorption of the phospholipid
film from the electrode surface. The presence of a peak (Ereads) indicated some
rearrangements in the desorbed bilayer at E - Ep,c = -0.89 V in the positive going potential
scan, which lead to a fast decrease in the capacitance and re-adsorption of the bilayer on
the Au(111) electrode (Figure 23a). The electrochemical characteristics were different for
the POPE-POPG:DPPG and DOPE-POPG:DPPG bilayers from that of the DMPE-
DMPG bilayer (Figure 23).
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Figure 23: Plot of C vs. E and E - Eg,c potentials for a) the DMPE-DMPG bilayer in 0.1 M KCIOa4, b) the
POPE-POPG:DPPG bilayer in 0.1 M KCIO4 + 0.005 M Mg(ClO4); solution and c) the DOPE-POPG:DPPG
bilayer in 0.1 M KCIO4 + 0.005 M Mg(ClOs), solution. All the model membranes were prepared on the
Au(111) electrode; solid lines - negative, short dotted lines - positive going potential scans. Grey marked
fields show the potential range of Cmin. Thin solid black curve represents the capacitance of the unmodified
Au(111) electrode in 0.1 M KCIO4 + 0.005 M Mg(ClO.), solution.

The adsorption-desorption process displayed two steps. In the POPE-POPG:DPPG and
DOPE-POPG:DPPG bilayers, the potential window of the Cmin (5.7 + 0.5) uF cm was
reduced compared to the DMPE-DMPG bilayer. The phospholipid bilayers were
adsorbed directly on Au(111) surfaces at negative membrane potentials. The phase
transition peaks were obtained in the negative going potential scan at E - Ep,c = -0.68 V
and E - Epzx = -0.56 V in the POPE-POPG:DPPG and DOPE-POPG:DPPG bilayers,
respectively (Figure 23b, c).

53



Table 6: Membrane potential of the phospholipid bilayer desorption (E - Epzc)des, Cmin and the membrane potential
window of the Cmin, phase transitions (E - Epzc)« in the negative going potential scans and (E - Epzc)u-+ in the
positive going potential scans of the DMPE-DMPG, POPE-POPG:DPPG and DOPE-POPG:DPPG bilayers on
the Au(111) electrode surface.

PhOSph0|Ipld (E - Epzc)des Chmin (E - Epzc) range of Cmin (E - Epzc) tr— (E - Epzc) tr+

bilayer AY, | UF cm™ IV IV IV

DMPE- -0.92 57+05 -0.60 <E - Epc < n.o. n.o.

DMPG 0.10

POPE- -0.85 58+0.7 -0.46 <E - Epxc < -0.68 -0.63
POPG:DPPG -0.11

DOPE- -0.83 51+05 -0.38 < E - Epxc< -0.56 -0.50
POPG:DPPG -0.16

n.o. —not observed

This transition caused an appearance of a new state in the adsorbed membrane, which
was characterized by the capacitance of 12 — 15 pF cm™. A further negative potential shift
caused a continuous increase in the capacitance. No clearly defined desorption peak was
observed in the POPE-POPG:DPPG and DOPE-POPG:DPPG bilayers (Figure 23b, c).
The capacitance of the Au(111) electrode modified by lipid bilayers merged with the
capacitance of unmodified Au(111) electrode at E - Ep,c <-0.94 V (Figure 23b, c). In the
positive going potential scan at membrane potentials E - Epzc < -0.78 V, a small decrease
in the capacitance was followed by the appearance of (E) peaks at E - Epzc =-0.63 V and
E - Epxc = -0.50 V in the POPE-POPG:DPPG and DOPE-POPG:DPPG bilayers,
respectively (Figure 23b, ¢ and Table 6). This transition caused a decrease in the
capacitance and spreading of the phospholipid bilayer on the Au(111) electrode. A small
hysteresis was observed between the negative and positive going potential scans. The
presence of the hysteresis pointed on a slow kinetics of the adsorption-desorption
process.?®” The capacitance started to increase at membrane potentials -0.1 V < E - Ep,c <
0.1V, suggesting some rearrangements in bilayers. Figure 24 shows that the capacitance-
membrane potential plots of the DOPE-POPG:DPPG bilayer on the Au(111) electrode in
0.1 M KCIO, (Figure 24a) and 0.1 M KCIO, + 0.005 M Mg(ClO,). (Figure 24b). In 0.1 M
KCIO4 + 0.005 M Mg(ClOs). solution, the Cmin of the DOPE-POPG:DPPG bilayer was
(5.1 + 0.5) uF cm2, which was lower than in 0.1 M KCIO4 electrolyte (5.8 + 0.3) uF cm™,
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The potential window of Cmin was nearly the same in both cases (Figure 24 and Table 7).
In the negative going scan at E - Epzc = -0.44 V, a small increase in the capacitance was
followed by the appearance of a phase transition peak (Ey) at E - Epzc = -0.54 V (Figure
24a). A desorption peak (Eges) was obtained at E - Ep,c = -0.94 V (Figure 24a). The
presence of a re-adsorption peak (Ere-ags) indicated some rearrangements in the desorbed
DOPE-POPG:DPPG bilayer in the positive going potential scan at E - Ep,c=-1.0 V, which
was followed by a phase transition peak (Ey) at E - Epzc =-0.57 V (Figure 24a).
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Figure 24: Plots of C vs. E and E - Ep, potentials of the DOPE-POPG:DPPG bilayer on the Au(111) electrode

ina) 0.1 M KCIO4 and b) 0.1 M KCIO4 + 0.005 M Mg(ClOa4).. Solid lines - negative, short dotted lines -
positive going potential scans. Grey marked fields show the potential range of the Cpin.
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Table 7: Membrane potential of the phospholipid bilayer desorption (E - Epzc)des, Cmin and the membrane
potential window of the Cmin, phase transitions (E - Ep:c)e— in the negative going potential scans and (E -
Epzc)w+ In the positive going potential scans of the DOPE-POPG:DPPG bilayer on the Au(111) electrode in
0.1 M KCIOsand 0.1 M KCIO4+ 0.005 M Mg(ClO4), solution.

Electrolyte (E - Epzc)des Chmin (E - Epz) (E - Epze)r—  (E - Epzo)ir+
solution IV / uF cm  range of Cin AY; IV
AV
0.1 M KCIO4 -0.94 5.8+0.3 -043<E - -0.54 -0.57
Epc< -0.18
0.1 M KCIO4 -0.83 51+05 -0.38<E - -0.56 -0.50
N Epc< -0.16

0.005 M Mg(CIOx)

In situ electrochemical AFM measurements were performed for the POPE-POPG:DPPG
bilayer under supervision of Prof. Sek (Faculty of Chemistry, Biological and Chemical
Research Centre, University of Warsaw, Warsaw, Poland). Figure 25 shows the presence of
aggregated islands and some defects in the POPE-POPG:DPPG bilayer at E = 0.0 V vs. Pt
wire quasi-reference electrode at (21 + 1) °C. This explained the increased differential
capacitance of the studied bilayer compared to defect-free phospholipid membranes
(Figure 23b).

Figure 25: In situ AFM image recorded for the POPE-POPG:DPPG bilayer deposited by LB-LS technique
on the Au(111) surface at 77 = 30 mN m. The image was collected in 0.05 M KCIO4 + 0.005 M Mg(ClQ4),
solution at E = 0.0V vs. Pt wire quasi-reference electrode. Yellow bright spots represent a gel phase (Lg),
while orange areas refer to a liquid phase (L.).
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The topography image of the POPE-POPG:DPPG bilayer was non-uniform and contained
some defects. Island of phospholipids existed in gel and liquid phases. Yellow bright
spots represented a gel phase (Lg), while orange area can be assigned to a liquid phase
(Lo). Dark brown areas corresponded most likely to the bare Au(111) substrate, indicating
the presence of some defects in the POPE-POPG:DPPG bilayer. The coexistence of two
phases may result from the difference in the main phase transition temperature (Tm) for
the studied phospholipid components.

The temperature, at which the image was recorded was slightly below the main phase
transition temperature of POPE phospholipid (Tm of POPE = 25.2 °C)?%8.26% and higher
than the Tm of POPG (Tm of POPG = -5 °C)?"°. In that case, the POPE molecules were
arranged in Lg and POPG molecules were in L,. Moreover, POPE phospholipids were
known to increase the chain order in phospholipid mixtures.** The coexistence of two
phases for supported phospholipid bilayers composed of a POPE-POPG mixture was
reported by Suarez-Germa et al.?"!, Konarzewska et al.** and Picas et al.?®® , who showed
two phases in the topography images for a POPE-POPG mixture on the mica surface at
(23 +1) °C.

5.1.3 PM IRRAS measurements of the studied lipid bilayers in the CH stretching

region

Figure 26 shows background-corrected PM IRRA spectra of the DMPE-DMPG, POPE-
POPG:DPPG and DOPE-POPG:DPPG bilayers. IR absorption modes originating from
vas(CH3), vas(CH2), vs(CHz3) and vs(CHy) in the hydrocarbon chains in the phospholipid
molecules are well resolved in the PM IRRA spectra. The intensities of the methylene
stretching modes depended on both the potential applied to the electrode and the structure
of the phospholipid composing the model membrane. A decrease in the intensity of the
methylene stretching modes was observed at potentials preceding the desorption of the
phospholipid bilayers containing saturated myristoyl chains from the Au(111) electrode
(Figure 26a). The same spectral behavior was reported for DMPC bilayers.> The
wavenumbers of the absorption maxima of the methylene stretching modes depend on the
structure and conformation of the hydrocarbon chains.?’2%™ In the DMPE-DMPG bilayer,

the absorption maximum of the vs(CH2) mode was centered at (2851 + 1) cm™ (Figure
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27a). The vas(CH2) mode was centered at (2924 + 1) cm™ in the adsorbed state of the
DMPE-DMPG bilayer (E - Ep. > -0.91 V), while it is shifted to (2919 + 1) cm™ in the
desorbed state (E - Epzc <-0.96 V) (Figure 27d).
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Figure 26: PM IRRA spectra in the 3000 - 2825 cm™ spectral region of a) the DMPE-DMPG bilayer in
0.05 M KCIOg4in D0, b) the POPE-POPG:DPPG bhilayer in 0.05 M KCIO4+ 0.005 M Mg(ClO4)2in D,O
and c) the DOPE-POPG:DPPG bilayer in 0.05 M KCIO4 + 0.005 M Mg(CIOa); in D,O. All model
membranes were prepared on the Au(111) electrode. The spectra shown in the figure were recorded in a
negative going potential scan at potentials marked in the figure.
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A transition from a liquid crystalline phase of myristoyl chains in the adsorbed state to a
gel phase in the desorbed state of the DMPE-DMPG bilayer was observed (Figure 27a).
The absorption maximum of vs(CH2) and vas(CH2) modes was independent of the
electrode potential in the POPE-POPG:DPPG bilayer (Figure 27b, e). The absorption
maximum of the vs(CHz) mode appeared at 2855 - 2856 cm™ (Figure 27b). The
corresponding vs(CHz) mode appeared at 2854 - 2855 cm™ in the DOPE-POPG:DPPG
bilayer (Figure 27c). The absorption maximum of the vas(CH2) mode was centered at
(2925 + 1) cm for the POPE-POPG:DPPG bilayer (Figure 27¢), while it was located at
(2928 + 1) cm™* in the DOPE-POPG:DPPG bilayer (Figure 27f). The wavenumbers of the
vs(CH2) and vas(CH2) modes were characteristic for the liquid state of a hydrocarbon

chain in the phospholipid bilayers containing monounsaturated chain(-s).2"2
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Figure 27: Position of the absorption maximum of vs(CH) and vas(CH2) modes vs. E and E - Epxc
potential plots in a), d) the DMPE-DMPG bilayer in 0.05 M KCIO4 in D;0O, b), e) the POPE-
POPG:DPPG bilayer in 0.05 M KCIO4+ 0.005 M Mg(ClOa); in D20 and c), f) the DOPE-POPG:DPPG
bilayer in 0.05 M KCIO, + 0.005 M Mg(CIO,), in D2O. All model membranes were prepared on the
Au(111) electrode. Filled and opened points represent the negative and the positive going potential
scans, respectively.
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In the POPE-POPG:DPPG and DOPE-POPG:DPPG bilayers, the integral intensities of
vs(CH2) and vas(CH2) modes were comparable to those in the desorbed DMPE-DMPG
bilayer and DMPC bilayer®. In the DMPE-DMPG bilayer, intensities of the methylene
stretching modes decreased at desorption potentials (Figure 26a). However, the re-
adsorption caused a reversible increase in intensities of the methylene stretching modes
of the DMPE-DMPG bilayer on the Au(111) electrode. The surface concentration was
constant for the phospholipid molecules in the bilayer and therefore had no influence on
the variation of intensities of the methylene stretching modes during the potential scan.
These changes were connected with the potential-dependent reorientation of the
hydrocarbon chains in the bilayer. Intensities of the vs(CH2) modes did not change during
the potential scan in bilayers containing unsaturated chain(-s). Figure 28 shows the

calculated opical constants of the studied phospholipid mixtures from their transmission

spectra.
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Figure 28: Optical constants: refractive index n (short dot lines) and attenuation coefficient k (solid lines)
in the 3050 - 2750 cm spectral region of the DMPE-DMPG (black), POPE-POPG:DPPG (0.95:0.05
mole) (red) and DOPE-POPG:DPPG (0.95:0.05 mole) (blue) phospholipid mixtures.

The optical constants were used to calculate the PM IRRA spectra of randomly oriented
phospholipids in the studied films using the angle of the incidence of the incoming IR

radiation of 55° and the optical constants of gold, CaF. (optical window) and D>O
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(electrolyte) from literature.?’* Air is not absorbing in the mid IR spectral region, thus in
the calculation kair = 0 and nair = 1. The surface coverage (@) was calculated for the
phospholipids on the metal surface from the area per molecule of each phospholipid
monolayer at the transfer pressure (Ay) and the limiting area (Aim). They gave the
interfacial concentration 77 and Iiim, from which the surface coverage (@mL =71/ Tiim)
was obtained. The surface coverage of the phospholipid bilayer (®gL) is the average of
the surface coverage of the phospholipid molecules in the bilayer [@sL = (DmL1 + PmL2)
/ 2] (Table 8).

Table 8: Area per molecule at the surface pressure (A:) of the monolayer transfer (77 = 30 mN m™), limiting
area (Aiim), surface concentration (/1) of the phospholipid in the LB monolayers at the transfer pressure, the
maximal surface concentration (/iim), the surface coverage (@) of monolayers and bilayers and the thickness
(d) of the phospholipid bilayer on the gold surface.

Phospholipid At Alim I Tiim @ d
/ nm? / nm? /10710 /1071 /nm
mol cm?  mol cm? Ref.
DMPE 0.47 + 0.41 + 3.53 + 405+  0874% 4,301
0.02 0.02 0.18 0.12 0.02
DMPG 0.53 ¢ 0.45 + 3.13 + 369+  0.85% 4.60%™
0.01 0.03 0.15 0.11 0.02
DMPE- 0.50 + 0.43 + 3.33+ 387+ 0864+ 4.50
DMPG 0.02 0.02 0.15 0.10 0.02
POPE 0.61 + 0.72 + 3.02 + 386+  0.78+  4,1820421
0.02 0.01 0.10 0.13 0.01
POPG:DPPG 094 + 0.75 + 1.76 + 216+  0.82% 4.36%%
0.02 0.02 0.13 0.05 0.01
POPE- 0.91 + 0.59 + 2.39 + 301+ 080% 4.27
POPG:DPPG (.02 0.01 0.11 0.07 0.01
DOPE 0.63 + 0.87 + 2.64 + 326+  081% 4.02277
0.02 0.01 0.10 0.11 0.01
DOPE- 0.78 + 0.63 + 2.20 + 271+ 081+ 4.20
POPG:DPPG  0.02 0.02 0.11 0.06 0.01

Figure 29 shows that intensities of all experimental spectra were lower than intensities of
the calculated spectra of randomly oriented phospholipid molecules in the studied films.
The thickness (d) of the phospholipid bilayers, which was reported in Table 8, was taken
from the single crystal structure data of these films in lietrature.
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Figure 29: Experimental PM IRRA spectra in the 3025 - 2820 cm'* spectral region of the studied bilayers at
E =-08V and E = 0.0 V vs. Ag|AgCl and the calculated PM IRRA spectra of randomly oriented
phospholipid molecules in the studied films of a) the DMPE-DMPG bilayer in 0.05 M KCIO4 in D20, b) the
POPE-POPG:DPPG bilayer in 0.05 M KCIO4+ 0.005 M Mg(ClOa); in D0 and c) the DOPE-POPG:DPPG
bilayer in 0.05 M KCIO4+ 0.005 M Mg(ClO4)2in D2O. All model membranes were prepared on the Au(111)
electrode.

The PM IRRA spectra were deconvoluted to determine the integral intensities of the
methylene stretching modes as a function of the electrode potential. Figure 30 shows the
deconvoluted PM IRRA spectra of the studied phospholipid bilayers, which were done
by me and corrected by Dr. Brand. IR absorption modes originating from the vas(CHz3),
vas(CH2), vs(CH3) and vs(CH2) were well seen in the spectra for the hydrocarbon chains
in the phospholipid molecules. Two shoulders on vas(CH2) band located at ~2940 cm™
and ~2900 cm™* originated from the Fermi resonance (FR). The high frequency shoulder

at ~2940 cm™ corresponded to FR between the vs(CHsz) and the overtone of the
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asymmetric methyl bending mode 8a5(CH3).52"*27® The second shoulder at ~2900 cm™
originated from FR between the vs(CH.) and the overtone of the methylene bending mode
6(CH2).6’273'278
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Figure 30: Deconvoluted PM IRRA spectra in the v(CH) stretching modes region of a) the DMPE-
DMPG bilayer in 0.05 M KCIO4 in D20, b) the POPE-POPG:DPPG bilayer in 0.05 M KCIO,4 + 0.005
M Mg(CIO,), in D20 and c) the DOPE-POPG:DPPG bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClO4)2
in D2O. All model membranes were prepared on the Au(111) electrode at potentials marked in the
figures. Colored dashed lines: measured spectrum, black thin lines: envelope and deconvoluted modes.

The second shoulder at ~2900 cm™ originated from FR between the vs(CH,) and the
overtone of the methylene bending mode §(CH,).%232® The FR involves a coupling
between the symmetric stretching and the second harmonic of CH> bending vibrations,

which have the same direction of their transition dipoles.*? As a result of coupling, a
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broad band appears in the region where the vs(CHz2) vibration is obtained. This broad band
is seen in Figure 30 as a shoulder at the right of the vas(CH2) band and is obscured by the
vas(CH3) band to the left. FR forms by spilitting of two vibrational bands that have nearly
the same energy. The two bands are usually a fundamental vibration and either an
overtone or combination band.'? Overtone bands in an IR spectrum are multiples of the
fundamental absorption frequency. The energy required for the first overtone is twice the
fundamental, assuming evenly spaced energy levels. Scince the energy is proportional to
the frequency absorbed and this is proportional to the wavenumber, the first overtone will

appear in the spectrum at twice the wavenumber of the fundamental.

Angles 6By cHz for symmetric and asymmetric methylene stretching modes were

calculated using equation 12 (Figure 31).
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Figure 31: Angles Ovschz) and Gvascr) Vs. E and E - Ep,c potential plots in a), d) the DMPE-DMPG bilayer
in 0.05 M KCIQOg4 in D20, b), e) the POPE-POPG:DPPG bilayer in 0.05 M KCIO4+ 0.005 M Mg(CIO,): in
D,0 and c), f) the DOPE-POPG:DPPG bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClO.), in D,O. All model
membranes were prepared on the Au(111) electrode. Filled and opened points represent negative and
positive going potential scans, respectively.
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In the adsorbed state of the DMPE-DMPG bilayer (E - Ep,c>-0.91 V), the average angles
OvscH2) and BvasicHz) Were (73 £ 5)° and (62 + 5)°, respectively. In the desorbed state (E -
Epzc < -0.96 V), the average angles OvsicHz) and HvascHz) were (76 + 5)° and (70 £ 5)°,
respectively (Figure 31a, b). In the POPE-POPG:DPPG hilayer, the average angles
OvsccH2) and OvasicHz) Were independent of the electrode potential. The average angles
OvscH2) and OvasicHz) Were (75 + 4)° and (64 + 5)°, respectively (Figure 31b, e). In the
DOPE-POPG: DPPG bilayer, the average angles OvsccHz) and GvasicHz) were (72 + 5)° and
(63 + 5)°, respectively (Figure 31c, f).

The order parameter (S) expresses the conformational order of the investigated fragments
of a bilayer. SvcHz) of the methylene stretching modes were calculated from equation 15
(Figure 32).
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Figure 32: Plots of Svschz) and SvasicHz) VS. E and E - Epc potentials in a), d) the DMPE-DMPG bilayer in
0.05 M KCIO4 in D20, b), e) the POPE-POPG:DPPG bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClOa); in
D,0 and c), f) the DOPE-POPG:DPPG bilayer in 0.05 M KCIO4+ 0.005 M Mg(ClQO4); in D2O. All model
membranes were prepared on the Au(111) electrode. Filled and opened points represent negative and
positive going potential scans, respectively.
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SvsicHz) of the DMPE-DMPG bilayer was negative and displayed a poor dependence on
the electrode potential (Figure 32a). In the DMPE-DMPG bilayer, a small effect of the
electrode potential on SvasccHz) was observed (Figure 32d). Svaschz) changed from (-0.29
+0.08) at desorption to (-0.16 + 0.07) at adsorption potentials (Figure 32d). In the POPE-
POPG:DPPG bilayer, Svschz) and SvasccHz) were (-0.42 + 0.05) and (-0.22 = 0.07),
respectively. They were independent of the electrode and membrane potentials (Figure
32b, e). In the DOPE-POPG:DPPG bilayer, SvscHzy and Svaschzy were potential-
independent and SvscHz) was (-0.35 + 0.07), while SvasccHz) was (-0.19 + 0.05) (Figure 32c,
f). The calculated chain order parameter Schain in the studied phospholipid bilayers is
shown in Figure 33. Schain assumed high positive values of 0.8 to 0.45, indicating that the

long axis of the hydrocarbon chains has an upwards orientation.

In the DMPE-DMPG bilayer, Schain depended on the electrode and membrane potentials
(Figure 33a). Schain Was (0.54 + 0.06) in the membrane potential range 0.1 V < E - Epzc
<-0.6 V, indicating that the average tilt of the extended fragment of the hydrocarbon
chains was close to 33° vs. the surface normal. The desorption of the DMPE-DMPG
bilayer caused an increase in Schain to 0.8 which corresponded to the average tilt of ~20°.
The dependence of Schain ON the electrode and membrane potentials was in agreement with
previous studies of myristoylated glyceropospholipid bilayers such as DMPC>%8 and
DMPS’. In the POPE-POPG:DPPG and DOPE-POPG:DPPG bhilayers, Schain Were (0.62 +
0.04) and (0.53 + 0.04), respectively (Figure 33b, c). Schain indicated a larger average
inclination of the hydrocarbon chains in the phospholipid bilayer containing unsaturated
chains than in the DMPE-DMPG bilayer. Such a behavior was already reported for the
DMPE bilayer® and a three-component lipid bilayers containing PC, cholesterol and
gangliosides!'®. The electric potentials have a large impact on the molecular scale order
in the phospholipid membrane. The shape of the phospholipid molecule affected the
potential-driven rearrangements in the bilayer and introduction of unsaturated chain(-s)

into phospholipid molecules forming a phospholipid bilayer caused a decrease in
Schain_279,280
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Figure 33: Plots of Schain VS. E and E - Ep, potentials in: a) the DMPE-DMPG bilayer, b) the POPE-

POPG:DPPG bilayer and c¢) the DOPE-POPG:DPPG bilayer adsorbed on the Au(111) electrode. Filled
and opened points represent negative and positive going potential scans, respectively.

5.1.4 PM IRRAS measurements of the studied lipid bilayers in the head group

region

In phospholipids, the ester carbonyl group was located in the region joining the
hydrophobic hydrocarbon chains with the polar head group. The ester carbonyl groups
absorbed the IR light in the 1750 - 1720 cm™ spectral region. Figure 34 shows the
background-corrected spectra of the DMPE-DMPG, POPE-POPG:DPPG and DOPE-
POPG:DPPG bilayers.
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Figure 34: PM IRRA spectra in the v(C=0) mode region of a) the DMPE-DMPG bilayer in 0.05 M KCIO4
in D,O, b) the POPE-POPG:DPPG bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClO4) in D20 and c) the
DOPE-POPG:DPPG bilayer in 0.05 M KCIO4+ 0.005 M Mg(ClO4); in D20. All model membranes were
prepared on the Au(111) electrode. The spectra shown in the figure were recorded in a negative going
potential scan at potentials marked in the figure.

Similar spectral changes were obtained in the studied bilayers. The broad v(C=0) mode
was composed of two overlapped modes, reflecting differences in the degree of hydration
of the polar head groups in the phospholipid bilayers.>%*?°2 Figure 35 shows the position
of the deconvoluted C=0 stretching modes in the studied phospholipid bilayers adsorbed
on the Au(111) surface. In the DMPE-DMPG bilayer, the v(C=0) mode has two
components at (1727 + 2) cm™ (Figure 35a) and at (1742 + 2) cm™ (Figure 35d). In the

POPE-POPG:DPPG bilayer, the corresponding v(C=0) modes appeared at (1722 + 1)

68



cm* (Figure 35b) and at (1742 + 3) cm™ (Figure 35¢), while in the DOPE-POPG:DPPG
bilayer at (1725 + 2) cm™ (Figure 35c) and at (1742 + 3) cm™* (Figure 35f).
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Figure 35: Position of the deconvoluted v(C=0) band vs. E and E - Ep, potentials in a), d) the DMPE-
DMPG bilayer in 0.05 M KCIO4 in D;0. b), e) the POPE-POPG:DPPG bilayer in 0.05 M KCIO4+ 0.005
M Mg(ClO4), in D20 and c), f) the DOPE-POPG:DPPG bilayer in 0.05 M KCIO4+ 0.005 M Mg(ClOa),
in D20O. All model membranes were prepared on the Au(111) electrode. Filled and opened points represent
negative and positive going potential scans, respectively.

The transmission spectra of the studied phospholipid bilayers were measured and used to
calculate the optical constants of these bilayers. Figure 36 shows results of these
calculations. The experimently measured intensities of the v(C=0) mode were lower than
intensities of the calculated spectra of randomly oriented phospholipids in a bilayer of
thick films (Figure 37). The calculated and experimental PM IRRA spectra were
deconvoluted by me and corrected by Dr. Brand. The deconvoluted PM IRRA spectra in
the v(C=0) mode region of the studied phospholipid bilayers at different potentials
applied to the Au(111) electrode are shown in Figure 38. In the POPE-POPG:DPPG
bilayer, the intensity of the v(C=0) mode centered at 1725 cm™ decreased at E - Epz
<-0.9 V (Figure 38b). These spectral changes indicate a dehydration of the ester carbonyl
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groups in the POPE-POPG:DPPG bilayer desorbed from the Au(111) electrode (Figure
38b).

| 0.24

L 0.18

1.3 4 =<

S L 0.12
1.2 -

L 0.06
1.1-

0.00

]-O ! I i I i I i I i
1850 1800 1750 1700 1650 1600

Wavenumber / cm™!

Figure 36: Refractive index n (short dot lines) and attenuation coefficient k (solid lines) in the 1850 -
1600 cm! spectral region of the DMPE-DMPG (black), POPE-POPG:DPPG (0.95:0.05 mole) (red) and
DOPE-POPG:DPPG (0.95:0.05 mole) (blue) phospholipid mixtures.

Figure 39 shows the angle &.c=0) between the transition dipole vector of the ester
carbonyl group v(C=0) and the electric field vector. In the DMPE-DMPG bilayer, the
average angle & c=o0) was potential-independent and it was (69 + 4)° (Figure 39a). In the
POPE-POPG:DPPG bhilayer, the average angle &.c=0y was (64 + 5)° (Figure 39b), while
in the DOPE-POPG:DPPG bilayer the average angle 6c=0) was (64 + 5)° (Figure 39c).
Figure 40 shows the Sv(c=0) of the phospholipid bilayers as a function of the electrode and
membrane potentials. Svc=0) were negative and displayed a poor dependence on the
electrode and membrane potentials. Svc=0) was (-0.31 + 0.03), independently of the
electrode and membrane potentials in the DMPE-DMPG bilayer (Figure 40a). A small
effect of the potential on the Svc=0) was obtained in bilayers containing phospholipids

with unsaturated chains.
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Figure 37: Experimental PM IRRA spectra in the 1800 -1625 cm™ spectral region of the studied bilayers at
E =-08V and E = 0.0 V vs. Ag|AgCI and the calculated PM IRRA spectra of randomly oriented
phospholipid molecules in the studied films of a) the DMPE-DMPG bilayer in 0.05 M KCIO4 in D20, b) the
POPE-POPG:DPPG bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClO4)2 in D20 and c¢) the DOPE-POPG:DPPG
bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClO4); in D2O. All model membranes were prepared on the Au(111)
electrode.

In the POPE-POPG:DPPG bilayer, Svc=0) changed from (-0.24 + 0.03) at desorption to
(-0.16 £ 0.04) at adsorption potentials (Figure 40b). In the DOPE-POPG:DPPG bilayer,
Sv(c=0) varied between -0.16 and -0.24 (Figure 40c). Svc=0) indicated that the carbonyl
groups have a very restricted mobility in the bilayer assembly. They adopted a preferential
orientation parallel to the metal surface, which did not change during the potential driven

adsorption-desorption process of the model membranes.
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Figure 38: Deconvoluted PM IRRA spectra in the region of the v(C=0) mode of a) the DMPE-DMPG
bilayer in 0.05 M KCIO4 in D0, b) the POPE-POPG:DPPG bilayer in 0.05 M KCIO4 + 0.005 M
Mg(CIO,), in D20 and c¢) the DOPE-POPG:DPPG bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClO4); in
D,0. All model membranes were prepared on the Au(111) electrode at potentials marked in the figures.
Colored dashed lines: measured spectrum, black thin lines: envelope and deconvoluted modes.

To learn more about the hydration in the potential-dependent characteristics of the
phospholipid bilayers, electrochemical QCM-D experiments were performed in
cooperation with Dr. Juhaniewicz-Debinska and Prof. Sek (Faculty of Chemistry,
Biological and Chemical Research Centre, University of Warsaw, Warsaw, Poland). QCM-
D is a powerful technique to study phase transitions within the substrate modified
phospholipid bilayers. Figure 41 shows the changes of Af and AD of asymmetric
phospholipid bilayers in the negative going potential scan.

72



E-E,./Vvs Ag|AgCl
-12 -10 -08 -06 -04 -02 0.0

la) '

EUSI SRR TR

60 -

50 | 1 | . | . 1 . | . | . |
b)

80 -

NERUE TR

T T T T T T I T T T T T T
-08 06 -04 -02 00 02 04
E/Vvs. Ag|AgCl
Figure 39: Angles Oyvc=0) vs. E and E - Ep;c potentials in a) the DMPE-DMPG bilayer in 0.05 M KCIO, in
D,0, b) the POPE-POPG:DPPG bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClO4); in D20 and c) the DOPE-

POPG:DPPG bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClQ4)2 in D2O. All model membranes were prepared

on the Au(111) electrode. Filled and opened points represent negative and positive going potential scans,
respectively.

Differences in Af and AD were noticed as a function of potentials in the DMPE-DMPG
bilayer compared to the bilayer-containing monounsaturated chain(-s). No changes
occurred in Af and AD at potentials corresponding to the capacitance minimum of the
phospholipid bilayers. Little changes were noticed in Af and AD in the membrane
potential range 0.095 V < E - Epzc < -0.705 V in the DMPE-DMPG bilayer (Figure 41a).
In this potential range, the DMPE-DMPG bilayer was adsorbed directly on the Au(111)
electrode.
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Figure 40: Plots of Svc=0) vs. E and E - Ep,¢ potentials in: a) the DMPE-DMPG bilayer in 0.05 M KCIOs in
D0, b) the POPE-POPG:DPPG bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClQ4); in D20 and c¢) the DOPE-
POPG:DPPG bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClO4) in D-O. All model membranes were prepared

on the Au(111) electrode. Filled and opened points represent negative and positive going potential scans,
respectively.

A significant decrease in frequency (Af ~ -35 Hz) occurred at E - Epzc <-0.705 V. Water
molecules and ions flowed through the bilayer and accumulated between the metal
surface and the DMPE-DMPG bilayer. The same behavior was observed in in situ neutron
reflectivity studies of potential-driven changes in DMPC bilayers.'® The formation of a
water cushion decreased the interaction between the bilayer and the sensor surface
affecting the viscoelastic properties of the interfacial region. Changes were more complex
for Af and AD as a function of the electrode and membrane potentials in bilayers

composed of lipids with monounsaturated chain(-s).
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Figure 41: Plots of Af (solid lines) and AD (short dot lines) vs. E and E - Ep,c potentials recorded for a) the
DMPE-DMPG bilayer, b) the POPE-POPG:DPPG bilayer and c) the DOPE-POPG:DPPG bilayer on the
Au(111) surface in the negative going potential steps: 400, 250, 100, 0, -100, -200, -300, -400, -550, -650
and -800 / 10 V vs. Ag|AgCl in 0.1 M KCIO, + 0.005 M Mg(CIQ4), solution. This figure is taken from
own publication and modified.*8

In the POPE-POPG:DPPG bilayer, no changes obtained in frequency and energy
dissipation in the membrane potential range -0.055 V < E - Ep,c <-0.605 V (Figure 41b).
A small decrease was reported at membrane potentials -0.605 V < E - Ep,c < -0.705 V,
that was followed by a slight increase in the frequency of the QCM-D. This fluctuation
corresponded to a loss of water and an increase in the mass in the supramolecular
assembly. This result indicated that water flows from and then into the phospholipid

bilayer. A further negative potential shift resulted in a steep decrease in Af, which is
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explained by a lifting of the bilayer from the gold surface and simultaneous water
accumulation at the interface. A similar behavior was obtained in the DOPE-
POPG:DPPG bilayer that was, however shifted towards less negative potentials (Figure
41c). An increase was obtained in Af and a decrease in AD at most positive potentials
(0.095 V < E - Epz < -0.055 V). It was followed by a region of stable Af and AD at
membrane potentials corresponding to the capacitance minimum. Next, a slight lowering
was observed for Af at E - Ep,c = -0.505 V. These changes were more pronounced
compared to the POPE-POPG:DPPG bilayer, indicating that more water can be
accumulated in the DOPE leaflet than in the POPE leaflet. A steep decrease was obtained
in frequency at E - Epz < -0.855 V (Figure 41c). Af was ~ 35 Hz and AD was ~ 4x10°®
for the DMPE-DMPG bilayer. Af was ~ 6 Hz and AD was ~ 2x10® for the POPE-
POPG:DPPG bilayer; while Af was ~ 5 Hz and AD was ~ 0.5x10° for the DOPE-
POPG:DPPG bilayer. An abrupt decrease took place in Af at membrane potentials lower
than -0.705 V in the studied bilayers. A decrease in energy dissipation indicated that the
order level and the disturbance in the membrane homogeneity decreased with increasing

unsaturation of hydrocarbon chains in phospholipid molecules.

The PM IRRAS and electrochemical QCM-D results, that are described above, showed
two different kinds of electric potential-dependent structural rearrangements in the
phospholipid bilayers. They were correlated with the geometry of the lipid molecules
expressed by the packing parameter (PP). PP correlates the cross-sectional area of the
hydrophobic and hydrophilic parts of amphiphilic molecules. PP expresses the ratio of
the volume of the hydrophobic part of the molecule Vchain to the maximal length of the
hydrophobic chain lchain multiplied by the cross-sectional area at the hydrophilic-

hydrophobic An.q interface of a lipid molecule.?!

PP = Vchain — Achain (21)

lchain Ah-g Ah-g

The hydrocarbon chains were tilted with respect to the bilayer plane and the polar head
groups were well hydrated in bilayers composed of lipids with PP < 1. In the bilayers
composed of lipids PP > 1, electric potentials have a negligible effect on the membrane

structure. The flow of the electrolyte solution into the lipid bilayer was connected directly
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with the response of membranes to electric potentials. The flow of water into the
membrane was accompanied by a dehydration of the polar head group region of lipid
bilayers (Figure 34). A continuous flow of water leaded to desorption of the lipid bilayer
from the gold electrode at E - Ep;c < -0.855 V (Figure 41). These rearrangements in the
membrane resulted in two kinds of the molecular scale responses of the lipid bilayers to
electric potentials. The area varied for the hydrophobic part of the outer leaflet lipid
molecules in the model lipid bilayers, while the area remained constant for the polar head
group region of the inner leaflet. The existence of two pathways of the model membrane
behavior under electric potentials is well documented in literature.>1195380.110.219 The ]t
of the hydrocarbon chains changed as a function of the electrode potentials in some
membranes. Data collected in Table 9 indicated that this behavior was obtained only in

membranes of lipid molecules with PP < 1.8

An-g was larger than Achain in lipid molecules with PP < 1 (Table 9). In the DMPE-DMPG
bilayer, the two saturated myristoyl chains occupied the cross-sectional area of
0.38 nm?.2%2 The PE head group has a comparable area to the cross-sectional area of two
hydrocarbon chains!®, while the area was larger (0.44 nm?) for the PG group. In the
DMPE-DMPG bilayer, the additivity resulted for the packing parameter of lipids in the
average PP of 0.93 - 0.96.2% The bulky PC group occupies the area of 0.46 nm? in a
symmetric DMPC bilayer existing in a gel state (transferred on the Au surface at 77 >
40 mN m™),1%giving PP = 0.80. This value was in agreement with literature.?* Actually,
Schain have highest values in the DMPE-DMPG and DMPC bilayers adsorbed directly on
the Au electrode.>*38 They corresponded to the average tilt of the hydrocarbon chains of
33° and 25° vs. the surface normal in the DMPE-DMPG and DMPC bilayers,
respectively. Figure 42a shows a scheme of the molecular scale packing in the DMPE-
DMPG bilayer. In the bilayer with tilted chains, the available area per polar head group
increased and therefore some water molecules may accumulate in the polar head group
region. The PM IRRA spectra confirmed a good hydration of the ester groups in the
DMPE-DMPG (Figure 34a) and DMPC®>®% pilayers. PM IRRAS experiments showed
that the hydrocarbon chains underwent a transition from liquid crystalline in the adsorbed
state to a gel phase in the desorbed state for the DMPE and DMPG phospholipids in the

bilayer assembly.
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Table 9: The area of the polar head group Ang, critical area of the hydrocarbon chains Achain, the packing
parameter PP, the dependence of the chain tilt in the model bilayer as a function of the electrode potential [Schain
f(E)] and the corresponding value of the chain order parameter Schain for different lipid bilayers deposited on
the Au electrode. Symboles corresponded to: chol (cholesterol)) GM1 (ganglipside) and GDla
(disialoganglioside)

Llpld Ah-g/ Achain/ PP Schain f(E) Schain (E l‘ange) / Ref
bilayer nm? nm? Eags - Edes
DMPE-DMPG + 0.81-0.88 this thesis
Leaflet 1: 0.38 0.38 1.00
DMPE
Leaflet 2: 0.44 0.38-0.40 0.86 - 0.91
DMPG
DMPC 0.46 0.38 0.80 + 0.73-0.85 5
DMPS 0.42 0.38-0.40 0.90 - 0.95 + 0.82 -0.62 7
DMPC:chol 0.392 0.395 1.01 + -0.03-0.48 55
(0.7:0.3)
POPE-POPG: - 0.82 this thesis
DPPG
Leaflet 1: 0.38 0.42 - 0.46 1.10-1.21
POPE
Leaflet 2: 0.44 0.42 -0.40 0.95-1.05
POPG:DPPG
DOPE- - 0.78 this thesis
POPG:DPPG
Leaflet 1: 0.38 0.48 - 0.60 1.26 - 1.57
DOPE
Leaflet 2: 0.44 0.42 -0.46 0.95-1.05
POPG:DPPG
DMPE 0.38 0.38-0.40 1.00 - 1.05 - 0.89 6
DMPC:chol: - 0.89 111
GM1
Leaflet 1: 0.382 0.395 1.039
DMPC:chol
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Leaflet 2: 0.388 0.396 1.020
DMPC:chol:
GM1

DMPC:chol: - 0.86 17
GM1
Leaflet 1: 0.382 0.395 1.039
DMPC:chol
Leaflet 2: 0.394 0.397 1.008
DMPC:chol:
GDla

With potential change, the DMPE-DMPG bilayer desorbed from the electrode surface,
which in QCM-D experiments resulted in changes in frequency and energy dissipation
values. At negative potentials, the flow of water through the bilayer leaded to a
dehydration of the polar head group region. The rearrangement in the hydrophobic
fragment provided space for the pore (defects) formation in the membrane and flow of

water between the bilayer and the electrode (Figure 42a).

Figure 42: Schematic packing of the phospholipid molecules with packing parameter a) PP < 1 on the
schematic example of the DMPE-DMPG bilayer and b) PP > 1 on the schematic example of the DOPE-
POPG:DPPG bilayer as a function of the potential applied to the gold electrode. Black arrows show the
direction of the flow of water through the membrane, while red arrows show the direction of flow of water
in the polar head group region.
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To compensate the loss of water from the polar head group region, the hydrocarbon chains
reoriented themselves and adopted an orientation close to the surface normal. A change
of the direction of the potential scan leaded to the uptake of water by the polar head groups
and a fast bilayer re-adsorption on the metal surface. The second kind of the membrane
behavior showed no potential-dependent changes in the orientation of the hydrophobic
hydrocarbon chains in the phospholipid molecules. It was observed in the POPE-
POPG:DPPG and DOPE-POPG:DPPG bilayers. The presence of phospholipids with
monounsaturated hydrocarbon chain(-s) in model membranes results in larger values of
Achain compareded to the area of their head groups.2®3%84 In the DMPE bilayer composed
of a phospholipid with two saturated myristoyl chains, no change was reported for the
chain tilt on potential applied to the Au electrode.® The cross-sectional area of the PE
group was similar to the cross-sectional area of the two myristoyl chains.®% In these
lipid molecules, PP equalled 1 (Table 9). The polar head group region had a smaller area
than the hydrophobic chains in phospholipid molecules with PP > 1 (Figure 42b). In the
model bilayer adsorbed directly on the Au surface, the hydrocarbon chains had a different
orientation compared to the model of the DMPE-DMPG bilayer (Figure 42b). To
compensate the larger cross-sectional area of the hydrocarbon chains, water accumulated
in the polar head group region. At membrane potentials deviating from the capacitance
minimum, water circulated in the hydrophilic fragment of the membrane. In this hydrated
supramolecular assembly, less water and less negative membrane potentials were
required to lift the membrane from the gold surface and to form the water cushion. This
conclusion was supported by smaller changes in QCM-D frequency response with
increasing unsaturation of phospholipids. The flow of water into the interfacial region
between the electrode and a phospholipid bilayer leaded to a dehydration of the polar
head group, reducing the average area of An.g, thus providing space for the formation of
water channels without any rearrangement of the hydrocarbon chains (Figure 42b). In
addition, the electrochemical results indicated that the structure of the hydrophobic inner
leaflet of the membrane had a large impact on the response of the supramolecular

assembly of the phospholipid membrane to electric potentials.
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5.2 Model of the outer membrane of Gram-negative bacteria

LB-LS transfer was used to deposit a model of the outer membrane of Gram-negative
bacteria containing POPE in the inner and KLA in the outer leaflet on the Au(111)
electrode. In this section, the molecular scale changes in the model membrane exposed to
changing electric fields are discussed.

5.2.1 Surface pressure-area isotherms

Figure 43a, ¢ shows 771-A isotherms of d-POPE, h-POPE phospholipids and KLA. These
isotherms were used to calculate Ks of the lipid molecules using equation 4. Plots of Ks
vs. A were shown in Figure 43b, d. 77-A isotherm and the corresponding Ks were compared
between d-POPE and h-POPE (Figure 43a, b and Table 10). The deuteration of the
hydrocarbon chains in lipids causes usually small changes in the Langmuir isotherms of
lipids. In the case of h-POPE and d-POPE monolayers differences were observed (Figure
43a). Table 10 summerized Ao, Aiim, I7c and maximum Ks values at /¢ of d-POPE, h-POPE

and KLA monolayers.

Table 10: The Ao, Aiim, Il and maximum K; at the 77 of the d-POPE, h-POPE and KLA monolayers.

Lipid monolayer Ao/ nm? Alim/ nm? IT./ mN m? Ks/ mN m
d-POPE 1.08 + 0.02 0.51+0.02 46+ 2 95+2
h-POPE 1.00 £ 0.02 0.41+0.01 572 102 + 3

KLA 3.19 £ 0.02 1.53 +0.02 56 + 2 195+4

The Ao of h-POPE is lower than of the d-POPE, being characteristic for an increase in
volume of the per-deuterated hydrocarbon chain. Both isotherms have a similar shape at
surface pressures proceeding a phase transition in the h-POPE monolayer, which ocuured
at 77 = 38 - 40 mN m™. After the phase transition the surface pressure of the POPE
monolayer increased to (57 + 2) mN m™ at Ajim = (0.41 + 0.01) nm?. The isotherm data

agree with literature.26228528 n contrast, in the d-POPE monolayer no phase ransition
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was observed. The monolayer collapse was observed at /7 = (46 + 2) mN m™tand Ajim =
(0.51 + 0.02) nm?. In the h-POPE monolayer after the phase transion to the LC phase Ks
increased to (102 + 3) mN m™. Thus, the perdeuterated POPE has a greater fluidity than
h-POPE. Analogous isotherm behavior was reported for -DMPC and d-DMPC.%” Main
phase transition temperature of h-POPE equals 25.2 °C.2%82%9 Deuteration of the
hydrocarbon chain in lipids, due to a reduction in van der Waals interactions, leads to a
4 - 6 °C reduction of the main phase transition temperature of lipids.?®® In described here
experiments, the temperature of the aqueous subphase in experiments was (22 + 1) °C.
Under these experimental conditions at /7 = (37 + 1) mN m™ a phase transition to a LC
phase in the h-POPE monolayer was observed whereas the d-POPE monlayer remains in

the liquid expanded state.
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Figure 43: Plots of a), ¢) 17 and b), d) Ks vs. A of the studied lipids: a), b) PE (blue): h-POPE (solid blue
line) and d-POPE (short dot blue line) on water subphase and c), d) KLA (red solid line) on 0.1 M KCIO4
+ 0.005 M Mg(CIO4), subphase.

Isotherms of the h-POPE and d-POPE monolayers were located at smaller areas compared
to the isotherm of the KLA monolayer, due to a smaller size of the polar head groups of
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PE compared to KLA head groups and an increase in volume of the hydrocarbon chains
in KLA. The effect of the ionic strength was tested on KLA monolayer formation.
Isotherms of the KLA monolayer on pure water and on 0.1 M KCIO4 + 0.005 M
Mg(ClO4)2 solution are shown in Figure 44a. Both isotherms have a similar shape. A, and
Aiim were smaller for KLA monolayer on pure water than in KLA monolayer on the
electrolyte solution (Figure 44a). I7 started to increase at A, = (2.84 + 0.03) nm? in KLA
monolayer on pure water subphase and 77 increased until the monolayer collapsed at 77¢
= (52 + 3) mN m™ at Ajim= (1.37 + 0.02) nm? (Figure 44a). Both isotherms show a plateau
region, indicating the coexistence of the LE and the LC phases (Figure 44a). A, equalled
(3.19 + 0.02) nm? for KLA monolayer on the electrolyte solution (Figure 44a and Table
10). KLA monolayer collapsed at /7. = (56 + 2) mN m™ and Ajim= (1.53 + 0.02) nm?
(Figure 44a and Table 10).
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Figure 44: Plots of a) /7 and b) Ks vs. A of KLA monolayer on 0.1 M KCIO4 + 0.005 M Mg(ClO4). (solid
red line) and on pure water subphase (short dot red line).
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The electrostatic interaction between Mg?* ions and the anionic polar head groups of KLA
molecules stabilized the monolayer. The maximum Kswas (179 + 3) mN m™ at /7. of
KLA monolayers on pure water, while it was (195 + 4) mN m™ on 0.1 M KCIO4 +
0.005 M Mg(ClOa4), (Figure 44b). KLA monolayers exist in a liquid state.

5.2.2 Electrochemical characterization of the model outer membrane

Figure 45 shows C vs. E and E - Epzc potential plots of the h-POPE-KLA bilayer on the
Au(111) surface in 0.1 M KCIO4 + 0.005 M Mg(ClQOa4); electrolyte solution. The h-POPE
monolayer was transferred from water subphase at 77 = 30 mN m™ and KLA monolayer
was transferred from the 0.1 M KCIO4 + 0.005 M Mg(ClO.), subphase at 77=30 mN m™.

E-E,./Vvs. Ag/AgCI

pzc
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Figure 45: Plots of C vs. E and E - Ep,c potentials of the h-POPE-KLA bilayer on the Au(111) surface in
0.1 M KCIO4 + 0.005 M Mg(ClOs4), solution. Solid lines: negative, short dotted line: positive going
potential scan. Dash dot black line: C of the unmodified Au(111) electrode in 0.1 M KCIO, + 0.005 M
Mg(ClO4) solution. Grey marked field shows the potential range of the Cuin.
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In the negative going potential scan, the capacitance was (3.1 + 0.1) uF cm™ for the
h-POPE-KLA bilayer at -0.42 V < E - Ep,c < -0.11 V. A further negative potential shift
caused a fast increase in the capacitance (Figure 45). At membrane potential (E - Epzc) <
-1.0 V, the h-POPE-KLA bilayer was detached from the Au(111) electrode and the
capacitance increased to (20 + 1) uF cm2, merging with the curve corresponding to the
unmodified Au(111) electrode in 0.1 M KCIO4 + 0.005 M Mg(ClOs)2. In the positive
going potential scan, a gradual decrease in the capacitance corresponded to the re-
adsorption of the h-POPE-KLA bilayer on the Au(111) electrode surface was observed.
In this potential scan, a poorly-defined peak appeared at (E - Epzc)rr = 0.02 V (Figure 45).
This weak capacitance peak indicated some potential-driven reorientations in the OM. It
was associated with the flow of the electrolyte solution in the polar head group region of
the lipid membrane. In the studied OM, h-POPE molecules were present in the inner
leaflet. Thus, some rearrangements in the inner leaflet of the membrane at membrane
potential (E - Epz) close to 0 V could be responsible for the appearance of this peak. A
small hysteresis was obtained between the negative and positive going potential scans
(Figure 45). The presence of the hysteresis indicated a slow kinetics of the adsorption-
desorption process.?®’

Piggot et al.'3 have reported molecular dynamic simulations of the OM of Gram-negative
E.coli bacteria. The electroporation process of the OM of Gram-negative E.coli affected
the orientation of the lipid molecules in the inner leaflet.®® The electrochemical
measurements provided information about the capacitance change in the entire OM and

not in each leaflet.

5.2.3 PM IRRAS measurements of the model of the outer membrane of Gram-

negative bacteria in the CH/CD stretching region

The asymmetric bilayers composed of h-POPE-KLA and d-POPE-KLA were transferred
on Au(111) electrode surfaces. These bilayers serve as model of the OM of Gram-
negative bacteria. Figure 46 shows background-corrected PM IRRA spectra of the
h-POPE-KLA and d-POPE-KLA bilayers. POPE and KLA have different structure of the
head groups and hydrocarbon chains, thus their packing and orientation may be different

in both leaflets. In the h-POPE-KLA bilayer, there is a decrease in the intensities of the
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methylene stretching modes at potentials preceding the membrane desorption from the
Au(111) electrode (Figure 46a). This indicated potential-induced changes in the
orientation of the hydrocarbon chains in lipid molecules in the model membrane. Re-
adsorption caused a reversible increase in the intensities of the methylene stretching
modes for the h-POPE-KLA bilayer on the Au(111) surface. The surface concentration
was constant for lipid molecules in the bilayer and therefore had no influence on the
variation of the intensities of the methylene stretching modes during the potential scan.
These changes were connected with the potential-dependent reorientation of the
hydrocarbon chains in the model membrane. In the h-POPE-KLA bilayer, vas(CH2) mode
was very broad with two shoulders corresponding to the vas(O-CH2), vs(O-CH2) modes
and FR (Figure 46a).52*2® KLA has methylene groups, which are coordinated to O
atoms (O-CH>). The presence of the O atom adjacent to the methylene group caused a
shift of the methylene stretching modes.?8%2% v,s(O-CH,) was overlapped with FR at
around (2938 + 2) cm™, while vs(O-CH) mode appeared at around (2900 + 2) cm™ (Figure
46a). The position of the absorption maximum of v(CH2) modes indicated that the
hydrocarbon chains existed in the liquid state in the h-POPE-KLA bilayer (Figure 46a).
The integral intensities had higher intensities for these modes than those in the POPE-
POPG:DPPG (0.95:0.05) and DMPC® bilayers.
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Figure 46: PM IRRA spectra a) in the 3000 - 2825 cm spectral region of the h-POPE-KLA bilayer in
0.05 M KCIO4+ 0.005 M Mg(ClO,).in D0 and b) in the 2250 - 2050 cm* spectral region of the d-POPE-
KLA bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClO4)2in H20. All model membranes were prepared on the
Au(111) electrode. The spectra shown in the figure were recorded in a negative going potential scan at
potentials marked in the figure.
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To distinguish the hydrocarbon chains in POPE molecules, d-POPE was used in which
the saturated chain was perdeuterated. The CD stretching bands were shifted to lower
wavenumbers in the d-POPE-KLA bilayer and were located between 2250 and 2050 cm™
(Figure 46b). Methyl and methylene groups give four IR absorption modes as listed in
Table 11. The position of the absorption maximum of v(CD2) modes indicated that the
hydrocarbon chains existed in the liquid state in the d-POPE molecules (Table 11).2%1:292

Table 11: Wavenumber of IR absorption bands of methyl and methylene groups in the d-POPE-KLA bilayer
on the Au(111) electrode surface.

Vibrational mode Wavenumber / cm?
Vas(CD3) 2216+ 1
v,5(CD,) 2197 +1
vs(CD3) 2114+ 1
vs(CD,) 2096 + 1

There were two shoulders at (2175 + 2) cm™ and (2079 % 2) cm, which corresponded to
FR (Figure 46b).110.2912%2 Intensities of the CD stretching modes were independent of the
electrode and membrane potentials in the d-POPE-KLA bilayer (Figure 46b). To perform
quantitative analysis, the transmission spectra were measured for the studied models of
the OM and used to calculate the optical constants. Figure 47 shows the calculated optical
constants in the 3050 - 2750 cm™ and 2250 - 2050 cm* spectral regions.
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Figure 47: Refractive index n (short dot lines) and attenuation coefficient k (solid lines) in a) the 3050 -
2750 cm? spectral region of the h-POPE-KLA bilayer and b) the 2250 - 2050 cm* spectral region of the
d-POPE-KLA bilayer.
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The optical constants of the POPE and KLA mixture (3.2:1 mole) were used to calculate
PM IRRA spectra of randomly oriented lipid molecules. In the spectrum of randomly
oriented molecules of the h-POPE-KLA film, vas(CH2) was centered at 2921 cm* and
vs(CH2) was located at 2853 cm™. In the calculation, the angle of incidence of the
incoming IR radiation was set to 55° in the h-POPE-KLA bilayer and to 52° in the
d-POPE-KLA bilayer. The optical constants were taken from literature for gold, CaF:
(optical window), D.O (electrolyte in case of the h-POPE-KLA bilayer) and H.O
(electrolyte in case of the d-POPE-KLA bilayer).?* I7 and Iiim were calculated for the
lipid molecules from the Langmuir isotherms measurements (Table 12). The average 7t
were (1.93 + 0.05)x107° mol cm™ and (1.80 + 0.06)x107° mol cm™ for the lipids in the
h-POPE-KLA and d-POPE-KLA bilayers, respectively. Iiim were (2.49 + 0.07)x10™%
mol cm and (2.29 + 0.04)x107° mol cm? for the h-POPE-KLA and d-POPE-KLA
bilayers, respectively. The thickness were 5.50 nm and 5.55 nm for the h-POPE-KLA and
d-POPE-KLA bilayers, respectively. @ were calculated from the LB-LS transfer
condition (Table 12). Figure 48 shows that the intensities of all experimental PM IRRA
spectra of these model bilayers adsorbed on the Au(111) electrode were lower than the
spectra of randomly oriented lipids in the studied films. PM IRRA spectra were
deconvoluted to determine the integral intensities of the methylene stretching modes.
Deconvolution was performed for the bands using a mixed Gaussian-Lorentzian function.

Figure 49 shows the deconvoluted PM IRRA spectra for the studied lipid bilayers.

Table 12: The A; of the monolayer transfer (/7 = 30 mN mY), limiting area (Aiim) the 77 of the lipid in the
LB monolayers at the transfer pressure, Ziim, @ of monolayers and d of the lipid bilayers on the gold
surface.

Lipid At Alim I Tim D d/nm
/ nm? / nm? /10710 /10710 Ref.
mol cm? mol cm™
h-POPE 0.61 + 0.72 + 3.02 + 3.86 + 0.78 + 4.18%04.276
0.01 0.01 0.10 0.13 0.01

d-POPE 064+ 0.85+ 2.77 + 345+ 0.80 % 4.30
0.01 0.02 0.08 0.05 0.02
KLA 1.98 + 1.48 + 0.84 + 112+ 075+ 6.801%0

0.03 0.03 0.05 0.04 0.02
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Using the integral intensities of v(CH>) and v(CD2) modes, angles & cHz) and & (cp2) were
calculated between the electric field vector and the transition dipole moments of vas(CH2)
and vs(CH2) in the h-POPE-KLA bilayer (Figure 50a, b) and vas(CD2) and vs(CDy)
stretching modes in the d-POPE-KLA bilayer (Figure 50c, d). The average angle OvscH)
was (74 + 4)° for the h-POPE-KLA bilayer (Figure 50a). The integral intensity of the
asymmetric methylene stretching mode depended on the membrane potential in the
h-POPE-KLA bilayer. The average angle 6vascrz) was (60 + 3)° in the adsorbed state
(E - Epze >-0.80 V), while the average angle GvasicHz) was (69 + 3)° in the desorbed state
(E - Epze < -0.80 V) (Figure 50b). The average angles 6Ovscp2) and 6vasccpz) were
independent of the membrane potential in the d-POPE-KLA bilayer. The average angles
Ovscp2) and Hvascoz) Were (70 £ 5)° and (71 + 4)°, respectively (Figure 50c, d). The average

angles 6v(cHz) and 6v(cp2) were comparable (Figure 50).
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Figure 48: Experimental PM IRRA spectra of the studied bilayers at E =-0.8 VV and E = 0.4 V vs. Ag|AgClI
and the calculated PM IRRA spectra of randomly oriented lipid molecules in the studied film in a) v(CH)
stretching modes of the h-POPE-KLA bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClQa)2 in D20 and in b)
v(CD) stretching modes of the d-POPE-KLA bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClO4); in H20 on
the Au(111) electrode.

The order parameters were calculated for the symmetric and asymmetric methylene
stretching modes Svchz) of the OM of Gram-negative bacteria as a function of the
electrode and membrane potentials (Figure 51a, b). The average SvscH2) was negative for
the h-POPE-KLA bilayer. It was not dependent on the applied potentials (Figure 51a).
The average SvsicHz) was (-0.38 + 0.05) for the h-POPE-KLA bilayer (Figure 51a).
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Figure 49: Deconvoluted PM IRRA spectra in a) v(CH) stretching modes region of the h-POPE-KLA
bilayer in 0.05 M KCIO4 + 0.005 M Mg(CIO,). in D-O at E =0.40 V vs. Ag|AgCl and in b) v(CD) stretching
modes region of the d-POPE-KLA bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClO4), in H,O at E = 0.40 V
vs. Ag|AgCIl. All model membranes were prepared on the Au(111) electrode; colored dashed lines:
measured spectrum, black and blue thin lines: envelope and deconvoluted modes.
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The average SvascHz) of the h-POPE-KLA bilayer depended on the membrane potential.
It changed from (-0.30 + 0.04) at desorption to (-0.15 + 0.04) at adsorption potentials
(Figure 51b).
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Figure 50: Angles a) Bvschz), b) Bvaschz), €) Bvscpz) and d) Ovascoz) vs. E and E - Epc in a), b) the h-POPE-
KLA bilayer in 0.05 M KCIO4 + 0.005 M Mg(CIOa4); in D;O and in c), d) the d-POPE-KLA bilayer in
0.05 M KCIO; + 0.005 M Mg(ClOg), in H2O. All model membranes were prepared on the Au(111)
electrode. Filled and opened points represent negative and positive going potential scans, respectively.
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In the d-POPE-KLA bilayer, the average Svsccpz) and Svascpz) were (-0.33 + 0.08) and
(-0.35 £ 0.05), respectively (Figure 51c, d). In the h-POPE-KLA bilayer, the average Schain
depended on the membrane potential (Figure 52b). Schain Was (0.50 + 0.05) in the bilayer
adsorbed directly on the Au(11l) electrode and indicated an average tilt of the
hydrocarbon chains of (~35 + 3)° vs. the surface normal (Figure 52a, b). Schain increased
to (0.69 + 0.05) in the desorbed state at E - Epzc < -0.80 V, which corresponded to the tilt
of (28 £ 3)° (Figure 52a, b).
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Figure 51: Plots of @) SvsicHz), b) Svas(cHz), C) Svs(cpz) and d) Svasccpz) Vs. E and E - Epc in a), b) the h-POPE-
KLA bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClO4)2 in DO and in c), d) the d-POPE-KLA bilayer in
0.05 M KCIO4 + 0.005 M Mg(ClO4)2 in H2O. All model membranes were prepared on the Au(111)
electrode. Filled and opened points represent negative and positive going potential scans, respectively.

In the h-POPE-KLA bilayer, minor changes in the average orientation of the hydrocarbon
chains were reported. In addition, the average Schain Was larger for the h-POPE-KLA
bilayer than that reported for a bilayer of LPS.1%52% Wu et al.*? and Jefferies et al.?®®
have calculated the average Schain Of the LPS bilayer. Their studies showed that the
average Schain Was below (0.30 + 0.03) for LPS bilayer. In the d-POPE-KLA bilayer, Schain
was (0.65 + 0.05), which corresponded to the tilt of (29 + 3)° (Figure 52c, d).
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Figure 52: Plots of a), ¢) Gchain, b), d) Schain VS. E and E - Ep,c in ), b) the h-POPE-KLA bilayer in 0.05 M
KCIO4 + 0.005 M Mg(ClQa); in D20 and in c), d) the d-POPE-KLA bilayer in 0.05 M KCIO4+ 0.005 M
Mg(CIQ4)2 in H20. All model membranes were prepared on the Au(111) electrode. Filled and opened points
represent negative and positive going potential scans, respectively.

5.2.4 PM IRRAS measurements of the model of the outer membrane of Gram-
negative bacteria in the polar head group region

Figure 53 shows background-corrected PM IRRA spectra in the 1850 - 1550 cm™ spectral
region of the h-POPE-KLA bilayer adsorbed on the Au(111) surface. These bands
contained valuable information concerning the hydration and orientation for the head
group of the OM of Gram-negative bacteria. The h-POPE and KLA lipid molecules gave
three IR absorption modes in this spectral region (Figure 53). The IR absorption mode
around 1615 - 1600 cm™ was assigned to vas(COO?) mode in the 2-keto-3-deoxy-
octulosonate fragment for the polar head group of KLA molecules (Figure 53).2942% A

very weak mode around (1632 + 2) cm™ arised from the amide groups in KLA molecules
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(Figure 53). The intensive mode centered around 1733 cm™ was assigned to v(C=0) in
ester groups in the h-POPE and KLA lipid molecules (Figure 53).
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Figure 53: PM IRRA spectra in the 1850 - 1550 cm* spectral region of the h-POPE-KLA bilayer in 0.05 M
KCIO4 + 0.005 M Mg(ClO4);2 in D20 on the Au(111) electrode. The spectra shown in the figure were
recorded in a negative going potential scan at potentials marked in the figure.

In KLA, the carboxylic acid groups were dissociated®®® and coordinated to Mg?* ions
present in the electrolyte solution [pH (5.9 + 0.1)].1%5126133 The |R spectra seen in Figure
53 showed that the vas(COO") mode was asymmetric and composed of two components.
The position of the high wavenumber mode did not depend on the membrane potential
and was centered at (1613 + 4) cm™ (Figure 54). The high wavenumber mode was
assigned to the carboxylate groups with monodentate coordinated Mg?* ions.?®® The
second vas(COO") mode was located around at 1600 - 1604 cm™. A fraction of carboxylate
groups in KLA made hydrogen bonds to water. The position of the low wavenumber of
the vas(COO") mode depended on the membrane potential. It underwent to a shift from
1603 cm™at E - Epzc < -0.70 V to 1600 cm™ at -0.62 V < E - Epxc< 0.13 V (Figure 54),
reflecting changes in the hydration of the carboxylate group in the KLA molecules present
in the outer leaflet. The transmission spectrum of the h-POPE-KLA bilayer was measured
and used to calculate the optical constants. Figure 55 shows the result of these
calculations.
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Figure 54: Position of vas(COO") stretching band vs. E and E - Ep,c in the h-POPE-KLA bilayer in 0.05 M

KCIO4+ 0.005 M Mg(ClQ4); in D2O on the Au(111) electrode. Filled and opened points represent negative
and positive going potential scans, respectively.

Figure 56 shows that intensities of v(C=0) mode in all experimental spectra were lower

than the spectra of randomly oriented lipid bilayer in the thick film.
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Figure 55: Refractive index n (short dot lines) and attenuation coefficient k (solid line) in the 1800 -
1550 cm! spectral region of the h-POPE-KLA bilayer.
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The calculated and experimental PM IRRA spectra were deconvoluted to determine the
integral intensities of v(C=0) and vas(COO’) modes as a function of the membrane
potential. Figure 57 shows the deconvolution for the PM IRRA spectrum in the v(C=0)
and vas(COO) modes of the h-POPE-KLA bilayer. It was performed using a mixed
Gaussian-Lorentzian function. The v(C=0) peak was composed of three overlapping
bands. The low frequency band appeared at (1708 + 2) cm™ and was assigned to ester
carbonyl groups in KLA. It indicated that some ester groups were involved in a formation

of strong hydrogen bonds.?%
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Figure 56: Experimental PM IRRA spectra in the 1850 - 1525 cm spectral region of the h-POPE-KLA
bilayer at E=-0.8 V and E = 0.4 V vs. Ag|AgCl and the calculated PM IRRA spectrum of randomly oriented
lipid molecules in the studied film in 0.05 M KCIO4 + 0.005 M Mg(CIQa); in D20 on the Au(111) electrode.

The two high wavenumbers bands were centered for v(C=0) modes at (1718 + 4) cm™
and (1738 + 2) cm™, corresponding to the hydrogen bonded and non-hydrogen bonded
ester carbonyl groups, respectively. These two bands were assigned to both h-POPE and
KLA lipids and reflected the asymmetry in the hydration of the lipid molecules of the
inner and outer leaflets. 242" Wu et al.}? have showed that water molecules penetrate the
inner core region and the hydration was critical to keep the integrity of the bilayer
structure. Angles of the stretching modes of the ester carbonyl group &c=0) and
carboxylate group Gvasicoo) were calculated between the transition dipole moment and

the electric field vector (Figure 58a, c). The average angles & c=o0) and Gvas (coo’) were
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dependent on the membrane potentials. In the adsorbed state of the h-POPE-KLA bilayer
(-0.50 V <E - Epzc <-0.05 V), the average angle &vas (coo) changed between 25° and 37°
vs. the surface normal (Figure 58a). It corresponded to a change in the average of
Svas (coo) between (0.40 + 0.03) and (0.70 + 0.02) (Figure 58b). The average angle
Vas (coor was (30 £ 2)° in the desorbed state (-1.1 V < E - Epzc <-0.9 V) (Figure 58a).
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Figure 57: Deconvoluted PM IRRA spectrum in the 1850 - 1525 cm™ spectral region of the h-POPE-
KLA bilayer in 0.05 M KCIO4 + 0.005 M Mg(ClOa). in D20 on the Au(111) electrode at E = 0 V vs.
Ag|AgCI. Black thick line: measured spectrum, black thin lines: envelope and deconvoluted modes.

In the adsorbed state of the h-POPE-KLA bilayer, the average angle 6v(c=0y was (59 * 5)°
(Figure 58c), which corresponded to Svc=0) = (-0.11 + 0.05) (Figure 58d). In the desorbed
state (E - Epzc < -0.80 V), the average 6v(c=0) was (63 + 3)° (Figure 58c), giving Sv(c=0) ~
(-0.18 + 0.02) (Figure 58d). The direction of the transition dipole moment of the ester
carbonyl bond is approximately normal (90°) to the hydrocarbon chains.522%8-301
Therefore, the large angles obtained for the C=0O stretching modes (59° - 63°) were

consistent with a small tilt angle of the hydrocarbon chains (29° - 35°) in the h-POPE-
KLA bilayer. In the h-POPE-KLA bilayer, Svc=0) was negative. It depended on the
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membrane potential (Figure 58d) and indicated that the ester carbonyl groups adopt a
preferentially parallel orientation to the bilayer plane.®
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Figure 58: Plots of &) Gvas(coo’), b) Svas(coo?), €) Gyc=0) and d) Sv(c=0) Vs. E and E - Ep,c in the h-POPE-KLA
bilayer in 0.05 M KCIO4+ 0.005 M Mg(CIO4). in D20 on the Au(111) electrode. Filled and opened points
represent negative and positive going potential scans, respectively.

The results in section 5.2 show that LB-LS transfer allowed the deposition of an
asymmetric POPE-KLA bilayer on the Au(111) electrode. An asymmetric POPE-KLA
bilayer acted as a model of the OM of Gram-negative bacteria. The bottom leaflet
(h-POPE or d-POPE) was in contact with the Au(111) surface, while the top leaflet (KLA)
was exposed to an electrolyte solution. PM IRRAS measurements gave average
orientation and packing of the hydrocarbon chains in the hydrophobic part of the h-POPE-
KLA and d-POPE-KLA bilayers. The average orientation of the hydrocarbon chains in
the h-POPE-KLA and d-POPE-KLA bilayers is shown in Figure 59. The average
orientation of the hydrocarbon chains was potential-dependent for the h-POPE-KLA
bilayer and was potential-independent for the d-POPE molecules in the d-POPE-KLA
bilayer.
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Figure 59: Average orientation of the hydrocarbon chains in a) the h-POPE-KLA bilayer and b) the
d-POPE-KLA bilayer with respect to the surface normal in the two leaflets of the bilayer supported on the
Au(111) electrode.
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For the h-POPE-KLA bilayer, the average tilt angle was (35 + 3)° for the hydrocarbon
chains in the adsorbed state and slightly decreased to (28 + 2)° in the desorbed state
(Figure 59a). The tilt angle was (29 + 2)° for the hydrocarbon chains in d-POPE molecules
which was the same as in the desorbed state of the h-POPE-KLA bilayer (Figure 59).

5.3 Effect of melittin on the model of the outer membrane of Gram-negative

bacteria

LB-LS transfer was used to deposit a model for the OM of Gram-negative bacteria on the
Au(111) containing POPE in the inner and KLA in the outer leaflet. Structural changes
occurring in the OM interacting with melittin as a function of the membrane potential are

discussed below.
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5.3.1 Electrochemical characterization of the model membrane interacting with

melittin

Figure 60 shows C vs. E and E - Ep;c potential plots for the h-POPE-KLA bilayer on the
Au(111) electrode in 0.1 M KCIO4 + 0.005 M Mg(ClOa)2 electrolyte solution after
interaction with 10 uM and 1 uM melittin for 15 min. Interaction of melittin with the OM

caused an increase in Cmin (Figure 60 and Table 13).
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Figure 60: Plots of C vs. E and E - Ey,c potentials of a) the pure POPE-KLA bilayer, b) the POPE-KLA
bilayer after interaction with 10 uM melittin for 15 min and c) the POPE-KLA bilayer after interaction
with 1 pM melittin for 15 min. All model membranes were prepared on the Au(111) electrode and
characterized in 0.1 M KCIO4 + 0.005 M Mg(ClQO4); solution. Solid lines: negative, short dotted lines:
positive going potential scans; dash dot black line: C of the unmodified Au(111) electrode. Gray marked
fields show the potential range of Cpin.
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In addition, the membrane potential window of Cnin decreased slightly after interaction
with melittin. An increase in the Cmin of the h-POPE-KLA bilayer upon interatction with
melittin was already observed in literature.®® In Table 13 the Cmin, the membrane potential
range of Cmin, desorption potential and phase transitions of an OM interacting with
melittin are listed. In the negative going potential scans, Cmin Was (5.8 £ 0.3) uF cm™ for
the h-POPE-KLA bilayer after its interaction with 1 uM melittin for 15 min, while it
increased to (9.2 + 0.2) pF cm after interaction with 10 pM melittin for 15 min (Figure
60 and Table 13). A fast increase in the capacitance was observed at E - Epzc < -0.50 V
leading to the bilayer desorption at E - Epzc < -1.1 V (Figure 60). In the h-POPE-KLA
bilayer interacting with melittin, the potential of the phase transition (Ex) underwent a
negative shift, indicating a destabilization of the adsorbed state of the OM at Ey <0.305 V
(Figure 60b, c). Becucci et al.** have pointed out that at negative membrane potential
melittin forms a channel in the lipid bilayer. The desorption potentials of the OM did not
change by interaction with melittin (Figure 60 and Table 13). Thus, the stability of the
OM with bound melittin was not affected at negative membrane potentials, but it
decreased at positive membrane potentials. Burgess et al.X® have showed that the lipid
molecules become permeable to an electrolyte solution at negative membrane potentials,

causing the desorption of the bilayer from the metal surface.*®

Table 13: Membrane potential of the bilayer desorption (E - Epzc)des, Cmin @nd the membrane potential window
of the Cnin , phase transitions (E - Epzc)w— in the negative going potential scans and (E - Epzc)e-+ in the positive
going potential scans in the pure POPE-KLA bilayer and after its interaction with 10 uM and 1 uM melittin
for 15 min.

Conc. of (E - Epzc)des Chmin (E - Epzc)range Of (E - Epze)—  (E - Epzc)ur+
melittin / pM IV / WF cm? Cmin/ V IV IV

0 -1.1 32+02  -0.10<E-Epgc< 0.00 0.02
-0.5

1 -1.1 58403  -0.26 <E-Epxc< -0.04 -0.01
-0.5

10 -1.1 92+02  -0.13<E-Epgc< -0.10 -0.06
-0.5
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5.3.2 Effect of melittin on the orientation of the hydrocarbon chains in the model
of the outer membrane of Gram-negative bacteria

Figure 61 shows background-corrected PM IRRA spectra of the pure h-POPE-KLA
bilayer (Figure 61a) and the h-POPE-KLA bilayer after incubation in 10 pM melittin for
15 min (Figure 61b) and in 1 uM melittin for 1 h (Figure 61c). Methyl and methylene
groups give four IR absorption modes for the OM of Gram-negative bacteria incubated

in melittin. These modes are listed in Table 14.

Table 14: Wavenumber of the IR absorption bands of methyl and methylene groups in the h-POPE-KLA
bilayer incubated in melittin on the Au(111) electrode surface.

Vibrational mode Wavenumber / cm
Vas(CH3) 2954 + 2
Vas(CHz) 2924 + 2
vs(CHs3) 2871 +2
v(CH,) 2853 + 2

Interaction of melittin with the OM caused approximately 1 cm™ bathochromic shift of
methylene stretching modes (Figure 61). No significant change in the intensity of the
methylene stretching modes was observed in the OM bound with melittin at potentials
preceding the membrane desorption from the Au(111) electrode (Figure 61). Table 14
shows the position of the absorption maximum of vs(CHz) and vas(CH2) modes after
interaction the h-POPE-KLA bilayer with melittin. It indicated that the hydrocarbon
chains existed in the liquid state in the OM incubated in melittin (Table 14). After
interaction of the OM with melittin, the integral intensities of methylene stretching modes
were independent of the membrane potential. On the other hand, they were potential-
dependent in the pure OM. Therefore, melittin interacted with the hydrocarbon chains
region of the OM. The angle & cH2) was calculated between the electric field vector and
the transition dipole moment of vs(CH2) and vas(CH2) in the OM incubated in melittin
(Figure 62). In the OM incubated in 10 uM melittin for 15 min, the average SvsccHz) Was
(-0.36 + 0.03) (Figure 62b), which corresponding to tilt of (73 + 3)° (Figure 62a). In the
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OM incubated in 1 pM melittin for 1 h, Svsichz) was (-0.42 + 0.02) (Figure 62d), which
corresponding to tilt of (78 + 3)° (Figure 62c).

Wavenumber / cm™

Figure 61: PM IRRA spectra in the 3000 - 2825 cm* spectral region of a) the pure h-POPE-KLA bilayer,
b) after interaction the h-POPE-KLA bilayer with 10 uM melittin for 15 min and c) after interaction the
h-POPE-KLA bilayer with 1 uM melittin for 1 h. The model membranes were prepared on the Au(111)
electrode and characterized in 0.05 M KCIO4 + 0.005 M Mg(ClO4)2in D2O. The spectra shown in the
figure were recorded in a negative going potential scan at potentials marked in the figure.

In the OM incubated in 10 uM melittin for 15 min, the average SvasicHz) was (-0.21 + 0.07)
(Figure 63b), which corresponding to tilt of (62 + 4)° (Figure 63a). In the OM incubated
in 1 uM melittin for 1 h, SvasicHz) was (-0.25 + 0.04) (Figure 63d), which corresponding
to tilt of (67 + 4)° (Figure 63c).
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Figure 62: Plots of a), ¢) angle Ovscrz) and b), d) the Svschz) vS. E and E - Ep,c @), b) after interaction of the
h-POPE-KLA bilayer with 10 pM melittin for 15 min and c), d) after interaction of the h-POPE-KLA
bilayer with 1 uM melittin for 1 h. The model membranes were prepared on the Au(111) electrode and
characterized in 0.05 M KCIO4+ 0.005 M Mg(ClO4), in D,0O. Filled and opened points represent negative
and positive going potential scans, respectively.

Figure 64 shows the calculated Schain in the studied OM incubated in melittin as a function
of the electrode and membrane potentials. The angle Gchain and Schain Of the OM incubated
in melittin were independent of the membrane potential. Schain Was comparable for the OM
incubated in melittin to Schain OF the pure OM. The average Schain Of the OM incubated in
10 uM melittin for 15 min in the membrane potential range -0.7 V < E - Epzc < 0.1 V was
(0.59 £ 0.02), indicating an average tilt of the hydrocarbon chains of (34 + 2)° vs. the
surface normal (Figure 644, b). The average Scnain Of the OM incubated in 1 uM melittin
for 1 hwas (0.69 + 0.03), which corresponded to an average tilt of the hydrocarbon chains
of (28 + 2)° vs. the surface normal (Figure 64c, d). The packing order increased slightly
for the hydrocarbon chains in the OM after incubation with melittin. Results of the
h-POPE-KLA bilayer incubated with melittin are analogous to findings of Fery et al.3%
for POPC-POPC:POPG bilayers who found an increase in the packing order of the
hydrocarbon chains after interaction of the POPC-POPC:POPG bilayers with melittin.
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Figure 63: Plots of a), c) angle Gvasicrz) and b), d) Svasccrz) VS. E and E - Ey.c @), b) after interaction of the
h-POPE-KLA bilayer with 10 uM melittin for 15 min and c), d) after interaction of the h-POPE-KLA
bilayer with 1 uM melittin for 1 h. The model membranes were prepared on the Au(111) electrode and
characterized in 0.05 M KCIlO4+ 0.005 M Mg(ClO4) in D2O. Filled and opened points represent negative
and positive going potential scans, respectively.

In order to learn more about the effect of melittin on the inner leaflet of the OM of Gram-
negative bacteria, d-POPE was used with one per-deuterated hydrocarbon chain. Figure
65 shows PM IRRA spectra of the d-POPE-KLA bilayer after interaction of the bilayer
with 10 uM melittin for 15 min and 1 uM melittin for 1 h. Methyl and methylene groups
of the d-POPE-KLA bilayer incubated in melittin gave four IR absorption modes. These
modes are listed in Table 15. It indicated that the hydrocarbon chains existed in a liquid
state in the d-POPE-KLA bilayer incubated in melittin. No change in the intensity of the
CD stretching modes in the d-POPE-KLA bilayer incubated in melittin was observed over
the applied potential (Figure 65).
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Figure 64: Plots of a), c) angle Ochain and b), d) Scnain VS. E and E - Ep,c @), b) after interaction of the
h-POPE-KLA bilayer with 10 uM melittin for 15 min and c), d) after interaction of the h-POPE-KLA
bilayer with 1 uM melittin for 1 h. The model membranes were prepared on the Au(111) electrode and
characterized in 0.05 M KCIO4 + 0.005 M Mg(ClO4)2 in D2O. Filled and opened points represent
negative and positive going potential scans, respectively.

Using the integral intensities of the v(CD2) modes, the angle o2 was calculated
between the electric field vector and the transition dipole moments of vas(CD2) and
vs(CD>) stretching modes in the d-POPE-KLA bilayer incubated with melittin (Figure
66). In the d-POPE-KLA bilayer incubated in 10 uM melittin for 15 min, the average
angles Ovscp2) and Ovasccp2) Were (68 + 4)° and (67 + 3)°, respectively (Figure 66a, b),
while in the d-POPE-KLA bilayer incubated in 1 uM melittin for 1 h, the average angles
Ovscpz) and Hvasicoz) Were (69 + 5)° and (68 + 5)°, respectively (Figure 66c, d). The average
angles Ov(cHz) and Hvcoz) were the same in the d-POPE-KLA bilayer incubated in 10 uM
melittin and 1 uM melittin. In addition, no change was obtained for the average angles
Ovsccp2) and Ovasccpz) in the pure d-POPE-KLA bilayer and the d-POPE-KLA bilayer

incubated in melittin.
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Table 15: Wavenumber of the IR absorption bands of methyl and methylene groups in the d-POPE-KLA
bilayer incubated in melittin on the Au(111) electrode surface.

Vibrational mode Wavenumber / cm™?
v,s(CD3) 2213 +1
v,s(CD,) 2197 +1
vs(CD3) 2117 +1
v¢(CD,) 2096 + 2

a) AA,|0.0002
\'I&(CDI}
v_(CD,)

' (CD \'IS{CDJ)
vi(CDy) -y

-0.80 WV . :
b) AA4,[0.0002
025V

2250 2200 2150 2100 2050
Wavenumber / cm™

Figure 65: PM IRRA spectra in the 2280 - 2050 cm! spectral region of a) the pure d-POPE-KLA bhilayer,
b) after interaction of the d-POPE-KLA bilayer with 10 uM melittin for 15 min and c) after interaction
of the d-POPE-KLA bilayer with 1 uM melittin for 1 h. The model membranes were prepared on the
Au(111) electrode and characterized in 0.05 M KCIO4+ 0.005 M Mg(ClO4).in H,O. The spectra shown
in the figure were recorded in a negative going potential scan at potentials marked in the figure.
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Figure 67 shows the calculated Sv(cp) for the d-POPE-KLA bilayer incubated in melittin
as a function of the electrode and membrane potentials. In the d-POPE-KLA bilayer
incubated in melittin, the average Svcpz) were negative. In the d-POPE-KLA bilayer
incubated in 10 uM melittin for 15 min, the average Svscp2) and Svasicpz) were (-0.30

0.05) and (-0.25 + 0.05), respectively (Figure 67a, b).
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Figure 66: Plots of angles a), €) 6vsccpz) and b), d) Gvasicoz) Vs. E and E - Ep,c ), b) after interaction of the
d-POPE-KLA bilayer with 10 pM melittin for 15 min and c), d) after interaction of the d-POPE-KLA
bilayer with 1 uM melittin for 1 h. The model membranes were prepared on the Au(111) electrode and
characterized in 0.05 M KCIlO4+ 0.005 M Mg(ClO4)2 in H20. Filled and opened points represent negative
and positive going potential scans, respectively.

In the d-POPE-KLA bilayer incubated in 1 uM melittin for 1 h, the average Svsccpz) and
Svas(co2) were (-0.30 + 0.04) and (-0.29 + 0.06), respectively (Figure 67c, d). Figure 68
shows the calculated angle Ghain and Schain Of the d-POPE-KLA bilayer incubated in
10 uM melittin and 1 pM melittin as a function of the electrode and membrane potentials.
In the d-POPE-KLA bilayer incubated in 10 pM melittin for 15 min, Schain Was (0.55 +
0.05), which corresponded to the tilt of (34 + 3)° (Figure 68a, b).
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Figure 67: Plots of a), ) Svsccpz) and b), d) Svasicp2) Vs. E and E - Eyc @), b) after interaction of the d-POPE-
KLA bilayer with 10 uM melittin for 15 min and c), d) after interaction of the d-POPE-KLA bilayer with
1 uM melittin for 1 h. The model membranes were prepared on the Au(111) electrode and characterized in
0.05 M KCIO4 + 0.005 M Mg(CIQO4)2 in H20. Filled and opened points represent negative and positive
going potential scans, respectively.

In the d-POPE-KLA bilayer after its interaction with 1 uM melittin for 1 h, Schain Was
(0.60 £ 0.05) and indicated an average tilt of the hydrocarbon chains of (32 + 4)° vs. the
surface normal (Figure 68c, d). The orientation of the hydrocarbon chains was insensitive
to the membrane potentials. This kind of behavior was already reported in literature for
the POPC-cholesterol bilayer incubated in 1 uM cecropin B.3% Cecropin B did not show
any pronounced effect on the POPC-cholesterol bilayer.2®* Schain of the d-POPE-KLA
bilayer incubated in melittin were slightly lower than Schain Of the pure d-POPE-KLA
bilayer adsorbed directly on the Au(111) surface (0.65 + 0.03). This result indicated a
small decrease in the packing orders of the hydrocarbon chains in the bilayer incubated
in melittin.
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Figure 68: Plots of a), ¢) Ochain and b), d) Schain VS. E and E - Egc a), b) after interaction of the d-POPE-
KLA bilayer with 10 pM melittin for 15 min and c), d) after interaction of the d-POPE-KLA bilayer
with 1 pM melittin for 1 h. The model membranes were prepared on the Au(111) electrode and
characterized in 0.05 M KCIO4 + 0.005 M Mg(CIOs4), in H.O. Filled and opened points represent
negative and positive going potential scans, respectively.

5.3.3 Effect of melittin on the orientation and hydration of the polar head groups

in the model of the outer membrane of Gram-negative bacteria

Figure 69 shows the background-corrected PM IRRA spectra in the 1830 - 1500 cm™
spectral region of the pure h-POPE-KLA bilayer and after its interaction with melittin on
the Au(111) electrode. Three IR absorption modes were obtained in this spectral region.
The ester carbonyl mode v(C=0) in POPE and KLA was located at 1733 cm™. In the pure
h-POPE-KLA bilayer, the deconvolution of the ester carbonyl mode gave three
components at (1738 + 2) cm™?, (1718 + 4) cm™ and (1708 + 2) cm™ (Figure 70a).

In the OM incubated in 10 pM melittin, the deconvolution of this band gave two

components at (1736 + 3) cm™and (1715 + 4) cm™ (Figure 70b). However, incubation of
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the OM in 1 uM melittin gave three different v(C=0) modes at (1739 + 1) cm™, (1721 %
3) cmtand (1711 + 2) cm* (Figure 70c, d).
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Figure 69: PM IRRA spectra in the 1830 - 1500 cm™ spectral region of a) the pure h-POPE-KLA bilayer,
b) the h-POPE-KLA bilayer after its interaction with 10 uM melittin for 15 min, c) the h-POPE-KLA
bilayer after its interaction with 1 uM melittin for 15 min and d) the h-POPE-KLA bilayer after its
interaction with 1 uM melittin for 1 h. The model membranes were prepared on the Au(111) electrode
and characterized in 0.05 M KCIO4 + 0.005 M Mg(ClO4);2in D2O. The spectra shown in the figure were
recorded in a negative going potential scan at potentials marked in the figure.

A change in the hydration of the ester carbonyl groups was observed in the lipids in the
OM after its interaction with melittin. The amide | band of melittin was centered at (1646
+ 2) cmt, confirming that melittin was bound to the h-POPE-KLA bilayer. The intensity
and shape of amide | band depended on the concentration and incubation time of the OM

in melittin-containing solution (Figure 69 b-d).

110



1800 1775 1750 1725 1700
Wavenumber / cm’

Figure 70: Deconvoluted PM IRRA spectra in v(C=0) mode region of a) the pure h-POPE-KLA bilayer,
b) the h-POPE-KLA bilayer after its interaction with 10 pM melittin for 15 min, ¢) the h-POPE-KLA bilayer
after its interaction with 1 pM melittin for 15 min and d) the h-POPE-KLA bilayer after its interaction with
1 uM melittin for 1 h. The model membranes were prepared on the Au(111) electrode and characterized in
0.05 M KCIO4 + 0.005 M Mg(ClO4)2in D20 at E = 0 V vs. Ag|AgCI. Colored dashed lines: envelope
spectrum, black thin lines: measured and deconvoluted modes.

Interaction of the pure h-POPE-KLA bilayer with melittin caused changes in this spectral
region. The vas(COO") mode was shifted to (1609 + 3) cm™ after interaction of the OM
with 10 uM melittin for 15 min (Figure 71a). After the incubation of the OM in 1 uM
melittin for 15 min and for 1 h, the vas(COO") mode shifted to (1611 + 3) cm™ (Figure
71b) and to (1606 + 2) cm™ (Figure 71c), respectively. Indeed, the coordination and the
hydration of the carbonyl groups changed significantly after interaction of the OM with

melittin. The position of vas(COO") mode differed in the OM after its interaction with
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melittin compared to the pure OM, suggesting that the carboxylate groups formed
hydrogen bonds to the amine groups of melittin.
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Figure 71: Position of the absorption maximum of v.(COO") mode vs. E and E - Ey in a) the h-POPE-
KLA bilayer after its interaction with 10 pM melittin for 15 min, b) the h-POPE-KLA bilayer after its
interaction with 1 uM melittin for 15 min and c) the h-POPE-KLA bilayer after its interaction with 1 pM
melittin for 1 h. The model membranes were prepared on the Au(111) electrode and characterized in 0.05 M
KCIO4 + 0.005 M Mg(ClOs4)2 in D20. Filled and opened points represent negative and positive going
potential scans, respectively.

Figure 72 shows Bascoo’) and S.asccooy for the asymmetric stretching modes of the
carboxylic groups between the electric field vector and the transition dipole moments of
these modes in the OM after its interaction with melittin. In the adsorbed state of the
h-POPE-KLA bilayer after its interaction with 10 uM melittin for 15 min (-0.7 V <E -
Epzc < 0.1 V), the average Svas (coo) was (-0.15 + 0.06), which corresponding to the tilt of
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(65 £ 4) °. In the desorbed state (-1.1 V < E - Epzc < -0.8 V), the average Svas (coo) was
(0.20 £ 0.05), which corresponding to the tilt of (48 + 5)° (Figure 72a, d).
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Figure 72: Plots of &), b), ) Ovascoo’) and d), €), ) Svasccoo?y vs. E and E - Epzc in a), d) the h-POPE-KLA
bilayer after its interaction with 10 pM melittin for 15 min, b), e) the h-POPE-KLA bilayer after its
interaction with 1 uM melittin for 15 min and c), f) the h-POPE-KLA bilayer after its interaction with 1 uM
melittin for 1 h. The model membranes were prepared on the Au(111) electrode and characterized in
0.05 M KCIO4 + 0.005 M Mg(ClOa); in D20. Filled and opened points represent negative and positive
going potential scans, respectively.

In the case of the OM interacting with 1 uM melittin for 15 min and 1 h, the average
Svas(coo’) did not depend on the electrode and membrane potentials (Figure 72e, ). The
average Sas (coo) were (0.10 + 0.05) (Figure 72e) and (0.14 + 0.03) (Figure 72f), which
corresponding to the tilt of (50 + 2)° (Figure 72b) and (51 + 2)° (Figure 72c), respectively.
The interaction of the OM with melittin caused a significant decrease in Syascoo)
compared to the pure OM. In the OM after its interaction with 1 pM and 10 uM melittin,
the average Svc=0) were negative and did not depend on the electrode and membrane

potentials (Figure 73d-f).
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Figure 73: Plots of a), b), ¢) Ovc=0y and d), €), f) Svc=0) vs. E and E - Ep,c in @), d) the h-POPE-KLA bilayer
after its interaction with 10 uM melittin for 15 min, b), e) the h-POPE-KLA bilayer after its interaction with
1 uM melittin for 15 min and c), f) the h-POPE-KLA bilayer after its interaction with 1 uM melittin for 1 h.
The model membranes were prepared on the Au(111) electrode and characterized in 0.05 M KCIO, +
0.005 M Mg(ClO4).in D20. Filled and opened points represent negative and positive going potential scans,
respectively.

Exposure of the OM to melittin caused orientation changes in the ester carbonyl v(C=0)
groups. In the OM after its interaction with 10 uM melittin, the average Svc=o0) was (-0.19
+ 0.04), giving an average angle 6yvc=o) of (64 + 4)° between the direction of the C=0
bonds and the surafce normal (Figure 73a, d). After longer incubation time (1 h) of the
OM in 1 uM melittin, a decrease in the Sv(c=o) to (-0.11 + 0.05) was observed (Figure
73f), giving an average angle 6vc=0) of (59 + 5°) (Figure 73c). A negatively charged
h-POPE-KLA bilayer underwent significant structural changes after exposure to melittin.
The results showed that lipids were involved in the interaction with melittin in both
leaflets (h-POPE and KLA) of the OM. Melittin interacted electrostatically with
carboxylate groups in the inner core of KLA and this interaction caused changes in the
hydration and orientation of the carboxylate groups of the OM. Balusek et al.3%®

demonstrated that the sugar, carboxylate and phosphate groups in the inner core of KLA
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are able to form hydrogen bonds to arginin, lysine and tryptophan amino acids of
membrane TonB-dependent transporter proteins leading to high affinity binding with the
asymmetric OM of Gram-negative bacetria. Lysine, arginine and glutamine amino acids
in melittin are involved in the formation of the hydrogen bonds with carboxylate groups
in the inner core of KLA.* These results indicated that melittin was able to make
hydrogen bonds to the carboxylate groups in the inner core of KLA. An increase in the
tilt of the carboxylate group was reported at desorption membrane potentials in the
h-POPE-KLA bilayer. Thus, the carboxylate groups in the outer leaflet have well-defined
orientation in the POPE-KLA bilayer. The interaction of the bilayer with melittin
introduced large reorientations of the carboxylate groups in the inner core of the KLA.
Melittin interacted directly with the inner core of the KLA and this direct interaction
anchored melittin to the h-POPE-KLA bilayer. Melittin interacted not only with the polar
head group in KLA but also with the hydrophobic region of the h-POPE-KLA bilayer. In
situ PM IRRAS results showed that the order parameter of the hydrocarbon chains
changed in the h-POPE-KLA bilayer after its interaction with melittin. On the other hand,
no changes were reported in the packing and orientation of v(CD3) stretching modes in
the d-POPE-KLA bilayer after its interaction with melittin. The hydration of the ester
carbonyl groups changed in the h-POPE-KLA bilayer after its interaction with melittin.
However, the orientation and hydrogen bond network changed drastically for the
carboxylate groups in KLA in the h-POPE-KLA bilayer after its interaction with melittin.
Electrochemical results indicated an increase in the membrane capacitance after
interaction of the h-POPE-KLA bilayer with melittin. The electrostatic interactions were
stabilized between melittin and negatively charged h-POPE-KLA bilayer at negative
membrane potentials and weakened at positive membrane potentials. It could be
connected with the insertion of melittin into the hydrophobic membrane fragment. Sek et
al.** showed that significant changes were reported in AFM topography images after
exposure of the DMPG and DMPS bilayers to 10 uM melittin.** The DMPG bilayer film
appeared to be more affected by the interaction with melittin compared to the DMPS
bilayer.*® Exposure of the DMPS bilayer to 10 uM melittin for 12 h did not lead to rupture
of the DMPS bilayer, but caused a formation of some defects.*® The structure became less
compact for the DMPG bilayer after its interaction with 10 uM melittin for 12 h and some

defects were reported in the bilayer.** Such behavior reflected initial adsorption of
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melittin on the bilayer and further insertion which caused a formation of pores or partial
micellization of the lipid bilayer. Thus, melittin showed some selectivity with respect to
the composition of the lipid bilayer. Figure 74 shows a schematic representation of the
h-POPE-KLA (Figure 74a) and d-POPE-KLA (Figure 74b) bilayers after its interaction
with melittin. Results indicated that the use of realistic models of the OM of Gram-
negative bacteria was essential to understand the molecular-level behavior of the reaction

of microorganisms to melittin.

= Melittin

= S }3;

Figure 74: Schematic representation of a) the h-POPE-KLA bilayer and b) the d-POPE-KLA bilayer
exposed to melittin on the Au(111) electrode.

Au(111)
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6 Conclusions and Outlook

LB-LS transfer allowed the deposition of bilayers with transverse asymmetry on a solid
surface. The structure of the lipid molecules has a large impact on the molecular-scale
order in the model membranes of Gram-negative bacteria. The capacitance depended on
the potential drop across the membrane. Water flow through the membrane and water
circulation depended on both the electrode potential and the structure of the lipid
molecules in the polar head group region of the bilayer. The calculation of the packing
parameter of the lipid molecules facilated understanding of the molecular-scale behavior
of lipid bilayers at electrified interfaces. Results showed two different types of structural
rearrangements caused by the electric potentials. An abrupt flow of water into the DMPE-
DMPG bilayer was accompanied by a dehydration of the polar head group region and
reorientation of the hydrocarbon chains. The presence of POPE or DOPE lipids caused
an increase in the hydration of the polar region of the membrane in the inner leaflet of the
lipid bilayer. Water circulated in the hydrophilic fragment of the membrane at membrane
potentials deviating from the capacitance minimum. Less water and less negative
membrane potentials (at E - Epzc = -0.50 V) were required to lift the membrane from the
gold surface and to form a water cushion between the bilayer and the electrode. Smaller
changes were reported in the QCM-D frequency response with increasing unsaturation of
lipids. Water flow into the interfacial region between the electrode and the lipid bilayer
led to a dehydration of the polar head groups.

The average orientation of the hydrocarbon chains was potential-dependent for the h-
POPE-KLA bilayer and was potential-independent for the d-POPE molecules in the d-
POPE-KLA bilayer. Thus, the observed variations in the intensities of the CH stretching
modes arose from reorientations of the hydrocarbon chains in KLA.

The OM of Gram-negative bacteria interacting with AMPs represented a complex
supramolecular assembly. The electrochemical and PM IRRAS results indicated that the
use of realistic microbial cell membrane models was essential to understand the
molecular-level response of the cell membrane to AMPs. The orientation of the lipid
molecules in the pure h-POPE-KLA bilayer was dependent on the membrane potentials.
The electric potentials caused changes in the packing and orientation of the hydrocarbon

chains in the pure h-POPE-KLA bilayer. An increase in the membrane capacitance was
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observed due to the insertion of melittin into the h-POPE-KLA bilayer. Differences
between the 10 uM and 1 uM melittin on the h-POPE-KLA bilayer were found. Melittin
interacted electrostatically with carboxylate groups in KLA, involving changes in the
hydration and orientation of the carboxylate groups. The packing of the hydrocarbon
chains was affected by the interaction of the h-POPE-KLA bilayer with melittin. Schain
decreased after interaction of the h-POPE-KLA bilayer with melittin. The hydration of
the ester carbonyl groups changed in the h-POPE-KLA bilayer after its interaction with
melittin.

To elucidate the mechanism of action of melittin on the OM of Gram-negative bacteria,
studies of the orientation of bound melittin when the OM is exposed to changing electric
fields are necessory. The amdie | mode indicated that the OM associated melittin
underwent conformation and orientation changes. In the future work the secondary
structure of melittin as a function of the membrane potential could be characterized.
Selection of other AMPs (e.g., cecropin B, alamethicin) has to be studied in the future
work to distinguish the action mechanism of these AMPs with the OM of Gram-negative

bacteria.
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7 Appendix

7.1 Abbreviations

AC
ACV
AFM
AMPs
BAM
CE
DMPC
DMPE
DMPG
DMPS
DOPC
DOPE
DPhPC
DPPC
DPPE
DPPG
DSPE
d-DMPC
d-POPE
EDTA
EmrE
FR
FTIR
G-phase
GIXD
IM

IR
IRRAS
IRS
Kdo
KLA

LB-LS
Lo

LC
LE

Alternating current

Alternating current voltammetry

Atomic force microscopy

Antimicrobial peptides

Brewster angle microscopy

Counter electrode
1,2-dimyristoyl-sn-glycerol-3-phoshocholine
1,2-dimyristoyl-sn-glycerol-3-phoshoethanolamine
1,2-dimyristoyl-sn-glycerol-3-phoshoglycerol
1,2-ditetradecanoyl-sn-glycero-3-phospho-L-serine (sodium salt)
1,2-dioleoyl-sn-glycero-3-phosphocholine
1,2-diplamitoleoyl-sn-glycero-3-phosphoethanolamine
1,2-di-O-phytanyl-sn-glycero-3-phosphocholine
1,2-dipalmitoyl-sn-glycero-3-phosphocholine
1,2-dipalmitoyl-sn-glycero-3-phosphorylethanolamine
1,2-diplamitoyl-sn-glycero-3-phospho-(1rac glycerol) (sodium salt)
1,2-distearoyl-sn-glycero-3-phosphorylethanolamine
1,2-dimyristoyl-d54-sn-glycerol-3-phoshocholine
1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphoethanolamine
Ethylenediaminetetraacetic acid-sodium salt dihydrate
Ethidium multidrug resistant protein

Fermi resonance

Fourier-transform infrared spectroscopy

Gaseous phase

Grazing incidence X-ray diffraction

Inner membrane

Infrared

Infrared reflection absorption spectroscopy

Infrared spectroscopy

3-deoxy-D-manno-octonate

Di [3-deoxy-D-manno-octulosonyl]- lipid A (ammonium salt) Kdo»-
Lipid A

Langmuir Blodgett and Langmuir Schaefer

Liquid phase

Gel phase

Liquid condensed

Liquid expanded
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LPS
ND
NR
oM
PC

PE
PEM
PG
PM IRRAS
POPE
POPG

PP

PS
QCM-D
RE
S-phase
SUVs
TR
TRIS
WE

XR

7.2 Symbols
A

A
Abs
Achain
Ang
Alim
Ao

At

a

C
Chmin
I Analyte

M e O

Lipopolysaccharides

Neutron diffraction

Neutron reflectometry

Outer membrane

Phosphocholine

Phosphoethanolamine

Photoelastic modulator

Phosphoglycerol

Polarization modulation infrared reflection absorption spectroscopy
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
1-plamitoyl-2-oleoyl-sn-glycerol-3-phospho-(1rac glycerol) (sodium
salt)

Packing parameter

Phosphoserine

Quartz crystal microbalance with energy dissipation
Reference electrode

Solid phase

Small unilamellar vesicles

Transfer ratio

Tris (hydroxyl methyl) aminomethane

Working electrode

X-ray reflectivity

Area per molecule

Amplitude

Absorbance

Critical area of the hydrocarbon chain

Cross-sectional area at the hydrophilic-hydrophobic interface
Limiting area

Lift-off area

Area per molecule at the surface pressure of the monolayer transfer
Avrea of electrode surface

Capacitance

Capacitance minimum

Molar concentration of the analyte in the solution
Energy dissipation

Thickness
Potential
Electric field vector
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E- Epzc
Epzc
F

f
f Analyte

|chain

M Analyte

n
n Analyte

nwAnaIyte

Hchain

Membrane potential

Potential of zero charge

Force

Frequency

Volume fraction of the analyte in the solution
Acceleration due to gravity

Depth

Intensity of IR radiation transmitted by the analyte
Integral band intensity in the experimental spectrum
Intensity of IR radiation transmitted by the solvent
Intensity of p-polarized light

Integral band intensity in the calculated random spectrum
Intensity of s-polarized light

Current

In-phase current

Out-of phase current

Zero order Bessel function

Second order Bessel function

Current density

Length

Maximal length of the hydrocarbon chain

Molar mass of the pure analyte in the solution
Refractive index

Refractive index of the pure analyte

Refractive index of the analyte in IR in the spectral regions where no
absorption of the IR light by the analyte takes place
Cauchy principal value

Order parameter

Main phase transition temperature

Voltage

Volume of the hydrocarbon chain

Width

Surface potential of the membrane

Molar fraction of the pure analyte in the solution
Surface concentration

Maximal surface concentration

Surafce concentration at the transfer pressure
Surface tension of monolayer covered interface
Surface tension of uncovered interface

Maximum phase shift of the incident light by the PEM

Angle between the direction of E and i vectors
Angle of chain tilt
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dmis

Angle of incidence

Angle of reflection

Angle of transmission

Contact angle

Compressibility modulus

Attenuation coefficient

Attenuation coefficient of the pure analyte
Wavelength

Transition dipole vector

Wavenumber

Frequency at which the refractive index is evaluated
Frequency of asymmetric stretching band
Frequency of symmetric stretching band
Surface pressure

Surface pressure of the monolayer collapse
Density

Density of the analyte in the solution
Denisty of liquid

Charge density of the membrane

Surface coverage

Phase shift

Potential across the metal|solution interface
Excitation frequency of the PEM
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