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Abstract 

A minimal model system for membrane fusion, comprising two complementary 

peptides dubbed ‘E’ and ‘K’ joined to a cholesterol anchor via a polyethyleneglycol 

spacer, has previously been developed in our group. This system promotes the 

fusion of large unilamellar vesicles and facilitates liposome-cell fusion both in vitro 

and in vivo. Whilst several aspects of the system have previously been investigated 

to provide an insight as to how fusion is facilitated, anchor positioning has not yet 

been considered. In this study, the effects of placing the anchor at either the N-

terminus or in the center of the peptide are investigated using a combination of 

circular dichroism spectroscopy, dynamic light scattering, and fluorescence assays. 

It was discovered that anchoring the ‘K’ peptide in the center of the sequence had 

no effect on its structure, its ability to interact with membranes, or its ability to 

promote fusion, whereas anchoring the ‘E’ peptide in the middle of the sequence 

dramatically decreases fusion efficiency. We postulate that anchoring the ‘E’ 

peptide in the middle of the sequence disrupts its ability to form homodimers with 

peptides on the same membrane, leading to aggregation and content leakage. 
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2.1  Introduction 

Within cells, the process of membrane fusion regulates a range of vital processes, 

including intracellular transport and exocytosis. In eukaryotic cells, these fusion 

events are regulated by a family of proteins named soluble N-ethylmaleimide-

sensitive factor (NSF) attachment protein receptor (SNARE) proteins.1-4 One specific 

SNARE-mediated membrane fusion process that has been widely studied in recent 

years is that of neurotransmitter release; neurotransmitters are packaged into 

vesicles functionalized with one SNARE protein and this interacts with two other 

SNARE proteins associated with the axonal presynaptic membrane to release 

neurotransmitters into the synaptic cleft.5, 6 This fusion process has four main steps: 

initially, the vesicle and axonal membranes are bought into close proximity by the 

three SNARE proteins from both membranes interacting to form a tetrameric 

coiled-coil; secondly, localized disruption of the membranes occurs; in the third 

step, the lipids of the outer membranes mix in a process known as hemifusion; and 

finally, the inner membranes mix and the contents are transferred.7 

Using the natural SNARE proteins to study membrane fusion processes is clearly the 

most accurate way to understand more about these mechanisms, but, due to the 

number of proteins involved, it is often difficult to isolate the roles of specific 

proteins, 8 and some studies involving reconstituted SNAREs have failed to lead to 

fusion.9 Developing model systems for membrane fusion may therefore be a 

solution to some of these issues, and in addition to providing fundamental 

mechanistic insights, model systems may also have application as, for example, 

drug delivery systems. Numerous model systems have been developed in recent 

years with a range of molecules, such as deoxyribonucleic acid (DNA), 10-13 peptide 

nucleic acid PNA,14, 15 peptides,16-19 and other small-molecule recognition 

complexes being employed as fusogens.20-22 

In our lab, we have developed a model system for membrane fusion which 

comprises two complementary coiled-coil-forming peptides known as peptide E 

and peptide K. These peptides are named due the prevalence of glutamic acid (E) 

residues in peptide E (EIAALEK)n and lysine (K) in peptide K (KIAALKE)n. 23-25 These 

peptides are linked to a cholesterol anchor via a polyethylene glycol (PEG) spacer, 

with the lipidated peptides carrying the names CPE and CPK. This cholesterol 

anchors the peptides into liposomal membranes, and it has been previously  
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demonstrated that, when E- and K-functionalized liposome populations are mixed, 

efficient and leakage-free lipid- and content-mixing occurs (Scheme 2.1).18 We have 

previously probed numerous aspects of this system, including the peptide length 

and orientation,26, 27 the PEG length,28 and the anchor type.29 Another study 

examined the effect of placing the anchor at the C- or N-terminus of the peptide or 

at both ends to generate a doubly anchored construct. It was discovered that the 

end at which the peptide was anchored, or indeed the presence of two anchors, did 

not affect either the rate or the extent of fusion. 30 

In this study, we aim to probe the question of anchor positioning further by 

examining the effect of placing the anchor in the center of the peptide. This is of 

interest as the majority of SNARE proteins are held in membranes by hydrophobic 

transmembrane domains, but some SNARE proteins, such an SNAP-25, are tethered 

to the membrane via palmitoyl side-chains that are bound to cysteine residues 

found in the center of the protein sequence.31, 32 It would therefore be interesting 

to modify the E and K peptides so that the anchor is found at the center of the 

sequence and to compare these constructs to those which are anchored via the N-

termini to determine which is the more effective anchor position. This system was 

probed using a combination of circular dichroism (CD) spectroscopy, lipid- and 

 

Scheme 2.1. A peptide-mediated model system for membrane fusion. (Left): E (red) and K 
(blue) peptides are incorporated into liposomes; the E peptides are either unfolded or form 
homodimers, and the K peptides interact with lipid membranes.33 Upon mixing the two 
liposome populations (middle), coiled-coil heterodimers are formed between the two 
peptides; this brings the membranes into close proximity, which facilitates full fusion, resulting 
in mixing of vesicle content (right). 
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content-mixing fluorescence assays, tryptophan fluorescence studies, and dynamic 

light scattering (DLS) to determine the effects of anchor positioning on peptide 

structure and both the rate and extent of membrane fusion. 

It was discovered that placing the anchor in the center of the peptide sequence did 

not have a large effect on the structure of peptide K, but decreased the helicity of 

peptide E, although both peptides retained the ability to form a coiled-coil upon 

addition of the complementary peptide. Fusion was not affected when peptide K 

was anchored centrally, but strongly reduced lipid- and content-mixing was 

observed when the E peptide was anchored in this position. An increase in content 

leakage and a change in liposome size over time was also observed with this 

construct. It is postulated that anchoring the E peptide in the center of the 

sequence prevents homodimer formation with peptides on the same liposome, 

leading to aggregation as homodimers are formed with peptides on neighbouring 

liposomes. This aggregation then causes the liposomes to become unstable and 

limits the ability of this system to effectively facilitate lipid- and content-mixing. 

2.2  Results 

Design of the Study 

Inspired by the way in which some SNARE proteins, such as SNAP-25, are anchored 

to membranes, 31, 32 we decided to modify our model system to generate peptide 

constructs which had lipid anchors in the center of the peptide sequences. To 

facilitate this, the glutamic acid found at the ‘f’ position of the second heptad of the 

K peptide was mutated to lysine (Figure 2.1). A lysine was already found at this 

position in the E peptide, so no sequence modification was necessary. To enable 

selective anchor attachment, the highly acid labile methoxytrityl (mtt) protecting 

group was used to protect the lysine at this position. Upon completion of the 

peptide synthesis, this mtt group could be selectively deprotected to allow the PEG 

linker and cholesteryl anchor to be attached to the terminal amine group of this 

lysine side-chain, generating the peptides named fCPE and fCPK (Figure 2.1A). The 

consequence of anchoring the peptide at this position is an increased overall 

charge, from +4 to +5 for the K peptide and from −4 to −5 for the E peptide. To 

negate the effect of increased charge on vesicle fusion, two control peptides were 

synthesized which also possessed mtt-protected lysine in this position, but in this 

case the lysine side-chain was acetylated after synthesis to produce the control  
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Figure 2.1. Structures of the cholesterol-anchored peptide constructs used in this study. The 

structures of fCPK and fCPE (A), and the structures of AcCPK and AcCPE (B).  

peptides AcCPE and AcCPK (Figure 2.1B), which possessed the same charge as the 

fCPE and fCPK peptides. 

CD Spectroscopy 

All four constructs were incorporated into liposomes and their secondary 

structures probed using CD spectroscopy. It is known that tethering peptides to a 

lipid surface can influence their secondary structure, particularly in the case of 

peptide K, which is required to interact with liposomes in order to facilitate 

fusion.33, 34 As is evident from Figure 2.2A, both fCPK and AcCPK exhibit similar CD 

spectra, which show a partial helical character when tethered to liposomes; this is 

consistent with previous observations for CPK.33 Upon addition of an equimolar 

amount of the complementary E peptide, the peak at 222 nm intensifies and the 

ratio between 208/222 nm is close to 1 (Table 2.1), which is indicative of coiled-coil 

formation. The differences in spectral shape and intensity between the two 

samples (fCPK + E and AcCpk + E) are negligible, indicating that anchor position does 

not affect the ability of the K peptide to form a coiled-coil with the E peptide. In  



Chapter 2 

29 

  

Figure 2.2. Circular dichroism (CD) spectra of the peptide constructs incorporated into 
liposomes. AcCPK (red solid line) and fCPK (blue solid line) show comparable partial helicity 
when incorporated into liposomes, and upon addition of E, coiled-coil species are observed 
with both AcCPK (red dotted line) and fCPK (blue dotted line) peptides (A); AcCPE (red solid 
line) and fCPE (blue solid line) are largely unfolded when incorporated into liposomes, but 
form coiled-coils upon K addition (red and blue dotted lines, B). [Total lipid] = 0.25 mM with 1 
mol % cholesterol-anchored peptide and one equivalent E or K where stated, phosphate 
buffered saline (PBS), pH 7.4. 

contrast, the spectra for fCPE and AcCPE, while similar in shape, show significant 

differences in intensity (Figure 2.2B). These spectra indicate that these peptides are 

also partially folded as α-helices, and previous work reveals that this partial helicity 

originates from homomeric interactions between the E-peptides on the liposome 

surface.28, 33, 34 These spectra may therefore indicate that the ability of the fCPE 

peptide to form these homomeric interactions is greatly reduced. Upon the 

addition of peptide K to both AcCPE and fCPE, more helical species are observed, 

indicating both peptides form heteromeric coiled-coils with peptide K. 

Table 2.1. Molar ellipticities and helicity information for the peptides used in this study, when 
incorporated in monodisperse liposomes.  

Peptides 
(θ)222nm 

(deg cm2 dmol·res−1) 
% α-helix a (θ)222nm/(θ)208nm 

f-CPE −9786 30% 0.42 
f-CPE + K −18,705 55% 0.84 
Ac-CPE −19,986 58% 0.64 

Ac-CPE + K −26,167 75% 0.89 
f-CPK −17,112 50% 0.75 

f-CPK + E −21,600 63% 0.94 
Ac-CPK −13,017 39% 0.62 

Ac-CPK + E −19,940 58% 0.87 
a Percentage helicity was calculated from the molar ellipticity at 222 nm using previously 
reported methods.35 
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Collectively, this data indicate that the anchor position does not affect the 

secondary structure of the K-variants, but that the ability of the E peptide to form 

homomeric interactions may be disrupted when the anchor is placed in a central 

position. Whilst some of these intensity differences may result from concentration 

errors, these peptides do not contain chromophores that could be used to check 

for these deviations, the differences are too large to arise solely from these errors. 

Importantly, these data show that all of the constructs are still able to form coiled-

coils effectively when the complementary peptide is added, although the overall 

structure is less defined when the peptides are attached to the lipid membrane 

(Figure S2.1). As coiled-coil formation is critical for liposome fusion, this indicates 

that, structurally, all of these constructs should be capable of promoting fusion. 

Lipid Mixing 

To determine whether fCPE and fCPK are capable of promoting lipid-mixing, an 

intermediate step in the fusion process, a Förster resonance energy transfer (FRET) 

assay was performed. To facilitate this, 0.5 mol % of both 1,2-dioleoyl-sn-glycero-

3-phosphoethanolamine (DOPE) with N-(lissamine rhodamine B sulfonyl) (DOPE-

LR) and with N-(7-nitro-2,1,3-benzoxadiazol-4-yl)  (DOPE-NBD) were incorporated 

into liposomes containing fCPK or AcCPK. When ~100 nm liposomes are formed, 

the distance between the NBD and LR fluorophores is sufficiently small that FRET 

occurs between the two. Upon lipid-mixing, this distance increases and FRET no 

longer occurs, so the emission of the NBD fluorophore can be measured and if an 

increase in the intensity of the emission occurs this is indicative of lipid-mixing.  

Figure 2.3A shows a representative experiment that monitors the increase in 

fluorescence intensity over 1 h for the fCPK and fCPE pairing, the control peptides, 

and mixed combinations. From this data, it can be concluded that the AcCPE and 

AcCPK pairing is most efficient at lipid-mixing, with 35% lipid-mixing being observed 

after one hour. If one of these peptides is swapped for the centrally anchored 

derivative, a small decrease in lipid-mixing is observed. This decrease is negligible 

for the AcCPE and fCPK pairing, whereas a slightly larger decrease is observed for 

the AcCPK-fCPE pairing. It should be noted, however, that the extent of lipid-mixing 

is highly variable for this pairing (Figure 2.3B). All three of these combinations 

exhibit comparable initial rates of lipid-mixing, indicating that substituting one of 

the N-terminally linked peptides for a centrally anchored variant has only a small 

effect on the efficiency of the hemifusion process. When both fCPE and fCPK are  
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employed, however, a significant drop in both the rate and extent of lipid-mixing is 

observed, meaning that only small amounts of lipid-mixing occur when both 

centrally anchored peptides are employed. 

Content Mixing 

As lipid-mixing, or hemifusion, is an intermediate step in the full fusion (content-

mixing) process, it is unlikely that the fCPE–fCPK pairing will efficiently promote 

content-mixing, as only low levels of lipid-mixing were observed, but this was still 

examined. Liposomes bearing fCPE or AcCPE were loaded with a self-quenching 

concentration of sulforhodamine B. If content-mixing with CPK-functionalised 

liposomes occurs, the sulforhodamine B will dilute below its self-quenching 

concentration and an increase in fluorescence will be observed. 

Figure 2.4 shows that the AcCPK–AcCPE pairing is capable of promoting content-

mixing with no leakage (Figure S2.2). After one hour, 60% content-mixing is 

achieved, which is comparable to the amount of content-mixing facilitated by the 

CPE and CPK peptides used in previous studies.27, 29 The AcCPE–fCPK pairing also 

facilitates efficient content-mixing; both the rate and extent of mixing are 

comparable to the AcCPE–AcCPK pairing. The fact that both AcCPK and fCPK 

promote content-mixing when mixed with AcCPE is consistent with the CD data, 

which showed that both AcCPK and fCPK adopted partially helical structures when 

incorporated into liposomes and formed coiled-coils when the complementary E-

peptide was added. This coiled-coil formation is the first step in the fusion process, 

and it is also important that the K-peptides are helical on liposomal membranes as 

their interaction with the liposome membranes is critical for fusion in this model 

system.  

To confirm that fCPK and AcCPK still interact with membranes, as the CD and 

content-mixing data suggest, variants bearing a tryptophan (Trp) residue at their C-

terminus were synthesized. Tryptophan fluorescence experiments were 

subsequently performed with these constructs at different peptide to lipid ratios, 

and these showed an increase in the intensity of the trp emission as the liposome 

concentration was increased (Figure 2.5A). A blue shift of the spectrum was also 

observed. Taken together, this fluorescence increase and the accompanying blue 

shift indicate that the trp is in a more hydrophobic environment when liposomes 

are present.36, 37 suggesting that the peptide interacts with the liposomes. This has 

been observed for the original CPK variant,34, 38 indicating that altering the charge  
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Figure 2.3. Lipid-mixing experiments for all combinations of fCPK, fCPE, AcCPK, and AcCPE. 
Representative lipid-mixing plots for: AcCPK–AcCPE (blue); fCPK–fCPE (red); AcCPK–fCPE 
(green); and fCPK–AcCPE (orange) with exponential fitting curves. (A)  Error bars indicate the 
standard error of measurement between four samples. Average and standard deviation of the 
total % of lipid-mixing for three independent sets of experiments with: AcCPK–AcCPE (blue); 
fCPK–fCPE (red); AcCPK–fCPE (green); and fCPK–AcCPE (orange) lipopeptides (B). [Total lipid] 
= 100 µM of DOPC:DOPE:Cholesterol, 50:25:25 mol %, with 1 mol % cholesterol-anchored 
peptide, PBS, pH 7.4. 

 

Figure 2.4. Content-mixing experiments for all combinations of fCPK, fCPE, AcCPK, and AcCPE. 
Representative content-mixing plots for: AcCPE–AcCPK (blue) and AcCPE–fCPK (orange), A; 
fCPE–fCPK (red) and fCPE–AcCPK (green), B. Zero percent controls represent samples of E-
labelled liposomes mixed with plain liposomes. [Total lipid] = 100 µM of DOPC:DOPE: 
Cholesterol, 50:25:25 mol %, with 1 mol % cholesterol-anchored peptide, PBS, pH 7.4. 
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of the peptide, for the AcCPK construct, coupled with changing the anchor position 

for fCPK, does not affect the ability of the peptide to interact with the liposome 

membrane. 

When the fCPE construct is employed, it appears that content-mixing is observed 

for both the fCPE–fCPK and fCPE–AcCPK pairings, but when the 0% control is 

studied, a significant increase of fluorescence is also observed, indicating leakage 

of the dye from the fCPE liposomes (Figure 2.4B). The initial rate of leakage is 

different to the initial rate observed when fCPE is mixed with either fCPK or AcCPK, 

suggesting that some content-mixing may occur at first, but the final change in 

fluorescence for both samples with fCPE is 18% less than with the samples 

containing AcCPE. When leakage is accounted for (Figure S2.2), a relative 

fluorescence increase of only 17% for samples with fCPE is observed, compared to 

64% for samples with AcCPE. These figures suggest that a small amount of content-

mixing seems to occur with the fCPE liposomes, but this fluorescence assay cannot 

differentiate adequately between content-mixing and leaking, therefore it is not 

possible to draw firm conclusions about whether content-mixing is occurring when 

the fCPE variant is employed.  

Size Increase Studies 

 

Figure 2.5. Liposome-dependent tryptophan fluorescence spectra for fCPK peptides (dotted 
lines) and AcCPK variants (solid lines) with a glycine and tryptophan on the C-terminus (A). 
Peptide concentration was kept constant at 2.5 µM, and the amount of lipids was varied to 
create liposomes with three different peptide fractions: 5% (blue), 1 % (red), and 0.25% 
(green). Liposome size increase monitored by dynamic light scattering (B). Size increase was 
monitored over 90 min for: fCPE-functionalized liposomes (blue); fCPE-functionalized 
liposomes with one equivalent of peptide K (red); and AcCPE-functionalized liposomes 
(green). Error bars indicate the 95% size distribution. [Total liposome] = 0.5 mM, PBS, pH 7.4. 
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To probe this unusual behaviour of fCPE further, dynamic light scattering (DLS) was 

employed to study the stability of the liposomes over time. Size changes of 

liposomes functionalized with both AcCPE and fCPE were investigated, and one 

equivalent of the complementary K peptide was added to fCPE-functionalized 

liposomes in another experiment. It is evident from Figure 2.5B that no significant 

size increase is observed for the AcCPE-functionalized liposomes, whereas the fCPE-

functionalized liposomes increase in diameter from 100 nm to over 400 nm in 90 

min. This change in size is accompanied by a significant change in the polydispersity 

of the sample, which is indicative of aggregate formation. When an equivalent of 

the K peptide is added to these liposomes, no size increase is observed over the 

same time period. Taken together, these data indicate that the size increase is likely 

to be due to homodimer formation between peptides anchored in different 

liposomes. The absence of a size increase when the K peptide is added is likely to 

be because EK heterodimers are formed, which are more stable than homodimers, 

and so the fCPE-functionalized liposomes are stabilized. 

2.3 Discussion 

We have demonstrated that changing the position of the cholesterol anchor site 

from the N-terminus to the center of the peptide affects E and K differently. CD 

spectroscopy demonstrates that both AcCPK and fCPK can interact with 

membranes; this is corroborated by an increase in trp fluorescence that is observed 

when trp-labelled derivatives of these constructs are mixed with liposomes. CD 

spectroscopy also revealed that both K constructs form coiled-coils when E is 

added. It has been demonstrated previously that both K-membrane interactions 

and EK-heterodimer formation are critical for effective fusion,28, 34, 38 so the fact that 

altering the anchor position has no effect suggests that these constructs should still 

be capable of promoting fusion. This is demonstrated to be the case, with both 

AcCPK and fCPK facilitating lipid- and content-mixing when combined with AcCPE. 

Different behaviour is observed for the AcCPE and fCPE derivatives. The structure 

of fCPE is reduced relative to both AcCPE and the free peptide E (figure S2.1). While 

AcCPE can promote leakage-free lipid- and content-mixing, reduced amounts of 

lipid-mixing are observed when the fCPE construct is employed, and significant 

leakage is observed during content-mixing when the fCPE construct is combined 

with either AcCPK or fCPK. An insight into what may be occurring is provided by the 

dynamic light scattering experiments, which show that the average particle size in 

a solution of fCPE-functionalized liposomes increases from 100 nm to 400 nm after 
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90 min. Previous studies of this system have shown that, in the absence of K, the E 

peptide exists primarily as a weakly associated homodimer on the surface of 

liposomes.33 We postulate that, by anchoring the E peptide in the middle of the 

sequence, it is sterically prevented from forming homodimers with other peptides 

anchored in the same liposome. Homodimers therefore result from peptides on 

different liposomes interacting with each other, which leads to aggregation. This 

aggregation may subsequently lead to the destabilization of the liposomes, 

triggering content leakage, which is a phenomenon that has been observed in other 

peptide- and DNA-mediated fusion systems.16, 39-41 

This hypothesis that f-position anchoring decreases homomeric interactions could 

also explain the significantly lower lipid-mixing for the fCPE–fCPK combination in 

comparison to fCPE–AcCPK. In our liposomal fusion model system, coiled-coil 

formation is the first step of the fusion process; this brings the membranes in close 

proximity, but the peptides are still able to dissociate, which allows peptide K to 

interact with opposing liposomal membranes and promote complete fusion.38 

Changing the anchoring position may have a significant influence on the equilibrium 

between associated and dissociated E and K peptides, because there is a larger 

thermodynamic penalty for CPE to dissociate since it cannot form a stable 

homodimer. At the same time, changing the lipid attachment to form fCPK could 

disfavour the dissociation path where peptide K enters the membrane of the 

liposome that it is attached to, lowering the total amount of membrane-interacting 

peptide further. 

Future studies could focus on probing this hypothesis further: AcCPE and fCPE 

constructs could be incorporated into the same liposome to determine whether 

homodimer formation is possible between the alternatively anchored constructs, 

and if so, this should decrease content leakage. FRET-pair labelled versions of CPE 

and CPK could be synthesized to observe the interactions of these peptides when 

two different populations of liposomes are mixed. Another possible explanation for 

the high levels of content leakage observed could be that the fCPE peptides are 

interacting with the liposomes. This is unlikely as the peptide sequence has not 

been significantly changed, but this could be probed by synthesizing tryptophan-

functionalized derivatives and performing tryptophan fluorescence experiments in 

the absence and presence of liposomes. 
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2.4 Materials and Methods 

Materials Tentagel HL-RAM resin was obtained from Rapp Polymere (Tuebingen, 

Germany). Fmoc-protected amino acids and O-(1H-6-Cholorobenzotriazol-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) were purchased from 

NovaBiochem (Amsterdam, The Netherlands). Acetic anhydride, acetonitrile, 

dimethylformamide (DMF), dioxane, methanol, piperidine, pyridine, and 

trifluoroacetic acid (TFA) were purchased from Biosolve (Valkenswaard, The 

Netherlands). N,N-Diisopropylethylamine (DIPEA) and Oxyma were purchased from 

Carl Roth (Karlsruhe, Germany). Cholesterol, cholesteryl hemisuccinate, 

Diisopropylcarbodiimide (DIC), tert-butanol, sulforhodamine B, sodium hydroxide, 

triisopropylsilane (TIPS), and trimethylphosphine (1 M in toluene) were obtained 

from Sigma Aldrich (Zwijndrecht, The Netherlands). Chloroform, dichloromethane 

(DCM), and diethyl ether were supplied by Honeywell (Meppel, The Netherlands). 

The compounds 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (DOPE-LR), and 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2,1,3-benzoxadiazol-4-yl) 

(DOPE-NBD) were all purchased from Avanti Polar Lipids (Alabaster, AL, USA). 

Ultrapure water was purified using a Milli-Q™ purification system from Millipore 

(Amsterdam, The Netherlands). 

N3-PEG4-COOH Synthesis Ethyl 14-Azido-3,6,9,12-tetraoxatetradecan-1-oate (N3-

PEG4-COOEt) was synthesized according to literature methods.42 N3-PEG4-COOEt 

(1.64 g, 5.4 mmol) was dissolved in MeOH (25 mL). NaOH (1 M, 8 mL) was added, 

and the reaction was stirred overnight or until thin-layer chromatography (TLC) 

indicated complete conversion of the starting material. The reaction was diluted 

with H2O (12 mL), and the methanol was evaporated. The aqueous layer was 

washed with DCM (25 mL), acidified with HCl, and extracted with DCM (3 × 25 mL). 

After drying with Na2SO4, the solvent was removed to yield the product as a viscous 

liquid in quantitative yield. 1H NMR (300 MHz, CDCl3) δ 10.80 (s, 1H), 4.07 (s, 2H), 

3.64–3.63 (m, 2H), 3.6–3.55 (m, 12H), 3.28 (t, J = 6.0 Hz, 2H). 13C NMR (300 MHz, 

CDCl3) δ 173.73, 70.82, 70.35, 70.29, 70.23, 70.17, 69.75, 50.38. 

Peptide Synthesis Solid-phase synthesis was performed using a microwave-

assisted Liberty Blue automated synthesizer from CEM (Matthews, NC, USA). 

Peptides were synthesized on a 0.1 mmol scale using Tentagel HL-RAM resin with a 

loading capacity of 0.37 mmol g−1. Fmoc deprotection was achieved using a solution 
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of 20% piperidine in DMF under heating at 90 °C for 1 min, followed by three 

washing steps. Coupling of amino acids was performed using 4 mL of coupling 

solution, containing 0.125 M of the respective amino acid, 0.25 M DIC as activator, 

and 0.125 M oxyma as base. Amino acid coupling was performed at 90 °C for 4 min. 

To allow for selective deprotection and modification, mtt-protected lysine was used 

at position 14 of the peptide sequences. Once synthesis was complete, the peptide 

was first PEGylated or acylated on the N-terminus before modification of the mtt-

protected lysine. The mtt-protecting group was selectively removed using DCM 

containing 3% TFA and 3% TIPS. Aliquots (2 mL) of this solution were added to the 

resin, which was shaken for 2 min before being washed with DMF. These steps were 

repeated until the yellow colour (indicative of the mtt-protecting group) was no 

longer observed. At this point, the peptides were PEGylated, reduced, lipidated, 

and cleaved as for the N-terminally anchored peptides. 

Peptide PEGylation and lipidation was performed on resin, using two equivalents 

of the N3-PEG4-CH2-COOH spacer, HATU (two eq.) and DIPEA (four eq.). The resin 

was subsequently washed with DMF, and azide reduction was performed using 

trimethylphosphine (10 eq.) in 4:1 dioxane:water. After coupling, the resin was 

washed using 4:1 dioxane:water, DMF, and DCM. Lipidation was facilitated using 

cholesteryl hemisuccinate (two eq.) with HATU (two eq.) and DIPEA (four eq.). All 

conversions were confirmed using a Kaiser test. 43 The resin was washed with DMF 

and DCM before cleavage of the lipidated peptide construct from the resin was 

achieved using a 95:2.5:2.5 mixture of TFA:TIPS:water. The crude peptide was 

precipitated into cold diethyl ether, collected by centrifugation, redissolved in 20% 

acetonitrile/water, and lyophilized. 

Peptide Purification All peptides were purified by reversed-phase HPLC using a 

Shimadzu system comprising two LC-8A pumps and an SPD-10AVP UV-Vis detector. 

Lysine-rich peptides were purified on a Kinetix Evo C18 column, and Glutamic-acid-

rich peptides were purified using a Vydac protein C4 column. Eluents used were 

water containing 0.1% TFA (A) and MeCN with 0.1% TFA (B); all peptides were 

eluted using a gradient of 20–90% B over 40 min at a flow rate of 15 ml min−1. The 

collected fractions were examined using LCMS, (Table S2.1), and the fractions 

containing purified peptide were pooled and freeze-dried. 

Formation of Liposomes One millimolar (1 mM) stock solutions containing 

DOPC:DOPE:cholesterol (50:25:25 mol %) or DOPC:DOPE:cholesterol:DOPE-
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LR:DOPE-NBD (49.5:24.75:24.75:0.5:0.5 mol %) were prepared in a 1:1 (v/v) 

chloroform:MeOH solution. Stock solutions of the lipidated peptides were 

prepared at 50 µM concentration in the same solvent system. 

For the lipid-mixing assays, fluorescent liposomes containing K-lipopeptide 

constructs and non-fluorescent E-lipopeptide-containing liposomes were prepared 

at 500 µM concentration with 1 mol % lipopeptide. Lipid films were formed by 

evaporating the chloroform:MeOH solution under a stream of air and rehydrating 

the resulting film with PBS buffer. The solution was then sonicated at 55 °C for ~10 

min to yield liposomes of ~100 nm diameter as assessed by dynamic light scattering 

(DLS) spectroscopy on a Zetasizer Nano S (Malvern instruments, Malvern, UK) with 

PMMA low-volume cuvettes (VWR international, Leuven, Belgium). After 

formulation, the solutions were diluted to the working concentration of 100 µM. 

Examples of size distributions of liposomes can be found in Figure S2.3. 

For content-mixing assays, liposomes were prepared at 500 µM concentration with 

1 mol % lipopeptide. Liposomes functionalized with K-lipopeptides were 

rehydrated with PBS and prepared in the same manner as liposomes used for lipid-

mixing assays. Liposomes bearing E-lipopeptides were rehydrated with PBS 

containing 20 mM sulforhodamine B. The solution was then sonicated as before, 

and non-encapsulated sulforhodamine B was removed by passing the liposomes 

down a Sephadex G25 column (GE healthcare, Eindhoven, The Netherlands). After 

size exclusion, liposomes were diluted to the working concentration of 100 µM. 

Fluorescence Spectroscopy Lipid- and content-mixing assays were performed using 

a TECAN infinite M1000 PRO fluorimeter at 25 °C. All experiments were performed 

in 96-well plates. For the lipid-mixing experiments, fluorescence intensity was 

measured continuously for 1 h by monitoring NBD emission at 530 nm after mixing 

equimolar amounts of E- and K-functionalised liposomes. The percentage of lipid-

mixing between the liposomes was calculated according to Equation (1): 

% 𝑙𝑖𝑝𝑖𝑑 𝑚𝑖𝑥𝑖𝑛𝑔 = (𝐹𝑡 − 𝐹0)/(𝐹𝑚𝑎𝑥 − 𝐹0)   (1) 

 where F(t) is the fluorescence intensity at time ‘t’, F0 is the baseline fluorescence 

value, which was determined by measuring the fluorescence intensity of NBD-

containing, K-functionalised liposomes to which an equal amount of PBS had been 

added, and Fmax is the maximum fluorescence value, which was obtained by 

measuring the fluorescence intensity from liposomes containing half the 

concentration of fluorescent lipids (i.e., 0.25 mol % each of DOPE-LR and DOPE-



Chapter 2 

39 

NBD). For content-mixing experiments, sulforhodamine B fluorescence intensity 

was measured for 60 min at 580 nm after mixing non-fluorescent K-liposomes with 

sulforhodamine B-containing E-liposomes. Negative control liposomes were 

prepared from the E-liposomes mixed with an equal number of plain liposomes. 

The percentage fluorescence increase was calculated using Equation (2): 

%𝐹 =  (𝐹𝑡 − 𝐹0)/𝐹0    (2) 

where F0 is defined as the fluorescence of each sample directly after mixing of the 

liposomes. 

Tryptophan Fluorescence Experiments Lipid films for the liposomes used in 

tryptophan fluorescence studies were prepared at a constant peptide 

concentration of 2.5 µM with varying amounts of lipid stock (50:25:25 mol% 

DOPC:DOPE:cholesterol, 1 M total concentration) to create samples with different 

lipid equivalents. Tryptophan was excited at 280 nm with a 10 nm band gap, and 

fluorescence emission between 300 and 450 nm was collected. Each sample was 

measured three times with a 1 min interval, and the three spectra were averaged. 

Size Increase Experiments Change in liposome size and size distribution were 

followed by DLS . Samples were measured every 5 min for 90 min at a constant 

temperature of 25 °C. For every time point, 10 measurements of 6 s each were 

performed and their values averaged. Samples were prepared at 0.5 mM lipid 

concentration with 1% substituted by the respective lipopeptide. The non-lipidated 

binding partner, one equivalent, was added to the liposomes as a 100 µM solution. 

CD Experiments CD spectra were measured using a JASCO J-815 CD spectrometer 

fitted with a Peltier temperature controller set to 25 °C. Samples were measured in 

quartz cuvettes with a 5 mm path length. Spectra were recorded from 260 to 190 

nm at 1 nm intervals with a 1 nm bandwidth. Mean residue molar ellipticity, [θ], 

(deg cm2 dmol·res−1) was calculated according to Equation 3: 

[𝜃] = (100 ∗  𝜃𝑜𝑏𝑠)/(𝑐 ∗  𝑛 ∗  𝑙)   (3) 

where θobs is the observed ellipticity in mdeg, c is the peptide concentration in mM, 

n is the number of peptide bonds, and l is the path length of the cuvette in cm. 

Percentage helicity was calculated from the residue molar ellipticity at 222 nm 

using the following Equation (4): 

𝐹ℎ𝑒𝑙𝑖𝑥 = ([𝜃]222 – [𝜃]0)/([𝜃]𝑚𝑎𝑥 – [𝜃]0)          (4) 
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With [θ]max as the maximum theoretical mean residue elipticity, defined as [θ]max = 

[θ]∞ (n − x)/n for an n residue helix and x an arbitrary number of amino acids 

assumed not to participate in helix formation (we use three in all calculations). [θ]∞ 

is defined as the theoretical helicity of an infinite α-helix and is temperature-

dependent, defined via [θ]∞ = (−44,000 + 250T), with T being the temperature in °C. 

The minimum signal expected for a random peptide coil at 222 nm is given as [θ]0, 

and is also temperature-dependent via the following relationship [θ]0 = 2220 − 

53T.35  

2.5  References  

1. Jahn, R., Lang, T., and Sudhof, T. C. (2003) Membrane fusion. Cell  112, 519-533. 

2. Jahn, R., and Scheller, R. H. (2006) SNAREs - engines for membrane fusion. Nat. Rev. Mol. 
Cell Biol.  7, 631-643. 

3. Weber, T., et al. (1998) SNAREpins: Minimal machinery for membrane fusion. Cell  92, 759-
772. 

4. Wickner, W., and Schekman, R. (2008) Membrane fusion. Nat. Str. Mol. Biol.  15, 658-664. 

5. Fasshauer, D., et al. (1998) Conserved structural features of the synaptic fusion complex: 
SNARE proteins reclassified as Q- and R-SNAREs. P. Natl. Acad. Sci. USA  95, 15781-15786. 

6. Sutton, R. B., et al. (1998) Crystal structure of a SNARE complex involved in synaptic 
exocytosis at 2.4 angstrom resolution. Nature  395, 347-353. 

7. Chernomordik, L. V., and Kozlov, M. M. (2008) Mechanics of membrane fusion. Nat. Rev. 
Mol. Cell Biol.  15, 675-683. 

8. Chen, Y. A., and Scheller, R. H. (2001) Snare-mediated membrane fusion. Nat. Rev. Mol. Cell 
Biol.  2, 98-106. 

9. Chen, X. C., et al. (2006) SNARE-mediated lipid mixing depends on the physical state of the 
vesicles. Bioph. J. 90, 2062-2074. 

10. Flavier, K. M., and Boxer, S. G. (2017) Vesicle Fusion Mediated by Solanesol-Anchored DNA. 
Bioph. J. 113, 1260-1268. 

11. Loffler, P. M. G., et al. (2017) A DNA-Programmed Liposome Fusion Cascade. Angew. Chem. 
Int. Edit.  56, 13228-13231. 

12. van Lengerich, B., et al. (2013) Individual Vesicle Fusion Events Mediated by Lipid-Anchored 
DNA. Biophys. J.  105, 409-419. 

13. Meng, Z., et al. (2017) Efficient Fusion of Liposomes by Nucleobase Quadruple-Anchored 
DNA. Chem. Eur. J.  23, 9391-9396. 

14. Lygina, A. S., et al. (2011) Transmembrane Domain Peptide/Peptide Nucleic Acid Hybrid as 
a Model of a SNARE Protein in Vesicle Fusion. Angew. Chem. Int. Edit.  50, 8597-8601. 

15. Rabe, A., et al. (2017) Programmable fusion of liposomes mediated by lipidated PNA. Chem. 
Comm.  53, 11921-11924. 



Chapter 2 

41 

16. Kashiwada, A., et al. (2008) Construction of a pH-responsive artificial membrane fusion 
system by using designed coiled-coil polypeptides. Chem. Eur. J.  14, 7343-7350. 

17. Kashiwada, A., et al. (2011) Design and Characterization of Endosomal-pH-Responsive 
Coiled Coils for Constructing an Artificial Membrane Fusion System. Chem. Eur. J.  17, 6179-
6186. 

18. Marsden, H. R., et al. (2009) A Reduced SNARE Model for Membrane Fusion. Angew. Chem. 
Int. Edit.  48, 2330-2333. 

19. Meyenberg, K., et al. (2011) SNARE derived peptide mimic inducing membrane fusion. 
Chem. Commun.  47, 9405-9407. 

20. Gong, Y., Luo, Y. M., and Bong, D. (2006) Membrane activation: Selective vesicle fusion via 
small molecule recognition. J. Am. Chem. Soc.  128, 14430-14431. 

21. Kashiwada, A., Tsuboi, M., and Matsuda, K. (2009) Target-selective vesicle fusion induced 
by molecular recognition on lipid bilayers. Chem. Commun. 695-697. 

22. Ma, M. M., Gong, Y., and Bong, D. (2009) Lipid Membrane Adhesion and Fusion Driven by 
Designed, Minimally Multivalent Hydrogen-Bonding Lipids. J. Am. Chem. Soc.  131, 16919-
16926. 

23. Litowski, J. R., and Hodges, R. S. (2001) Designing heterodimeric two-stranded alpha-helical 
coiled-coils: the effect of chain length on protein folding, stability and specificity. J. Pept. 
Res.  58, 477-492. 

24. Litowski, J. R., and Hodges, R. S. (2002) Designing heterodimeric two-stranded alpha-helical 
coiled-coils - Effects of hydrophobicity and alpha-helical propensity on protein folding, 
stability, and specificity. J. Biol. Chem.  277, 37272-37279. 

25. Marsden, H. R., Tomatsu, I., and Kros, A. (2011) Model systems for membrane fusion. Chem. 
Soc. Rev.  40, 1572-1585. 

26. Zheng, T. T., et al. (2016) A non-zipper-like tetrameric coiled coil promotes membrane 
fusion. RSC Adv.  6, 7990-7998. 

27. Zheng, T. T., et al. (2013) Controlling the rate of coiled coil driven membrane fusion. Chem. 
Comm.  49, 3649-3651. 

28. Daudey, G. A., et al. (2017) Membrane-Fusogen Distance Is Critical for Efficient Coiled-Coil-
Peptide-Mediated Liposome Fusion. Langmuir  33, 12443-12452. 

29. Versluis, F., et al. (2013) In Situ Modification of Plain Liposomes with Lipidated Coiled Coil 
Forming Peptides Induces Membrane Fusion. J. Am. Chem. Soc.  135, 8057-8062. 

30. Versluis, F., et al. (2013) Coiled-coil driven membrane fusion: zipper-like vs. non-zipper-like 
peptide orientation. Faraday Disc.  166, 349-359. 

31. Gonzalo, S., Greentree, W. K., and Linder, M. E. (1999) SNAP-25 is targeted to the plasma 
membrane through a novel membrane-binding domain. J. Biol. Chem.  274, 21313-21318. 

32. Hess, D. T., et al. (1992) The 25 kDa Synaptosomal-associated protein SNAP-25 is the major 
methionine-rich polypeptide in rapid axonal-transport and a major substrate for 
palmitoylation ain adult CNS. J. Neurosci.  12, 4634-4641. 

33. Rabe, M., Zope, H. R., and Kros, A. (2015) Interplay between Lipid Interaction and Homo-
coiling of Membrane-Tethered Coiled-Coil Peptides. Langmuir  31, 9953-9964. 



 

42 

34. Rabe, M., et al. (2014) Membrane Interactions of Fusogenic Coiled-Coil Peptides: 
Implications for Lipopeptide Mediated Vesicle Fusion. Langmuir  30, 7724-7735. 

35. Luo, P., and Baldwin, R. L. (1997) Mechanism of Helix Induction by Trifluoroethanol:  A 
Framework for Extrapolating the Helix-Forming Properties of Peptides from 
Trifluoroethanol/Water Mixtures Back to Water. Biochem.  36, 8413-8421. 

36. Eftink, M. R. (2006) Fluorescence Techniques for Studying Protein Structure, in Methods of 
Biochemical Analysis pp 127-205, John Wiley & Sons, Inc. 

37. Lakowicz, J. R. (2006) Principles of fluorescence spectroscopy, Springer, New York. 

38. Rabe, M., et al. (2016) A Coiled-Coil Peptide Shaping Lipid Bilayers upon Fusion. Biophys. J.  
111, 2162-2175. 

39. de Souza, D. L., et al. (2002) Membrane-active properties of alpha-MSH analogs: aggregation 
and fusion of liposomes triggered by surface-conjugated peptides. BBA Biomembranes  
1558, 222-237. 

40. Stengel, G., et al. (2008) Determinants for membrane fusion induced by cholesterol-
modified DNA zippers. J. Phys. Chem. B  112, 8264-8274. 

41. Xia, Y. Q., Sun, J. B., and Liang, D. H. (2014) Aggregation, Fusion, and Leakage of Liposomes 
Induced by Peptides. Langmuir  30, 7334-7342. 

42. Shirude, P. S., Kumar, V. A., and Ganesh, K. N. (2005) BisPNA Targeting to DNA: Effect of 
Neutral Loop on DNA Duplex Strand Invasion by aepPNA-N7G/aepPNA-C Substituted 
Peptide Nucleic Acids. Eur. J. Org. chem., 5207-5215. 

43. Kaiser, E., et al. (1970) Color test for detection of free terminal amino groups in the solid-
phase synthesis of peptides. Anal. Biochem.  34, 595-598. 



Chapter 2 – Supporting information 

43 

 

Supporting Information for Chapter 2 

 

Figure S2.1: CD structures of the coiled-coil forming peptides E; (EIAALEK)4GW, K; 
(KIAALKE)4GW, and the EK coiled-coil complex without liposomes. Conditions: [2.5 µM] 
peptide, PBS pH 7.4, 25 °C.  
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Figure S2.2: Leaking of sulforhodamine B from liposomes used in content mixing experiments. 
Liposomes [0.1 mM], comprise DOPC:DOPE:Cholesterol (50:25:25 mol%), with 20 mM 
Sulforhodamine B, (AcCPE, and fCPE functionalised liposomes), or 10 mM (plain liposomes) in 
PBS, pH 7.4.  
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Figure S2.3: Size distribution by intensity of liposomes used in fusion experiments as measured 
using DLS. liposomes [0.5 mM], comprising DOPC:DOPE:Cholesterol (50:25:25 mol%) with 1% 
of the respective lipopeptide; f-CPE (Red), Ac-CPE (Green), f-CPK (yellow) and Ac-CPK (purple) 
in PBS at pH 7.4. Liposomes were subsequently diluted from 0.5 mM to the appropriate 
concentrations for CD, fluorescence, or lipid- and content-mixing experiments. 
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LC-MS of purified peptides 

 

Table S2.1: Overview of the calculated masses of all peptides used in this project, and the 
masses found by LCMS. 

Peptide name Calculated mass (Da) Measured mass  (Da) 

AcCPE 

[M + 2H+]2+ 1891.61 

[M + 2H+-cholesterol]2+ 1706.85 

[M + 3H+]3+ 1261.41 

1890.21 

1705.24 

1260.77 

fCPE 

[M + 2H+]2+ 1891.61 

[M + 2H+-cholesterol]2+ 1706.85 

[M + 3H+]3+ 1261.41 

1890,00 

1705.94 

1272.24 

AcCPK 

[M + 2H+]2+ 1889.74 

[M + 2H-cholesterol+]2+ 1705.135 

[M + 3H+]3+ 1260.16 

[M + 3H+-cholesterol]3+ 1137.38 

1887.90 

1702.94 

1257.96 

1135.10 

fCPK 

[M + 2H+]2+ 1889.74 

[M + 2H-cholesterol+]2+ 1705.135 

[M + 3H+]3+ 1260.16 

[M + 3H+-cholesterol]3+ 1137.38 

1887.50 

1703.36 

1257.77 

1134.50 

AcCPK-GW 

[M + 2H+]2+ 2010.29 

[M + 2H-cholesterol+]2+ 1826.13 

[M + 3H+]3+ 1340.52 

2010.63 

1824.69 

1339.51 

fCPK-GW 
[M + 2H+]2+ 2010.29 

[M + 3H+]3+ 1340.52 

2010.14 

1339.30 

E4GW 
[M + 2H+]2+ 1661.41 

[M + 3H+]3+ 1107.94 

1660.33 

1106.59 

K4GW 

[M + 2H+ + 4 TFA]2+ 1887.50 

[M + 2H+ + 3 TFA]2+ 1830.50 

[M + 3H+ + 2 TFA]3+ 1182.67 

[M + 3H+ + TFA]3+ 1144.68 

1886.13 

1829.33 

1182.27 

1144.60 
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