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Abstract

Palmitoylation is an important, reversible post-translational modification of proteins that 
involves the covalent attachment of a palmitic acid moiety typically to a cysteine on the protein. 
To study palmitoylation in vitro, we designed two different trifunctional linkers based on 
propargylglycine or tyrosine that combine the hydrophobic membrane peptide, a fluorescent 
group and the palmitoyl moiety. The synthesis of the linker is described here, followed by 
experimental studies in giant unilamellar vesicles (GUVs) with part of the membrane in the 
liquid-ordered (Lo) and part in the liquid-disordered (Ld) phase. The linker was coupled to 
the synthetic α-helical model peptide WALP and the pore forming cell penetrating peptide 
alamethicin. The localization of the fluorescent peptide with and without the palmitoyl 
moiety was determined in giant unilamellar vesicles. Both peptides incorporate well in the 
membrane, and their localization was not altered by introduction of the palmitoyl group. In 
all cases we find that the peptides localize in the liquid-disordered phase, also in the presence 
of GM1, which has been reported to shuttle the WALP peptide to the interface of the Lo and 
Ld phase in GUVs. 

Introduction

The localization of membrane proteins is determined amongst other factors by protein signal 
sequences1–3. Changes of only one amino acid have been shown to relocate lipoproteins from 
the inner to the outer membrane in Escherichia coli and vice versa4. Modification of one amino 
acid of the K-Ras anchor altered its preference for specific anionic lipids and the sorting of 
those lipids in nanodomains5. These small changes can have huge effects: the signal output of 
K-Ras and concomitantly its biological function changed by substituting one cationic lysine 
for an zwitterionic glutamine5.
Another factor determining membrane protein localization is palmitoylation, a reversible 
post-translational modification whereby a palmitic acid group is attached to a cysteine 
residue (or more seldom a serine or threonine residue)6–9. The palmitic acid group changes the 
hydrophobicity of the protein and its preference for certain membrane domains9. For example, 
LAT enrichment in the raft phase was dependent on palmitoylation in cell derived vesicles10. 
In cells, the double palmitoylated H-Ras protein is localized in a different compartment as the 
unpalmitoylated K-RAS despite their high similarity11.
Hydrophobic mismatch has been suggested as sorting principle for membrane proteins. 
When the thickness of the membrane is not sufficient to embed the hydrophobic residues of 
the transmembrane segment, the membrane surrounding this protein distorts at energetic 
costs12,13. To overcome the energetic penalty, proteins preferentially reside in domains with 
matching thickness, which leads to segregation of proteins with different hydrophobic 
thickness14–17. Besides signal sequences, protein palmitoylation and hydrophobic matching, 
the ganglioside GM1 has been shown to affect membrane localization of the α-helical model 
peptide WALP and the linker for activation of T cells (LAT), at least in a molecular dynamics 
study18. The GM1 ganglioside is a glycosphingolipid with a large headgroup involved in Ca2+ 
signalling, neuronal differentiation and immune response (for a review, see 19), but the ability 
to alter protein localization was not shown before. 
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Trifunctional linkers and scaffolds are ubiquitous in chemistry – any molecule that has 
three functional groups can be considered trifunctional - and serve a great variety of 
purposes. Even the simplest example bearing three identical reactive groups can already 
achieve a great variety of potential outcomes, based on stochastic coupling, or clever (sub-
stoichiometric) introduction of the groups20–22. Trifunctional linkers bearing three different 
reactive groups are more of a challenge, but several have been developed 23–25. A very elegant 
option example is a molecule based on a tri-orthogonal “click” scaffold, combining inverted 
Electron Demand Diels-Alder (between a cyclooctyne and a tetrazine moiety) with a copper-
catalyzed alkyne azide coupling and a thiol-Michael reaction (addition of a thiol to e.g. a 
maleimide), as developed by Knall et al.26. Another option proposed by Jiracek et al. is based 
on the combination of two CuAAC click reactions with an aldehyde and/or activated ester 
coupling27. However, synthesis of such a molecule is too elaborate to reproduce in a non-
synthetic chemistry lab. Here, we report the synthesis of a trifunctional linker to couple a 
fluorescent group and lipid moiety to the hydrophobic peptides WALP and alamethicin.
To explore the interaction between WALP and GM1 further, we studied the partitioning of 
the hybrid peptides in phase-separating giant unilamellar vesicles (GUVs) in the presence 
of GM1. The GUV separated the membrane into Lo and Ld phases, which differ in lipid 
composition, lipid order and lateral diffusion28,29. In addition, we studied the effect of 
palmitoylation and hydrophobic mismatch in this system. We find that this trifunctional 
linker is a valuable tool to study the effect of palmitoylation on peptide partitioning. We show 
that the lipid modifications do not have an effect on WALP partitioning. We conclude that the 
Lo phase formed in lipid mixtures composed of DPPC, DOPC and cholesterol is too rigid to 
accommodate peptides.

Results

A trifunctional linker to couple WALP, fluorophore and palmitoyl moiety
Amino acids have been considered to serve as base for trifunctional linkers, as they by default 
have three functional groups. The R-group can be readily varied, either by modification of a 
‘standard’ amino acid, or by synthesizing a new one from the ground up. In previous work, the 
versatility of propargylglycine was demonstrated by coupling a photostabilizer and various 
dyes to DNA and proteins30. For the trifunctional linker designed here, a maleimide was 
introduced on propargylglycine, followed by the phospholipid 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE) to mimic two palmitoyl moieties, a fluorescent dye (TAMRA), 
and finally modification with the GC-WALP peptide (Scheme 1); the amino acid sequence 
of GC-WALP is GCGWW(LA)8LWWA. All reactions were carried out under nitrogen 
atmosphere unless described otherwise.

Scheme 1. Use of 
propargylglycine 1 and a 
trifunctional scaffold as the 
proposed hybrid construct (2)
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Propargylglycine itself was readily available in good overall yields following a procedure by 
Granja et al.31 with minor deviations from the original protocol for reasons of convenience 
(scheme 2).
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Scheme 2. Synthesis of L-propargylglycine. a) AcCl, NEt3 CH2Cl2 b), EtONa, Propargylbromide, 
EtOH c) LiOH, H2O. 

Scheme 3. Synthesis of DPPE and dye-functionalized peptides GC-WALP and dULC-ALM. 
a) 6-maleimidohexanoic-O-succinimide, K2CO3 b) i)NHS, DCC; ii) DPPE, 2,6 lutidine; c) 
Dye-Azide, TBTA, CuSO3, sodium-ascorbate; d)GC-WALP or dULC-ALM in TFE.
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Experiments with a six-carbon linker gave the intended product in good yield, using a similar 
protocol as in 30. In the next step, DPPE was introduced on the carboxylic acid in a two-
step procedure. First an activated ester was generated in excess, followed by rapid removal 
of the insoluble urea side-products. The activated ester was added to the solution containing 
DPPE and stirred for 17h, resulting in the phospholipid-modified scaffold in acceptable yield. 
The solvent system for solubilising DPPE was a combination of chloroform and 2,6-lutidine, 
which greatly improved the yield and scalability of the reaction compared to the supplier-
recommended system of chloroform and methanol.
The functionalization of the DPPE-modified linker with TAMRA and Sulfo-Cy3 dyes gave 
the penultimate products and did not require further optimization; the final yield was 
approximately 30%. The subsequent functionalization of TAMRA-modified scaffold 10 with 
GC-WALP gave the product as identified by high resolution mass spectrometry (HRMS), and 
most, if not all, starting scaffold could be removed successfully by trituration. However, due to 
the hybrid properties of the final product – poorly soluble in any solvent but trifluoroethanol, 
DMSO and DMF, – it proved difficult to obtain a pure product by chromatography (HPLC/
UPLC/Flash/(Prep-)TLC) or crystallization. However, the complete lack of starting materials, 
and the observed characteristics of the product mixture after trituration to remove the starting 
materials, indicate the successful formation of the hybrid construct.
We also developed a synthetic route on the basis of doubly protected Boc-tyrosine methyl 
ester, following the same overall strategy. This route could potentially save 3 steps and would 
not suffer from lengthy deracemization steps or aqueous couplings midway the synthesis. 
Starting from protected Boc-tyrosine methyl ester, we first propargylated the molecule in 
good yield,

 

Scheme 4. Synthesis of a tyrosine-derived scaffold. a) propargyl bromide, K2CO3; b) HCl in 
MeOH (anhydrous) c) 6-maleimidohexanoic acid, Et3N, DIC; d) Me3SnOH, DCE, reflux; e) 
i) NHS, DCC; ii) DPPE, 2,6-lutidine. 

4
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Scheme 5. Synthesis of the final constructs based on tyrosine as a scaffold. a) dye-azide, 
CuSO4, TBTA, sodium ascorbate; b) GC-WALP or dULC-ALM, TFE.

Scheme 6. Synthesis of Alexa Fluor 488-labelled C-WALP. 
a) H2O; b)triethylamine, Alexa Fluor 488 C5 maleimide. 
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followed by quantitative Boc-deprotection. Subsequently, a 6-maleimido hexanoic acid was 
introduced using DIC as coupling agent, resulting in the amide in moderate yields. Using 
the Nicolaou ester hydrolysis reaction, employing trimethyltin hydroxide, the free acid was 
obtained in near-quantitative yields32. DPPE was then introduced using the same protocol 
as in the previous section, giving the scaffold in moderate yield. Tamra and Sulfo-Cy3 were 
introduced to give the penultimate products. The final products were formed by reacting the 
respective scaffolds with either dULC-ALM or GC-WALP. Here again, product formation 
was observed in HRMS and the unreacted starting scaffolds could be removed by trituration.

Partitioning of the trifunctional linkers and WALP in phase separating GUVs
Next, we studied the partitioning of WALP with and without lipid modification in phase-
separating GUVs. The first approach was to label C-WALP (CGWW(LA)8LWWA) directly 
with the fluorophore Alexa Fluor 488 (scheme 6). The labelled peptide, molecule 27 partitioned 
in the Ld phase of phase separating GUVs consisting of SSM, DOPC and cholesterol in ratio 
of 4/3/3 (Figure 1). The trifunctional linkers with palmitoyl moiety (10 and 20) partitioned 
in both the Lo and Ld phase of GUVs consisting of DPPC, DOPC and cholesterol (Figure 
1). Localization was quantified by determining the pLo/Ld, that is, the intensity of TAMRA 
coupled to the GC-WALP peptide (molecule 10 or 20) in the Lo phase divided by the intensity 
of the Ld phase33. This yields a value below one when the GC-WALP was found in the Ld phase 
and a value above one when GC-WALP resides (mainly) in the Lo phase. For the tyrosine 
linker we find a two-fold preference for the Ld phase, whereas the glycine linker shows a two-
fold preference for the Lo phase (Figure 2). 

Effect of palmitoylation on peptide partitioning in phase-separating membranes
Modifying GS-WALP with two palmitoyl groups (12 and 22) resulted in preferential 
partitioning of the hybrid molecules in the Ld phase of phase-separating GUVs as shown 
by co-localization of the Tamra-labelled GC-WALP with the Ld marker ATTO 655 DOPE 
(Figure 2). Both linkers used (12 and 22) gave similar results as shown by a pLo/Ld of 0.31 ± 
0.10 and 0.19 ± 0.03, respectively.

GM1 does not alter the localization of WALP
Molecular dynamics simulations have shown that GM1 shuttles WALP peptides to the 
interface of the Lo and Ld domain. We therefore determined the effect of GM1 on palmitoylated 
GC-WALP (12 and 20) incorporated in GUVs composed of DPPC, DOPC and cholesterol. 
GM1 was added at the expense of DPPC, to maintain the same degree of lipid saturation. 
GM1 was incorporated at concentrations up to 10 mol%, which is physiologically relevant as 
gangliosides compromise 5 to 10% of membranes isolated from neuronal synapses34, where 
GM1 is one of the most abundant species35,36. No difference in WALP localization was seen 
at GM1 concentrations of 2 and 10% (Figure 2). In all cases, the Ld marker ATTO 655 DOPE 
co-localized with palmitoylated GC-WALP (12 and 22). WALP is excluded from the Lo phase 
even more in the presence of GM1, since the pLo/Ld decreases from 0.31 ± 0.10 to 0.22 ± 
0.11 and from 0.19 ± 0.03 to 0.11 ± 0.05 for 12 and 22, respectively, when 10 mol% of the 
ganglioside is present in the lipid mixture.

4



74

Figure 1. Confocal images of giant unilamellar vesicles: Localization of AF488-labelled 
C-WALP (27), TAMRA-labeled glycine-based linker with palmitoyl moiety (10), and 
TAMRA-labelled tyrosine-based linker with palmitoyl moiety (20). DiD was used as Ld 
marker for 27, in the other conditions, ATTO 655 DOPE was used as Ld marker.

Effect of hydrophobic mismatch
Hydrophobic mismatch between the WALP peptide and the Ld phase was induced by 
increasing the length of the WALP peptide. By doing so, the peptide might fit better in the Lo 
phase, which is 0.7 to 1 nm thicker than the Ld phase37–39. WALP27 is 4 amino acids longer 
than the C-WALP, which results in an increase in the length of the hydrophobic domain of 
0.6 nm40. WALP27 labelled with Alexa Fluor 488, colocalized with the Ld marker DiD in the 
phase separating GUVs composed of SSM, DOPC and cholesterol (Figure 3). Addition of 5% 
GM1 did not affect the partitioning, as seen for the shorter GC-WALP (Figure 2). 
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Figure 2. Localization analysis of the trifunctional scaffolds (10 and 20, condition 1) and 
trifunctional scaffolds bound to the GC-WALP (12 and 22, conditions 2-4) in the presence 
and absence of GM1. Localization was studied in GUVs composed of DPPC, DOPC and 
cholesterol, with 0 (condition 1 and 2), 2 (condition 3) and 10% GM1 (condition 4) added. 
Glycine-based molecules (10 and 12) are indicated by black bars, tyrosine-based molecules 
(20 and 22) by grey bars. Shown are the mean and standard error of at least three independent 
experiments.

Alamethicin localizes in the Ld phase
To show the versatility of the trifunctional linkers, we probed the membrane partitioning of 
the well-studied pore forming cell penetrating peptide alamethicin. We used the glycine  (13) 
and tyrosine linkers for coupling of alamathecin to the lipid moiety and TAMRA fluorophore 
(23). Partitioning of the hybrid alamethicin was studied in phase-separating GUVs composed 
of DPPC, DOPC and cholesterol in the absence and presence of GM1 (Figure 4 and S1). 
In all conditions, alamethicin colocalized with the Ld marker ATTO 655 DOPE. Thus, both 
the model membrane peptide WALP and alamethecin strongly favour the liquid-disordered 
phase of the membrane, even when functionalized with long-chain saturated fatty acid chains.

Discussion

Here we show the synthesis and use of two trifunctional linkers to study the localization 
of peptides in phase-separating giant-unilamellar vesicles (GUVs). The linkers allow great 
flexibility in fluorophores and peptides (or proteins) to be examined. Despite alterations in the 
membrane by addition of the ganglioside GM1 or alterations to the peptide by palmitoylation 
or increasing peptide length, WALP and alamethicin partitioned into the Ld phase.
WALP and derivative peptides are commonly used as α-helical model membrane peptides and 
their interaction with lipid membranes has been studied extensively41–43. WALP (sequence: 
GWW(LA)8LWWA) has previously been shown to localize in the Ld phase of phase-
separating GUVs44. Also, it is found in the detergent-soluble fraction of phase-separating 
large unilamellar vesicles45, which is analogous to the Ld phase46–49. Our findings confirm these 

4
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findings.

  

Figure 3. Confocal images of giant unilamellar vesicles: hydrophobic mismatch and GM1 do 
not alter localization of WALP27. WALP27 was labelled directly with AF 488. DiD was used 
as Ld marker.

Localization of alamethicin has not been reported previously.
GM1, a ganglioside, is often used as raft marker50–52 and associated with the Lo phase53–55. 
GM1 has been shown to interact with WALP and LAT, thereby favouring the partitioning 
of the peptides in the Lo phase, at least in coarse grained molecular dynamics simulations18. 
All-atom simulations contradict these findings and show depletion of GM1 near WALP56. We 
note that the latter experiments were carried out in uniform phospholipid bilayers rather than 
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phase-separating membranes. 

 

Figure 4. Confocal images of giant unilamellar vesicles: GM1 does not alter localization of 
alamethicin. Alamethicin was labelled with TAMRA using the glycine-based linker carrying 
the palmitoyl moiety (13). ATTO 655 DOPE was used as Ld marker.

GM1 could form small nanodomains inside the Lo phase54,57,58, thereby preventing interaction 
with WALP. Clusters of GM1 were found in cell membranes57, but also in supported 
bilayers53,54,58.  In any case, direct interaction of GM1 and WALP in phase-separating 
membranes seems unlikely, at least in our experimental system, since they are spaciously 
separated with GM1 in the Lo phase and WALP in the Ld phase44,45.  
Palmitoylation has been shown to affect the membrane localization of LAT and hemagglutinin59. 
The long, saturated palmitoyl moieties of e.g. DPPE favour the Lo phase and the attachment 

4
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the acyl chains to α-helical membrane peptides or proteins would shift their partitioning 
from Ld to Lo, but this is not what we observe in phase-separating GUVs composed of DPPC, 
DOPC and cholesterol, although changes in behaviour due to the linker cannot be excluded. 
Also, increasing the hydrophobic length of WALP by 0.6 nm did not affect the partitioning of 
palmitoylated peptide. The apparent difference in partitioning might be due to the high order 
of the Lo phase in GUVs compared to more natural systems or the membrane systems used 
in the MD simulations29,60. In fact, LAT, which has been associated with lipid rafts, does not 
partition into the Lo phase of phase-separating GUVs61. In addition, palmitoylation of LAT 
did not affect LAT partitioning into the Ld phase61. 
We did not test alternative membrane systems with a smaller difference in order between the 
Lo and Ld phases. For example, giant plasma membrane-derived vesicles have been shown 
to phase separate with a smaller difference in lipid order between the Lo and Ld phase29, and 
here LAT has been shown to localize in the Lo phase of these vesicles10,16. Another option is to 
prepare GUVs from lipids that are known to form Lo and Ld domains of minimal mismatch, 
as used by Lin and London15. They found that perfringolysin O inserts into the Lo phase of 
vesicles with a thick Lo phase, while it inserts into the Ld phase of vesicles with a thick Ld phase 
and a thin Lo phase. For both approaches, the trifunctional linkers developed here would 
provide important tools to further explore the factors that determine membrane protein 
localization.

Materials and methods

Materials. All solvents were purchased from commercial suppliers and used without 
further purification. Reagents were purified if required, following procedures described 
in62. dULC-ALM-F30 was obtained synthetically, as described in following the automated 
synthesis protocol first published by DeGrado et al63. WALP peptides (GC-WALP: Ac-
GCGWW(LA)8LWWA-NH2; C-WALP: Ac-CGWW(LA)8LWWA-NH2; GCG-WALP27: Ac-
GCGGWW(LA)10LWWA-NH2) from Bachem. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC), N-stearoyl-D-erythro-sphingosylphosphorylcholine (SSM), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), cholesterol, and GM1 ganglioside were purchased from 
Avanti Polar Lipids. ATTO 655 DOPE was obtained from ATTO-Tec. Alexa Fluor 488 C5 
Maleimide and DiD (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine perchlorate) 
from Thermo Fisher Scientific. 5(6) Tamra azide from Tenova Pharmaceuticals. Sulfo-
Cyanine3 (Sulfo-Cy3) from Luminiprobe.
Synthesis of the trifunctional linker: reaction monitoring. Reactions were monitored by 
TLC Silica 60 (Merck Millipore), examined under UV (365 nm and 254 nm), and stained by 
KMnO5, ninhydrin, vanillin or H2SO4 in MeOH (1%). Chromatography was performed on 
Silica gel 60 (0.040-0.063 mm) from Merck Millipore as previously described64. 
The 1H NMR spectra were recorded at 400 MHz and 13C NMR spectra were recorded at 100 
MHz. The chemical shifts are reported in ppm relative to the residual solvent peak. 
Analytical RP-HPLC was performed on a Shimadzu LC-10AD VP machine using XTerra MS 
C18 Column, 125Å, 3.5 µm, 4.6 mm X 100 mm
Semi-preparative RP-HPLC purification was performed on a Sunfire ODB C8 Prep Column, 
100Å, 5 µm, 10 mm X 150 mm, with a flow rate of 2.0 mL/min @ 60°C
The solvent system was: A = 20% MeOH in iPrOH with 0.1% FA, B = 0.1% FA in H2O (dd)
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Absorbance was monitored at 210 nm, 254 nm and the absorption maximum of the 
respective dye (550 nm range) product percentages are given by peak areas at 210 nm for 
non-fluorescent compounds (e.g. alamethicin F30), or at the absorption maximum (550 nm 
range) for dye containing compounds. For reasons of convenience, yields were based on the 
molar absorptivity coefficient of the parent dye, not compensating for the presence of lipid, 
linker or the peptide (assumed to not absorb in that region).
Low-resolution mass spectra were recorded on a Waters XEvo LC-QTOF (ESI, pos/neg) using 
direct injection of the sample (bypass of the LC system).
High-resolution mass spectra were recorded on an Orbitrap XL (Thermo Fisher Scientific; 
ESI pos. or neg. mode).

Synthesis of 2-acetamido-diethylmalonate 4. In a 500 mL three-neck 
flask equipped with a magnetic stirrer, 2-aminodiethylmalonate (10.18 g, 
50 mmol, 1 equiv.) was dissolved in CH2Cl2 (250 mL). Triethylamine (20.8 
mL, 150 mmol, 3 equiv.) was added and the mixture cooled to 0°C. Acetyl 
chloride (3.5 mL, 50 mmol, 1 equiv.) was added using a syringe pump over 
30 minutes. The resulting solution was stirred for an additional hour, after 

which it was washed with dilute HCl (2 x 200 mL, 1M), water (200 mL), saturated NaHCO3 
(200 mL) and brine (200 mL). The organic phase was then dried using Na2SO4, filtered and 
concentrated in vacuo. The product was obtained as a white solid and used without further 
purification (9.65 g 44.5 mmol, 89%). 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 8.75 (d, J = 
7.4 Hz, 1 H), 5.05 (d, J = 7.5 Hz, 1 H), 4.15 (m, 4H), 1.90 (s, 3H), 1.18 (t, J = 7.0 Hz, 6 H). 
13C-NMR (100 MHz, DMSO-d6): δ (ppm) 169.9, 166.5, 62.8, 56.6, 24.0, 14.0.

Synthesis of 2-acetamido-2-propargyl-diethylmalonate 5. 
2-acetamido-diethylmalonate (5.4 g, 25 mmol, 1 equiv.) and EtONa (2.2 
g, 32 mmol, 1.25 equiv.) were dissolved in freshly dried, distilled EtOH 
(200 mL) in a 500 mL three-neck flask under a nitrogen atmosphere and 
stirred for 30 minutes. Freshly distilled propargyl bromide (3.2 mL, 32 
mmol, 1.25 equiv.) was added in 10 minutes using a syringe pump, after 

which the solution was brought to reflux for 4 hours, until TLC indicated full consumption 
of the starting material. The solution was concentrated in vacuo and subsequently dissolved 
in Et2O (150 mL), washed with saturated ammonium chloride (100 mL), NaHCO3 (100 mL), 
water (100 mL) and brine (100 mL), dried over Na2SO4, filtered and concentrated in vacuo, to 
obtain the crude product as a white powder. Recrystallization using Et2O/pentane over three 
crops afforded the product as fluffy white needles (5.01 g, 19.64 mmol, 79%). %). 1H-NMR 
(400 MHz, CDCl3): δ (ppm) 6.94 (s, 1H), 4.25 (m, 4H), 3.26 (d, J = 2.7 Hz, 2H), 2.05 (s, 3H), 
1.96 (t, J = 2.7 Hz, 1H), 1.25 (t, J = 7.2 Hz, 6H); 13C-NMR (100 MHz, CDCl3): δ (ppm) 169.5, 
166.4, 78.3, 71.7, 66.0, 63.4, 24.1, 23.2, 14.3.

Synthesis of 2-acetamido-2-propargylmalonic acid 6. 2-acetamido-2-
propargyl-diethylmalonate (2.5 g, 10 mmol, 1 equiv.) was added to a solution 
of LiOH (1 g, 40 mmol, 4 equiv.) in water (100 mL, 0.4 M) and refluxed for 
17 h. The resulting clear solution was acidified to pH ≤ 2 using 1M HCl (aq), 
and subsequently extracted with EtOAc (3 x 150 mL). The organic phase 
was dried over Na2SO4, filtered and concentrated in vacuo. The product was 

obtained as a brittle, hard and white solid and was used without further purification (1.9 g, 9.5 
mmol, 95%). 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 8.10 (s, 1H), 3.01 (d, J = 2.7 Hz, 2H), 
2.84 (t, J = 2.7 Hz, 1H), 1.91 (s, 3H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 173.2, 173.1, 
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79.9, 71.9, 53.0, 22.5, 22.4.
Synthesis of rac-N-acetyl propargylglycine 7. 2-acetamido-2-
propargylmalonic acid (1 g, 5 mmol, 1 equiv.) was dissolved in water (25 
mL) and refluxed for 3 h. The solution was acidified to pH ≤ 1 using 1M 
HCl (aq) and extracted with EtOAc (5 x 50 mL). The organic phase was 
dried over Na2SO4, filtered and concentrated in vacuo. Recrystallisation of 

the crude product from CHCl3/pentane afforded the final product as white thin needles (640 
mg, 4.1 mmol, 82%). 1H-NMR (400 MHz, MeOD): δ (ppm) 8.05 (br.s, 1H), 4.53 (t, J = 6.2 Hz, 
1H), 2.69 (ddd, J = 9.0 Hz, J = 6.2 Hz, J = 2.7 Hz, 2H), 2.35 (t, J = 2.7 Hz, 1H), 1.99 (s, 3H). ); 
13C-NMR (100 MHz, MeOD): δ (ppm)  173.3, 169.0, 82.9, 71.5, 50.7, 30.2, 22.3, 14.8.

Synthesis of L-propargylglycine L-1. Racemic N-acetyl propargylglycine (1 
g, 6.45 mmol, 1 equiv.) was dissolved in dd H2O (70 mL) and neutralized with 
aqueous LiOH (1 M) to pH 7.5-8.0, by digital pH-meter. Acylase I (5.2 mg; 
8.3 U/mmol of acetyl L-amino acid – follow instructions on the package) was 
added and the resulting mixture stirred at 37°C for 24 h in the oven (water 
bath works too). The mixture was then adjusted to pH = 5.0 by dropwise 

addition of 1M HCl (aq) and filtered over fresh activated charcoal. The filtrate was acidified to 
pH ≤ 2.0 and extracted with EtOAc (6 x 30 mL). The resulting aqueous layer was concentrated 
in vacuo to 1-2 mL and applied to a Dowex-50 (H+) column. The column was rinsed with 
dd H2O until the outflow was of neutral pH, after which the column was eluted with 10% 
NH4OH (aq). The resulting solution was concentrated in vacuo and subsequently crashed 
with acetone to yield the product as a hygroscopic white solid (310 mg, 2.7 mmol, 42%). 
1H-NMR (400 MHz, MeOD): δ (ppm) 3.49 (dd, J = 7.4 Hz, J = 4.3 Hz, 1H), 2.75 (ddd, J = 
17.2, J = 4.3, J = 2.7, 1H), 2.62 (ddd, J = 17.2, Hz, J = 7.4 Hz, J = 2.7 Hz, 1H), 2.43 (t, J = 2.7 Hz, 
1H); 13C-NMR (100 MHz, MeOD): δ (ppm) 169.8, 77.4, 75.6, 52.1, 22.1; LCMS (ESI-POS): 
C5H8NO2 [M+H]+: 114.05 m/z, found: 114.05 m/z.

Synthesis of 2-(6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)hexanamido)pent-4-ynoic acid 8. Propargylglycine 
(260 mg, 2 mmol, 1 equiv.) and K2CO3 (500 mg, 4 mmol, 
2 equiv.) were dissolved in dd H2O (4 mL, 0.5M) under a 
nitrogen atmosphere in a 15 mL schlenk flask equipped 
with a magnetic stirrer. 6-maleimido hexanoic acid 

N-hydroxysuccinimide ester (680 mg, 2.4 mmol, 1.2 equiv.) in 1,4 dioxane (2 mL) was added 
and the resulting mixture stirred for 2 hours. The mixture was then acidified to pH = 1 using 
1M HCl (aq) and extracted with EtOAc (5 x 20 mL). The organic phase was dried over Na2SO4, 
filtered and concentrated in vacuo. Flash chromatography of the crude (silica, 5% EtOH in 
CH2Cl2 to 15% in 2 steps) afforded the product as a clear oil that later solidified to form white 
brittle crystals (310 mg, 1 mmol, 50%). 1H-NMR (400 MHz, CDCl3): δ (ppm)  6.67 (s, 2H), 
6.43 (d, J=7.42 Hz, 1H) 4.70 (dt, J=7.62, 4.78 Hz, 1H), 3.49 (t, J=7.22 Hz, 2H), 2.77 - 2.82 (m, 
2H), 2.26 (t, J=7.62 Hz, 2H), 2.04 - 2.08 (m, 1H), 1.53 - 1.72 (m, 4H) 1.31 (quin, J=7.71 Hz, 
2H); 13C-NMR (100 MHz, CDCl3): δ (ppm) 173.5, 173.2, 170.9, 134.1, 78.29, 71.9, 37.6, 36.1, 
28.2, 26.1, 24.9, 22.0. HRMS (ESI pos), calculated for C15H19N2O5 [M+H]+: 307,12885, found: 
307.12896. 
Synthesis of (2S)-3-(((2-((S)-2-(6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanamido)
pent-4-ynamido)ethoxy)(hydroxy)phosphoryl)oxy)propane-1,2-diyl dipalmitate 9. 
2-(6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanamido)pent-4-ynoic acid (92 mg, 
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0.3 mmol, 3 equiv.) was 
dissolved in dry THF (3 mL) 
in a 10 mL schlenk flask 
under an argon atmosphere. 
N-hydroxysuccinimid (41 
mg, 0.4 mmol, 4 equiv.) and 
dicycolhexylcarbodiimide (75 

mg, 0.36 mmol, 3.6 equiv.) were 
added and the mixture was stirred for 4h until the starting material was fully consumed on 
TLC. The mixture was then filtered over celite to remove the white precipitation and condensed 
to about 1 mL in volume. While stirring the first solution, a second mixture of DPPE (70 mg, 
0.1 mmol, 1 equiv.) in chloroform (4 mL) was made using a few drops of 2,6-lutidine to 
aid the dissolving process (repeated heating/sonication cycles were required, even with the 
added base – typically the process will take half an hour before a clear and stable solution 
is obtained). After cooling down the DPPE-solution to room temperature, it is placed in a 
sonicating bath before the concentrated solution containing the O-succinimide is added drop 
by drop, making sure the solution does not precipitate. If the new solution remains clear after 
addition, it is left to stir for 12-15 h. The mixture is then diluted to 10 mL using additional 
chloroform and washed with 0.1 M HCl (10 mL), water (10 mL) and brine (10 mL). The 
organic layer was then dried over Na2SO4, decanted and dried in vacuo, to obtain the crude 
as a yellow oil. Flash chromatography (silica, MeOH/CH3Cl/NH3 5/95/0.1 to 20/80/0.1 in 3 
steps) afforded the product as a clear oil that later dried into a glassy film (41 mg, 0.042 mmol, 
41%). 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.62 (br. s., 1H), 6.91 (d, J=7.0 Hz, 1H), 6.68 (s, 
2H), 5.22 (br. s., 1H) 4.61 (d, J=5.5 Hz, 1H), 4.34 (dd, J=11.9, 3.3 Hz, 1H), 4.00 - 4.22 (m, 4H), 
3.60 (br. s., 1H), 3.49 (t, J=7.2 Hz, 2H), 2.62 - 2.90 (m, 2 H), 2.20 - 2.40 (m, 6H), 2.08 - 2.15 
(m, 1H), 1.49 - 1.74 (m, 8H), 1.02 - 1.43 (m, 52H), 0.79 - 0.94 (m, 6H); 13C-NMR (75 MHz, 
CDCl3) (indicative peaks): δ (ppm) 173.4,173.0, 134.1, 61.9, 34.2, 34.0, 37.9, 29.7, 29.5, 29.4, 
29.3, 29.2, 28.2, 26.1, 24.9, 22.7, 14.1;  HRMS (ESI POS) Calculated C52H91N3O12P [M+H]+: 
980.63349, found: 980.62959. Retention time (HPLC): 43-45 min.

Synthesis of N-Boc-O-propargyl-L-Tyrosine methyl ester 17. Boc-L-
tyrosine methyl ester (6 g, 20 mmol, 1 equiv.) was dissolved in dry DMF 
(100 mL, 0.2 M), K2CO3 (11 g, 80 mmol, 4 equiv.) was added and the 
suspension was stirred vigorously. Propargylbromide (80% in toluene, 
5.2 mL, 40 mmol, 2 equiv.) was added and the resulting mixture stirred 
for 6h. The solution was concentrated to approx. 15 mL in vacuo and 
diluted with EtOAc (100 mL). The organic phase was then washed with 
saturated ammonia (100 mL), water (100 mL), 3M LiCl (3 x 100 mL) 
and brine (100 mL), dried over     Na2SO4, filtered and concentrated 

in vacuo. Flash chromatography of the crude (silica, 10% EtOAc in heptane) afforded the 
product as a white solid (5.84 g, 17.5 mmol, 88%). 1H-NMR (300 MHz, CDCl3) δ (ppm) 7.05 
(d, J=8.7 Hz, 2H), 6.90 (d, J = 8.7 Hz, 2H), 4.94 (br. s., 1H), 4.66 (d, J=2.1 Hz, 2H), 4.54 (br. 
s., 1H), 3.71 (s, 3H), 2.89 - 3.12 (m, 2H), 2.51 (t, J=2.3 Hz, 1H), 1.41 (s, 9H); 13C-NMR (75 
MHz, CDCl3): δ (ppm) 173.0, 157.0, 155.5, 130.7, 129.3, 115.1, 80.0, 78.6, 75.5, 55.8, 54.5, 
52.1, 37.4, 28.1.
Synthesis of O-propargyl-L-Tyrosine methyl ester HCl salt 17B. N-Boc-O-propargyl-L-
Tyrosine methyl ester (5 g, 15 mmol, 1 equiv.) was dissolved in anhydrous MeOH (50 mL) 
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under a nitrogen atmosphere. Anhydrous HCl in MeOH was generated 
by slowly adding Acetyl chloride (2.5 mL, 40 mmol, 2.4 equiv.) to dry 
methanol (20 mL) cooled to 0°C. Upon completion of the acetyl chloride 
addition, the HCl solution was added via cannula to the Boc-tyrosine 
solution and left to stir for 30 min. The mixture was then concentrated 
in vacuo, and triturated with CHCl3 (3 x 50 mL), to afford the pure 
product as a white fluffy powder (4 g, 15 mmol, quant.). 1H-NMR (300 
MHz, DMSO-d6) δ (ppm) 7.10 (d, J=8.7 Hz, 2H), 6.93 (d, J = 8.7 Hz, 

2H), 4.94 (br. s., 1H), 4.66 (d, J=2.1 Hz, 2H), 4.54 (br. s., 1H), 3.75 (s, 3H), 
2.95 - 3.18 (m, 2H), 2.49 (t, J=2.3 Hz, 1H).

Synthesis of methyl (R)-2-(6-(2,5-dioxo-2,5-
dihydro-1H-pyrrol-1-yl)hexanamido)-3-(4-(prop-
2-yn-1-yloxy)phenyl)propanoate 18. O-propargyl-
L-Tyrosine methyl ester HCl salt (1 g, 4 mmol, 1 
equiv.) and 6-maleimidohexanoic acid (1.3 g, 6 mmol, 
1.5 equiv.) were dissolved in CH2Cl2 (50 mL) at 0, 
diisopropylethylamine (1.7 mL, 10 mmol, 2.5 equiv.) 
was added, followed by diisopropylcarbodiimide 
(0.95 mL, 6 mmol, 1.5 equiv.) and a single crystal of 

DMAP. After 30 min, the reaction was allowed to warm to room temperature, on which the 
reaction was stirred for an additional 3 h, until full consumption of the starting material was 
observed by TLC. The mixture was filtered over a sintered glass filter (P4) and subsequently 
diluted with CH2Cl2 (50 mL) washed with 1M HCl (100 mL), saturated NaHCO3 (100 mL) 
and brine (100 mL). The organic phase was then dried over Na2SO4, filtered and concentrated 
in vacuo. Flash Chromatography (silica, 50% Et2O in heptane) afforded the product as a clear 
oil (860 mg, 2 mmol, 50%). %).  1H-NMR (300 MHz, CDCl3): δ (ppm) 7.01 (d, J=8.6 Hz, 2H), 
6.90 (d, J=8.6 Hz, 2H), 6.68 (s, 2H), 5.85 (d, J=7.4 Hz, 1H), 4.81 - 4.88 (m, 1H), 4.66 (d, J=2.3 
Hz, 2H), 3.72 (s, 3H), 3.49 (t, J=7.2 Hz, 2H), 3.06 (ddd, J=25.0, 13.7, 5.9 Hz, 2H), 2.52 (t, J=2.3 
Hz, 1 H) 2.16 (t, J=7.4 Hz, 2 H) 1.60 (dquin, J=16.1, 7.7, 7.7, 7.7, 7.7 Hz, 4H), 1.22 - 1.32 (m, 
2H). 13C-NMR (75 MHz, CDCl3): δ (ppm) 172.1, 170.8, 156.7, 134.04, 130.3, 128.8, 115.0, 
78.5, 75.5, 55.8, 53.0, 52.3, 37.6, 37.0, 36.2, 28.2, 26.23, 24.9. HRMS (ESI-POS): calculated for 
C23H28N2O6 [M+H]+: 424.18636, found: 875.57884 [2M+H+]+

Synthesis of (R)-2-(6-(2,5-dioxo-2,5-dihydro-
1H-pyrrol-1-yl)hexanamido)-3-(4-(prop-2-
yn-1-yloxy)phenyl)propanoic acid 18d. Methyl 
(R)-2-(6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)
hexanamido)-3-(4-(prop-2-yn-1-yloxy)phenyl)
propanoate (430 mg, 1 mmol, 1 equiv.) was dissolved 
in DCE (5 mL, 0.1 M) in a sealed tube. Me3SnOH 
(360 mg, 2 mmol, 2 equiv.) was added and the 
solution was refluxed (80°C) for 2-3 h, until full 

consumption of the starting material. The solution was then concentrated in vacuo and flash 
chromatography (silica, 8% EtOH in CH2Cl2) afforded the product as a clear oil that solidifies 
to a white solid over the course of several days (353 mg, 0.86 mmol, 86%). %).  1H-NMR (300 
MHz, CDCl3): δ (ppm) 7.09 (d, J=8.7 Hz, 2H), 6.91 (d, J=8.7 Hz, 2 H) 6.68 (s, 2 H) 6.12 (d, 
J=7.2 Hz, 1 H) 4.84 (dd, J=11.8, 5.6 Hz, 1 H) 4.66 (d, J=2.1 Hz, 2 H) 3.48 (t, J=7.2 Hz, 2 H) 
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3.12 (ddd, J=33.8, 14.4, 5.1 Hz, 2 H) 2.53 (s, 1 H) 2.19 (t, J=7.4 Hz, 2 H) 1.50 - 1.67 (m, 4 H) 
1.20 - 1.33 (m, 3 H); 13C-NMR (75 MHz, CDCl3): δ (ppm) 174.3, 173.5, 170.9, 156.7, 134.1, 
130.4, 128.7, 115.0, 105.0, 78.6. 75.6, 55.8, 53.2, 37.5, 36.1, 28.1, 26.1, 24.88; HRMS (ESI-pos): 
calculated C22H25N2O6 [M+H]+: 413.17071.

Synthesis of (2S)-3-(((2-
((R)-2-(6-(2,5-dioxo-2,5-
dihydro-1H-pyrrol-1-yl)
hexanamido)-3-(4-(prop-
2 - y n - 1 - y l ox y ) p h e ny l )
prop anami d o)e thoxy)
(hydroxy)phosphor yl)
o x y ) p r o p a n e - 1 , 2 -
diyl dipalmitate 19. 
( R ) - 2 - ( 6 - ( 2 , 5 - d i o x o -
2 , 5 - d i h y d r o - 1 H -

pyrrol-1-yl)hexanamido)-3-
(4-(prop-2-yn-1-yloxy)phenyl)propanoic acid (100 mg, 0.25 mmol, 2 equiv.) was dissolved 
in freshly distilled THF (3 mL) in a 10 mL schlenk flask under an argon atmosphere. 
N-hydroxysuccinimid (40 mg, 0.35 mmol, 2.6 equiv.) and dicycolhexylcarbodiimide (65 mg, 
0.3 mmol, 2.4 equiv.) were added and the mixture was stirred for 2h until the starting material 
was fully consumed on TLC. The mixture was then filtered over celite to remove the white 
precipitation and condensed to about 1 mL in volume. While stirring the first solution, a 
second mixture of DPPE (50 mg, 0.08 mmol, 1 equiv.) in chloroform (4 mL) was made using 
a few drops of 2,6-lutidine to aid the dissolving process (repeated heating/sonication cycles 
were required). After cooling down the DPPE-solution to room temperature, it is placed in 
a sonicating bath before the concentrated solution containing the O-succinimide is added 
drop by drop, making sure the solution does not precipitate. If the new solution remains clear 
after addition, it is left to stir for 20 h. The mixture is then diluted to 10 mL using additional 
chloroform and washed with 0.1 M HCl (10 mL), water (10 mL) and brine (10 mL). The 
organic layer was then dried over Na2SO4, decanted and dried in vacuo, to obtain the crude 
as a yellow oil. Flash chromatography (silica, MeOH/CH3Cl/NH3 5/95/0.1 to 20/80/0.1 in 3 
steps) afforded the product as a clear oil that later dried into a glassy film (43 mg, 0.04 mmol, 
53%). 1H-NMR (300 MHz, CDCl3): δ (ppm) 7.14 (d, J=8.2 Hz, 2 H) 6.84 (d, J=8.2 Hz, 2 H) 
6.69 (s, 2 H) 5.17 (br. s., 1 H) 4.83 (br. s., 1 H) 4.64 (s, 2 H) 4.33 (d, J=10.8 Hz, 1 H) 3.66 - 4.12 
(m, 5 H) 3.47 (s, 2 H) 3.39 (t, J=6.9 Hz, 2 H) 3.01 - 3.12 (m, 1 H) 2.82 (br. s., 1 H) 2.53 (s, 1 H) 
1.98 - 2.38 (m, 9 H) 1.17 - 1.59 (m, 59 H) 1.06 (br. s., 2 H) 0.87 (t, J=6.4 Hz, 6 H) 13C-NMR (75 
MHz, CDCl3) (indicative peaks): δ (ppm) 134.1, 130.25, 58.9, 55.7, 34.0, 31.9, 29.7, 29.4, 29.2, 
24.8, 22.7, 14.11. HRMS (ESI-pos): calculated for C59H97N3O13P [M+H]+: 1086.67535, found: 
1086.67387. Rentention time (HPLC): 42 min.
General procedure for the incorporation of Dye Azide (example: TAMRA). The appropriate 
alkyne (5 µmol, 1 equiv.) and Tamra-azide (5 mg 10 µmol, 2 equiv.) were added to a stained 
(brown) HPLC-vial (1.5 mL) equipped with a screw-cap and solubilized using a mixture of 
THF/tBuOH (0.5 mL, 9:1 v/v). A mixture of CuSO4

 (9 mg, 0.06 mmol) and TBTA (53 mg, 0.1 
mmol) in dd H2O/tBuOH (20 mL 1:19 v/v) was prepared simultaneously and a small quantity 
(approx. 0.2 mL) of the ‘click mix’ was added to the reaction vial. Finally, sodium ascorbate 
(3 mg, 15µmol, 3 equiv.) was added, and the mixture agitated for 24 h. The mixture was then 
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passed to a 10 µm filter and purified using semi-preparative HPLC (60% A in B to 90% A over 
20 minutes, then 100% A in 1 minute, for 10 minutes). The product was obtained as a purple 
film after lyophilisation.

Synthesis of 
Prop arg y lg lycine-b as e d 
linker with DPPE and 
Tamra 10. Maleimidohexyl 
( d i p a l m i t o y l - g l y c e r y l -
phosphatidyl)-ethanolamide 
modified propargylglycine 
23 (5 mg, 5 µmol, 1 equiv.) 
was treated according to the 
above procedure, resulting 
in a brittle purple film (2.4 
mg, 1.6 µmol, 32%). HRMS: 
HPLC retention time: 38-40 
min (broad). HMRS (ESI-Pos) 
Calculated for  C80H119N9O16P 
[M+H]+: 1492.85069, found 
1492.84424.

Synthesis of tyrosine-
based linker with 
DPPE and Tamra 
20. Maleimidohexyl 
(dipalmitoyl-glyceryl-
p h o s p h a t i d y l ) -
ethanolamide modified 
O-propargyloxytyrosine 
33 (5 mg, 4 µmol, 1 equiv.) 
was treated according 
to the above procedure, 
resulting in a brittle purple 
film (3.1 mg, 1.9 µmol, 
38%). HRMS: HPLC 
retention time: 40-43 min 

(broad). HMRS (ESI-Pos) Calculated for  C87H125N9O17P [M+H]+: 1598.89256 m/z, found: 
1598.90736 m/z.
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Synthesis of 
p r o p a r g y l - b a s e d 
linker with DPPE 
and Sulfo-Cy3 11. 
M a l e i m i d o h e x y l 
(dipalmitoyl-glyceryl-
p h o s p h a t i d y l ) -
ethanolamide modified 
propargylglycine (1.2 
mg, 1 µmol 1 equiv.) 23 
was treated in line with 
the above procedure, 
now using Sulfo-
Cy3 azide (approx. 1 
mg, 2 µmol, 2 equiv.) 
dissolved in tBuOH/
DMSO (0.2 mL, 3:1 
v/v). After purification, 

the product was 
recovered as a lilac/purple film in trace quantities (100-200 µg, 0.1 µmol, 10%). HPLC 
retention time: 29-32 min (broad. HMRS: Chemical Formula: C86H134N8O13P+
Exact Mass: 1517,98025

Synthesis of 
tyrosine-based 
linker with DPPE 
and Sulfo-Cy3 21. 
Maleimidohexyl 
( d i p a l m i t o y l -
g l y c e r y l -
phosphat idy l ) -
e t h a n o l a m i d e 
m o d i f i e d 
propargylglycine 
(1.2 mg, 1 µmol 
1 equiv.) 33 was 
treated in line 
with the above 
procedure, now 

using Sulfo-Cy3 azide (approx. 1 mg, 2 µmol, 2 equiv.) dissolved in tBuOH/DMSO (0.2 mL, 
3:1 v/v). After purification, the product was recovered as a lilac/purple film in trace quantities 
(400-600 µg, 0.3 µmol, 30%). HPLC retention time: 31-35 min. HMRS: Chemical Formula: 
C92H139N9O14P+
Exact Mass: 1625,01736
General procedure for peptide-dye-phospholipid hybrids on a single scaffold. The 
appropriate scaffold was dissolved in degassed trifluoroethanol (so that the concentration 
lies around 100 µM) under inert conditions, protected from light. The peptide (100 nmol, 2 
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equiv.) is dissolved in trifloroethanol and degassed as well – the scaffold (500 µL, 50 nmol, 1 
equiv.)) is then added to the peptide and the mixture is gently agitated under inert conditions 
and shielded from light for the next 48 h. The mixture was subsequently crashed out using 
freshly distilled THF. The residue was then taken up again in a minimum of trifluoroethanol 
and the cycle was repeated up to three times in order to remove all unreacted linker from the 
mixture and obtain the product as a mixture with unreacted peptide – HPLC-purification 
proved to be impossible to date.
Direct labelling of the WALP peptides. WALP peptides were directly labelled according to 
the protocol of Holt et al.65. First, 1 mg of peptide was dissolved in 200 μL trifluoroethanol. 
10 μL H2O was added and after deoxygenizing the sample with N2 gas, 2 μL trimethylamine 
and 1.5 equivalents Alexa Fluor 488 C5 maleimide dissolved in methanol were added. The 
reaction mixture was stirred in the dark for three days at 4 ⁰C after which the peptides were 
precipitated in 10 mL of ice-cold  methyl tert-butyl ether/n-hexane (1:1, v:v).
GUV formation and imaging. GUVs composed of DPPC, DOPC and cholesterol or SSM, 
DOPC and cholesterol in a 4:3:3 molar ratio were formed by electroformation as described 
earlier28. GM1 was added up to 10 mol% of total lipid content at the expense of DPPC, thereby 
keeping the degree of (un)saturation of the lipid tails constant. The labelled WALP peptide 
together with the Ld phase markers ATTO 655 DOPE or DiD were added in a 1:1000 molar 
ratio to the lipid mixture. These Ld markers were chosen since both are excited in the far 
red and ATTO 655 DOPE is a water-soluble, zwitterionic dye coupled to a lipid to prevent 
interaction of the dye with the membrane. Lipids, Ld marker and WALP were spotted on 
a conductive indium tin oxide (ITO)-coated glass plate. After removal of the solvents 
under vacuum, GUVs were formed in 200 mM sucrose on the Vesicle Prep Pro (Nanion 
technologies) with a voltage of 1.1 V at 10 Hz for 1 h at 50 ⁰C. Afterwards, GUVs were imaged 
on the Zeiss LSM 710 confocal microscope with a 40x C-Apochromat Corr M27 with NA 
1.2 water immersion objective. ATTO 655 DOPE and DiD ere excited with a 633 nm HeNe 
laser, the TAMRA coupled to the WALP peptide with a 543 nm HeNe laser. Images for both 
channels were taken separately to avoid cross talk.
Image analysis. To determine localization of the linker and WALP peptide, a 5 pixel width 
line was drawn through the GUVs from the Lo phase to the Ld phase (indicated by the Ld 
marker ATTO 655 DOPE). The intensity of the TAMRA fluorophore bound to the linker in 
the Lo phase was divided over the intensity of this dye in the Ld phase, giving the pLo/Ld.
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