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Abstrakt: Podporované lipidové dvojvrstvy slouZifko ungly model biologickych
membran @ studiu membranoveé aktivity 5 vybranych antimiki@hbich peptid.
Hlavnimi experimentalnimi technikami byly elipsomet laserové iddkovaci
mikroskopie a fluoresceéni korel@&ni spektroskopie. Zakladni principy pouzitych
experimentalnich technik jsou vydleny v této praci s fhlédnutim Kk jejich
strankdm podstatnym pro charakterizaci lipidovyclojdstev. Ve stranosti je
shrnut biologicky vyznam antimikrobialnich peitid jejich gisobeni na biologické
membrany a jsou ipdstaveny zakladni vlastnosti vybranych peptitlasleduje
rozbor hlavnich typ experimentalnich studii a interpretace jejich egkh.
Morfologické zngny lipidovych dvojvrstev byly zkoumany elipsometaiilaserovou
fadkovaci mikroskopii. Nejzajim&&i jevy byly pozorovany v ippack melittinu,
ktery vyvolal vznik dlouhych lipidovych trubic vygpujicich z dvojvrstvy. Lateralni
difuze lipidi me¢rena fluorescami korel&ni spektroskopii vypovida o us@alani
dvojvrstvy na vzdalenostech pod rozliSenim opticikkroskopie.
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Abstract: Supported lipid bilayers have been usedraartificial model of biological
membranes and their interaction with 5 selectedraeriobial peptides was studied
by several experimental techniques, mainly ellipstiyn laser scanning microscopy
and fluorescence correlation spectroscopy. Thasleeplains basic principles of the
applied techniqgues focusing on their aspects ralet@ characterization of lipid
bilayers. The biological significance of antimiciab peptides, their modes of
interaction with membranes and the basic charatiesiof the selected peptides are
briefly discussed. The following text describes timain types of experimental
studies performed and the interpretation of thesults. Peptide-induced changes in
lipid bilayer morphology were characterized by pdtbmetry and laser scanning
microscopy. Most interesting effects were obserwvethe case of melittin, which
induced formation of long lipid tubules protrudifiggm the bilayer. Lipid lateral
diffusion measured by fluorescence correlation specopy can provide information
on bilayer organization on length-scales below Itggm of optical microscopy.
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| ntroduction

The thesis presents results of my research relatdtie topic of supported lipid
bilayers (SLBs) and their interaction with peptideslonging to the class of
antimicrobial or cytolytic peptides. In my work,cbmbined several experimental
techniques to characterize selected propertied B &ind their changes induced by
the investigated peptides. The topic is of considier interest because, firstly,
antimicrobial peptides (AMPs) have been attracainigt of interest thanks to their
potential pharmacological applications as efficieamtibiotics with a further
advantage of low tendency of bacteria to develspstance against them [1-4], and,
secondly, most experimental evidence proves that thteraction with biological
membranes, of which supported lipid bilayers arg@opular artificial model, is
essential for the activity of almost all known AMPs7]. Investigation of peptide-
induced changes in biological membranes (or theificgal models) can, therefore,
help to understand the mechanisms governing AMRdodical activity and their

selectivity against certain types of cells.

First chapter explains basic properties of SLBs dneir relevance to
biological membranes, which they should mimic; pcat aspects of their formation
are also mentioned. The following three chapterscidee the three main
experimental techniques used in this thesis, wihih stated in its title, namely,
ellipsometry, atomic force microscopy and confdbabrescence microscopy (with
emphasis on florescence correlation spectroscopizhwis also the main topic of the
review added to the thesis Agachment). All three techniques have a wide range
of applications in many fields of research resgltin a variety of their modalities
and specialized approaches to suit particular tyesxperiments. Therefore, their
discussion in the thesis cannot be complete ang tm most basic general
principles of the methods are explained, with erspghan aspects relevant to
characterization of SLBs, followed by particulapplying to experiments presented
in the thesis. The last chapter introduces antiobied peptides and their biological
significance and describes four studies on whidk thesis is based and which
investigate interaction of selected AMPs with mageimbranes. Articles presenting
results of those studies are added to the thegigashments Il — V



1. Supported lipid bilayersand biological membranes

1.1. Basic characteristics of biological membranes

Biological membranes are indispensable for exigeasfcany living cell. They form
the barriers which separate the cell interior axtéréor and organelles from cytosol
and, thus, play an essential role in maintainirggadole environment inside of cells.
Apart from their compartmentalization function, nisanes are also the site of a
variety of fundamental biochemical processes incalé many proteins require the
specific membrane environment for their properifaydand function, ionic gradients
across membranes are an important energy sourd&,e®3. In spite of the variety of
functions they perform in all types of cells, bigical membranes share many
common characteristics. They are composed of mambgaoteins and lipids
(phospholipids, sphingolipids and sterols). Althbube mass fraction of proteins in
some types of membranes can be relatively higlpic bilayer is the key structural
component of any biological membrane. The bilayieuncsure is a result of the
amphiphilic nature of phospholipids and sphingalg)iwhich are arranged in the
bilayer with their polar headgroups facing outwafdsvards aqueous environment)
and their hydrophobic tails forming the bilayerembr (see figure 1.1). It provides
the mechanical stability and basic physical progertharacteristic for membranes
[8, 10, 11]. Those include:

1) low permeability to ions and polar moleculeghich results from the hydrophobic
nature of the interior of a lipid bilayer. This perty is essential for maintaining
stable intracellular environment and ionic gradseatross membranes. Transport of
ions across membranes happens only via membrarein@oand is, therefore,
controlled by the cell. Loss of membrane integntich increases its non-selective

permeability, has fatal consequences for the 8ell2].

i) asymmetryin lipid composition between the two leaflets bétlipid bilayer is
characteristic for membranes of living cells. Maining of lipid asymmetry is
facilitated by slow rates of transversal movemdriipids between the two leaflets,
called flip-flop. Unless the rate of flip-flop isnkanced by specific proteins or
membrane defects [13-15], the asymmetry can beteiaed for up to several hours
[16-18].

i) fluidity ; this term describes the fast lateral mobilitylipfds in the plane of the



membrane. Its importance was pointed out by Siraget Nicolson in their fluid
mosaic model of membranes [19]. Fluidity results galf-sealing ability of
membranes, homogeneous lateral distribution ofi$igind also in lateral mobility of
other molecules (such as membrane proteins) incatga in the membrane. It
influences, thus, kinetics and mechanism of men@emsociated biochemical
reactions. Membrane fluidity is closely related lipid ordering (more ordered
bilayer is less fluid), which can influence actyitf membrane proteins via changes

in lateral pressure within the membrane [20-22].

Later studies have shown that biological membraaes not laterally
homogeneous, but contain domains differing in lipitd protein composition and
also in fluidity [23-26]. The relation between fiplateral mobility and kinetics of
membrane-associated processes is, therefore, a mmack complex problem.
Membrane fluidity is, nevertheless, a key paramé&ieunderstanding functions of

cellular membranes.

1.2. Biological membranes and their artificial misde

As has been said above, lipid bilayers are the inailding blocks, which, to a large
extent, determine properties of biological membsan&he way how various
compounds (for example toxins or AMPS) influenceparties of lipid bilayers can
elucidate their effects on biological membranes, émgs, in many cases their effects
on the whole cells. For that reason, artificialdipilayers and their interaction with
biologically active substances are frequently itigased. Experiments with artificial
bilayers are easier than with living cells; theiaimadvantage, however, lies in the
possibility to control the lipid composition of thalayer and, thus, its physical
parameters such as electrostatic charge densitflumlity. Influence of those
parameters on interaction with biologically actisabstances can be, therefore,

studied in a systematic manner.

Preparation of artificial lipid bilayers is, in pdipal, a rather simple task,
because membrane lipids in aqueous environment niazga themselves
spontaneously into a bilayer [11]. The procesgiiked by hydrophobic effect, which
forces the amphiphilic lipid molecules to organinéo a structure in which the
hydrophobic lipid tails are shielded from water gadar lipid headgroups exposed

to it. Depending on the shape of its molecule (di® between the hydrophobic part



volume and the headgroup area) the lipid prefeabytforms bilayers (lamellar

phase), micelles or inversed micelles (hexagonaseh Biological membranes
always contain a fraction of lipids preferring nlamellar phases, which help to
stabilize the membrane in locations with significaarvature and during processes

locally disturbing lamellar structure (such as meanle fusion or endocytosis) [8].

The commonly used artificial lipid bilayer systewsn be divided into two

main classes:

i) liposomes which are closed spheres made of lipid bilay@rey can be further
divided to multilamellar vesicles (consisting of myaconcentric bilayer spheres) and
unilamellar vesicles (a single bilayer sphere),clhare further classified according
to their size. Small unilamellar vesicles (SUVs}thwidiameters to approximately
50 nm, large unilamellar vesicles (LUVS) with digers up to a fewum and giant
unilamellar vesicles (GUVs) with diameters of thdey of tens ofum (comparable
in size to cells) differ in the type of assays inieh they are predominantly used and

in their preparation protocols [8, 27-30].

i) planar bilayersare either free-standing or supported. Free-stgnolanar bilayers
are usually spanning apertures in a septum [31,BB#ause of their large diameters
resulting in negligible local curvature, GUVs atsotasometimes considered a type of
free-standing planar bilayerattachment)l. Supported lipid bilayers are adsorbed to
the surface of a solid support [33, 34]. Suppoliigyers are stable, easy to handle
and convenient for characterisation by surface adtarization techniques (such as
ellipsometry or scanning probe microscopy). Theiainm disadvantage is the
proximity of the solid support, which can influeno#ayer properties. Advantages of
supported and free-standing bilayers are, to soxteng combined in bilayers on
porous supports [35, 36]. SLBs were the main men#rimetic system used in the
studies presented in this thesis; therefore, tli@imation and properties are

discussed in more detail in the next section.

1.3. Formation of supported lipid bilayers

Several methods have been proposed for formatioripaf bilayers on solid
supports; the most common techniques are Langmad¢ggtt deposition [34] and
vesicle adsorption and rupture on hydrophilic stefa[37, 38]. The letter approach

was used in this work and will be, therefore, désmd more thoroughly. It is quite a



simple procedure since the bilayer is formed spwuasly when a suitable
hydrophilic surface is exposed to a suspensionimll Ivesicles. Although the
preparation protocol has been used for many ydhese remain aspects of the
process of bilayer formation, which have not bedty fexplained. Main features of

several models, which have been proposed to desthid process, are shown in
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figure 1.1.

Figure 1.1: Schematic depiction of tentative pathways of StBrfation by
adsorption and rupture of vesicles on hydrophiilkdssupports. Either each
individual vesicle ruptures upon its adsorptionthe surface forming a
small bilayer patch1) or interaction of several vesicles adsorbed ® th
surface in close proximity to each other is neeenhduce rupture?). In
the latter case, several vesicles may fuse toggther to rupture Za) or
collective effect of neighbouring vesicles leadsthie rupture of the first
vesicle and the edge of the resulting bilayer patafuces rupture of
adjacent vesicles2p). Several mechanisms of vesicle rupture (applyog
both pathwaysl and 2) have been proposed. They differ mainly in
prediction which leaflet of the vesicle membrangisximal to the solid
support, whethel) the outerji) the inner ofrii) a mixture of both.

Whether a lipid bilayer is formed on the support dahe actual pathway,

which the bilayer formation follows, is determinetinly by the interplay between



bilayer-support interactions (the adhesion energyween the bilayer and the
support) and mechanical properties of the bilaysr dending modulus, curvature
strain). The transition from a vesicle to a bilayatch is favourable in terms of
adhesion energy (due to increased contact areaebetWpids and support), but
unfavourable in terms of vesicle curvature ene@8-41]. The edge of the bilayer
patch is also energetically unfavourable (becaus#sohigh local curvature) and
certainly represents a factor acting against ra@p{d2]. Therefore, only bilayer
patches larger than a certain critical area (whdeipends on lipid and support
properties) are energetically favourable and, tharsped [40]. If individual vesicles
are not big enough to produce patches of suffise®, rupture can proceed only via
collective effects of several adjacent vesiclesatTéxplains the need for so called
critical coverage in some cases of SLB formatio®-4%]. The surface is, in those
cases, covered by a layer of adsorbed vesicles @m, after a certain critical
coverage of the surface by vesicles has been reéachpture starts and SLB is
formed. An example of experimental observation bBSormation proceeding via

critical coverage is described in section 2.3.

Adhesion energy between the bilayer and the supgepends strongly on
electrostatic interactions, which are determinedinface charge of the support and
the lipid bilayer and by composition and ionic stgth of the aqueous environment
[38, 39, 46]. In particular, calcium ions have bdéeund to enhance adsorption and
rupture of vesicles [38, 40, 44, 46]. The exact m@ism of vesicle rupture is even
less understood; most likely it varies dependingt@ support, the lipids and their
interactions [47, 48].

The most common supports for SLBs are mica, gkbson and silica [49].
Mica is often regarded as an ideal support, becausxhibits large areas of
atomically flat surface. Although large roughness tbe surface can prevent
formation of continuous bilayers [46, 50], roughsmés nm range (such as in the
cases of glass and silicon slides) has been showrave little influence on SLB
formation [49, 51]. The bilayer is actually nevardirect contact with the support,
but it is separated from its surface by a thin agselayer (in the order of
nanometres), which ensures that fluidity is mamgdi in SLBs [50, 52, 53].
Nevertheless, lipid mobility is influenced by theopimity of the support and it is

slower than in free-standing bilayers [54]. A dission of the influence of solid



supports on lipid mobility in SLBs is found in sect 5.2 ofAttachment.|

Glass, freshly cleaved mica and silicon slides ¢(Wlare always covered by a
thin layer of silica under ambient conditions [4@fre used as solid supports in the
studies presented within this thesis. SLBs wemméal by exposing the surface of the
solid support to suspension of SUVs prepared byicaton as described in
Attachment IV SUVs were used because they had been previoeplgrted to
produce defect-free bilayers [39]. Experiments wahger vesicles (prepared by
detergent dialysis [55]), yielded also formation $EBs (see section 2.3); the
continuous nature of the resulting SLBs was vetitiy fluorescence recovery after
photobleaching (FRAP) (data not shown).



2. Ellipsometry

2.1. Basic principles of ellipsometry

Ellipsometry is an optical method used mainly fbam@cterization of thin films and
surfaces. The method is based on analysis of ceangmlarization of light upon its
reflection from the sample. Incident beam has aitrary elliptical polarization and
can be, therefore, described as a superpositioiwof plane-polarized waves
differing, in general, in phase and amplitude. @hé¢he waves in polarized in the
plane of incidence defined by the incident andeat#id beam (denotgdplane) and
the other wave in the plane perpendicular to tla@elof incidence (denotexplane)
and, thus, in a plane parallel to the reflectingame of the sample. Reflection of the
two waves from the sample is described by reflectomefficientsR, and Rs
respectively. The reflection coefficients are coexphumbers; their absolute values
give the ratio of the amplitudes of the reflecteaves to those of the incident waves;
their phases give the phase shifts experiencechéywvaves upon their reflection.
SinceR, andRs are in general not equal, reflection results ¢hange of the ratio of
amplitudes and mutual phase shift between the wpokgized inp- ands-plane;
therefore, the polarization of the reflected beaffeid from the polarization of the
incident beam. The change in polarization of lighotn reflection can be described
by two angles¥ andA, which are the output of an ellipsometric meas@mnand

are related to the complex reflection coefficidngequation (2.1).
R
R

The ratiop of reflection coefficients is determined from teeperimentally

p = tan(¥) expliA) (2.1)

obtained values d# andA and, using an appropriate model, optical parammeier
the sample can be inferred from the complex vafye[66-58]. In the simplest case,
the sample is homogeneous, consisting of a matehatacterized by complex
refractive indexns and surrounded by a medium of complex refractiveex n;.
Therefore, only reflection on the single interfastween the sample and the medium

is considered.

Reflection and refraction of electromagnetic wayeslarized inp- ands-

plane respectively) on an interface between twoianeficomplex refractive indices



n and n; is described by Fresnel reflection,f, rs;) and transmissiontyy, tsi)
coefficients (2.2a,b,c,d) [56, 59]:

_ Ny COS@ ) -n COS@J)

= (2.2a)
n, cos@) +n, cos@,)
_ N, COsg, ) —n, cosg,) (2.2b)
*¥ n cos@)+n, cos@,) '
.oz 2n, cos@,) (2.2¢)
Pl n, cos@)+n, cosg,) |
. 2n, cosg,) (2.2d)

- n, cos@) +n, cos@,)
where the angleg and g are related to each other by Snell’s law (2.3).

nI Sin(¢| ) (23)

J

sin(@,) =

In the simplest case of a single reflecting integfahe reflection coefficients
in (2.1) are equal to Fresnel coefficientg andrss (2.2a,b). Substituting (2.2a,b) to
(2.1) we arrive to an expression fay (2.4). Refractive index; of the sample can
be, then, calculated from the measured value¥ @ndA, provided the refractive
index n; of the medium is known. That is usually the cake; medium is typically
air, vacuum or an aqueous solution (transparenhenspectral region used in the
ellipsometric experiment) and its refractive index either known or easily

determined by refractometry.
., 1
ng = nltan(ﬂ){l—%nl)(f{)}z (2.4)

A typical sample investigated by ellipsometry cstsiof thin films deposited
on a reflecting surface. In the basic case, whéy asingle layer covers the surface,
a three-phase model is used. Parameters of thelracglexplained in the inset of
figure 2.1. The sample is composed of a materiti widex of refractioms and has
a smooth surface on which a layer of thickndssand index of refractiom, is
deposited. The sample is surrounded by a mediummactesized by index of
refractionn;. The angle of incidences is determined by the arrangement of the

ellipsometer and the angle of refractigncan be calculated from Snell’'s law (2.3).



The reflection coefficient for the wave polarized g-plane R, (where the
indexq stands either fgp or s) can be, then, calculated by summation (2.5) digda

waves contributing to the reflected wave [56].
- k-1 k _—i
Ry =l t th12tq21 21 Tgo3 € 2o (2.5)
k=1

wheredis the phase thickness of the thin filrig wavelength of the light):

_ 2md,n,cosg,)
A

) (2.6)

Summing up the infinite series (2.5) and using idi@s rq; = —rq2 and
tgotp1=1 —rq122, the final expression (2.7) for the surface cogtdrg a thin film of

optical thicknes®is obtained.

—i20
— rq12 + rq23 €
=1 g (2.7)

+ rq12 rq23 €

The problem of calculating unknown parameters @& #ample (refractive
indices and film thickness) from the measured \&loig¥ andA is not trivial and
analytical expressions can be found only in fewcspecases when most of the
parameters ara priori known [56]. In the case of the three-phase modstibed
above, it is in the situation when all refractivedices are known and the only
unknown parameter is, therefore, the film thickrnsg he analytical formula can be
found for example in the monograph of Azzam andhBes [56]. All other situations
require a numerical solution, when estimates oaipaters are varied in search for
the best agreement between measured value¥ @ind A and their estimates

calculated using the estimates of unknown parameter

Measurement o® andA at one wavelengtid and one angle of incidenag
provides two independent values, from which not endhan two unknown
parameters can be determined unambiguously. Re®aaidexn; of the medium is
typically known (as discussed above) and the refimendexns can be determined
using (2.4) from an ellipsometric measurement wilite bare substrate (if such
sample is experimentally available). Thereforeleast one of the remaining three
parameters, which describe the thin film (its tiieksd, and the real and imaginary
part of its refractive indexr,) has to be known in order that the remaining twaym
be determined in a single spectroscopic measuremientall ellipsometric

10



experiments, results of which are presented inttiesis, imaginary part of, was
assumed to be equal to 0, because the organig filwesstigated here, practically do

not absorb light of the visible spectral range @hhivas used).

If more unknown parameters should be determinedllipsometry (especially
when more complicated models of the sample are, i meth as models containing
several thin films or models taking into accountrface roughness), more
experimental data need to be acquired to deterfoineverdetermine) all unknown
parameters [56]. Typically, measurements are peddr for various angles of
incidence or various wavelengths of light, whichthe principle of variable angle

spectroscopic ellipsometry (VASE) [60, 61].

2.2. Practical realization of ellipsometry — Nuligsometry

Figure 2.1 shows a schematic drawing of an ellipstaio setup. Although it was
drawn according to the setup for null ellipsometsged in experiments described in
this thesis, most of its parts are valid for arljpsbmetric modality. The information
on changes in polarization of light upon its refilec from the sample (expressed as
p) is inferred from the dependence of intensity ightl hitting the detector on
azimuth angles of the polarizer, analyzer and corsgr (an optical element
introducing a defined phase shift between wavesarp@d in two planes
perpendicular to each other; it is not necessargllirellipsometric modalities [56,
60]) and the phase shift introduced by the comgensdahe following text will
discuss the way of determination @f by null ellipsometry, focusing on the
particulars which apply to the ellipsometric setuigh which data presented in this

thesis were obtained.

Null ellipsometry, as its name suggests, searabresuich values of adjustable
parameters of the instrument, which minimize thtensity of light impinging on the
detector, which would reach zero in the ideal cabe. typical adjustable parameters
in null ellipsometry are the azimuth angR&ndA of the polarizer and the analyzer
respectively and the azimuth angleof the compensator fast axis. Adjustment of
two parameters is sufficient for reaching the notensity and one of the three
azimuth angles is, therefore, usually fixed [56]. 5% common null ellipsometer
(including the setup used in this work) uses a camsptor introducing phase shift

Ac = —Y, 1 (quarter-wave plate) to the light polarized in theection of its slow axis

11



with respect to the light polarized in the direntiof its fast axis. The fast axis of the
compensator is fixed at azimuth an@le= + ¥, 11, using the usual notation according

to which all azimuth angles are measured anti-elogk from the plane of incidence
when looking against the propagating beam [57].

Sample

Detector

Light source

Figure 2.1: Schematic drawing of a null ellipsometer. A ligddurce (a
laser in the setup described in this thesis) presuandomly (or circularly)
polarized light, from which polarizePj selects a plane-polarized wave.
Depending on the orientation of its polarizatiorthamespect to the fast and
slow axis of the compensato€) (a quarter-wave plate in the described
setup), an arbitrary elliptically polarized ligigt produced, which impinges
on the sample. Such orientation of polarizer carfdomd, for which the
light reflected from the sample is plane-polarizédrientation of its
polarization is determined by searching for theemtation of analyzerA),
which gives the minimum of intensity on the detecithe inset shows the
three-phase model of the sample consisting of deataig surface
characterised by refractive indax, a thin film of thicknessd, and

refractive indexn, and a medium of refractive index

The compensator changes linearly polarized ligheltptically polarized

12



light; arbitrary ellipticity can be achieved by asfing the azimuth anglB. For
certain values of ellipticity and orientation oktbllipse, the reflected light is linearly
polarized. In such cases, null intensity on theecler is reached by setting the

azimuth angleA perpendicular to the plane of polarization of te#lected light. If
the azimuth angle& andP are searched within the rar(@eZn> , eight combinations
of A andP, minimizing detected intensity (to null in ideadse), can be found for
each of the two compensator azimuth andgles + ¥ 1t It can be shown that,
without any loss of generality, the range withiniethA andP are searched can be
reduced toO< A< ¥z and-¥n<P<3n respectively [57]. Then, in the case of
reflection from a sample characterized by reflectamefficients ratiop (2.1), the
anglesA, andPy corresponding to minimal (null) intensity are tethtoW andA by
relations (2.8a,b) wheG =+ ¥ 1t

¥ = Ab (28&)

A=n+Z3F2P (2.8b)

NS

The condition of null intensity is also satisfieor A=Ay +kmandP =Py =¥,

wherek is an integer, giving the eight combinations facke value ofC. Derivation
of relations (2.8a,b) using the Jones matrix foremalcan be found for example in
[56].

Ellipsometric measurements presented in this thesi® performed with a
modified Rudolph & Sons ellipsometer Type 43303-Z)(b8, 62]. A He-Ne laser
(A =632.8 nm) was used as the light source ensgong stability and high signal to
noise ratio [62]. The polarizer and analyzer ar@ateml by stepper motors with
accuracy and reproducibility within 0.005°, whichoas determination of layer
thicknesses with precision of approximately 0.5 fi62]. Measurements with
surfaces immersed into liquid are enabled by ptadime reflecting surface to a
cuvette of trapezoidal cross-section which enspegpendicular incidence of light at
the cuvette walls. A magnetic stirrer placed bellbw cuvette allows stirring of the
liquid with defined velocity.

The angle of incidence is set to 68° which wasnfouo be ideal for

ellipsometric measurements on silicon surfaces (Wh. Hermens, personal
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communication). The sensitivity of ellipsometric asarements is, in general, the
highest at incidence angles close to the princpalle for the given interface. The
principal angle is the angle of incidence at whioh difference between phase shifts
& and s experienced by- ands-polarized planes respectively upon their reflectio

is equal to %1 In the case of reflection from materials with laextinction

coefficient, principal angle is almost identicalthvBrewster angle, at which onty
polarized wave is reflected [56, 59]. For silicmo\ered with thin layer of SK)in
air, the principal angle is approximately 70°. Hoere the experimental scatter in
measured anglé¥ and A increases with increasing sensitivity and errams i
determination ofA increase significantly with increasing angle ofidence [56].
Therefore the angle of 68° was chosen as a compeob@tween requirements on

sensitivity on one hand and on precision and acgura the other hand.

The set of azimuth angles satisfying the nullingdibon can be found in two
steps: first the polarizer is adjusted to minimuntemsity and, then, the null is found
by adjustment of the analyzer [56]. To achieve &igprecision, intensity can be
minimized by alternating adjustments Bfand A until it cannot be reduced any
further. If a temporal sequence of measurements thié same sample is performed
(for example to follow kinetics of adsorption preses on the surface), the time
needed for minimum intensity search can be redumgedsearching only in the
vicinity of Py andAg found in the preceding measurement, provided Ha@nges in
optical parameters between two readings are smaugh. In this way, the
ellipsometer used in this work can perform a neadmeg every 12 — 15 s. Further
increase in temporal resolution can be achievedeayching for intensity minimum
via polarizer adjustments only (off-null ellipsomet[63]); such approach was

however not needed to follow processes investigatéuis work.

2.3. Lipid bilayers characterized by ellipsometry

Thanks to its ability to reach sub-nanometre rdagmiuin layer thicknessdg),
ellipsometry allows measurement of SLB thicknesd &s changes during SLB
formation or its interaction with other molecul@$he above described three-phase
model is applicable also in this case: reflectingace () is formed by the solid
support; fully hydrated SLB (a mixture of phosppals and aqueous solution)

represents the thin filrm4, d;) and the whole sample is in an aqueous soluhgn (
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Lipids and most peptides and proteins do not abdgti in the visible
spectral range. Therefore, imaginary paringfcan be assumed equal to 0 and the
remaining parameters describing the layer (redl gfam, andd,) can be determined
unambiguously from measuréd and A. When the chemical composition of the
adsorbed layer is known, its surface mAgsnass per unit area) can be determined
from n, andd, using molar refractivity of its constituents. Whigre Lorentz-Lorenz
theory for refractive index of a mixture of substes [59] is used, equation (2.9) for

/~of a mixture of lipids (or lipids and proteins)dabuffer is derived [58, 64].

Ir=d, L(n,)-L(n) (2.9)
A
"l =vL(n)

whereA, M andv are molar refractivity, molar mass and partialcipevolume respectively
of the lipid (or lipids and proteins) mixture forng the adsorbed layek.(n)) is defined by
(2.10).

n’-1

L(n)=
()= 25

(2.10)

Molar refractivity of different compounds can bdotdated using molar refractivity
of atoms or atom groups. Partial specific volumediferent lipid mixtures was
determined by Cuypers et al. [58] from ellipsontetrieasurements of thickness of
dry lipid films (see the reference for details tve imethod and further discussion).
The following values were used in the studies prieseihere Attachment Iland
Attachment II): AM = 0.274 cmig™* andv = 0.89 cmig™.

Figure 2.2 shows an example of SLB formation orfiedéint solid supports
monitored by ellipsometry. It is evident from thigure that, in all three cases,
vesicles first adsorb to the solid support withaugdturing (high thicknesd, and low
refractive indexn, which is only slightly higher than refractive indef the buffer
n; = 1.335) and, only after a certain critical coggdas been reached, the vesicles
rupture and coalesce into a bilayer (see secti@nfdr. more information on SLB
formation). The gradual decrease in thickness ofdjer on silicon slide during the
first 100 s of the measurement is probably caugeithbiening of the vesicles on the

surface.
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Figure 2.2: Formation of SLBs by adsorption and rupture oficles on
three different solid supports (silicon slides, sglaand freshly cleaved
mica) monitored by ellipsometry. Refractive index(circles), thickness
dx (triangles) and layer mags(squares) are plotted versus time form the
addition of vesicles to the sample. The vesiclesevpeepared of dioleoyl-
phosphatidylcholine (DOPC) and dioleoyl-phosphdsidgine (DOPS) in
molar ratio 4/1 by octyl glucoside dialysis [S5].Bs formed in a buffer
composed of 10 mM 4-(2-hydroxyethyl)-1-piperazimegiesulfonic acid
(HEPES), 150 mM NaCl, 2 mM Ca{pH 7.4); the lipid concentration in
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the sample was 1Q€M.

Formation of SLBs on the same three solid supg@$sbeen studied in detail
by Benes et al. [44]. The authors observed tremdsas to those presented in figure
2.2; slight differences are possibly caused byeddfit vesicle preparation protocol
(resulting in different size distribution of vesas) used in [44] and in the experiment
described here. Benes et al. also reported nedudbrcritical coverage (more 50 %
of bilayer mass) for SLB formation on silicon skdand on mica. SLB formation on
glass was dominated by direct vesicle-support agtesns and direct rupture of
vesicles was observed under some conditions. Towelates with the presented
results, according to which the critical coverageded for SLB formation on glass
was the lowest from all the studied supports, asbeaseen from the fraction of total
layer masg™ at which rupture started (figure 2.2). The adsorpof vesicles on mica
was slightly slower than on other supports, whigreas with [44]. Furthermore, the
speed of SLB formation on all supports dependedamtentration of vesicles in the
sample; two times lower lipid concentration () resulted in approximately two
times longer time required to reach the full matshe adsorbed layer (data not

shown).

It can be also noted that the scatter in calculatddes ofn, andd, of the
SLB on mica is relatively high and also that thattr is covariant (overestimation
of ny results in underestimation df andvice versq Therefore the scatter in layer
mass /- is much smaller and™ is the most robust parameter obtained from
ellipsometric measurements and it can be measaordibid bilayers with a precision
of 2—4 ng/cm [44, 58]. The approximate value éf= 0.4pg/cnt obtained in the
presented experiment corresponds to area per (ysohg the average molecular
mass of a lipid in the used mixture) equal Sp= 0.66 nmM, which is in good
agreement with findings of X-ray structure analyéfs, 66].

The measured value da, (figure 2.2) is considerably higher than the
expected thickness of a lipid bilayer (which is mp@mately 5 nm including the thin
aqueous layer separating the bilayer from the salgport [67-73]). The systematic
overestimation ofd, (and most likely simultaneous underestimation ngf is
probably caused by surface roughness, which iscansidered in the three-phase

model, and also by imperfections of optical compus®f the ellipsometer [44, 74].
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This type of systematic error, however, affectsydhke absolute values df andny;
the observed trends, such as vesicle rupture r&féehing a critical coverage, are not
invalidated by it. Our measurement of SLB formatmm a silicon slide performed
with a spectroscopic ellipsometer and analyzedguaifour-phase model (taking into
account the thin layer of silica which is presenttbe surface of silicon at ambient
conditions) yielded more realistic valuestbf(5—-10 nm) [75].

In some ellipsometric studies of SLBs, a constahiier of refractive inder;
is used (for example 1.45 [76, 77]) and the thisknef the bilayed, is the only free
parameter calculated frod and A [76-80]. By proper choice oh,, a good
agreement of measureld with expected value can be reached. However, psase
involving changes in density of the layer (whichnfluencing the refractive index)
cannot be monitored by such approach. The indepérdermination oh, andd;
is necessary to distinguish the critical coverage ¢ SLB formation (as shown in
figure 2.2). It is also essential for elucidatingehanisms of SLB degradation. For
example in the case of phospholipase A2 a lossriiage masg was accompanied
by decrease im, and a constant thicknesls, showing that phospholipase A2 is
removing the bilayer in patches, which are sepdrate remaining parts of intact
SLB [44]. If constant value afi, was used, the process could be misinterpreted as
bilayer thinning. Similar situations are encoundere interpretation of effects of
AMPs on lipid bilayersAttachment llandAttachment I1).

18



3. Atomic for ce microscopy

Atomic force microscopy (AFM) is one of the techumg of scanning probe
microscopy. It probes the topography of surfaces wesolution on nanometre (or
even sub-nanometre) scale by a small pyramidaleshpbe (the tip) located at the
end of an elastic cantilever (usually made of ailicor silicon nitride) [49]. The
principle of the method is schematically depictedigure 3.1. The sample is moved
with respect to the tip by a piezoelectric actuatioe forces between the tip and the
sample surface (dominated typically by attractiae der Waals forces and repulsive
forces between electrons of atoms at the tip andecutes at the surface) are
monitored via changes in deflection or oscillatioh the cantilever [81, 82].
Information on tip-surface forces is used to camdtia map of topography of the
sample surface; alternatively other characterissaosh as viscoelasticity [83, 84] or
localization of specific molecules (when using @rmically functionalized tip [85,

86]), can be also mapped.

There exist several modes of AFM operation, whidfedin the range of
accessible characteristics of the sample and imvthehow the tip-sample forces are
monitored. In contact mode, the tip is kept in eshtwith the scanned surface.
Deflection of the cantilever is determined by edpilim between tip-surface
attractive and repulsive forces and spring forcéhefelastic cantilever [49, 81, 82].
Changes in tip-surface distance and, thus, inurfase forces, are accompanied by
changes in cantilever deflection (which is monitbrega movements of the laser
beam reflected from the upper side of the cantitesee figure 3.1). A constant
deflection of the cantilever (and, thus, constaptsturface force) is maintained
throughout the whole scan by adjusting the vertpzaition of the sample (th&
coordinate of the piezoelectric actuator). THecoordinates corresponding to
individual points in the plane of the scatiY{plane) represent, then, the topographic
image of the sample surface (provided that the mi#gece of tip-surface force on

tip-surface distance is uniform in th&-plane).

Tapping mode (or intermittent contact mode) wasettgyed later with the
aim of minimizing lateral forces, which the tip etseson the sample [83, 85, 87].
That is important especially for imaging soft suda of biological samples, which

can be considerably affected by lateral tip-sanfplkees. In tapping mode, the
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cantilever is oscillated at a frequency close t rigsonance frequency and the
amplitude of the oscillation is monitored. Tip-aagé forces influence the cantilever
oscillation and reduce its amplitude at shorterstifiace distances. Therefore, by
adjusting theZ-position of the sample to keep constant amplitoflecantilever

oscillation, the topography of the sample surfaceltained [49, 83, 87].

quadrant
hotodiode

transparent cantilever

cell

feedback

piezoelectric
actuator

Figure 3.1: Schematic depiction of AFM setup for imaging inuaqus
environment (the sample is placed in a transpareltfilled with desired
solution). The piezoelectric actuator moves the@anmwith respect to the
cantilever, movements of which are monitored vieser beam reflected
from its upper side (opposite to the tip). Lasearheimpinges upon a
quadrant photodiode and, according to the ratioghnsities in individual
guadrants, verticalZ) sample position is adjusted to maintain constant
cantilever deflection or oscillation amplitude {apping mode).

The topography of planar surfaces without any wistimorphological
features (such as homogeneous SLBs or their safigpasts) can be sufficiently
characterized in terms of surface roughness. A ocontyn used roughness
characteristic, which is often extracted from AFkhages, is root-mean-square
roughnessy, defined by equation (3.1), whelké is the number of points in the scan

andZ, is their averag&-coordinate [88].
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One of the main advantages of AFM is its ability image surfaces in
aqueous environment. It allows, therefore, recaydif high-resolution images of
biological samples, including living cells, undenygiological conditions [89-92].
SLBs are, thanks to their planar character, waliedufor investigation by AFM.
Indeed, AFM is an indispensable source of infororaton SLB thickness [69, 93-
95], phase separation in lipid bilayers [70, 96pathways of SLB formation [38, 40,
49]. Interaction of proteins and peptides with dipbilayers is also frequently
investigated by AFM [67, 84, 97-99]; however, ie tudies presented in this thesis,
AFM played only a marginal role. It will be theredonot discussed any further here;

results of AFM experiments are presented in se&ian
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4. Confocal fluorescence microscopy

4.1. Laser scanning microscopy

Confocal fluorescence microscopy is a widely usedging technique in biological

sciences. Its development was motivated mainly ffigrts to improve contrast in

imaging of thick biological samples by fluorescenoécroscopy, in which case
fluorescence originating elsewhere than in the Ifqgane of the microscope
contributed to the image in the form of a blurreatkground [100, 101]. The cost for
rejecting out-of-focus light is the impossibility capturing the whole image at once
and the need to record it point-by-point instealdatTfact imposes limits on image
acquisition speed but, on the other hand, allowthéu analysis of fluorescence
signal originating from individual points in the rsple. Therefore, a confocal
florescence microscope has much broader applicdhian just imaging of thick

samples.

The basic setup of a typical confocal fluorescemieroscope is shown in
figure 4.1. Excitation light (typically a collimadelaser beam) is coupled by a
dichroic mirror reflective at the wavelength of tlaser and transmissive at longer
wavelengths, where fluorescence emission of thepkans located, into the
objective, which focuses the light into a smalluroke element within the sample.
Fluorescence emission is collected by the samectilge passes the dichroic mirror
and emission filter (which eliminates the rest bé texcitation light transmitted
through the dichroic mirror) and is again focusgdube lens onto a small circular
aperture (usually of a diameter in the range frdnt@ 100um) called confocal
pinhole. Positioning of the pinhole to tube lensclkbdocal plane ensures that
fluorescence originating from the focal plane isused at the plane of the pinhole
and, therefore, propagates through the aperturge Whther propagation of out-of-
focus fluorescence (which is unfocused at the penlptane) is, to a large extent,
stopped. Light that passes through the pinholehe=aea detector, which is usually a

single photon avalanche diode or a photomultiplibe.

The above described setup ensures that fluoresenission is effectively
collected only from a small volume element of thenple, the detection volume of
the confocal microscope, which determines resatutioconfocal microscopy. It is

the product of distribution of excitation light amtsity within the sample and of the
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collection efficiency of emitted fluorescence. THestribution of excitation light
depends on the objective nhumerical aperture, wtiabkrmines the smallest possible
size of a focused beam via the diffraction limiudtescence collection efficiency is
also determined by the objective numerical aperamé by the pinhole size and
positioning. The resulting diffraction limited etfieve detection volume has typically
about 1um?® or less [102, 103].

——focal plane Figure 4.1: Basic setup of a

confocal fluorescence microscope.
BRIREAIE Excitation light (a collimated laser
beam) is reflected by a dichroic
mirror to the objective, which

focuses the light to a small volume

<«—— laser beam o
element within the sample.

Fluorescence from the sample is
dichroic mirror

71— emission filter

collected by the same objective,

transmitted by the dichroic mirror
< ——— tubelens

and emission filter and focused by

confocal pinhole  typhe lens to the confocal pinhole,
_— which  prevents  out-of-focus

fluorescence from reaching the

il
detector.

The excitation laser beam has typically a Gaussiensity profile
(corresponding to the basic transverse electronmagi&My, mode of the laser)
producing a Gaussian intensity profile of the foauglanes parallel to the focal
plane KY-planes), which gives rise to Gaussian distributbnollected fluorescence
intensity [104-106]. The intensity profile of deted fluorescence in axial direction
(Z-axis; the direction parallel to the optical axi$ the microscope) can be
approximated by a Lorentzian function [105, 1078]10@esulting in formula (4.1)
giving Gaussian-Lorentzian spatial distributidia, (R,Z) of probability of detecting

a photon from a molecule at coordinafeandZ.
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W, (R Z) = G ) ex;{— 2 RZZ)

7 af( J (4.1)

whereR? = (X* + Y% and w(2) is defined by equation (4.2) and describes wigfth

the detection volume at a plane characterised & esordinateZ [106, 109].

of o NZ°
W (2) = w, (1+ > %4j (4.2)
ap is a characteristic dimension of the detectioruna in the focal plane(= 0). Its
size is diffraction limited and usually in the rangom 200 to 500 nm, depending on
the objective numerical aperture and wavelenytf excitation light in the medium
of the sample [102, 110]. The detection volumefisrodescribed by a 3-dimensional
Gaussian shap®/s (RZ2) (4.3), especially in situations when integratiover the
detection volume is performed. The axial intenpitgfile is, then, approximated by a
Gaussian function analogous to the intensity prafilthe focal plane, in whicly is
replaced byay, a characteristic dimension of the detection volumehe axial

direction, which is usually 4 to 8 times largerrihg [102, 110].

W; (R, Z) :exr{—zizzJex;{—Z Zzzj (4.3)
Wy W,

Several more complex models have been proposedhvdascribe the real profile

W (R,2) of the detection volume more closely [111-114]eTihfluence of optical
aberrations and microscope misalignment on the eshapd dimensions of the
detection volume was studied extensively by Jorgeath and his coworkers [102,
103].

The image is formed by scanning the sample withd#étection volume and,
thus, collecting emission from different locatiomsthin the sample. Therefore,
imaging with the above described confocal setupgukaser excitation is frequently
called laser scanning microscopy (LSM) and the tevilh be used also in the
following text. The point-wise image formation imgss limitations on image
acquisition speed in LSM. On the other hand, ibvadl independent analysis of
fluorescence characteristic such as emission spemtrfluorescence lifetime in

individual points of the sample.

There exist two main methods of scanning the samijile the detection
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volume in LSM [100, 115, 116]. Beam scanning iselolen deflecting the optical
path of the laser beam entering the objective; ia glamirrors oscillated by a
galvanometer is commonly used for that purpose. pbstion of the detection
volume is, thus, moved to different points in X¥-plane; scanning i@-direction is
usually achieved by axial positioning of the objeet Sample scanning moves the
sample stage with respect a stationary excitateamb Movements of the stage in all
three dimensions are usually realized by a pieztrédeactuator. Equivalently, a
stationary sample stage together with a statioe&cjtation laser beam may be used,
when the objective is moved. The last option (vift objective moved in all three
directions by a piezoelectric actuator) was appirethe LSM setup with which data
presented in this thesis were acquired. Beam sognsitypically much faster in the
XY-plane than stage or objective scanning. Howeysred of image acquisition was
not crucial in experiments described here, bectusenvestigated samples (SLBs)
are stable and not moving on time-scales much lotiga times needed for image
acquisition. Slow scanning with longer acquisitidime in each point was
preferentially used in order to obtain more acauratormation on fluorescence
intensity distribution suitable for further quaative analysis. The objective
scanning setup also allows positioning of the d&tecvolume into any selected
point of the sample for performing longer measummesuch as those of

fluorescence correlation spectroscopy (FCS) exethin section 4.3.

To reach the maximal possible resolution, whichnmsted by the size of the
effective detection volume, signal from each pahthe sample has to be collected
and, therefore, focus has to be moved in stepslaméddan the characteristic
dimension of the detection volume in the respectiirection [117, 118]. Several
special techniqgues have been developed to enhaeselution in confocal
microscopy beyond the diffraction limit (typicallyy exploiting non-linear optical
phenomena). Probably the best known among thetmsilated emission depletion
(STED) microscopy [119-123]. Another technique edltlynamic saturation optical
microscopy (DSOM) can be implemented in most |as@nning microscopes in a
straightforward manner and has the advantage ofremuiring neither complex
optical setup nor advanced numerical image proogssit requires, however,
fluorophores of rather high photostability and lotigyelling time in a dark state
(such as triplet state) [105, 124, 125].
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4.2. LSM of supported lipid bilayers

In order to be visualized by LSM, SLBs need to loerescently labelled. They are
usually prepared from a mixture of lipids contamifuorescently labelled lipids or

lipophilic fluorescent probes, often structuralgsembling phospholipids in order to
be incorporated into the lipid bilayers in a wedifided manner (examples of such
probes are given in section 5.4 éttachment ). Phospholipids labelled with

BODIPY dyes were predominantly used in this workcduse of the relatively high

photostability and low environmental sensitivitytbé dye [126].

The SLB sample for LSM imaging should be positionethe focal plane of
the microscope and immersed in an aqueous soltwianaintain its hydration. A
cuvette for microscopy of SLBs was described byd2eet al. [127, 128]. The solid
support is fixed to a holder and immersed in aneags solution in the cuvette; the
surface with the SLB is facing downwards (towarlds bbjective) and is aligned
perpendicular to the optical axes of the microsaejtkin a short distance (less than
the working distance of the objective) above th&dmo of the cuvette, which is
made of a cover-slip. SLBs on any support, inclgdion-transparent surfaces like
silicon, can be imaged in such cuvette. Transpaseld supports such as glass or
mica are common in microscopy of SLBs, allowing acim simpler arrangement to
be used. The SLB is illuminated through the trarspasolid support, which either
forms the bottom of a cuvette or a drop of aquesaisition is deposited on the
surface of the support. Correction ring of the otye has to be adjusted to
compensate for the thickness and refractive indeth@® solid support, when it is

placed within the optical path of the beam.

A sample (or objective) scanning system allows mdiog of scans in any
plane perpendicular to one of the a¥sy, Z. XY-scans of SLBs display usually a
homogeneous distribution of intensity; only relatywlarge defects (comparable or
larger thanay) can be visualizedXZ-scans show the axial profile of the detection
volume W (2) (see figure 1 inAttachment llor figure 2 inAttachment Il) and
provide no information on the bilayer thickness,ahhis approximately 3 orders of
magnitude smaller thaay (and, thus, the axial resolutioMZ-scans are, however,
very useful when quantitative conclusions are drénom intensity changes in LSM
images. The intensity okY-scans depends strongly on the mutual positiorhef t

focal plane and the plane of the SLB; a small dispinent of the SLB from the focal
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plane can cause significant decrease in intensity.

Fluorescent molecules are mobile in SLBs and tlseaeconstant exchange of
molecules within the detection volume, which redutiee risk of artefacts due to
photobleaching. For that reason SLBs were chosancasvenient system for testing
the axial resolution of DSOM (they are not suitafoletesting the lateral resolution,
because of the homogeneous intensity distributiorXY-scans). The resolution
achieved by DSOM was found to be 4 times bettar thatandard LSM [105].

4.3. Principles of fluorescence correlation spesciopy

Fluorescence correlation spectroscopy was develop&870s [129-131] and since
then has become a widespread method for measuanglational and rotational
diffusion coefficients or flow velocities of fluophores or fluorescently labelled
molecules, kinetic rate constants of chemical reasf critical micelle

concentrations and other quantities, which canetstead to fluctuations in observed
fluorescence intensity [104]. Nevertheless, charation of molecular translational
diffusion has been probably always the most comnama best established
application of FCS. The spread of FCS is closelgneated with the advances in
instrumentation, especially in confocal microscop&kich are the most common
instruments for FCS. Therefore, combination of F@®&h LSM imaging is

straightforward and widespread, above all in bimabapplications of FCS.

The standard confocal FCS method is based ontgtakianalysis of temporal
fluctuations of fluorescence intensity originatifgm the detection volume of a
confocal microscope. The principle of the methodadsematically depicted in figure
4.2. The autocorrelation functida (z) defined by equation (4.4) is calculated from
the time-trace of fluorescence intensit{t) either by a hardware correlator or by
software processing; the latter being more veesatild preferred nowadays [132].

The pointed brackets in equation (4.4) signify terapaveraging.

(1) 1 (t+7))
(1)’

The shape of the autocorrelation functi@r(z) contains information on the

G(r)= 4.4)

time-scale of processes underlying the observesitly fluctuations. It rises steeply

to its maximum value on nanosecond time-scaleetfeet (photon antibunching) is
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Figure 4.2: Basic principles of confocal FCS. Fluorescencealected
from the detection volume of a confocal microscoplee observed
fluctuations of its intensity are typically causbyg diffusion or flow of
fluorescent particles or by chemical reactions agmanied by changes in
brightness of the fluorophoré\). In the case of an aqueous solution of a
fluorophore, the fluctuations on ms time-scale tewm diffusion of
fluorophore molecules in and out of the detectiolume B). For a short
lag timez, the probability is high that a molecule is in thetection volume
at timet +z if it was there at timé. That results in a high value of the
autocorrelationG (r). For longer lag timeg, the fluctuations become
random andG (z) approaches its asymptotic valGg«). The characteristic
diffusion timezp a molecule spends diffusing through the detectimome
corresponds to the value Gf(z) equal to the average of its maxim@(0)
and its minimunG («) (C).

related to the minimal time delay between two phsetemitted by a single
fluorophore and, thus, to the lifetime of fluoresce and number of individual
fluorophores within the detection volume [133, 133¢cay ofG (r) on microsecond
time-scale results from fluctuations caused mairdly photophysical and

photochemical processes (such as intersystem ggpgsnon-fluorescent triplet state
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or excited state reactions) and rotational diffasmf molecules (in the case of
polarized detection). Decay on longer time-scade®liated to translational diffusion
of molecules in and out of the detection volume i¢lwhis the process most
frequently addressed by FCS) or chemical reactassociated with a change in
brightness (photon count-rate per molecule) of ftherophore. If more processes
happen on the same time-scale, their contributiors (z) are not easy to separate.
Time-scales shorter than microseconds are not sibtesn most FCS experiments
and therefore only the decay®f(z) is usually analysed [102, 103, 135, 136].

More detailed information on processes underlylmgftuorescence intensity
fluctuations can be extracted from fitting the expentally obtained autocorrelation
function with a theoretically derived model. Let assume that the sample is a
solution containing fluorophores of brightne@s(photon count-rate per molecule
when the fluorophore is located in the centre o€ fthetection volume) in

concentratiorC. The measured fluorescence intensity is, thergrgby (4.5)

| (t) = j W(R) QC(R,t)dV (4.5)

If the brightnessQ is constant in time, fluctuations in fluorescenogensity are

caused by fluctuations in concentratiod (R,t) solely. The shape of the

autocorrelation functiois (7) is, therefore determined by tef@(R,t) C(R',t+ r)>,

which, in the case of free diffusion characteribgddiffusion coefficientD, can be

expressed by following relation [129, 134, 137]:

. _ o (C) _(R-RY)’
(C(R)C(R"t+1))=(C(RO)C(R',7)) = (4RDT)_% ex D7 (4.6)

The autocorrelation function (4.7) is, then, cadted by substituting (4.5) and (4.6)
into (4.4).

Gr) =1+~ 1 [\/ 1 Zj 4.7)
N1+ (/1) \ V1+(7/1p ) (/@)

where N = <C>Veff is the average number of independently diffusihgprescent

particles (either individual fluorophores or supmetular structures containing
more fluorophores such as micelles or liposomeshéneffective detection volume
Ver, Which is defined by (4.8) for a 3-dimesional Gaas profile (4.3) [138].
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Ip is called diffusion time and it is the time a ftascent particle spends on average
within the detection volume. It is related to ddfon coefficientD by (4.9) [104,
139].

2
I =% (4.9)

It is obvious from equations (4.8) and (4.9) that btting the measured
autocorrelation function with model (4.7), diffusicoefficientD and concentration
C of fluorescent particles can be determined, prdidhe dimensions of the
detection volume are known. A calibration FCS measent in a solution of a
standard florescent dye with precisely known diffas coefficient is usually

performed to determine detection volume dimensjhA8].

If the transition of fluorophores to a nonfluorescériplet state cannot be
neglected, it is described by an exponential terroduced to (4.7), wherE is the
fraction of fluorophores in triplet state angdis intersystem crossing relaxation time
[135].

G(r):1+{1-T+Texp{—Lﬂ 1 1 \/( 1 2j(4.10)
I )| N@-T) 1+ (r/ 7)1+ (r/ 1) (e / )

If the sample containM populations of fluorescent particles with differen

diffusion timesry, a more general model (4.11) is needed. The dwtion of each
population is weighted by the fractidR, of the overall number of fluorescent

particlesN it represents and by the square of its bright@gg4404, 141].

M

>(QFFa.®
Gy (1) =1+

N(iQkaj

1
1+(r/1,,) \/1+ (r/1o )] w,)?

, gk(r) = (4.11)

The exponential decay describing transition of fityghores to triplet state can be
introduced togk (7) in a manner analogous to its introduction to X4ésulting in
(4.10).
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4.4. Practical aspects and artefacts of FCS

The signal-to-noise ratio in FCS is the highest nvhihere is on average
approximately one fluorescent particle in the dibdecvolume [127, 142]. This

means that very low concentrations (usually inrtherange) of fluorescent particles
are ideal and, therefore, FCS is sometimes coresidarsingle-molecule technique,
although the autocorrelation curve always contawsraged contributions from a
large number of molecules [143-145]. Analysis otwmacy of concentration and
diffusion time determination represents a nonttipimblem, because of highly non-
linear relation ofC and D to the measured fluorescence fluctuations [11@®].14
Several methods have been developed for that peifi82, 146, 147]; errors of FCS
results presented in this thesis were estimateithdoynethod of Wohland et al. [127,
132].

Systematic errors in FCS can be caused by dev&bbrihe real detection
volume shape from the 3-dimensional Gaussian préfil3) assumed in equations
(4.8) and (4.9) [112]. Such deviations are enhathgeoptical aberrations of the laser
beam, misalignment of confocal pinhole positioffiraetive index mismatch between
immersion liquid and the sample and by photobleaghand optical saturation
(nonlinearity in dependence of fluorescence intgrn excitation intensity resulting
from depletion of ground-state fluorophore popwlaticaused by high excitation
rate) [102, 103, 148]. The optimal excitation irgigy in FCS is, therefore, a
compromise between the requirement of high numbeflumrescence photons
needed for statistical accuracy of the autoconmdiunction (a tenfold reduction of
excitation intensity means approximately a hundietes longer measurement to
reach a comparable statistical accuracy [142, 148]) and the need to minimize
photobleaching and saturation artefacts. The mdxaxeatation intensity at which
no photobleaching and saturation artefacts appgaerdls on the photophysics of the
fluorophore under given conditions and on the ayerme it undergoes excitation
(which depends on detection volume dimensions n§lL50]. For typical organic
fluorophores, excitation intensities should be isigffitly lower than 30 kW cify a
value which corresponds for usual microscope oiestto excitation powers of
approximately 10QuW [102, 148]. Excitation powers of less then M at back

objective aperture were used in FCS experimentsitbesl in this thesis.

Detector afterpulsing (dark counts generated bydiector after a photon
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detection event) is another source of artefactsG®. It distorts the autocorrelation
curve in the region of short lag time&swhich distortion can be easily misinterpreted
as a result of a large fractidnof fluorophores undergoing conversion to triplgite
[151, 152]. A combination of FCS with time corre@dtsingle photon counting
(TCSPC) called fluorescence lifetime correlatioreposcopy (FLCS) is able to
eliminate the influence of detector afterpulsing®(r) [151, 152]. A pulsed laser is
used in this method as the excitation light sowsoe the arrival time of each
detected photon is recorded on two different tiweles: a picoseconds scale
measures its arrival time relative to the excitatilse and a nanoseconds scale
measures its arrival time relative to the beginniofy the experiment. The
contribution of each photon to the autocorrelafiomction G (7), which is calculated
using the arrival times on the nanosecond scaleeighted by a statistical filter
function according to its arrival on the picosecaschle. In that manner, only
photons originating from a fluorophore charactetizey a certain pattern of
fluorescence decay after the excitation pulse easebected to effectively contribute
to G (7) [152-154]. Detector afterpulsing is characteribgda uniform distribution of
arrival times, while fluorescence exhibits an exgutial decay after the excitation
pulse. Therefore, the distortion of the autocotretacurve caused by afterpulsing is
efficiently avoided by FLCS. Photons of scattengtitl (distinguished by very short
arrival times after excitation pulse) can be eliated in an analogous way [152].
FCS experiments described in this thesis were pedd either on MicroTime 200
(PicoQuant, Berlin, Germany) [153] or on ConfocofClarl Zeiss, Jena, Germany;
Evotec Biosystems, Hamburg, Germany) [155] confoeaicroscope. Both
instruments are equipped with TCSPC units and dutBede lasers as excitation
light sources; FLCS filtering (using software deymdd by AleS Benda [156]) was
always performed durings (7) calculation to eliminate influence of detector

afterpulsing.

4.5. Molecular diffusion in SLBs investigated by $C

The theoretical models of (7) (4.7, 4.10, 4.11) were derived for fluorescent
particles diffusing freely in 3-dimensions. Howevethen mobility of molecules in
SLBs (or any other planar system such as moleaumanolayers on air-water

interfaces) is investigated by FCS, models desgyildiffusion confined to a 2-
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dimensional plane must be used. Those are conbigiesianpler, because integration
in (4.5) is done iXY-plane only [104]. Equation (4.12) is, then, theixensional
counterpart of model (4.10) [127, 134, 157].

G(r)=1+{1—T +Texp{—iﬂ ! 1 (4.12)
; )IN@-T) 1+ (r/1p)

All results of FCS in SLBs presented in this thesése obtained by fitting measur&il(7)
with model (4.12).

Positioning of the planar sample to the focal plée critical step in 2-
dimensional FCS and an important source of experiaherrors [158]. Assuming a
Gaussian-Lorentzian profidMi. (R Z) of the detection volume (4.1), the dependence
of the illuminated area (the effective detectioeagrradiuswon the axial position of
the planar sample is given by (4.2) (when the fqaahe corresponds ta = 0).
Taking into account the dependencewindN on the size of the effective detection
area (4.13a,b), whef@s is the surface concentration of fluorescent plagi¢number
of fluorescent particles per unit area), it is @wg how the results of FCS depend on

axial positioning of the planar sample (see figu@A) [127, 158].

_W(2)
Ip (CI) —W (413a)
N(Z) = Cq 1 a7 (2) (4.13b)

The dependence on axial positioning hampers corbpigyabetween results of
individual measurements and absolute determinatidh andCs, because the actual
diameterwof the detection area may not be equal to thesfe@istay determined in
calibration measurement (not mentioning the difieee of focus waisty in the
reference solution used for calibration and in $henple caused by a difference of
refractive indices of the respective media, whish however a general problem
present also in 3-dimensional FCS).

Those problems motivated development of a variétyatibration-free FCS
techniques, which do not need any external caltmabecause a certain distance
measure is intrinsically present in each measurenidre techniques are reviewed
for example inAttachment.|FCS measurements on SLBs presented here were done
by Z-scan FCS, a calibration-free method pioneeredlbg Benda et al. [127].
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The principle ofZ-scan FCS is illustrated in figure 4.3. It is basad
measuring fluorescence autocorrelation functi@Gng) with the sample at different
axial positions with a step-size typically of 100200 nm. Substitution of (4.2) to
(4.13a,b) yields the theoretical dependence (4b)4d diffusion timer, and particle
numberN on axial positiorZ [104, 109, 127].

2 2 2
@, #z
7y=%b |14 4.14a
2 2
N(Z) = Cor @2 (1+ ;az)o“j (4.14b)

Parabolic fits of the measured dependenge&Z) andN (Z) with model (4.14a,b)
yield the physically relevant paramet&sCs and ap together with the exact axial
position of the focal plane. The experimentally aied parabolic dependences are
often not exactly symmetric (see figure 4.3 C), ahhiresults probably from
asymmetry of the detection volume when it is lodade the interface between two
media (solid support and aqueous solution). Misatignt of the axial position of the
confocal pinhole represents an additional sourcelatéction volume asymmetry,
which is frequently encountered when more excitatiwavelengths are used
simultaneously in the microscope; the optimal apiahole position is wavelength
dependent and a compromise between optima forithdiV wavelength has to be
sought. The maximum of fluorescence intensity (phatount-rate) often does not
coincide exactly with the minima ab (Z2) andN (2) [127]. It is usually caused by
the detection volume asymmetry and shows that tse@mum of photon count-rate

is not a reliable indicator of positioning the saenjo the focal plane.

Lateral diffusion of lipids in SLBs is a topic fregntly addressed by FCS.
The investigated SLB must contain a fluorescentbelled lipid or lipid analogue,
diffusion of which is followed by FCS. Ratios olufirescent lipids to native lipids
are usually chosen in the range of £:190.5:16 to reach the average number of
fluorescent lipids per detection area close to itir{g the highest signal-to-noise
ratio) [127]. Relevance of the measured diffusiaefticient of the fluorescently
labelled lipid to the diffusion coefficient of ne# lipids is discussed in section 5.4 of

Attachment |
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Figure4.3: Z-scan FCS and the positioning problem of planandasn Due
to the divergence of the beam, positioning of ang@tasample out of the
focal plane results in a larger detection area #ngs, higherp andN (A).

In Z-scan FCS, measurements are performed with sarmhpliéfexrent axial
positionsZ (focal plane corresponds Zo= 0) B) and the dependenceswf
andN on Z are analyzedQ). Data from a measurement of lipid diffusion in
an SLB are shown. Th2 dependence of photon count-rate per partigle
reflects the axial intensity profile of the bearmhigh is assumed to have a
Lorentzian shape.

4.6. FCS diffusion laws

Deviations from free Brownian diffusion are sometsnencountered in biological
membranes and SLBs containing lateral inhomogeseifi59-162]. Analysis of
such deviations and their confrontations with tled€oal models can provide
important information on lateral organization ofethmembranes and their
inhomogeneities. If the deviations are large enougiodel (4.12), and other
analogous models derived for freely diffusing males, fails to fit experimental
autocorrelation functions satisfactorily and modelsanomalous diffusion need to

be used Attachment ). However, even in cases when the inhomogenedres
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manifested in much subtler manner, useful inforomtion membrane
inhomogeneities and the way how they hinder mo#ecdiffusion can be obtained

from diffusion laws analysis.

The method analyses dependence of diffusion clarsiits on the size of
the area within which diffusion is investigated.eTéhependence is determined by the
ratio of characteristic dimensions of the probesghaio characteristic dimensions of
the inhomogeneities. Three regions can be distaiguai:i) locally, the molecules
diffuse freely (normal diffusion)ii) their diffusion is anomalous for intermediate
areas andi) it can become normal again (but with a lower diifun coefficient than
in the absence of obstacles) when diffusion oveaamuch larger than size of the
inhomogeneities is probed. Diffusion laws are gatérly useful in the third region,
where any single experiment would yield normal ufbn, nevertheless, the
diffusion laws analysis can identify inhomogeneaitien the SLB and provide
information on their influence on molecular diffasi The transition to normal
diffusion shifts to larger probed areas with insiag fraction of total sample area
occupied by the obstacles [163, 164].

In FCS, diffusion laws analysis requires measurgeraERCS autocorrelation
curves for different detection area diametesg165, 166]. In the case of free
diffusion, diffusion timer, is directly proportional to detection area sizel84);
deviations from proportionality betweeap and «f indicate hindrance of diffusion by
inhomogeneities in the membrane. In the case gklaletection areas (where the

diffusion is apparently normal), a linear depena@eft:15) ofrp on «f is observed.
I, =t, +4— (4.15)

The intercepty equals 0 in the case of a free Brownian diffushan,it can take non-
zero values when the diffusion is hindered. Thectitfe diffusion coefficienDeg is,
then, different from the apparent diffusion coeéfits measured at single values of
w. The value ofty can distinguish between two types of lateral inbgemeities
which are likely to be encountered in biologicalmieanes. A positive value of
indicates isolated microdomains, into which theofescent tracer molecule can
partition with a certain probability and in which undergoes a slower diffusion.

Negativetp, on the other hand, indicates membrane dividemlgotrals (for example
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by actin meshwork); fluorescent tracer diffusesliyewithin a corral but it needs
certain amount of energy to cross the barrier toadjacent corral. Impermeable
obstacles do not result in nonzero value$,0bnly reduce the diffusion coefficient
[165, 167]. More information on diffusion laws cdre found in section 2 of

Attachment bnd references cited therein.

Since eacl¥Z-scan measurement consists inherently of FCS raxsadvith
different values ofw(Z), Z-scan represent the most straightforward experiahent
implementation of FCS diffusion laws [168]. Suhdiin of (4.2) to (4.15) and
(4.13b) yields a dependence of on normalized particle number (4.16), where

No = Cs Tt f is the particle number measured when the SLB ikérfocal plane.

2
r, =t + 4“[’)°eﬁ Nﬁo (4.16)

An example of plots offp (N/Ng) (sometimes called Humpokiova plots) can be
found in figure 2 inAttachment IV Free diffusion of a fluorescently labelled lipid
an SLB (o = 0) is compared with hindered diffusioty ¥ 0) of the same labelled
lipid in the presence of microdomain-like obstadleduced in the SLB by peptide
arenicin-1. It is important to note that by diffosilaws analysis, information can be
obtained on inhomogeneities significantly smallérart resolution of optical

microscopy [167, 169].
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5. Antimicrobial peptides and their interactionswith lipid

membranes

5.1. Antimicrobial peptides and their biologicatigity

Antimicrobial peptides are a very large and vagetlection of peptides found in all
multicellular organisms. They play a key role i thnate immunity, which, in spite
of being evolutionary very old, has lost nothing it§ efficiency in enabling
multicellular organisms to survive amidst milliorm§ microbes [6, 170]. Main
features of AMPs have been preserved during theugen, showing that they have
withstood the test of time as an efficient protttagainst pathogens. AMPs are
typically active against a broad range of microargas (Gram-positive or Gram-
negative bacteria, fungi and even enveloped vir{e$71]), though some of them
exhibit specificity only against certain classesrotrobes, and most AMPs have low
toxicity for eukaryotic cells [6, 170, 172]. Furtneore, very few bacterial species
show resistance to AMPs and development of registariants does not seem a
simple process [6, 170, 173]. The above mentioredacteristics make AMPs (or
their synthetic analogues) a very perspective ratere to traditional antibiotics,
against which an increasing number of pathogeng kiaveloped resistance [174].
Additionally AMPs have been studied as potentidltamor or antiseptic agents or

food preservatives [175-178].

All that explains the unceasing attention AMPs hbgen receiving over the
past decades. Peptides from a large variety ofnisges have been isolated and
characterised [6] and modified natural peptideartficially designed peptides have
been synthesized in order to optimize efficiencg aealectivity of AMPs [2, 3] or to
investigate dependence of AMPs’ activity on thdiaige, hydrophobicity and other
characteristics [179-181]. Nevertheless, in spfteancentrated research, the exact
mechanism of AMPs biological activity has not beeplained in full detail. Among
findings firmly established by extensive experinamvidence is the fact that AMPs
do not kill cells via interaction with protein rgaers. The conclusion is based on
lack of chiral specificity in AMPs activity (all-Cenantiomers are equally active)
[182, 183] and is further supported by large vari@tamino acid sequences among
AMPs [6, 184].

In spite of the large variability in primary seqees, AMPs share some
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common characteristic in the physicochemical priogeiof their molecules, namely
the net positive charge and amphiphilic charasténich are certainly essential for
their activity [170, 184, 185]. AMPs are known termeate lipid bilayers; it is,
therefore, believed that they kill target cells mi@mbrane permeation, which leads
to dissipation of vital transmembrane gradients [B6]. Several models of
membrane permeation by AMPs have been proposeti8g, 187]; the so called
toroidal pore seems the most likely model for maiyPs [7, 188-190]; though
evidence for other mechanisms of action (such e®lestave pores or detergent-like

effects) has been also reported for some peptik&& 191, 192].

The direct peptide-membrane interactions can atptam the selectivity of
most AMPs against prokaryotic cells. While outexfliet of eukaryotic membranes is
composed almost entirely of electronegative ligi®stly phosphatidylcholine and
sphingomyelin), outer leaflets of bacterial memlesancontain also negatively
charged lipids (mainly phospatidylglycerol and ¢alidin) and outer membranes of
Gram-negative bacteria are covered with polyanidipopolysaccharides, while
Gram-positive bacteria contain anionic teichoiadaai their peptidoglycan wall [7,
172]. Since AMPs are cationic, they preferentialbgociate with negatively charged
lipid membranes. Cytolytic peptides from venomscfsas melittin) contain, on the
other hand, more hydrophobic domains which fatditaheir insertion to
electronegative (eukaryotic) membranes via hydrbghimteraction [172, 193, 194].
The explanation of AMPs’ selectivity based on efestatic interactions is further
supported by findings that bacterial strains exhmbi resistance to several AMPs
have lower density of anionic lipids in their memtes or reduce their negative
surface charge by esterification of teichoic acithvb-alanine [6, 195]. Presence of
sterols in membranes of eukaryotic cells represamtsther difference between
eukaryotes and prokaryotes, which may play a rl&MPs’ selectivity; it has been
indeed reported that efficiency of lipid bilayerrpeation by various AMPs is
decreased by presence of cholesterol in the lijégdr [7, 187, 196].

Cytoplasmic membrane is, however, not the only iptsgsarget of AMPs
and evidence for intracellular targets has beearted [170, 197, 198]. It is possible
that formation of pores in cytoplasmic membranenly one of several steps in the
mechanism by which AMPs Kkill their target cells. tidugh the membrane

permeation may be lethal by itself, it also allgveptide molecules to enter into the

39



cell, where they can attack further targets; nechaids as polyanionic molecules
represent a likely target for cationic AMPs [170/]. Nevertheless, those findings
do not deny the importance of biological membraagetarget structures for AMPs; if
the plasma membrane is not the only target of gpaige in the cell, it is at least the
first structure with which the peptide must intéran its way to intracellular targets.
Therefore, investigation of interaction of AMPs hwitiological membranes and their
artificial models remains essential for understagdihe biological activity of the

peptides.

The peptides investigated in studies presented &leresummarized below
with their basic characteristics and references Atbtachments and selected
publications:

Cryptdin-4 (GLLCYCRKGHCKRGERVRGTCGIRFLYCCPRR, + 8.5 charge at
physiological pH) is the most bactericidal of thelefensins produced by mouse
Paneth cells [199-202] and has a relatively riggdamdary structure of threg
strands stabilized by three disulphide bonds, winctypical of defensins [6, 201]
(seeAttachment ).

Magainin 2 (GIGKFLHSAKKFGKAFVGEIMNS, + 4 charge at physiolagil pH),
isolated from skin of African frogenopus laevids killing bacteria with high
efficiency and selectivity [172, 183, 203, 204§ #econdary structure is widespread
among AMPs; the peptide is linear in aqueous smistiand adopts an amphiphilic
a-helical conformation in membranes or membrane-rmorenvironments [6, 187,
191] (seeAttachment ).

Melittin (GIGAVLKVLTTGLPALISWIKRKRQQ, + 6 charge at physiogical pH)
is the main component of be&pis melliferd venom. It is strictly speaking not an
antimicrobial peptide, because it has low selegtidgainst microbes (has high
haemolytic activity), but is traditionally includeinong AMPs [188, 193, 194]. It is
another example of linear peptides adoptinbelical conformation in membranes
[205-207] (sedttachment II).

Arenicin-1 (RWCVYAYVRVRGVLVRYRRCW, + 6 charge at physiologic@H)
was isolated from marine polychaéteenicola marina[208]. It forms an 18-residue
ring stabilized by a disulphide bond and possebsead-spectrum activity against
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Gram-positive and Gram-negative bacteria and f{81)i209] (seé\ttachment 1Y.

LAH; (KKALLALALHHLAHLALHLALALKK) is a model linear peptide adopting
a-helical conformation in membranes. Although it wa@esigned primarily as a
model sequence to study peptide helix orientatiohipid bilayers, it proved to be
also en efficient antimicrobial peptide [210]. Tioair histidine residues allow pH-
dependent manipulation of the peptide net positivarge, which changes from + 9
at acidic pH (lower than approximately 6) to + 5hagher pH [187, 210]. The
different values of electrostatic charge have bieemd to correspond to different
orientations of the peptide helices in membrandschvis transmembrane at higher
and parallel to membrane surface at lower pH [I81,, 212]; the pH-dependent
changes in peptide charge an orientation alsodnfia its antimicrobial activity
[210, 213] (se&ttachment Y.

Influence of the peptides on artificial lipid memahes was investigated by
characterizing AMP-induced changes in morphologhickiness and lateral
distribution of lipids) and fluidity (lateral difsion of lipids) of SLBs. The studies
are briefly explained in sections 5.2 to 5.4 andrandetails can be found in the
respective Attachments. Since AMPs are known tonpate biological membranes,
studies of peptide-induced release of moleculem fliposomes are important for
understanding membrane-peptide interactions. FQP bma very useful in such
studies [214, 215]. The method is, however, notudesd here, because it is beyond
the scope of this thesis dealing with SLBs andrtheteractions with AMPs. More

details on the method can be foundhitechment V

5.2. SLB morphology - lipid tubules and other latenhomogeneities

Peptide-induced morphological changes in SLBs wahraracterized mainly by
combination of ellipsometry and LSM. Ellipsometryeasures thickness of the
adsorbed layer on nanometre scale and providesmafmn on the layer mass
(which is related to the density of molecules ia tayer); it, however, lacks lateral
resolution, because the data are collected froeladively large area of the surface
(approximately 6 mf) defined by the reflected laser beam. LSM supplestethe
missing information on lateral inhomogeneitieshia bilayer (with resolution limited

by resolving power of confocal microscopy). Furthere, changes in fluorescence
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intensity in LSM scans can be quantitatively intetpd in terms of changes in lipid
density in the bilayer (provided that the fluoregtelabelled lipids are distributed
homogeneously among lipids in the sample). Thawalseparation of contributions
of lipids and of the peptide to the mass of theoduksd layer which is measured by
ellipsometry. In order to draw conclusions on péptinduced changes in lipid
density from changes in fluorescence intensity, caller mechanisms by which
presence of the peptide may influence fluorescemtensity (for example

fluorescence quenching) have to be taken into adcou

1.2 4
m melittin, head-labelled
10 ® magainin 2, head-labelled
’ o melittin, tail-labelled
O magainin 2, tail-labelled
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T 044
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Figure 5.1: Peptide-induced decrease of fluorescence interfsitg the
actual intensity anth the intensity prior to peptide addition) of a seisgion
of SUVs; a bulk measurement using Fluorolog-3 (b®riJobin Yvon,
France). SUVs were composed of DOPC and DOPS iamnatio 4:1 and
fluorescently labelled lipid was added in ratio @0Q native lipids. Lipids
with  fluorophore bound to the headgroup (BODIPY EP-
dihexadecanoysn-glycero-3-phosphoethanolamine) or hydrophobic (&l
(B-BODIPY 500/510)-1-hexadecanoyl-sn-glycero-3-phagioline), both
purchased from Invitrogen (Carlsbad, CA), are camgbanote that head-

labelled lipid is quenched more efficiently.

A simple control experiment was performed to assib&s influence of

investigated peptides on fluorescently labelledlBpused in our studies. Suspensions
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of SUVs of desired lipid composition containingdtescently labelled lipids (in the
same ratio of labelled to native lipids as in theestigated SLBs) were titrated by
solutions of the studied AMPs and bulk fluorescemiethe suspensions was
monitored by a steady-state fluorescence spectesnigince changes in lipid density
in the membranes of SUVs do not influence the nunadbeluorescently labelled
lipids present in the probed sample, observed dsere fluorescence intensity was
attributed to quenching of the fluorescently labellipids by the peptide. Figure 5.1
shows an example of such experiment for peptidegamen 2 and melittin. Results
of the control experiments were, then, used inrgmegation of intensities of LSM

scans.

An example of exploitation of all information onastges in SLB morphology
provided by parallel LSM and ellipsometric expernitgeecan be found iAttachment
[Il. SLBs on glass were treated with melittin in cartcations from 0.1 to M and
the evolution of thicknesd and mass™ of the layer was monitored in time after
peptide addition to the sample; the experimentewerminated by washing away
melittin from the sample by excess of peptide-foedfer and measuring resulting
mass and thickness. It was found that the melititiuced changes id and/ reach
their full magnitude at 0.gGM peptide concentration and higher concentratiopst
3 uM) do not cause any larger effects. Addition of ittial causes rapid decrease in
layer mass/~ (approximately 25 %), which is accompanied by ighsly slower
growth of thicknessl (see figure 3 irAttachment Il). While the decrease in mass
can be explained by decreased lipid density inaier due to formation of pores or
other membrane defects (the superfluous lipids ¢hgirobably removed to the
aqueous phase in the form of lipid-peptide micgllesich is the generally accepted
mode of action of melittin, the explanation of tlgeowing thickness required

additional information provided by LSM.

LSM (see figure 1 inAttachment I} revealed formation of many lateral
inhomogeneities in the SLBs treated witluNl melittin. We assume that the long
thin structures (with thickness below resolutionconhfocal microscopy) are lipid
tubules characterized previously by Domanov and ndimen [216]. They
investigated interaction of severat-helical AMPs with SLBs and observed
formation of long protruding structures, which tHeynd to be lipid bilayer tubules.

One end of the tubule is attached to the bilayerthe rest of the tubule is moving
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freely in the agueous phase above the SLB. It eandbed in figure 1 ittachment
[l that all tubules are oriented in one directionaflis caused by continuous stirring
of the sample; the resulting flow of the agqueouasghabove the SLB aligns all
tubules in one direction parallel to the surfacdhaf bilayer. The tubules assumed
random orientations when stirring was stopped atery had been formed (see
figure 5.2 A). The hydrodynamic force of the flow eéssential for formation and
stability of the tubules; we observed no formatwintubules in the absence of
stirring (see figure 5.2 B-D), which agrees withnamov’s observations that tubules
can be stretched longer by increasing applied tdygramic force, while too high
forces can detach the tubules from the SLB surf@¢e Domanov, personal
communication). Like Domanov and Kinnunen [216], wecasionally observed
collapse of a tubule into a smaller multilamellatrusture resembling the
inhomogeneities induced by melittin in the abseotstirring (figure 5.2 C). Such
structures are more rigid and, therefore, protrgditore from the SLB surface into
the agueous phase above. They are, most likelypnsgble for the large increase in
thickness of the adsorbed layer measured by ettipsty, which occurred between
1500 and 5000 s after peptide addition (figure ®@) Attachment Il). The absence
of the large increase in thickness when fasterrirggir (and, thus, higher
hydrodynamic force) was applied proves the impaeaof hydrodynamic force for

tubule stability.

Apart from the tubules, structures of higher flsm@nce intensity occupying
larger area appear in the LSM scans (see for exammgl upper row of scans in
figure 1 inAttachmentll). Their fluorescence intensity (determined fréztscans)
is approximately three times higher than in theaurding bilayer and we, therefore,
assume them to be bilayer stacks consisting okttbikayers. Occasionally, stacks
consisting of 5 bilayers were also observed. Amalisgstacks were also observed by
Domanov and Kinnunen (Y. Domanov, personal comnatimn), who proposed a
model of their structure shown in figure 5.3. Theid density (inferred from
fluorescence intensity iXZ-scans) of the bilayer (outside of the inhomogeesit
decreased to approximately 60 % of its initial eallihat finding is consistent with
formation of pores in the bilayer; part of the sdlpeus lipids forms the above
described stacks and tubules, while the rest piglddsorbs in the form of lipid-

peptide micelles. Almost all lateral inhomogenaitie the membrane were removed
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when the sample was flushed with melittin-free buff
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Fig 5.2: LSM scans of SLBs on glass support in buffer: 10 tHEPES,
150 mM NaCl, 2 mM ethylenediaminetetraacetic a&®TA), pH 6.9. The
SLB was composed of DOPC and DOPS in molar ratioafid contained
fluorescently labelled lipid (2§-BODIPY 500/510)-1-hexadecanoyl-sn-
glycero-3-phosphocholine) in ratio 1:1000 natiyads. PaneA shows SLB
approximately 15 minutes after it has been expdsetiuM melittin; the
sample was stirred for approximately 10 minutesrafeptide addition and
than stirring was stopped. Remaining panels shamsof an SLB treated
with 1 uM melittin in the absence of stirring; the initialayer B), the SLB
90 minutes after peptide additioil€)( and after flushing with excess of
melittin-free buffer D) are shown. Darker shades correspond to higher
fluorescence intensity; the size of the scans i8 30 um except of pandl,

in which it is 20 x 20 pm.

To learn more about the melittin-induced changes\@mbrane morphology
on length-scales below resolution of confocal mscopy, SLBs prior to and after
treatment with UM melittin were also imaged by AFM. Representativeages
displayed in figure 5.4 show increased roughnesthefSLB (in agreement with
[217]) after addition of melittin but do not pro@dany information concerning pores

or tubules. AFM imaging of melittin-induced pores very difficult because of
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combined effect of their small dimensions (valueshe range 1 — 6 nm have been
reported in the literature [190, 218]) and largealogradients in height [219].
Therefore, their absence in the AFM image doesemxotude their presence in the
bilayer. It is not surprising that tubules were nbserved by AFM, considering the
importance of stirring (which is not possible dgridFM imaging) for their
formation and stability. Furthermore, they would \®y likely detached from the

SLB surface by the AFM tip moving in their vicinity

A ' - B

c / peptide

(“ —r— - )
[
Fig 5.3: LSM scans of 1l-palmitoyl-2-oleoyl-phosphatdyicineli (POPC)
SLBs on glass support at pH 8. The SLB is visiblanks to presence of

fluorescently labelled lipid (for details see figub.2 caption). The initial
state of the bilayerX) and the bilayer after addition of LAH0.2 uM total
peptide concentration in the sample}) (are shown. Darker shades
correspond to higher fluorescence intensity; thee sof the scans is
30 x 30 um. Areas of higher intensity can be nitgaanelB; their average
fluorescence intensity is approximately 3 timeshbkigthan intensity of the
surrounding bilayer (47 £ 5 vs. 15 = 3 arbitraryits)y which suggests they
are stacks consisting of 3 bilayers. A hypothetiodedl of such stack is

shown in paneC.

Melittin-induced tubules were also imaged with @ghesolution by DSOM

(data not shown). Combination of long image acgjoisitimes needed in DSOM and
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of movement of the flexible tubules (attached te 8LB only in one point) yielded
their imaging with higher resolution impossible. rthermore, the fluorescently
labelled lipids in the tubule walls were not movirfgst enough to avoid

photobleaching during the long image acquisition.

Fig 54: AFM images of SLB composed of DOPC and dioleoyl-
phosphatidylglycerol (DOPG) (7:3 molar ratio) orcenbefore A) and after
(B) addition of 1uM melittin. Imaging was performed in buffer: 10 mM
HEPES, 150 mM NaCl, 2 mM EDTA, pH 6.9. The scansewecorded by
Nanoscope Il (Digital Instruments, Santa Barb&4) in tapping mode.
Size of the scans is 2 x 2 um and the vertigpb¢ale is 10 nm. Root-mean-
square roughness, of the SLB calculated according to (3.1) increaserh
0.09 nm A) to 0.20 nm B).

Analogous experiments were done also for otherigeept In the case of
magainin 2 a significant decrease in bilayer mass @&lso accompanied by an
increase in thickness, which can be explained byndétion of small membrane
protrusions Attachment [J. Formation of bilayer stacks consisting of thiged
bilayers was also observed in the case of SLBsetleaith 0.2uM LAH 4 at basic
pH (when the peptide bears higher positive chargpresentative LSM scans are
shown in figure 5.3), while at acidic pH, the pédptiinduced no change in SLB
morphology. Neither were any significant changedipid distribution observed in
the cases of SLBs treated with cryptdinAtéchment IJ or arenicin-1 Attachment
IV). In conclusion it can be said that AMPs adoptmelical conformation in
membrane-like environments disturb the structurdippdl bilayers to much larger
extent than peptides with rigid structures stabdizy disulphide bonds; however,

more AMPs would have to be compared to draw cormhsson relationship between
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secondary structure and mode of action

5.3. AMPs and membrane lipid diffusion

Lipid diffusion in SLBs was measured k&+scan FCS in order to estimate the
influence of the peptides on lipid bilayer fluiditg¢hanges in membrane fluidity, an
important property of biological membranes, mayabgart of the biological effects
of AMPs. Furthermore, analysis of lipid diffusiamterms of FCS diffusion laws can
reveal information on lipid organization in theayér and its inhomogeneities on

length scales below the resolution of optical mscapy (see section 4.6).

Attachment IVshows how information on lipid diffusion obtainbg Z-scan
FCS can elucidate mode of action of an AMP. SLBsewrated with arenicin-1 up
to 3uM concentration and-scan measurements were performed after each peptid
addition. While in purely zwitterionic (DOPC) SLBdipid diffusion was not
influenced by increasing arenicin-1 concentratidiffusion of lipids in negatively
charged SLBs (DOPC:DOPS 4:1) was significantly s&ldwby arenicin-1 in
concentrations larger thanuM (see figure 1 inAttachment IY. Speed of lipid
diffusion can be reduced by increased order anditygof the bilayer caused by
incorporation of peptide molecules and/or by fonoratof obstacles (such as pores
and lipid-peptide aggregates) which hinder theudifin. Diffusion laws analysis
was, therefore, performed to obtain insight inte thechanism by which arenicin-1

influences lipid diffusion.

The analysis revealed that slowing of lipid diffusiin anionic SLBs is
accompanied by formation of inhomogeneities, whithve the character of
microdomains. The conclusion is based on the valtiggercepty in Humpoltkova
plots; its average value prior to peptide additiaas to=(0.5+1.1) ms (in
agreement with free lipid diffusion) and it reachadsignificantly higher value
to = (10.2 £5.1) ms at gM arenicin-1 corresponding to the large decreaskpid
diffusion coefficient (see figure 2 ittachment IMor representative Humpokova
plots). No change in the interceptwas observed in the case of purely zwitterionic
SLBs, where its average value at @N8 peptide concentratioty =— (0.2 + 1.2) ms

is consistent with free lipid diffusion.

Our explanation of peptide-induced microdomain fation in SLBs
containing anionic lipids is based on the modedr@hicin-2 (an isoform of arenicin-
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1) association with lipid membranes proposed byhiwutkova et al. [220]. Based
on the peptide secondary structure in membrane-tiiragstems, they assume that
the peptide associates with membranes in the fdrrdiraers, which, at higher
peptide concentrations, associate to tetramerdistabby anionic lipid headgroups;
accumulation of peptide tetramers induces curvatreen in outer membrane leaflet,
which eventually leads to transition of peptiderdeters to transmembrane
orientation accompanied by opening of toroidal poMYe conclude that arenicin-1
dimers also form tetramers stabilized by anionpdliheadgroups and that those
tetramers can associate further into larger strastuwhich, besides peptide
molecules and anionic lipids, also contain neutpadl molecules with considerably
hindered mobility. Lipid molecules (including thiidrescently labelled lipid) can
enter and leave the peptide-lipid domains givinge rio positive values of the

interceptto.

Similar trends were also observed in the case dittmeand its interaction
with SLBs containing anionic lipids. Representatidampolitkové plots obtained
for a bilayer composed of POPC and 1-palmitoyl-@sgl-phosphatidylglycerol
(POPG) in molar ratio 7:3 are shown in figure 5[&e lipids diffuse freely in the
SLB prior to peptide addition and the intercepdf the Humpokkové plots is close
to 0, the average value from repeated experimegitgyy = (0.9 + 1.4) ms. UM
melittin decreased lipid diffusion coefficient tpmoximately 60 % of its original
value @Attachment I} and the slowing of diffusion is accompanied bgr@ase in the
intercept to the valuety =(9.7 £0.4) ms. The positive value af indicates
microdomain-like obstacles to lipid diffusion. Tlosbstacles are not necessarily
domains of higher lipid order; they can be actualbyes which are assumed to be
present in SLBs treated with melittidAttachment II). Toroidal pores, which have
been shown to be formed in the presence of me|it®9, 221], are surrounded by a
bilayer edge characterized by high curvature oflijhid layer (see figure 1.1). The
lateral movement of a lipid within the region ofjhicurvature surrounding a pore is
likely to be slower than in the rest of the bilay&herefore, toroidal pores can
possibly obstacle lipid diffusion in a manner semito lipid microdomains. Other
types of obstacles such as lipid-peptide domaireogous to those formed by
arenicin-1 may be also present in the SLB. After shmple has been flushed with
melittin-free buffer, intercept slightly decreagedhe valud, = (6.1 = 1.0) ms while
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lipid diffusion coefficient did not change. The dease inty is probably connected
with removal of melittin and some of the obstaddgsexchange of buffer. The fact
that the (apparent) diffusion coefficient remaingltered is caused by a decrease in
effective diffusion coefficienDes, defined by equation (4.15), upon exchange of
buffer. Dt depends on local diffusion coefficient in the elot#s and in the
surrounding bilayer as well as on probabilitieshwithich lipid molecules enter and
exit the obstacles [165]; it is therefore diffictdt speculate on the exact mechanism
underlying its change. It is probably connectedhwihanges in lipid density and,
thus, in free area available in the bilayer, whiofluences local lipid diffusion
coefficients (see section 2 Attachment land references cited therein for discussion

of the free are theory of lipid diffusion).

e SLB
35 - A SLB + 1 uM melittin
= after flushing

N/N,

Fig 5.5: FCS diffusion laws analysis of influence of mefitton lipid
diffusion in SLBs (POPC:POPG 7:3). Representativenpolickova plots
of data measured in SLB before peptide additiorclgs), after reaching
1 uM melittin concentration (triangles) and after firsg the sample with
melittin-free buffer (squares) are shown. The efars represent errors
(estimated by the method of Wohland et al. [132])determination of

diffusion time rp by fitting of FCS autocorrelation functions.
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5.4. Peptide diffusion in SLBs

How are the peptide molecules distributed in tHayler and how do they move
along the bilayer plane? Those questions aroseglimierpretation of experiments
described in previous sections (5.2 and 5.3), inclvipeptide-induced changes in
lipid distribution and lipid mobility were investiged. Thanks to collaboration with
Dr. Tatiana V. Ovchinnikova from Shemyakin and QOmwdikov Institute of
Bioorganic Chemistry (Moscow, Russia) who providedvith fluorescently labelled
peptide, we were able to answer those questionpdptide arnicin-1Attachment
V).

LSM revealed no inhomogeneities (on the length escahdccessible by
confocal microscopy) in distribution of SLB-assde arenicin-1. More insight on
arenicin-1 interaction with SLBs was provided Byscan FCS. Speed of peptide
diffusion in both anionic and zwitterionic SLBs deases with increasing peptide
concentration. While the decrease in zwitterionid3$§ is gradual, a sharp drop in
peptide diffusion coefficient was observed in SLBsntaining anionic lipids
(DOPC:DOPS 4:1) at 250 nM arenicin-1 concentraf{see figure 3 inAttachment
IV). Interestingly, the large change occurred at maaker arenicin-1 concentrations
than the sharp drop in lipid diffusion coefficieNt/e conclude that the decrease in
peptide mobility corresponds to formation of peetioligomers and that a higher
concentration of peptide oligomers is needed taiogntly alter overall properties
of the bilayer such as lipid diffusion coefficigmost likely via formation of peptide
lipid microdomains). We can, therefore, speculatd the changes in lipid diffusion
coefficient should be better correlated with biabad) activity of the peptide than
diffusion of the peptide itself. That conclusiorsigpported by the correspondence of
the ranges of arenicin-1 concentrations at whigbidlimobility significantly
decreases and at which bactericidal efficiencyefgeptide increases [92, 209].

Diffusion laws analysis again revealed differenbesveen SLBs containing
anionic lipids and purely zwitterionic SLBs. Whiie the former system, the
interceptt, reached positive values already at the lowestigeptoncentration
investigated (and slightly increased with incregsipeptide concentration), no
significant deviations af, from zero were detected in zwitterionic (DOPC) SLB
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Concluding remarks

The question of biological relevance of obtainesuhs is an important concern in
interpretation of all studies based on simplifiedifigial models of biological

structures and, naturally, applies also to the afs8LBs as a model of biological
membranes. It should be, therefore, discussedaat briefly, in a work investigating

membrane-activity of AMPs by studying their infloenon SLBs.

The complexity of plasma membrane of any livind eein marked contrast
to the simplicity of typical artificial lipid bilagrs, which can, therefore, never mimic
all the factors influencing interaction of AMPs Wwitnembranes of living cells. That
is, however, not a major concern. The aim of studmvestigating interaction of
AMPs with artificial lipid bilayers is not to precti the biological activity of those
peptides (which is typically known from previousolmgical studies), but to
contribute to elucidation of the molecular mechanisehind that activity. Simplified
model systems are indispensable for that purposeause they allow systematic
investigation of individual factors that can infhee peptide-membrane interaction
such as surface charge or fluidity of the bilayeis therefore not surprising that
most of experimental evidence on which, models ejftide-membrane interaction

are based, was obtained using artificial lipid yoles.

A more serious concern in interpretation of resoléained with artificial
lipid bilayers is the influence of factors presenthe model system, which are not
present in biological membranes; a typical exangptée vicinity of solid support in
the case of SLBs. For example, formation lipid febuinduced by AMPs was
observed for the first time in experiments on SLB%6] and a doubt could arise
whether the bilayer-support interactions are nebivied in the process. Such doubts
were however refuted by later studies reportingittmeinduced tubule formation
also in the case free-standing bilayers (GUVSs) [2&2is, therefore, evident that,
although the relevance of tubules to thevivo effects of melittin may be to some
extent questionable (the heterogeneous organizatiptasma membranes of cells or
absence of necessary hydrodynamic force may préoenation of tubulesn vivo),
their formation is a result of melittin-bilayer @raction and provides evidence on
influence of the peptide on physical propertiesigntl bilayers and its knowledge is

valuable for understanding mechanisms by which ANtReract with biological
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membranes. An important feature of all the expeniletechnique used within this
work is their ability to investigate lipid bilayera aqueous environment and, thus,
under physiologically relevant conditions. Espdgi®CS has proved to be a very
valuable tool in investigating the influence of ianitrobial peptides on lipid
bilayers. It can probe changes in lipid organizatio SLBs Attachments I-IY as
well as permeation of liposomeatfachment Y, in which way it can provide a very
comprehensive picture of mode of action of AMPs ader membrane-active
compounds. Nevertheless, Interpretation of FCSltefenefits considerably from

information provided by other complementary methsagish as ellipsometry.
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