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Abstract

Rich structure of cell membranes raises broad number of questgasdingthe
mechanisrma driving and regulatingrocessesaking place on membraneghe thesis

presents four articles investigating organization of lipid membranes anidedlgut
interactions. The experiments were performed on modglid membranes.These
simplifiedatysenmenntsealll ymeenbalme st udlyi pirdt ei
i nterachd omsl eadultaembreareé-c mmgiscalb propert
cont r ol Adeahcedwflaorescence techniqusgch as FCSTDFS, FLIM and
anisotropy wee used for the system characterizatibirst publicationdescribeshewly
designedfluorescencedyes based onboron dipyrromethenetructue, the secalled

molecular rotorswhich are reported to be viscosgignsitive probedDetailed analysis

of fluorescence lifetime of excited state of the molecular rotors inserted into lipid
membranes showedliverse incorporation of dyes into membrang and their
reorientation in membranes of different rigidity. The second part investigates existence

of lipid nanodomains in membrasmieaused by theresence of a crodmker. Even

though standard fluorescence microscopy techniques do not allow diredizasan of

the nanodomains, we were able to detkese structurely employment of FCC&nd
FLIM-FRET techniques supported by Moi@arlo simulations. The study showed two
mechanisms of nanodomain formation depending on the membrane lipid composition
and concentration of the croefisker. In the thirdpart TDFS method was newly applied

to determine the peptide orientation with respect to the membi@aneal. The results

from the previous studies s#te basis for the fourth paper investigating membrane
dynamics inthe presence of peptides. Experimental and computational results show that
increasing amount of the peptide redudédfusion rate of all membrane components

due to temporal lipid acyl chain trapping dine rough surface of theeptide. In
chdesterolcontaining membranes, the sterol segregiom peptide surfaceDue to

the fact that rough surface is an intrinsic property of literally all integral membrane
proteinsthe results bour work can be generalized to mesti k a rcyeoltli cme mbr an e
Distribution of membranerpteins and cholesterah cell membranes could therefore

affecta variety of intermolecular interactions amdaction kinetics of cellular processe

associated with membrangisus affecting vital functions of living cells.
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1 Introduction

I nterattbaoaesmembr ane pr onti eniproy bamed ilni pai drsa | pol
cel | membr ane processes, yet they are stil
directl y,veasy tchoemp |l erxerendcecvaont rpalrlaimeg er s
Siplh e model systems provide uniqueéeitpadl f
i nteract ireosntsa biky stvetithe doctor al thesis pr
research on ntdh eo ragracopner d fi e mo dae | | i ptirde me mb

presef transmembriasne mopeplt i dgst em repres

transmembrane domai ns. Significant part C
appropriate model system and devel opment
studies. Thloisyestfears odl | membr ane repr ese
vesicles wi t h optional transmembrane pe
properties, such as membrane dynamics and
timesolved fluosdfiee naciem toefc htnh & u eno cce | SYS
partimamaal iyan ceThe meanbuaners . mammal i an ce

the fact that humarmewhmatien kalrcecad ode lelxsp eart
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theoretical basics and the experiment al P
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orgahi pmprahbheépi d modleti aslysdo emsovides a bas
severaleswilmed fluorescence technoguésur Th
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membr ane polarity and mobidiperitphaearealeronn |
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2 Cell membranes and model systems

2.1 Cell membranes

Lipid membranes are indispensable parts of all living cells. In eukaryotes, they form a
barrier between inner and outer space and compartmentalize the cell into several sectors
(organelles). The cells are encompassed by the plasma membrane which has severa
vital functions: it protects cells by controlling import and export of protons, ions,
molecules and even whole microorganisms, ensures communication between cells and
the environment, and is involved in regulatiors@wnalingor other molecular processe
including cell growth and motility. Plasma membrane can be described as a highly
dynamic and heterogeneous structure formed by a lipid bilayer densely populated by
peripheral or integrated proteins, covered by oligosaccharide mesh from the

extracellularspace and supported by the cytoskeleton scaffold in the cytosolic side.

2.2 Lipids

Basic building blocks of the plasma membr :
cel | membr anes was originally considered ¢
[ 1] Nowadays, t he i mportance af o09$ peccelfliucl
membr anes i s mMo2r,e3 JFop p reexca np leed, it owms s hc
compl exes with wsr octcerirnesc,t whuawchtt iadaindorfo Ipsr op
stablibb]l]t Moreover, various <cell memldr anes
vari eltiypiodf compositions, whi ch i ndicates
protleThBi s) mat ch kmetsvwe enf tlhii pilde nlyithhaeoefr 8
transmembrane@reegmesatslioéctly regul ates g
organie.aliucn[ed A8 ) t hes ediexatmp lteltsati nl i pi ds
part in the membrane processes.

Based on their structure, |l i pids of <cel
groups: gl ycerophosphol iFpigi® ¢ Phloismpdiall ii gpii «
amphipathic molecules meaning that they
(Fi giB)e A polar part is also called a I|ipi
environment ; apol ar part is formed by ac

gl ycerophospholipids contai ns nsdraagataeyd gfl gtcte



acyl chains of wvarious | engt hs.andreg molsd
eukaryotic meinsbr ahes plhiaptiiddsy | chol i ne; ot h
phosphatidyl serine, phosphatidyl i nddasitol,
aci[df] Sphingol i pi dssphangsotsbiansee i heonmost fre
sphingolipids are s pehdi nsgpohmiyred alni paindds ¢(lgyl cyx

I n gangliosides, there 1is one or mor e Si
gl ycosphingolipids. Hydrophobic part of
satur at ecdnsoat utrraaresl acyl tcehnadiennsc ywhtioc hr ihga
me mbr ane. Mai ntaining the membrane fl uidi
i n mammal s, ergosterol in yeasts). A rich

ensures the existence pdcitehso upsraendesntofi ndi d e

[ 9] Li pids do not possess only structural

signal transduct[i®ln and energy storage
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Figure 1. Examples of lipid structures. A Structure of selected lipids: tdoleoyl-snglycero3-
phosphocholingDOPC unsaturated lipid and 1,2dipalmitoyl-sn-glycere-3-phosphocholing DPPC
saturated lipijibelonging to glycerophospholipids, sphingomyelin (sphingolipid) and cholesterol (sterol).
B. Scheme of a lipid structur@reyi apolar lipid acyl chains; violét polar lipid headgrop) and the

most frequent variants of lipid headgroups: phosphatidic acid (PA), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserii®,(Bhosphatidylinositol (P1).
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2.3 Membrane proteins

Plasma membrane contaisgucturallydiverse membrane proteins that function in a
large variety of cellular processes. They are involved in metabolic enzymatic reactions,
transport of molecules across the membranesaghlingevents, for examplen the

form of signal sensors. They are stardly divided into two groups: integral and
peripheral, depending on their interaction with a membrane. Peripheral proteins are
usually bound to membrane lipids or anchored to the membrane via a lipid covalently
attached to their structutgut typically d not penetrate into the hydrophobic part of
membrane. Integral proteins are at least partly embedded in a membrane via one or
more transmembrane domains (TMDs) possessidtelical or b-sheet secondary
structure. Several strands @fsheets could be arrged to a barrel forming a
transmembrane channdd:-barrelsare frequent in proteins of thmuter membranef
mitochondria, chloroplasts, arzhcteria[10]. The majority of transmembrane proteins
are spanninga membrane via a single or multipla-helical segments. The
transmembrane segments contain hydrophobic region and mernmtereinterface
region which matches the hydrophobic core of lipid membranes and area of lipid
headgroups, respective[\tl] (Figure 2). The hydrophobic core and the membrane

water interfaceliffer in their amino acid composition.

A Lipid polar headgroups Membrane —water interface region
Hydrophobic acyl chains Hydrophobic part
Lipid polar headgroups Membrane —water interface region
B | C
= £ . .
= c Polar aminoacid or
o :: helix-helix
‘?“ o recognition motive
¥
Pro, Gly

Figure 2. Schematic illustration of proteclipid membranes. A. Representation of polar and
hydrophobicmembrane environmer. Typical lipid membrane dimension€. Helix-helix association

and peptide kinknduced by specifiamino acidcomposition.

Hydrophobic regions of protei nar earien bdirrn e

contact with |ipid acyl c hai ns -p ol haerr eaf noi rneo,
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cid residues including valine, [lleaudihree,
resence of pesimaduasmi n® laessl frequent and

-+~ o T 9

el iFcegs)f(@.3]Si mi | ar &ami npsaad¢u arnud eas, l'i ke GX>

ound to cause associat[ilBn 1&jrombne &aedi g

residues induce kialkel iimala gtartthetrurcey |l dfndTrN

The me miartaemre i nter f ace i s an environme

headgroups. This is a very heterogeneous

composi tei ocnorafestplondi ng part of the transi
t his environment . Typi cal i s abundance
tyrosine) and positively chabged@heear dmasts

pid carbonyls up to a polar part of hea

ri mgs the aromatitendimumy iawciad t he choyrder.op hc

Si miyl, artlhe positivelsy adhgpn g etdoi ptinhiden o wmaatea ril a

snor kcefl i tndglea tri vrel y | onigntad i ménralin &ne hlay dirso p

whitheir pol ar functional groups flirmi chydr

headgroups.

Negatively charged residues also show

close to the transmembrane part. They are

membr ane compared to positivelyl obatgddone

cytosolic part of a membrane ( ph[eln]nennon
contrast to positively charged residues,

al i phat i c somhoaiksecl anenége m.g

2.4 Cell membrane characteristics

Plasma membranes can be characterized by several intrinsic properties valid for all
mammalian cells. Among the most important is flsdity of membranegl], which

allows lateral diffusion of proteins and lipids in a membrane. piuperty is crucial for
membrane processes suclpestein cluster formation, hypothetical lipid raft formation,
and is vital for dynamics of @mical and biological reactions. In addition, fluid
membrane allows for molecular rotation and conformational adaptations of membrane
components in the membrane plane. Lipid-flgp and transbilayer mobility are much

slower processes compared to lgweral membranemobility and they occur very rarely



without specific mechanism allowing thprocess (transporterdippasses, floppases,
scramblases, etc.)

Lateral and rotational diffusion and conformational adaptadre related to the
membranelipid packing Figure 3), which refers to the mutual orientation and
arrangement of lipid molecule3he lipid packing influences mobility of individual
molecules and thus the membrane fluidiBor example, lipids with longer, fully
saturated acyl chains are more tightly packed compared to lipids with shorter acyl
chains because of higher number of passivan der Waals interactions between
neighboringchains.Such interactions restrict movement of the molecuBasnilarly,
presence of double bonds disturbs firm contacts between lipid acyl chains resulting in
higher fluidity of membranes composed of unsated lipids than of saturated lipids.
Cholesterol counteracts these general trends by making membranes formed of saturated
lipids more fluid andvice versafor the membranes containing unsaturated lipids. Cells
actively control fluidity by changing satwtion level of lipids and the amount of

cholesterol in its membrangk7,18].

Figure 3. Lipid packing defines freedom of lipid movement A. Tight arrangement of lipids at gel
phase gee later in the textStretchedipid acyl chains maximize interactions between twaghboring
molecules resulting in restricted lateral and rotational movenBerRRelaxed arrangement of lipid acyl
chains in fuid membranes allowing fast lipid transfeithin membrane leafletC. Ordering effect of
cholesterol.The membrane maintainis fluidity but the higher level of ordering causes slower motions
compared to leolesterolfree membranes. Caleoding: lipid agl chains gray, phosphates red, choline

blue, cholesterol yellow, water cyan. Adopted from Drolle 18]



Plasma membrane is asymmetiigpid composition of the outer and inner membrane
leaflets  differs. Cyteolic leaflet is enriched in phosphatidylserines,
phosphatidylethanolamines and phosphatidylinositols, extracellular leaflet contains high
amounts of sphingomyelin and glycosphingolipids. The plasma membrane asymmetry
IS very important ands loss leads to cell deathihe unbalanced distribution is allowed

by the fact that the transition of lipids between leaflets is very rare and allowed only by
special proteins, such as scramblases, flippases and lipid transporters. Spontaneous flip
flop of lipids to the other leaflet was observed in model membranes, but its rate depends
on a size and charge of a lipid headgrf2@]. Plasma membrane is asymmetric also in
having unequal io distribution along outer and inner membrane leaflet. lon
concentration gradients form membrane potential which is vital for many cellular

processes.

Inner and outer leaflets of membrane face different environn@&ytbsolic parts of
proteins might be temporarily attached to the membrane cytoskeleton. Such intsraction
support membrane structure and could cause its compartmentalization. In contrast,
sugar moieties of glycosylated proteins are always oriented towards the extracellular
spae. The layer of sugars, attached to both proteins and lipids, is called glycocalyx and
covers the whole cell surface. It serves as a protection against chemicals and is

involved in cell adhesion.

Membranes are inhomogeneoudembranes represent a rigmvironment full of
diverse lipids and proteins that are able to reorganize into spatially heterogeneous
compartments. Proteins and lipids are not ordered randomly, but can form structures or
compartments, which can limit molecular mobility. For exampéepicketfence model
predicts compartmentalization of membrane due to the interaction of nmmeambra
proteins with cortical actin21] (see below for more detailsnother type of
nanoheterogeneities was proven to exist as a result of lipidssdimblies, lipighrotein
interactions  or  protein  clustering. To name a few examples:
glycosylphosphatidylinositolanchored protein and receptor protein were found in
distinct membrane nanodomaif2?], multi-proteinassemblis with nanescale internal
organization were found in plasma membrf2 and lipid nanodomairofmation was
induced by crossinking of gangliosides[24]. Of note, cholesterol was crucial

component for maintaining the naassembliesn all studies mentioned above.
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2.5 Overview of membrane organization models

There is an ébrt to describe the membrane organization and dynamics by a proper
physical modebased orthe aforementioned properties. Together with new discwer

on the cell membrane orgaation, the way it has been described by models changed.
This part briefly smmarizes the most notable models used for the description of cell

membranegFigure4).

Fluid mosaic

Fluid mosaic was one of the first models used for the description of cell membrane
structure and thermodynamical propertigsk The most important assumption thie
model is that the membrane is a tdimmensional oriented lipid bilayer with embedded
proteins. Membrane fluidity is a critical intrinsic membrane property. According to the
model, freefloating proteins in the lipid bilayer can create aggregates and

inhomogeneities. From this fact, the name of the model, fluid mosaic, is derived.

Lipid rafts

This model is based on assumption that membranes are heterogeneous and there is a
coexistence of two distinct environments with different lipid packing. The more ordered
domains are called membrane rafts and are proposed to regulate function of several
proteins[25]. Keystone Symposium on Lipid Rafts and Cell Function in 2006 brought a
definition of membrane raffi Me mbr ane r afi26 nm)rheterageneols| (10
highly dynamic, &rol and sphingolipieenriched domains that compartmentalize

cellular processes. Small rafts can sometimes be stabilized to form larger platforms
through proteirprotein and protedh i pi d 1 n R@ it & cstill iam open. tapic

whether lipid rafts truly exist in cell membranes and how would they influence the
membrane organizatiof27,28] However,the formation of small (< 120 nm) cress

l inked | ipid assemblies with dAraftophilic

observed in the intact cell membraf24].



Mattress model

Presence ofransmembrangroteinsdirectly influenceslipids in their neighborhood
Lipids can, for example, adapt to tipeotan the presencédoy local thickening or
thinning of a membrane. Thigpically happensvhen hydrophobic parts of proteins and
lipids do not match in length, i.e. wh hydrophobic mismatch occurs. Exposure of
polaramino acig to hydrophobic core of lipid layer or contact of apolar amino aid
with hydrated headgroup layer is energeticalhfavorable Membrane is expected to
prevent occurrence of such situationsdbrtening or stretching lipid acyl chains to
match the hydrophobic length of the transmembrane domain or by sorting lipids of
appropriate size to the vicinity of proteins. Description of such thickening or thinning of
the membrane is provided by the meds mode[29]. This malel was proven to be
valid for protein sorting to target membraf8)] and is also proposed to influence

membrane structure on nanoscopic sf29.

Membrane compartmentalization by cortical actin network
Cortical actin beneath the membrane forms a meshwork.-Bictding proteins can be
trapped by themeshwork, and as a resuliprm boundaries of a membrane
compartment . The cortical acting mesh act
protein bodies (Api cket-andfencenbdej3y. Theisizees nar
of the compartments is estimated to be up to a few hundred nanometers and varies
between various cell types but also across the plasma membrane of a singlg].cell
Membrane molecules are transiently trapped inside the compartment and can cross the
barrier only by the perturbation of the protein piefatce.

The model is supported by single particle tracking experimdits32] The
barrier of the compartment has direct impact on mobility ath kproteins and lipids.
Not only does it act as an obstacle for the nanoparticle, but it also has effect similar to
hydrodynamic friction[21]. The mobility is reduced in a vicinity of immobilized

proteins, but in the center of compartment the diffusion is free.

Another refreshingand insightfulpoint of view is that there is no simple universal
model satisfactorily describing all aspects of membrane organif@8grRather, it is a
result of interplay between the intrinsic and extrinsic membrane properties. However,
full understanding of membrane organization is still elusive and requires more

biological and physical studies.



Cortical actin skeleton

Figure 4. lllustrative representation of current models of membrane organizationA. Fluid mosaic.
Membrane is a lipid bilayer with embedded proteins. All membrane components carBmiopéd rafts.
Nanohetengeneties enriched inspecific membrane lipids and possibly protei@s. Mattress model.
Lipids adapt to the protein length to reduce hydrophobic mismaxcRicketfence model. Membrane
compartmentalize by interaction of membrane proteins edgtkical actin skeleton. Agied from[33].
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2.6 Model membranes

As described in the previous chapter, cel
with rich diversity in |ipid and protein
cel |l membr anes wer e ilnitpriodd uicretde rtaoct s tondsy a
l evel and t o St udwnemeablr ape o perytsiiecsn i n

Moreover, they also enable us to underst al

membr ane thicknesahndmenmbotuaravead fulr ilei doint yt, h e
or gannAzdatsiadvant age of the model me mbr anes
i's difficult to maint aiompmodmdyt ldt ctetheé s1é a,
Mo d el systems are typi awaltliwe-dfedn medl By pi dy
protei ) t¢avmopsat | vy, Eiphdrbehagpsul ated in
supported | ipid bilayers.

Unil amel l ar vesi cl daavameded nes ysft etnbe be
dependi ngi e, tthleey memébmaheascelThepsi@cal |y p
from a mixture of si ynn t dheeftii.nce ldanrr tarh a touprr eels elni
aqgueous solut e, selected l i pids spont ane
mi ni mi ze i nteractions of hydrophebulesac)
| mport antfl oyr, mi migl alyiepi ds ar e mai nly those
me mbr ane of mammal i aynl ckdllisndse. gr pPhhoispdha
vesi cles are considered as free stvaanyds ng ©b
depending on the desired size. Briefly, S
prepared by the sonication[ &4] Inaurlgtel |wamell dt

vesiclesi1QLWWsnmpbOare generated by the ext

filteadefwiintzhel of 3.p pFiers aell-fegcrtmaot i on or gent |
are used for the preparation of [g3@&n37]Juni
Smal | pr ptepit nsleanadan be also jBdB6pop8ppB8aled

Lipid bilayers spread on a solid supp

syst,emagnep port ed s[l 4.QliTchebiilnayeeracti on of sufr
reduces membrane dynamics c¢ompalrreadn etso (teh.eg
top of [ 4GUNVfs)t he interaction with a suppol
or solid spacers might be[d4@2$RIrdamar tloi piidt
free of support were also prepalrledhdlye s ptr

separates the two aqueous eA@jronments (bl

11



AVesiclesd and Al ayerso are not the on
mi xi ng of | i pids or proteins eavlitmerhbrpane
systems, e. g. mi cel |l es, bicelles and nan
detergents or proteins and can be used for
component s.

The <choice of a system al wayysardegenhas

scienti fi ca qgsupeesctiifa re,qupilerdeetcitoron of the best

terms of geometry (e.g. whether one needs
more stablp, tbasebotepteparation (e. g. I N s
how well the system mimics the membrane
detergents are often insufficient). I n t hi
stabiliitbi, |l iagcesfs membr ane for i maging i
transmembrane peptides in a controlled wa\)
Apart from the aforementioned model S )
bet ween | ipid modedl Inglaebre me e-& A dihdarelt rsasree
bl ebs. These systems better maintain a |1
but |l ack the cytoskeleton and cell I nter i

these membranes are symmetric and nlgack m
could be induced chemically to obtain so
( GPMWs) by osmot-swelslhiorcgk) (icreltt he profcedur e
Pl asma Me mbr(aPinved #S3p MeBrhees bl eb 1 sol ati on me
compioti on and organi z dtdieond Nefver ebhel-eissg $
derived vesicles stildl serve as an inter

membr anes and associated processes.

2.7 Phase transitions in model lipid membranes

One of the topics of this thesis is for ma
nanodomain formation is closely related t
with wvarious compositions. Apart from the

I mpaoarnt paramet eccaf f @dhtaessrey fttPtheasiet itorna.n s i t

tempermfudefi(dfes the temperature at which

from sol i d S(cghealr)acplrraseed by the ordered
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| i qduii dor d e rcerdy s(tlailqg (i Lnde))t hp htayspei cal |y hi ghly
ordered | i piFd ga8rlLeagnugiednedits o(r dered phase i ¢
by phospholipids with short and/ or unsat
transition at | dwerC tf omp)DIOCu rtetse (eeotghr ar vy
|l ong saturated acyl chains have wuswvually
DPP[C4)9]and, rtihgicdkiffoywekndbr anA@7ddi ti on of chol
count egtwee gy t e frfeenbtrsan e s composed arfd | ong
chol ese®cadmé morei dé pyveamsa tdiumadsdbd anes beco
more condehglkeectnfeireach 8Chhtol est er ol i al so
f ormat icoanl loefd sloo qui( dodThier @delfgpihdasseoins of el a
vague. This phase is typically characteri:
thdhase~©ers®y. but a relackvelgy mobirghclbimpiad :
SphakBer exampl e, mi xXturerati ODPRClamd clhaols
Lo phase at reemo velmpefratbokesterol woul d
and | ead to formation of So phase.

I n me mbr anes formed by a mi xtur e of
temperatures <can olfegditathe stshe uss¢ pamatiisomncor
demi xing of two (or more) l 1T qui ds. At hig
mi sci ble and form one uniform phase; decr
| i qui ds (trheussp .t ihwit peindee) of two (or more) ph

We were in particular interestetown mer
Tmand i gh Tem Bhndi dc hDd pesrickirmd . on t he t e my
concentrations of the componentlsi,pioddes on:
coeXitytpil caglul ¢fld opldagiequandd di s).or Tddee xei ds t pehnacsee ¢
phabketsharceoanponent s yds tiemm g lsa siea mib)ubdiee amrees  (
usually determined experimentally. There ¢
the borders of di fferent phases: a freque
mi croscopy imaging of mod el | i pi dphhadeyer
separ[adtli]Jofrhe visi bil ity is enabled by pref
probe in onse. oPhdde pdmasrated systems or
separ at awomrbigteeet s of studies because they
l i pid rafts (if they édetetpgeardtikesir rol
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Cholesterol

30/60/10 8/72/20

Figure 5. Representation of phase diagram of ternary lipid mixture at gven temperature and
pressure. A Onecomponent system is represented by point in a vertex of triangle, in this figure it is the
vertex A. Such system contains only compound A. Molar fraotibsompound A is determined by
length of line | perpendicular to the line segment BC. Maximal length is.4= 1. B. Three component
system depicted by point P. Molar fraction of compound C is determined by length (lfiel
perpendicular to AB segm8nmolar fraction of compound B by length ef(line perpendicular to AC
segment) and molar fraction of compound A by lengtliine perpendicular to BC segment), where
l1+1,+13=1. C. Example of ternary phase diagram providing information aleapected number of
phases for different ratios of lipids. For specific composition of two phases we still need information
about the directions of so called-tires, connecting opposite areas of tpltase regionD. Example of
phase thgram for DOPC/sphgomyelin EM)lc ho |l est er ol system at 25AC and
phase separated GUVs. Numbersolbe GUV images denotenolar lipid composition. Bright parts of
GUVs are enriched in DRC, dark parts are enriched 8M and cholesterg51]. The imags were
adopted from Veatch and Kelleiorks[51,52]

2.8 Model transmembrane peptides

Similar to membranes represented by simpler lipid bilayers, protein TMDs might be
mimicked by simplified synthetic peptides. Model peptides are usually chosée to
monomeric and have a simple primatyucture for a better control. Hydrophobic core

is ustally formed by a simple sequence prevalently composed of hydrophobic residues
forming thea-helix. To anchor the peptide into the membrane, hydrophobic sequence is
flanked by one or two residues of tryptophan or lysine (or both) on each side of the
hydroptobic core. Comparison of tryptophan and lysine amino acids located at similar
positions of model peptides showed that tryptophan residue is preferentially located at
the level of lipid carbonyl groups, whereas the positively charged lysine prefers
negativédy charged phosphate groups3,54] On the contrary, occurrence ofs¢e
hydrophobic amino acids in transmembraeguences (Gly, Ser) is limited due to the

loss of transmembrane orientation in case of their abundgide In biophysical
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studies, synthetitransmembrane peptides typically employ pbdu or poy-Leu/Ala
sequence flanked by Trp and Lys resid{&si 57]. The lengh of model peptide is
determined by the type ahembrane where it shouldcate. Cellular membranes were
shown to have different thicknessplasma membrane is thicker compared to
e.g.endoplasmic reticulum or Golgi apparatus membrgb@]. Herein, we were
interested in the plasma membrane organization, thereferased model TMD with
21 hydrophobic residuesAddition of flanking residues tthe hydrophobic coref a

transmembrane peptide further stabilizge®rientation
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3 Fluorescence methods

Fluorescence is a type of luminescence wlagpbaoton is emitted from excited single
state afterexcitationby light. It can be employed in many methods which are highly
sensitive, chemically specific and compatible with living cells, which makes
fluorescencemethods optimal for studyiniological systemsin addition to cellular
structures, fluorescence has turned mube an excellent tool to study a variety of
materiab and model systems; including lipid membrarfdaorescence methods applied
to model membranes allow us to visualiza@ious aspects of membrane biophysics,
such asmembrane dynamics, viscosity, peaiprotein clustering, protein binding
reactions andipid phase separatiorscaling fluorescence techniques downsiogle
molecule sensitivityallowed understanohg of what is happening in a samphk
molecular level.

FIl uorescence measgr efmemnhws fsalerm dgatee goar |
time ré@&bdlemeddy. state measurements typical.l
I ntenemt gspeatr a unvweans i anet .iTheuwmi matsiod v e
met hddsect fluorescence diextceangittivooudgltayt F
i nstrumenthteit nrenr d o0l ved techniqgues i s mor .
the extra i nf oFoma teixoaimhmedse v radyutaibdle . f | uor esc
degafitting, wer ahbhteaifnl uiomrr fecsrénrantcieol d arf reyme me
informatitbe @boistuonomemionon g cTuhhee. i nf or mati o
typically not asvtaatle brmhecalshuar éd nnéerd tesiviemg yc hapt
abasic intrordausadliwend tfol udarmescent mettheds r
essetnhea@adeti cal background. First hteyeoetsi on
and properties of fluorescent prioplss dhe
ti-mesol vedannethhoondst hey can be employed to
properties, e. g. | ater al dTi hfif ruds i senc toiro nf od
the instrumentations and methods for sampl

Theompl ete theory behind tmat memhtoidsal
descriwpul denxhensi ve. Thi s wor k does not |
techmaaguwetle xdrb oo kn oatn dc odvoeers d | lai tmse t dbe texipll |a.

princidpwhlyese meehsesdstawbéle for my studies.
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3.1 Fluorophores

Ther esewvregraatilur al | vy occurring fluorophores
(tryptophare,, phyamylialeg o h INArDdHpahnyd! Haowilere se,s
t hneost mol paut Beuldasn alnlda cpkeipntg dtersy pt ophan,
or tyaosifnamprleyscerature. We satedgott orichabeks
by suitabl e f | uor ®osrc efnltu oorregsacné hcu ocpoersptoeumbd p
(eGgP,henCry) are frequently usediwaseckbt b
| abelliinggi dndé |l ecudfar GwR i g®hOdgy bnoowtl ez | aorf wei g
DOPC I Bgg&dmbar.ge otwei mmhgihnf |l uence LAlpsd, pro
number of pbgt 6 hs oe mspceera dmop reoctuel iem sninc e x ci t
| ower <compared t o Tshyenrteh eits ca olrgragme cs e etsr.
avail abaed s bsay nhthit e t(i Acl eAktyate s, DyLigbdye Abbe
fami)l iteyspi cally derivedstiamlim sshterducft luu @rso pol
fluorescein, rhodamine or cyani@lkeoi ave t &f i
the propeo dgemhde accor direrguti o etabshéws X der
di scussed | ater in the chapter

Me mbr aneneedbtad yllawehobi c part in orde
t hlei pnednb s.a@®me way howt hhios at¢ouigaadre t he f |l uo
moi etyswiubt ar @ hat irrete de st(Fii g Gtrllee onredrebrr atn:
| akowimponent4$i i dp meviaéeea nfskod wwrbdebovabkeatley
l inked to the | ipid headgroup or flanking
adye to the structurde ner eaadtfeemirerse liiinp i tdhye |
headgr oupwi(selmoge i nREDI dy ester reaction gr
cysteinevimadiedua)de r éeéapidomtgbeikgnaaginso an
option but such | ipids must be wused caut.
back hvieotleirpi d [| 19 r f ace

Anot her t wapyansaetil zorescent mall iegiud et
str uclthuerxeamp |l aBrQGDIl PnYi eat eached to l i pid ac
l'i pophilic di DDyl dDarOfad).Tmeskesor(escent pr
typically condtmaineshgy.dralpkhylb wbi clhctehaichai r
i ncorpomnandi olni pi dSomeembdgaeses. such hiaghlpery
hydrophobic on their own and can be used ¢

addi tionaHi g@.mearct ur es
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Figure 6. Schematic illustration of some fluorophores used in the thesis anteir typical orientation

in membranes. A. Different types of fluorophore attachments are indicategellow. Stars indicate
headgroup or acyl chain | abel i ngdyesredemblingaylipid | ow | i |
structure (e.g. DID). The two combined yellow pentagonsessmt a hydrophobic fluorescent probe
(e.g.perylene) B. Chemical structures dhe fluorophores used in the thesBPH, Atto488 covalently

linked to the LW21 peptide and DiLZ. Structure of the Laurdan dye and its location in the membrane

composed oPOPC lipids. Image C waslapted from Paper Il

3.1.1 Selectionof fluorophoresfor specific experiments

The poper choice offluorophore is affected by several factors including:

1 excitation and emission spectrum

1 Stokes shift (difference between excitatand emission spectrum maxima)

1 average fluorescence lifetime of the é&distate (characteristic time that molecule
spends on average in the excited state before a photon emission tyoadly on
the order ohanoseconds)

1 quantum yieldfatio of emited photongo the number of absorbed photons)

1 absorption coefficient (escribes probability of photon absorption garticular
wavelength)

1 photobleaching (a disposition ideaching
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