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INTRODUCTION 

Membrane fusion, a vital process in all living organisms is triggered by special zipper-

like proteins and is key for understanding cellular logistics. These processes include 

exocytosis, fusion of small enveloped viruses with cells and cell-cell fusion.1 Whilst the 

exact mechanism of membrane fusion is still a matter of debate, it is widely accepted that 

it proceeds in four stages:2 (Figure 1) opposing membranes are brought into close 

proximity (I); the membrane is disrupted at the site of contact (II); outer membranes are 

merged resulting in hemifusion (III/IV); and full fusion is achieved, facilitating content 

mixing between the two fused compartments via pore formation (V). Since lipid bilayers 

possess an intrinsic stability against any structural deformations by a powerful 

hydrophobic effect, membrane remodeling via highly curved intermediates requires 

energy. This energy barrier prohibits spontaneous and non-targeted vesicle fusion in 

biological systems3-4 and specialized proteins are employed to overcome the energy-gap 

and to guide these processes.5 

 

Figure 1. Stages of the fusion cascade. Membranes are brought in close apposition (I) and approach each other in 
a point-like protrusion (II). A stalk intermediate is formed by merging of the outer membrane layers (III). This 
intermediate widens (IV) resulting in pore formation and full fusion (V). 

 

SNARE (soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein 

receptor) proteins are a well conserved class of fusion proteins, which have been 

implicated as central in most, if not all, intracellular vesicle trafficking events studied so 

far.6-8 SNARE proteins are located on both target membranes and transport vesicles, and 

zipper into a parallel four-helix bundle,9-11 bringing the opposing membranes into close 

contact and guiding the fusion process, as shown in Figure 2.12-13 Furthermore, several 

other membrane tethered proteins are known to initiate merging of the membranes via 

quick and specific Ca2+ triggered membrane destabilization.14-18 Upon fusion, the 

complex undergoes ATP catalyzed disassembly to recycle the SNAREs for a new fusion  
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Figure 2. The proposed model of the SNARE mediated synaptic fusion cycle. Synaptobrevin forms a partial 
complex with Syntaxin and SNAP 25 (1). Full coiled coil formation brings the synaptic vesicle close to the 
plasma membrane (2) and full fusion occurs either spontaneously (3) or evoked by Ca2+ (4). Finally, NSF 
ATPase catalyzes the disassembly of the SNARE complex and the recycling of the vesicles. Figure adapted from 
Lagow et al.14-15 

event.16-19 It is commonly accepted that the lower limit to induce membrane fusion 

involves only 3 SNARE complexes, and even a minimum of only 1 SNARE complex has 

been reported,20 indicating the large amount of energy released with the formation of the 

tetrameric coiled-coil complex. Although the basic principles of SNARE mediated vesicle 

fusion are identified, many details are still unknown. 

 

ARTIFICIAL STATE-OF-THE-ART MEMBRANE FUSION 

Understanding and mimicking directed membrane fusion, i.e. targeted and leakage-free 

content mixing between two different enclosed compartments, opens ways to 

applications in drug delivery and biotechnology, and is thus an interesting target for 

supramolecular and biomaterials chemists. In recent years, simplified model systems have 

been reported in which membrane fusion is mediated by designed supramolecular model 

systems such as carbo-hydrates,21-22 peptides,23-27 DNA,28-29 small molecule recognition, 

30-35 and light responsive systems.36-37 Despite the immense efforts in this field, efficient 

content mixing of fusogen-functionalized liposomes remains challenging. 
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Figure 3. Schematic representation of (A) coiled-coil structure between peptides E and K, (B) targeted liposome 
fusion mediated by coiled-coil formation between CPE4 modified liposomes and CPK4 modified liposomes, (C) CD 
spectra of CPE4 modified liposomes, and CPK4 modified liposomes and an equimolar mixture thereof. [Total 
lipid] = 0.5 mM with 1 mol % lipopeptide in PBS. (D) Lipid mixing and content mixing between CPE4-
liposomes and CPK4-liposomes. Fluorescence traces showing lipid mixing between CPE4 and CPK4 decorated 
liposomes, as measured through an increase in NBD fluorescence. [Total lipid] = 0.1 mM with 1 mol % of 
lipopeptide, in PBS; and showing content mixing between sulphorhodamine loaded (20 mM), CPE4 decorated 
liposomes and nonfluorescent, CPK4 decorated liposomes. [Total lipid] = 0.25 mM with 1 mol % lipopeptide in 
PBS. (E) Scheme of fusion between cell and liposomes. Figure reprinted from Yang et al.38  

In our lab, we successfully modified the specific heterodimeric coiled-coil pair E 

(EIAALEK)3 and K (KIAALKE)3 to mediate the fusion of liposomes, as shown in 

Figure 3.39-41 Peptides are tethered to the liposomal membrane by a flexible PEG-linker 

conjugated to a lipid anchor, usually a membrane constituent.42 Recently, we reported the 

targeted and leakage-free delivery of various molecules, including the cytotoxic drug 

doxorubicin, both in vitro and in vivo via fusion of small unilamellar liposomes with live 

cells or zebra fish embryo’s.38, 43 This method allows for quick and efficient delivery of 
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drugs and (bio)macromolecules without cell damage and is expected to have many 

applications in vitro and in vivo. 

 

COILED-COIL MEDIATED LIPOSOMAL FUSION 

However, years of research revealed that the mechanism is less straightforward than 

initially proposed,41 and that similarly designed peptides play different roles in the fusion 

mechanism.44 Furthermore, study of the relationship between structure and behavior of 

membrane-tethered peptides and the unambiguous assignment of these factors in the 

complex and short living fusion machinery is inherently difficult.  

The role of the lipopeptides in the fusion process is revealed by studying relationships 

between rational lipopeptide modifications and their resulting influence on fusion 

efficiency. The consequences of the anchor type were previously investigated,42 and it 

was shown that only DOPE and cholesterol anchors yielded significant fusion, with the 

latter being the most efficient. Increasing the length of the peptide (which increases 

coiled-coil binding strength and peptide-membrane interactions) also had a positive effect 

on fusion efficiency.41 Conversely, parallel or anti-parallel coiled-coil orientation,45 and 

coiled-coil oligomer state,46 did not influence the rate of fusion.The asymmetric roles of 

the peptides in the fusion process was recently discovered.44 Peptide K interacts with the 

liposomal membrane, resulting in membrane destabilization and the initiation of the 

fusion process, whereas peptide E facilitates coiled-coil formation, thereby forcing the 

opposing liposomes in close proximity and concomitant fusion. These different roles lead 

to competing interactions, resulting in an equilibrium between K – E coiled-coil 

formation and K – membrane interactions. These results gave us new insights in the 

fusion mechanism and it is proposed that the membrane immersion of K is of major 

importance for efficient membrane fusion. 

 

  



GENERAL INTRODUCTION TO MEMBRANE FUSION 

15 

SCOPE OF THIS THESIS 

In all previous studies the PEG12 linker between the peptide and the anchor was kept 

constant. However, the length of this spacer could highly influence the roles of both 

peptides and a systematic study could reveal the dynamics of the peptides in the fusion 

mechanism. Therefore, the influence of the PEG-spacer length and the anchor type on 

the fusion efficiency and on the peptide-membrane interaction was investigated. In this 

thesis cholesterol anchored peptides were used and compared to previous research 

conducted with DOPE-anchored peptides. The results of these studies are described in 

Chapter II (liposome fusion) and Chapter III (peptide-membrane interaction). 

To better understand the role of homo-coiled-coil interaction of peptide K, structure – 

behavior relationships of K-dimers were investigated via different covalently bound K-K 

dimers, as described in Chapter IV. These peptide-dimers also mediate liposomal fusion 

between CPE decorated vesicles, demonstrating the versatility of fusion systems with 

anchored and non-anchored fusogens. 

Next, coiled-coil peptide mediated liposome fusion was optimized in terms of fusion 

efficiency by using a range of coiled-coil peptide pairs. Therefore, a set of orthogonal 

coiled-coil peptides is introduced in Chapter V, and the characteristics of these 

heterodimeric coiled-coil peptides were studied. Subsequently, cholesterol anchored 

lipopeptide derivatives were synthesized, and the properties of the peptides when 

tethered to liposomal membranes was investigated. Furthermore, the ability of these 

peptides to mediate liposomal fusion is measured and the results are related to the 

described peptide characteristics. Finally, Chapter VI summarizes and interconnects the 

findings in the present work. 
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