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Abstract 

Rich structure of cell membranes raises broad number of questions regarding the 

mechanisms driving and regulating processes taking place on membranes. The thesis 

presents four articles investigating organization of lipid membranes and peptide-lipid 

interactions. The experiments were performed on model lipid membranes. These 

simplified systems that partially mimic cell membranes enable to study protein-lipid 

interactions at the molecular level and membrane physico-chemical properties in a 

controlled way. Advanced fluorescence techniques such as FCS, TDFS, FLIM and 

anisotropy were used for the system characterization. First publication describes newly 

designed fluorescence dyes based on boron dipyrromethene structure, the so-called 

molecular rotors, which are reported to be viscosity-sensitive probes. Detailed analysis 

of fluorescence lifetime of excited state of the molecular rotors inserted into lipid 

membranes showed diverse incorporation of dyes into membranes and their 

reorientation in membranes of different rigidity. The second part investigates existence 

of lipid nanodomains in membranes caused by the presence of a cross-linker. Even 

though standard fluorescence microscopy techniques do not allow direct visualization of 

the nanodomains, we were able to detect these structures by employment of FCCS and 

FLIM-FRET techniques supported by Monte-Carlo simulations. The study showed two 

mechanisms of nanodomain formation depending on the membrane lipid composition 

and concentration of the cross-linker. In the third part, TDFS method was newly applied 

to determine the peptide orientation with respect to the membrane normal. The results 

from the previous studies set the basis for the fourth paper investigating membrane 

dynamics in the presence of peptides. Experimental and computational results show that 

increasing amount of the peptide reduces diffusion rate of all membrane components 

due to temporal lipid acyl chain trapping on the rough surface of the peptide. In 

cholesterol-containing membranes, the sterol segregates from peptide surface. Due to 

the fact that rough surface is an intrinsic property of literally all integral membrane 

proteins the results of our work can be generalized to most eukaryotic cell membranes. 

Distribution of membrane proteins and cholesterol in cell membranes could therefore 

affect a variety of intermolecular interactions and reaction kinetics of cellular processes 

associated with membranes, thus affecting vital functions of living cells.   

  



Abstrakt  

Sloģit§ struktura bunŊļnĨch membr§n vyvol§v§ mnoho ot§zek tĨkaj²c²ch se 

mechanismu procesŢ relevantn²ch pro spr§vnou funkci membr§n. Dizertaļn² pr§ce 

pŚedstavuje ļtyŚi ļl§nky zabĨvaj²c² se organizac² lipidovĨch membr§n a interakcemi 

mezi lipidy a peptidy. Experimenty byly prov§dŊny na modelovĨch lipidovĨch 

membr§n§ch. Tyto zjednoduġen® syst®my napodobuj²c² bunŊļn® membr§ny umoģŔuj² 

studium protein-lipidovĨch interakc² na molekul§rn² ¼rovni a studium fyzik§lnŊ-

chemickĨch vlastnost² membr§n kontrolovanĨm zpŢsobem. Pro charakterizaci syst®mu 

byly pouģity pokroļil® fluorescenļn² techniky jako FCS, TDFS, FLIM a anizotropie. 

Prvn² publikace popisuje novŊ navrģen® fluorescenļn² znaļky zaloģen® na struktuŚe 

boron dipyrromethenu, tzv. molekul§rn² rotory, kter® jsou vyuģ²v§ny jako sondy pro 

mŊŚen² viskozity. Podrobn§ analĨza doby ģivota excitovan®ho stavu molekul§rn²ch 

rotorŢ zanoŚenĨch do lipidovĨch membr§n uk§zala na rŢznou inkorporaci jednolivĨch 

znaļek do membr§ny a na zmŊnu orientace fluoroforŢ v membr§n§ch o rŢzn® rigiditŊ. 

Druh§ ļ§st pr§ce se zabĨv§ studiem vzniku lipidovĨch nanodom®n v membr§nŊ v 

pŚ²tomnosti cross-linkeru. PŚestoģe standardn² fluorescenļn² mikroskopick® techniky 

neumoģŔuj² pŚ²mou vizualizaci nanodom®n, jejich existenci jsme byli schopni detekovat 

pomoc² FCCS a FLIM-FRET technikami. Naġe z§vŊry byly podpoŚen® Monte-Carlo 

simulacemi. Studie ukazuje dva mechanismy vzniku nanodom®n v z§vislosti na sloģen² 

lipidov® membr§ny a koncentraci cross-linkeru. Ve tŚet²m ļl§nku byla novŊ pouģita 

metoda TDFS pro stanoven² orientace peptidu vzhledem k norm§le membr§ny. 

PŚedchoz² vĨsledky poskytly z§klad pro ļtvrtĨ ļl§nek vŊnuj²c² se studiu vlivu 

transmembr§novĨch peptidŢ na dynamiku membr§n. Experiment§ln² a vĨpoļetn² data 

ukazuj², ģe zvyġuj²c² se mnoģstv² peptidu v membr§nŊ zpomaluje rychlost difuze vġech 

membr§novĨch sloģek v dŢsledku doļasn®ho zachycen² lipidovĨch acylovĨch ŚetŊzcŢ 

hrub®m povrchu peptidu. PŚid§n² cholesterolu do studovan®ho syst®mu uk§zalo na 

vylouļen² cholesterolu z bl²zkosti peptidu. Protoģe hrubĨ povrch je vlastn² doslova 

vġem integr§ln²m membr§novĨm proteinŢm, vĨsledky naġ² pr§ce lze zobecnit na vŊtġinu 

eukaryotickĨch bunŊļnĨch membr§n. Distribuce membr§novĨch proteinŢ a cholesterolu 

v bunŊļnĨch membr§n§ch by proto mohla ovlivnit celou Śadu intermolekul§rn²ch 

interakc² nebo kinetiku bunŊļnĨch procesŢ odehr§vaj²c²ch se na membr§nŊ a t²m 

ovlivŔovat ģivotnŊ dŢleģit® funkce ģivĨch bunŊk.  
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1 Introduction  
 

Interactions of transmembrane proteins and lipids play an important role in a majority of 

cell membrane processes, yet they are still poorly understood. Cells are difficult to study 

directly, as they are very complex and controlling relevant parameters is problematic. 

Simple model systems provide unique tool for detailed investigations of protein-lipid 

interactions in well-established systems. The doctoral thesis presents results of my 

research on the properties and organization of model lipid membranes mainly in the 

presence of transmembrane peptides ï a model system representing protein 

transmembrane domains. Significant part of the work is dedicated to design of an 

appropriate model system and development of proper tools for the main experimental 

studies. The systems of choice for cell membrane representation were unilamellar lipid 

vesicles with optional transmembrane peptides enrichment. Model membrane 

properties, such as membrane dynamics and lipid clustering, were studied by various 

time-resolved fluorescence techniques. The aim of the model systems is to mimic 

particularly mammalian cell membranes. The focus on mammalian cells is motivated by 

the fact that human white blood cells are the main area of expertise of the research 

group in which I worked during my postgradual studies.  

The thesis comprises of the introductory chapters describing necessary 

theoretical basics and the experimental part summarizing the motivation, results and 

discussion of my research. Theoretical introduction covers basic properties of 

eukaryotic cell membranes, describes recent models used for cell membrane 

organization and proteo-lipid model systems. It also provides a basic introduction to 

several time-resolved fluorescence techniques. The experimental part is based on four 

papers. The first one (Paper I) is dedicated to the characterization of novel dyes for 

membrane viscosity measurements. The second one (Paper II) addresses the topic of 

organization of three-component lipid membranes and conditions under which the nano-

domains can form. The third one (Paper III) newly employs the information about local 

membrane polarity and mobility to determine transmembrane or peripheral orientation 

of peptides in membranes. The last article (Paper IV) investigates the dynamics of 

membrane components in the presence of transmembrane peptides. Presented results on 

model membrane systems suggest implications for organization of cell membranes in 

vivo.   



 2 

  

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 several 

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 regulation of signaling or other molecular processes 

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 

extracellular space and supported by the cytoskeleton scaffold in the cytosolic side.  

 

2.2 Lipids 

Basic building blocks of the plasma membrane are lipids and proteins. A lipid bilayer of 

cell membranes was originally considered as a simple matrix in which proteins can float 

[1]. Nowadays, the importance of specific lipids in various aspects of cellular 

membranes is more appreciated [2,3]. For example, it was shown that lipids form 

complexes with proteins, which allows correct function of proteins and controls protein 

stability [4ï6]. Moreover, various cell membranes have different thicknesses and a 

variety of lipid compositions, which indicates diverse functional environment for 

proteins [7]. (Mis)match between thickness of lipid bilayer and a length of the 

transmembrane segments of proteins directly regulates protein function and protein 

organization (e.g. clustering) [3,8]. All these examples indicate that lipids play an active 

part in the membrane processes. 

Based on their structure, lipids of cell membranes can be divided into three main 

groups: glycerophospholipids, sphingolipids and sterols (Figure 1A). Phospholipids are 

amphipathic molecules meaning that they are composed of polar and apolar parts 

(Figure 1B). A polar part is also called a lipid headgroup and is facing towards aqueous 

environment; apolar part is formed by acyl chains. The hydrophobic backbone of 

glycerophospholipids contains diacylglycerol with saturated or cis-unsaturated fatty 
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acyl chains of various lengths. The most abundant type of lipid headgroup among the 

eukaryotic membrane lipids is phosphatidylcholine; other frequent groups are 

phosphatidylserine, phosphatidylinositol, phosphatidylethanolamine or phosphatidic 

acid [7]. Sphingolipids are based on sphingosine structure; the most frequent 

sphingolipids are sphingomyelin and glycosylated sphingolipids (glycosphingolipids). 

In gangliosides, there is one or more sialic acids attached to the sugar moiety of 

glycosphingolipids. Hydrophobic part of sphingolipids is mainly represented by 

saturated or trans-unsaturated acyl chains which have a tendency to rigidify the 

membrane. Maintaining the membrane fluidity is a key role of sterols (e.g. cholesterol 

in mammals, ergosterol in yeasts). A rich diversity of lipid headgroups and acyl chains 

ensures the existence of thousands of different lipid species present in cell membranes 

[9]. Lipids do not possess only structural function, they also play an important role in 

signal transduction and energy storage [7]. 

 

 

Figure 1. Examples of lipid structures. A. Structure of selected lipids: 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC; unsaturated lipid)  and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; 

saturated lipid) belonging to glycerophospholipids, sphingomyelin (sphingolipid) and cholesterol (sterol). 

B. Scheme of a lipid structure (grey ï apolar lipid acyl chains; violet ï polar lipid headgroup) and the 

most frequent variants of lipid headgroups: phosphatidic acid (PA), phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI).  
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2.3 Membrane proteins 

Plasma membrane contains structurally diverse membrane proteins that function in a 

large variety of cellular processes. They are involved in metabolic enzymatic reactions, 

transport of molecules across the membrane and signaling events, for example, in the 

form of signal sensors. They are standardly 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 structure but typically do 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) possessing a-helical or b-sheet secondary 

structure. Several strands of b-sheets could be arranged to a barrel forming a 

transmembrane channel. b-barrels are frequent in proteins of the outer membrane of 

mitochondria, chloroplasts, and bacteria [10]. The majority of transmembrane proteins 

are spanning a membrane via a single or multiple a-helical segments. The 

transmembrane segments contain hydrophobic region and membrane-water interface 

region which matches the hydrophobic core of lipid membranes and area of lipid 

headgroups, respectively [11] (Figure 2). The hydrophobic core and the membrane-

water interface differ in their amino acid composition. 

 

Figure 2. Schematic illustration of proteo-lipid membranes. A. Representation of polar and 

hydrophobic membrane environment. B. Typical lipid membrane dimensions. C. Helix-helix association 

and peptide kink induced by specific amino acid composition.  

Hydrophobic regions of proteins are buried in the membrane core and are in direct 

contact with lipid acyl chains. Therefore, these regions are enriched in non-polar amino 

https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5589/
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acid residues including valine, leucine, alanine, isoleucine, and phenylalanine [12]. The 

presence of polar amino acid residues is less frequent and points towards a clustering of 

helices (Figure 2) [13]. Similarly, particular amino acid sequences, like GXXXG, were 

found to cause association of more helices together [13,14]. Proline and glycine 

residues induce kinks in a rather cylindrical a-helical structure of TMDs.  

The membrane-water interface is an environment covering a zone of lipid 

headgroups. This is a very heterogeneous environment covering unpolar region near 

lipid carbonyls up to a polar part of headgroups encompassed by water molecules. The 

composition of the corresponding part of the transmembrane domain needs to reflect 

this environment. Typical is abundance of aromatic amino acids (tryptophan and 

tyrosine) and positively charged residues (lysine and arginine) [15,16]. The aromatic 

rings of the aromatic amino acids tend to bury into the hydrophobic membrane core. 

Similarly, the positively charged amino acids adapt to the water-lipid interface by 

snorkeling of their relatively long aliphatic chains into membrane hydrophobic core, 

while their polar functional groups form hydrogen bonds at the level of polar lipid 

headgroups.  

Negatively charged residues also show their increased presence at flanking areas 

close to the transmembrane part. They are more abundant in the extracellular part of 

membrane compared to positively charged residues that are preferentially located on the 

cytosolic part of a membrane (phenomenon known as ñpositive inside ruleò) [16]. In 

contrast to positively charged residues, negatively charged residues contain just a short 

aliphatic chain making snorkeling scarcer.  

 

2.4 Cell membrane characteristics 

Plasma membranes can be characterized by several intrinsic properties valid for all 

mammalian cells. Among the most important is the fluidity of membranes [1], which 

allows lateral diffusion of proteins and lipids in a membrane. This property is crucial for 

membrane processes such as protein cluster formation, hypothetical lipid raft formation, 

and is vital for dynamics of chemical and biological reactions. In addition, fluid 

membrane allows for molecular rotation and conformational adaptations of membrane 

components in the membrane plane. Lipid flip-flop and transbilayer mobility are much 

slower processes compared to the lateral membrane mobility and they occur very rarely 
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without specific mechanism allowing this process (transporters, flippasses, floppases, 

scramblases, etc.) 

Lateral and rotational diffusion and conformational adaptation are related to the 

membrane lipid packing (Figure 3), which refers to the mutual orientation and 

arrangement of lipid molecules. The lipid packing influences mobility of individual 

molecules and thus the membrane fluidity. For example, lipids with longer, fully 

saturated acyl chains are more tightly packed compared to lipids with shorter acyl 

chains because of higher number of possible van der Waals interactions between 

neighboring chains. Such interactions restrict movement of the molecules. Similarly, 

presence of double bonds disturbs firm contacts between lipid acyl chains resulting in 

higher fluidity of membranes composed of unsaturated lipids than of saturated lipids. 

Cholesterol counteracts these general trends by making membranes formed of saturated 

lipids more fluid and vice versa for the membranes containing unsaturated lipids. Cells 

actively control fluidity by changing saturation level of lipids and the amount of 

cholesterol in its membranes [17,18].  

 

 

Figure 3. Lipid packing defines freedom of lipid movement. A. Tight arrangement of lipids at gel 

phase (see later in the text). Stretched lipid acyl chains maximize interactions between two neighboring 

molecules resulting in restricted lateral and rotational movement. B. Relaxed arrangement of lipid acyl 

chains in fluid membranes allowing fast lipid transfer within membrane leaflet. C. Ordering effect of 

cholesterol. The membrane maintains its fluidity but the higher level of ordering causes slower motions 

compared to cholesterol-free membranes. Color coding: lipid acyl chains gray, phosphates red, choline 

blue, cholesterol yellow, water cyan. Adopted from Drolle at al [19]. 
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Plasma membrane is asymmetric. Lipid composition of the outer and inner membrane 

leaflets differs. Cytosolic leaflet is enriched in phosphatidylserines, 

phosphatidylethanolamines and phosphatidylinositols, extracellular leaflet contains high 

amounts of sphingomyelin and glycosphingolipids. The plasma membrane asymmetry 

is very important and its loss leads to cell death. The 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 headgroup [20]. Plasma membrane is asymmetric also in 

having unequal ion distribution along outer and inner membrane leaflet. Ion 

concentration gradients form membrane potential which is vital for many cellular 

processes.  

 

Inner and outer leaflets of membrane face different environment. Cytosolic parts of 

proteins might be temporarily attached to the membrane cytoskeleton. Such interactions 

support membrane structure and could cause its compartmentalization. In contrast, 

sugar moieties of glycosylated proteins are always oriented towards the extracellular 

space. 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 inhomogeneous. Membranes represent a rich environment 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 example the picket-fence model 

predicts compartmentalization of membrane due to the interaction of membrane 

proteins with cortical actin [21] (see below for more details). Another type of 

nanoheterogeneities was proven to exist as a result of lipid self-assemblies, lipid-protein 

interactions or protein clustering. To name a few examples: 

glycosylphosphatidylinositol anchored protein and receptor protein were found in 

distinct membrane nanodomains [22], multi-protein-assemblies with nano-scale internal 

organization were found in plasma membrane [23] and lipid nanodomain formation was 

induced by cross-linking of gangliosides [24]. Of note, cholesterol was crucial 

component for maintaining the nano-assemblies in all studies mentioned above.   
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2.5 Overview of membrane organization models 

There is an effort to describe the membrane organization and dynamics by a proper 

physical model based on the aforementioned properties. Together with new discoveries 

on the cell membrane organization, the way it has been described by models changed. 

This part briefly summarizes the most notable models used for the description of cell 

membranes (Figure 4).  

 

Fluid mosaic 

Fluid mosaic was one of the first models used for the description of cell membrane 

structure and thermodynamical properties [1]. The most important assumption of the 

model is that the membrane is a two-dimensional oriented lipid bilayer with embedded 

proteins. Membrane fluidity is a critical intrinsic membrane property. According to the 

model, free-floating 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 raft: ñMembrane rafts are small (10ï200 nm), heterogeneous, 

highly dynamic, sterol- and sphingolipid-enriched domains that compartmentalize 

cellular processes. Small rafts can sometimes be stabilized to form larger platforms 

through protein-protein and protein-lipid interactions.ò [26] It is still an open topic 

whether lipid rafts truly exist in cell membranes and how would they influence the 

membrane organization [27,28]. However, the formation of small (< 120 nm) cross-

linked lipid assemblies with ñraftophilicò protein enrichment in their vicinity were 

observed in the intact cell membranes [24].  
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Mattress model 

Presence of transmembrane proteins directly influences lipids in their neighborhood. 

Lipids can, for example, adapt to the protein the presence by local thickening or 

thinning of a membrane. This typically happens when hydrophobic parts of proteins and 

lipids do not match in length, i.e. when hydrophobic mismatch occurs. Exposure of 

polar amino acids to hydrophobic core of lipid bilayer or contact of apolar amino acids 

with hydrated headgroup layer is energetically unfavorable. Membrane is expected to 

prevent occurrence of such situations by shortening 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 mattress model [29]. This model was proven to be 

valid for protein sorting to target membrane [30] and is also proposed to influence 

membrane structure on nanoscopic scale [29]. 

 

Membrane compartmentalization by cortical actin network 

Cortical actin beneath the membrane forms a meshwork. Actin-binding proteins can be 

trapped by the meshwork, and as a result, form boundaries of a membrane 

compartment. The cortical acting mesh acts as a supporting structure (ñfenceò) to the 

protein bodies (ñpicketsò). This gives name to the picket-and-fence model [31]. The size 

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 single cell [21]. 

Membrane molecules are transiently trapped inside the compartment and can cross the 

barrier only by the perturbation of the protein picket-fence. 

The model is supported by single particle tracking experiments [31,32]. The 

barrier of the compartment has direct impact on mobility of both proteins 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 refreshing and insightful point of view is that there is no simple universal 

model satisfactorily describing all aspects of membrane organization [33]. Rather, 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 biophysical studies. 
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Figure 4. Illustrative representation of current models of membrane organization. A. Fluid mosaic. 

Membrane is a lipid bilayer with embedded proteins. All membrane components can move. B. Lipid rafts. 

Nanoheterogeneities enriched in specific membrane lipids and possibly proteins. C. Mattress model. 

Lipids adapt to the protein length to reduce hydrophobic mismatch. D. Picket-fence model. Membrane 

compartmentalize by interaction of membrane proteins with cortical actin skeleton. Adapted from [33]. 
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2.6 Model membranes 

As described in the previous chapter, cell membranes are enormously complex systems 

with rich diversity in lipid and protein content. Therefore, simplified systems mimicking 

cell membranes were introduced to study protein-lipid interactions at the molecular 

level and to study membrane physico-chemical properties in a controlled way. 

Moreover, they also enable us to understand the effect of individual parameters, such as 

membrane thickness, membrane fluidity, and membrane curvature on the membrane 

organization. A disadvantage of the model membranes is that the membrane asymmetry 

is difficult to maintain and that these systems lack topology of cellular membranes. 

Model systems are typically formed by lipid bilayers with a well-defined lipid (and 

protein) composition. Mostly, lipid bilayer is either encapsulated in vesicles or forming 

supported lipid bilayers.   

Unilamellar vesicles are one of the most favorite model systems because, 

depending on their size, they resemble cellular membranes. These are typically prepared 

from a mixture of synthetic or natural lipids in defined ratios. In the presence of an 

aqueous solute, selected lipids spontaneously form multilamellar membranes to 

minimize interactions of hydrophobic acyl chains and polar water molecules. 

Importantly, bilayer-forming lipids are mainly those which constitute the plasma 

membrane of mammalian cells (e.g. phosphatidylcholines or sphingolipids). Synthetic 

vesicles are considered as free standing bilayers. They can be prepared in several ways 

depending on the desired size. Briefly, small unilamellar vesicles (SUV, < 50 nm) are 

prepared by the sonication of multilamellar membranes (MLV) [34], large unilamellar 

vesicles (LUVs, 50 ï 1000 nm) are generated by the extrusion of MLV using carbonate 

filters with a defined size of pores [35]. Finally, electro-formation or gentle hydration 

are used for the preparation of giant unilamellar vesicles (GUVs, > 1000 nm) [36,37]. 

Small proteins and peptides can be also incorporated into lipid vesicles [36,38,39].  

Lipid bilayers spread on a solid support represent another model membrane 

system, namely supported lipid bilayers [40]. The interaction of support and membranes 

reduces membrane dynamics compared to the dynamics of unattached membranes (e.g. 

top of  GUVs) [41]. If the interaction with a support is not desirable, cushion polymers 

or solid spacers might be inserted to lift bilayer out of support [42]. Planar lipid bilayers 

free of support were also prepared by spreading the membrane over a small holes that 

separates the two aqueous environments (black lipid membranes [43]).  
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ñVesiclesò and ñlayersò are not the only shapes that can be accomplished by 

mixing of lipids or proteins with lipids. There are several other model membrane 

systems, e.g. micelles, bicelles and nanodiscs which are composed of lipids and 

detergents or proteins and can be used for some specific studies of membranes and their 

components.  

The choice of a system always depends on specific needs of the particular 

scientific question, i.e. a specific question requires selection of the best technique(s) in 

terms of geometry (e.g. whether one needs 2D or 3D setup), stability (e.g. nanodiscs are 

more stable than bicelles), ease of preparation (e.g. insertion of peptides and proteins) or 

how well the system mimics the membrane of interest (micelles generated from 

detergents are often insufficient). In this thesis, lipid vesicles were selected due to their 

stability, accessibility of membrane for imaging and possibility to incorporate 

transmembrane peptides in a controlled way.  

Apart from the aforementioned model systems, there is an intermediate step 

between lipid model systems and native cellular membranes: the so-called membrane 

blebs. These systems better maintain a lipid and protein complexity of cell membranes 

but lack the cytoskeleton and cell interior. Also, in contrast to the plasma membrane, 

these membranes are symmetric and lack membrane potential. Membrane blebbing 

could be induced chemically to obtain so called Giant Plasma Membrane Vesicles 

(GPMVs) or by osmotic shock (cell-swelling) in the procedure called preparation of 

Plasma Membrane Spheres (PMS) [44,45]. The bleb isolation method influences the 

composition and organization of resulting spheres [46,47]. Nevertheless, these cell-

derived vesicles still serve as an interesting model for the studies focused on lipid 

membranes and associated processes. 

 

2.7 Phase transitions in model lipid membranes 

One of the topics of this thesis is formation of nanodomains in lipid membranes. The 

nanodomain formation is closely related to phase transitions of lipids in membranes 

with various compositions. Apart from the membrane composition, temperature is an 

important parameter affecting the occurrence of phase transition. Phase transition 

temperature (Tm) defines the temperature at which lipids change their physical state 

from solid (gel) phase (So) characterized by the ordered and tightly packed lipids to 



 13 

  

liquid disordered (liquid-crystalline) phase (Ld) with typically highly mobile and less 

ordered lipid arrangement (Figure 3). Liquid disordered phase is typically represented 

by phospholipids with short and/or unsaturated acyl chains which undergo phase 

transition at lower temperatures (e.g. -18ÁC for DOPC [48]). On the contrary, lipids with 

long saturated acyl chains have usually higher transition temperatures (e.g. 41ÁC for 

DPPC [49]) and, therefore, rigidify cellular membranes at 37ÁC. Addition of cholesterol 

counterweights these effects, membranes composed of long saturated lipids and 

cholesterol become more fluid and vice versa, unsaturated lipids membranes become 

more condense after cholesterol enrichment [50]. Cholesterol is also needed for a 

formation of so-called liquid ordered phase (Lo). The definition of Lo phase is relatively 

vague. This phase is typically characterized by lateral diffusion coefficients comparable 

to Ld phase (e.g.  ~1 Õm
2
 s

-1
) but a relatively high lipid packing more comparable to a 

So phase. For example, mixture of DPPC and cholesterol in ratio 2:1 is considered to be 

Lo phase at room temperature. Removal of cholesterol would rigidify the membrane 

and lead to formation of So phase. 

In membranes formed by a mixture of lipids with different transition 

temperatures can lead to the separation of phases ï the situation is comparable to the 

demixing of two (or more) liquids. At high temperatures, the liquids (resp. lipids) are 

miscible and form one uniform phase; decrease of temperatures causes the demixing of 

liquids (resp. lipids), thus the coexistence of two (or more) phases.  

We were in particular interested in membranes formed of three components: low 

Tm and high Tm lipids and cholesterol. Depending on the temperature and 

concentrations of the components, only one of the phases is present, or two lipid phases 

coexist (typically liquid ordered phase and liquid disordered phase). The coexistence of 

phases in a three-component system is captured in phase diagrams (Figure 5). These are 

usually determined experimentally. There are different ways how to distinguish between 

the borders of different phases: a frequently used approach is based on fluorescence 

microscopy imaging of model lipid bilayers and detection of visible large scale phase 

separation [51]. The visibility is enabled by preferential localization of a fluorescent 

probe in one of the phases. Phase separated systems or systems close to phase 

separation are favorite objects of studies because they might help to clarify properties of 

lipid rafts (if they exist), and their role in membrane heterogeneities.    
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Figure 5. Representation of phase diagram of ternary lipid mixture at given temperature and 

pressure. A. One-component 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 fraction of compound A is determined by 

length of line l1 perpendicular to the line segment BC. Maximal length is l1, max = 1. B. Three component 

system depicted by point P. Molar fraction of compound C is determined by length of l1 (line 

perpendicular to AB segment), molar fraction of compound B by length of l2 (line perpendicular to AC 

segment) and molar fraction of compound A by length l3 (line perpendicular to BC segment), where 

l1 + l2 + l3 = 1. C. Example of ternary phase diagram providing information about expected number of 

phases for different ratios of lipids. For specific composition of two phases we still need information 

about the directions of so called tie-lines, connecting opposite areas of two-phase region. D. Example of 

phase diagram for DOPC/sphingomyelin (SM)/cholesterol system at 25ÁC and corresponding images of 

phase separated GUVs. Numbers below GUV images denote molar lipid composition. Bright parts of 

GUVs are enriched in DOPC, dark parts are enriched in SM and cholesterol [51]. The images were 

adopted from Veatch and Keller works [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 chosen to be 

monomeric and have a simple primary structure for a better control. Hydrophobic core 

is usually formed by a simple sequence prevalently composed of hydrophobic residues 

forming the a-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 

hydrophobic 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 

negatively charged phosphate groups [53,54]. On the contrary, occurrence of less 

hydrophobic amino acids in transmembrane sequences (Gly, Ser) is limited due to the 

loss of transmembrane orientation in case of their abundance [55]. In biophysical 
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studies, synthetic transmembrane peptides typically employ poly-Leu or poly-Leu/Ala 

sequence flanked by Trp and Lys residues [55ï57]. The length of model peptide is 

determined by the type of membrane where it should locate. Cellular membranes were 

shown to have different thickness; plasma membrane is thicker compared to 

e.g. endoplasmic reticulum or Golgi apparatus membrane [58]. Herein, we were 

interested in the plasma membrane organization, therefore we used model TMD with 

21 hydrophobic residues. Addition of flanking residues to the hydrophobic core of a 

transmembrane peptide further stabilizes its orientation.  

  



 16 

  

3 Fluorescence methods  
 

Fluorescence is a type of luminescence where a photon is emitted from excited singlet 

state after excitation by light. It can be employed in many methods which are highly 

sensitive, chemically specific and compatible with living cells, which makes 

fluorescence methods optimal for studying biological systems. In addition to cellular 

structures, fluorescence has turned out to be an excellent tool to study a variety of 

materials and model systems; including lipid membranes. Fluorescence methods applied 

to model membranes allow us to visualize various aspects of membrane biophysics, 

such as membrane dynamics, viscosity, peptide/protein clustering, protein binding 

reactions and lipid phase separation. Scaling fluorescence techniques down to single 

molecule sensitivity allowed understanding of what is happening in a sample at 

molecular level.  

Fluorescence measurements fall into one of two main categories: steady-state or 

time resolved. The steady state measurements typically consist of measuring average 

intensity or emission spectra over time under constant illumination. The time resolved 

methods detect fluorescence intensity decay after pulsed excitation. Although, the 

instrumentation for the time resolved techniques is more expensive and sophisticated, 

the extra information is valuable. For example, by the exponential fluorescence intensity 

decay fitting, we obtain information on the fluorescence lifetimes. The lifetimes carry 

information about the environment surrounding the molecule. The information is 

typically not available in the steady-state measurements. The following chapters present 

a basic introduction to time-resolved fluorescent methods relevant for this work and the 

essential theoretical background. First section presents a brief introduction to the types 

and properties of fluorescent probes. The second section describes basic principles of 

time-resolved methods and how they can be employed to measure specific membrane 

properties, e.g. lateral diffusion or formation of nanodomains. Third section describes 

the instrumentations and methods for sample preparation used in the thesis. 

The complete theory behind the methods is complex and its mathematical 

description would be extensive. This work does not intend to be a fluorescence 

technique manual or textbook and does not cover all the details. It aims to explain basic 

principles and why these methods were suitable for my studies.  
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3.1 Fluorophores 

There are several naturally occurring fluorophores, e.g. aromatic amino acids 

(tryptophan, phenylalanine, tyrosine), NADH, flavins, chlorophyll, and others. However 

the most molecules, in particular lipids and peptides lacking tryptophan, phenylalanine 

or tyrosine, are non-fluorescent by nature. We need to label these structures of interest 

by suitable fluorescent organic compounds or fluorescent proteins. Fluorescent proteins 

(e.g. GFP, mCherry) are frequently used in cell biology, but their size limits their use for 

labeling of lipids: molecular weight of GFP is about 27000 g/mol, molecular weight of 

DOPC lipid is 786 g/mol. Large protein weight might influence lipid properties. Also, 

number of photons emitted by fluorescent proteins per molecule in excited state is much 

lower compared to synthetic organic dyes. There is a large spectrum of commercially 

available small and bright synthetic dyes (Alexa, Atto, DyLight, Abberior,é dye 

families) typically derived from structures of well-established fluorophores such as 

fluorescein, rhodamine or cyanine, with improved fluorescence properties. Choice of 

the proper dye has to be made according to the experimental requirements, as will be 

discussed later in the chapter. 

Membrane probes need to have a hydrophobic part in order to incorporate into 

the lipid membranes. One way how to achieve this is to conjugate the fluorescent 

moiety with a structure of interest that resides in the membrane (Figure 6). In order to 

label components of proteo-lipid membranes, water soluble fluorophores are covalently 

linked to the lipid headgroup or flanking residues of membrane peptides. Conjugation of 

a dye to the structure of interest is typically done by reaction of amine in the lipid 

headgroup (e.g. PE) with succinimidyl ester reaction group or sulfhydryl (typically in 

cysteine residue) with maleimide reaction group. Lipid acyl chain labeling is also an 

option but such lipids must be used cautiously, as certain dyes have a tendency to loop 

back to the water-lipid interface [59].  

Another way is to synthetize a fluorescent molecule that resembles a lipid 

structure. The examples are BODIPY moieties attached to lipid acyl chains and 

lipophilic dialkylcarbocyanines (DiD, DiO, DiI, é families). These fluorescent probes 

typically contain hydrophobic chains (e.g. alkyl or acyl chains) which enable their 

incorporation into lipid membranes. Some dyes, such as perylene, are highly 

hydrophobic on their own and can be used as membrane markers without conjugation to 

additional structures (Figure 6). 
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Figure 6. Schematic illustration of some fluorophores used in the thesis and their typical orientation 

in membranes. A. Different types of fluorophore attachments are indicated in yellow. Stars indicate 

headgroup or acyl chain labeling. The ñyellow lipidò represents fluorescent dyes resembling a lipid 

structure (e.g. DiD). The two combined yellow pentagons represent a hydrophobic fluorescent probe 

(e.g. perylene). B. Chemical structures of the fluorophores used in the thesis: DPH, Atto488 covalently 

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

composed of POPC lipids. Image C was adapted from Paper III. 

3.1.1  Selection of fluorophores for specific experiments 

The proper choice of a fluorophore is affected by several factors including:  

¶ excitation and emission spectrum 

¶ Stokes shift (difference between excitation and emission spectrum maxima) 

¶ average fluorescence lifetime of the excited state (characteristic time that molecule 

spends on average in the excited state before a photon emission occurs, typically on 

the order of nanoseconds) 

¶ quantum yield (ratio of emitted photons to the number of absorbed photons) 

¶ absorption coefficient (describes probability of photon absorption at particular 

wavelength)  

¶ photobleaching (a disposition to bleaching) 


