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„It’s unoptimized   -   by evolution” 

Jacob Piehler (* 10.04.1968) 



Zusammenfassung 

Die Fusion von Membranen erfordert die Verschmelzung von zwei Phospholipiddoppel-

schichten, wobei dies immer über dieselben Zwischenschritte abzulaufen scheint. Eine lokale 

Störung (‚Stalk’) stellt eine erste Verbindung der äußeren Membranhälften dar, die 

anschließend lateral expandiert und ein Hemifusionsdiaphragma (HD) bildet. Das Öffnen 

einer Fusionspore im HD führt zur vollständigen Fusion. Mittels konfokaler Mikroskopie 

wurde die Fusion von Giant unilamellar vesicles (GUVs) mit negativ geladenen Lipiden und 

transmembranen (TM) Peptiden in Anwesenheit von zweiwertigen Kationen beobachtet, 

wobei die Peptide bei der HD Entstehung völlig verdrängt wurden. Eine detaillierte Analyse 

zeigte, dass es sich bei diesem Mikrometer-großen Bereich um ein HD handelt, dessen Größe 

von der Lipidzusammensetzung und Peptidkonzentration in den GUVs abhängt.  

Laterale Lipiddomänen gelten als entscheidend für Signal- und Sortierungsprozesse in der 

Zelle. Liquid ordered (Lo) Domänen in Modellsystemen wie GUVs ähneln den mit Sphingo-

lipiden und Cholesterol angereicherten biologischen Raft-Domänen, allerdings scheinen 

Membraneigenschaften wie die Lipidpackung sich von biologischen Membranen zu 

unterscheiden. In diesem Zusammenhang wird die Sortierung des TM-verankerten Hemag-

glutinin (HA) des Influenzavirus und von lipidverankerten Ras-Proteinen in GUVs wie auch 

in abgelösten Plasmamembran-Ausstülpungen (GPMVs) untersucht. HA Protein und TM-

Pepitde von HA wurden ausschließlich (GUVs) bzw. vorwiegend (GPMVs) in der liquid 

disordered (Ld) Domäne gefunden. K-Ras wurde inmitten der Ld detektiert, während N-Ras 

zur Lo/Ld Grenzlinie diffundierte. Diese Ergebnisse werden im Zusammenhang mit den 

Unterschieden der Lipidpackung innerhalb der verschiedenen membranverankerten Systeme 

diskutiert. Es ist wahrscheinlich, dass die Bildung, Größe und Stabilität sowie die 

physikalischen Eigenschaften der Lipiddomänen in biologischen Membranen stark von 

Protein-Lipid-Wechsel-wirkungen beeinflusst werden. 
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Abstract 

Membrane fusion is ubiquitous in life and requires remodelling of two phospholipid bilayers. 

Fusion likely proceeds through similar sequential intermediates. A stalk between the 

contacting leaflets forms and radially expands into a hemifusion diaphragm (HD) wherein 

finally a fusion pore opens up. Direct experimental verification of this key structure is 

difficult due to its transient nature. Confocal microscopy was used to visualize the fusion of 

giant unilamellar vesicles (GUVs) comprising negatively charged phosphatidylserine and 

fluorescent transmembrane (TM) entities in the presence of divalent cations. A complete 

displacement of TM peptides preceded full fusion. This is consistent with HD formation. 

Detailed analysis provided proof that the micrometer sized structures are in fact HDs. HD size 

is dependent on lipid composition and peptide concentration.  

Lateral lipid domain formation is believed to be essential for sorting and signalling processes 

in the cell. Liquid ordered (Lo) domains in model systems like GUVs resemble biological 

rafts enriched in sphingolipids and cholesterol, but their physical properties seem distinct 

from biological membranes as judged by e.g. lipid order and packing. In this context the 

sorting of TM anchored influenza virus hemagglutinin (HA) and different lipid anchored Ras 

proteins is studied in GUVs and giant plasma membrane derived vesicles (GPMVs). 

Authentic HA or the TM domain peptides were sorted exclusively (GUVs) or predominantly 

(GPMVs) to the liquid disordered (Ld) domains. Whereas K-Ras was found in the bulk Ld 

domains, N-Ras diffuses to the Lo/Ld interface. These results are discussed with respect to 

differences in lipid packing in the different membrane systems and regarding the membrane 

anchors and their hydrophobic matching. The results suggest that the formation, size and 

stability as well as the physical properties of lipid domains in biological membranes are 

tightly regulated by protein-lipid interactions. 
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Abbreviations 

Å Ångstrom 

aa Amino acid 

AFM Atomic force microscopy 

C- Carboxy- 

C6-NBD- 1-Palmitoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sn-Glycero-3- 

CFP, mCFP Cyan fluorescent protein, monomeric cyan fluorescent protein 

Chol Cholesterol 

DMSO Dimethylsulfoxide 

DNA Deoxyribonucleic acid 

DRM Detergent resistant membrane 

DSM Detergent soluble membrane 

EPR Electron paramagnetic resonance 

ER Endoplasmic reticulum 

F/-PALM Fluorescence photoactivation localization microscopy 

FLIM Fluorescence lifetime imaging microscopy 

FRET Förster resonance energy transfer 

GP Generalized polarization 

GPI Glycosylphosphatidylinositol 

GPMV Giant plasma membrane vesicle 

GUV Giant unilamellar vesicle 

HA Hemagglutinin 

HD Hemifusion diaphragm 

Hepes 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HOBt 1-Hydroxybenzotriazole 

ITO Indium tin oxide 

K Lysine 

KALP/WALP model peptides comprising an AL stretch flanked by K or W residues, respectively  

Ld Liquid disordered 

Lo Liquid ordered 

LPC Lysophosphatidylcholine 

LUV Large unilamellar vesicle 

MD Molecular dynamic 

MLV Mulitlamellar vesicle 

M� CD Methyl-� -Cylodextrin 

N- Amino- 



NA Neuraminidase 

NBD 6-(7-nitro-2-1,3-benzoxadiazol-4-yl)amino 

NMR Nuclear magnetic resonance 

P/L Protein/Lipid  

PAGE Polyacrylamide gelelectrophoresis 

Pal Palmitoylation 

PBS Phosphate buffered saline 

PC Phosphatidylcholine  

PE Phosphatidylethanolamine 

PI Phosphatidylinositole 

PMS Plasma membrane spheres 

PNA Peptide nucleic acid 

PS Phosphatidylserine 

PSM N-palmitoyl-D-sphingomyelin 

R18 Octadecyl rhodamine B chloride 

RBC Red blood cell 

RT Room temperature 

SD Standard deviation 

SDS Sodium dodecylsulfate 

SEM Standard error of the mean 

SNARE Soluble N-ethylmaleimide-sensitive-factor attachment receptor 

SPT Single particle tracking 

SSM N-stearoyl-D-sphingomyelin 

SUV Small unilamellar vesicle 

TCSPC Time correlated single photon counting 

TEM Transmission electron microscopy 

TFA trifluoroacetic acid 

TFE Trifluoroethoanol 

TMD Transmembrane domain 

TMR Tetramethylrhodamine 

Trp Tryptophan 

WT Wild type 

YFP, mYFP Yellow fluorescent protein, monomeric yellow fluorescent protein 
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1 Introduction 

1.1 Motivation 

The roman encyclopedist Aulus Cornelius Celsus (ca 25 BC – ca 50 AD) was the first to use 

the term ‘virus’ (from Latin poison, sap of plants, slimy liquid) as early as in the first century 

BC describing that an illness like rabies was transmitted by a poison. But it was not until the 

end of the 19th century that the Dutch researcher Martinus W. Beijerinck (March 16, 1851 – 

January 1, 1931) found a pathogenic agent causing the tobacco mosaic disease that was 

smaller than a bacterium and could therefore not be separated by means of filtration. Also in 

1898, the German bacteriologists Friedrich Loeffler (June 24, 1852 – April 9, 1915) and Paul 

Frosch (August 15, 1860 – June 2, 1928) were able to transfer the pathogenic agent of the 

foot-and-mouth disease thus identifying the first animal virus. Both experiments clearly 

showed that viruses are not just mere toxins but infectious agents that could replicate in living 

host organisms. While in 1898 Beijerinck thought that the tobacco mosaic viruses had a liquid 

nature, it wasn’t until 1935 that Wendell M. Stanley (August 16, 1904 – June 15, 1971) 

demonstrated through crystallization that viruses are in fact particles.  

In the years since the discovery of virus particles, about 5000 different viruses have been 

described so far that can be divided into seven different groups depending, amongst other 

factors, on their type of envelope and nucleic acid. One of those is the influenza virus killing 
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millions of people in several pandemics in the last centuries and still causing the death of 

250,000 to 500,000 people worldwide in seasonal epidemics every year.  

Influenza and other viruses have ever since been studied intensively by many scientists using 

various methods and many, but by far not all of its mechanisms are finally understood. The 

work presented below was started to unravel yet another detail leading to a better 

understanding of the viral machinery of influenza virus. In the future an even better 

understanding of the molecular mechanisms will hopefully help to circumvent viral infection 

and diseases.  

The influenza virus is the starting point of this work while the lipid membrane will be the 

element linking the questions asked. Therefore not only membrane fusion and lateral sorting 

of viral but also of cancer related proteins at the membrane will be investigated. Besides these 

biological proteins also a new class of synthetic molecular rods functioning as an alternative 

transmembrane anchor for dyes or proteins will be studied.  

Since all the above mentioned processes of fusion and sorting take place at a molecular level 

in cellular systems and are therefore only indirectly accessible for observation, membrane 

model systems especially designed to visualize these processes will be employed here to 

accomplish this task.  

 

1.2 Membrane fusion  

An early step in evolution was the self-assembly of simple amphiphilic molecules to 

supramolecular structures yielding a bilayer-like structure, which serves as a semipermeable 

barrier for soluble molecules. These early bilayers assembled from amphiphilic lipid-like 

molecules like fatty alcohols and fatty acids were much more permeable than phospholipid 

bilayers (Apel et al., 2002; Deamer, 2008; Mansy et al., 2008). Recent experiments showed 

that simple systems capable of enclosing nutrient molecules from the surrounding 

environment were not only able to grow by the uptake and incorporation of further lipid-like 

material but could also be divided into smaller vesicles by modest shear forces without loss of 

the captured contents (Zhu and Szostak, 2009; Markvoort et al., 2010).  

Over the last 3 to 4 billion years these first basic cell-like units have much evolved. Lipid 

bilayers of prokaryotic and eukaryotic cells are a billion times less permeable for electrically 

charged molecules than for small uncharged ones. Thus, nature created a huge variety of 
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specialized transporters to shuttle cargos across the lipid palisade and invented complex ways 

to convert incoming signals from the environment into a cellular response. As will be outlined 

in the second part of this work the function of a membrane is much more than just separating 

two compartments. The membrane has evolved into a complex and heterogeneous functional 

unit. 

Ever since nature came up with lipid membranes separating cellular processes, it became also 

necessary to forge a rapid and regulated membrane fusion mechanism required to maintain 

cellular functions. Membrane fusion occurs in cell-cell fusion during fertilisation and also in 

cell growth and tissue genesis, intracellular vesicular trafficking in exocytosis and protein 

trafficking, neurotransmitter release and hormone secretion and also in tumorigenesis and 

infection by enveloped viruses (Shemer and Podbilewicz, 2003; Mohler et al., 2002; Jahn et 

al., 2003; Sudhof and Rothman, 2009; Ungermann and Langosch, 2005; Kielian and Rey, 

2006; Earp et al., 2005; Marsh and Helenius, 2006). All these membrane fusion events are 

mediated by a specialized set of proteins overcoming the repulsive force of the hydration 

energy between the polar heads of two approaching lipid bilayers (Rand and Parsegian, 1984). 

These proteins supply the energy for the lipid rearrangement necessary to merge the two 

apposing membranes. They are anchored in the membrane via a transmembrane anchor and 

establish a connection to the opposing bilayer either by insertion of a hydrophobic anchor 

peptide as in viral fusion or by zippering up with yet another protein anchored already in the 

opposed membrane by a transmembrane domain (TMD) as in intracellular fusion events 

mediated by SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) 

proteins (for details see below). 

 

1.2.1 Hemifusion 

Although the protein machinery accomplishing membrane fusion in the different systems is 

quite distinct, the underlying pathway concerning lipid rearrangements within the bilayers 

seems to be similar within the three classes of developmental, intracellular and viral fusogen 

systems (Sapir et al., 2008). Membrane fusion of biological membranes as well as of artificial 

protein-free bilayers is primarily of lipidic character – as described in the lipidic pore model, 

which will be reviewed below. Many experimental insights about the lipid remodelling in the 

fusion process came from early studies of protein-free liposome and flat bilayer fusion in the 

presence of e.g. calcium ions and poly(ethylene glycol) (PEG) or from vesicle systems with 
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high membrane curvature (L. V. Chernomordik et al., 1987; J. Lee and Lentz, 1997) since 

protein-free bilayers do not fuse when just brought in very close contact (L. V. Chernomordik 

and Kozlov, 2003). The equilibrium distance of about 2-3 nm between two artificial bilayers 

of biologically relevant lipids like phosphatidylcholine (PC) is governed by water which fills 

that gap (Luzzati planes – interface dividing water and lipid phase) (Rand and Parsegian, 

1989) with the hydration of the lipid head groups being the molecular basis of the hydration 

force. Osmotic removal of this water by addition of high molecular weight PEG is now able 

to reduce the distance between the apposing lipid headgroups to about 1 nm. Divalent ions 

like Ca2+ have similar effects on bilayers containing charged lipids. Decreasing distance 

increases the intermembrane hydration repulsion which drives the two apposing membranes 

into the remodelling of the bilayer structure which in turn reduces the induced stress as 

predicted in theory (Kozlovsky et al., 2004) and as could be shown experimentally (Yang and 

Huang, 2003).  

Lipid bilayers very likely fuse via the fusion through hemifusion pathway (Fig. 1). Based on 

the work of Helfrich (Helfrich, 1973), Kozlov and Markin (Kozlov and Markin, 1983) were 

the first to propose this mechanism. After close approach and the probable formation of a 

point-like protrusion (Fig. 1 Cb) (Efrat et al., 2007) a subsequent deformation of two bilayers 

establishes a first connection between the two proximal lipid bilayer leaflets after dehydration 

of the initial site of contact (Kozlov and Markin, 1983; L. V. Chernomordik and Kozlov, 

2003). This so called fusion stalk (Fig. 1 Ba) would comprise two highly curved proximal 

monolayers which subsequently expands radially into a hemifusion diaphragm (HD) with the 

distal membrane leaflets and the aqueous luminal contents remaining separated (Fig. 1 Ab, Bb 

and Cd) (L. V. Chernomordik et al., 1987; Melikyan et al., 1995; L. V. Chernomordik and 

Kozlov, 2003). Opening of an aqueous fusion pore within the HD would then allow for a 

connection between the opposing formerly separated compartments (Fig. 1 Ac and Cc). 

Besides a further irreversible enlargement of small fusion pores, closing of early fusion pores 

and even reversibility of hemifusion intermediates was found resulting again in the initial 

state of two separate bilayers (L. V. Chernomordik and Kozlov, 2008; Lentz et al., 2000; 

Chanturiya et al., 1997; Melikyan et al., 1993; Giraudo et al., 2005). For intracellular fusion 

events also a transient opening of a small pore releasing the vesicle content was observed by 

capacitance measurements (Klyachko and Jackson, 2002; Alvarez de Toledo et al., 1993; 

Neher and Marty, 1982) and amperometry (Alvarez de Toledo et al., 1993; C. T. Wang et al., 
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2003). This was termed ‘kiss-and-run mechanism’, in which the vesicle would pull back and 

seal itself again instead of merging completely with the plasma membrane. 

 

Fig. 1: Hemifusion . (A) Sequence of fusion with reversible attachment of both bilayers (a), 

formation of a hemifusion intermediate, where the outer contacting membrane leaflet is 

continuous allowing for lipid redistribution (b), opening of a first small fusion pore (c) that 

irreversibly expands and allows for content mixing (d). (B) Detailed view of fusion 

intermediates: stalk with a negative curvature (a), expanding diaphragm (b) and fusion pore 

with a positive curvature (c). Note that the cone-shaped lipid like PE and the inverted-cone-

shape of e.g. LPC either enhance or inhibit the formation of the respective intermediate due to 

the required curvature. Also, tilting of the hydrocarbon chains allows filling the hydrophobic 

interstices that would otherwise have a huge energy deficit. (C) Illustrates the sequestering of 

transmembrane peptides (gold) from the forming HD. Note that in the outer membrane leaflet 

lipid mixing occurs while inner leaflet mixing only takes place after HD rupture (shown in Bc).  

 

Hemifusion turned out to be a key intermediate not only in protein-free model membrane 

systems but also in the biological fusion pathways of viral fusion (L. V. Chernomordik and 

Kozlov, 2003; L. V. Chernomordik et al., 1998; Armstrong et al., 2000; Kemble et al., 1994; 

Melikyan et al., 1999; Nussler et al., 1997; Cleverley and Lenard, 1998), intracellular fusion 
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(Liu et al., 2008; Hofmann et al., 2006; Jahn and Scheller, 2006; Lu et al., 2005; Reese et al., 

2005; Xu et al., 2005; Giraudo et al., 2005; L. V. Chernomordik et al., 1993; Rizo, 2006; 

Yoon et al., 2006; Jun and Wickner, 2007) and recently also in developmental fusion 

(Podbilewicz et al., 2006) evidence for a hemifusion intermediate was found. 

 

1.2.1.1 Characteristics of the fusogens 

The hydrophobic effect driving the self-assembly of lipids provides membranes with an 

immense stability (Tanford, 1980). Eventually, membrane merger is thermodynamically 

favourable, but on this way a huge energy barrier has to be overcome (Harrison, 2008). Since 

membrane merger requires rearrangement of lipids, it is not surprising that this remodelling of 

the bilayer needs energy input without which bilayers would not fuse even upon long-lasting 

and close contact (L. V. Chernomordik et al., 2006). In protein-free model systems membrane 

fusion could be triggered by dehydration using ions or synthetic fusogenic molecules bringing 

the bilayers into very close apposition separated by less than 1 nm (Yang and Huang, 2003; 

Lentz, 2007; Chanturiya et al., 1997). Lowering the energy barrier for fusion of biological 

membranes by generating bilayer stresses (Graham and Kozlov, 2010; Kozlov et al., 2010), 

membrane merger can be accomplished by fusogenic proteins (L. V. Chernomordik and 

Kozlov, 2008; Jahn et al., 2003) using either a hairpin or a zipper like mechanism in the viral 

or intracellular fusion pathway, respectively.  

 

1.2.1.2 Viral fusion pathway 

Influenza virus hemagglutinin (HA) is the best characterized biological fusogen to promote 

membrane fusion (White, 1995). Influenza virus itself is usually spherical with 80-120 nm in 

diameter. HA and neuraminidase are the two glycoproteins embedded in the viral lipid 

envelope surrounding the nuclear capsid formed by the matrix protein M1. The capsid holds 

the genetic material embedded in eight viral ribonucleoprotein (vRNP) complexes. The 

structure of HA in the pre-fusion state in progeny virus particles was solved in 1981 (Wilson 

et al., 1981). Organized in a homotrimeric form the HA precursor protein (HA0) is 

proteolytically cleaved in the trans-Golgi network during transport to the plasma membrane 

providing two still disulfide-linked subunits, HA1 and HA2 (Eckert and Kim, 2001). In the 

first step of cell entry the globular domain of HA1 (50 kDa) interacts with sialic acids of the 
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cell-surface receptors, glycolipids or glycoproteins, on the target cell (Weis et al., 1988) 

bringing the two membranes into close proximity.  

Since parts of the plasma membrane are constantly taken up via endocytosis, a special signal 

might not be required for the endocytotic uptake of the virus into an endosome (Harrison, 

2008). Large-scale conformational changes of HA2 (26 kDa) are triggered upon endocytic 

uptake of the virus and acidification (pH~5) in the endosome. A major conformational change 

within the protein is a loop-to-helix transition where the loop connecting the two � -helices 

folds into a helix (Fig. 2 Bc) forming an extended triple-stranded coiled-coil structure (spring-

loaded mechanism) (Carr and Kim, 1993) resulting in the exposure of the first 20-25 

membrane-interacting amphiphilic residues of the N-terminus of the HA2 that were buried in 

a pocket inside the HA trimers until then (Skehel and Wiley, 1998). For other viral fusion 

proteins like gp41 of HIV, this characteristic conformational change is caused by receptor 

binding at the plasma membrane. The formation of the extended coiled-coil intermediates was 

also found for gp41 of HIV (Weissenhorn et al., 1997; Chan et al., 1997; Tan et al., 1997) and 

SIV (Malashkevich et al., 1998; Caffrey et al., 1998), GP2 of Ebola virus (Weissenhorn et al., 

1998; Malashkevich et al., 1999), F protein of paramyxovirus SV5 (Baker et al., 1999), F 

protein of Human respiratory syncytial virus (Zhao et al., 2000) and gp21 from human T cell 

leukemia virus (Kobe et al., 1999),  

The drop in pH in the endosome leads to a protonation of HA1 causing repulsion between the 

HA1 subunits in the trimeric HA and a partial opening of the distal HA1 parts. In a 

computational approach the interactions between HA2 and water molecules, now able to enter 

the generated void, have been shown to be the major driving force for the loop-to-helix 

transition of HA2 (Q. Huang et al., 2009). These findings are in line with the experimental 

results that the HA2 coiled-coil structure is stably formed at neutral pH as well and, hence, 

does not require an acidic pH. Caused by the conformational change the N-terminus of HA2, 

the so called fusion peptide, is now able to interact with the apposed target membrane (Eckert 

and Kim, 2001; Jahn et al., 2003; Skehel and Wiley, 2000). It was shown that the peptide is 

not inserted trans-membrane through the target membrane, but is positioned deeply at the 

interface between the acyl chains and the polar heads of the lipids (Fig. 2 Bd). Combining 

nuclear magnetic resonance (NMR) and electron paramagnetic resonance (EPR) data, it was 

found that at pH 5, a realignment of charged residues within the peptide perturbs the lipid 

packing and might thus facilitate the lipid mixing between the fusing membranes (Han et al., 

2001). 
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The major step in the conformational changes of HA is the reorientation of the C-terminal 

region with the transmembrane anchor of HA2 folding back to become parallel to the trimeric 

coiled-coil at the N-terminal part with the fusion peptide to form a hairpin structure. This 

refolding of HA1 leads to the post-fusion conformation of HA (Bullough et al., 1994) and 

completes the fusion bringing fusion peptide and transmembrane peptide together in the same, 

now merged membrane (Fig. 2 Be) (Wharton et al., 1995). In this step the three-fold 

symmetry of the C-terminus must be broken (Weissenhorn et al., 2007).  

 

Fig. 2: HA fusion . (A) Sequence of events in fusion of viral and host cell membranes. HA 

trimer in pre-fusion conformation, with the fusion peptide (red) buried in the trimeric structure 

(a). Extended intermediate of HA with the fusion peptide inserted into the endosomal 

membrane (b). Collapse of extended conformation deforming the membrane (c). Connection 

of the membrane dimples forming a hemifusion stalk (d). Expansion of the stalk leads to the 

formation of a hemifusion diaphragm (e) within which a fusion pore opens up (f). (B) Proposed 

sequence of conformational changes with influenza virus hemagglutinin (HA): Pre-fusion 

conformation of the HA trimer (a). After receptor binding the HA1 subunits dissociates (b) 

allowing for the loop-to-helix transition to form the coiled-coil structure within HA2 (c) causing 

the insertion of the N-terminal fusion peptide of HA2 into the target membrane (d). Refolding of 

the HA2 subunit into a hairpin like structure (e) brings fusion peptides and transmembrane 

anchors together in the same membrane forming an N-cap structure (f). This interaction is 

supposed to support the opening of a fusion pore. Figures adapted from: Expert reviews in 

molecular medicine, 2001 and (Harrison, 2008).  
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1.2.1.3 Secretory fusion pathway  

Based on current knowledge, membrane fusion of all steps of the intracellular pathway like 

the synaptic vesicle exocytosis are mediated by a specialized set of SNARE proteins (for 

detailed reviews see (Jahn and Scheller, 2006; Sudhof and Rothman, 2009)). SNARE 

mediated fusion employs three different proteins located in both opposing membranes 

destined to fuse. For example, for synaptic vesicle exocytosis syntaxin and SNAP-25 are 

located in the cell membrane, whereas synaptobrevin (or VAMP) is anchored in the vesicular 

membrane. Interaction of SNARE proteins leads to the formation of a ternary SNARE 

docking complex followed by a zipper like mechanism leading to a stable four-helix bundle 

that brings the two membranes together. The free energy released in the formation of the helix 

bundle is a significant step to enable membrane fusion (Sutton et al., 1998). These binding 

energies in between the four-helix bundle were recently determined to be about 35 kBT for an 

intermediate SNARE complex, which was only assembled over about 60 % - 80 % of its full 

length. This almost corresponds to the energy that is necessary to initiate the fusion of the 

outer lipid leaflet, i.e. hemifusion (F. Li et al., 2007; Rizo and Dai, 2007).  

 

1.2.1.4 Developmental fusion pathway 

The situation in the developmental fusion pathway is much less clear than in viral or 

intracellular membrane merger and the players are much harder to identify compared to the 

simple viral systems with only a few proteins in total. However, in the nematode C. elegans 

for example, a set of developmental fusogens that must be present in both of the cell 

membranes destined to fuse could be identified (Mohler et al., 2002; Sapir et al., 2007), for a 

review see (Oren-Suissa and Podbilewicz, 2007; E. H. Chen and Olson, 2005). From fusion 

failure phenotypes of C. elegans the FF proteins could be identified as essential for 

organogenesis of e.g. epidermis and uterus. They display key structural elements similar to 

SNAREs or viral fusogens with a long extracellular part followed by a predicted 

transmembrane segment and a short intracellular tail at the C-terminus (Sapir et al., 2007). 

Although the exact conformational pathway is not clear yet, a similar zipper-like mechanism 

as in viral or SNARE-mediated fusion was proposed (Sapir et al., 2007; Oren-Suissa and 

Podbilewicz, 2007) and indications for a fusion pathway including a hemifusion intermediate 

were found, characterized by membrane merger without mixing of the cytoplasmic content 

(Podbilewicz et al., 2006). 
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1.2.2 Lipidic character of membrane fusion 

With formation of their hairpin or zipper-like motif fusion proteins have the ability to provide 

the energy for membrane fusion by structural rearrangements within the protein triggering a 

lipid rearrangement that finally results in the formation of a stalk. Anchored in both opposing 

membranes, the fusion proteins probably cause a dimple-like membrane bending towards the 

juxtaposed bilayer providing a protein free spot, accumulating bending energy and primed for 

fusion (Kozlov and Chernomordik, 1998; Kuzmin et al., 2001; L. V. Chernomordik and 

Kozlov, 2003; L. V. Chernomordik and Kozlov, 2008). As reviewed in detail by 

Chernomordik and Kozlov (L. V. Chernomordik and Kozlov, 2003), the energy required for 

stalk formation is dependent on the lipid composition of the fusing membrane leaflets. In the 

contacting monolayer inverted-cone-shaped lipids like lysophosphatidylcholine (LPC) with a 

positive spontaneous curvature arching in direction of the lipid headgroup when forming a 

lipid monolayer were found to inhibit fusion (Fig. 1 Ba) of protein-free bilayers (L. V. 

Chernomordik and Kozlov, 2003) and of biological membranes in viral (L. V. Chernomordik 

et al., 1993; Yeagle et al., 1994; Gaudin, 2000; Melikyan et al., 2000; Russell et al., 2001) 

and intracellular fusion (L. Chernomordik, 1996) as well as in a reduced SNARE-like model 

system (Robson Marsden et al., 2009). 

In contrast, cone shaped lipids with a negative spontaneous curvature like 

phosphatidylethanolamine (PE) arching towards the lipid fatty acids in a lipid monolayer are 

promoting the formation of the hemifusion intermediate in the contacting membrane leaflets 

(Fig. 1 Ba) in protein-free (L. V. Chernomordik and Kozlov, 2003) as well as in biological 

membrane fusion events (Gaudin, 2000; L. Chernomordik, 1996; L. V. Chernomordik et al., 

1997). Interestingly, PE was very recently found to reduce the number of SNARE complexes 

needed to support membrane fusion to only three, although the probability of fusion was 

reduced in the model system with reconstituted SNAREs observing single-vesicle fusion 

events (Domanska et al., 2010).  

For the formation of a fusion pore within the HD, which is lined with polar lipid headgroups, 

(L. V. Chernomordik et al., 1987) the lipid profile properties are reversed. Here, the inverted-

cone-shaped LPC was found to promote the pore opening when incorporated into the distal 

monolayer (Fig. 1 Bc) in viral fusion of HA (L. V. Chernomordik et al., 1998; Melikyan et al., 

1997; Razinkov et al., 1998) and G protein (Gaudin, 2000) and in case of SNARE-mediated 

fusion (Grote et al., 2000; Amatore et al., 2006). 
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Another player driving the membrane fusion is membrane tension as shown in experiments 

(Cohen et al., 1980; L. V. Chernomordik et al., 1987; Ohki, 1982; Nikolaus et al., 2010b) and 

simulations (Shillcock and Lipowsky, 2005; Katsov et al., 2004). Lateral membrane tension 

tries to reduce the membrane area. Simulations show that increasing tension reduces the 

energy barrier for fusion which increases the frequency of fusion events in turn (Grafmuller et 

al., 2009). Fusion of two bilayers is not the only possibility to relax tension. Besides hemi- 

and full fusion, bilayer rupture is an alternative pathway for relaxation of induced tension 

(Shillcock and Lipowsky, 2005). In experiments, it was observed that addition of e.g. divalent 

cations to protein-free, negatively charged bilayers creates an additional lateral tension within 

the membrane by selectively reducing the outer monolayer area of vesicular bilayers (Ohki, 

1982; Sinn et al., 2006). HD formation meets with this requirement as the merger of the outer 

leaflets during HD formation compresses the outer contacting monolayer area (Grafmuller et 

al., 2009). In biological membrane fusion, lateral tension drives stalk expansion (Katsov et 

al., 2004) as well as opening and expansion of a fusion pore within the forming HD (L. V. 

Chernomordik et al., 2006; L. V. Chernomordik and Kozlov, 2003). Fusion proteins are able 

to generate tension (Y. A. Chen and Scheller, 2001; L. V. Chernomordik and Kozlov, 2003; 

Zimmerberg and Chernomordik, 1999).  

 

1.2.3 Alternative fusion pathways 

Given the findings that both, protein-free and biological membrane fusion, probably proceed 

through the same stalk – hemifusion – fusion pore intermediates and that it can – depending 

on the contacting or distal monolayer – be either inhibited or promoted by lipids with a 

nonzero curvature, respectively, implies that the forming pore is lipid-lined having a rim with 

a very high curvature in the monolayer forming the lipid pore (L. V. Chernomordik et al., 

1998; L. V. Chernomordik and Kozlov, 2008). Thus, although fusion proteins must be present 

in proximity to the emerging fusion pore, their membrane anchors are not exclusively lining 

the pore edges. The fusion pore connecting the two membrane enclosed compartments was 

found to be dominated by lipids (lipidic pore model, see above). To give a more complete 

overview, other proposed membrane fusion models will be introduced shortly. Lipid lining of 

the pore is in contrast to the proposed proteinaceous fusion pore model, where the entire 

connection between to fusing bilayers is established by transmembrane proteins. These 

proteins would form a pore in each of the juxtaposed membranes that subsequently align to 
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establish a channel-like gap junction connecting both luminal reservoirs (Fig. 3 A) (Tse et al., 

1993; Lindau and Almers, 1995; Jackson and Chapman, 2006). The edges of the pore would 

first be lined by proteins and only in a second step lipids would invade the area in between the 

protein subunits and remodel the two bilayers into one. The question of how lipids could enter 

this arrangement and how the double ring of proteins forming the gap junction-like pore 

would disassemble is not solved yet (Jahn and Scheller, 2006). Problematic about this model 

is also that either entirely hydrophobic transmembrane domains would be exposed on one side 

to an aqueous polar environment in the open channel-like ensemble or an amphiphilic protein 

segment would be buried in the hydrophobic lipid environment before channel formation. 

Both situations would be energetically unfavourable. EPR data, however, showed that the 

transmembrane helix resides in the nonpolar bilayer environment (Xu et al., 2005). Chimera 

fusion proteins with swapped transmembrane domains are still able to mediate fusion thus 

also contradicting the hypothesis of protein-lined fusion pores. The finding that TMDs with a 

wide range of sequences are still able to mediate fusion argues against the possibility that the 

TMD lines an aqueous pore, where, as outlined above, a rather specific arrangement of polar 

and apolar residues would be necessary to face the water filled pore and the hydrophobic lipid 

membrane, respectively (Melikyan et al., 1999). Besides the latter considerations it has been 

found that GPI-anchored hemagglutinin without the transmembrane domain is still able to 

induce small non enlarging fusion pores (Markosyan et al., 2000).  

Another fusion pathway leading to fusion through hemifusion is the extended lipid 

conformation where each acyl chain of a phospholipid is embedded in each of the contacting 

outer monolayer of two juxtaposed membranes leaving the lipid headgroup in the interface 

acting as an amphiphilic zipper on the way to hemifusion without a stalk intermediate (Fig. 3 

B) (Kinnunen, 1992; Kinnunen and Holopainen, 2000). So far, no lipids were found in the 

extended conformation by coarse-grained and all-atom molecular dynamics simulation 

(Smeijers et al., 2006; Ohta-Iino et al., 2001; Kasson et al., 2010).  

In yet another pathway, fusion is promoted around a vertex ring in vacuole fusion (Fig. 3 C) 

(Jun and Wickner, 2007), where proteins regulating the fusion process assemble. On the way 

to fusion a ring-shaped HD would occur at the vertex protein ring leaving an intraluminal 

vesicle inside the fused vacuole lumen.  
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Fig. 3: Alternative fusion pathways . (A) In the protein-pore model the fusion pore is formed 

by transmembrane anchors of fusion proteins e.g. SNAREs (a - c). Upon expansion of the 

pore the TM anchors separate laterally and lipids are incorporated into the pore leading to 

bilayer merger (d). (B) Fusion model using lipids in the extended conformation (a) stretching 

an acyl chain into each of the contacting bilayers (b) finally leading to merging of two bilayers 

into one (c). (C) Upon close approach (a) a vertex ring of proteins (b) promotes the formation 

of a hemifusion intermediate around a vertex ring (c). Full fusion then results also in the 

formation of intraluminal membrane vesicle (d). Figures adapted from: (Jackson and 

Chapman, 2006; Kinnunen, 1992; Kinnunen and Holopainen, 2000; Jun and Wickner, 2007). 

 

1.2.4 Role of the transmembrane membrane anchor 

Stable transmembrane anchoring of the fusion proteins in the membranes is crucial for their 

functionality. Indeed, all fusion proteins are anchored in the juxtaposed bilayers destined to 

fuse. Trans-SNARE pairs are both anchored in the opposed bilayers by transmembrane 

domains. Viral fusion proteins are anchored transmembrane in the viral envelope and establish 

the contact to the endosomal membrane of the target cell by insertion of the fusion peptide 

(see below). Replacing the TMD by a more flexible lipid anchor like geranylgeranyl or 

glycosylphosphatidylinositol (GPI) residing only in the contacting monolayer mostly allows 

only for lipid mixing but impedes fusion pore formation. These observations suggest that the 

fusion pathway is arrested in the hemifusion intermediate. It was found for biological fusion 
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in the viral (Weiss and White, 1993; Salzwedel et al., 1993; Kemble et al., 1994; Melikyan et 

al., 1995; Tong and Compans, 2000) and intracellular fusion pathways (Y. Wang et al., 2001; 

Grote et al., 2000) and also in model systems for reconstituted SNAREs (McNew et al., 

1999). Bilayer contact and HD formation might be driven by SNARE protein induced 

bending stresses transmitted by a linker region from the four-helix bundle to the 

transmembrane anchor within the membrane. Note that fusogens can only do so if their 

bending rigidity exceeds the rigidity of the bilayer that has to be bent in order to establish 

membrane contact. Typically, lipid bilayer bending rigidity is in the order of 10 kcal/mol (L. 

V. Chernomordik et al., 2006), whereas protein stiffness could not been measured. By 

molecular dynamic simulations the connecting linker between the SNARE zipper region and 

the transmembrane anchor could be shown to be rigid enough to transmit the energy to disturb 

the bilayer integrity and to increase the fusion rate by two to five orders of magnitude (Knecht 

and Grubmuller, 2003). Also mutation of semiconserved residues or shortening of the TMD 

below a critical length that ensures contact with both bilayer leaflets inhibits fusion (Schroth-

Diez et al., 1998; Melikyan et al., 1995; Melikyan et al., 1999; Kozerski et al., 2000; 

Armstrong et al., 2000; Cleverley and Lenard, 1998; Cleverley et al., 1997).  

Additionally to mere anchoring leading to an apposition of the membranes destined to fuse 

evidence is accumulating that the membrane anchors also ensure a destabilisation of the 

bilayers (McNew et al., 2000; Kesavan et al., 2007; Siddiqui et al., 2007; Abdulreda et al., 

2008) facilitating lipid rearrangement on the way to fusion pore formation. Isolated peptides 

derived from the transmembrane domain of SNARE proteins alone also promoted fusion 

(Langosch et al., 2001; Hofmann et al., 2006; Siegel et al., 2006). Insertion of the TMDs in a 

35° to 55° angle relative to the membrane normal depending on the lipids in the bilayer might 

account for the lipid mixing activity (Bowen and Brunger, 2006; Thomas and Brasseur, 2006). 

Studies using model transmembrane peptides of influenza HA showed an increased acyl chain 

ordering associated with a dehydration of the bilayer surface (Tatulian and Tamm, 2000; 

Tamm, 2003) as it was also shown for the fusion peptide of HA (Han et al., 1999). Bilayer 

surface dehydration might facilitate the onset of a hemifusion intermediate as it reduces the 

hydration repulsion between the apposing bilayers (Tamm, 2003). Finally, SNAREs seem to 

recruit certain lipids like DAG interrupting the bilayer integrity or phosphoinositides and 

phosphatidic acid (PA) for synergetic assembly of the fusion competent SNARE complexes 

(Das and Rand, 1984; Siegel et al., 1989; Vicogne et al., 2006; Mima et al., 2008) 
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Furthermore, in most viral families the short cytoplasmic tail (CT) being C-terminal of the 

TMD does not seem not to be required for fusion (Melikyan et al., 1999, detailed review see 

Schroth-Diez et al., 2000). 

 

1.2.5 Role of the viral fusion peptide 

In viral fusion the contact to the target cell membrane is established by insertion of the fusion 

peptide, a 10-30 amino acid long protein part, located either N-terminally or within a protein 

loop. For influenza HA the fusion peptide was found in a predominantly helical, amphipathic 

structure with a kink at the polar Asn-12 residue. It is located at the interface between the lipid 

headgroups and the hydrophobic hydrocarbon region (Han et al., 2001; Q. Huang et al., 2004; 

Vaidya et al., 2010). As the N-terminus of HA2 is one of the most conserved regions of HA, it 

is not surprising that its kinked structure is intimately involved in the fusion process. A linear 

mutant was found to abolish fusion (Y. Li et al., 2005). Binding energy of the HA fusion 

peptide at neutral pH was determined to be ~15 kT resulting in a force of ~20 pN to pull back 

a peptide of ~3 nm length (Kozlov and Chernomordik, 1998; Ishiguro et al., 1996). This 

provides a sufficient attachment of the viral fusion proteins for downstream fusion processes. 

Intercalation of the hydrophobic residues of the amphipathic fusion peptide into the 

contacting juxtaposed monolayer (Gibbons et al., 2004; Roche et al., 2006; Heldwein et al., 

2006) probably introduces membrane curvature bending the membrane towards the viral 

membrane similarly to curvature mediated by BAR (Bin/Amphiphysin/Rvs) domains 

(Zimmerberg and Kozlov, 2006). Assuming a ring-like alignment of several fusion protein 

trimers many fusion peptides are plunged into the target membrane interface upon activation 

causing the formation of a dimple stressed at its tip (Weissenhorn et al., 2007; L. V. 

Chernomordik and Kozlov, 2005; Gibbons et al., 2004; Kozlov and Chernomordik, 1998). 

An oblique insertion angle between 25 and 38° relative to the membrane normal was found 

for the HA fusion peptide by NMR and EPR (Han et al., 2001; Y. Li et al., 2005; Macosko et 

al., 1997) agreeing well with a coarse-grained MD simulation finding an orientation of ~30° 

(Vaidya et al., 2010; Lague et al., 2005). It should be pointed out that the oblique insertion 

angles of the fusion peptide are matching those found for the transmembrane anchors 

emphasising a possible similarity in function of inducing curvature and thus bending the 

membrane dimples towards one another.  
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When the structural rearrangement within e.g. the trimer of HA is completed, the linker 

regions of the fusion peptides to the coiled-coil and N-terminus of the TMD interact and form 

a N-cap structure (Fig. 2 Bf) (Harrison, 2008; J. Chen et al., 1999; Borrego-Diaz et al., 2003; 

H. E. Park et al., 2003). This interaction of transmembrane anchor and fusion peptide is 

supposed to support the hemifusion to fusion transition and open up an expanding fusion pore 

(Qiao et al., 1999; Weissenhorn et al., 1997; Melikyan et al., 2000).  

 

1.2.6 Taking a glance at hemifusion – simulation and visualization  

Beginning in the 1980s, membrane fusion was explored using classical physics in a 

continuum approach based first on the elastic model (Kozlov and Markin, 1983; Kozlovsky et 

al., 2002; Kozlovsky and Kozlov, 2002) and later on the self-consistent field theory of 

membrane sheets (Katsov et al., 2006; Marrink and Mark, 2003; J. Y. Lee and Schick, 2007). 

The aim was to find the lowest energy transition state leading to the stalk model in the fusion 

through hemifusion pathway. As computing power went up, in silico experiments enabled 

visualization of the fusion process up to atomic details (reviewed in (L. V. Chernomordik and 

Kozlov, 2008)). Computer simulations of membrane fusion were performed from Brownian 

dynamics (Noguchi and Takasu, 2001) and coarse-grained molecular dynamics (MD) 

(Marrink and Tieleman, 2002; Marrink and Mark, 2003; Stevens et al., 2003; Smeijers et al., 

2006; Kasson et al., 2006; Kasson et al., 2007) to dissipative particle dynamics (DPD) 

(Grafmuller et al., 2007; Shillcock and Lipowsky, 2005; D. W. Li and Liu, 2005) and 

atomistic MD (Knecht et al., 2006; Knecht and Marrink, 2007; Kasson et al., 2010). In the 

different simulation methods, fusion through the hemifusion intermediate is observed. 

The hemifusion intermediate resembles two membrane enclosed compartments separated only 

by a single bilayer formed by the two formerly inner leaflets with the outer leaflets fused. 

Whereas the definition of hemifusion is quite simple and each step in the fusion through 

hemifusion pathway can be analyzed in great detail in computer simulations, the direct 

experimental verification and characterization of the HD turned out to be difficult due to its 

normally transient nature and very small size. Experimental verifiable criteria for a 

hemifusion intermediate are lipid mixing before content mixing, redistribution of outer leaflet 

lipids before inner ones, dependence on lipids with an certain intrinsic curvature and a 

sequestering of transmembrane proteins upon formation of an HD (Fig. 1). Especially in 

biological membrane fusion, HD detection is difficult. Lipid mixing can, for example, be 
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restricted by a fence of fusion protein membrane anchors leading to a so called “restricted” 

hemifusion intermediate as found in case of the viral fusion protein HA of influenza virus. 

Here, although a continuous connection is established, no lipid mixing occurs (L. V. 

Chernomordik et al., 1998). On the contrary, hemifusion is difficult to detect when HD and 

fusion pore form very quickly one after the other. To slow down the transition from 

hemifusion to complete fusion and thus increasing the chance for the observation of the 

hemifusion intermediate, the number of fusion proteins can be reduced, the membrane anchor 

can be modified, or the temperature can be reduced (L. V. Chernomordik et al., 2006).  

Artificial membrane systems seem to offer an easier way to control the parameters influencing 

the fusion pathway such as lipid composition, membrane curvature, lateral membrane tension 

and intermembrane distance. In biological membrane fusion, however, a direct membrane 

contact is prevented by membrane proteins covering the bilayer surface keeping the lipid 

bilayers at a distance of 10-20 nm (L. V. Chernomordik et al., 2006). Only after sequestering 

of these obstacles, some of these proteins are probably involved in membrane binding and 

fusion, the two apposing now protein-free membrane spots can bulge towards each other, 

probably mediated by the fusion protein transmembrane anchors. This dimple-like membrane 

bending towards the juxtaposed bilayer accumulates bending energy and charges the bilayer 

for fusion stalk formation (Kozlov and Chernomordik, 1998; Kuzmin et al., 2001; L. V. 

Chernomordik and Kozlov, 2003; L. V. Chernomordik and Kozlov, 2008).  

The existence of hemifusion intermediates in biological and model membrane fusion is 

supported by a number of observations. Formation of a fusion stalk-like structure was found 

after reducing the hydration from a stack of parallel phospholipid bilayers as judged by the 

electron density distribution from X-ray diffraction (Yang and Huang, 2002; Yang and Huang, 

2003). A non-lamellar stalk structure was also proposed (Leikin et al., 1987) supported by 

experiments using planar lipid bilayers (reviewed in (L. V. Chernomordik et al., 1987)). 

Fusion of planar lipid membranes with liposomes was already demonstrated in 1980 (Cohen 

et al., 1980; Zimmerberg et al., 1980), whereas only later also the hemifusion intermediate 

could be detected using an advanced experimental setup combining simultaneous electrical 

and fluorescence measurements (Chanturiya et al., 1997). Redistribution of lipids between 

two hemifused membranes can be followed experimentally by a fluorescence dequenching 

assay (Struck et al., 1981). This assay can, however, only provide indirect evidence for a 

transient hemifusion intermediate (Langosch et al., 2001). Incorporation of cone-shaped LPC 

in the outer membrane leaflet blocks hemifusion (cf. section 1.2.2). Addition of LPC was 
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indeed found to reversibly inhibit liposome fusion in a dose-dependent manner (L. 

Chernomordik et al., 1995). Successive formation of aggregated vesicles and hemifusion 

intermediate was also found in liposome-liposome fusion of small unilamellar vesicles 

mediated by PEG (J. Lee and Lentz, 1997). Hemifused bilayers have also been found as 

metastable or stable intermediates in fusion of large unilamellar vesicles (LUVs) (Kuhl et al., 

1996 and ref. therein). A very recent study on LUV fusion comprising reconstituted SNAREs 

could not only identify lipid merger without content mixing and thus hemifusion, but was also 

able to show that the SNARE proteins alone were able to expand the fusion pore within the 

HD to a size large enough to transmit ~11 kDa cargo reporter molecules (Diao et al., 2010). 

Additional incorporation of a water soluble dye into a liposome enables to determine that lipid 

mixing (redistribution of lipid-bound fluorophores) precedes content mixing (Wilschut et al., 

1980; J. Lee and Lentz, 1997). Using such an assay detecting lipid mixing and content release, 

it could recently be shown in a single-vesicle fusion assay driven by reconstituted SNAREs 

that even very fast fusion events, previously thought to result from prompt full fusion, are in 

fact productive hemifusion events thus proceeding through a hemifusion intermediate (T. 

Wang et al., 2009). Fusion in biological systems was investigated using similar lipid mixing 

assays studying fusion between viruses and liposomes (Stegmann et al., 1985), fusion protein 

(e.g. HA) expressing cells and red blood cells (RBCs) (Kemble et al., 1994; Melikyan et al., 

1995; L. V. Chernomordik et al., 1997; Frolov et al., 2000) and cell-cell fusion (Cleverley and 

Lenard, 1998). An elegant lipid mixing assay was used by Nüssler et al. (Nussler et al., 1997) 

to show hemifusion between HA expressing cells and RBCs by specifically labelling the inner 

and outer membrane leaflet of RBCs solely with different fluorescent lipid analogues thus 

able to determine hemifusion by an exclusive movement of the outer leaflet dye. Observation 

of single virus particles fusing to larger and therefore flat membrane patches provided 

information about distinct fusion intermediates like the time points of HD and fusion pore 

formation, but still not able to visualize the HD itself (Melikyan et al., 2005; Imai et al., 2006; 

Floyd et al., 2008; Joo et al., 2010). A first observation of a hemifusion intermediate in 

biological fusion was reported by Zampighi et al. (Zampighi et al., 2006) using conical thin 

sectioning and electron tomography analysis of cortical synapses. A drawback of this method, 

which provides a high optical resolution, is that no kinetic information can be obtained.  
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Fig. 4: Synaptic vesicle hemifused to the plasma me mbrane . Thin sectioning and conical 

electron tomography was used to determine the 3D structure of vesicles at the active zone. (A) 

Individual plane of hemifused vesicle (middle) with the plasma membrane (right). A second 

vesicle is only attached to the docked vesicle (left). (B) Illustration of small region of the active 

zone (green lines) and the docked vesicle (red lines) showing the HD. Bar corresponds to 

50 nm. Image modified form (Zampighi et al., 2006).  

 

1.2.7 First direct visualization of protein-free HD formation 

To demonstrate for the first time the displacement of transmembrane proteins within the 

fusion through hemifusion pathway and to use a well visible fluorescently labelled 

transmembrane marker to gather information about the kinetics of HD formation we devised a 

model system using giant unilamellar vesicles (GUVs). The size of this vesicle type turned 

out to be very useful to visualize the fusion process by fluorescence microscopy as shown 

previously (Lei and MacDonald, 2003; Lei and MacDonald, 2008; Pantazatos and 

MacDonald, 1999; Heuvingh et al., 2004). This is to the best of our knowledge the first time 

extended protein-free HDs have been observed in a vesicle based system.  

Adhesion and fusion of GUVs containing fluorescently labelled transmembrane peptides of 

fusogenic proteins in the presence of divalent cations was studied. To this end, 

tetramethylrhodamine (Rh)-labelled synthetic low-complexity hydrophobic model sequences 

(Rh-LV-Rh) that were designed to mimic the TMDs of SNARE proteins (Langosch et al., 

2001; Hofmann et al., 2004) with a 16 amino acid hydrophobic core of leucine and valine 

flanked by lysine tripletts (Rh-LLV16-Rh: Rh-KKKKWLLVLLVLLVLLVLLVLKKKK-Rh; 

Rh-LV16-G8P9-Rh: Rh-KKKKWLVLVLVLGPVLVLVLVKKKK-Rh) a nd a 28 residues 

peptide (Rh-HA-TMD) corresponding to the TMD of influenza HA (strain A/Japan/305, Rh-

ßA-ILAIYATVAGSLSLAIMMAGISFWMCSNKKK) were used. Additionally, a new type of 

synthetic stiff stick was used to demonstrate the structure independent principle of this assay.  
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1.3 Lipid domain specific protein sorting  

1.3.1 Lipids – bilayer building blocks  

As pointed out in the first part of the introduction, membranes are separating different 

compartments that enable a living cell to locally interrupt the development towards generally 

growing entropy and thus allow the cell to store information and energy e.g. in form of a 

proton gradient and to provide a restricted volume for certain chemical reactions. The main 

structural components within the membrane are lipids, amphiphilic molecules comprising a 

polar lipid head group and the hydrophobic fatty acid tails. Lipid self assembly, governed by 

the hydrophobic effect (Tanford, 1980), leads to the formation of spherical micelles or rather 

flat bilayers with the hydrophobic tails forming the core shielded from water, whereas the 

hydrophilic head groups face the aqueous surrounding. Besides compartmentalization, lipids 

like the phosphoinositides serve as second messengers in signal transduction processes and 

lipids also function as energy storage buffering e.g. triacylglycerols and steryl esters, therefore 

also providing fatty acids for new biosyntheses.  

The lipid membrane functions as a platform for sorting membrane proteins. To understand the 

sorting ability of the membrane, one must consider its lipid components first. Three main 

classes of lipids are found in the eukaryotic membranes: glycerolipids, sphingolipids and 

sterols. 

Glycerol forms the backbone of glycerolipids with two fatty acid chains ester-bound at 

position sn-1 and sn-2 (Fig. 5 A). The fatty acid in position 2 is often kinked due to a cis 

double bond decreasing the lipid packing density. Phosphatidic acid (PA) is formed by a 

phosphate at position sn-3, which can form further phosphate ester bonds with different head 

groups like choline (yielding phosphatidylcholine, PC), ethanolamine (phosphatidylethanol-

amine, PE) and the negatively charged serine (phosphatidylserine, PS) and inositole 

(phosphatidylinositole, PI).  

Sphingosine is the backbone for the second major class of lipids, the sphingolipids (Fig. 5 B). 

An amide linked fatty acid at the nitrogen yields ceramide (Cer). Cer with a phosphocholine 

head group becomes sphingomyelin (SM). Glycosphingolipids are created by addition of 

glucose to form glucosylceramide (GlcCer) and/or other monosaccharides. The tails of 

sphingolipids are commonly saturated allowing for a tighter packing and thus an increased 

lipid density.  
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Finally, sterols like the mammalian cholesterol (Fig. 5 C) with its planar four-ring structure 

and a tiny head group of only a hydroxyl group are able to incorporate in between the other 

lipids.  

 

Fig. 5: Mammalian membrane lipid structures.  Most common lipids in eukaryotic 

membranes are glycerophospholipids, sphingolipids and cholesterol. (A) Glycerol (dark grey 

shading) is the backbone within glycerolipids with fatty acids (light grey) ester-bound at 

position sn-1 and sn-2. A double bond in the sn-2 chain is common. Different head groups 

coupled at a phosphate at position sn-3 yield the most abundant zwitterionic phospholipids 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) or phosphatidylserine (PS) with 

an acidic net charge. (B) Sphingolipids are based on a sphingoid base (dark grey) with a 

saturated fatty acid (light grey) bound via an amide bond. A phosphocholine head group 

produces sphingomyelin (SM). A wide range of glycosphingolipids result from binding of one or 

more saccharides. (C) Four planar rings are the basic structure of sterols like cholesterol. (D) 

Asymmetric transbilayer lipid distribution in a cellular membrane on inner and outer bilayer 

leaflet, in mol%. Figure modified from (Rothman and Lenard, 1977). 
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The large variety of different building blocks for lipid head groups and tails results in a huge 

number of up to 500 lipid species in a cellular membrane (Poveda et al., 2008). Given the 

possibility of a transbilayer and lateral asymmetric arrangement of different lipids, the cell 

puts a lot of energy into maintenance of this condition. A loss of asymmetry for PS in the 

plasma membrane, for example, which is present only on the inner membrane leaflet of viable 

cells due to sequestering by an aminophospholipid translocase (Holthuis and Levine, 2005), is 

recognized as an apoptosis signal when presented on the outer monolayer. In Fig. 5 D the 

asymmetric transbilayer lipid distribution of a eukaryotic plasma membrane is shown with 

negatively charged PS and PI as well as PE predominantly localized in the inner membrane 

leaflet, whereas PC and SM decorated with large glycosylated headgroups are found 

predominantly in the external leaflet. Additional 30-40 mol% of cholesterol (Holthuis and 

Levine, 2005) are distributed more within the external leaflet due to its higher affinity for SM 

due to its favourable packing ability (Pomorski et al., 2001).  

 

1.3.2 Biological membranes function as protein sorting platforms  

Beside the transmembrane asymmetry, a lateral separation of lipids was found (Tillack et al., 

1983; van Meer et al., 1987). In 1974, a change in the surface organization of plasma 

membrane lipids upon cooling was found (Petit and Edidin, 1974). Soon evidence started to 

accumulate that especially lipids like saturated long chain sphingolipids that have high 

melting temperatures would be organized in lateral domains. This developed further the 

concept of the fluid mosaic model of a cell membrane proposed by Singer and Nicolson 

(Singer and Nicolson, 1972), where membrane proteins were believed to be embedded in a 

homogeneous matrix of lipids. Proteins and lipids were thought to be randomly distributed. 

Simons and van Meer (Simons and van Meer, 1988) reported a distinct lipid composition in 

the apical and basolateral membranes in epithelial cells. The sorting of lipids together with 

membrane proteins already in the trans-Golgi network induced by a sorting signal was 

proposed. This signal would direct the transport vesicle toward their destined membrane. GPI-

anchor and N-glycans or O-glycans attached to the proteins as well as lipid modifications and 

protein oligomerization are thought to act as an apical targeting signal (Lisanti et al., 1989; 

Rajendran and Simons, 2005; Schuck and Simons, 2004). A basolateral transport might 

therefore take place in the absence of an apical signal (Simons and van Meer, 1988) or depend 

on di-leucine or tyrosine motifs as basolateral targeting signals (Rajendran and Simons, 
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2005). A lateral separation of lipids, so called lipid microdomains or lipid rafts, was proposed 

to be the foundation of these sorting processes.  

 

1.3.3 Lipid rafts in biological membranes  

Reminiscent of a wooden raft floating on water, lipid rafts were supposed to be afloat, freely 

diffusing and stable within a sea of the surrounding lipids. Rafts are enriched in sphingolipids 

and saturated phospholipids as well as cholesterol filling the interstices between the straight 

long saturated lipid tails below the lipids larger head groups, which was referred to as the 

umbrella model (J. Huang and Feigenson, 1999). Due to their saturated chains raft lipids lead 

to a thicker membrane width compared to the unsaturated acyl chains in the circumfluent 

nonraft membrane parts generating the raft-like image. Saturated lipids and cholesterol within 

rafts exhibit a higher degree of order compared to the unsaturated acyl chains in the nonraft 

bilayer (see below and cf. Fig. 7). As mentioned above, the main lipid constitutes of rafts, 

namely sphingolipids and cholesterol, are predominantly found in the exoplasmic membrane 

leaflet (Fig. 5). However, it has been hypothesized that a transbilayer coupling between the 

plasma membrane leaflets could induce a domain formation within the cytoplasmic leaflet and 

first experimental evidence in cells and in model systems point in that direction (Harder et al., 

1998; Gri et al., 2004; Kusumi et al., 2004; Collins and Keller, 2008; Kiessling et al., 2006; 

Kiessling et al., 2009). Whether the transbilayer coupling is generated by proteins (Devaux 

and Morris, 2004) or enabled by lipid interactions and interdigitation is still under discussion.  

But what do rafts do? By including or excluding specifically certain proteins, rafts are able to 

locally change the protein concentration thus facilitating protein-protein interactions and 

functioning as transient signalling platforms (Varma and Mayor, 1998; Brown and London, 

2000; Dykstra et al., 2003; Sharma et al., 2004; Holowka et al., 2005; Sengupta et al., 2007). 

Protein sorting is another field of duty for lipid rafts either in endocytic and exocytic 

pathways in trafficking (Schuck and Simons, 2004; Simons and Ikonen, 1997) or in the 

enrichment of viral proteins for the budding process of progeny virus particles as will be 

discussed later on (Luan et al., 1995). Interestingly, rafts also seem related to membrane 

fusion (Rogasevskaia and Coorssen, 2006; Salaun et al., 2004; Luan et al., 1995). To what 

extend lipid-lipid and protein-lipid interactions are contributing to lipid raft formation is still 

under discussion (Poveda et al., 2008). 
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Fig. 6: Biological membrane rafts.  Rafts enriched in cholesterol and glycosphingolipids 

(GSL) in the external and glycerophospholipids (GPL) with longer acyl chains predominantly 

on the cytoplasmic membrane leaflet. Integral raft associated transmembrane proteins partition 

into these domains accompanied by peripheral GPI-anchored and acylated proteins in the 

outer and inner leaflet, respectively. Shorter GPLs comprise the main component of the nonraft 

membrane areas including nonraft proteins. Anchoring of TM proteins to the actin cytoskeleton 

meshwork limits free protein and therefore also lipid diffusion. Figure is modified from 

(Lingwood and Simons, 2010). 

 

1.3.4 Detection of lipid rafts in biological membranes  

Lipid raft domains were first defined by their ability to resist treatment using non-ionic 

detergent like Triton X-100 at low temperatures (4°C) (Brown and Rose, 1992; Simons and 

Ikonen, 1997; London and Brown, 2000) and were therefore termed detergent resistant 

membranes (DRMs). Meanwhile, the detergents itself are under suspicion to induce lipid 

domains within the membrane as an artefact (Heerklotz, 2002; Munro, 2003; Lichtenberg et 

al., 2005).  

As membrane rafts are small in the range of 10-200 nm (Pike, 2006), direct visualization by 

conventional fluorescence microscopy is not possible. Therefore, various sophisticated 

biophysical techniques have been employed to study domain formation in cellular systems by 

observing either proteins or lipids. Fluorescence correlation techniques like FCS (fluorescence 

correlation spectroscopy) could show complex formation and that domain association of 

proteins is sensitive to cholesterol depletion and cytoskeleton meshwork detachment (Larson 

et al., 2005; Wawrezinieck et al., 2005; Lenne et al., 2006). Single particle tracking (SPT) 

could demonstrate that lipids are confined to a limited area for a certain time (Kusumi and 

Suzuki, 2005; Dietrich et al., 2002). And also by homo and hetero FRET (Förster resonance 

energy transfer) GPI-anchored proteins were found in nanoclusters consisting of only four or 
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less proteins (Meyer et al., 2006; Mayor and Riezman, 2004; Sharma et al., 2004; Kenworthy 

and Edidin, 1998; Varma and Mayor, 1998). Using FRET between carbocyanine lipids, 

nanoscopic laterally segregated ordered and disordered membrane domains have been 

identified that are sensitive to cholesterol variations (Sengupta et al., 2007). Cholesterol 

sensitive protein clustering with established raft marker proteins was also found by 

fluorescence lifetime dependent FLIM-FRET measurements on hemagglutinin protein after 

depletion of the plasma membrane of living cells using methyl-� -cylodextrin (Engel et al., 

2010; Scolari et al., 2009). As compared to the latter method probing protein clustering, the 

FLIM technique could also be applied recently to demonstrate domain formation for lipids 

(Stockl et al., 2008; Stockl and Herrmann, 2010; Owen et al., 2006; Margineanu et al., 2007). 

Moreover, emerging super resolution microscopy technology like stimulated emission 

depletion (STED) pushing down Abbe’s resolution limit of about 200 nm (Egner and Hell, 

2005) could be used to finally visualize that GPI-anchored proteins are confined within less 

than 20 nm together with sphingolipids, but not with phospholipids, in a cholesterol sensitive 

way (Eggeling et al., 2009).  

 

1.3.5 Phase separation in model membrane systems  

As the plasma membrane is complex and cellular rafts are transient, highly dynamic and small 

(Pike, 2006), their detection is difficult. They are, however, lipid bilayers and therefore 

insights are expected also from studying membrane model systems. As lipids differ in their 

head group as well as their tail length and saturation, they have different chemical and 

physical properties including their intrinsic curvature (cf. section 1.2.2) and melting 

temperature (Tm). Heated beyond their specific Tm phospholipids undergo a phase transition 

from a gel or solid ordered (So) phase to a fluid liquid disordered phase (Ld) (Fig. 7)(Gennis, 

1989; Hancock, 2006). This behaviour at a given temperature is crucial for lipid domain 

formation since lipid acyl chains are tightly packed together in a rigid and straight 

conformation below Tm in the So phase and the lateral lipid mobility is highly restricted. 

Above Tm lipids are no longer restricted, but diffuse freely within the bilayer and their acyl 

chains become disordered and thus less densely packed due to trans-to-gauche isomerization 

introducing kinks to their structure. Due to this change the surface area of the lipid is 

increased, whereas the bilayer thickness is decreased by 10 to 15 %.  
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Fig. 7: Lipid phases in membranes.  Membrane lipids shown in three different phases. (A) 

Rigid solid ordered phase, (B) Liquid disordered and (C) liquid ordered phase. For more 

information see text. Adapted from (Divito and Amara, 2009). 

 

By introducing sufficient amounts of cholesterol to the bilayer, cholesterol moderates between 

the two phase regimes introducing a new liquid ordered phase (Lo) characterized by a high 

degree of order in the lipid tails, but with lateral mobility of the lipids themselves (Fig. 7 C). 

Due the very small, polar head compared to the four hydrophobic rings of cholesterol, it is not 

able to form bilayers by itself, but is therefore very well suited to incorporate into membranes. 

Cholesterol positions its polar OH-group at the interface between lipid headgroups and 

hydrophobic acyl chains, where it is able to form an H-bond with the amide carbonyl group of 

the SM head group (Bittman et al., 1994). The image of cholesterol clenched under the larger 

polar head groups of sphingomyelin led to the so called umbrella model (J. Huang and 

Feigenson, 1999). Tight packing of cholesterol to the acyl chains leads to a condensing effect 

in the surrounding lipids (McConnell and Radhakrishnan, 2003), where the tails become 

straightened displaying a higher degree of order. Therefore, cholesterol is likely to enrich in 

phases with saturated phospho- and sphingolipids (Gennis, 1989). The function of cholesterol 

is twofold. It keeps the membrane more fluid at temperatures below Tm preventing an ordered 

packing of the lipid tails thus increasing their freedom of motion rendering the membrane 

more fluid and permeable. Whereas at temperatures beyond Tm the rigid structure of 

cholesterol decreases the freedom of lipid acyl chains thus also decreasing fluidity and 

permeability. In ternary lipid compositions comprising certain mixtures of unsaturated 

phospholipids, sphingomyelin and cholesterol these phases are found to coexist (de Almeida 

et al., 2003; Mouritsen and Zuckermann, 2004; Veatch and Keller, 2002). Raising the 

temperature in the sample of such a lipid mixture beyond the Tm of the lipid with the highest 

melting point results in a phase transition for all components and leads to a homogenously 

distributed liquid disordered phase.  
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1.3.6 Detection of domains in model membrane systems  

Many findings concerning phase separation and domain formation were discovered in model 

systems as lipid domains in the artificial systems were found to be larger in size and more 

stable in time than in biological membranes. Whereas in the cellular plasma membrane free 

diffusion of proteins and lipids is hindered beyond an approximately 30-250 nm radius by 

proteins bound to components of the actin cytoskeleton meshwork, this restraint is 

nonexistent in model membranes. These ideas are corroborated by experimental results 

(Kusumi et al., 2004; Kusumi and Suzuki, 2005; Dietrich et al., 2002) as well as by computer 

simulations (Yethiraj and Weisshaar, 2007). Interestingly, also the plasma membrane forms 

micrometer-sized domains when it is detached from the cytoskeleton (Baumgart et al., 2007a; 

Lingwood et al., 2008).  

Several experimental setups and techniques are employed to investigate domain formation in 

model membrane systems comprising a ternary lipid mixture. An unsaturated phospholipid 

(e.g. DOPC) forming the Ld phase is mixed with saturated phospholipids (e.g. DPPC) or 

sphingolipids (e.g. SSM) and cholesterol to enrich in the Lo phase. Tapping mode AFM and 

fluorescence microscopy are used to study separation of lipids and also proteins in planar 

membrane structures (monolayer, bilayer and supported bilayer), respectively. Separation can 

be followed by domain specific partition of fluorescent lipid-conjugated dyes or by 

differences in the height profile of the lipid or protein domains (Shaw et al., 2006; Weise et 

al., 2009a; Vogel et al., 2009). Techniques like 2H-NMR and EPR spectroscopy as well as 

small angle X-ray scattering have the ability to analyse the order parameter and phase 

behaviour of membranes and are not limited by the lipid domain size (Eisenblatter and 

Winter, 2006; Kurad et al., 2004; Vogel et al., 2009; Bunge et al., 2008). Besides the planar 

membrane systems also vesicular lipid model membranes were intensively used to study lipid 

domain formation, namely giant unilamellar vesicles (GUVs), which are easily observable by 

light and fluorescence microscopy. As in planar membranes partition of fluorescent probes 

indicates domain formation (Korlach et al., 1999; Dietrich et al., 2001; Veatch and Keller, 

2003; Veatch and Keller, 2005; Bagatolli, 2006; Baumgart et al., 2007b). These can also be 

identified by their domain shape as solid ordered phases exhibit elongated irregular forms, 

whereas the liquid domains are characterized by circular shapes, which recover rapidly after 

mechanical distortion, trying to minimize the boundary length indicating the presence of line 

tension at the domain interface (Garcia-Saez et al., 2007). It is suspected that cholesterol 

might reduce the line tension between liquid domains (Hancock, 2006). The mobility of lipids 
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or membrane anchored proteins is different within the different lipid domains. This mobility 

can be assessed by single molecule methods like single particle tracking (SPT) (Douglass and 

Vale, 2005) or fluorescence correlation spectroscopy (FCS) (Korlach et al., 1999; Kahya et 

al., 2004; Korlach et al., 2005) and by studying the fluorescence recovery in membrane spots 

after photobleaching (FRAP).  

Optical microscopy is limited by Abbe’s resolution limit of about 200 nm and lipid domains 

smaller than this cannot be observed directly. However, fluorescence based methods are able 

to report on domain formation below the optical resolution. FRET between two fluorescent 

probes will increase (decrease) if the both are found in the same (different) domains, given 

that small domains of sub-resolution size are present (Silvius, 2003; de Almeida et al., 2005; 

Heberle et al., 2005; Silvius and Nabi, 2006). Besides FRET also fluorescence lifetime 

imaging microscopy (FLIM) is able to detect the existence of lipid domains that are not 

revealed by fluorescence intensity patterns. Here, the fluorescence lifetime of the probe 

reports on the order in the surrounding lipid environment (de Almeida et al., 2007; 

Margineanu et al., 2007; Stockl et al., 2008; Stockl and Herrmann, 2010; Nikolaus et al., 

2010a).  

As the three concepts of DRMs, rafts in biological membranes and Lo phases in model 

systems have been introduced at this point, their crucial differences shall be highlighted ones 

more. DRMs are the result of treating membranes with different detergents. They only exist 

because of this treatment and are in the end the result of an incomplete solubilization due to 

thermodynamic or kinetic aspects (Heerklotz, 2002; Munro, 2003; Lichtenberg et al., 2005; 

Brown, 2006). Membrane rafts are transient, highly dynamic and small domains in vivo 

enriched in sphingolipids, cholesterol and certain proteins (Pike, 2006), but they should not be 

equated with Lo domains in model systems in equilibrium where they refer to accurately 

measurable parameters like lipid order influencing lateral diffusion and acyl chains 

conformations (Munro, 2003; Simons and Vaz, 2004; Lingwood and Simons, 2010).  

 

1.3.7 Protein sorting 

Sorting of integral and peripheral proteins to raft and nonraft nanoclusters and domains in 

membranes is believed to be crucial for protein sorting and transport between the different 

cellular organelles as well as for signalling processes. As mentioned above, proteins 
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presumably possess different sorting signals directing them to e.g. the apical or basolateral 

surface in polarized cells. Apical protein sorting may be governed by lipid-protein and lipid-

lipid interaction, thus by a possible interaction of proteins with rafts, since the apical 

membrane is enriched in sphingolipids and cholesterol (Schuck and Simons, 2004). This view 

is supported by indirect findings that depletion of sphingolipids and cholesterol affects apical 

sorting (P. Keller and Simons, 1998; Hansen et al., 2000; Mays et al., 1995). Coalescence of 

raft nanoclusters and cargo proteins in the Golgi membrane forming larger domains that might 

reach a critical size beyond which a transport carrier vesicle buds off and takes its protein 

cargo to the apical plasma membrane. This domain induced budding was first generally 

postulated on a theoretical basis to be driven by line tension (Lipowsky, 1993), but was later 

supported by studies on model membranes (Baumgart et al., 2003; Bacia et al., 2005). In 

these publications it was described that domains in GUVs can spontaneously undergo budding 

and fission and thus separation from the rest of the vesicle. Budding out from the surrounding 

bilayer will reduce the line tension of the domain by decreasing the length of the interface 

between the two domains (Schuck and Simons, 2004). However, the situation in a cellular 

membrane comprising a lipid mixture with a much greater variety of lipids compared to the 

model system will most likely be much more complex. The line tension here is probably 

affected by proteins acting as surfactants at the domain boundary (see Discussion).  

But what mechanisms drive the coalescence of raft nanoclusters and what causes the partition 

of proteins to rafts? Raft clustering is driven by line tension and oligomerization of raft 

components (see Discussion, section 5.2.7 and 5.2.8) (Kusumi et al., 2004). The formation of 

larger and more stable rafts upon clustering of raft associating proteins could be shown 

(Harder and Simons, 1999; Janes et al., 1999; Holowka et al., 2000; Lingwood and Simons, 

2010). Besides the above mentioned GPI-anchor also transmembrane domains were found to 

mediate raft association in cellular membranes. The mechanism of transmembrane protein 

association with rafts is not fully understood. However, the hydrophobic length of the 

transmembrane segments was proposed by Bretscher and Munro (Bretscher and Munro, 1993) 

to be one factor. The hydrophobic matching between the transmembrane segment of the 

protein and the width of the hydrocarbon core of the bilayer could determine the protein 

partition. Bretscher and Munro found that proteins retained in the Golgi have significantly 

shorter TMDs (~15 aa) than proteins destined to be sorted to the plasma membrane (~20 aa). 

Together with the observations that first, the thickness of the bilayer is increased by 

cholesterol (Nezil and Bloom, 1992) and second, the cholesterol content increases in cellular 
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membranes along the secretory pathway, a protein sorting mechanism dependent on the 

hydrophobic matching was proposed (Kandasamy and Larson, 2006). The Golgi and plasma 

membrane were found to be thicker than the ER membrane by 2 and 5 Å, respectively (Mitra 

et al., 2004). Studying the energetic feasibility of this cholesterol-dependent partition by using 

the theory of elastic liquid crystal deformations Lundbaek et al. could show that a greater 

membrane width, but even more the changes in the physical properties of the bilayer upon 

increasing cholesterol content allow for an effective partition of proteins comprising longer 

TMDs into membrane domains enriched in cholesterol (Lundbaek et al., 2003). Thus, proteins 

destined to remain in the Golgi would partition to thinner nonraft domains, whereas 

hydrophobic matching with the width of the membrane domains enriched in cholesterol 

would serve as a sorting mechanism.  

Acylation, i.e. the attachment of fatty acids, is a common modification of eukaryotic proteins 

(Smotrys and Linder, 2004). The focus will be placed on the post-translational thioester 

linkage of a saturated palmitic acid (C16:0) to cysteine residues here. For soluble proteins the 

primary function of the palmitoylation is to enhance the affinity of the protein to the 

membrane (Shahinian and Silvius, 1995). For transmembrane proteins it was speculated that 

palmitoylation might facilitate TMD reorientation and tilting to minimize a hydrophobic 

mismatch (Greaves et al., 2009). This idea was supported by investigation in a model system 

(Joseph and Nagaraj, 1995). A positive mismatch of the TMD can alternatively be alleviated 

by sorting the palmitoylated protein to more ordered and therefore thicker membrane domains 

(as discussed above) (Greaves and Chamberlain, 2007). Several examples of palmitoylated 

proteins support the hypothesis that acylation with saturated lipid anchors targets 

transmembrane (but also peripheral) proteins to raft domains (e.g. HA, gp160, LAT, CD4, 

CD8, PAG1; summarized in Levental et al. (Levental et al., 2010), also see (Epand, 2008; 

Chakrabandhu et al., 2007)). Short unsaturated and/or branched lipid modifications in contrast 

have been shown to exclude proteins from partitioning to ordered and more tightly packed raft 

domains (reviewed in (Levental et al., 2010)).  

A protein segment that is located at the protein membrane interface and capable of binding 

cholesterol was also proposed to mediate the partition of proteins to cholesterol rich raft 

domains. This so called CRAC (cholesterol recognition/interaction amino acid consensus) 

motif is defined as an amino acid sequence of L/V-X1-5-Y-X1-5-R/K with X representing 

arbitrary amino acids (Epand, 2008). CRAC domains have inter alia been described adjacent 
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to the single TMD of the fusogenic protein gp41 of HIV as well as for caveolin (Epand, 

2008). Both proteins have been reported to partition to rafts.  

 

1.3.8 Examples for protein sorting  

The formation of progeny enveloped viruses might serve as an example for raft dependent 

protein sorting. Lateral sorting of viral proteins is thought to be raft mediated leading to 

assembly and budding of new viral particles of influenza (Scheiffele et al., 1997), HIV 

(Campbell et al., 2001) and Ebola virus (Bavari et al., 2002). The transmembrane spike 

glycoproteins of influenza, HA and NA, were shown to be enriched in raft domains, first by 

resistance to detergent (Scheiffele et al., 1997; Kundu et al., 1996; Barman and Nayak, 2000), 

but also by more sophisticated methods (Pralle et al., 2000; Hess et al., 2007; Scolari et al., 

2009; Engel et al., 2010; also see Discussion). The three acylations of HA (with two palmitic 

and a stearic acid, see (Kordyukova et al., 2008 and section 5.2.5) was found to be important 

for raft association (Takeda et al., 2003; Scolari et al., 2009; Engel et al., 2010) as well as in 

the assembly of progeny viruses (B. J. Chen et al., 2005). Also the oligomerization of HA and 

NA to its trimeric and quatromeric forms, respectively, will probably favour the raft 

association of these proteins (cf. Simons and Vaz, 2004). The influenza virus M2 protein bears 

a CRAC domain and is also palmitoylated. In a model it was proposed by C. Schroeder et al., 

2005 that the CRAC domain binding cholesterol and the palmitoylation could direct the M2 

protein to the raft domain boundary assisting to pinch of the budding virus particles from the 

plasma membrane.  

The Ras family proteins are small GTPases critically involved in signal transduction. They are 

peripheral membrane proteins attached to the membrane via lipid modifications. The different 

Ras isoforms (K-, N- and H-Ras) are highly homologous proteins differing only at the C-

terminus comprising different membrane anchors (Plowman et al., 2005). All Ras isoforms 

are farnesylated. Additional membrane anchoring is achieved by a positively charged 

polylysine stretch and one or two palmitic acids for K-, N- and H-Ras, respectively (Fig. 8). 

Whereas the double palmitoylated GDP-bound form of H-Ras strongly clusters in cholesterol-

sensitive rafts domains, the activated GTP-bound form is excluded from these domains (Prior 

et al., 2001). K-Ras proteins are only found in cholesterol-insensitive nonraft domains since 

the branched, unsaturated isoprenyl group is not able to partition to the more tightly pack 

domains alone. GTP- and GDP-loaded K-Ras isoforms were found to partition into spatially 
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distinct nanoclusters in an actin dependent manner (Prior et al., 2003; Plowman et al., 2008). 

Interestingly, the palmitoylated and farnesylated N-Ras was found to partition to the domain 

interface in studies using purely synthetic model membranes (Weise et al., 2009a; Weise et 

al., 2009b). It was speculated that at the boundary between the two domains the N-Ras could 

have a stabilizing effect on the domains as the proteins would function as a surfactant 

(Trabelsi et al., 2008).  

 

Fig. 8: Domain partition of the different Ras isofo rms.  Depending on the type of membrane 

anchor the different isoforms of Ras partition to different lipid domains of nonraft, raft and 

domains interface for K-Ras, GDP-loaded H-Ras and N-Ras, respectively. For details see text. 

Figure is modified from (Levental et al., 2010). 
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2 Aim of the study 

Due to the diffraction limit and their very small size, virus or synaptic vesicle fusion with a 

target membrane can only be followed by indirect, fluorescence based methods to gather 

information about the process and its intermediates. Therefore, this study wants to establish a 

method that allows for the direct visualization of lipid bilayer fusion. The GUV model system 

is used here, as the GUV membrane is easily visible by optical microscopy. Incorporation of 

fluorescently labelled transmembrane markers allows for the first time to visualize and 

characterize the formation of large and protein-free hemifusion intermediates in membrane 

fusion. Using this system, the influence of e.g. lipid curvature and membrane tension can be 

studied and kinetic data can be obtained. Experimental results are used to formulate an 

analytical model of membrane fusion that will in turn encourage new experiments. 

This study also aims at the characterization of the lateral sorting of transmembrane and lipid 

anchored proteins to better understand the mechanism and conditions leading to partition of 

proteins into laterally separated lipid domains. Again the model systems of GUVs, but also 

GPMVs resembling a biological membrane will be employed to gain new insights into the 

determining factors for lateral partition from model peptides to full length proteins like HA 

and Ras. Confocal fluorescence and lifetime microscopy will be used to study domain 

partition, but also the physical properties of the lipid environment within the membrane.  



  MATERIAL AND METHODS  34 

 

 

 

����



������
��
�����
������ ��
��
�����
������
��
�����
������ ��
��
�����
������
��
�����
������ ��
��
�����
������
��
�����
������ ��
��
�����

 




!��
������
����
��
����
������!��
������
����
��
����
������!��
������
����
��
����
������!��
������
����
��
����
������
 




Benjamin Nathan Cardozo (* 24.05.1870; † 09.07.1938) 

 

 

 

3 Material and Methods 

3.1 Material 

3.1.1 Chemicals 

Phospholipids and fluorescent lipid analogues were purchased from Avanti Polar Lipids Inc. 

(Birmingham, AL, USA) and used without further purification. Lipid stock solutions were 

stored in chloroform at -20°C. C6-NBD-PC, 1-palmitoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-

4-yl)amino]hexanoyl]-sn-glycero-3-phosphocholine; N-NBD-PE, N-(7-nitro-2,1,3-benzoxa-

diazol-4-yl) hexadecylphosphatidylethanolamine; DOPC, di-oleoyl-phosphatidylcholine; 

POPC, 1-palmitoyl-2-oleoyl-phosphocholine; DOPE, di-oleoyl-phosphatidylethanolamine; 

DOPS, di-oleoyl-phosphatidylserine; SSM, N-stearoyl-sphingosylphosphorylcholine. 

Cholesterol and Annexin V-Cy3 were obtained from Sigma-Aldrich (Taufkirchen, Germany). 

Solvents used for vesicle preparation were of the purest grade available. Indium tin oxide 

(ITO) coated glass slides were supplied by Präzisions Glas & Optik GmbH (Iserlohn, 

Germany). 2.0 mm thick titanium foil for the custom-built GUV chambers was obtained from 

Alfa Aesar (Karlsruhe, Germany).  
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3.1.2 Buffers 

Phosphate buffered saline (PBS) was used in various concentrations (10x to 0.001x PBS) was 

diluted from 10x PBS (40 g NaCl, 1 g KCl, 7,1 g Na2HPO4  2H2O, 1 g KH2 PO4 in 500 mL 

ddH2O) and pH was adjusted to 7.4.  

For GUV preparation and microscopy sucrose buffer (250 mM sucrose, 15 mM NaN3, 

osmolarity of ~280 mOsm/kg) and glucose buffer (250 mM glucose, 11.6 mM potassium 

phosphate, 5.8 mM of Na2HPO4 and NaH2PO4 each, osmolarity of ~300 mOsm/kg, pH 7.2) 

was used, respectively. For microscopy at high ionic strength a NaCl buffer (140 mM glucose, 

11.6 mM potassium phosphate, osmolarity of ~300 mOsm/kg, pH 7.2) was used.  

Giant plasma membrane vesicles (GPMVs) were prepared in 2 mM CaCl2, 10 mM Hepes, 

0.15 M NaCl, 25 mM formaldehyde, 2 mM DTT, pH 7.4. 

 

3.2 Methods  

3.2.1 Preparation of viruses 

The influenza A virus strains A/PR/8/34 and Japan/305/57 were grown and purified as 

described in (Krumbiegel et al., 1994) by Gudrun Habermann and Christian Sieben. In short, 

virus was grown for 48 h in 10 day old embryonated hen eggs. The allantoic fluid of the eggs 

was collected, and cell debris was removed by a low speed spin. The virus was pelleted by 

spinning the allantoic fluid with 90,000 x g for 50 min. The pellet was homogenized with a 

Teflon-coated homogenizer. 

 

3.2.2 Viral lipid extraction 

Lipids from influenza A virus strains A/PR/8/34 and Japan/305/57 were extracted by organic 

solvents according to Bligh and Dyer (Bligh and Dyer, 1959) by Sabine Schiller. In short, 

3 mL chloroform:methanol (1:2) was added to the virus sample, vortexed and incubated for 

30 minutes at 25°C. Addition of 1 mL chloroform is followed by addition of 1 mL acetic acid 

(40 mM). After centrifugation at 1000 g for 10 minutes the lower phase was collected and 

transferred to another glass vial. After addition of 2 mL chloroform to the remaining aqueous 

phase and centrifugation the lower phase was again collected and pooled with the first sample.  
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Phospholipid quantification was done from a dried lipid sample that was solved in 50 µL 

H2O. 300 µl of 70 % perchloric acid were added and the sample was heated at 180°C for 1 h. 

After addition of 1 mL H2O, 0.4 mL ammonium molybdate (1.25 %, w/v) and 0.4 mL 

ascorbic acid (5 %, w/v) the mixture was heated to 100°C for 10 minutes and subsequently 

allowed to cool to 25°C. Absorbance was measured at 797 nm and compared with a KH2PO4 

standard calibration.  

 

3.2.3 Peptide synthesis 

Rhodamine-tagged LV-peptides (Rh-LV-Rh) with a 16 amino acid long hydrophobic core of 

leucine and valine residues flanked on both termini by lysines (Amino acid sequences: Rh-

LLV16-Rh: Rh-KKKKWLLVLLVLLVLLVLLVLKKKK-Rh; Rh-LV16- G8P9-Rh: Rh-

KKKKWLVLVLVLGPVLVLVLVKKKK-Rh) were synthesized by Boc chemistry (PSL, 

Heidelberg, Germany). The Rh-label was added by coupling of a lysine derivative (Fmoc-

Lys(Dde)-OH) to the C- and N-termini during synthesis. Reaction of the peptide with 5-(and-

6)-carboxytetramethylrhodamine succinimidylester (TAMRA, SE) (Invitrogen, Paisley, 

United Kingdom) yielded Rh-labelled peptides.  

Rh-HA, containing 28 amino acid residues of the TMD of HA (strain Japan/305/57, H2; Rh-

HA: Rh-ßA-ILAIYATVAGSLSLAIMMAGISFWMCSNKKK) was synthesized together with 

Ines Kretzschmar and Christiane Landgraf in the group of Rudolf Volkmer (iMi, Charité, 

Berlin) using Fmoc-chemistry performed on the TentaGel S RAM resin (0.25 mmol/g; Rapp 

Polymere, Tübingen, Germany) using the multiple peptide synthesizer (SYRO II, 

MultiSynTech GmbH, Witten, Germany). The coupling reagent (Benzotriazol-1-

yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) and N-Methylmorpholine 

(NMM) were used for activation and Fmoc-deprotection was achieved with 20 % piperidine 

in DMF. Dye-labelling was achieved by coupling TAMRA at the N-terminus via a ß-alanine 

by PyBOPB/NMM activation. The C-terminal end is flanked by three lysine residues. The 

presence of terminal lysines is a common approach to enhance the peptide solubility and to 

promote an insertion into the membrane (Hesselink et al., 2005). Raw products were purified 

by preparative HPLC up to >90 % pureness measured by analytical HPLC and the peptide 

identity was judged by mass spectrometry. 
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Concentration of chloroform stocks of unlabelled peptides was determined from the UV 

absorbance at 280 nm in MeOH using a molar extinction coefficient �  = 6990 M-1 cm-1 (� Trp = 

5500 M-1 cm-1
; � Tyr = 1490 M-1 cm-1). For rhodamine-labelled peptides the concentration was 

determined by absorbance at 541 nm using �  = 93 000 M-1 cm-1. 

 

3.2.4 Efforts to synthesize palmitoylated peptides 

The efforts to yield a triple palmitoylated peptide comprising the TMD and cytoplasmic tail 

(CT) of HA unfortunately failed (also see Discussion 5.2.5). Already the synthesis of the 

longer TMD plus CT peptide with 39 residues was not possible with good yields using solid 

phase peptide synthesis (SPPS) and palmitoylation of the three C-terminal cysteines failed for 

this peptide. The desired sequence of the peptide (from influenza strain A/FPV/Rostock/34) 

was TMD: KDVILWFSFGASCFLLLAIAMGLVFIC551V + CT: KNGNMRC559TIC562I. For 

the palmitoylation reaction a cysteine with a special monomethoxytrityl- (Mmt-) protecting 

group was used allowing a deprotection under weakly acidic conditions. For the formation of 

the thioester linkage of palmitic acids two protocols were tested. First, Yousefi et al. (Yousefi-

Salakdeh et al., 1999) used 100 % trifluoroacetic acid (TFA) for 10 minutes at room 

temperature to activate the palmitoylchloride. The second protocol from the Waldman lab was 

published originally for the palmitoylation of Ras peptides where S-palmitoylation was 

achieved after removal of the Mmt group by addition of palmitoylchloride in the presence of 

1-Hydroxybenzotriazole (HOBt) and triethylamine for 16 hours (Ludolph et al., 2002).  

To avoid the ineffective synthesis of the entire peptide the idea was to divide the sequence 

into three shorter peptide fragments that will be palmitoylated and finally ligated 

(KDVILWFSFGASCFLLLAIAMG + LVFIC551VKNG + NMRC559TIC562I). Both protocols 

were tested using the C-terminal fragment first. Only for the protocol proposed by Ludolph et 

al. (Ludolph et al., 2002) the corresponding peptide mass could be detected in a Maldi-TOF 

mass spectrometry analysis, but at very low yields (<1 %). To exclude a steric hindrance of 

the resin for the palmitoylation reaction a linker (hydroxylmethylphenoxy acetic acid) was 

introduced between the peptide and the resin (TentaGel AM HMPA resin; Rapp Polymere, 

Tübingen, Germany), but the reaction could not be improved.  
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3.2.5 Preparation of lipid membrane vesicles 

3.2.5.1 Preparation of large unilamellar vesicles (LUVs) 

In a first step, multilamellar vesicles (MLVs) were prepared from the desired lipid mixture 

dissolved in chloroform with 1 mol% of the respective fluorescent lipid analogue. For 

incorporation of the respective transmembrane peptide dissolved in TFE the desired quantity 

was added to the lipid mixture. Ablating the solvent under a stream of nitrogen while rotating 

the conical test tube yielded a thin lipid film. About 5 µl ethanol (max 1 % of the final amount 

of buffer) were added to partially dissolve the lipid film from the glass surface. Buffer 

solution at T > Tm was added to hydrate the lipid film, which was then vortexed for a time 

sufficient to generate MLVs (~ 5 min).  

Applying five freeze-thaw cycles to MLVs and extruding the solution ten times through 

200 nm polycarbonate membrane filters (Nuclepore, Whatman Schleicher & Schuell, Dassel, 

Germany) at a temperature above the phase separation temperature of the lipid mixture 

yielded large unilamellar vesicles (LUVs). LUVs were stored at 4°C and used within one 

week after preparation. 

 

3.2.5.2 Preparation of giant unilamellar vesicles (GUVs) 

Giant unilamellar vesicles (GUVs) were prepared from dried lipid films using the 

electroformation method established by (M. Angelova et al., 1992) and (Mathivet et al., 

1996). Lipid mixtures along with 1 mol% of the respective lipid analogue were made from 

stock solutions in chloroform. Solvent was ablated and finally 100 nmol of lipids were 

dissolved in 80 µl trifluoroethanol (TFE). For incorporation of the respective transmembrane 

peptide or molecular rod dissolved in TFE or chloroform/methanol (1:1, v/v), respectively, the 

desired quantity was added. The lipid/peptide solution was spotted onto two ITO-coated slides 

that were placed on a hotplate at 50-60°C immediately thereafter to evaporate the solvent and 

thus to ensure a homogenous distribution of the lipid films at a temperature above Tm. 

Remaining traces of solvent were removed under high vacuum <10 mbar for at least 1 hour. 

Lipid-coated slides were assembled with a 1 mm silicone spacer (Fig. 9). This electroswelling 

chamber was filled with 1 mL prewarmed (50-60°C) sucrose buffer (250 mM sucrose, 15 mM 

NaN3, osmolarity of 280 mOsm/kg) and sealed with plasticine. An alternating electrical field 

of 10 Hz rising from 0.02 V to 1.1 V in the first 54 minutes was applied for 2.5 hours at 50°C 
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followed by 30 minutes of 4 Hz and 1.3 V to detach the formed liposomes. GUVs were stored 

at ambient temperatures, shielded from light and used within one week after preparation.  

In another approach GUVs were generated in a chamber made from two hollowed titanium 

plates (Fig. 9) instead of ITO-coated glass slides due to a possible peroxidation at lipid double 

bonds of SM and unsaturated phospholipids as reported by (Ayuyan and Cohen, 2006). 

Results were found to be independent of whether GUVs were prepared on ITO slides or 

titanium plates.  

 

Fig. 9: Chambers for GUV preparation . Made from two Indium tin oxide coated glass slides 

and a 1 mm insulating layer of silicone with two conductive copper foils (left) or made from two 

hollowed titanium plates with a piece of Parafilm (Pechiney Plastic Packaging, Chicago, IL, 

USA) for insulation in between.  

 

3.2.6 Tetramethylrhodamine labelling and reconstitution of hemagglutinin into GUVs 

For the labelling and reconstitution of HA two slightly different protocols were applied. 

According to the first protocol HA was labelled with TMR (5/6-Carboxytetramethyl-

rhodamine maleimid, emp Biotech, Berlin, Germany) on the intact virus particle, from which 

HA containing virosomes were generated to finally produce GUVs with reconstituted HA for 

the hemifusion experiments. In the second protocol the virus proteins were first isolated from 

the virus and subsequently labelled with TMR by Thomas Korte and Gudrun Habermann. 

Proteoliposomes were generated from labelled HA and subsequently used for GUV 

preparation for the lipid domain specific sorting experiments.  
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Protocol 1: Influenza virus strain X31 was preincubated for 2 h at RT in the dark with TMR, 

which readily reacts with the cysteine residues of HA and was added from a 5 mM Me2SO 

stock to molar excess of 10 over HA. Uncoupled TMR was removed by washing labelled 

virus in phosphate buffered saline (PBS, pH 7.4) and harvested by centrifugation at 

52 000 × g. SDS-PAGE analysis revealed that only influenza virus HA was labelled (data not 

shown).  

Virosomes were prepared according to (Papadopulos et al., 2007). Triton X-100 solubilized 

influenza virus with TMR-labelled HA was mixed with a Triton X-100 solubilized lipid 

mixture of DOPC:DOPE:DOPS (3:1:1, molar ratio) at a lipid/protein ratio of 20 (w/w) and 

incubated for 1 h. To remove detergent and to generate virosomes 1 g of SM2 BioBeads (Bio-

Rad, Munich, Germany) per 70 mg of Triton X-100 were added and rotated at 4°C. After 12 h 

the same amount of BioBeads was added for another 4 h. The turbid suspension was 

withdrawn carefully from the beads and washed twice with PBS and collected by 

centrifugation (55 000 × g, 1 h, 4°C) to remove remaining detergent.  

GUVs with reconstituted viral protein were generated according to (Girard et al., 2004). 

Virosomes were diluted with distilled water to 0.4-0.8 mg/mL lipid, 0.02 g sucrose/g lipid was 

added to protect proteins during the following dehydration (Doeven et al., 2005) and finally 

50 � l of this suspension was deposited onto each ITO slide or titanium plate. Dehydration was 

achieved by placing the slides in a sealed chamber containing a saturated NaCl solution 

overnight. Thereafter, formation of GUVs followed the electroformation method described 

above. 

Protocol 2: 20 mg virus protein from Triton X-100 solubilized influenza virus strain X31 was 

incubated for 2 h at RT in the dark with TMR, added from a 5 mM Me2SO stock to molar 

excess of 10 over HA. Uncoupled TAMRA was removed by washing three times in phosphate 

buffered saline (PBS, pH 7.4) and harvested by centrifugation at 52 000 × g. The pellet was 

solubilized by adding 500 � l PBS, pH 7.4, containing 28 % (w/v) octylglycoside (Alexis, 

Lörrach, Germany) and gently shaken on ice in the dark for 1 h (Bottcher et al., 1999). After 

centrifugation for 1 hour (100 000 × g, 4°C), the HA containing supernatant was purified by 

affinity chromatography on ricin A agarose (Ricinus communis lectin, Sigma-Aldrich, 

Munich, Germany). To remove detergent and galactose, 1 vol sample was dialysed against 

500 vol PBS, pH 7.4. The purity of TMR-labelled HA was verified by SDS-PAGE. 
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Purified TMR-labelled HA was solubilized by Triton X-100 and proteoliposomes and GUVs 

were generated following protocol 1 with the exception that a Triton X-100 solubilized lipid 

mixture of DOPC:SSM:Chol (1:1:1, molar ratio) or virus lipid extracts from influenza virus 

strain A/PR/8/34 with 1 mol% C6-NBD-PC was used.  

 

3.2.7 Preparation of giant plasma membrane vesicles 

GPMVs were prepared by Silvia Scolari (Nikolaus et al., 2010a) according to (Baumgart et 

al., 2007a; Sengupta et al., 2008), which is a modified protocol originally described by (Scott, 

1976; Scott and Maercklein, 1979; Holowka and Baird, 1983). In short, GPMVs were 

generated from confluent CHO-K1 cells 24 h after transfection with HA-Cer, TMD-HA-YFP 

or GPI-CFP using Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany). HA-Cer and TMD-

HA-YFP are described in (Engel et al., 2010) and (Scolari et al., 2009), respectively. GPI-

CFP has been kindly provided by Patrick Keller (P. Keller et al., 2001). All fluorescent 

constructs contain the A206K mutation preventing their dimerization (Zacharias et al., 2002). 

Cells grown in flasks were washed twice with GPMV buffer (2 mM CaCl2, 10 mM Hepes, 

0.15 M NaCl, pH 7.4). Then 1.5 mL of GPMV buffer containing 25 mM formaldehyde and 

2 mM dithiothreitol (DTT) were added and flasks were incubated for 1 h at 37°C slowly 

shaking (60–80 cycles per minute). After incubation, detached GPMVs were gently decanted 

into a conical glass tube. GPMVs were allowed to sediment for 30 min at 4°C. For 

microscopy 30 � l of GPMVs were labelled with a 20 � M R18 (Octadecylrhodamine-B-

chloride, Invitrogen, Karlsruhe, Germany) solution. Images of the equatorial plane of the 

GPMVs were taken at 10°C.  

For fluorescence lifetime imaging (see below section 3.2.12) GPMVs as well as intact CHO-

K1 cells were labelled with C6-NBD-PC as described in (Stockl et al., 2008). Aliquots of C6-

NBD-PC were ablated in a glass tube and resolved in buffer. GPMVs were incubated for 

some minutes at a final concentration of 2 µM at room temperature. CHO-K1 cells were first 

washed with cold PBS. Labelling was performed for 20 min on ice at a final concentration of 

0.5-1 µM C6-NBD-PC. Subsequently, cells were intensively washed with PBS (25°C) and 

imaged immediately to ensure a labelling primarily of the plasma membrane.  
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3.2.8 Preparation of red blood cells and incorporation of the molecular rod 

For the incorporation of the molecular rod in biological membranes human red blood cells 

(RBCs) and RBC ghosts were used. Blood stabilized by citrate was provided by the blood 

bank Berlin-Lichtenberg, Germany. Buffy coat of the erythrocytes was removed and RBCs 

were washed twice in HBS buffer at 4°C. RBC ghosts were obtained according to (Dodge et 

al., 1963). Rh-Rod-Rh was added to RBC and RBC ghost membranes from a stock solution 

dissolved in DMSO and incubated for 0.5 to 4 hours at a final concentration of 10-20 µM. For 

the addition of Rh-Rod-Rh to GUV membranes a similar protocol was used. 

 

3.2.9 Ras protein synthesis and membrane binding experiments 

Bodipy-labelled full length N-Ras and K-Ras4B proteins were provided by Gemma Triola and 

Herbert Waldmann (MPI Molecular Physiology, Dortmund) and syntethized as described 

before (Bader et al., 2000; Vogel et al., 2009; Y. X. Chen et al., 2010; Weise et al., 2010). In 

short, lipidated N- and K-Ras peptides were synthesized and subsequently ligated with the 

respective purified C-terminally truncated wild type Ras protein expressed and purified from 

E. coli. SDS-PAGE and MALDI-TOF MS were used to analyze the proteins. Proteins were 

added to GUVs and GPMVs to yield a final concentration of about 2 µM and incubated at 

room temperature for the indicated time.  

 

3.2.10 Fluorescence microscopy 

Images of the equatorial plane of GUVs and GPMVs were taken with an inverted confocal 

laser scanning microscope FluoView 1000 (Olympus, Hamburg, Germany) with a 60× (N.A. 

1.35) oil-immersion or a 60× (N.A. 1.20) water-immersion objective. If necessary, a custom 

built temperature chamber was used together with µ-Slide VI chamber (ibidi, Martinsried, 

Germany) allowing cooling or heating the sample in a range of 4°C to 37°C. Cover slips were 

used for microscopy at room temperature except for long-lasting experiments, where poly-L-

lysine-coated glass bottom culture dishes (MatTek Corporation, Ashland, MA USA) were 

used. GUVs were added to glucose buffer (250 mM glucose, 11.6 mM potassium phosphate, 

pH 7.2) with an osmolarity of 300 mOsm/kg at a ratio of 1:1 to 1:3. Prior to microscopy 

GUVs were given some minutes to settle down on the cover slip due to the higher density of 
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the sucrose buffer in the GUVs compared to the glucose buffer on the outside. The difference 

in the refractive indices between the two buffers also allows for a better visualization of the 

GUV membranes in differential interference contrast (DIC) microscopy (Sinn et al., 2006). 

The slightly hypertonic pressure due to the slight difference in buffer osmolarity allows 

originally spherical GUVs to undergo shape changes, e.g. those associated with adhesion, due 

to an altered surface to volume ratio (Papadopulos et al., 2007).  

 

3.2.10.1 Confocal laser scanning microscopy (CLSM) 

The CLSM setup described above was used to acquire images with a size of 512×512 pixel in 

a sequential scanning mode. An Argon ion and a Helium–Neon laser (both from Melles Griot, 

Bensheim, Germany) as well as a 440 nm laser diode (PicoQuant, Berlin, Germany) were 

used for excitation. For a detailed list of fluorophores, lasers and filters see Tab. 1. 

Tab. 1: List of fluorophores, lasers and filters  used in this work. WL: wavelength; DM: 

dichroic mirror; Ar-ion: Argon ion laser; He-Ne: Helium-Neon laser. 

Laser type Fluorophore Excitation 
WL / nm 

DM              
/ nm 

Emission WL      
/ nm 

Confocal 

Laser diode Cerulean 440 440/488/543 460-490 

 CFP 440 440/488/543 460-490 

Ar-ion NBD 488 405/488/559/635 500-530 

 BODIPY 488 405/488/559/635 500-530 

 YFP 515 BS 20/80 530-545 

He-Ne TAMRA 559 405/488/559/635 570-670 

 R18 559 405/488/559/635 570-670 

FLIM  

Laser diode NBD 470 405/458/515 520-560 

 

3.2.10.2 Wide field microscopy – CCD camera 

To image the fusion kinetics a high resolution digital B/W CCD camera (ORCA-ER, 

Hamamatsu, Herrsching, Germany) was used with an epifluorescence illumination. The filter 

combination used was either a 510/50 nm excitation filter in combination with a >590 nm 

long pass emission filter or a 480/20 nm excitation filter together with a >510 nm long pass 
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emission filter. To trigger adhesion and fusion divalent cations were added from a 100 mM 

stock solution by a syringe. The images were edited with the Cell M software and intensity 

plots were created using FluoView FV 1000 software (both from Olympus, Hamburg, 

Germany). 

 

3.2.11 Fluorescence recovery after photobleaching (FRAP) 

FRAP measurements were performed with the same confocal setup as described above. Laser 

intensity was established at 488 nm to photobleach about 80 % of the fluorescence of the 

NBD lipid analogue. FRAP was performed in the equatorial plane of a GUV bleaching an 

upright membrane area of about 7 µm × 1 µm. Subsequently, scanning of the bleached area 

was continued with low laser intensity for about 90 seconds. Recovery kinetics was fitted to 

F(t) = F0�  + F� t / (t + � )  which is an approximation of the theoretical recovery curve, where t 

is the time after bleaching, F(t) is the fluorescence as a function of time, F0 is the fluorescence 

immediately after bleaching, F�  is the amount of fluorescence recovery, and �  is the time of 

half-maximal recovery (Axelrod et al., 1976; Kwon et al., 1994). Fitting procedures yield 

accurately fitted experimental curves. Calculation of the diffusion coefficient (D) was done 

using the equation: D = (� /4)� /�  where �  is related to the bleaching depth and is 

approximately 1.45 under these experimental conditions (Yguerabide et al., 1982), �  is the 

bleached area, and �  is the calculated time for half-maximal recovery. Performing FRAP in an 

upright membrane area may not necessarily be comparable with standard FRAP experiments 

on horizontal membranes, but it is appropriate for comparison of the two situations, the 

diffusion in the contact region (HD) and outside of this region, respectively. The mobile 

fraction (Mf) was calculated using: Mf = (F�  - F0)/(1 - F0). 

 

3.2.12 Fluorescence lifetime imaging microscopy (FLIM) 

Data acquisition of FLIM images was done using an inverted confocal laser scanning 

microscope IX81 equipped with a 60× oil-immersion objective (N.A. 1.35) and a FluoView 

FV 1000 scan head (Olympus, Hamburg, Germany). A pulsed diode laser with a pulse 

frequency of 10 MHz and a pulse width of 60 ps was used to excite the fluorophores at a 

wavelength of 470 nm. Fluorescence emission was detected using a 540/40 nm bandpass 

filter. FLIM images (512 × 512 pixels) were acquired with an FLIM upgrade kit (PicoQuant, 



  MATERIAL AND METHODS  45 

Berlin, Germany) with a PicoHarp 200 for time-correlated single photon counting (TCSPC) 

with picosecond resolution. In TCSPC the time difference between the laser pulse excitation 

and the single photon signal detected with the single photon avalanche diode (SPAD) is 

measured and the photon lag time is determined, which allows for the calculation of the 

fluorescence lifetime decay curve summarising over all detected photons. To avoid an 

overestimation of shorter lifetimes the laser intensity was adjusted to yield a maximum 

photon count rate of 1 % of the pulse rate (~2-4 x 104 counts/s). 60 frames were acquired for 

each image.  

Fluorescence lifetimes were determined using the SymPhoTime and FluoFit software 

(PicoQuant, Berlin, Germany). The lipid bilayer of GUVs or the plasma membrane of living 

cells or GPMVs with the NBD lipid analogue was selected using an intensity based threshold 

that was refined manually. A fluorescence lifetime decay curve was calculated from the 

selected membranes for each image. A non-linear least squares iterative fitting procedure was 

applied to the ‘tail’ of the decay curve (tail-fit, ~3-80 ns after the pulse) that is not affected by 

the instrument response function (IRF) to calculate the fluorescence lifetimes of NBD (Stockl 

et al., 2008; Nikolaus et al., 2010a):  

� -=
i

ii ttF )/exp()( ta  

where F(t) is the fluorescence intensity at time t and � i is a pre-exponential factor representing 

the fractional contribution to the time-resolved decay of the component with a lifetime � i such 

that 	 i� i=1. For the calculation of lifetime histograms the fitting procedure was performed for 

every pixel of a selected region of interest. 

The number of lifetime components used for the fitting procedure was dependent on the lipid 

composition of the membranes. In single lipid systems (plus lipid analogue) or systems with 

defined large lipid domains - so within each of these domains - already two lifetime 

components yield sufficiently good fits, whereas in multilipid systems (GUVs from viral 

lipids or GPMVs) a fitting procedure with three different lifetimes was applied. The 

distribution of the residuals and the 
 2 value were used to judge the quality of the fit. 
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4 Results 

The results obtained during this work will be presented following the steps of a viral 

replication cycle and focus on two important phases in this process: fusion and assembly. The 

fusion pathway of lipid membranes and an important intermediate herein will be investigated. 

Many of the obtained results are published in Nikolaus et al. (Nikolaus et al., 2010b). This 

first section is followed by a second part, focusing on the sorting of viral proteins and the 

possible involvement of lipid domains. To characterize the properties of these possible sorting 

platforms, also non-viral proteins such as lipid anchored RAS come into play.  

 

4.1 Direct visualization of large and protein-free hemifusion diaphragms  

4.1.1 Giant unilamellar vesicles as a model system to study hemifusion 

For the visualization of hemifusion between two lipid bilayers a model system of giant 

unilamellar vesicles (GUVs) is ideally suited. Due to their remarkable large size with a 

diameter of 1 – 100 µm (Walde et al., 2010), giant vesicles are easily visible by light and 

fluorescence microscopy. The electroformation method is a reliable technique for the 

preparation of GUVs compared to others methods like gentle hydration (Rodriguez et al., 

2005) or rapid evaporation (Moscho et al., 1996). Electroformation, using an alternating 
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electric field, was first described by Angelova and Dimitrov (M. I. Angelova and Dimitrov, 

1986; M. Angelova et al., 1992; Dimitrov and Angelova, 1987) and allows for the preparation 

of GUVs with a defined lipid composition with only slight variances of the used lipid mixture 

originally prepared in organic solvent (Veatch and Keller, 2003). For the hemifusion 

experiments GUVs were prepared from a mixture of unsaturated phospholipids 

DOPC:DOPE:DOPS (3:1:1, molar ratio). Similar results were observed when DOPC was 

replaced by POPC (not shown). The mixture resembles the major fraction of phospholipids in 

intracellular membranes, in particular of the Golgi, and in the cytoplasmic leaflet of the 

plasma membrane of mammalian cells, the major sites for fusion processes in the cell 

(Holthuis et al., 2003; Holthuis and Levine, 2005). Furthermore, this lipid composition has 

been shown previously to be optimal for TMD peptide mediated fusion studies using smaller 

liposomes (Gurezka et al., 1999; Hofmann et al., 2004; Ollesch et al., 2007). The correct 

incorporation of the anionic phospholipid DOPS was tested by incubation of GUVs with 

Annexin V-Cy3 in the presence of Ca2+. Annexin V binds to membranes only in the presence 

of negatively charged lipids. A homogenous lateral distribution of DOPS was found (Fig. 10 

B). The different rhodamine-tagged transmembrane peptides used in this part of the study and 

the fluorescent lipid analogue N-NBD-PE were reconstituted into the GUV membrane during 

vesicle preparation. The different peptides and the lipid analogue N-NBD-PE were 

homogenously distributed in the membrane of the respective GUVs (Fig. 10). 

 

Fig. 10: Laser scanning confocal microscopy images  of the equatorial plane of GUVs 

prepared from a lipid mixture of DOPC:DOPE:DOPS (3:1:1, molar ratio) including the green 

fluorescent lipid analogue N-NBD-PE (A) found in a homogeneous distribution. PS is evenly 

integrated in the bilayer indicated be a homogenous distribution of red fluorescent labelled PS-

binding protein Annexin V-Cy3 (B). The rhodamine-labelled transmembrane peptides of HA 

Rh-TMD (C) and the model peptides Rh-LLV16-Rh (D) and Rh-LV16-G8P9-Rh (E) as well as 

the molecular oligospiroketal Rh-Rod-Rh (F) are all also homogenously incorporated in the 

GUV membrane as shown by detecting the homogenous red fluorescence. Images were taken 

at 25°C, Scale bar corresponds to 5 µm. 

To test whether the reconstituted peptides were incorporated in a transmembrane manner 

during GUV formation and not just adhered to the bilayer by electrostatic interaction between 
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the negatively charged PS on the one side and the positively charged lysine residues of the 

peptide on the other side, the rhodamine fluorescence intensity at the GUV membrane was 

followed upon stepwise increasing the ionic strength of the buffer by addition of 100 mM 

NaCl solution. For Rh-LLV16-Rh a linear decrease of only ~8 % of the rhodamine 

fluorescence at the GUV membrane was detected upon doubling the ionic strength of the 

buffer, thus arguing for a transmembrane incorporation. A possible explanation for the slight 

decrease in fluorescence could be that few peptides are only peripherally attached to the 

membrane by electrostatic interaction, which dissociate upon shielding of the terminal lysine 

residues and PS by Cl- ions, whereas the majority of peptides are well inserted across the 

bilayer. Transmembrane incorporation was also corroborated following the blue shift of the 

fluorescence emission of a Tryptophan residue placed in the centre of the HA-TMD due to the 

more hydrophobic environment close to the bilayers hydrophobic centre (not shown).  

 

4.1.2  Formation and expansion of a hemifusion diaphragm  

First, the interaction of N-NBD-PE labelled GUVs with GUVs containing Rh-LV-Rh peptides 

was studied. Previous observations showed that these peptides are able to trigger fusion 

between large unilamellar vesicles (Hofmann et al., 2004; Ollesch et al., 2007). Aggregation 

of GUVs was achieved at 2 mM Ca2+ or Mg2+ (Papahadjopoulos et al., 1977; 

Papahadjopoulos et al., 1990). When raising the Ca2+ concentration to 6 mM by injection of a 

100 mM CaCl2 solution via a pipette, typically the following sequence of events (Fig. 11) was 

observed: An area with significantly reduced fluorescence intensity emerged within the region 

of the initial contact between two GUVs approx. 5 seconds after the increase of Ca2+-

concentration. The first image corresponding to t = 0 refers to the last snapshot before 

alterations of the adhesion region between two GUVs were detected. A reduction of 

fluorescence in the adhesion region is essentially caused by sequestering of Rh-labelled 

peptides, but also due to displacement of N-NBD-PE (Fig. 13). A more detailed analysis (see 

below, section 4.1.3) revealed that sequestering of TMDs is due to formation of an HD.  

The kinetics of the HD growth for the three GUV pairs is plotted in Fig. 11 D (assessed HD 

area vs. time). All three HD formations exhibit an almost linear evolution in time. These and 

the following results were also used to develop a quantitative analytical model, describing the 

kinetics and equilibrium of the HD formation on the pathway to full fusion by Jason M. 

Warner and Ben O’Shaughnessy (Columbia University, New York). In Fig. 11 D the short 
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time model prediction is plotted (solid line) which agrees well with the measured HD growth 

data (see Discussion). An HD growth rate between 22 and 34 µm2/s was measured which 

consistent with the analytical model predicting a linear short term HD growth rate of 24 µm2/s 

(Fig. 11 D, solid line).  

 

Fig. 11: Sequence of fusion between GUVs  made of DOPC:DOPE:DOPS (3:1:1, molar 

ratio), containing either 1 mol% Rh-LLV16-Rh or 1 mol% N-NBD-PE (indicated by an arrow). 

Pairs of GUVs were imaged by fluorescence microscopy using the Olympus Cell^M software 

((A) excitation filter 510/50 nm, emission filter >590 (long pass filter); (B and C) excitation filter 

480/20 nm, emission filter >510 nm (long pass filter)) at 25°C. Arrows in the magnifications 

indicate the borders of the growing HD. (A) bright spot in the lower figure part corresponds to 

fluorescent aggregates inside the large GUV. In the last image the GUVs disintegrate. (B and 

C) In the last images the HD ruptures very likely at junction site of the three bilayers at the HD 

periphery and retracts to the opposite side (indicated by an arrow). Bar 5 � m. (D) shows HD 

area growth vs. time for the three depicted fusing GUVs. Solid line presents model prediction 

from Jason M. Warner and Ben O’Shaughnessy (Columbia University, New York). 
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Magnification of the HD region shows that a structure of rather high fluorescence intensity 

was formed at the rim of this region, which may correspond to transient enrichment of 

sequestered molecules (Fig. 12). Finally, the diaphragm ruptures, very likely at the junction 

site of the three bilayers at the HD periphery and retracts to the other side (Fig. 11 B and C). 

 

Fig. 12: Temporary enrichment of TMD peptides at the rim of the forming HD . CCD 

camera images of the fusion kinetic of Fig. 11 A are presented in an intensity plot showing the 

forming HD and its rim. Upon formation of the HD (see fluorescence decrease in the forming 

HD (large open arrow)) there is a temporary local fluorescence increase at the rim of the 

forming HD (see small solid arrows) as the TMDs get sequestered. The small open arrow 

marks structures in the GUV not related to fusion. Note, the large open arrow in the intensity 

plots indicates also the direction of view (from back to front). 

 

4.1.3 Quantification of fluorescent analogues confirms HD formation  

At 2 mM Ca2+ or Mg2+ GUVs attached, but did not fuse immediately or even remained 

unfused. Using these conditions the distribution of N-NBD-PE and Rh-LV-Rh could be 

visualized and quantified within the area of contact that was stable on a timescale of seconds 
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to minutes (Fig. 13). To mimic the TMD of a native fusogenic protein the peptide Rh-HA-

TMD was also studied corresponding to the TMD of influenza virus hemagglutinin from 

strain A/Japan/305/57 (H2). The peptides differ not only in their amino acid sequence, but 

also in their secondary structure. Whereas Rh-HA-TMD and Rh-LLV16-Rh have been shown 

to be � -helical, Rh-LV16-G8P9-Rh exhibits a � -sheet structure (Tatulian and Tamm, 2000; 

Hofmann et al., 2004; Ollesch et al., 2007). For both types of peptides sequestering from the 

adhesion region was observed. For Rh-HA-TMD the peptide was sequestered in 77 out of 91 

cases (85 %). Since both LV- and HA-TMDs were sequestered, displacement seems to be 

typical for TMD peptides and not related to a specific sequence. Rh-HA-TMD was not or 

only partially sequestered in the remaining cases. In this case no redistribution of N-NBD-PE 

to the peptide containing GUV was found (see below and Fig. 14). This observation also 

precludes that sequestering of TMD peptides is related to the rhodamine moiety due to e.g. 

steric hindrance, since peptides with the rhodamine moiety are for few cases also found at the 

site of two closely adhered membranes. Even for Rh-HA-TMD peptides, labelled with a 

rhodamine only at the N-terminus, with the rhodamine moiety facing towards the lumen of 

the GUV for presumably 50% of the Rh-HA-TMDs the peptide could still be located in the 

attachment site. With this orientation the TMD peptide would expose its three C-terminal 

lysine residues on the exterior of the GUV and they could in principle interact with the 

negatively charged head groups of DOPS in the outer leaflet of the opposite, attached GUV. 

Although in 14 out of 91 cases (15 %) attached GUV with TMD peptides in the adhesion 

region were observed, displacement of the TMD peptides for GUVs shown in Fig. 13 shows 

that any electrostatic interaction between lysine residues and PS was not sufficient to keep the 

peptides in the adhesion region. When both contacting GUVs contained peptides contact 

regions with sequestered peptides were also found (see below, Fig. 17), but less frequently.  
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Fig. 13: Fluorescence intensity of fluorescent lipi d analogues in the contact region .  

(A) Expected fluorescence intensity of N-NBD-PE in membranes of adherent GUVs (left GUV 

labelled with N-NBD-PE (green); right GUV with inserted peptide (red)). Intensity is shown for 

two possible different structures of the adhesion region: (I) HD; (II) two separate adherent 

bilayers. While for (II) no N-NBD-PE is found in the peptide-containing GUV, the outer leaflet of 

the peptide-containing GUV becomes labelled by the analogue for (I). However, NBD intensity 

is reduced by approximately about 50 % due to FRET from NBD to Rh-labelled peptides. (B 

and C) GUVs containing the peptide Rh-LV16-G8P9-Rh (B) or Rh-HA-TMD (C) and N-NBD-

PE labelled GUVs were mixed. 2 mM Ca2+ or Mg2+ were added to trigger adhesion of GUVs. 

Distribution of Rh-labelled peptide (a); distribution of N-NBD-PE (b); overlay of a and b (c). 

Fluorescence intensity profiles of rhodamine (d) and NBD (e). N-NBD-PE fluorescence 

intensity in three different bilayer regions is given in (f): Region of the NBD-labelled GUV 

outside the HD (intensity was set to 100 %), HD, and region of the peptide-containing GUV 

outside the HD. Differences between (B) and (C) with respect to the relative intensities are due 

to the different sizes of GUVs.  
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Fig. 14: Adhesion regions without sequestered pepti des. GUV pairs for which Rh-HA-TMD 

peptides are not sequestered from the adhesion region. (A) Pair of N-NBD-PE labelled GUV 

and of peptide (1 mol%) containing GUV. Lateral distribution of Rh-labelled peptide Rh-HA-

TMD, N-NBD-PE and overlay are shown. Note N-NBD-PE is not redistributed to the peptide-

containing GUV (cf. Fig. 13). (B to D) Both GUVs contain 1 mol% (B and C) or 5 mol% peptide 

(D). Bar 5 � m. 

A contact region devoid of TMDs could be indicative of an HD. To unravel the membrane 

organization in this region, the NBD fluorescence intensity was quantified. As illustrated in 

Fig. 13 A, NBD fluorescence allows to distinguish between adhered, yet unfused bilayers and 

an HD. For hemifusion two criteria can be identified: First, N-NBD-PE is expected to 

redistribute to the outer leaflet of the peptide-containing GUV. Note, that the intensity of N-

NBD-PE (donor) in the outer leaflet of the peptide-containing GUV is decreased by Förster-

Resonance-Energy-Transfer (FRET) to rhodamine (acceptor). Second, as a consequence of 

lipid analogue redistribution in the outer, but not in the inner leaflets between GUVs the NBD 

fluorescence intensity in an HD should be about two thirds of that found outside of this region 

in the GUV, originally labelled with N-NBD-PE. On the other hand, if the contact region still 

consists of two separate bilayers, the NBD fluorescence in and outside this region would be 

similar for the N-NBD-PE labelled GUV and N-NBD-PE would not redistribute to the 

apposed membrane of the peptide-containing GUV since the headgroup labelled N-NBD-PE 

is anchored to the lipid membrane leaflet by two long fatty acid chains (cf. Fig. 14 A). The 

NBD intensity pattern of images in figure Fig. 13 B and C indeed suggests that an HD has 

been formed. Further, the transmembrane incorporated peptide did not redistribute to the N-

NBD-PE labelled GUV due to geometric restrictions by anchoring of the TMD in both bilayer 

leaflets, since only the outer leaflets are merged for the hemifusion intermediate, whereas a N-

NBD-PE labelling of the GUV containing the peptide was found (see sketch Fig. 13 A I). N-
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NBD-PE fluorescence is reduced by FRET. The latter would not be expected if two bilayers 

would form an adhesion region.  

 

4.1.4 Further conformation of HD formation by fluorescent analogue addition  

Further evidence for the formation of an HD was obtained by studying the contact region 

between Rh-HA-TMD containing GUVs and non-labelled GUVs (no N-NBD-PE present). To 

GUVs forming a contact region with sequestered peptides the short-chain lipid analogue C6-

NBD-PC was added, which is known to insert rapidly into the exposed, outer membrane 

leaflet (see cartoon, Fig. 15 A). A rapid labelling of both GUV membranes except for the 

contact region was found (Fig. 15 B, C and D). The intensity profile of the analogue outside 

this region reveals that insertion of the analogue reached equilibrium within about 1 min (Fig. 

15 Bc). Again, the NBD fluorescence in GUVs containing the TMD peptides is lower due to 

FRET (Fig. 15 Bc). This labelling pattern supports the existence of an HD since an adhesion 

region formed by two separate bilayers would be rapidly labelled by lateral diffusion of 

analogues. Assuming a typical lateral lipid diffusion rate of about 1 µm²/sec, an analogue 

would diffuse about 2 µm per sec, or migrate into a 10 µm wide contact region within 5 sec. 

However, weak NBD fluorescence was detected only after about 130 sec in the HD. Slow 

labelling of the HD is most likely due to redistribution of the short-chain analogues from the 

outer to the inner leaflet of GUVs caused by peptide mediated perturbations of the bilayer 

and/or by the membrane structure at the junction site of three bilayers at the HD periphery. 

The fluorescence in the HD slowly increased to a level comparable to that of the NBD 

intensity in the peptide-free GUV outside this region. The latter observation argues also for 

the formation of an HD. If this region would consist of two intact bilayers with only the outer 

leaflets labelled, the final fluorescence intensity would be twice as much as that observed 

outside this region. To verify that labelling of the HD is due to redistribution of analogues to 

the inner leaflet and not due to restricted diffusion of analogues between two adhered intact 

bilayers, fluorescence recovery after photobleaching (FRAP) measurements were performed 

in the equatorial plane of the GUVs after a constant fluorescence of C6-NBD-PC in the HD 

has been reached. The same recovery pattern in the HD and outside of this region was found 

(Fig. 16), which would not be expected in the case of restricted diffusion between two 

bilayers. Hence, neither the slow labelling kinetics nor the final fluorescence intensity and the 
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lateral diffusion of analogues are compatible with the presence of two intact separated 

bilayers in the adhesion region.  

 

 

Fig. 15: Lipids in the outer leaflet cannot enter t he HD. C6-NBD-PC was added to pairs of 

GUVs with sequestered Rh-TMD peptides. After insertion of the lipid analogue in the outer 

leaflet, labelling of the contact region was studied by following the lateral distribution of the 

NBD fluorescence. (A) Sketch of C6-NBD-PC localization. In case of HD formation no fast 

redistribution of the lipid analogue to the HD is observed (I) whereas the adhesion region 

becomes quickly labelled when it is formed by two separated bilayers (II). (B) Lateral 

distribution of C6-NBD-PC observed by confocal fluorescence microscopy. (a) Images of a 

GUV pair before addition of C6-NBD-PC (t = 0). From left to right: DIC; distribution of C6-NBD-

PC (green); intensity profile of NBD fluorescence; distribution of Rh-labelled peptide (red); 

intensity profile of rhodamine fluorescence. Distribution of C6-NBD-PC (b) and corresponding 

intensity profile (c) at various times after addition of C6-NBD-PC. (C and D) Hemifused 

situation also shown for Rh-LLV16-Rh (C) and Rh-LV16-G8P9-Rh (D) before and ~60 seconds 

after C6-NBD-PC addition. Bar 5 µm.  
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Fig. 16: Fluorescence recovery after photobleaching  (FRAP) shows similar diffusion 

properties of fluorescent lipid analogue in the GUV membrane outside the HD (blue, n=22) and 

in the HD of two hemifused GUVs (red, n=14), respectively. For localization of bleached spots 

see (D). Diffusion coefficient D (� m2/s) (A) and mobile fraction (B), for calculation see section 

3.2.11 in Material and Methods. Bars represent the mean ± SD of at least 14 measurements. 

(C) Two selected fluorescence recovery graphs for FRAP measurements in GUV membrane 

outside the HD (blue) and within HD (red), respectively.  

In another approach the outer leaflet of Rh-HA-TMD peptide-containing GUVs was labelled 

with C6-NBD-PC before allowing them to adhere. In the contact region of those GUVs both 

the peptide as well as the lipid analogue were displaced (Fig. 17). Again, the latter would not 

have been observed if this region would consist of two intact bilayers. Only after longer 

incubation labelling of the HD by C6-NBD-PC was observed very likely due to redistribution 

of analogues to the inner leaflet (see above). Both approaches gave the same results for GUVs 

without peptide (not shown). Based on these various observations it can be concluded that the 

contact region with sequestered peptides corresponds to an HD.  

 

Fig. 17: Sequestering of C6-NBD-PC upon HD formatio n. Outer membrane leaflets of 

GUVs were labelled by addition of C6-NBD-PC prior to addition of Mg2+. (A): Sketch of C6-

NBD-PC localization. (I) If an HD is formed C6-NBD-PC is sequestered from the forming HD. 

(II) C6-NBD-PC remains in the adhesion region when it is formed by two separated bilayers. 

(B): Addition of 2 mM Mg2+ led to the adhesion of the GUVs with sequestered Rh-HA-TMD 

peptides. Images of rhodamine and NBD fluorescence of two attached GUVs, both contain Rh-

HA-TMD peptide. Peptides as well as C6-NBD-PC are sequestered from the HD. Bar 5 � m. 
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4.1.5 Further parameters determining HD formation  

Growth of an HD is expected to decrease the total membrane area, accompanied by a 

reduction of membrane tension. This reduction of tension is observable as an increase of the 

contact angle between GUV and cover slip upon which the GUV settles down (Radler et al., 

1995). Indeed, from Z-stack images (1 µm slices) (Fig. 18) it was found that the GUV-cover 

slip contact angle for hemifused GUVs (83 ± 9)° was much larger than for non-hemifused 

GUVs (35 ± 14)°.  

 

Fig. 18: 3D reconstruction from Z-stack images  of a round non-hemifused GUV with Rh-

HA-TMD (A) and two flattened hemifused GUVs (B) with N-NBD-PE and Rh-HA-TMD. 

Complete GUVs are shown from below (a, d) and a look inside the sliced open GUVs is 

represented in (b, c). (e-f) images of the equatorial plane of the hemifused GUV. Bar 5 µm. 

The size of the HD was dependent on the surface area of GUVs. An almost linear increase of 

the surface area of HD with that of the GUV pair was found (Fig. 19). Notably, reduction of 

phosphatidylserine (PS) from 20 to 10 mol% did not affect the linear dependence. Only in 

case that the size of the two hemifused GUVs was very different, a shallower dependence of 

HD size from that of GUVs was found (see Fig. 19). For a more detailed analysis see 

Discussion. 
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Fig. 19: HD area vs. GUV surface area . HD area plotted against the mean surface area of the 

two hemifused GUVs. Filled symbols - GUVs containing 20 mol% PS lipids; open symbols - 

GUVs with 10 mol% PS. A shallower dependence was observed in case the size of the two 

hemifused GUVs was very different (encircled, ratio of GUV diameters > 4.4). Dotted line 

shows the model prediction based on an analytical description of equilibrium HD size for GUVs 

with a ration of <4.4. For details see Discussion.  

A dependence of the HD size on TMD peptide concentration was observed, i.e. for increasing 

peptide concentration a decreasing HD size was found (Fig. 20). When the peptide 

concentration was raised above 1 mol% only occasionally formation of HD was found not 

sufficient for statistics. At 5 mol% HD formation was never observed (Fig. 14 D). Very likely, 

the increased amount of TMD in the membrane outside the HD produces a surface pressure 

pressing on the HD boundary, thus resisting HD growth. When GUVs were prepared without 

DOPE no hemifused GUVs were observed.  

 

Fig. 20: Dependence of HD size on TMD concentration . For increasing Rh-HA-TMD peptide 

concentration in GUVs a decrease in the HD size was observed. Plotted values are diameter 

(mean ± SEM) of HD size versus mol% of TMD peptide concentration reconstituted into GUVs. 

0 mol% TMD value stands for hemifusion of two GUVs both labelled with N-NBD-PE and 

without TMD peptides. In the latter case formation of HD was detected by measuring and 

comparing the fluorescence intensity of N-NBD-PE in the different GUV regions (see Results). 
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4.1.6 Sequestering of reconstituted full length hemagglutinin  

To address whether full length HA is also sequestered from contact regions, full length HA 

protein was reconstituted into DOPC:DOPE:DOPS (3:1:1) GUVs containing 1 mol% N-

NBD-PE according to protocol 1 (cf. section 3.2.6). Although rarely observed, HA was 

sequestered from the forming HD upon addition of 2 mM Ca2+ (Fig. 21). Unfortunately, at 

low pH conditions that are known to trigger a conformational change of HA leading to 

membrane fusion, the formation of an HD could not studied because GUVs became instable.  

 

Fig. 21: Sequestering of full length HA from contac t regions . Rhodamine-labelled full 

length HA (Rh-HA) was reconstituted into GUVs made of DOPC:DOPE:DOPS (3:1:1, molar 

ratio), containing 1 mol% N-NBD-PE. Upon addition of 2 mM Ca2+ adhesion of GUVs and 

formation of regions depleted of HA could be observed (arrows). (A) Rh-HA and (B) N-NBD-

PE fluorescence. Bar 5 µm.   

 

4.1.7 Sequestering of a Rh-labelled oligospiroketal rod  

Besides transmembrane peptides with different secondary structures and the full length HA 

protein also the sequestering of a new synthetic molecular rod was observed. The 

hydrophobic molecular rod has a high conformational rigidity and proteolytic stability. The 

oligospiroketal backbone of the Rh-Rod-Rh is functionalized on both ends with a rhodamine-

labelled pentapeptide comprising three lysine residues for a better transmembrane insertion 

(Hesselink et al., 2005). It was reconstituted into GUVs in a same procedure as the TMD 

peptides. Mixed together with GUVs labelled with N-NBD-PE and addition of 2 mM Mg2+ 

the sequestering of Rh-Rod-Rd was found upon HD formation (Fig. 22).  
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Fig. 22: Sequestering of Rh-labelled oligospiroketa l rod.  Pair of GUVs comprising either 

about 1 mol% Rh-Rod-Rh (A) and 1 mol% N-NBD-PE (B) showing sequestered Rh-Rod-Rh 

and redistributed N-NBD-PE to the GUV originally only containing Rh-Rod-RH. Hemifusion 

was triggered by addition of 2 mM Mg2+. Differential interference contrast (C). Bar 5 � m. 

 

4.1.8 On the dynamics of complete membrane fusion  

As seen in the sequence of fusion kinetics (Fig. 11 B and C), a single HD first forms and 

subsequently expands over a large area as compared to the vesicle radius and finally ruptures, 

most likely, at its rim and pulls back to the opposite side (cf. Kozlovsky et al., 2002). The 

formation of the larger HDs seemed most common in this system. However, the formation of 

smaller and fast evolving fusion pores was also observed, as can be concluded from Fig. 23. 

Here, several fusion events within the adhesion area lead to the formation of small vesicles 

probably comprising the contacting bilayer areas with the TMD peptides of the adhering 

GUVs membranes since these small internal vesicles show both Rh-TMD and N-NBD-PE 

fluorescence.  

 

Fig. 23: Sequence of GUV fusion imaged by confocal laser scanning microscopy.  Upper 

GUVs contains Rh-TMD of HA, lower GUVs is labelled by N-NBD-PE. GUV fusion probably 

proceeded via formation of several fusion pores indicated by the remaining small vesicles 

comprising both Rh-TMD and N-NBD-PE from both adhered GUVs (see 0 s). Fusion was 

triggered by 2 mM Mg2+ at 25°C. Time per image 3.2 seconds. Bar 5 µm. 
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Finally it should be mentioned that besides long-lasting hemifusion intermediates often also 

complete fusion of GUVs was observed in the presented model system indicated by GUVs 

having both N-NBD-PE and Rh-labelled peptide present in one membrane after GUVs of two 

separate preparations (N-NBD-PE only and Rh-TMD only) were mixed (cf. Ollesch et al., 

2007). Fusion of GUVs containing TMD peptides was not only found after the addition of 

divalent cations, but also after incubation at 37°C as previously described for a TMD 

containing model system of small unilamellar vesicles (SUVs) (Langosch et al., 2001). 

Whereas besides in a fluorescence dequenching assay liposome fusion was also shown by the 

appearance of larger liposomes in electron microscopy images, this could not be shown for 

GUVs by fluorescence microscopy. Here, GUVs containing Rh-LLV16-Rh peptides and a 

control group only labelled with N-NBD-PE showed no difference in their size distribution 

(n > 300) after 3h incubation at 37°C (not shown). Also GUVs did fuse under these 

conditions, shown by mixing and fusion of only N-NBD-PE and only Rh-TMD labelled 

GUVs, size comparison of the giant vesicles is not able to detect this probably due to 

instability of very large GUVs.  
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4.2  Lipid domain formation and protein sorting 

The understanding of the mechanisms underlying the sorting of lipids and proteins in lipid 

bilayers is crucial for the understanding of many cellular processes in signalling and sorting at 

the membrane. In this second part, the formation of lipid domains and the sorting of proteins 

within model and biological membrane systems was therefore investigated.  

 

4.2.1 Lipid domain formation  

The fluorescent lipid analogue C6-NBD-PC was established as a powerful tool to study lipid 

domain formation in model as well as biological membranes, as it could be shown in previous 

publications (Stockl et al., 2008; Nikolaus et al., 2010a). Partitioning and fluorescence 

lifetime analysis of C6-NBD-PC was also used here to investigate the physical properties of 

the membrane.  

The properties of the membrane probe C6-NBD-PC at a concentration of 1 mol% was first 

characterized in GUV membranes. As for the visualization of a hemifusion diaphragm (see 

4.1.1), GUVs are also a very suitable membrane model system to study domain behaviour due 

to their size and almost arbitrary lipid compositions (Veatch and Keller, 2003). A possible 

oxidation of unsaturated lipids using ITO coated glass slides for the preparation of GUVs was 

reported (Ayuyan and Cohen, 2006), leading to an unintended formation of lipid domains. 

Therefore, GUVs for sorting and partition experiments were mainly prepared on titanium 

plates (cf. Fig. 9). C6-NBD-PC was introduced already to the lipid mixture prior to spreading 

the lipids to form a film on the titanium slides. Electroformation (cf. section 3.2.5.2, M. I. 

Angelova and Dimitrov, 1986) yielded mostly unilamellar vesicles with a comparable amount 

of fluorophores incorporated in both membrane leaflets. Obviously, multilayer vesicles or 

GUVs with an unusual appearance were not used for analysis. However, GUVs including 

smaller internal vesicle not in contact with the membrane of interest where considered for 

evaluation. In an ensemble of vesicles exhibiting a certain characteristic at a certain 

temperature always the behaviour of the majority of vesicles in the population is described. 

Note that after preparation there is transbilayer lipid symmetry across the two membrane 

leaflets in model vesicle systems. Only recently a method was introduced by which a 

transbilayer lipid asymmetry can be achieved (Cheng et al., 2009).  
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A lateral homogenously distribution of C6-NBD-PC is found in the vesicle membrane of the 

unsaturated phospholipid DOPC GUVs at 25°C being in an all liquid disordered (Ld) phase as 

Tm is -22°C (Weber et al., 2005). This homogenous distribution demonstrates at least the 

absence of larger lipid domains that can be resolved by confocal microscopy above the 

diffraction limit. Measuring the fluorescence decay of the fluorophores and fitting of these 

decay reveals two lifetime components termed � 1 and � 2,Ld of 2.1 ± 0.1 ns and 6.7 ± 0.1 ns (as 

for all lifetimes in this study: mean ± SEM; here: n = 22), respectively. Comparable results 

were obtained in (Stockl et al., 2008). The short lifetime � 1 was found in all FLIM 

measurements of C6-NBD-PC to be approximately between 2 and 3 ns having a small 

(fractional) amplitude with a contribution of <10 %. It probably results from not incorporated 

lipid analogues in buffer and from a red edge excitation of fluorescence within the membrane 

(Stockl et al., 2008; Chattopadhyay and Mukherjee, 1993).  

The longer lifetime � 2 was found to be sensitive to the lipid environment reporting on the 

physical properties of the membrane (Stockl et al., 2008). This is the powerful advantage of 

the GUV model system being able to visualize micrometer scaled lipid domains and 

simultaneously determine the fluorescence lifetime of an incorporated lipid probe in the 

respective domain. This can later be used to report on domains not detectable by a visible 

domain separation. In GUVs of a DOPC:SSM:Chol (1:1:1, molar ratio) lipid composition at 

25°C both microscopic visible Ld and Lo domains are present (Veatch and Keller, 2003; van 

Duyl et al., 2002) identified by a preferential partition of C6-NBD-PC into the Ld domain 

(Shaw et al., 2006) and also by co-staining this domain using other lipid Ld markers like N-

Rh-DOPE (Baumgart et al., 2007a) (not shown). Analysis of the fluorescence decays revealed 

different lifetimes of around 7 ns in the Ld, as in pure DOPC GUVs, and of around 11 ns in 

the Lo domain, comparable to GUVs of a DOPC:SSM:Chol (1:1:8, molar ratio) lipid mixture 

found to be in an all Lo lipid phase (cf. Stockl et al., 2008) (Fig. 24 A and E). Similar results 

were obtained for POPC:SSM:Chol (1:1:1, molar ratio) at 25°C with a PC lipid having a 

saturated C16:0 acyl chain besides the C18:1 compared to the DOPC (di-C18:1PC). As 

expected for a lipid with one saturated acyl chain predominantly residing in the Ld domain, 

� 2,Ld is significantly longer here (8.4 ± 0.1 ns, n = 21) compared to the DOPC mixture (7.4 ± 

0.1 ns, n = 10) (Fig. 24 F). In GUVs prepared from virus lipid extracts of influenza A virus 

strain A/PR/8/34 measured at 10°C the difference between the two � 2 lifetimes was similar 

(Fig. 24 B) with a tendency of both components to be shorter than in the synthetic lipid 
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mixtures. Finally it should be noted that not all the GUVs prepared from synthetic or viral 

lipids, respectively, did exhibit lipid domain formation.  

 

Fig. 24: Fluorescence lifetime of C6-NBD-PC in GUV,  GPMV and plasma membrane.  In 

the lipid domains C6-NBD-PC showed a double exponential fluorescence decay. Here, only 

the longer lifetime (� 2) sensitive to the lipid domain is shown (Stockl et al., 2008). Lifetime 

histograms of C6-NBD-PC are shown for Ld (dashed line) and Lo (full line) in GUVs prepared 

from DOPC:SSM:Chol mixtures (1:1:1, molar ratio) at 25°C ( A), GUVs prepared from total lipid 

isolated from influenza A/PR/8/34 at 10°C ( B), GPMVs prepared from CHO-K1 cells (C) and in 

the plasma membrane of CHO-K1 cells at 10°C ( D). Histograms were normalized to 1. In (E) 

the fluorescence lifetimes are presented in a bar plot as average ± SEM of 9 to 16 GUVs, 

GPMVs and cells, respectively. In (F) the lifetimes of GUVs comprising a POPC:SSM:Chol 

mixtures (1:1:1, molar ratio) are shown in comparison to the mixtures indicated before.  
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However, for giant plasma membrane blebs (GPMVs) prepared from CHO-K1 cells labelled 

with C6-NBD-PC the difference between � 2,Ld and � 2,Lo was much smaller compared to the 

GUV model system of synthetic lipid mixtures or viral lipid extracts. The lifetime in the Ld 

domains of GPMVs was significantly higher as in GUVs, whereas the lifetime in the Lo 

domains was found to be slightly shorter even so measurements of GPMVs were performed at 

10°C (Fig. 24 C and E). Note that at 10°C not all GPMVs did show domain formation. 

GPMVs for the measurement were provided by Silvia Scolari.  

For CHO-K1 cells, a hamster ovary epithelial tissue cell line, microscopic visible domain 

formation was observed neither at 25°C nor at 10°C. Determination of the C6-NBD-PC 

lifetime in the plasma membrane of labelled CHO-K1 cells revealed besides the short � 1 only 

one second lifetime of � 2 ~ 10.8 ± 0.1 ns at 25°C and � 2,Ld ~ 11.0 ± 0.1 ns at 10°C (Fig. 24 D 

und E) since two lifetimes provided accurate fits of the fluorescence decay curves. FLIM 

images of CHO-K1 cells were provided by Silvia Scolari. In contrast, for K562 cells, a human 

suspension myeloid leukemia cell line, only three exponential fits of the fluorescence decay 

curves of C6-NBD-PC yielded reasonably results. Lifetimes of � 1 ~ 3.26 ± 0.88 ns, � 2,Ld ~ 

7.93 ± 0.27 ns and � 2,Lo 11.63 ± 0.19 ns (n = 107) were obtained indicating the existence of 

submicroscopic lipid domains within the plasma membrane of K562 cells since also here no 

visible formation of lipid domains was observed. K562 cells were provided by Sebastian 

Riese (AG Dernedde/Tauber, FU Berlin). Whether raft domains are, as speculated, located in 

the microvilli structures on the cell surface could not be shown in this FLIM approach since 

the number of counts originating from the microvilli was too low for an accurate analysis of 

these structures alone (not shown).  

 

4.2.2 Lipid domain partition of influenza virus hemagglutinin in model membranes 

For the budding of progeny virus particles an efficient lateral sorting of newly synthesized 

viral proteins is necessary. To study possible sorting signals residing in the proteins the lateral 

partitioning was investigated in lateral lipid domain forming model systems of different 

complexity. In Fig. 25 an overview of the various constructs for studying the lateral partition 

among Ld and Lo domains of GUVs and GPMVs is shown.  
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Fig. 25: Overview on different HA constructs, oligo spiroketal rod and Ras-protein.   

(A and B) Rhodamine (TAMRA) labelled synthetic peptide (TMD peptide) corresponding to the 

transmembrane domain of influenza HA (A, Rh-HA-TMD) or full length HA (B, Rh-HA) were 

incorporated into GUVs of different lipid compositions. (C and D) HA fragment linked N-

terminally to YFP and signal peptide (SP) (C, TMD-HA-YFP) or full length HA tagged C-

terminally with Cerulean (D, HA-Cer) were expressed in the plasma membrane of CHO-K1 

cells. Subsequently, GPMVs were generated and used for confocal scanning microscopy. (E) 

Oligospiroketal rod flanked on both ends by a rhodamine-labelled pentapeptide was 

incorporated into GUVs. (F) Bodipy labelled full length N-Ras protein was added to GUVs and 

GPMVs and anchored in the membranes via two lipid modifications. Rh – TAMRA; TMD – 

transmembrane domain; CT – cytoplasmic tail; * - palmitoylation site. 

 

4.2.2.1 Lateral organisation of the TMD peptide of HA in GUVs 

Influenza HA is anchored in the membrane via a single � -helical transmembrane anchor. 

Hydrophobic length and amino acid sequence of this TMD are two most obvious candidates 

for the determination of a certain domain partitioning. Therefore the lateral organisation of the 

tetramethylrhodamine-labelled peptide Rh-HA-TMD (Fig. 25 A) corresponding to the HA 

transmembrane domain sequence was studied. The peptide was incorporated into membranes 

during GUV preparation (1 mol%, see Material and Methods, section 3.2.5.2). While a 
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homogenous distribution in pure DOPC vesicles (Fig. 26 A) was found, Rh-HA-TMD 

strongly partitioned into the Ld domain of GUVs consisting of DOPC:SSM:Chol (1:1:1, 

molar ratio) (Fig. 26 B) as judged by comparison with C6-NBD-PC distribution being a 

marker for the Ld domain (Shaw et al., 2006). To mimic a more native lipid environment Rh-

HA-TMD was reconstituted into GUVs prepared from virus lipid extracts from influenza 

virus A strain A/PR/8/34 at 25°C and was also found in the Ld domain (Fig. 26 C), and also at 

10 and 37°C (not shown).  

 

Fig. 26: Lateral organisation of transmembrane HA p eptide in domain forming GUVs. 

Rhodamine (TAMRA) labelled synthetic peptide (Rh-HA-TMD) corresponding to the trans-

membrane domain of influenza virus hemagglutinin was incorporated into GUVs made from 

DOPC (A), DOPC:SSM:Chol (1:1:1, molar ratio) (B) or from influenza virus lipid extracts strain 

A/PR/8 (C). Rh-HA-TMD - Rhodamine fluorescence (red); C6-NBD-PC fluorescence (green) 

as marker for liquid-disordered domains; overlay. Bar 5 � m. Images were taken at 25°C. 

 

Besides the Rh-HA-TMD comprising the amino acid sequence of the wild type TMD of HA 

(strain Japan/305/57 subtype H2 (Tatulian and Tamm, 2000)) also a mutation in the TMD 

sequence was tested. As the mutation GS520AA was found in detergent extraction 

experiments to alter the partition of full length HA expressed in BHK cell from DRMs to 

DSMs (Scheiffele et al., 1997) also this TMD sequence was incorporated into GUV 

membranes of the different lipid compositions. The same results as for the Rh-HA-TMD 

comprising the ‘wild type’ sequence were obtained with a homogenous distribution in nonraft 
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GUV and a partition into the Ld domain in GUVs of the synthetic raft mixture 

DOPC:SSM:Chol (1:1:1, molar ratio) or GUVs prepared from virus lipid extracts from 

A/PR/8/34 (not shown). 

To exclude the rather unlikely possibility that Rh-HA-TMD concentrated in the Lo domain 

would cause a self-quenching of the rhodamine fluorescence already at 1 mol% of 

incorporated TMD peptide also experiments at 0.1 and 0.01 mol% Rh-HA-TMD were carried 

out. The same partition behaviour as for 1 mol% Rh-HA-TMD was observed (not shown). 

Note, that also at low peptide concentration no enrichment of Rh-HA-TMD at the Lo/Ld 

domain boundary was found (cf. 4.2.4 and see Discussion). 

Formation of GUVs from a DOPC:DSPS:SSM:Chol (1:1:1:1, molar ratio) lipid mixture 

results in a vesicles harbouring the di-C18:0PS in the Lo domain (Stockl et al., 2008). With 

the Ld domain again identified by 1 mol% C6-NBD-PC it was tested whether electrostatic 

attraction of the negatively charged PS in the Lo domain could recruit the three positively 

charged terminal lysine residues of the Rh-TMD of HA. No partition of the TMD into the Lo 

domain was found (not shown), not even enrichment at the Lo/Ld domain boundary (cf. 

section 4.2.4.1).  

 

4.2.2.2 Lateral organisation of reconstituted full length HA in GUVs 

As the full length HA protein is expressed and transported to the apical plasma membrane it is 

modified during its passage through Golgi apparatus. Besides proteolytical cleavage the 

protein is glycosylated and acylated, which is, amongst other, responsible for trimerization 

(Copeland et al., 1986) and plasma membrane targeting (Veit et al., 1991) as well as for a 

possible lipid domain association, respectively. To determine whether these posttranslational 

modifications influence the domain partitioning viral full length HA was reconstituted in 

GUV membranes (Fig. 25 B). HA from X31 influenza virus labelled with TAMRA (Rh-HA) 

was reconstituted in GUVs according to the protocol adapted from (Papadopulos et al., 2007; 

Girard et al., 2004) (see Protocol 2, Material and Methods, section 3.2.6). To this end, HA was 

reconstituted into proteoliposomes from which GUVs were generated. While the Rh-HA was 

homogenously distributed in pure DOPC GUVs (not shown), a lateral inhomogeneous 

organisation of Rh-HA in lipid domain forming GUVs consisting of DOPC:SSM:Chol (1:1:1, 

molar ratio) (Fig. 27 A) and virus lipid extracts from A/PR/8/34 (Fig. 27 B) was observed at 

25°C. The partition behaviour of intact full length Rh-HA in GUVs was very similar to that of 
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Rh-TMD as judged by comparison with the distribution of C6-NBD-PC (see above). Again, a 

preference of HA for the Ld domain was observed. 

 

Fig. 27: Lateral organisation of full length HA in domain forming GUVs . Rhodamine 

(TAMRA) labelled full length HA (Rh-HA) was incorporated into GUVs made from 

DOPC:SSM:Chol (1:1:1, molar ratio) (A) or from influenza virus lipid extracts of A/PR/8/34 (B). 

Rh-HA - Rhodamine fluorescence (red); C6-NBD-PC fluorescence (green) as marker for liquid-

disordered domains; overlay. Bar 5 � m. Images were taken at 25°C. 

 

Addition of TMD peptides to preformed GUVs probably resulted in a homogenous 

distribution of the peptides as visible by fluorescence microscopy on GUVs (not shown). 

These results are supported by an AFM study measuring the force necessary to pull out an 

incorporated TMD peptide from the bilayer. Here also a so called ‘snap-in’ of TMD peptides 

back into the membrane could be observed after leaving the AFM tip hovering closely above a 

lipid bilayer (Goldenbogen and Herrmann, 2010, unpublished results). For full length HA 

protein having the cytoplasmic tail C-terminal of the TMD this situation is different. Addition 

of Rh-HA to GUVs prepared from DOPC:DOPE:DOPS (3:1:1, molar ratio) did exhibit red 

fluorescence at the GUV membrane in glucose microscopy buffer. But when the ionic strength 

of the microscopy buffer was increased by 150 mM NaCl no red fluorescence of Rh-HA was 

found at the bilayer (not shown). For GUVs comprising only DOPC or DOPC:SSM:Chol 

(1:1:1, molar ratio) no binding was found even in glucose buffer of low ionic strength. The 

Rh-HA binding to PS containing GUVs seemed thus only mediated by electrostatic 

interactions and whether a transmembrane incorporation of the membrane anchor of HA was 

achieved may be doubted. These results do not support a reconstitution protocol that overlays 
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purified Rh-HA rosettes, a ring-like assembly of 5-9 HA trimers, on a lipid film for GUV 

preparation.  

 

4.2.2.3 Lateral organisation of fluorescent HA in plasma membrane blebs 

In the literature the lipid domain specific sorting of HA has essentially been studied at the 

plasma membrane of mammalian cell expressing the full length protein. As lipid domains in 

living cell membranes are highly dynamic and of submicroscopic size (Pike, 2006) the HA 

partition cannot be observed directly. The recently published method to generate large bleb-

like surface protuberances from the plasma membrane of cells (Baumgart et al., 2007a) now 

offers the opportunity to directly visualize micrometer-scaled segregation of fluid phase lipid 

domains and the protein of interest in those GPMVs at lower temperature (10°C) by 

comparison with the partition of lipid domain markers. To avoid interference of fluorescence 

tags (Cer, CFP or YFP) of the respective proteins and the fluorescence of the lipid domain 

marker C6-NBD-PC, the red fluorescent lipid-like octadecyl rhodamine B chloride (R18) was 

used which is known to partition into the Ld domain (Baumgart et al., 2007b).  

The proteins of interest, GPI-CFP, the membrane anchored HA fragment TMD-HA-YFP and 

full length HA-Cer, are transiently expressed in CHO-K1 cell. These experiments were 

performed by Silvia Scolari, Stephanie Engel and Anna Pia Plazzo. The GPI-CFP construct is 

found on the outer plasma membrane leaflet. It is known to enrich in Lo domains and has 

been often used as a raft marker (P. Keller et al., 2001). Indeed, GPI-CFP was excluded from 

R18 containing domains (Fig. 28 A). The full length HA-Cer (Fig. 25 D) was tagged at its 

cytoplasmic tail (C-terminus) with the fluorescent protein Cerulean, a variant of CFP with an 

improved quantum yield and a higher excitation coefficient (Rizzo et al., 2004). The 

membrane anchored fragment TMD-HA-YFP (Fig. 25 C) consists of the TMD and the CT as 

well as a short sequence of the HA ectodomain. Essentially, the HA ectodomain was replaced 

by YFP. In contrast to HA-Cer, this construct circumvents tagging of the cytoplasmic tail 

which may interfere with its role in lateral organisation of the protein. Indeed, previous 

studies indicated that mutations in the TMD and the CT of HA reduce association with DRM 

fractions (Lin et al., 1998; Scheiffele et al., 1997; Zhang et al., 2000; Takeda et al., 2003). 

Apart from GPMVs with a homogenous distribution of R18 at 10°C also domain forming 

blebs were observed indicated by a heterogeneous distribution of the lipid domain marker. At 

25°C domains were never found in blebs or the intact plasma membrane of CHO-K1 cells.  
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Fig. 28: Lateral arrangement of HA-Cer and TMD-HA-Y FP in GPMVs. GPMVs were derived 

from CHO-K1 cells expressing Lo domain marker GPI-CFP (A), TMD-HA-YFP (B) or HA-Cer 

(C) in the plasma membrane. Confocal images were taken after cooling samples to 10°C. R18 

fluorescence (red) as marker for liquid-disordered domains; DIC – differential interference 

contrast image. Bar 5 � m. 

 

TMD-HA-YFP was found to partition preferentially to the Ld domain in GPMVs as indicated 

by colocalization with R18 (Fig. 28 B). HA-Cer also was enriched in Ld domains (Fig. 28 C). 

Note that the differences in partition of TMD-HA-YFP and HA-Cer between Lo and Ld 

domains is less pronounced compared to full length HA and TMD peptide of HA in GUVs 

prepared from synthetic or viral lipids. A quantitative analysis of the fluorescence intensities 

is provided in Tab. 2 giving the ratio of fluorescence intensity in the Lo and Ld domain in 

percent for each of the studied systems. On average the ratio is seven times higher in GPMV 

(0.266) as compared to the GUV system (0.039). At 25 or 37°C neither clustering for HA-Cer 

and TMD-HA-YFP nor lipid domain formation in the GPMV system (see above) was 

observed. 
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Tab. 2: Quantitative fluorescence intensity analysi s of HA peptide and protein 

partitioning between Lo and Ld domains in GUVs and GPMVs. Table shows the ratio of the 

fluorescence intensity of the HA peptide or protein in the Lo and Ld domains, respectively. 

Average fluorescence intensities were determined at the membrane of the two distinct 

domains using Olympus FluoView 1000 software (Olympus, Hamburg, Germany). Average 

background fluorescence was subtracted prior to calculating the ratio of the fluorescence 

intensity (Lo/Ld). Note, the ratio refers to the fluorescence intensity, but not to the ratio of 

amount of HA protein or peptide in the two domains. n refers to the number of analyzed 

vesicle. 

Vesicle  GUV  GPMV 

Protein  Rh-HA-TMD  Rh-HA  TMD-HA-YFP HA-Cer 

Figure  Fig. 26B Fig. 26C  Fig. 27A Fig. 27B  Fig. 28B Fig. 28C 

Lipids  DOPC/ 
SSM/Chol 

APR8  DOPC/ 
SSM/Chol 

APR8  CHO-K1 CHO-K1 

Ratio  0.006 0.005  0.020 0.126  0.185 0.347 

± SEM  0.016 0.018  0.027 0.016  0.023 0.057 

n  11 7  8 7  12 6 

 

4.2.3 Lipid domain partition of further transmembrane entities 

4.2.3.1 Lateral organisation of SNARE derived LV model peptides in GUVs 

The LV model peptides designed as membrane-spanning low-complexity models to mimic the 

transmembrane anchors of SNARE proteins introduced already in section 4.1.1 were found in 

a homogeneous lateral distribution in membranes of nonraft lipid mixtures (cf. Fig. 10 and 

Ollesch et al., 2007). Two variants of the rhodamine-labelled LV-peptides, Rh-LLV16-Rh 

(Fig. 29 A,B) and Rh-LV16-G8P9-Rh (Fig. 29 C,D), were also incorporated into domain 

forming GUVs prepared from DOPC:SSM:Chol (1:1:1, molar ratio) and virus lipid extracts 

from influenza A virus strain A/PR/8/34. Here also a strong colocalization of the peptides and 

the NBD-lipid was found, showing the partition of both peptides into the liquid disordered 

domains of GUVs of either lipid preparation. As the two LV-peptides differ from the Rh-TMD 

of HA in their sequence, thus in hydrophobic length and secondary structure (cf. 4.1.3), 

sequence and hydrophobic mismatch seem not to be the dominating parameters in the lateral 

sorting process in artificial model membrane systems of GUVs (see Discussion).  



  RESULTS  73 

 

Fig. 29: Lateral organisation of transmembrane LV-p eptides in domain forming GUVs.  

Rhodamine (TAMRA) labelled synthetic LV-peptides (Rh-LLV16-Rh and Rh-LV16-G8P9-Rh) 

were incorporated into GUVs made from DOPC:SSM:Chol (1:1:1, molar ratio) (A,C) or from 

influenza virus lipid extracts strain A/PR/8/34 (B,D). Bar 5 � m. Images were taken at 25°C. 

 

4.2.3.2 Lateral organisation of a stiff molecular rod 

Peptides in general, including the transmembrane peptides used here to study the lateral 

sorting in model membrane systems likely have a rather flexible structure concerning helix 

dynamics and backbone stability as well as amino acid side-chain mobility (Hofmann et al., 

2004; Ollesch et al., 2007; Quint et al., 2010). Therefore it is also interesting to investigate the 

lateral partition of the hydrophobic molecular rod (Fig. 25 E) based on spirocyclic joined 

saturated rings. This structure renders the rod with a high conformational rigidity. 

Functionalization of the oligospiroketal backbone with rhodamine-labelled pentapeptide 

allows for the observation of membrane incorporation (Muller et al., 2009). The Rh-Rod-Rh 

is homogeneously distributed in nonraft forming GUVs prepared from DOPC, either added 

during GUV preparation (Fig. 30 A) or added to already formed GUV membranes (Fig. 30 B). 

After addition of Rh-Rod-Rh to human red blood cells (RBCs) (not shown) and RBC ghosts 

(Fig. 30 C) an insertion into these biological membranes was found (Muller et al., 2009). Also 

here a homogenous lateral distribution was observed since RBCs are not known to exhibit 

microscopic visible lateral lipid domain formation (Sengupta et al., 2007). Also GUVs 

prepared from RBC lipid extracts did not show any lipid domains formation (not shown). A 

partition of the Rh-Rod-Rh into the Ld domain of GUVs prepared from DOPC:SSM:Chol 

(1:1:1, molar ratio) was found for an incorporation of the rod during GUV preparation (Fig. 

30 D) and also for an addition of rod to preformed GUVs (not shown).  
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Fig. 30: Lateral organisation of Rh-Rod-Rh in GUVs and RBC ghosts.  Rhodamine-labelled 

Rh-Rod-Rh was homogenously distributed in GUVs made of DOPC; rod present during GUV 

formation (A) and after addition to already formed GUVs (B) and to red blood cell ghost 

membranes (C). A partition of Rh-Rod-Rh into the Ld domain of GUVs made from 

DOPC:SSM:Chol (1:1:1, molar ratio) (D) was found indicated by colocalization with C6-NBD-

PC as an Ld domain marker. Bar 5 � m. Images were taken at 25°C.  

 

4.2.4 Lipid domain partition of lipid anchored Ras proteins 

Besides the partition of transmembrane anchored membrane peptides and proteins also the 

sorting behaviour of soluble proteins bound to the membrane via lipid modifications was 

studied.  

4.2.4.1 Domain specific binding of lipidated N-Ras protein 

The lateral distribution of full length N-Ras protein, farnesylated and hexadecylated at Cys 

186 and Cys 181, respectively, in domain forming GUVs and GPMVs was studied. Parts of 

the obtained results are published in cooperation with other groups as indicated below (Vogel 

et al., 2009). For visualization N-Ras was Bodipy-labelled (Fig. 25 F). Labelled N-Ras was 

provided by Gemma Triola and Herbert Waldmann (MPI Molecular Physiology, Dortmund) 

(Bader et al., 2000). In domain forming GUVs comprising the synthetic lipid mixture of 

POPC:DPPC:Chol (1:1:0.6, molar ratio) and PSM:DPPC:Chol (1:1:0.6, molar ratio) the N-

Ras protein was found predominantly in the bulk of the Ld domain as indicated by 

colocalization with the Ld marker N-Rh-DOPE at 25°C (not shown). Note that not all GUVs 

did show lipid domain separation at 25°C. Imaging of GUVs at different temperatures of 4, 

10, 20, 25, 30 and 37°C, respectively, revealed that for the POPC:DPPC:Chol (1:1:0.6, molar 
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ratio) system the number of GUVs displaying visible lipid domain separation strongly 

decreased at temperatures between 20 and 30°C. For GUVs made from POPC:PSM:Chol 

(1:1:0.6, molar ratio) lipid domains were observed in the majority of GUVs over the whole 

temperature range.  

To mimic a more natural lipid mixture of a biological membrane GUVs were prepared from 

viral lipid extracts of influenza A virus strain A/PR/8/34. Small amounts of synthetic 

phospholipids (10 mol% POPC and 10 mol% PSM) were added to yield a membrane 

composition that was also suitable for 2H NMR studies that were carried out in parallel by 

Alexander Vogel (Institute of Biochemistry, University Halle) and Daniel Huster (Institute of 

Medical Physics and Biophysics, University Leipzig). The viral lipid mixture was also 

checked for domain formation and shows a strong decrease in visible lipid domain separation 

between 20 and 30°C. Addition of N-Ras protein led to partition of the protein to the Ld 

domain as again indicated by N-Rh-DOPE at 4, 10, 20 and 30°C. After incubation for 24h or 

48h at 20°C the N-Ras protein was enriched at the Lo/Ld domain boundary region (Fig. 31 

A). From the fluorescence intensity profile of the image it is easily recognizable that only the 

N-Ras protein, but not the lipid domain marker is enriched in the boundary region (Fig. 31 B). 

Similar results were obtained by tapping mode AFM measurements of a planar supported 

bilayer probe incubated with unlabelled full length N-Ras protein (Fig. 31 G). The AFM 

experiments were performed by Katrin Weise (AG Roland Winter, Physical Chemistry I, TU 

Dortmund) (Vogel et al., 2009). 2H NMR results using deuterated POPC and PSM as marker 

lipids could clearly show a different hydrophobic thickness of the respective domains where 

POPC and PSM partition to. Using N-Ras protein with deuterated lipid modification a 

disordering of the N-Ras lipid modification was found being a strong indication for a partition 

of N-Ras in the Ld domain (Vogel et al., 2009).  

As for the experiments with HA protein also for N-Ras advantage was taken of the possibility 

to directly visualize lipid segregations of micrometer size of lipid bilayers derived from the 

plasma membrane of HeLa cells (Baumgart et al., 2007a). GPMVs were prepared and 

Bodipy-labelled N-Ras protein was added. At 4°C phase separation was found as indicated by 

R18 (Ld domain marker – cf. 4.2.2.3). N-Ras was found predominantly in the Ld domain 

(Fig. 31 E). 
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Fig. 31: N-Ras binds to the Ld domain.  Bodipy labelled N-Ras incubated for 24h with GUVs 

prepared from influenza virus lipid extracts containing 10 mol% POPC, 10 mol% PSM and 1 

mol% N-Rh-DOPE as Ld marker binds to the Ld domain and is enriched at the Ld/Lo domain 

boundary (A), as also clearly visible in the fluorescence intensity profiles (B) of the respective 

image. (C and D) display different confocal plane of (A) illustrating again the enrichment of N-

Ras at the domain boundary. (E) GPMV prepared from HeLa cell exhibiting lateral lipid 

domains at 4°C with N-Ras protein colocalized with Ld marker R18. Bright fluorescence in the 

upper right corner is due to labelled cellular remains. Bar 5 µm. (F and G) AFM images of lipid 

bilayer of viral lipids before and after incorporation of N-Ras protein with a pronounced 

enrichment of N-Ras at the domain boundary (AFM images taken from Vogel et al., 2009). 

 

4.2.4.2 Domain specific binding of lipidated K-Ras protein 

Whereas N-Ras membrane anchoring is mediated by an S-farnesylation and an S-

palmitoylation, K-Ras anchoring is achieved instead by an additional polybasic stretch of six 

lysine residues besides a farnesyl lipid modification. The lateral distribution of K-Ras4B GDP 

and K-Ras4B GTP were studied on domain forming GUVs from viral lipid extracts (influenza 

A strain Japan/305/57). Bodipy-labelled K-Ras4B was supplied by Gemma Triola and Herbert 

Waldmann (MPI Molecular Physiology, Dortmund) (Y. X. Chen et al., 2010). Unlike N-Ras 

which was found significantly enriched at the Lo/Ld domain boundary the K-Ras4B was 

observed only in the bulk Ld domains even after 48h incubation at 20°C for the GDP and GTP 

bound isoforms (Fig. 32). The Ld domain was identified by the lipid marker R18. These 

results are in line with AFM measurements performed by Katrin Weise (AG Roland Winter, 

Physical Chemistry I, TU Dortmund).  
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Fig. 32: K-Ras GDP and GTP bind to the Ld domain.  Bodipy labelled K-Ras4B GDP (A) and 

K-Ras4B GTP (B) incubated for 12h at 20°C with GUVs prepared form  influenza virus lipid 

extracts (strain Japan/305/57) binds to the bulk of the Ld domain as indicated by the Ld marker 

R18. Images were taken at 20°C. Bar 5 µm  
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5 Discussion 

The results will be discussed in two sections covering hemifusion in the first and domain 

specific sorting in the second paragraph. 

 

5.1 The hemifusion intermediate in the pathway to f usion 

5.1.1 Visualization of hemifusion 

Their large size and direct visibility of the membrane make GUVs an ideal tool to study the 

fusion between lipid bilayers by light and fluorescence microscopy. Whereas fusion stalk and 

hemifusion intermediate are too small and transient to be resolved directly in biological 

membranes as well as in artificial model systems of small vesicles, GUVs have proven to 

allow for visualization of the fusion process as shown previously (Lei and MacDonald, 2003; 

Lei and MacDonald, 2008; Pantazatos and MacDonald, 1999; Haluska et al., 2006; Heuvingh 

et al., 2004). Full fusion between GUVs triggered either by fusogenic substances or by 

electroporation has been studied by using a high time resolution camera (50 µs/frame) 

(Haluska et al., 2006). The opening kinetics of the fusion necks between GUVs was very fast 

with an expansion velocity of centimetres per seconds. Using this high-speed experimental 

setup Haluska et al. were unable to detect hemifusion in the prefusion stage probably due to 
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the limited overall recording time (2 sec) of the camera’s internal memory. In another setup 

using lipids bearing DNA bases attached to their head groups to reduce the distance between 

the GUV membranes by complementary base paring and thus triggering fusion, Heuvingh et 

al. (Heuvingh et al., 2004) were able to clearly observe a hemifused state of the vesicles with 

outer leaflets merged and the inner contents still separated. Also the group of R.C. MacDonald 

could show the existence of HDs in a system of positively and negatively charged GUVs 

using a fast camera setup (a few ms/frame). In our present study the organization of the 

contact region between TMD peptide-containing GUVs preceding divalent cation induced 

fusion was investigated. Here, divalent cations have two main functions. First, aggregation of 

GUVs comprising negatively charged lipids (PS) and second, inducing membrane tension 

driving membrane fusion (see below). For the first time, a reconstituted TMD peptide is used 

primarily as a marker to directly visualize the formation of an HD. In this region a 

sequestering of peptides as well as a significant depletion of fluorescent lipid analogues was 

typically observed in a microscopically visible structure. While the structure was short lived 

and followed by full membrane fusion, it was stable at lower divalent cation concentration 

and allowed to investigate its organization by fluorescence microscopy. At lower cation 

concentration less lateral membrane tension affects the bilayers and formation of a long-lived 

HD structure is more likely. Similar results were found in molecular dynamic simulations 

(Grafmuller et al., 2009).  

 

5.1.2 Evidence for the formation of a hemifusion diaphragm 

Displacement of the different TMD variants and of the molecular rod as well as of the full 

length HA protein from the membrane contact region, and equally important the redistribution 

of lipid analogues between the contact region and the remaining membrane, provided strong 

evidence for the formation of an HD. For GUVs labelled on both leaflets with N-NBD-PE, a 

comparison of the fluorescence intensity of lipid analogues between the contact region and the 

membrane outside this region was consistent with hemifusion, but not with adhering non-

hemifused GUVs (cf. Fig. 13). Obviously, lipid analogues of the outer leaflet, but not those of 

the inner leaflet were sequestered from this region. This was confirmed when membranes 

were labelled on the outer leaflet with C6-NBD-PC after preparation of GUVs. Upon 

adhesion, lipid analogues were sequestered from the contact region (Fig. 17). Furthermore, 

lipid analogues externally inserted into the outer leaflet could not rapidly enter the contact 
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region as it would be expected if this region would consist of two adhered bilayers (Fig. 15). 

It could be shown by FRAP measurements that slow migration of lipid analogues was not due 

to a restricted diffusion within the HD (Fig. 16).  

Taken together these observations give strong evidence that the forming structure within the 

region of contact between the two GUVs corresponds to an HD. In the experiments within the 

model system, sequestering of peptides was independent of their amino acid sequence as well 

as secondary structure. While the only 23 amino acid long LV peptides display ~ 80 % 

� -helical and ~20 % ß-sheet structure in case of Rh-LLV-16-Rh, Rh-LV16-G8P9-Rh consist 

of ~20 % � -helical and ~80 % ß-sheet structure in membranes (Ollesch et al., 2007). The 31 

amino acid comprising HA peptide is essentially of � -helical structure (Tatulian and Tamm, 

2000). Also the about 5 nm long rhodamine-labelled rod comprising a very rigid 

oligospiroketal backbone is sequestered in a similar way to the peptides. Taken together these 

results demonstrate that anchoring of a membrane spanning entity in the lipid head group 

regions of both membrane leaflets leads to an inevitable sequestering upon a remodelling of 

the membrane structure and the outward driven enlargement of the forming HD. 

 

5.1.3 Forces driving hemifusion diaphragm formation 

The formation of such large and protein-free HDs is remarkable and only observed in model 

systems. Whether a fusion stalk can expand to an HD has been the focus of many theoretical 

studies. HD growth increases the length of its rim, where monolayer curvature is large 

(Kozlov and Markin, 1983; L. V. Chernomordik and Kozlov, 2003; Kozlovsky and Kozlov, 

2002; May, 2002;Kozlovsky et al., 2004). This is energetically unfavourable unless the 

spontaneous lipid curvature is sufficiently negative to favour and drive HD growth (Kozlov 

and Markin, 1983; L. V. Chernomordik and Kozlov, 2003; Kozlovsky et al., 2004). This is 

consistent with this report (Nikolaus et al., 2010b) and previous observations (Pantazatos and 

MacDonald, 1999) that HD formation requires negatively curved lipids like DOPE (cf. 1.2.2).  

In biological membrane fusion an external pulling force acting on the diaphragm rim is 

probably provided by a specialized set of membrane proteins like HA or SNAREs. In the 

GUV model system comprising TMD peptides, it is not obvious that the membrane 

incorporated TMDs alone could develop such a pulling force. However, TMD peptides have 

been shown to facilitate the fusion of model system membranes (Gurezka et al., 1999; 
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Dennison et al., 2002; Hofmann et al., 2004; Ollesch et al., 2007). TMDs within the bilayer 

increase the fusion rate probably due to a destabilisation of the bilayer structure that facilitates 

the restructuring of the membrane during the fusion process (Langosch et al., 2001; 

Abdulreda et al., 2008) (see section 1.2.4). Indeed, such large HDs were observed also in the 

absence of peptides in the GUV system validated by the distribution of N-NBD-PE. 

Supposably, HDs are formed here by the following reasons. First, the interaction of negatively 

charged phospholipids with divalent cations ‘cross-links’ GUVs leading to adhesion 

(Pantazatos and MacDonald, 1999; Nikolaus et al., 2010b). Binding of Ca2+ and Mg2+ to the 

negatively charged PS, but also to the zwitterionic lipids PC and PE causes a shielding of the 

negative charge and the dehydration of head groups (Feigenson, 1986; Mattai et al., 1989) 

and, hence, reduces repulsion between head groups. The TMD peptide is probably also 

facilitating HD formation and membrane fusion by a distortion of the lipid bilayer (Hofmann 

et al., 2004; Ollesch et al., 2007), although statistics on GUV size with and without peptides 

revealed no difference after incubation. 

Second, monolayer studies revealed a 7.4 % decrease of the DOPS surface area upon addition 

of Ca2+ (Mattai et al., 1989). A similar observation has been made for PC bilayers upon 

addition of Ca2+ although surface area reduction (5 %) was less pronounced in comparison to 

PS (Uhrikova et al., 2008). Addition of Ca2+ to PS bilayers also leads to a phase change from 

the fluid to the crystalline state and condensation of the surface area (Papahadjopoulos et al., 

1977; Mattai et al., 1989; Kozlov and Markin, 1984; Lei and MacDonald, 2003). Since 

divalent cations can only interact with the outer leaflet surface, but not with the luminal 

leaflet, surface area reduction is asymmetric (Chanturiya et al., 2000) and the surface area 

difference between both leaflets has to be compensated in order to preserve stability of GUVs. 

Since lipid flip-flop rates, i.e. the transfer of lipids between the bilayer leaflets, are in the 

range of minutes in artificial systems (Svetina et al., 1998), they exceed by far the timescale 

for HD formation in the model system used and are therefore not considered as possible 

compensation mechanism for the interleaflet area asymmetry. However, the necessary 

stability of the GUVs could be achieved by formation of an HD since merging of the outer 

leaflets would counteract the area reduction caused by cation addition, whereas the inner 

monolayer surface area is allowed to remain constant. Taking into account the molar fractions 

of phospholipids in GUVs (DOPC:DOPE:DOPS, 3:1:1, molar ratio) and the decrease of their 

molecular area in the presence of Ca2+ (Mattai et al., 1989; Uhrikova et al., 2008), the 

condensation of the outer monolayer should be about 5.5 % of total membrane surface. Since 
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no data on DOPE were available, the same reduction as for PC is assumed since PE and PC 

are both zwitterionic lipids. The dependence of the HD size upon cation condensation of 

lipids would predict that the HD size should increase with increasing surface area of GUVs 

which was indeed the case. That PS is not the sole contributor to surface condensation is 

sustained by the observation that reduction of the PS fraction by 10 mol% did not affect the 

area of the HD within the error of measurement (see Fig. 19).  

Third, additionally to the cationic component, bilayer tension also drives hemifusion and 

fusion (Shillcock and Lipowsky, 2005). Analysis of 50 hemifused GUV pairs revealed that the 

relative surface area of HDs is about 8.7 % of the mean surface area of GUV pairs (Fig. 33 

C). This is in good agreement with the predicted reduction of the outer leaflet by cation 

adsorption (5.5 %) plus a contribution of membrane tension driving HD growth, presumably 

in the range of the remainders (Jason M. Warner and Ben O’Shaughnessy, Columbia 

University, New York, personal communication, 2009). Additional bilayer tension in the 

performed experiments results from the addition of cations (Ohki, 1982; Sinn et al., 2006), 

from the adhesion of vesicle bilayers that flatten against each other with their volume 

remaining constant (Kachar et al., 1986) and from adhesion with the substrate (Radler et al., 

1995). Membrane tension may strongly affect the fusion pathway. Dissipative particle 

dynamics simulations for fusion events of a vesicle with a planar membrane by Grafmüller et 

al. (Grafmuller et al., 2009) predict a variation of the adhesion time depending strongly on 

tension (large tension – fast fusion; small tension – large contact area and long adhesion 

times). Consistent with these findings either rapid full fusion (cf. Fig. 11) for high Ca2+ 

concentration or stable adhesion (cf. Fig. 14 A) and hemifusion (cf. Fig. 13 and Fig. 15) for 

low concentration of Mg2+ or Ca2+ was found for different cation concentrations causing a 

variation in membrane tension (Ohki, 1982). Interestingly, in an analytical model describing 

the formation of an HD in a vesicle system (see below) the bilayer tension in the HD was 

about twice the tension in the vesicle bilayer outside the HD. This elevated tension in the HD 

may facilitate the HD rupture as bilayer tension drives fusion pore formation.  
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Fig. 33: Estimation of the relative surface area of  hemifused GUVs.  Due to a decrease of 

membrane tension upon hemifusion of GUVs, they flatten upon settling onto the cover slip (cf. 

Fig. 18). Based on the resulting geometry the relative surface area of the HD of the total 

surface of 50 attached GUV pairs with sequestered peptides was estimated. (A) Z-stack 

reconstruction of a GUV pair containing Rh-TMD peptide of HA and N-NBD-PE, respectively, 

after addition of 2 mM Ca2+. Note that the upper part of the large GUVs was not imaged and 

therefore omitted. Inset: Confocal image of the equatorial plane of the GUV pair showing the 

HD with sequestered peptide. (B) Sketch of two hemifused GUVs settled on a cover slip. Top 

view shows the diameters of both GUVs (d1, d2) and of the HD (dHD). GUVs are approximated 

by half spheres as the mean contact angle of hemifused GUVs with the cover slip was found to 

be close to 90°. ( C) Calculation of the surface area (A) of GUV 1 and 2 approximated by half 

spheres (S) and the plane area in contact with the cover slip (P) and also of the HD area. The 

estimated relative surface area of the HD on the overall surface area of both GUVs is about 

8.7 %.  

 

5.1.4 Sequestering of transmembrane entities in model and biological membranes 

The GUV model system allows studying µm-sized HDs, but these dimensions are not 

observed in vivo. Although microscopic HDs with sequestered full length HA protein 

reconstituted into GUVs were observed, the situation is different to viruses and cellular 

membranes. Membrane proteins in biological membranes are much more densely packed than 

in our model system with typically 1 mol% of TMD peptide. Merging of the contacting 

leaflets requires sequestering even of those proteins, which are not involved in fusion. Fig. 34 
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shows the densely packed membranes of an influenza A virus in a TEM image with the viral 

spike proteins and a molecular model of a synaptic vesicle constructed from quantitative data 

(Takamori et al., 2006).  

 

Fig. 34: Crowding of membrane proteins.  Drawn to scale are a constructed synaptic vesicle 

based on quantitative data with a diameter of about 40 nm (Takamori et al., 2006) (A), a TEM 

image of an influenza A virus with diameter of 80-120 nm (image by Cynthia Goldsmith) (B) 

and a GUV bilayer section with a diameter of about 10 µm including about 1 mol% of 

rhodamine-labelled transmembrane peptides. Obviously, the synaptic vesicle and the virus 

particle are densely packed with different membrane proteins and viral spike proteins HA and 

NA, respectively.  

The required sequestering of so many membrane anchored proteins upon the merger of a 

synaptic vesicle or viral membrane with an also protein-loaded target membrane might be 

energetically unfavourable and interfere with expansion and even stability of an HD. Indeed, 

in the presence of peptides at higher concentration or in both attached GUVs a significantly 

reduced formation of HDs was found. Another factor could be the interaction of membrane 

proteins with the membrane cytoskeleton. Since in biological membranes some of the 

transmembrane embedded proteins are additionally linked to the membrane skeleton network 

on the cytoplasmic side, this probably would effectively render the sequestering of these 

proteins impossible and hence block the enlargement of a forming HD. This hindrance of free 

protein and also lipid diffusion is mainly discussed with the field of lateral membrane 

domains and rafts and is reviewed by Kusumi and Suzuki (2004, 2005) (Kusumi et al., 2004; 

Kusumi and Suzuki, 2005). The addition of cations effectively reduces the outer membrane 
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leaflet and provides thus a major driving force for HD formation in the GUV model system, 

but whether similar mechanisms are available to cells is not known.  

 

5.1.5 Simultaneous formation of several fusion stalks within one adhesion area 

In the GUV model system rapid transition from a first transbilayer contact to full fusion 

occurred as can be concluded from Fig. 23. The formation of the small internal vesicles that 

harbour both rhodamine-labelled peptide and NBD lipid analogue from the formally separated 

GUV membranes indicates that several fusion stalks must have formed and proceeded to full 

fusion within the area of initial contact. In their coarse-grained molecular dynamics 

simulation Kasson et al. (2007) found a prevalence of a fusion pathway proceeding through a 

hemifusion intermediate, but also a direct transition from the fusion stalk to the opening of a 

fusion pore was observed. The latter pathway was found at a higher probability for lower 

amounts of PE within the simulated bilayers (Kasson and Pande, 2007). Whether a small HD 

was formed prior to full fusion in this experiment (Fig. 23 in section 4.1.8) remains elusive 

due to the very slow confocal imaging setup. As intuitively presumed, it was found in a 

simulation study that the formation of a fusion stalk gets more likely when the area of contact 

of the two vesicles gets larger, which increases the probability that lipid acyl chains protrude 

into the hydrophilic interface (Kasson et al., 2010). Since the formation of internal vesicles 

was only observed rarely, the parallel formation of several fusion stalks within one adhesion 

area has to be considered unlikely.  

 

5.1.6 Analytical model of the hemifusion pathway  

As shown above, the addition of Ca2+ or Mg2+ to negatively charged membranes reduces the 

outer leaflet surface area of the GUVs and induces high membrane tensions. After fusion stalk 

formation, i.e. the nucleation point of an HD, the bilayer tension affecting the whole GUV 

membrane area wants to expand the HD, except for the tension within the HD membrane 

itself, which wants to reduce the HD area since bilayer tension wants to reduce membrane 

area. As two membranes fuse into one at the HD boundary, the reason for the growth of an 

HD becomes evident. Tension in two bilayers – both GUV membranes outside the HD – pull 

outwards and enlarge the HD, whereas only tension in one membrane – the HD membrane – 

resists this enlargement. Yet, another type of tension comes into play. Due to an area reduction 
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on the outer leaflet, caused by the growing HD and also by the influence of cation addition 

only affecting the outer leaflet, an interleaflet tension between inner and outer bilayer leaflet 

works against HD expansion. The greater this mismatch between the reduced outer and the 

inner leaflet the larger is the induced interleaflet tension. The description of the interleaflet 

tension was introduced by Jason M. Warner and Ben O’Shaughnessy (Columbia University, 

New York, personal communication). In equilibrium the bilayer and interleaflet tensions yield 

an equilibrium HD size. According to the model of Warner and O’Shaughnessy, the HD size 

in equilibrium is determined by the GUV areas and a force resulting from the outer leaflet 

reduction by cation addition and also from bilayer tension. In Fig. 19 the model prediction is 

plotted and agrees well with the measured data for hemifused GUVs with an area ratio <4.4. 

The analytical description of Warner and O’Shaughnessy was extended to also analyse the 

growth kinetics of the HD formation. Short time model prediction of the evolution of HD area 

in time agrees well with measured data presented in the fusion kinetics (Fig. 11 D). Whereas 

the analytical model predicts a linear short term growth rate of the HD of 24 µm2/s, the 

experimentally obtained rates were found to be between 22 and 34 µm2/s. 
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5.2 Bilayer properties and its influence on protein  partition 

5.2.1 Hemagglutinin partitions to raft domains in the plasma membrane 

The formation of lateral lipid domains and the implications on cellular mechanisms have been 

studied and highly debated for more than two decades ever since the existence of 

microdomains enriched in sphingomyelin (SM) and cholesterol in the plasma membrane has 

been suggested by Simons and van Meer (Simons and van Meer, 1988). These domains, in 

cellular membranes also called rafts, are similar to the Lo domains observed in model 

membrane systems. Rafts are associated with important cellular functions such as membrane 

sorting and fusion, signal transduction and protein activation and partition (Poveda et al., 

2008).  

The influenza virus hemagglutinin (HA) is considered to be a typical example for integral 

membrane proteins that partition to and strongly enrich in rafts. HA is sorted to the apical 

plasma membrane of polarized cells where the assembly and budding of progeny virus takes 

place. The apical membrane was shown to be enriched in sphingolipids and cholesterol. 

However, direct visualization of HA partition into such domains of mammalian cell plasma 

membranes expressing the virus protein has not been reported. The early studies used two 

criteria to analyse the partition of HA. First, as partition into rafts already in the trans-Golgi 

network was proposed to be necessary for the correct apical sorting of HA in polarized 

MDCK cells the location of HA in the apical or basolateral surface was investigated. Second, 

sorting of HA into detergent resistant membrane fractions (DRMs) as compared to the soluble 

membranes (DSMs) was used to judge raft partition. Indeed, wild type HA was found at the 

apical plasma membrane as well as in DRM fractions after treatment with cold detergent 

Triton X-100. Several mutations within the TMD of HA revealed the requirement for 

hydrophobic residues that are in contact with the exoplasmic leaflet of the membrane to fulfil 

the criteria mentioned above (Scheiffele et al., 1997; Lin et al., 1998; Barman et al., 2001; 

Takeda et al., 2003). The clustering of HA with a wild type TMD sequence at the plasma 

membrane of MDCK and fibroblast cells could be shown by gold particle labelled antibody 

staining and also in live FPALM experiments, respectively (Takeda et al., 2003; Hess et al., 

2005; Leser and Lamb, 2005; Hess et al., 2007). Here, again the mutation of hydrophobic 

residues residing in the outer membrane leaflet was found to disrupt clustering and render HA 

in a wide distribution across the plasma membrane (Takeda et al., 2003). Recently, a 

clustering of HA and a HA derived construct (see Fig. 25 C and D) with plasma membrane 
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raft-markers was observed by FLIM-FRET in HA-transfected cells (Engel et al., 2010; 

Scolari et al., 2009).  

In this study, model systems, which are known to form lipid domains in the microscopic range 

easily detectable by fluorescent lipid analogues with a preference for Ld domains were used. 

In one system, either the TMD peptide of HA and further model peptides or viral full length 

HA was reconstituted into GUVs prepared from a mixture of synthetic, well defined raft-

lipids or from lipids extracted from the viral envelope. As another model system, GPMVs 

were obtained from cell plasma membranes, thus containing a large variety of lipids and, 

apart from the protein of interest – HA-Cer or TMD-HA-YFP – other membrane proteins. For 

all studied examples a strong preference for the Ld domain was observed. However, the 

preference of full length HA for the Ld domain was less pronounced in GPMVs, which mimic 

biological membranes much better than GUVs as it will be discuss below. 

 

5.2.2 Hydrophobic mismatch of transmembrane entities in domain forming GUVs 

Both HA-TMD peptides comprising the wild type sequence and the mutation GS520AA that 

was found to render the raft partition of full length HA to nonraft domains in the plasma 

membrane of the cells, respectively, as well as the full length HA were exclusively localized 

in the Ld domain in GUVs, either consisting of a well defined composition of synthetic lipids 

or viral lipid extracts. This extreme partition was observed not only at 25°C, but also at 10°C 

and 37°C. The enrichment of the HA TMD peptide, but also of the full length HA protein, 

membrane anchored by the TMD, in the Ld domain is unexpected when comparing the 

hydrophobic width of the bilayer with the hydrophobic stretch of the TMD. From electron 

density profiles obtained by Fourier analysis of X-ray diffraction pattern the thickness of the 

hydrophobic part of a DOPC:SSM:Chol (1:1:1) bilayer was calculated. The hydrophobic 

thickness is 36 Å in the Lo and 27 Å in the Ld phase (Fig. 35) (Gandhavadi et al., 2002). A 

similar difference of about 10 Å of a membrane in Lo and Ld phase, respectively, was found 

in an 2H NMR study (Vogel et al., 2009). The HA TMD peptide is essentially of � -helical 

structure (Tatulian and Tamm, 2000). Considering 1.5 Å per amino acid in an � -helical 

conformation (Webb et al., 1998), the hydrophobic stretch of the HA TMD peptide (25 aa) is 

37.5 Å (Fig. 35). The same length was found for a KALP peptide comprising a 25 residue 

hydrophobic part (Kandasamy and Larson, 2006). Hence, one would expect partition of the 

TMD peptide in the Lo phase where it faces only a small positive mismatch of 1.5 Å. 
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Surprisingly, despite a positive mismatch of 10.5 Å, HA TMD peptides are incorporated into 

the Ld phase. However, this behaviour is consistent with recent studies on domain partition of 

various membrane proteins and peptides in model membranes (Fastenberg et al., 2003; Bacia 

et al., 2004; Vidal and McIntosh, 2005; Shogomori et al., 2005; Almeida et al., 2005; 

Hammond et al., 2005; Kalvodova et al., 2005). McIntosh and co-workers (McIntosh et al., 

2003; Vidal and McIntosh, 2005) studied lateral sorting of model transmembrane peptides of 

different hydrophobic length - 23 or 29 amino acids - between Lo and Ld domains by 

detergent extraction, but also by confocal fluorescence microscopy at 4°C and 37°C. These 

transmembrane domains match the hydrocarbon thickness of Ld and Lo domains, 

respectively. At both temperatures the peptides were primarily localized in the Ld domain 

independent of hydrophobic matching.  

By reconstituting the LV model peptides into domain forming GUVs of synthetic lipids or 

viral lipid extracts allows for a similar comparison as in the work of McIntosh and co-workers 

(Vidal and McIntosh, 2005). The 17 hydrophobic residues of the Rh-LLV16-Rh have a length 

of 25.5 Å in an � -helical conformation (Fig. 35). This results in only a small negative 

mismatch of 1.5 Å compared to the Ld domain hydrocarbon thickness. For the 

Rh-LV16-G8P9-Rh with an 80 % � -sheet fraction the probable hydrophobic length would be 

about 28 Å considering 3.5 Å per residue and a turn in the centre at the Gly and Pro residues. 

The peptides also exhibit a small amount of a turn structure as determined by CD 

spectroscopy when flat lipid membranes were present (Ollesch et al., 2007). Here, both 

peptides partition to the Ld domain in the GUVs. Interestingly also the relatively stiff 

molecular rod that comprises no voluminous side chains within the 3 nm long oligospiroketal 

backbone besides the two butyl groups also partitions to the Ld domain in phase separating 

GUVs (Fig. 35).  
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Fig. 35: Hydrophobic mismatch . Schematic drawing of a lateral lipid domain containing 

bilayer. Liquid disordered (Ld) domains are made up by unsaturated lipids (green) with a 

hydrophobic thickness of 27 Å whereas liquid ordered domains comprise a saturated lipid (red) 

and cholesterol with a hydrocarbon width of 36 Å. Note that the number of lipids per lateral 

domain is arbitrary and the exact lipid arrangement at the domain boundary as well as at the 

TMD-lipid surface is not known. Drawn to scale are the Rh-HA-TMD and the Rh-LLV16-Rh 

peptide as well as the Rh-Rod-Rh with the oligospiroketal backbone with a hydrophobic length 

of 39 Å, 25.5 Å and about 30 Å, respectively. Amino acid sequence is denoted within the 

peptides with hydrophobic, hydrophilic and basic residues in green, red and blue, respectively. 

Transmembrane entities are depicted in a rectangular orientation to the membrane normal and 

not tilted to better illustrate the hydrophobic matching situation.  

 

5.2.3 Possible responds to mismatch by peptides and lipid bilayers 

At present it is not known how the TMD peptides of HA respond to the positive hydrophobic 

mismatch that occurs in the Ld domain. Tilting of peptides might be one possibility to match 

the hydrophobic thickness of the bilayer avoiding exposure of hydrophobic side chains to 

polar environment, which is energetically unfavourable (Mouritsen and Bloom, 1984 and 

reviews Killian, 2003; Holt and Killian, 2010). In a MD simulation of KALP peptides of 

different length in lipid bilayers of various width Kandasamy and Larson (2006) could show 

that peptide tilting is an important factor compensating positive hydrophobic mismatch 
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(Kandasamy and Larson, 2006). Similar results were only recently obtained by Kim and Im 

(2010) investigating the mismatch response of WALP peptides (Kim and Im, 2010). For a 

peptide-lipid system with a positive mismatch of 12.7 Å, which is very close to the mismatch 

situation for the HA TMD peptide in the Ld domain in the present GUVs study, the authors 

find a tilt angle of up to 50° with respect to the membrane normal. In a NMR experiment on 

the transmembrane helix of Vpu, an accessory protein required for an efficient HIV-1 particle 

release (Neil et al., 2008), in bilayers of different width a tilt of the TMD is found ranging 

from 27° to 51° for an increasing positive mismatch (S. H. Park and Opella, 2005). Here, the 

tilting alone is able to compensate for the mismatch. However, using polarized ATR-FTIR it 

could be shown that a TMD of HA in DMPC (di-C14:0PC) membranes having a hydrophobic 

thickness of about 21 Å is in an � -helical conformation and orientated almost parallel to the 

membrane normal (Tatulian and Tamm, 2000).  

Besides tilting also side chain reorientation offers a possibility to reduce hydrophobic 

mismatch, even if only to a limited extent depending on the amino acid side chain (Killian, 

2003). In addition to a response of the TMD peptide to the hydrophobic mismatch also the 

lipid bilayer is able to undergo changes to some degree. Lipids can adapt their effective length 

by increasing the acyl chain order. Although this adaptation was only found to be small it has 

been observed by 2H NMR and EPR upon the reconstitution of KALP and WALP model 

peptides (P/L ratio 1:30) with a hydrophobic length exceeding the thickness of the bilayers (de 

Planque et al., 1999). Here, the hydrophobic thickness of the membrane increased by 0.2 Å 

and 1.0 Å for KALP23 and WALP23 (both peptides comprising 23 hydrophobic amino acid) 

peptides in a DMPC (di-C14:0PC) bilayer, respectively. A similar and also small increase of 

the lipid acyl chains length was observed by 2H NMR in short chain lipid bilayers upon 

addition of a double hexadecylated N-Ras heptapeptide (Vogel et al., 2009). For DLPC 

(di-C12:0PC) and DMPC (di-C14:0PC) the chain extent of a single chain was stretched by 

0.2 Å for both lipids upon the incorporation of the longer hexadecylated chains (C16:0) of the 

N-Ras peptide at a P/L ratio of 1:150. Interestingly also a strong adaptation of the lipid 

modification of N-Ras was found. These results are in line with own preliminary results on 

the lifetime � 2,Ld of C6-NBD-PC in LUVs of DOPC (di-C18:1PC) comprising an unlabelled 

variant of the HA TMD peptide flanked by three lysine residues on both ends (thus 

comparable to KALP peptides) at a P/L ratio of 1:100. The lifetime � 2,Ld was found to be 

� 2 ~ 6.33 ± 0.03 ns and � 2 ~ 6.45 ± 0.03 ns in LUVs without and with reconstituted TMD 

peptide, respectively. The slightly longer lifetime of the NBD lipid analogue reflects the 



  DISCUSSION  92 

slightly higher degree of order introduced by the reconstitution of the TMD peptide. 

Increasing order of the lipids upon peptide incorporation was also found in further studies on 

the HA TMD peptide (Tatulian and Tamm, 2000; Tamm, 2003). But adaptation of lipid length 

was found to be small and by far not enough to compensate for the hydrophobic mismatch of 

the TMD peptides implying that there are significant energy cost for changing the lipid chain 

order by stretching (Killian, 2003; Vogel et al., 2009).  

Upon incorporation of the Rh-LLV16-Rh peptide in the Ld domains the peptide faces a 

negative mismatch of only 1.5 Å. It was found for transmembrane peptides comprising lysine 

residues at the peptide ends that the lysines can effectively increase the hydrophobic length in 

a situation of negative mismatch by snorkelling (Killian, 2003). Here the hydrophobic part of 

the lysine residue still resides in the hydrocarbon region and while the positively charged 

amino group stretches out and snorkels into the more polar interfacial region of the lipid 

bilayer.  

 

5.2.4 Lipid-lipid interactions dominate bilayer properties in GUV 

Taken together all transmembrane reconstituted entities partition to the Ld domain in the 

GUVs model system independent from their hydrophobic length, shape or lateral profile. This 

holds true for results of this study, but also for the various examples in the literature (see 

above). Distinct physical properties favour the incorporation of TMDs into the Ld phase. E.g., 

Lo domains have a higher bilayer compressibility, which for SM:cholesterol (1:1, molar ratio) 

is about 9 times that of a phosphatidylcholine bilayer (McIntosh et al., 1992), and higher 

bending moduli compared to the non raft domains (Lundbaek et al., 2003). That is, Lo 

domains are more tightly packed (Kaiser et al., 2009), which leads to the significantly higher 

fluorescence lifetime of C6-NBD-PC in comparison to the Ld domain (Fig. 24 A and B) 

(Nikolaus et al., 2010a; Stockl et al., 2008). Hence, more energy is required to separate 

adjacent lipid molecules to enable incorporation of TMDs or molecular rods into the Lo 

compared to the Ld domains, which are of lower cohesive energies (Vidal and McIntosh, 

2005). Thus, it is energetically favourable for TMDs to partition into the Ld domain (van 

Duyl et al., 2002). In the Ld domain the probable disordering effect of the side chains of the 

� -helical TMD would be appreciated whereas in the tight packing of the Lo phase this would 

be energetically costly to accommodate (Simons and Vaz, 2004; Fastenberg et al., 2003).  



  DISCUSSION  93 

5.2.5 Influence of S acylation of HA cysteines in the GUV model system  

These results of a partition of the peptides to the Ld domains confirm and extend previous 

studies showing that in lipid model systems the cohesive bilayer material properties determine 

the process of lateral sorting of transmembrane peptides (McIntosh et al., 2003; Vidal and 

McIntosh, 2005) and even of full length integral membrane proteins. The strong enrichment 

of wild type HA in the Ld domain may be rather surprising, in particular, because 

reconstituted HA contains the typical raft targeting signals, such as palmitoylation and 

specific hydrophobic amino acids in its TMD. Thus, any partition signal that sorts HA into 

rafts of living cells (Lin et al., 1998; Scheiffele et al., 1997) and an unfavourable hydrophobic 

mismatch are not relevant for the partition of the TMD peptide of HA and wild type HA in 

GUVs. 

Reconstituted viral full length HA protein was found to partition to the Ld domain in GUVs 

(Fig. 27 and Tab. 2). The palmitoylation of the three cysteines of the HA protein (see below) 

did not render the partition to the Lo domain in GUVs as compared to the non-palmitoylated 

HA TMD peptide. To get a complete data set the palmitoylation of the HA TMD peptide and 

of an extended HA peptide comprising transmembrane part plus the 11 residues long 

cytoplasmic tail (CT) was attempted. This was done together with Dr. Rudolf Volkmer, Ines 

Kretzschmar, Christiane Landgraf and Anja Krüger (Institute for Medical Immunology, 

Charité, Berlin). The sequence of the HA TMD and CT (strain A/FPV/Rostock/34 H7N1) 

comprises the following sequence of amino acids: TMD: 

KDVILWFSFGASCFLLLAIAMGLVFI C551V plus CT: KNGNMRC559TIC562I. The last three 

C-terminal Cys at position 551, 559 and 562 are S acylated, hereby it was only recently 

shown that the Cys 551 at the boundary of TMD and CT is stearoylated (C18:0) and the two 

Cys in the CT are palmitoylated (C16:0) (Kordyukova et al., 2008). This site-specific 

attachment of palmitate or stearate seems to be common along viral spike proteins as reported 

lately (Kordyukova et al., 2010). To make a long story short, the attempts to yield an 

S palmitoylated TMD+CT construct failed (for details see 3.2.3) and it was thus not possible 

to study the influence of palmitoylation on the HA TMD peptide.  

Using a different approach the group of Antoinette Killian (University Utrecht) yielded not 

S acylated, but N-terminally palmitoylated WALP peptides with one or two hexadecanyl 

chains linked by an amide or a structurally more flexible ester bond, respectively. They 

studied the partition behaviour of the palmitoylated peptides and of peptides with varying 
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length by detergent extraction and found that neither the palmitoylation nor the influence of 

hydrophobic mismatch renders the sorting of peptides out of the Ld domain, which is in line 

with above mentioned results (van Duyl et al., 2002). The authors speculate that the 

palmitoylated peptides might be located at the interface of the Lo/Ld domain with the 

palmitate chains inserted into the Lo phase. Due to the constraints of the method this could 

not be verified. The partition of the N-Ras protein with a bulky branched farnesyl and a 

palmitoyl anchor to the Lo/Ld interface (see section 4.2.4.1) shows that introducing a 

palmitoyl anchors is able to sort lipidated proteins to the domain interface. A similar sorting 

mechanism was proposed for the TM influenza virus M2 protein (see below). Therefore it will 

be worth to check the partition of palmitoylated TM peptides by optical methods like 

fluorescence microscopy.  

Besides the discussed influence of the acylation of HA on the protein sorting also another 

function might be taken into account. Acylation of TMDs might be responsible for a tilting of 

the respective TMD. In these cases it was speculated that tilting could alleviate a positive 

hydrophobic mismatch of the relatively long TMDs within the thinner ER and Golgi 

membranes (Abrami et al., 2008; Hundt et al., 2009; Conibear and Davis). An insertion of the 

HA TMD was found in a 35° to 55° angle relative to the membrane normal (see Introduction, 

section 1.2.4). Therefore, the tilt of the TM anchor of HA might be due to the stearoylated 

lipid modification (Kordyukova et al., 2008) and support the lipid mixing activity of in 

membrane fusion (Bowen and Brunger, 2006).  

 

5.2.6 Less pronounced partition of HA in GPMVs 

Although a strong preference of full length HA-Cer and TMD-HA-YFP construct for the Ld 

domain in GPMVs derived from the plasma membrane of CHO-K1 cells was observed, their 

preference was less pronounced compared to full length HA and TMD peptide of HA in 

GUVs prepared from synthetic or virus lipids (Tab. 2). This is partially in line with latest 

results from the Baumgart lab (Johnson et al., 2010) where a variable domain partitioning of 

the HA in GPMVs from HeLa cells was observed. The authors report of Ld, Lo and also non-

preferential partition of HA and refer to a probable difference in the lipid composition of the 

single vesicles and underscore the possible importance of this composition for the sorting 

process of proteins. The results indicate that Lo domains of GPMVs may differ in their 

physical properties to that in GUVs. Indeed, lifetime of C6-NBD-PC shows that packing of 
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lipid domains in GPMVs is different from that of GUVs. In particular, the differences of lipid 

packing between Ld and Lo domains are much less pronounced for GPMVs (Fig. 24 C) in 

comparison to GUVs prepared from synthetic or virus lipids (Fig. 24 A and B). This is in 

agreement with the observations for GPMVs from HeLa cells (Stockl et al., 2008) and data of 

(Kaiser et al., 2009). The authors judged membrane order of the different systems by 

calculating the generalized polarization (GP) values of Laurdan giving a relative measure of 

the membrane order of GUVs, GPMVs and also for the recently described plasma membrane 

spheres (PMS) from the human epithelial carcinoma cell line A431 (Lingwood et al., 2008). 

For the PMS where micrometer-scale phase separation is induced by cholera toxin-mediated 

cross-linking of the raft ganglioside GM1 the difference in membrane order between the GM1 

and the remaining phases was even less pronounced as for the GPMV system and even at 

10°C the bilayer lipids are by far not as densely packed as in the Lo domain of GUV (Kaiser 

et al., 2009). Supposably due to the much higher membrane protein content of GPMVs and 

PMS, protein-lipid interactions may interfere with a very tight packing of Lo domain as found 

in GUVs (Jacobson et al., 2007; Hancock, 2006; Kaiser et al., 2009; Lingwood and Simons, 

2010). This would reduce the energy barrier for intercalation of membrane proteins thus 

explaining the partial presence of HA in Lo domains of GPMVs. Interestingly the results on 

variable phase partition of HA in GPMV membranes obtained by Johnson et al. (Johnson et 

al., 2010) from the Baumgart lab where obtained at 22°C whereas these experiments were 

performed at 10°C. Regarding this difference in temperature one can imagine that lipids in the 

Lo phase are packed less tight at higher temperatures thus allowing for a more easy 

incorporation of the protein. Furthermore, differences of partition between GPMVs and GUVs 

might also be due to lipid asymmetry in GPMVs affecting domain formation and properties. 

Although a partial loss of bilayer asymmetry upon formation of GPMVs compared to the cell 

membrane has been observed (Honerkamp-Smith et al., 2009; Kaiser et al., 2009), GUV do 

not show asymmetry at all. Finally, it was suggested that HA sorting to the Lo phases in 

GPMVs is also hampered by a possible effect of the reducing agent DTT used within the 

GPMV preparation buffer interfering with the thioester bond of the S acylation. Alterations of 

the palmitoylation might thus perturb the protein partition. 
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5.2.7 Possible protein partition and lipid sorting mechanisms prior to virus budding 

A similar situation might be assumed for the organization of the virus envelope lipid phase. In 

the influenza virus envelope the cholesterol fraction is much higher than that of the host cell 

membranes (Scheiffele et al., 1999; Zhang et al., 2000). In the plasma membrane only about 

30-40 mol% cholesterol and 10-15 mol% of sphingolipids are found whereas the remainders 

are phospholipids (Holthuis and Levine, 2005). Analysis of lipids from the influenza virus 

envelope shows that the fraction of phospholipids is decreased to about 30 mol% whereas 

cholesterol and sphingolipids are increased to 50 and 20 mol%, respectively (Michael Veit 

and Andreas Herrmann, 2009, unpublished results). Despite the high cholesterol content a 

recent NMR study on the plasma membrane – serving as a budding site for influenza viruses – 

and also on the viral envelope indicated that the physical state of those membranes at 

physiological temperature has Ld-like properties (Polozov et al., 2008). Presumably, protein-

lipid interactions interfere with the formation of tightly packed Lo domains. In the influenza 

virus envelope there are about 400 trimeric HA and 100 tetrameric NA proteins together with 

some copies of the M2 ion channel (Inglis et al., 1976; Ruigrok et al., 1984; Imai et al., 2006; 

Harris et al., 2006; K. K. Lee, 2010). As a single � -helical TMD occupies a surface area of 

about 1 nm2 (Jacobson et al., 2007) that leaves room for about 42 000 lipids in each virus 

membrane leaflets (Estimation for a virus of 100 nm in diameter and a lipid area of about 

0.68 nm2 (Jacobson et al., 2007)). Thus each TMD is surrounded by about 30 lipids per 

protein in each bilayer leaflet. These numbers illustrate the high density of proteins within the 

viral membrane. In the plasma membrane the number of lipids per protein is about twice that 

of the viral envelope as the protein concentration is about 30 000 per µm2 (Jacobson et al., 

2007).  

These protein lipid interactions may not only prevent segregation of membrane proteins such 

as HA away from Lo domains, but may even facilitate partition in those lipid phases. 

However, it remains to identify the underlying mechanism of cholesterol enrichment in the 

virus envelope. Polozov et al. (2008) suggested the virus enriches itself in specific lipids such 

as cholesterol (see above). In particular, palmitoylation of HA may ensure a recruitment of 

saturated lipids and cholesterol. HAs with such a lipid environment could associate and form 

smaller clusters followed by the oligomerization of the virus matrix protein M1 and 

interaction of M1 with the CT of HA during virus assembly cross-linking HAs, which may 

lead to membrane patches enriched in cholesterol, which eventually form the virus budding 
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site. The oligomerization of proteins has already been considered by Simons and Vaz (Simons 

and Vaz, 2004) to be a driving force for raft partition of proteins since the partition coefficient 

of the protein oligomer is a product of its monomers. Is the partition to rafts only favoured 

weakly for the monomer this affinity is substantially increased for the oligomer. This in turn 

could be driving and stabilize aggregation of raft domains as it would be needed in the 

budding process of progeny viruses or in endocytosis (Hancock, 2006). Lateral cross-linking 

of membrane proteins and glycosphingolipids has been shown to trigger coalescence of 

nanoscale lipid heterogeneity into larger stabilized raft domains (R. Schroeder et al., 1994; 

Kahya et al., 2005), which play a functional role for uptake and endocytosis of proteins 

(Romer et al., 2007), and viruses (Ewers et al., 2010), and for cell signalling (Sohn et al., 

2008; Zech et al., 2009).  

These studies using model membranes clearly show that HA does not partition into tightly 

packed Lo domains of GUVs. To explain cholesterol dependent clustering of HA spikes at the 

plasma membrane visualized by immuno-EM (Hess et al., 2005; Leser and Lamb, 2005) and 

FPALM (Hess et al., 2007), and clustering of HA with “raft-markers” observed by FLIM-

FRET (Engel et al., 2010; Scolari et al., 2009) in HA-transfected cells, it might be concluded 

that protein-lipid interactions reduce lipid packing of Lo domains in biological membranes 

enabling recruitment of proteins such as HA to those domains. This would be in line with the 

view that physical properties of lipid domains in biological membranes are tightly regulated 

by protein-lipid interactions (Ge et al., 2003; Lingwood and Simons, 2010) and that protein-

lipid interactions direct the formation of lipid domains around the integral membrane proteins 

(Poveda et al., 2008). Besides differences in lipid packing, cellular and model membranes are 

also distinguished by the absence of cytoskeletal components in the latter. Recent reports 

indicated that microfilaments, especially cortical actin, might affect the formation, dynamics 

and maintenance of membrane-rafts in living cells (Suzuki et al., 2007; Goswami et al., 

2008). Besides actin, also binding of other cytoskeletal proteins like spectrin to PI(4,5)P2 in 

the plasma membrane might inhibit the formation of large-scale rafts (H. Keller et al., 2009). 

However, other studies found submicroscopic membrane heterogeneity to be independent of 

actin (Lasserre et al., 2008).  
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5.2.8 Small nanoclusters and signalling platforms in the plasma membrane 

Finally, the question arises why macroscopic visible domains are not observed in the plasma 

membrane of living cells? As FLIM measurements revealed the lifetime of C6-NBD-PC in 

the plasma membrane of CHO-K1 cells displays only one rather long second lifetime with a 

broad maximum in the lifetime histogram. This lifetime is comparable to the lifetime � 2,Lo in 

GPMVs (Fig. 24). Similar results were found for HepG2 and HeLa cells (Stockl et al., 2008). 

But two long lifetimes, which is a strong indication for the formation of in this case 

nanoscopic domains, were determined for K562 cells (see section 4.2.1) and also further 

studies found evidence for small and transient lipid domains with nanometre dimensions at 

the plasma membrane of resting cells (Shaw et al., 2006; Hancock, 2006; Jacobson et al., 

2007). Why are these small and transient domains not merging into larger and more stable, 

eventually macroscopic visible domains at the plasma membrane as they are found for the 

model systems derived from the plasma membrane? This coalescence of small diffusing 

domains would be stabilized by protein-protein interactions of proteins that reside in these 

lipid rafts (Hancock, 2006). Additionally the hydrophobic mismatch of raft and nonraft lipids 

at the domain boundary costs energy per length unit, also referred to as line tension (Garcia-

Saez et al., 2007). Domain merger and thus increasing raft diameter would reduce line tension 

due to a decrease of the total boundary length of growing domains. Proteins that reside at the 

Lo/Ld boundary, as found for the N-Ras protein (see Fig. 31 and (Vogel et al., 2009)), would 

function as surfactant reducing the line tension thus stabilizing smaller raft domains 

(McConnell and Vrljic, 2003). Coalescence of rafts is also opposed by the electrostatic 

repulsion and entropy (Kuzmin et al., 2005; Blanchette et al., 2006; Veatch and Keller, 2005). 

Free diffusion and thus possible merger of nanoscopic rafts is hampered by the submicron-

sized compartmentalization proposed by Kusumi et al. (2005) with compartment sizes 

between 32 and 68 nm for most mammalian cell lines studied. Besides the latter arguments 

also endocytosis might limit the domain size as found by a computational analysis. The 

selective and active removal of growing rafts by endocytosis and the disassembly of smaller 

rafts were described, thus keeping the domains at a nanoscopic size (Turner et al., 2005).  

Given the existence of multiple small and unstable rafts, what is their benefit? Here again the 

Ras protein family provides an example. Recently nanoclusters occupied by GTP loaded H-, 

N- or K-Ras were found to support Raf activation whereas GDP loaded Ras in different 

nanoclusters was not. These results clearly demonstrate that Ras in different nanoscale 

environments is able to configure the MAPK module in a way allowing the cell to generate 
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different output signals from one signalling cascade (Inder et al., 2008; Inder and Hancock, 

2008). One example for this specific sorting depending on GDP/GTP loading of the G-domain 

is the cholesterol-insensitive sorting of K-Ras4B to spatially distinct nanoclusters. Here a 

stronger membrane interaction of the inactive GDP loaded state was indicated in the FTIR 

spectra compared to the active GTP isoform (Weise et al., 2010), which is in agreement with 

recent MD simulations (Abankwa et al., 2010). Furthermore it could be shown that inhibition 

of Ras nanoclustering significantly affects Ras signalling (Hancock, 2006). The partition of a 

protein, e.g. N-Ras, to the interface of raft nanoclusters at the plasma membrane due to a 

favourable decrease in line tension might be imagined as an efficient strategy for possible 

protein interactions and a key parameter for the nanoclusters as a signalling platform. As 

FRET-based experiments of Sharma et al. (Sharma et al., 2004) revealed, for GPI anchored 

GFP only four proteins at the most are present in small clusters of up to 10 nm in diameter. 

With this few molecules per nanocluster it seems beneficial to sort one component to the 

domain interface whereas another factor is within the raft. By this means an interaction is 

likely given the small domain length scale and the limited area within the nanoclusters is 

saved for the second component. In contrast to these small nanoclusters the much larger and 

more stable rafts formed by cross-linking and oligomerization of protein components might 

essentially play a roll in the formation of budding platforms accommodating viral components 

at the plasma membrane, in endocytosis and protein trafficking as well as for specialized 

functions like the T-cell synapse (Hancock, 2006).  

 

5.2.9 K-Ras and N-Ras together yet separated at different spots in the Ld phase 

Besides the incorporation of transmembrane proteins and their lipid raft dependent sorting 

also the partition of lipidated proteins from the Ras family was investigated within this study. 

The small GTPases K-Ras and N-Ras are found to be enriched in human tumours (Bos, 

1989). Both Ras isoforms are found to partition to the Ld domain in the model systems of 

GUVs and GPMVs imaged by confocal fluorescence microscopy (Fig. 31 and Fig. 32) as well 

as in planar bilayers studied by AFM (Vogel et al., 2009; Weise et al., 2010) and also by 2H-

NMR comparing the order parameter and stretch of lipid and Ras acyl chains (Vogel et al., 

2009). In contrast to the exclusion of TMD peptides from the Lo domain in GUVs and 

GPMVs (see above) lipidated peptides are not prevented from partition to Lo phases per se as 

it could be shown for several proteins e.g. GPI anchored proteins (Johnson et al., 2010; T. Y. 
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Wang et al., 2000). Interestingly the palmitoylated and farnesylated N-Ras was found to 

diffuse to the Lo/Ld domain boundary in heterogeneous model membranes from synthetic 

lipids and viral lipid extracts (see section 4.2.4.1 and (Vogel et al., 2009)). This partition in 

lateral domain forming model membranes is expected due to the rather bulky moiety of the 

farnesyl lipid anchor that would interfere with the tight lipid packing and the high degree of 

order in the Lo domain of the model system as described above. A similar exclusion from the 

Lo domain was found for a likewise branched tocopherol moiety by Bunge et al. (Kurz et al., 

2006; Bunge et al., 2007). The enrichment of N-Ras at the domain interface might be 

explained by a preferential sorting of the palmitoyl anchor for the ordered phase. A somewhat 

similar mechanism was proposed for the transmembrane M2 ion channel of influenza virus 

with a rather short TMD helix residing in the Ld domain whereas the palmitate moiety might 

be extended into the Lo phase fixing the M2 at the raft interface (C. Schroeder et al., 2005). 

Both active GTP- and inactive GDP-loaded K-Ras4B, membrane bound by a bulky and 

branched farnesyl anchor and a polybasic amino acid stretch, are located within the bulk Ld 

phase (see section 4.2.4.2 and (Weise et al., 2010)). To give a more complete picture here it 

should also be mentioned that tapping mode AFM imaging showed the formation of new 

protein enriched domains within the Ld phase for a lipid mix of 

DOPC/DOPG/DPPC/DPPG/Chol (20:5:45:5:25, molar ratio) comprising anionic PG lipids as 

well as for neutral heterogeneous membranes of DOPC/DPPC/Chol (1:2:1, molar ratio) 

showing that electrostatic interactions of the polybasic stretch of K-Ras with the anionic and 

zwitterionic lipids would be able to locally attract acidic lipids (Weise et al., 2010).  
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6 Summary and perspectives 

 

Hemifusion 

Due their size, GUVs are an ideal tool to study the intermediates occurring in the process of 

bilayer fusion, which is an essential step in several cellular processes. Using confocal 

fluorescence microscopy, a direct experimental verification of the formation of the key fusion 

intermediate, the HD, was possible. In this hemifused state the outer membrane leaflets are 

fused, whereas the inner leaflets form the HD. GUVs containing negatively charged PS and 

fluorescent transmembrane peptides fused by means of addition of divalent cations. Time 

resolved imaging revealed that fusion was preceded by displacement of peptides and 

fluorescent lipid analogues from the GUV-GUV adhesion region. A detailed analysis of this 

area being several µm in size revealed that peptides were completely sequestered consistent 

with the formation of a HD. Lateral distribution of lipid analogues was consistent with 

formation of a HD, but not with the presence of two adherent bilayers. Based on results 

obtained in this study, formation and size of the HD were dependent on lipid composition and 

peptide concentration. An analytical model of hemifusion equilibrium and kinetics was 

verified by Jason M. Warner and Ben O’Shaughnessy (Columbia University, New York) 

identifying membrane tension as driving force for HD formation and interleaflet tension as its 
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opponent. Using the GUV model, one could corroborate the predicted equilibrium HD size 

and initial growth kinetics.  

These findings and the combination of experiments and theoretical interpretation will help to 

better understand the pathway of bilayer fusion of biological membranes in cells. Better 

understanding of the mechanism how proteins like SNAREs or viral fusion proteins guide the 

way to HD formation, growth and the final opening of the HD will hopefully help to develop 

new applications for an enhanced drug delivery and the inhibition of viral infections.  

Therefore, it would be interesting to study the influence of shorter TM peptides or molecular 

rods on the formation and also on the rupture of the HD. Thus one could elucidate the 

importance of the TM anchor of fusion proteins. Likewise, it might be of interest to attach 

hydrophilic polymers like complementary DNA or PNA oligomers to the membrane 

anchoring peptides or rods and thus simulate a minimal fusion machinery and study their 

influence on the HD. 

 

 

Lipid domain formation and protein partition 

In the plasma membrane of cells nanoscopic raft domains enriched in sphingolipids, 

cholesterol and specific proteins are found. Ternary model membranes separating into Lo and 

Ld domains resemble this lateral heterogeneity and have been studied intensely. However, a 

much tighter lipid packing in the Lo domain of GUVs was found compared to the ordered 

phase in GPMVs by comparing the fluorescence lifetime of C6-NBD-PC. As an almost 

exclusive domain specific partition of transmembrane peptides and proteins as well as a new 

molecular rod to the Ld domain reveals that the tight lipid packing in GUVs interferes with an 

efficient partition of all these transmembrane entities to the Lo domain of GUVs, although the 

hydrophobic matching, protein acylation and amino acid sequence would argue in favour of 

such a partition for some of these molecules. Sorting of transmembrane anchored HA protein 

in GPMVs is found to be less strict due to less tight lipid packing in the ordered domain. 

These findings are in line with latest results on the membrane order in GUVs, GPMVs and 

also in PMS as judged by the GP value of Laurdan (Kaiser et al., 2009). All these results 

suggest that in GUVs lipid-lipid interactions govern the partition of transmembrane proteins, 

whereas in GPMVs and especially in the plasma membrane lipid-protein interactions 
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overcome this lipid dominated regime due to the much higher protein content and also due to 

a variety of different lipids, which decrease the differences between the domains. Besides the 

partition of transmembrane proteins, also lipid anchored proteins from the Ras family, namely 

N- and K-Ras were investigated. Whereas N-Ras was found to sort to the Ld phase and 

subsequently enrich in the Lo/Ld boundary, K-Ras partitions to the bulk of the Ld domain.  

Further studies could shed light on lipid interactions in membrane systems comprising lipids 

with different acyl chain length in Ld and Lo domains and various amounts of cholesterol. 

This would affect membrane width and thus line tension at the domains interface. In this 

respect, also the sorting behaviour and the influence of TMD peptides on the membrane order 

might be investigated further. Very promising first results were achieved with a new class of 

fluorescent dyes having a large Stokes shift and long fluorescence lifetimes being able to 

report on the surrounding water content. Therefore, studies on the membrane order seem 

promising since the penetration of water into the bilayer depends on the lipid packing.  
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