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1.1  Peptide and protein folding 

Peptides and proteins are the most abundant macromolecules encountered in 

living systems, and play a role in all vital cellular processes.1 They are constructed 

from chains of amino acids, but differ in the length of the chain, with the term  

‘peptide’ referring to chains of less than 50 residues and anything larger referred to 

as proteins. In order to reduce steric interference between atoms, maximise 

backbone hydrogen bonding interactions and facilitate favourable side-chain 

interactions, peptides and proteins can adopt complex three-dimensional 

conformations. Biological activity is often directly related to the adopted structure, 

with a large scientific effort dedicated to studying, predicting and controlling 

protein folding.2  

Analysis of known protein structures have shown two dominant secondary 

structures; the α-helix and the β-strand, with proteins divided into classes based on 

the abundance of these structural elements.3 The two structures can be defined by 

the different angles describing the three-dimensional orientation of the amino acid 

around its α-carbon (Cα, Figure 1.1A). Hydrogen bonding within the same chain is 

maximized for α-helices, with every amino acid forming a hydrogen bond to the 

amino acid 4 positions further in the sequence (i to i+4 hydrogen bonding). The 

peptide chain rotates around a central axis with 3.6 residues per helix turn, 

resulting in a 7-amino acid sequence (called a ‘heptad repeat’) describing two full 

rotations. In contrast, β-structures form hydrogen bonds which can be between 

strands of the same, or different protein chains. These intermolecular hydrogen 

bonds results in multiple β-strands combining to form a β-sheet. To allow hydrogen 

bonding in the same sequence, these β-strand domains are connected via a short 

turn, hairpin or other structural motif;4 or can bridge to separate β-domains in the 

same sequence spaced further apart. Protein self-assembly can also be driven by 

the formation of intermolecular β-sheets between β-structured domains in 

different protein chains.  

The tendency of an amino acid sequence to fold as one of these two conformations 

depends on the order of polar (p) and hydrophobic/non-polar (n) amino acids in the 

sequence,5 in combination with the tendency of individual amino acids to adopt 

either structure.6-8 When polar and non-polar amino acids are directly alternated,  
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Figure 1.1: Schematic overview of peptide structure and folding. Amino acid chain showing 
the φ and ψ angles used to define geometry around the amino acid α-carbon (A). Arrangement 
of polar and non-polar amino acids in β-structured (left) and α-helical (right) peptide 
sequences (B). White circles indicate polar side chains, black circles represent nonpolar side 
chains and grey circles represent amino acids that can be either polar or non-polar (X in the 
sequence layout). Note that both structures results in polar and non-polar amino acids placed 
adjacent to each other. Image adapted from Kohn and Hodghes.9  

the chains tend to fold as β-structured domains, whereas α-helices tend to follow 

a heptad repeat, with alternating non-polar residues every 3 and 4 amino acids 

(Figure 1.1B).9 These general patterns result in secondary structures where amino 

acid side chains with comparable interactions with their environment are placed 

adjacent. Reducing interaction between aliphatic side chains and the aqueous 

environment especially is one of the main entropic driving forces behind protein 

folding and self-assembly.  

Coiled coils 

The heptad repeat sequence of α-helical peptides results in non-polar amino acids 

being adjacent on one side of the helix. This results in a ‘stripe’ of non-polar amino 

acids that runs along the length of the helix. If this effect is strongly pronounced, 

with one side of the helix strongly hydrophobic and the other strongly polar, it is 

called an amphipathic helix. This type of helix tends to interact with other 

hydrophobic peptide domains, lipid bilayers, or hydrophobic small-molecules in 

order to reduce the aqueous interactions of the aliphatic side chains. One method 

to achieve this is the self-assembly of two or more helices, with the hydrophobic 

amino acids in the centre, forming a  so-called ‘hydrophobic core’ in between the 

helices. Because the α-helix completes a full turn every 3.6 residues, bundles of  
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Figure 1.2: Helical wheel diagram of parallel dimeric (top left),  anti-parallel dimeric (top right), 
parallel trimeric (bottom left) and parallel tetrameric (bottom right) coiled-coil peptides (A). 
Straight arrows indicate hydrophobic interactions, where curved arrows indicate electrostatic 
side-chain interactions. Packing of hydrophobic side chains according to the ‘knobs-in-holes’ 
configuration for parallel (top) and anti-parallel (bottom) coiled coils with up to 4 chains (B). 
Images adapted from Apostolovic et al.10 

α-helices rotate around each other in a ‘supercoil’ structure, which reduces the 

effective residues per turn and allows for continuous contact of the hydrophobic 

amino acids. This self-assembled structure of multiple α-helices is  referred to as a 

coiled coil,11 and is an abundant structural motif both within proteins and  a driving 

force for protein oligomerization.12 

In coiled-coil structures, amino acid side chains in one helix occupy empty spaces 

between side chains of adjacent helices, a regime which is referred to as ‘knobs-in-

holes packing’.13 Non-polar amino acids at positions a and d of the heptad repeat 

sequence, abcdefg, form the hydrophobic interface (Figure 1.2A), and packing of 

these side chains affects coiled-coil stability, with the size and branching also 

affecting the oligomer state of the coiled coil.14 Switching amino acids at the a and 

d positions additionally determines if the coiled coil assembles in a parallel (N-

termini on the same side) or anti-parallel (N-termini on opposing ends) orientation, 

as shown in Figure 1.2B. The positions e and g, flanking the hydrophobic amino 

acids, tend to be charged amino acids that form electrostatic interactions between 

different helical strands, and thereby provide pairing specificity. Finally, the other 

three amino acid positions are typically hydrophilic as they are solvent exposed.15 

These rules can be used to predict coiled-coil formation both in synthetic and 
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natural proteins,16-18 although for pentameric and larger coiled-coils the preferred 

repeat sequence starts to differ.19 Additionally, more variation in the sequence can 

be allowed for longer coiled-coil sequences, which can be used for increasing 

binding selectivity, introducing functional groups or introduction of an active 

component. A typical example of this are the asparagine residues found at position 

‘a’ of GCN4, which promote formation of dimeric over a tetrameric coiled-coil and 

prevents anti-parallel or out-of-register self-assembly.20  

In the last decades, coiled coils have been investigated as structural motifs in 

synthetic nanoparticles,21 therapeutics such as vaccines,22 hydrogels,23 cellular 

delivery systems,24 and synthetic biology in general.25 The high binding strength, 

well defined structure and self-assembly, and ease of preparation via solid-phase 

peptide synthesis (SPPS) provide several advantages and flexibility in their 

application.26 The use of coiled coil lipopeptides in synthetic membrane fusion has 

shown to be particularly effective,27 using the energy associated with coiled-coil 

formation to drive the fusion process, and is the main focus of the work presented 

in this thesis.  

1.2 Membrane fusion and SNARE proteins 

Membrane fusion describes the process in which two separate (lipid) membranes 

combine into one continuous membrane. Fusion of membranes results in mixing of 

encapsulated content, when discussing fusion between vesicles, or release of 

content from a vesicle across a membrane. Fusion of biological membranes is a 

fundamental process for all living systems, ranging from continuous processes such 

as nutrient uptake and digestion by lysosomes to cell fusion during reproduction 

and the viral infection of host cells.28 Due to the importance of these processes, an 

understanding of the membrane fusion mechanism is of direct scientific interest. 

For example, understanding protein-membrane interactions should allow for the 

development of novel therapeutics against viral infections from HIV and novel 

variants of SARS-CoV-2.29, 30 Besides control over natural fusion processes, 

development of artificial fusion systems has shown potential in the fields of drug 

delivery, sensing, and synthetic biology.31  

Combining two separate lipid bilayers into a single continuous membrane requires 

rearrangement of the bilayers through (non-bilayer) metastable intermediates. 

These intermediate states are characterized by high curvature, are energetically  
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Figure 1.3: Fusion model of lipid membranes from two separate lipid bilayers through a 
hemifusion diaphragm and pore opening until the two membranes are fully mixed.  First the 
fusing vesicle is loosely tethered to the target membrane (1), followed by increased protein 
binding on the membrane surface, resulting in tight binding (docking, 2) of the two 
membranes. Initiation of fusion (3) results in mixing of lipids and leads to the temporally stable 
hemifusion diaphragm (4). Finally, opening of a pore in the fusion diaphragm (5) leads to 
mixing of contents and expansion of the fusion pore eventually leads to a fully fused 
membrane (6). Although the process is shown as distinct steps, in practice they are not as 
clearly separated as shown schematically. Image adapted from Martens and McMahon.32  

unfavourable, and therefore do not occur spontaneously. In Nature, membrane 

fusion proteins are thus employed by living systems to drive this process by 

lowering the energy barrier of the intermediates, and to control the instance and  

location where membrane fusion occurs.32-34 The basic steps of bilayer fusion are 

shown in Figure 1.3 and  start with two membranes that are in close proximity, 

followed by closer contact called ‘docking’ and initiation of fusion. Rearrangement 

of the lipids leads to a hemifusion diaphragm, where both a double and a single 

bilayer are present, followed by the opening of a fusion pore and finally expansion 

of the pore until the membranes are fully fused. The hemifusion intermediate is 

deemed essential to all fusion processes, and has been shown to exist as a 

temporally stable state for multiple fusion systems.35, 36 Initiation of fusion has long 

been theorized to occur through a fusion stalk intermediate,34 with discussion as to 

the exact mechanism still ongoing.37-39  

One of the best understood biological fusion processes is that involved in the 

release of neurotransmitters for neuronal signal transduction. Fusion of neuronal 

vesicles with the axonal membrane is stimulated by Ca2+ influx in the cell, and 
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results in fast release of neurotransmitters in the synaptic cleft. The process is 

driven by the assembly of SNARE (soluble NSF attachment protein receptor) 

proteins on both membranes. A functional SNARE complex is formed by the 

assembly of a four-helix coiled-coil complex between the two lipid membranes, and 

is proposed as the energetic driving force behind fusion.40-42 The SNARE proteins 

are separated into v-SNARE or t-SNARE groups, depending on their occurrence on 

vesicle or target membranes. For neuronal vesicle fusion, synaptobrevin functions 

as the v-SNARE, whilst the other three helices of the complex originate from 

Syntaxin 1 and two copies of SNAP25 as t-SNARE proteins. The combination of 

different SNARE proteins in the formation of a SNARE complex is part of the 

mechanism that allows for selectivity of fusion of different cellular membranes.43 A 

long-standing question has been how many SNARE complexes are required to 

successfully fuse two membranes, with some evidence showing that a single SNARE 

complex might even be sufficient.44 However, more experimental work points 

towards multiple SNARE complexes in a single fusion interface,45 with theoretical 

studies showing the speed of fusion is entropically dependent on the number of 

complexes.46 

Although SNARE proteins provide the driving force behind fusion, a large number 

of other proteins are involved to regulate where and when fusion occurs. In the 

example of vesicle fusion in neuronal synapses, synaptotagmin-1 binds to the 

SNARE complex before fusion and couples the influx of Ca2+ to activation of the 

fusion process. Other regulators of SNARE-mediated fusion are members of the SM 

protein family (Sec1/Munc18) working together with complexins and Munc13s, 

Rab3, and HOPS proteins. The complex interplay between all these fusion 

regulators is still under investigation and several reviews discussing this matter 

have been published.47-51 Although these proteins are called regulators of the fusion 

process, many have been hypothesized or shown to have an active contribution to 

SNARE-mediated fusion.47 Active recycling of the SNARE complex is performed by 

the NSF protein, which binds to the fused SNARE complex in combination with 

multiple SNAPs and actively disassembles the proteins driven by ATP hyrolysis.49, 52 

After the complex has been deconstructed, the v-SNARE is recycled while the three 

t-SNARE proteins remain on the target membrane until the process is restarted. 

Together, these regulatory systems are highly efficient in their control over SNARE-

mediated fusion. They facilitate the extremely fast release of neurotransmitters 

(signal transfer along nerve fibres can reach speeds of up to 120 m/s)53, but prevent 



 

12 

the energetically costly release of neurotransmitters when no trigger signal is 

present.   

1.3 Synthetic mimics of biological membrane fusion 

Study of SNARE-mediated fusion and the complex systems in place to regulate 

fusion activity have progressed in the last decades, but remain difficult because of 

the number of proteins involved and the multiple roles that they can perform.54 

Furthermore, reconstitution of the fusion machinery in model systems may lead to 

different results then observed in the cellular process.55 Because of these reasons, 

and the potential applications of fusion systems discussed earlier, synthetic model 

systems have been prepared as mimics of SNARE-mediated fusion.56, 57 The ultimate 

goal in developing such model systems is the same fusion efficiency and selectivity 

as observed in the native system, with low leakage of contents, which indicates 

membrane instability rather than fusion. Minimalism in design allows for 

deconvolution of the contributing factors to the fusion process, but a multi-

component strategy is essential to obtain the required selectivity, with a minimum 

of one component in each membrane. Synthetic fusion systems exist that do rely 

on the action of a single entity, such as the pore-forming GALA peptides,58 but these 

result in the random mixing of vesicles instead of controlled mixing of different 

entities. Liposomal fusion model systems can in principle be based on any strong 

and selective interaction, and have been demonstrated using complementary 

strands of single strand DNA or PNA,59, 60 the hydrogen bonding interaction 

between cyanuric acid and melamime,61, 62 the reversible covalent linkages 

between boronic acids and cis-diols,63 and binding of vancomycin to the D-Ala-D-

Ala peptide sequence.64, 65  

Coiled coil peptides as fusion mimics 

The most investigated model system for membrane fusion has been developed in 

the Kros group and uses coiled-coil peptides (Figure 1.4).27  It consists of two 

peptides named ‘E’; (EIAALEK)n, and ‘K’; (KIAALKE)n, after the dominant charged 

amino acid in their respective sequences. These peptides are designed to form a 

tight-binding heterodimeric coiled-coil,66 as a synthetic alternative to the 

tetrameric coiled-coil formed by SNARE proteins. A lipid anchor connected to the 

peptide through a polyethylene glycol (PEG) spacer allows for their integration into 

lipid membranes. Incorporating these peptides in separate lipid membranes results 

in their fusion upon mixing. Because of the simplicity of the system, it allows  
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Figure 1.4: Schematic representation of membrane fusion mediated by coiled-coil peptides, 
as mimics of the biological fusion process. Comparison between the SNARE fusion complex 
(left) and the coiled-coil fusion system (right) (A), overview of the structure of the coiled coil 
lipopeptides consisting of peptide E or K connected to a lipid via a PEG spacer, and how they 
are incorporated in lipid vesicles (B), and how this fusion process can be controlled via the 
incorporation of a photolabile PEG lipid which shields the peptides from interaction (C). 
Images are adapted from Marsden et al.56 and Kong et al.67 

synthetic derivatization to determine how the structure is related to the fusion 

activity.  

The E/K fusion system initially used phospholipids as the membrane anchor, but a 

study comparing different lipids revealed cholesterol as the optimal lipid anchor,68 

possibly because it is easier for cholesterol-peptides to disperse through the lipid 

membrane. Increasing the coiled-coil length, which is directly related to the binding 

strength, results in increased fusion with the direction of the coiled coil (N-terminal 

versus C-terminal anchoring) not having a significant effect.69, 70 Changing the 

length of the PEG spacer also altered fusion efficiency, with an optimum of around 

12 polyethylene glycol repeats.71 Biophysical investigations of the coiled-coil fusion 

system have mainly focussed on the disparate roles of the two peptides during the 

fusion process. Peptide K was shown to interact with lipid membranes, a 

phenomenon which originates from its structure as a positively charged 

amphipathic helix. This membrane interaction was theorized as one of the driving 

forces behind the systems fusogenicity.72, 73 Further investigation showed that 

peptide K, both by itself and when connected to the lipid membrane, can result in 

altered membrane curvature, viscosity and hydration.74, 75 These interactions might 

lower the energy required for reorganization of lipid membranes in the fusion 

intermediates described earlier, and thereby result in higher fusion efficiency. 
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Because the E/K coiled-coil is designed de novo, its’ activity is orthogonal to normal 

biological processes, and its’ liposomal formulation is therefore of interest as a drug 

delivery system. Cellular studies using the E/K fusion system have shown successful 

delivery of liposomal doxorubicin,76 and showed promising results in zebrafish 

xenografts.77 In other studies using giant unilamellar vesicles (GUVs) as a model 

system, liposomal fusion was used to effectively introduce the hydrophobic bis-

(thioureido)decalin anion transporter.78  Besides liposomes, the coiled-coil system 

could be used for delivery of mesoporous silica nanoparticles and nucleic acid lipid 

particles in vitro.79, 80 The strong interactions between the E/K peptides have also 

resulted in other applications such as the immobilization of vesicles on a patterned 

surface substrate,81 studying cellular exchange by forcing close proximity of cellular 

membranes through coiled-coil modification,82 and recently the sorting of cells with 

magnetic beads bearing a coiled-coil functionalized dextran polymer.83  

The incorporation of lipids containing a long (Mn = 2000 g/mol) PEG chain proved 

to block the peptides from fusing lipid vesicles, by preventing coiled-coil 

interactions in the vesicle docking phase.84 This effect was used to introduce more 

selectivity in the fusion process, by combining the E/K coiled-coil with a 

photocleavable PEG lipid to halt any fusion progress until the PEG was cleaved from 

the vesicle with UV light (Figure 1.4C).67 This mechanism allowed for photoactive 

doxorubicin delivery in a zebrafish cancer model,85 showing the potential of 

combining a fusion system with active components. This dePEGylation strategy 

could be seen as a mimic of the natural regulatory proteins involved in the control 

of SNARE protein activity, halting liposomal fusion until a trigger is applied. 

However, there is no selectivity in the interactions between PEG and  the fusogenic 

coiled-coil peptides, resulting in the requirement for a large excess of PEG to shield 

the entire liposomal surface. Furthermore, a lack of reversibility in the dePEGylation 

prevents precise control over coiled-coil interactions, and limit its potential 

applications. Therefore, development of novel (photo)activation strategies for 

coiled-coil peptides is still of direct interest. 

Together, all of this work shows not only the flexibility of the coiled-coil peptides, 

but also their compatibility with biological systems. Improving our understanding 

of the interactions of peptide E and K in membrane fusion directly leads to better 

drug delivery systems, but alterations to the coiled-coil that allow for increased 

binding, biocompatibility or introduction of other functionalities are also of general 

interest outside the field of membrane fusion.  
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1.4  Aims and scope of this thesis 

The work presented in this thesis aims to understand the underlying mechanisms 

that drive coiled-coil based membrane fusion, using a synthetic investigation 

strategy to determine relationships between peptide structure, interactions with 

its binding partner and lipid membranes, and fusion of liposomal membranes. The 

second part of this thesis aims to introduce a light-active component in the peptide 

structure to gain spatiotemporal control over peptide folding and activity.    

In Chapter 2 of this thesis the effect of lipid anchor attachment location in the E/K 

coiled-coil fusion mechanism is investigated. The cholesterol-PEG moiety used as 

the membrane anchor is repositioned from the peptide terminus to the center of 

the peptide sequence, mimicking side-chain palmitoylation common in the natural 

SNARE fusion system. The new variants showed lower fusion efficiency compared 

to the unmodified peptides, and liposomes prepared with the new E variant were 

shown to be unstable and aggregate, which was attributed to the homomeric 

interactions of peptide E on opposing membranes. The formation of weak 

homomeric coiled-coils of peptide E was previously assumed to have no effect on 

the fusion process, however here we showed how this stabilized the peptide before 

the docking stage, allowing fusion to occur in a leakage-free manner.  

In order to separate the effects of coiled-coil and membrane interactions on fusion 

efficiency, a peptide stapling strategy is used in Chapter 3 to investigate the 

interactions of peptide K3. Cysteines were introduced in the peptide backbone, 

spaced i to i+4 to span a single helical turn, and crosslinked to generate structural 

variants of peptide K. These stapled peptides were analysed for changes in folding, 

coiled-coil binding and membrane affinity, with stapling increasing coiled-coil 

binding through a pre-organization mechanism. Fusion assays showed a large 

increase in content mixing directly related to increased coiled-coil binding strength. 

The results in this chapter disprove the hypothesis that membrane interactions of 

peptide K are beneficial for fusion, and support the idea that fusion efficiency is 

directly related to coiled-coil binding strength.  

Chapter 4 investigates coiled-coil peptide stapling using azobenzene crosslinkers as 

light-switchable alternatives to the rigid crosslinkers shown to affect coiled-coil 

formation in Chapter 3. These azobenzene crosslinkers can switch between two 

isomers upon light irradiation, and when connected to the peptide at two positions, 
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this change in morphology allows for photocontrol of peptide folding. A single 

azobenzene crosslinker was found ineffective for controlling peptide structure in a 

four-heptad coiled coil, but reducing the length of the coiled coil to three heptads 

resulted in a larger separation between the two isomers, and shows the potential 

of this strategy to control coiled-coil self-assembly using light.  

Because the preparation of azobenzene-crosslinked peptides in Chapter 4 was 

synthetically challenging, a different strategy for coiled-coil photocontrol was 

investigated in Chapter 5, based on the incorporation of amino acids bearing an 

azobenzene moiety. Two azobenzene derivatives of phenylalanine were prepared, 

based on previous literature procedures, as well as a novel azobenzene derivative 

of phenylglycine. Substitution of a single isoleucine in the hydrophobic core of 

peptide K by these amino acids yielded peptides that could be switched between 

two states using UV light. The phenylglycine based photoswitch created the largest 

difference upon isomerization, and the mechanism of action was related to a switch 

in polarity of the diazene bond upon isomerization. Molecular dynamics (MD) 

simulations revealed the diazene of the phenylglycine based photoswitch to be 

positioned in the coiled-coil hydrophobic core, and demonstrated how the 

methylene group in phenylalanine-based photoswitches increased reorganization 

after isomerization. Together, these findings demonstrate the incorporation of 

azobenzene-based amino acids as an effective, novel method for coiled-coil 

photocontrol. 

Disruption of hydrophobic domains, by amino acids containing an azobenzene 

moiety, was hypothesized as a general mechanism for peptide photocontrol. The 

viability of this strategy in β-structured peptides is investigated in Chapter 6 of this 

thesis. A photoswitchable amino acid was introduced in different positions of a 

peptide known to self-assemble to form β-sheet-based fibres, and the effect of 

isomerization on structure and self-assembly was studied. Prepared peptides 

showed β-sheet fibre formation, with different oligomerization and self-assembly 

kinetics depending on the location of the photoswitch. Peptide folding and the 

critical aggregation concentration could be altered through light isomerization, 

demonstrating the application of this amino acid in the photocontrol of β-sheet 

peptides and confirming our hypothesis. To test if azobenzene isomerization can be 

used to control peptide activity, histidine residues were introduced and the 

peptides were evaluated for organocatalytic activity, demonstrating an activity 

which was dependent on the state of the photoswitch. 
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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  
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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. 



Chapter 2 

33 

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-
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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  
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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.  



 

44  

 

 

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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Modulation of coiled-coil binding strength and 

fusogenicity through peptide stapling. 

 

 

 

 

 

 

 

 

This chapter was published as an original research paper: Niek S.A. Crone, 

Alexander Kros, Aimee L. Boyle, Bioconjugate Chemistry 2020, 31, 3, 834–843. 
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Abstract 

Peptide stapling is a technique which has been widely employed to constrain the 

conformation of peptides. One of the effects of such a constraint can be to 

modulate the interaction of the peptide with a binding partner. Here, a cysteine 

bis-alkylation stapling technique was applied to generate structurally isomeric 

peptide variants of a heterodimeric coiled-coil forming peptide. These stapled 

variants differed in the position and size of the formed macrocycle. C-terminal 

stapling showed the most significant changes in peptide structure and stability, 

with calorimetric binding analysis showing a significant reduction of binding 

entropy for stapled variants. This entropy reduction was dependent on crosslinker 

size and was accompanied by a change in binding enthalpy, illustrating the effects 

of preorganization. The stapled peptide, along with its binding partner, were 

subsequently employed as fusogens in a liposome model system. An increase in 

both lipid-, and content-mixing was observed for one of the stapled peptide 

variants: this increased fusogenicity was attributed to increased coiled-coil binding 

but not to membrane affinity; an interaction theorized to be a primary driving force 

in this fusion system. 
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3.1 Introduction  

Intramolecular crosslinking of peptides, commonly referred to as peptide stapling, 

is often employed to change or constrain the secondary structure of small peptides 

and to induce unstructured peptides to mimic complex protein folds and protein-

protein interactions(PPIs).1-4 Stapling also contributes to an increased resistance to 

denaturation and proteolytic degradation, making it a useful technique for the 

modification of peptide-based therapeutics.5 Hydrocarbon stapling, a technique 

which is based on catalyzed olefin metathesis, has seen widespread application 

with multiple compounds being investigated in academic, pre-clinical and clinical 

studies.6-10  

Peptide stapling techniques can be broadly divided into two categories: single- and 

two-component strategies. Single-component strategies incorporate amino acids 

that can be cross-linked selectively, or protection strategies are chosen that allow 

selective crosslinking. Common single-component stapling strategies include 

disulfide bonding,11 lactam bridges,12, 13 and olefin metathesis.10 Two-component 

stapling adds a bifunctional crosslinker to bridge two amino-acid side chains; the 

most common techniques are based on cysteine crosslinking and triazole 

linkages.14-17  Two-component strategies are in principle more complex than single-

component strategies, but allow for a more flexible crosslinker design as it does not 

need to be compatible with solid-phase peptide synthesis. Although most stapling 

techniques are used to increase or constrain peptide helicity, systems that compare 

different methods are often based around short peptide sequences, and although 

multiple comparisons have been made,18, 19 the ideal crosslinking technique is still 

open to debate.20 

The α-helix secondary structure motif has been mimicked using stapled peptides 

due to its common occurrence in proteins, and therefore its potential as a PPI 

mimic.21 Coiled coils, which are protein-folding motifs comprising two or more α-

helices, are intrinsically helical and therefore techniques commonly used for the 

stapling of helices should permit modulation of coiled-coil interactions. Indeed, Rao 

et al. has shown lactam bridges can be used to generate short, helical, cFos binding 

peptides,22 and Haney and Horne have used oxime crosslinking to generate stapled 

variants of the GCN4-p1 coiled-coil domain.23 More recently, Wu et al. used a bis-

triazole stapling technique to increase peptide binding to the polymerase α 
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accessory factor ctf4,15 and Lathbridge and Mason showed that lactam-bridged 

heptapeptides can be used for the de novo design of a coiled-coil binding peptide.24  

Together, these studies provide methods for the crosslinking of coiled-coil or 

coiled-coil-binding peptides, but it is unclear which method would prove most 

effective when applied to a different coiled-coil system. The size of the macrocycle 

formed varies significantly between the different cross-linking techniques, as do the 

polar and hydrophobic interactions of the crosslinkers in question. Interactions of 

the asymmetric oxime moiety with different amino acid side chains resulted in 

different binding strengths when the crosslinker was reversed in Haney and Horne’s 

method. This necessitated the preparation and evaluation of both variants, and 

indicates oxime crosslinking effectiveness is dependent on amino acid composition.  

The choice of crosslinking technique was therefore not obvious when attempting 

to modulate the behavior of the heterodimeric coiled coil used in our group, 

consisting of two peptides with a triple heptad repeat sequence of opposing charge,  

used as components of a membrane fusion model system.25 The position of the 

crosslinker and the macrocycle size were deemed the most influential 

characteristics in the previously mentioned crosslinking strategies, therefore we 

wanted to evaluate both of these criteria independently for our system. The most 

favorable candidates could then be used to test the effect of structural changes on 

coiled-coil-based membrane fusion. One stapling strategy that attracted our 

attention was developed by the DeGrado lab, and is based on the alkylation of 

cysteine using dibromoxylenes.26 The advantage of this system lies in the rigidity 

provided by the aromatic ring, allowing precise spacing between the two thiol 

moieties by selecting one of the three different structural isomers of 

dibromoxylene: ortho; meta; and para, Scheme 3.1. In the original study meta-

xylene showed the most promise as a crosslinker, and further investigations in the 

same group have therefore focused on this variant.27, 28 Other recent investigations 

have also predominantly used the meta derivative,29, 30 and when a comparison was 

made between the isomers, only short or unstructured peptides were used. This 

means the question of whether, for a helical or coiled-coil peptide, meta-xylene is 

indeed the best crosslinking moiety is unanswered. Therefore, to probe the effect 

of stapling on coiled-coil peptides, we elected to investigate dibromoxylene 

crosslinking of cysteine’s, employing all three structural isomers in order to 

elucidate the role of crosslinker size and its effect on structure and activity.   
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Scheme 3.1. The peptide stapling strategy used in this paper. (A) Two solvent-exposed amino 
acids are replaced with cysteine and crosslinked using a xylene moiety. (B) The relative 
positioning of three different crosslinking sites and the structures of the dibromoxylene 
crosslinkers investigated in this project. (C) A schematic representation of the studied 
membrane fusion interactions; coiled-coil formation and membrane insertion.  

The fusion system developed in our lab is inspired by naturally occurring SNARE 

(soluble NSF attachment protein receptors) proteins,31 and consists of a pair of 

complementary peptides. These peptides are dubbed E and K, and form a 

heterodimeric coiled-coil that has be attached to lipid membranes via a PEG spacer 

and lipid anchor.32 Like SNARE proteins this model system promotes the fusion of 
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lipid membranes, and it can be facilely modified to study the process of membrane 

fusion via structure-activity relationships.33 It has recently been discovered that 

these two peptides play different roles in the fusion process.34 The interactions of 

the K peptide with lipid membranes have been hypothesized as an important factor 

in membrane fusion efficiency.35 Membrane interactions can occur simultaneously 

with formation of the coiled-coil domain in a membrane fusion interface (as 

visualized in Scheme 3.1C), therefore a fine balance between the two must be 

achieved. In addition, both membrane binding and coiled-coil formation depend on 

the peptides adopting a helical structure; we believe stapling should allow for the 

generation of peptides with varied helical structures, which will in turn affect 

coiled-coil formation and membrane binding interactions. Studying the effects of 

modulating the membrane interactions and coiled-coil binding affinity will generate 

insights into the importance of both factors in membrane fusion. 

In this study, a library of nine stapled peptides was prepared by modifying peptide 

K via cysteine alkylation. These stapled K-peptide derivatives exhibited systematic 

variations in helicity and thermal stability, as observed by circular dichroism (CD) 

spectroscopy. The coiled-coil binding thermodynamics were studied using 

isothermal titration calorimetry (ITC) and it was discovered that increased coiled-

coil binding is based on a preorganization effect. These observed changes in 

structure and binding dynamics were heavily dependent on the location of the 

staple and the choice of crosslinker. In lipid-, and content-mixing experiments a 

significant change in fusogenicity was measured for selected stapled peptides, 

which was attributed to the altered coiled-coil interaction strength.  

3.2  Results and Discussion 

Stapled Peptide Design 

The starting point for structural modification is one peptide of a three-heptad 

heterodimeric coiled-coil pair first reported by Litowski and Hodges.36 The two 

peptides are named after the abundance of either glutamic acid (Glu, E) or lysine 

(Lys, K) respectively, and each peptide contains a C-terminal glycine and either 

tyrosine or tryptophan as a fluorescent reporter, giving rise to E3GY and K3GW.  To 

facilitate stapling two amino acids in peptide K3GW were modified to cysteine, 

spaced i to i+4 to best match a single α-helical turn. Amino acids that are involved 

in electrostatic (positions e and g) or hydrophobic (positions a or d) interactions 
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were not varied to ensure the stapled peptides retained the same stabilizing coiled-

coil interactions as the parent peptides.   

Three different variants were generated each with the cysteines, and therefore the 

staple, in a different heptad, shown in Table 3.1. Each of these positional variants 

was stapled with ortho-, meta-, and para-dibromoxylene generating a library of 

nine stapled peptides. When referring to these stapled peptide variants, a notation 

which reflects the position and type of crosslinker is used, for example K3GW-1M 

signifies the crosslinker is in the first heptad and the meta variant has been 

employed.  

Table 1. Sequences of the coiled-coil parent peptides and cysteine-containing variants.  

Peptide Sequence 

 g abcdefg abcdefg abcdefg a 

E3GY E IAALEKE IAALEKE IAALEKG Y 

K3GW K IAALKEK IAALKEK IAALKEG W 
K3GW-1 K ICALKCK IAALKEK IAALKEG W 
K3GW-2 K IAALKEK ICALKCK IAALKEG W 
K3GW-3 K IAALKEK IAALKEK ICALKCG W 

 

Secondary structure analysis 

CD spectroscopy was employed to determine the secondary structure of the 

stapled peptide variants; the effects of both stapling location and the size of the 

crosslinker can be clearly observed, Figure 3.1 & Figure S3.1. Peptide stapling close 

to the C-terminus (K3GW-3 variants) showed the largest increase in α-helicity for all 

three xylenes, whereas modification in the second heptad (K3GW-2 variants) 

showed the lowest increase. Notably, when para-xylene was used as the crosslinker 

in the second heptad, the overall peptide helicity was reduced, Figure 3.1B, 

showing para-xylene is too large to form an ideal α-helix.  The N-terminal positions 

(K3GW-1 variants) all show a moderate increase in helicity, largely independent of 

staple size, confirming the previously observed trend for hydrocarbon stapling to 

be most effective at peptide termini.37 Using temperature-dependent CD 

spectroscopy, an increase in melting temperature (Tm) could be determined for the 

stapled peptide variants, as shown in Figure 3.2 and Figure S3.2, 
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with the change in Tm closely following the observed changes in helicity. C-terminal 

modification showed the largest increase in melting temperature, with the ortho-

xylene crosslinker yielding the most stable peptides over all three peptide variants, 

followed by the meta-xylene crosslinker. All stapled peptides interacted with E3GY, 

showing typical coiled-coil spectra as is evident in Figure 3.1C and Figure S3.1. C-

terminal stapling showed the highest helicity, while the N-terminal stapled peptides 

did not have increased coiled-coil helicity compared to the staples located in the 

central heptad.  

In contrast to the stapled peptides in isolation, meta-xylene-modified peptides 

show the most α-helical structure as a coiled coil. Ortho-xylene stapled peptides 

 

Figure 3.1. CD spectra of stapled peptides. (A) CD spectra of C-terminal stapled peptides, (B) 
heat map of the percentage of peptide helicity for all stapled variants and the change in 
helicity compared to K3GW in brackets, (C) CD spectra of the C-terminal stapled peptides 
mixed with peptide E3GY to form a coiled coil, and (D) heat map of average peptide helicity of 
all stapled peptides when combined with peptide E3GY and the change in helicity compared 
to the coiled-coil with K3GW in brackets. Total peptide concentration is 50 µM, spectra were 
recorded at 20  ̊C in pH 7.4 PBS buffer. 
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had the largest increase in Tm for all three positions (Figure 3.2), and the trends in 

coiled-coil stability are similar to those observed for the single peptides, with an 

average increase in Tm of 4.9  C̊ for the stapled peptides, (Table S3.1) and 4.8  C̊ for 

their coiled coils, (Table S3.2). Meta-xylene was previously shown to have the 

largest increase in helicity in small unstructured peptides,26 but in the E/K system 

ortho-xylene stapled variants yielded the highest single-peptide helicity and largest 

increase in Tm for both the peptides and their respective coiled-coils. Because it is 

possible that stapling affects coiled-coil interactions without changing peptide 

helicity as observed via the thermal unfolding experiments, the effect of peptide 

stapling on coiled-coil binding was further investigated using isothermal titration 

calorimetry (ITC). 

  

Figure 3.2. Change in peptide (left) and coiled-coil (right) melting temperature for stapled 
peptides in comparison to K3GW as determined via CD spectroscopy. Total peptide 
concentration is 50 µM C in pH 7.4 PBS buffer, spectra were recorded from 5 to 95  C̊ and are 
shown in Figure S3.2. 

Binding thermodynamics of stapled coiled-coils 

Direct determination of the dissociation constant (Kd) and enthalpy of binding 

(ΔHb), and therefore calculation of the free energy (ΔGb) and entropy of binding 

(ΔSb) is possible using ITC (Figure S3.3), allowing investigation of peptide  

interactions independent of peptide structure.38 The results shown in Figure 3.3 

and Table S3.3 show that, in general, coiled-coil binding of peptides K3GW and E3GY 

is strongly enthalpically favored but entropically unfavored. The effect of enthalpy 

can be explained via the formation of amide hydrogen bonds and electrostatic 

interactions upon folding of the peptide.  
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Figure 3.3. Thermodynamic binding parameters of K3GW and its stapled derivatives in complex 
with E3GY, determined via ITC. Error bars show the fitting error to a single-binding site model 
for both (A) the dissociation constant, and (B) the binding enthalpy (ΔH). The entropy (-TΔS) is 
calculated from these parameters, and no error bars are drawn.  

When the C-terminally-stapled variants of peptide K3GW are analyzed, the Kd is 

decreased from 73 nM to 22 and 24 nM for the 3O and 3M variants respectively, 

and to 51 nM for the 3P variant. A large decrease in ΔSb was observed and was 

directly related to the size of the implemented staple. Ortho-xylene stapling at the 

C-terminus reduced the effect of entropy upon binding from 37 to 24 kJ/mol, a 

reduction of 35%. At the same time, an increase in the ΔHb from -77 to -68 kJ/mol 

was observed, counteracting the observed entropic effects and leading to the 

conclusion that the mechanism of peptide stapling relies on a preorganization 

effect. Through conformational restriction, the peptide is preorganized in a helical 

conformation which reducing the entropic effects on binding, but the potential 

energy that is gained upon formation of an α-helix is also lost.  Although the Kd for 

the C-terminal ortho-, and meta-xylene stapled peptides are comparable, the ΔSb is 

more favorable for the ortho variant, explaining the large differences in Tm observed 

for these two peptides. At all three stapling positions, the ortho variants show a 

reduced effect of entropy upon binding compared to the meta variants, which is 

likely caused by the smaller size of the ortho crosslinker. A smaller crosslinker 

restricts the maximum distance between the two helical turns, and therefore limits 

the number of possible conformations that the peptide can assume.  

Recently, Miles et al. screened hydrocarbon-stapled peptides as protein-protein 

interaction (PPI) mimics against Bcl-xL/Mcl-1 and observed similar changes in the 
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ΔHb and ΔSb for their stapled peptides, however they observed an overall increase 

in ΔGb.39 Binding kinetics determined via a surface plasmon resonance (SPR) assay 

showed that the binding of their PPI mimic could best be explained via an induced 

fit mechanism, where the PPI can interact via multiple binding modes. Restricting 

the potential conformations of the peptide through the introduction of a staple 

reduced the number of possible binding modes, and therefore increased the overall 

Kd of the system. The E/K peptides used in this paper are designed, and 

experimentally confirmed to form heterodimeric coiled-coils exclusively.40 As there 

is only one binding mode the observed changes in structure and stability, as 

determined via CD, show a direct correlation with the binding thermodynamics in 

ITC: C-terminal stapling using ortho and meta-xylene is the most effective way to 

increase the binding strength of coiled-coil peptides.  

Membrane interactions of peptide K3GW are perturbed by peptide stapling 

 The effectiveness of E/K-based membrane fusion is partially attributed to the 

membrane interactions of peptide K, which are theorized to induce membrane 

curvature and therefore accelerate the transition from membrane docking to 

hemifusion.41 The interactions of peptide K with lipid membranes are based on a 

lysine snorkeling mechanism, which describes the hydrophobic amino acids in the 

‘a’ and ‘d’ positions inserting in a lipid membrane, helped by the favorable 

electrostatic interactions between lysine’s and the phosphate groups of the lipid 

membrane.42 This is a reversible process that can only happen when the peptide 

folds into an amphipathic helix and all the hydrophobic amino acids are positioned 

on the same face. Peptide stapling, which changes the overall peptide 

conformation, is therefore theorized to have an effect on membrane binding. The 

membrane partition coefficient (Kp) of the stapled K variants was assayed via 

tryptophan fluorescence titration experiments, and the results are shown in Figure 

3.4. Membrane binding is either comparable to unmodified K3GW or was increased 

up to a factor of two, and did not show any correlation to the location of the staple 

or to the overall helicity of the peptide (Figure S3.4). The difference in partition 

coefficient between K3GW-3O and K3GW-3M is striking, as the value is almost half 

for the ortho variant despite the helicity of the two being very similar. This shows 

that the addition of a hydrophobic crosslinking moiety between the ‘b’ and ´f´ 

positions does not increase the membrane affinity of amphiphilic α-helical peptides 

in a structure-dependent manner, and leads to the hypothesis that peptide K3GW 

does not bind to liposomal membranes as a highly structured α-helix.  
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CD experiments were performed with the C-terminal stapled peptides in the 

presence of liposomes, and this data showed a reduced ellipticity at 222 nm, and a 

high 208/222 nm ratio (see Figure S3.6). This indicates that the peptides are less α-

helical in the presence of liposomes, which supports this hypothesis. If partitioning 

from the aqueous phase into the membrane is assumed to require partial unfolding 

of the peptide helix, the difference in binding strength between the ortho and meta 

variants can also be explained by the smaller size of the ortho crosslinker, which 

restricts the ability of the peptide to unfold.  

 

Figure 3.4. Partition coefficient of peptides with liposome membranes. Partition was 
measured via tryptophan fluorescence titration at 20  C̊ in pH 7.4 PBS buffer. Error bars 
represent the error in fitting of Kp. Values and fitting of the titration data can be found in Table 
S3.4 and Figure S3.5.   

Lipid- and content-mixing is increased for C-terminal stapled peptides 

Complete fusion of two lipid-membrane-enclosed spaces will result in homogenous 

mixing of the lipids in the inner and outer leaflets, as well as mixing of the inner 

contents. In a liposomal system this process can be studied via the incorporation of 

chromophores into the lipid bilayer or on the inside of the liposomes. 

Fusion of these liposomes with non-labeled liposomes will result in a fluorescence 

change which can be quantified to compare the peptide fusogenicity. Lipopeptides 

were prepared which contained cholesterol and a polyethyleneglycol (PEG4) spacer 

at the N-terminus, facilitating membrane anchoring.43 Stapled peptides K3GW-3O 
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and K3GW-3M were selected for fusion studies because these gave rise to the 

largest structural and thermodynamic changes. Moreover, their binding strength is 

comparable but their partition coefficient differs by a factor of two therefore by 

testing both, and comparing them to unmodified K3GW, the effect of both coiled-

coil binding strength and membrane binding on fusogenicity can be determined. 

The lipopeptides were prepared using a novel on-resin stapling technique enabled 

by the use of 4-Methoxytrityl (Mtt) protected cysteine, full details are available in 

the materials and methods section. These peptides were tested for fusogenicity 

together with the lipidated variant of E3GY (structures can be found in Scheme 

S3.1).  

Lipid mixing was quantified using a Förster resonance energy transfer (FRET) pair 

incorporated in the lipid membrane, the results are shown in Figure 3.5A. The 

amount of lipid mixing observed was comparable for K3GW and K3GW-3M at a 1% 

peptide concentration, while the K3GW-3O variant showing increased lipid mixing 

six minutes after the start of the experiment. This indicates that docking of the 

liposomes occurs at the same speed, but more lipid mixing occurs for the K3GW-3O 

 

 Figure 3.5. (A) Lipid mixing and (B) content mixing experiments of liposomes decorated with 
stapled peptides. Graphs show the change in mixing over time, and the standard deviation 
between 4 samples followed simultaneously. The dot bar graph (right) represents the average 
content mixing and deviation over 3 separate experiments. Experiments were performed at 
500 μM total lipid concentration in pH 7.4 PBS at 20  ̊C. Fusion experiments were performed 
at 1% lipopeptide concentration and fluorescence was normalized against 0% and 100% 
control samples.  
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variant. As the absolute amount of lipid mixing was low, the same experiment was 

also performed with 2% of the lipopeptides, which doubled the amount of lipid 

mixing observed while retaining the same trends (Figure S3.7).  

Content mixing experiments when performed properly are the best measure for 

complete fusion of two lipid membranes. The membrane-impermeable 

sulforhodamine B (SrB) dye was employed as a fluorescent reporter and showed 

significant increases in fusion for both stapled peptide variants, Figure 3.5B, with 

the K3GW-3M variant doubling the amount of content mixing compared to K3GW 

(from 17.1% to 36.2%). The K3GW-3O variant produced an even larger increase; up 

to 93% content mixing was observed after 60 minutes, with an average of 79.5%. 

This is surprising, since there was no observed difference between K3GW and the 

K3GW-3M variant during lipid mixing experiments. An immediate difference 

between the three peptides is observed at the start of the experiment, which is not 

the case for lipid mixing, raising the concern that the stapled peptide variants might 

be destabilizing the liposomes and cause leakage of SrB across the lipid 

membranes. Plain liposomes and liposomes modified with 1% lipidated E3GY were 

tested for leakage but did not show significant differences (Figure S3.8), indicating 

that the stapled peptides do not destabilize the liposomal membranes. 

Insights into the mechanism of coiled-coil based membrane fusion 

Membrane fusion occurs in multiple stages, starting with the docking of two 

membranes to create a membrane fusion interface, followed by hemifusion which 

results in the mixing of the outer lipid leaflets, and proceeding via the formation of 

a fusion pore to complete fusion of the two liposomes, meaning their contents are 

exchanged.33 Both lipid- and content-mixing experiments showed increased 

fusogenicity for the lipidated K3GW-3O peptide, with increased content mixing also 

observed for the K3GW-3M variant. Differences in lipid-mixing amount are obvious 

after six minutes, indicating that the rates of initial docking and outer leaflet mixing 

is comparable for the three peptides. Because complete fusion of the liposomes, as 

judged by content mixing, is increased significantly for the K3GW-3O variant, the 

observed difference in lipid mixing is most likely caused by an increased mixing of 

the inner leaflet lipids. The increased coiled-coil binding strength observed via ITC, 

could explain the increase in fusion except for the fact that K3GW-3O and K3GW-3M 

are dissimilar in their fusogenicity, yet they have a comparable Kd. The K3GW-3O 

and K3GW-3M stapled peptides differ in their effects of entropy on coiled-coil 

binding and the strength of their membrane interactions, which are both increased 
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for K3GW-3M. The Kd of coiled-coil formation is dependent on the association and 

dissociation rate constants, which show different behavior in temperature 

dependent stopped-flow experiments of coiled-coil peptides.44 The dissociation 

rate was shown to be more dependent on temperature, and therefore had a much 

larger entropic component then the rate of association. The stapled peptide 

variants tested have a decreased entropic binding component, and should 

therefore also show a lower rate of dissociation. In a membrane fusion interface, 

dissociation of the coiled-coil is most likely followed by either another peptide 

binding event, or by the insertion of peptide K into the lipid membrane. A decrease 

in the dissociation rate should therefore result in an increase in the rate of fusion, 

although the total amount of fusion observed is not expected to change.  

For SNARE-mediated membrane fusion it is known that multiple protein complexes 

are required to drive fusion of a single vesicle, and the likelihood of fusion occurring 

is dependent on the number of protein complexes at the fusion interface.45, 46 This 

cooperativity is likely also necessary for our coiled-coil based system, and any 

interactions that influence the amount of coiled-coils that can be co-assembled 

around a fusion interface will influence the amount of fusion observed. In this case, 

both K3GW-3O and K3GW-3M show increased binding and lowered binding entropy, 

and therefore increased fusion via a lower dissociation rate. For K3GW-3M this 

difference is less significant, and is likely to be partially counteracted by the 

increased membrane affinity of the peptide. This is a competitive interaction in the 

formation of the coiled-coil complex, and an interaction which can provide a 

pathway for dissipation of the free peptide after dissociation of the coiled coil.41 In 

this manner, the total number of peptide complexes that are formed around a 

membrane fusion interface is reduced, and no increase in membrane fusion is 

observed. This reasoning can also be applied to homomeric peptide interactions, 

which could provide a pathway for dissipation of the lipopeptide away from the 

fusion interface. A CD titration was performed with K3GW and the K3GW-3O and 

K3GW-3M analogues to test for homodimerization (Figure S3.9 and Table S3.5), but 

the dimerization constant was found to be comparable for all variants, and weak 

enough that this should not be considered an important part of the fusion 

mechanism. This mechanistic understanding derived from the observed differences 

between the two stapled peptide variants will require further confirmation in 

different systems and experiments.  
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3.3  Conclusions 

We have employed a cysteine bisalkylation stapling technique to generate of a 

series of nine structurally isomeric α-helical peptides that can form a heterodimeric 

coiled-coil when mixed with their binding partner. CD and ITC experiments showed 

that both stapling location and choice of staple affected the properties of the 

resulting peptides and coiled-coil complexes, with the largest increase in structure, 

binding and stability observed for peptides stapled close to the C-terminus with 

ortho-xylene. Binding strength is increased via a pre-organization mechanism, 

which consists of a large reduction of the unfavored entropic binding component, 

combined with a negative change in binding enthalpy. Ortho-, and meta-xylene 

crosslinkers resulted in similar coiled-coil binding strengths, although ortho-xylene 

reduced the effect of entropy the most. This effect was true for all three stapling 

sites and is due to the smaller size of the ortho-xylene crosslinker. Although there 

may be some dependence on amino acid composition, we conclude that ortho-

xylene is the best crosslinker to stabilize helical peptides, despite meta-xylene being 

widely employed to date.  

The effect of stapling on peptide-membrane partitioning was determined, and 

showed a two-fold difference between stapled peptide variants, although no direct 

correlation to location or staple type could be made. Lipopeptides of K3GW-3M and 

K3GW-3O were prepared via a novel on-resin stapling method. These peptides were 

tested in lipid-, and content-mixing experiments, and large increases in fusogenicity 

for the K3GW-3O variant were observed. K3GW-3M also showed significantly 

increased content mixing, but exhibited a similar amount of lipid mixing to the 

parent peptide. We theorize that these differences in fusogenicity can be explained 

via reduced dissociation; increasing coiled-coil interactions without increasing lipid 

membrane interactions allows accumulation of more coiled-coil pairs at the fusion 

interface and therefore increases membrane fusion. 

3.4  Experimental 

Tentagel resin was purchased from Rapp Polymere. Dimethylformamide (DMF), 

piperidine, pyridine, acetic anhydride, trifluoroacetic acid (TFA) and acetonitrile 

(MeCN) were supplied from Biosolve. N,N-diisopropylethylamine (DIPEA) and 

Oxyma were purchased from Carl Roth. Dichloromethane (DCM) and diethyl ether 

were supplied by Honeywell. HBTU and all protected amino acids except Fmoc-

Cys(mtt)-OH were purchased from Novabiochem. All other chemicals were 
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purchased from Sigma Aldrich. Ultrapure water was obtained from a MILLI-QTM
 

water purification system. Peptide concentration was established via absorption at 

280 nm, determined using a CARY-300 UV-Vis spectrophotometer.  

Peptide synthesis and purification All peptides were synthesized on solid phase 

using a CEM liberty blue automated, microwave-assisted, peptide synthesizer. 

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

loading of 0.39 mmol/g. Fmoc deprotection was performed using 20% piperidine in 

DMF at 90  ̊C for 60 seconds. Amide coupling was achieved using 5 eq. of protected 

amino acid, 5 eq. DIC as activator and 5 eq. Oxyma as activator base, heated at 95  

̊C for 240 seconds. Acetylation of the peptide N-terminus after automated synthesis 

was performed using an excess of acetic anhydride and pyridine in DMF.  

Lipidated peptides were made on resin via the coupling of 2.5 equivalents of N3-

PEG4-COOH (see supplementary methods for synthesis details), with 2.5 eq of HBTU 

and 5 eq. of DIPEA in DMF for 2 hours at room temperature. After washing the resin 

with DMF, the azide was reduced using 10 eq. of PME3 (1 M in toluene), with 4:1 

dioxane:water as solvent for 2.5 hours. After the reaction was finished, the resin 

was washed thoroughly with 4:1 dioxane:water, MeOH and DMF. Lipidation was 

achieved using 2 eq. of cholesteryl hemisuccinate, 2 eq. of HBTU and 4 eq. of DIPEA 

in 1:1 DMF:DCM, and this lipidation step was performed twice to achieve complete 

conversion.  After the final coupling the resin was washed with DMF, MeOH, and 

DCM, dried under vacuum, and the peptide was cleaved using a 92.5:2.5:2.5:2.5 

mixture of TFA:TIPS:EDDT:water for 1 hour, after which the peptide was 

precipitated in cold diethyl ether, collected via centrifugation and lyophilized. 

All peptides were purified by HPLC on a Shimadzu system consisting of two KC-20AR 

pumps and an SPD-20A or SPD-M20A detector equipped with a Kinetix Evo C18 

column. Eluents consisted of 0.1% TFA in water (A) and 0.1% TFA in MeCN (B), with 

all peptides eluted using a gradient of 20-90% B over 35 minutes, with a flow rate 

of 12 mL/min. Collected fractions were checked for purity via LCMS, with the pure 

fractions being pooled and lyophilized. LC-MS spectra were recorded using a 

Thermo Scientific TSQ quantum access MAX mass detector connected to an 

Ultimate 3000 liquid chromatography system fitted with a 50x4.6 mm Phenomenex 

Gemini 3 μm C18 column.  

Peptide stapling Intramolecular crosslinking was achieved by dissolving the peptide 

in a 1:1 mixture of MeCN:H2O containing 10 mM NH4HCO3 up to a peptide 
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concentration of 500 μM. TCEP, 1 eq. was added as a 10 mM stock solution, and 

the reaction was stirred for 1 hour, followed by addition of 1.2 eq. of the 

dibromoxylene crosslinker (50 mM in DMF) and reacted for 3 hours. The reaction 

was quenched by the addition of 5% acetic acid, and purified using preparative 

HPLC. For the lipidated peptides, the crosslinking was performed on solid phase. In 

short; Cysteines protected with Mtt were incorporated into the peptide, and after 

automated synthesis these protecting groups were removed by incubating the resin 

with 2% TFA, and 3% TIS in DCM for 2 minutes, followed by washing the resin with 

DCM twice. This was repeated until no more color appeared when a small amount 

of the resin was mixed with TFA. Crosslinking was achieved by addition of 1.5 eq. of 

the crosslinker and 2.5 eq. of DIPEA in 1:1 DMF:TFE, and incubating this reaction for 

3 hours. On resin stapling was usually performed before lipidation.  

Circular dichroism measurements. CD spectra were recorded on a JASCO J-815 CD 

spectrometer fitted with a Peltier temperature controller. Unless otherwise 

specified, samples were measured at 20  ̊C in a quartz cuvette with a 2 mm path 

length. Spectra were recorded from 190 to 260 nm at 1 nm intervals, with a 

bandwidth of 1 nm, with the final spectrum consisting of the average of 5 

sequentially recorded spectra. The mean residue molar ellipticity (θ, deg cm2 

dmol.res-1) was calculated according to equation 1:    

[𝜃] =  (100 ∗ [𝜃]𝑜𝑏𝑠  )/(𝑐 ∗ 𝑛 ∗ 𝑙)  (1) 

With [θ]obs representing the observed ellipticity in mdeg, c the peptide 

concentration in mM, n the number of peptide bonds and l the path length of the 

cuvette in cm. The fraction of α-helical peptide could be calculated from the MRE 

using equation 2: 

𝐹ℎ𝑒𝑙𝑖𝑥 =  ([𝜃]222 − [𝜃]0) ([𝜃]𝑚𝑎𝑥 − [𝜃]0)⁄    (2) 

With the maximum theoretical mean residue ellipticity, [θ]max, defined as [θ]max = 

[θ]∞ (n – x)/n for a helix with n residues and x a number of amino acids assumed 

not to participate in helix formation (in this case 3). [θ]∞ is defined as the theoretical 

helicity of an infinite α-helix and is temperature dependent, defined via [θ]∞ = (-

44000 + 250T), with T being the temperature in °C. The minimal expected 

absorbance at 222 nm for a random coil is defined in [θ]0, which is also temperature 

dependent via the relationship [θ]0 = 2220 – 53T.  



Chapter 3 

65 

Tryptophan fluorescence titration. Fluorescence was measured in 96 well plates 

using a TECAN Infinite M1000 Pro microplate reader. Liposomes of the composition 

2:1:1 DOPC:DOPE:Cholesterol were prepared at a 10 mM concentration via 

extrusion in PBS buffer, using an Avanti mini extruder with 100 nm polycarbonate 

membranes. Titration series of liposomes in PBS buffer were prepared with 

concentrations between 25 and 3750 µM, with the peptide concentration held 

constant at 2.5 µM. Samples were prepared in 96 well plates, and after 60 minutes 

of incubation a fluorescence spectrum was taken between 300 and 450 nm. The 

maximum fluorescence of each sample was plotted as a fold increase of the 

fluorescence of the peptide without liposomes present, and fitted against equation 

3 to determine the partition constant: 

𝐹 = 1 + (𝐹𝑚𝑎𝑥 − 1) ∗  (𝐾𝑝 ∗ 𝑋) (55.3 + 𝐾𝑝 ∗ 𝑋)⁄            (3) 

Where the normalized fluorescence, F, is dependent on the maximum fluorescence 

when all peptide is bound to the membrane Fmax, molar partition coefficient Kp, the 

lipid concentration X and the concentration of water which is assumed to be 

constant at 55.3 M. Experimental data of 3 separate experiments was fitted to 

equation 3 using the least-squares method to yield the partition coefficient, and 

the standard error of fitting.  

Isothermal titration calorimetry. ITC measurements were performed on a Malvern 

MicroCal PEAQ-ITC automated calorimeter. In a standard experiment, the 

measurement cell contained 200 µL of 10 µM peptide K and the syringe was filled 

with E3GY at 100 µM concentration, with both peptides dissolved in PBS. The 

syringe content was added in 21 injections of 1.9 µL at 120s intervals, except the 

first injection which was 0.5 µL. The reference power was set at 2.0 µCal/sec, and 

experiments were performed at 25  ̊C. The data was analyzed with the Microcal 

PEAQ-ITC analysis software, and fitted to a single binding site model to generate 

the thermodynamic binding parameters. The experiment was repeated on 3 

separate occasions, and the experimental results with the lowest reduced chi-

squared value are represented in this paper.  

Lipid and content mixing experiments Liposomes with the lipid composition 2:1:1 

DOPC:DOPE:Cholesterol were used at a 500 µM concentration, where 1% of the 

lipids was substituted with the respective lipopeptide. Lipid films were prepared via 

evaporation of lipid and lipopeptide stock solutions in 1:1 CHCl3:MeOH under a 

stream of nitrogen, followed by high vacuum for at least 2 hours. The lipid films 
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were rehydrated via vortex mixing with PBS buffer and sonication for 5 minutes at 

55  C̊ in a Branson 2510 bath sonicator. The liposomes were checked for size and 

polydispersity (PDI) via DLS (Malvern Zetaszier Nano S), and sonicated for a second 

time if the PDI was larger than 0.25. Lipid mixing was assayed via the incorporation 

of 0.5% DOPE-NBD (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-

1,3-benzoxadiazol-4-yl)) and 0.5% DOPE-LR (1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)) in the lipid membranes 

of the CPK-containing liposomes. 100 µL of fluorescent CPK-containing liposomes 

were mixed with 100 µL of non-fluorescent CPE-decorated liposomes, and the 

emission of NBD at 530 nm was followed over time. Each experiment included a 

positive control consisting of liposomes at a 500 µM concentration and 0.25% of 

both DOPE-LR and DOPE-NBD, and a negative control where the fluorescent 

liposomes were combined with liposomes without CPE. The standard deviation was 

calculated on the average of 4 separate measurement samples, and the experiment 

was repeated at least 3 times.  

Content mixing was assayed via the incorporation of 10 mM Sulforhodamine B in 

the hydration buffer of CPE-decorated liposomes. After sonication, the 

unincorporated rhodamine was removed using an Illustra NAP-25 size-exclusion 

column. For each experiment, 100 µL of sulforhodamine-containing CPE-liposomes 

were mixed with 100 µL CPK-containing liposomes, and the fluorescence of 

sulforhodamine followed over time at 585 nm. The value was normalized via 

referencing a positive control consisting of liposomes containing 5 mM 

sulforhodamine B prepared in the same manner and a negative control where the 

fluorescent CPE liposomes were combined with plain liposomes. The standard 

deviation was calculated on the average of 4 separate measurement samples, and 

the experiment was repeated at least 3 times. 

Change in fluorescence was measured in 96 well plates using a TECAN Infinite 

M1000 Pro microplate reader. The percentage of lipid and content mixing was 

calculated using the following formula (Equation 4): 

% 𝑚𝑖𝑥𝑖𝑛𝑔 = (𝐹𝑡 − 𝐹0)/(𝐹𝑚𝑎𝑥 − 𝐹0)  (4) 

Where Ft is the fluorescence at time t, and F0 and Fmax are the fluorescence of the 

negative and positive controls at the same time point. Processing of fluorescence 

data and one-way ANOVA analysis was performed in GraphPad Prism 8.1.1. 
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Supporting Information for Chapter 3 

Circular Dichroism 

 

Figure S3.1: CD spectra of xylene stapled peptide variants by themselves (left) and in 
combination with E3GY (right). Peptides were dissolved at a total concentration of 50 µM in 
PBS at pH 7.4, and spectra were measured at 20  ̊C.  
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Figure S3.2: CD melting curves of stapled peptide variants (top) and their respective coiled 
coils  with peptide E3GY (bottom). Melting curves were measured from 5 ᵒC to 95 ᵒC at a total 
peptide concentration of 50 µM.  
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Table S3.1: CD spectroscopy results for peptide K3GW and its stapled derivatives. 

Peptide [Θ]222nm (deg 

cm2 dmol-1) 

[Θ]222nm/[

Θ]208nm 

Helicity 

(%) 

Tm 

(ᵒC) 

K3GW -13247 0.72 41% 22 

K3GW-1O -17662 0.89 54% 27 

K3GW-1M -17255 0.89 53% 28 

K3GW-1P -16898 0.90 51% 24 

K3GW-2O -18408 0.86 56% 30 

K3GW-2M -14607 0.85 45% 20 

K3GW-2P -9949 0.63 32% 16 

K3GW-3O -24980 0.89 75% 39 

K3GW-3M -23790 1.18 71% 32 

K3GW-3P -16109 0.84 49% 26 

 

Table S3.2: Measured characteristics of peptide K3GW and its stapled variants as a coiled coil 
with peptide E3GY, determined via CD spectroscopy. 

Peptide [Θ]222nm (deg 

cm2 dmol-1) 

[Θ]222nm/ 

[Θ]208nm 

Helicity (%) Tm 

(ᵒC) 

K3GW -26080 1.13 78% 60 

K3GW-1O -23722 1.13 71% 65 

K3GW-1M -26946 1.13 80% 63 

K3GW-1P -24179 1.19 72% 61 

K3GW-2O -25466 1.13 76% 69 

K3GW-2M -24500 1.16 73% 62 

K3GW-2P -26712 1.17 79% 58 

K3GW-3O -27006 1.04 80% 72 

K3GW-3M -29608 1.22 88% 68 

K3GW-3P -28577 1.14 85% 65 
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Isothermal Titration Calorimetry 

 

Table S3.3: Binding thermodynamics of peptide K3GW and its stapled variants as a coiled coil 
with peptide E3GY, determined via isothermal titration calorimetry . 

Peptide N 

sites 

Kd (nM) ΔH 

(kJ/mol) 

ΔG 

(kJ/mol) 

-TΔS 

(kJ/mol) 

R. Chi-Sqr. 

(kcal/mol)² 

K3GW 0.98 73.1 +/- 9.0 -77.3 +/- 1.1 -40.7 36.7 0.11 

K3GW-1O 0.78 59 +/- 11.5 -73.6 +/- 1.4 -41.2 32.3 0.21 

K3GW-1M 0.83 54.1 +/- 7.4 -76.9 +/- 1.0 -41.5 35.5 0.11 

K3GW-2O 0.80 53.9 +/- 7.5 -76.5 +/- 1.0 -41.5 35.1 0.12 

K3GW-2M 0.83 48.1 +/- 6.4 -81.9 +/- 1.0 -41.8 40.3 0.12 

K3GW-3O 0.87 22.7 +/- 5.7 -67.7 +/- 1.2 -43.5 24.1 0.20 

K3GW-3M 0.92 24.1 +/- 5.1 -72.7 +/- 1.2 -43.5 29.2 0.20 

K3GW-3P 0.92 51.4 +/- 5.0 -74.0 +/- 0.7 -41.6 32.6 0.06 
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Figure S3.3: ITC binding curves of K3GW and stapled variants with binding partner E3GY. 
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Tryptophan fluorescence experiments 
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Figure S3.4: Overview of the membrane partition coefficient of stapled peptide variants (left) 
and membrane partition set against peptide helicity (right) as determined via CD 
spectroscopy. Error bars represent the standard error of fitting. 

 

Table S3.4: Membrane binding affinity determined via tryptophan fluorescence  for peptide 
K3GW and its stapled derivatives. The shown values are derived from the fitted curves shown 
in Figure S3.5. 

Peptide Kp 

(103) 

R2 ΔG 

(KJ/Mol) 

ΔΔG 

(KJ/Mol) 

K3GW 112 0.93 -28.80 - 

K3GW-1O 225 0.88 -30.53 -1.73 

K3GW-1M 86 0.96 -28.15 0.65 

K3GW-1P 57 0.98 -27.13 1.67 

K3GW-2O 137.8 0.96 -29.32 -0.51 

K3GW-2M 80 0.96 -27.97 0.83 

K3GW-2P 97.5 0.95 -28.46 0.34 

K3GW-3O 90 0.98 -28.26 0.54 

K3GW-3M 172 0.97 -29.87 -1.06 

K3GW-3P 181.7 0.97 -30.00 -1.20 
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Figure S3.5: Fitting curves used to determine the membrane partition coefficient (Kp) of the stapled 

peptides. Red dotted lines represent the 95% confidence interval of the fit.  
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CD spectra with liposomes 

 

Figure S3.6: CD spectra of stapled peptides when combined with liposomes. Peptide 
concentration is 10 μM, liposomes are at a 1 mM lipid concentration and consist of 
DOPC:DOPE:Cholesterol in a 2:1:1 ratio. All spectra were measured in PBS in a 10 mm quartz 
cuvette at 25  ̊C. 
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Lipidated peptide structures  

 

 

Scheme S3.1: Structures of lipidated peptides used for membrane fusion studies in this  
manuscript. 
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Lipid and content mixing control experiments 

Figure S3.7: Lipid mixing experiments performed with 2% lipopeptides in the liposomal 
membranes. Graphs show the change in mixing over time, and the standard deviation 
between 4 samples followed simultaneously. Experiments were performed at 500 μM total 
lipid concentration in pH 7.4 PBS at 20  ̊C. Observed fluorescence was normalized against 0% 
and 100% control samples. 
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Figure S3.8: Sulforhodamine B leakage experiments for stapled peptide variants. Liposomes 
(500 μM lipid concentration) filled with sulforhodamine B were combined with acylated 
variants of peptide K3GW at concentrations similar to those used in content mixing 
experiments, and change in absolute fluorescence was observed over time. No peptide was 
added to the samples labelled ‘PBS’.   
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Homodimerization of stapled peptides 
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Figure S3.9:  CD titration of peptide K3GW, K3GW-3M, and K3GW-3O to determine homodimer 
formation of these peptide (top), and the extrapolated absorbance at 222 nm plotted against 
the concentration (bottom). Spectra were recorded at 25  ̊C in PBS buffer.  

 

Table S3.5: Results of a non-linear fit of the CD ellipticity data shown in Figure S3.9 to 
determine the peptide affinity constant (Ka) of homodimer formation. [θ]m and [θ]d are fitted 
constants and represent the CD ellipticity values of the peptide as a monomer and a dimer 
respectively.  

Peptide [θ]m 

103 deg cm2 dmol-1 

[θ]d 

103 deg cm2 dmol-1 

Ka (103) R2 

K3GW -8434 -33396 3.41 0.995 

K3GW-3O -12010 -39808 4.57 0.997 

K3GW-3M -12056 -43076 2.76 0.998 
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Fitting procedure for homodimer formation 

To calculate the peptide homodimerization from the CD spectra, the following 

chemical equilibria and equations are employed: 

 2𝑃𝑚  ↔ 𝑃𝑑     (S1) 

𝐾𝑑 =  
[𝑃𝑚]2

[𝑃𝑑]
    (S2) 

      [𝑃𝑡] = [𝑃𝑚] + 2[𝑃𝑑]    (S3) 

where Pm and Pd represent the monomer and dimer concentration, and Pt the total 

peptide concentration. 

From this Equation S4 can be derived: 

      [𝑃𝑑] =  
[𝑃𝑚]2

𝐾𝑑
           [𝑃𝑡] = [𝑃𝑚] +  

2[𝑃𝑚]2

𝐾𝑑
   (S4) 

And a solution for Pm is shown as Equation S5: 

         [𝑃𝑚] =  
𝐾𝑑

4
 (−1 + √ 1 + 

8[𝑃𝑡] 

𝐾𝑑
)   (S5) 

 

The equation for the measured absorbance θ as a function of the absorbance of the 

peptide as a monomer (θ m) and dimer (θ d), which are constants, is as follows: 

θ =  
[𝑃𝑚][θ𝑚]+2[𝑃𝑑][θ𝑑]

[𝑃𝑡]
    (S6) 

Combining S6 with S4 gives us the following: 

θ =  
[𝑃𝑚][θ𝑚]+ 

2[𝑃𝑚]2

𝐾𝑑
[θ𝑑]

[𝑃𝑡]
    (S7) 

Using this equation combined with the equation above for Pm, the binding curve of 

the peptides can be fitted. 
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Synthesis of N3-PEG4-COOH 

The synthetic route to produce the polyethylene glycol crosslinker used in the 

preparation of lipopeptides is shown in scheme S3.2.  

 

Scheme S3.2: Synthetic scheme for the preparation of linker N3-PEG4-COOH. 

 

Preparation of O-(2-azidoethyl)-triethylene glycol (N3-PEG4) 

A 250-mL round bottom flask equipped with a magnetic stirring bar was charged 

with tetraethylene glycol (50.9 g, 262 mmol, 10 eq) in 10 mL tetrahydrofuran. An 

aqueous solution (10 mL) containing sodium hydroxide (1.68 g, 42 mmol, 1.6 eq) 

was added to the flask, and p-toluenesulfonyl chloride (5 g, 26.2 mmol, 1 eq) 

dissolved in 30 mL tetrahydrofuran (THF) was added dropwise over 3h to the 

mixture maintained at 0  C̊. The reaction was diluted with ice-cold water (150 mL) 

and extracted with 3 x 100 mL dichloromethane. The combined organic layers were 

washed with 2 x 300 mL of water and once with 100 mL of brine, dried over MgSO4, 

filtered, and concentrated to yield a clear oil (9.2 g, 26.2 mmol, quantitative yield). 

Sodium azide (4.3 g, 65.5 mmol, 2.5 eq,) was added to the tosylate intermediate, 

and the mixture was dissolved in absolute ethanol (200 mL). The reaction was 

stirred under reflux overnight, cooled to room temperature, and then diluted with 

water (150 mL). The mixture was concentrated by rotary evaporation to 

approximately 150 mL, and the product was extracted into ethyl acetate (3 x 150 

mL), dried with MgSO4, filtered, and concentrated to yield a faint yellow liquid (5.1 

g, 23.3 mmol, 89% yield over two steps). 1H NMR (300 MHz, CDCl3) δ 3.63 (d, J = 4.9 Hz, 

12H), 3.59 – 3.54 (m, 2H), 3.40 – 3.31 (m, 2H), 2.69 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 72.54, 

70.74, 70.71, 70.64, 70.40, 70.09, 61.75, 50.71. 
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Preparation of 14-azido-3,6,9,12-tetraoxatetradecanoic acid (N3-PEG4-COOH)  

To a dry flask, NaH was added (60% suspension in mineral oil, 0.56 g, 14 mmol, 1.4 

eq), and 10 mL dry THF was added to suspend the powder. The reaction was 

temperature controlled with a water bath and N3-PEG4 was added (2,17 g, 10 mmol) 

in 10 mL dry THF. To the reaction ethyl-bromoacetate (1,67 mL, 15 mmol, 1.5 eq) 

in 10 mL THF was added dropwise over the course of 30 minutes. The addition 

funnel was cleaned with a further 5 mL HF, which was also added. The reaction was 

heated to 50  C̊ and stirred overnight. The reaction was quenched by dropwise 

addition of ice-cold 90% EtOH/H2O, and the mixture neutralized to pH 7. The 

solvent was removed via rotary evaporation, the product dissolved in H2O, 30 mL 

and extracted with EtOAc (3 x 30 mL). The solvent was removed yielding a yellowish 

oil, which was purified via column chromatography using 1:1 Et2O:ethyl acetate and 

solvent was removed to yield 903 mg (3 mmol, 30% yield) of an off-white oil. 700 

mg (2,3 mmol) of the alkylated PEG was dissolved in 5 mL 96% EtOH, 1,5 mL 5M 

NaOH was added and the mixture was heated at reflux for 90 minutes.  The ethanol 

was evaporated, the mixture diluted with 8 mL H2O and washed with 2 x 20 mL 

DCM.  Afterwards, the aq. layer was acidified with acetic acid and extracted with 4 

x 20 mL DCM, the organic layers were combined and washed with 10 mL brine, 

dried with Na2SO4 and the solvent removed under vacuum, to yield 640 mg of an 

off-white oil (quantitative yield). 1H NMR (300 MHz, CDCl3) δ 4.07 (s, 2H,), 3.70 – 3.47 

(m, 14H), 3.33 – 3.23 (t, J = 12 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 173.73, 70.81, 70.35, 

70.29, 70.23, 70.17, 69.75, 68.17, 50.38. 
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LC-MS of purified peptides 

 

Table S3.6: Overview of the calculated masses of all peptides used in this chapter, and the 
masses found by LCMS. 

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

K3GW-1O [M + 2H+]2+ 1336.77 1335.80 

K3GW-1M [M + 2H+]2+ 1336.77 1335.31 

K3GW-1P [M + 2H+]2+ 1336.77 1335.10 

K3GW-2O [M + 2H+]2+ 1336.77 1336.06 

K3GW-2M [M + 2H+]2+ 1336.77 1335.57 

K3GW-2P [M + 2H+]2+ 1336.77 1335.71 

K3GW-3O [M + 2H+]2+ 1336.77 1335.59 

K3GW-3M [M + 2H+]2+ 1336.77 1336.01 

K3GW-3P [M + 2H+]2+ 1336.77 1335.71 

K3GW [M + 2H+]2+ 1283.27 1281.77 

E3GY [M + 2H+]2+ 1272.69 1271.70 

CP4-E3GY 
[M + 2H+]2+ 1601.94 

[M + 2H-cholesterol+]2+ 1417.24 

1602.13 

1417.01 

CP4-K3GW 
[M + 2H+]2+ 1612.03 

[M + 2H-cholesterol+]2+ 1427.33 

1612.06 

1427.22 

CP4-K3GW-3O 
[M + 2H+]2+ 1666.51 

[M + 2H-cholesterol+]2+ 1481.81 

1666.21 

1481.51 

CP4-K3GW-3M 
[M + 2H+]2+ 1666.51 

[M + 2H-cholesterol+]2+ 1481.81 

1666.35 

1481.65 
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Abstract 

Azobenzene-based intramolecular crosslinkers have been shown to allow control 

over peptide structure through photoisomerization of the azobenzene. This 

crosslinking strategy was applied to a coiled-coil system previously used for 

membrane fusion, with the aim of introducing control in that system. Photocontrol 

over peptide structure could be achieved, but after combining the peptide with its 

complementary binding partner only a minimal difference between the initial dark 

and irradiated state was observed. Reducing the length of the peptide to three 

heptads increased the effect of the azobenzene crosslinker on peptide structure, 

yielding a heterodimeric coiled-coil that could be switched from 46% helicity in the 

dark state to 64% helicity in the light state. For further studies, alternative 

(synthetic) methods of crosslinking should be investigated as yields of the 

azobenzene-crosslinked products were low, and more effective switching of 

peptide structure leads to increased control over peptide activity. 

 

 

  



Chapter 4 

93 

 

4.1 Introduction 

Coiled-coil motifs can be designed to self-assemble with high affinity and 

selectivity.1 These properties have given them an important role in the field of 

synthetic biology and self-assembled nanomaterials.2-4 The range of applications for 

coiled-coil peptides can be broadened by integrating specific, external triggers for 

their self-assembly. Specifically, active control over coiled-coil formation in the 

liposomal membrane fusion system developed in our group should allow control 

over its activity. This system consists of a heterodimeric coiled-coil that, when 

attached to separate lipid membranes via a cholesterol anchor and polyethylene 

glycol (PEG) spacer, shows membrane fusion in a manner similar to naturally 

occurring SNARE-proteins.5, 6 The coiled-coil peptides are named ‘E’ and ‘K’, based 

on the dominant charged amino acid in their sequence. For applications in drug 

delivery, improving upon the existing coiled-coil fusion systems via the 

incorporation of external stimuli should allow precisely controlled release of carrier 

molecules across lipid membranes. 

Stimuli-responsive systems can change their behaviour in response to an alteration 

in chemical or physical conditions. Specifically the binding of metal ions,7 change in 

pH,8 redox chemistry,9 and enzymatic alteration of amino acids,10 have been used 

to generate chemoresponsive coiled-coil peptides and proteins. Chemical control 

over self-assembly often requires precise control over experimental conditions, 

which is easy to achieve in laboratory settings, but does not translate well to 

bioactive systems. Due to the requirement for biocompatibility in combination with 

selectivity and ease of use, light is a popular alternative to chemical input when 

designing a responsive system.11 The integration of a photoactive molecular switch 

also has the advantage of being reversible, either optically or thermally, and is 

therefore a common method of generating  photoactive systems.12, 13  

Azobenzenes are one of the most widely used photoactive switches, changing in 

structure upon isomerization between the planar trans isomer and the twisted cis 

isomer across the diazene bond (Scheme 4.1A). Under dark conditions, the 

azobenzene is predominantly trans, which is the most thermodynamically favoured 

isomer, but the ratio of isomers can be altered via light isomerization. The ratio of 

isomers after light irradiation depends on the quantum yield of the trans-cis and 

cis-trans isomerization and their extinction coefficients at the wavelength used for  
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Scheme 4.1: Azobenzene based crosslinker for the photocontrol of peptide structure and the 
effect of crosslinker spacing on the difference in calculated peptide folding energy when 
switching between cis and trans isomers (A). Images adapted from Flint et. al.14 Schematic 
representation of incorporating photoactive crosslinkers in a heterodimeric coiled-coil system 
(B). Depending on spacing between the attachment points of the crosslinker, either the light 
or the dark state can be expected to show the highest coiled-coil characteristics.  

isomerization. Both of these properties can be influenced by substituents on the 

aromatic rings of the azobenzene. In general, the cis conformation is the 

predominant isomer when light corresponding to the π-π* absorption band is used 

for isomerization, while the trans isomer is dominant with light corresponding to 

the n-π* transition.15 The isomerization changes the relative position of 

substituents placed on the azobenzene rings. End-to-end distance between 

substituents placed on the azobenzene shows  a large change in distance in the 

trans conformation compared to the cis isomer. This change in end-to-end distance 

has been used successfully for the control of biomolecule activity.16-18  

The group of Woolley extensively used azobenzene based bifunctional crosslinkers 

(Scheme 4.1A) to generate photoresponsive peptides. For example, they were able 
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to photocontrol the helicity of a short 16-amino acid peptide via intramolecular 

crosslinking of two cysteine residues.19 By changing the inter-cysteine spacing the 

difference in peptide folding energy between the trans and cis isomers of the 

crosslinker could be altered (Scheme 4.1A). This allowed both states to be the 

predominantly folded state depending on cysteine spacing, showing the versatility 

of this crosslinking strategy.14 Many alterations to this system have been made to 

change linker size, absorption maximum, relaxation time and solubility to tune the 

system for different biochemical applications, but the central mechanism of 

function remains the same.20-24 

The prospect of using photoswitchable crosslinkers in coiled-coil motifs has been 

investigated previously, specifically in controlling the activity of basic leucine zipper 

proteins (bZIPs). The DNA-binding homodimeric GCN4-bZIP was modified with an 

azobenzene-based crosslinker and showed an increase from 40% to 90% DNA 

binding when isomerized with light, demonstrating changes in structure-dependent 

activity.25 The transcription factor Fos was also shown to have altered activity when 

macrocyclized using an azobenzene crosslinker. Normally an equilibrium between 

the more stable Fos/Jun heterodimeric bZIP and less stable Jun/Jun homodimeric 

bZIP is observed; this equilibrium could be shifted using the photoactive XAFosW 

variant, resulting in significant differences between the irradiated and dark adapted 

state which were visualized using a luciferase reporter in vitro.26 Recently, 

bifunctional azobenzene crosslinking was also used for intermolecular crosslinking 

of a short  (14 amino acid) homodimeric coiled-coil peptide, which allowed for 

significant changes in peptide structure between the two isomers. 27 

In this chapter we aim to bridge the design of photocontrolled α-helices and coiled-

coil proteins through the incorporation of a photoactive crosslinker in one of the 

helices of a synthetic heterodimeric coiled (Scheme 4.1B), which should in turn 

allow photocontrolled activation of membrane fusion. Both ‘turning on’, and 

‘turning off’ coiled-coil formation by light irradiation are shown, and depend on the 

spacing of crosslinking sites, with the overall effectiveness of photoswitching being 

dependent on the length of the coiled-coil motif.   

4.2 Results and Discussion 

Peptide and crosslinker synthesis 

Two variants of the fusogenic peptide K4 were prepared for crosslinking via Fmoc-

based SPPS(Scheme 4.2), incorporating two cysteine modifications which should  
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Scheme 4.2: General reaction scheme for the preparation of azobenzene-crosslinked 
peptides, and the sequences of the three crosslinked peptides discussed in this chapter.  

allow thiol-halogen exchange with the crosslinker at neutral pH. Cysteines were 

positioned in the coiled-coil backbone at the centre of the peptide sequence with 

an i to i+4 or i to i+11 spacing, as this has previously been demonstrated to be 

optimal for helical control of this type of crosslinker.14 The i to i+4 spaced variant is 

designed to fold into a helical structure when the azobenzene crosslinker is in its cis 

isomer, while the i to i+11 spacing is expected to yield the most helical peptide with 

the crosslinker in the trans conformation. Azobenzene based crosslinkers were 

prepared according to previously published literature procedures.19 In short, 1,4-

diaminobenzene was oxidized to 4,4’-diamino-azobenzene (2), which was reacted 

with chloroacetyl chloride to yield crosslinker 1 in  87% yield (reaction scheme 

shown in Scheme 4.3A). The dibromo-variant 3 could be prepared in the same 

manner as 1 using bromoacetyl bromide, with the diiodo variant 4 prepared 

through a Finkelstein substitution of 1 with sodium iodide.  

An attempt was also made to synthesize the previously published azobenzene 

crosslinker 5 (starting from 4-nitro-3-chloroaniline, Scheme 4.3B) containing two 

pyrrolidine moieties positioned ortho to the diazene, which was shown to have a 

very fast thermal cis to trans isomerization and red-shifted absorption bands.21  
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Scheme 4.3: Synthesis of azobenzene crosslinkers 1, 3 and 4, (A) and the attempted synthesis 
of crosslinker 5 showing efficient conversion of ortho-aminoalkanes to benzimidazoles (B). 

Preparation of this crosslinker according to the literature procedure was deemed 

unsuitable, since the published yield was only 2% for oxidation of the aniline 

intermediate. Different reaction conditions were tested to oxidize 4-amino-3-

(pyrrolidyl)acetanilide to the respective azobenzene. Conditions that formed the 

desired product were not found, but when manganese dioxide was used as the 

oxidant in DMF, an alternative reaction was observed that yielded the cyclized 

benzimidazole product 6 exclusively. The same conditions oxidized 4-amino-3-

(diethylamino)acetanilide to benzimidazole 7 in 50% yield, showing that this 

reaction occurs generally for this class of compounds and these conditions might 

be of interest for further study into their potential synthetic application. Because 

no novel oxidative methods were encountered that yielded the azobenzene in good 

yields, the synthesis of crosslinker 5 was not pursued further.  

Crosslinking of cysteine substituted peptides K4
i,i+11-Azo and K4

i,i+4-Azo was 

attempted with crosslinker 1 following literature protocols relying on thiol-halogen 

exchange under basic conditions (pH 7.6-8.2, Scheme 4.2). These conditions make 

use of a low peptide concentration to favour the intramolecularly crosslinked 

product over intermolecular crosslinking. The followed protocols generally require 

peptides in an unstructured state, relying on high concentrations of chemical 

denaturants and organic solvents to keep the hydrophobic crosslinker dissolved 

during the synthesis.28 The i to i+4 crosslinked variant additionally requires the 

azobenzene crosslinker to be in the cis conformation for successful incorporation, 
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adding illumination steps in the synthetic protocol since the trans isomer is 

thermodynamically the most stable. These protocols proved to be low-yielding and 

the reaction mixtures were difficult to purify, resulting in low (<2%) yield of both 

peptides after optimization of reaction time and illumination steps.  

Photoswitching and structural analysis of photoactive K4 derivatives 

The crosslinked peptides were assumed to be in thermal equilibrium after 

purification and work-up, which was supported by their UV-Vis spectra showing 

mostly the trans isomer (Figure 4.1A). Isomerization of the azobenzene crosslinker 

could be achieved by irradiation with 375 nm or 385 nm light, as shown by the 

disappearance of the strong absorption maximum at 367 nm. These spectra are 

comparable to those of Flint et al., which demonstrated mostly the trans isomer if 

the sample was dark adapted, transitioning to 80% of the cis isomer upon 

illumination.14 Thermal relaxation of the cis isomer back to the trans conformation 

could also be studied in this manner and the thermal half-life of the cis state was 

determined to be 14 minutes for K4
i,i+11-Azo (Figure S4.2), which is close to 

previously published half-life  for this crosslinker, and 9.1h for K4
i,i+4-Azo (Figure 

4.1B and 4.1C). This 40x difference in relaxation half-life is stark, in previous work 

only a 3x increase half-life was observed when comparing i to i+4  with i to i+11 

spacing. The observed difference in half-life can likely be attributed to the different 

functions of the cis state in the folded helix, resulting in a geometric constraint.  

The folding of peptide K4 in an α-helical conformation is energetically favoured, 

with the photoswitchable crosslinker providing an energetic constraint which 

prevents the peptide from folding completely in the ‘inactive’ state (trans for K4
i,i+4-

Azo, cis for K4
i,i+11-Azo). In turn, the peptide is applying a force on the crosslinker 

when the peptide is unfolded. The transition states of trans-azobenzene 

photoisomerization has experimentally been shown to decay in less than a 

picosecond,29 multiple orders of magnitude faster than the potential folding speed 

of α-helical peptides and proteins.30 Consequently, during the transition state the 

peptide can be viewed as constant and applying a structural constraint to the 

azobenzene crosslinker. Thermal isomerization of the azobenzene occurs via 

Rotation or Inversion,15 which decreases the likelihood of the transition state 

resulting in the trans isomer. For K4
i,i+4-Azo this results in a significantly increased 

half-life of the cis state, where for peptide K4
i,i+11-Azo this would most likely affect 

the quantum yield of the trans to cis photoisomerization.   

To determine the effect of crosslinking and isomeric state on peptide structure, 

circular dichroism (CD) spectra were recorded of azobenzene crosslinked K4
i,i+11-Azo  
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Figure 4.1: UV-Vis spectra showing the cis to trans isomerization under UV light (A), thermal 
back-relaxation of peptide K4

i,i+4-Azo (B) and the fitting of this thermal relaxation (C). Peptide 
concentration is 50 µM in PBS, illumination performed with 375 nm light. 

 

Figure 4.2: CD spectra of K4 peptide variants crosslinked with azobenzenes. CD measurements 
are shown for peptide K4

i,i+4-Azo (A) and peptide K4
i,i+11-Azo (B) and their respective complexes 

with peptide E4GW (C and D). Spectra are measured at 25 µM peptide concentration in PBS at 
pH 7.4, with samples either kept in the dark before measurements, or illuminated for 3 
minutes with 375 nm light. Calculated coiled-coil spectra are for the less folded azobenzene 
isomer (Trans isomer for K4

i,i+4-Azo, C; Cis isomer for K4
i,i+11-Azo , D). 
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and K4
i,i+4-Azo both individually and as a coiled-coil in combination with peptide 

E4GW; results of these experiments can be seen in Figure 4.2 and Table 4.1.K4
i,i+4-

Azo showed a random-coil structure in the initial dark state (Figure 4.2A), which 

changed to a coiled-coil like structure upon irradiation with 375 nm light. In 

combination with peptide E4GW, a folded coiled-coil structure was observed for 

both isomers, varying from 68% average α-helicity in the initial dark state to 71% 

average α-helicity after light irradiation. As expected, the response of peptide 

K4
i,i+11-Azo to photoisomerization was inversed, showing a coiled-coil structure 

which decreased from 45% to 33% average α-helicity when the azobenzene was 

switched to the cis isomer (Figure 4.2B, Table 4.1). Like the i to i+4 variant, 

differences between the initial dark and irradiated state were minimal for the coiled 

coil of K4
i,i+11-Azo with E4GW. A clear difference can be observed between the 

measured coiled-coil spectra for both peptides, and the expected curves calculated 

by combining their independent CD absorption spectra (dashed yellow lines, Figure 

4.2C & 4.2D) in the dark. This increase in helicity shows coiled-coil formation, which 

has not been hampered by incorporation of the crosslinker in both isomeric states.  

The CD experiments clearly demonstrate the premise on which the peptides were 

designed is indeed correct: intramolecular cysteine crosslinking using azobenzene 

allows for control of peptide helicity. Positioning of cysteines  i to i+4 shows very 

effective switching between an unfolded and folded helix (33% increase in average 

α-helicity) upon light irradiation, where cysteine positioning i to i+11 allows for 

unfolding of the peptide when illuminated with light, although the difference is 

reduced with a 12% decrease in average α-helicity. These results do not translate 

as well to the coiled-coils, where differences between the two isomers are small for 

both peptides. From these CD spectra we can conclude that the geometric 

constraint applied by the crosslinker in the ‘unfolded’ state applies an energy 

penalty for α-helical folding. This energy penalty is larger than the folding energy of 

peptide K or formation of the K/K homodimer, but not larger than the energy 

associated with formation of the E/K heterodimeric coiled-coil. The difference in 

energy for the formation of the homodimer is multiple orders of magnitude lower 

(Chapter 3 of this thesis) so this result is not surprising, but the observed small 

difference between the two isomers as a coiled-coil makes these peptides 

unsuitable for photocontrol of membrane fusion. To increase the difference 

between the two isomers, either the applied constraint needs to be amplified, or 

the energy of coiled-coil formation needs to be decreased to increase the effect of 

a single crosslinker on coiled-coil formation. Because three heptad variants of the 

E/K coiled-coil have already been well studied and have a lower binding energy due 
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to the reduction in peptide length,31, 32 we decided to pursue azobenzene 

crosslinked variants of that system to achieve successful coiled-coil switching.  

Synthesis and study of photoswitchable peptide K3
i,i+4-Azo 

The preparation of four heptad repeat, azobenzene crosslinked peptides was 

inefficient, therefore other methods were explored in the preparation of a three-

heptad variant. A variant of peptide K3 containing cysteines spaced i to i+4 in the 

second heptad was chosen (Scheme 4.2) in order to optimize coupling efficiency. 

Different buffering conditions, solvent additives, choice and equivalents of 

crosslinker, illumination and reaction time were tested to increase the yield of 

crosslinked product with negligible improvements (Table S4.1). Because crosslinker 

1 seemed to precipitate from solution quickly after addition started, we 

hypothesized the solubility of the azobenzene crosslinkers was the major 

bottleneck in this reaction. To overcome this, two different approaches were 

pursued: liquid phase coupling of the crosslinker with unprotected peptides in 

organic solvents, and on-resin coupling of the crosslinker to the peptide after 

cysteine protecting groups were selectively removed. Liquid-phase coupling was 

attempted with crosslinkers 1, 3 and 4 in DMF or DMSO using DIPEA as base and 

showed either no reaction, or a complex mixture of products with high molecular 

weights, indicative of unselective crosslinking of the peptides. Coupling of the 

azobenzene on resin seemed to proceed well, and the desired product was a major 

component of the crude peptide product obtained after TFA cleavage of the 

peptide from the solid support; however, yields after cleavage were very low and 

during HPLC purification a large amount of crude material seemed to elute without 

giving distinguishable peaks. This leads to the conclusion that the desired products 

are not stable under the acidic cleavage conditions. Therefore, these two methods 

are not suitable for the large-scale preparation of these crosslinked peptides. 

Nevertheless, enough of the desired K3
i,i+4-Azo product was isolated to analyse its 

viability as a photoswitching system. 

 The CD spectra of peptide K3
i,i+4-Azo shows a mostly unfolded structure initially 

(Figure 4.3A and Table 4.1, 22% average α-helicity), which is reduced by a further 

4% when isomerized to the cis state with 375 nm light. When this peptide is 

combined with its binding partner E3GW, a clear increase in signal is observed 

showing absorbance bands characteristic for helical structures. A significant 

difference is observed between the dark adapted and irradiated state, showing an 

increase in average α-helicity from 46% to 64%, with the ratio of θ208nm/θ222nm 

showing distinctive coiled-coil characteristics in the cis state. Photoisomerization  



 

102  

  

Figure 4.3: CD spectra showing the differences in folding for peptide K3
i,i+4-Azo independently 

and as a coiled-coil with peptide E3GW at different photostationary states. (A) Melt curves of 
the coiled-coil after isomerization with either 375 nm or 490 nm light (B, top graph) and the 
first order derivative of these melt spectra (B, bottom graph). Spectra were recorded in PBS 
buffer at pH 7.4, with 50 µM total peptide concentration.  

back to the trans isomer can be achieved using 490 nm light, with the UV absorption 

of the azobenzene switching back 89% of the dark state (see Figure S4.1). The CD 

spectrum recorded after illumination with 490 nm light shows a higher degree of 

folding than would be expected from the combined spectra observed for the dark 

state and PSS at 375 nm. This suggests the coiled-coil formation of these crosslinked 

peptides could be partially cooperative, or contain non-dimeric intermediates that 

overall show a higher degree of folding then observed for the initial dark state. 

Thermal denaturation experiments comparing two photostationary states (Figure 

4.3B, Figure S4.3) shows the melting behaviour is only distinct in the lower 

temperature range. The melting point is the same for both photostationary states, 

indicating comparable entropic contributions to the binding affinity. Peptide K3
i,i+4-

Azo shows significantly better coiled-coil photoswitching then the four-heptad 

equivalent, with 18% difference in α-helicity compared to 3% difference between 

the dark and light states. This difference between states is counteracted  
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Table 4.1. Molar ellipticity and helicity for the crosslinked derivatives of peptide K, as observed 
by CD.  

Peptides 
(θ)222nm 

(deg cm2 dmol·res−1) 
% α-helix a 

(θ)222nm/ 

(θ)208nm 

K4
i,i+4-azo, dark -4,790 17% 0.50 

K4
i,i+4-azo, 375nm -16,927 50% 1.31 

K4
i,i+4-azo + E4GW, dark -23,485 68% 1.15 

K4
i,i+4-azo + E4GW, 375nm -24,550 71% 1.16 

K4
i,i+11-azo, dark -15,211 45% 1.31 

K4
i,i+11-azo, 375nm -10,572 33% 1.07 

K4
i,i+11-azo+ E4GW, dark -23,116 67% 1.19 

K4
i,i+11-azo+ E4GW, 375nm -23,264 68% 1.21 

K3
i,i+4-azo dark -6,293 22% 0.77 

K3
i,i+4-azo 375nm -4,981 18% 0.67 

K3
i,i+4-azo + E3GW, dark -14,599 46% 0.88 

K3
i,i+4-azo + E3GW, 375nm -21,001 64% 1.11 

K3
i,i+4-azo + E3GW, 490nm -17,505 54% 1.00 

a Percentage helicity was calculated from the molar ellipticity at 222 nm using Equation 2 

(see materials and methods). 

by a decrease in overall helicity of the irradiated state of peptide K3
i,i+4-Azo, which 

indicates total fusion rates will likely be lower for this variant. If the peptide is still 

effective in this application remains to be determined. For this investigation, a 

different peptide crosslinking protocol than the one set out in this chapter will be 

required, due to the low yields of the crosslinking reaction. 

4.3  Conclusions and outlook 

Azobenzene crosslinker 1 was successfully prepared according to literature 

procedures, and attempts to prepare azobenzene crosslinker 5 revealed an 

interesting side-reaction that produced benzimidazoles from ortho-(alkylamino)-

anilines. Since benzimidazoles are commonly used motifs, a novel mild condition 

for their generation would be of synthetic interest and should therefore be pursued 

further. 

Variants of peptide K3 or K4 crosslinked with 1 could be photoisomerized effectively 

and showed clear differences in structure either individually, for the four heptad 

sequences, or as a coiled-coil for the three-heptad variant. This demonstrates how 

binding strength affects structural control of photoswitchable crosslinkers, and 

shows previous optimization of cysteine spacing in single helices extends to coiled-
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coil motifs.14 The structural differences show the feasibility of using photocontrol 

over coiled-coil structure in applications that would benefit from mediation of 

coiled-coil binding strength.  

The methods used in this chapter for the preparation of photoswitchable peptides 

using crosslinkers 1, 3 or 4 are not optimal due to low yields. Other methods should 

therefore be explored to continue with this line of research. Specifically, the 

azobenzene-derivative of phenylalanine published by Hoppmann et al.33 (Scheme 

4.4A) would appear to be a suitable alternative. This amino acid contains a thiol-

reactive pentafluorophenyl ring which is reactive to nucleophilic aromatic 

substitution (SnAr) by thiols under mild conditions.  Incorporation of this amino 

acids omits the first reaction step of bi-reactive crosslinkers such as 1, which 

negates any problems related to solubility. The crosslinker of Hoppmann et al. 

showed good reactivity towards SnAr by cysteine thiols and was successfully 

incorporated in the Calmodulin (CaM) protein by genetic code expansion (Scheme 

4.4B). Photoisomerization of the azobenzene allowed control over the interactions 

of the crosslinked CaM protein with neuronal nitric oxide synthase, a CaM-binding 

protein, showing this crosslinking strategy as effective for this model system. 

  

Scheme 4.4: Reaction of 4-(pentafluorophenyl)azo-l-phenylalanine with free thiols via 
nucleophilic aromatic substitution (A), and the application of this amino acid in the 
photomodulation of Calmodulin (B). Images adapted from Hoppmann et. al., 2015.33 
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If the alternative crosslinker suggested above shows the same capability of 

controlling coiled-coil structure as the azobenzene crosslinker tested in this 

chapter, it would be interesting to try generating lipidated variants of these 

photoswitching peptides to test the hypothesis that this strategy can be used for 

photocontrolled membrane fusion.  

4.4  Materials and Methods 

Fmoc-protected amino acids were purchased from Novabiochem (Amsterdam, The 

Netherlands). Acetic anhydride (Ac2O), acetonitrile (MeCN), dimethylformamide 

(DMF), piperidine, pyridine, trifluoroacetic acid (TFA) and tetrahydrofuran (THF) 

were purchased from Biosolve (Valkenswaard, The Netherlands). Oxyma was 

purchased from Carl Roth (Karlsruhe, Germany). p-phenylendiamine , triethyl-

amine, (diacetoxyiodo)-benzene, chloroacetyl chloride, bromoacetyl bromide, 

sodium iodide, N,N’-diisopropylcarbodiimide (DIC) and 1,2-Bis(2-mercaptoethoxy)-

ethane (EODT) were purchased from Sigma Aldrich (Zwijndrecht, The Netherlands). 

Manganese dioxide (MnO2) was purchased from Alfa Aesar (Kandel, Germany). 

Chloroform, dichloromethane (DCM), ethyl acetate (EtOAc), ethanol and diethyl 

ether (Et2O) were supplied by Honeywell (Meppel, The Netherlands). All reagents 

were used as purchased. Ultrapure water was purified using a Milli-Q™ purification 

system from Millipore (Amsterdam, The Netherlands). NMR spectra were recorded 

on a Bruker AV-400 (400 MHz) or AV-300 (300 MHz) spectrometer. Chemical shift 

values are reported in ppm relative to the solvent signal (for 1H: DMSO δ= 2.50, 

MeOH δ= 3.31; for 13C : DMSO δ= 39,52, MeOH δ= 49), with multiplicity (s = singlet, 

d = doublet, dd = doublet of doublets, t = triplet, q = quartet, m = multiplet), 

coupling constants J (Hz) and relative integration.  

Peptide Synthesis and purification Peptides were prepared via Fmoc-based SPPS 

on a 0.1 mmol scale using a Liberty Blue (CEM corporation) microwave-assisted 

synthesizer. Synthesis was performed using Tentagel S Ram resin (Rapp Polymere, 

Tuebingen, Germany) with a loading of 0.23 mmol/g. Fmoc deprotection was 

performed with 20% piperidine at 87  C̊ for 1 minute and amino acid coupling was 

achieved using 5 equivalents of Fmoc-protected amino acid, DIC and Oxyma pure 

at 87  C̊ for 4 minutes. After synthesis, peptides were acetylated using Ac2O and 

pyridine in DMF, and cleaved form the solid support using TFA containing 2.5% each 

of water, TIS and EODT as scavengers. After 90 minutes peptides were precipitated 

in cold Et2O, dried under a stream of air, and lyophilized. Peptides were purified 

using reversed-phase HPLC on a Shimadzu system consisting of two KC-20AR pumps 
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and an SPD-20A or SPD-M20A detector, equipped with a Kinetix Evo C18 column. 

Purification was achieved using non-linear gradients from 10-90% MeCN in H2O 

with 0.1% TFA as buffering agent. Purity was confirmed via LC-MS on a Thermo 

Scientific TSQ quantum access MAX mass detector connected to an Ultimate 3000 

LC system fitted with a 50x4.6 mm Phenomenex Gemini 3 μm C18 column. Pure 

fractions were pooled and lyophilized to yield the peptides as a dry powder.  

Azobenzene coupling The coupling of crosslinker 1 to double-cysteine peptides was 

performed by first dissolving the peptides in 50% 10 mM pH 8.0 phosphate 

buffer/MeCN, at 500 μM peptide concentration, followed by addition of 1.5 eq. 

TCEP (10 mg/mL stock solution). After 30 minutes, crosslinker 1 was dissolved in 

DMSO (5 mg/mL), illuminated with 375nm light to isomerize the azobenzene, and 

1.5 eq. of the crosslinker is added dropwise to the peptide solution. This is repeated 

3 times, for a total of 4.5 eq. of crosslinker. After 2 hours the reaction is illuminated 

with 375 nm light for 10 minutes to isomerize the azobenzene, then left to react 

overnight. The reaction was stopped by treating it with 5% TFA, centrifuged to 

remove any solids and purified over HPLC. 

UV-Vis spectroscopy Absorption spectra were measured on an Agilent Cary-300 

spectrophotometer with a scanning speed of 600 nm/min and a switchover 

between the visible and ultraviolet lamp at 350 nm. Samples were measured in 

quartz cuvettes with a path length of 10 mm and baseline corrected using a blank 

sample of the same solvent used for sample preparation. During measurement, 

samples were kept at room temperature (20  C̊) using an Agilent Cary temperature 

controller. 

CD Spectroscopy Circular dichroism spectra were recorded on a JASCO J-815 

spectrometer fitted with a Peltier temperature controller. Spectra were recorded 

in a 2 mm quartz cuvette at 20  C̊, with peptides dissolved in PBS at pH 7.4 unless 

otherwise specified. A wavelength range form 190-260 nm was used, with 1 nm 

intervals and a scanning speed of 100 nm/min, with the final spectrum consisting 

of the average of 5 sequentially recorded spectra, and spectra were baseline 

corrected using individually recorded spectra of the same buffer used for sample 

preparation. The mean residue molar ellipticity (θ, deg cm2 dmol.res-1) was 

calculated according to equation 1:    

[𝜃] =  (100 ∗ [𝜃]𝑜𝑏𝑠  )/(𝑐 ∗ 𝑛 ∗ 𝑙)  (1) 
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With [θ]obs representing the observed ellipticity in mdeg, c the peptide 

concentration in mM, n the number of peptide bonds and l the path length of the 

cuvette in cm. The fraction of α-helical peptide could be calculated from the MRE 

using equation 2: 

𝐹ℎ𝑒𝑙𝑖𝑥 =  ([𝜃]222 − [𝜃]0) ([𝜃]𝑚𝑎𝑥 − [𝜃]0)⁄    (2) 

With the maximum theoretical mean residue ellipticity, [θ]max, defined as [θ]max = 

[θ]∞ (n – x)/n for a helix with n residues and x a number of amino acids assumed 

not to participate in helix formation (in this case 3). [θ]∞ is defined as the theoretical 

helicity of an infinite α-helix and is temperature dependent, defined via [θ]∞ = (-

44000 + 250T), with T being the temperature in °C. The minimal expected 

absorbance at 222 nm for a random coil is defined in [θ]0, which is also temperature 

dependent via the relationship [θ]0 = 2220 – 53T.  

Sample illumination High-power single chip LEDs were purchased from Roithner 

Laser (Vienna, Austria) from the H2A1 series. LEDs were mounted on an aluminum 

back plate for heat dissipation, and powered at 350 mA current using a driver built 

in-house. For illumination the LED was placed parallel to the side of the cuvette at 

a distance of 5 mm, centered to the width and height of the sample. 

 Organic synthesis 

Synthesis of 2 was adapted from the procedure of Ma et al.,34 and the synthesis of 

cross-linkers was based on previous work.19  

4,4’-Diaminoazobenzene (2): To a solution of 3.24 g p-phenylendiamine (30 mmol) 

in 175 mL DCM was added (diacetoxyiodo)-benzene (9.77 g, 30.3 mmol) under 

vigorous stirring and an immediate colour change to amber then black was 

observed. After 1h, the mixture was purified by silica column chromatography. The 

product was eluted using a gradient of 5 to 30% EtOAc in DCM and solvent was 

removed under reduced pressure to yield 1.11 g (5.23 mmol, 35%) of the product 

as a red, micro-crystalline powder. 1H NMR (400 MHz, DMSO-d6) δ 7.53 (d, J = 8.7 

Hz, 4H), 6.63 (d, J = 8.7 Hz, 4H), 5.75 (s, 4H). 13C NMR (101 MHz, DMSO- d6) δ 151.00, 

143.14, 123.81, 113.4  

4,4’-Di(chloroacetamido)azobenzene (1): Diaminoazobenzene (200 mg, 0.94 

mmol) was dissolved in 10 mL dry THF and cooled to 5  C̊. Triethylamine (400 µL, 

2.85 mmol) and chloroacetyl chloride (250 µL, 3.07 mmol) were added and the 

reaction was stirred for 20 minutes. The reaction was diluted with 30 mL cold water, 
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the precipitate that formed was filtered off and washed 3 times with 20 mL water. 

The precipitate was removed from the filter with 150 mL hot acetone, and solvent 

was removed under reduced pressure to yield 298 mg (0.82 mmol, 87%) of the 

product as a brown coloured powder. 1H NMR (400 MHz, DMSO-d6) δ 10.65 (s, 1H), 

7.88 (d, J = 8.5 Hz, 1H), 7.81 (d, J = 8.6 Hz, 1H), 4.31 (s, 1H). 13C NMR (101 MHz, 

DMSO-d6) δ 165.07, 148.00, 141.20, 123.55, 119.63. 

4,4’-Di(bromoacetamido)azobenzene (3): Diaminoazobenzene (228 mg, 1.08 

mmol) was dissolved in 15 mL dry THF and cooled to 5  C̊. Triethylamine (450 µL, 

3,23 mmol) and bromoacetyl bromide (400 µL, 4.06 mmol) in 5 mL THF were added, 

resulting in an immediate precipitate. The reaction was stirred for 10 minutes, 

followed by quenching with 20 mL 1:1 EtOH/H2O. The precipitate was filtered off 

and washed 3 times with 20mL 1:1 EtOH/H2O. The precipitate was removed from 

the filter with 100 mL hot acetone, and solvent was removed under reduced 

pressure to yield 63 mg (0.14 mmol, 13%) of the product as a brown solid. 1H NMR 

(400 MHz, DMSO-d6) δ 10.73 (s, 2H), 7.88 (d, J = 8.5 Hz, 4H), 7.80 (d, J = 8.6 Hz, 4H), 

4.09 (s, 4H). 13C NMR (101 MHz, DMSO-d6) δ 165.26, 148.00, 141.32, 123.57, 

119.54, 30.38. 

4,4’-Di(iodoacetamido)azobenzene (4): Sodium iodide (272 mg; 1.81 mmol; 7 eq.) 

was dissolved in a 4 ml mixture of 25 % dry THF and dry acetone. This solution was 

added to 60 (0.16 mmol) mg of 4,’4-di(chloroacetylamino)azobenzene and stirred 

under argon and protected from light for 20 hours. The reaction mixture was 

filtered and the solvent was evaporated under reduced pressure resulting in a 

brown/yellow solid. The crude product was dissolved in 2 ml of THF and cold water 

was added until precipitation formed. The suspension was filtered and the residue 

dissolved in acetone. Evaporation of the solvent yielded in 68 mg of the desired 

product (0.124 mmol, 70%) as a brown solid. 1H NMR (400 MHz, DMSO-d6) δ 10.72 

(d, J = 41.7 Hz, 2H), 7.82 (d, J = 28.4 Hz, 8H), 3.87 (s, 4H). 13C NMR (101 MHz, DMSO-

d6) δ 167.10, 154.14, 147.86, 123.54, 119.36, 39.52, 1.41 

N-(2,3-dihydro-1H-pyrrolo[1,2-a]benzimidazol-6-yl)acetamide (6): In a 10 ml 

pressure vial, 11 mg 4-amino-3-(pyrrolidyl)phenyl-acetamide (0.05 mmol) and 45 

mg MnO2 (0.52 mmol; 10 eq.) was combined with 2 ml dry DMF. The vial was sealed 

and the reaction mixture was stirred at 110 °C for 20 hours. After all of the amine 

had reacted according to TLC, the mixture was filtered over Celite and the filter 

washed with DMF. After the solvent was evaporated under reduced pressure, the 

crude product was purified by silica column chromatography which yielded 11 mg 
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of product 6 (quantitative yield). 1H NMR (400 MHz, MeOD-d4) δ 7.92 (d, J = 1.9 Hz, 

1H), 7.47 (d, J = 8.7 Hz, 1H), 7.13 (dd, J = 8.7, 2.0 Hz, 1H), 4.14 (t, J = 7.1 Hz, 2H), 3.03 

(t, J = 7.6 Hz, 2H), 2.78 – 2.69 (m, 2H), 2.15 (s, 3H). 13C NMR (101 MHz, MeOD-d4) δ 

171.54 (s), 145.40 (s), 142.75 (s), 134.88 (s), 119.20 (s), 116.39 (s), 103.36 (s), 44.01 

(s), 27.02 (s), 24.13 (s), 23.77 (s). TOF-MS: [M+H]+ = 216.1135; calculated [M+H]+ = 

216.1059 

N-(1-ethyl-2-methyl-1H-benzo[d]imidazol-6-yl)acetamide (7): In a 10 ml pressure 

vial, 10 mg N-(4-amino-3-(diethylamino)phenyl)acetamide, 0.05 mmol, and 40 mg 

MnO2 (0.50 mmol, 10 eq.) were combined with 2 ml dry DMF. The vial was sealed 

and stirred for 20 hours at 110 °C. After all of the amine had reacted, according to 

TLC, the mixture was filtered over Celite and the filter was washed with DMF. After 

the solvent was evaporated under reduced pressure, the crude product was 

purified by silica column chromatography, which yielded 5 mg (0.025, 50%) of 

product 6. 1H NMR (300 MHz, MeOD-d4) δ 7.97 (d, J = 1.5 Hz, 1H), 7.46 (d, J = 8.6 

Hz, 1H), 7.15 (dd, J = 8.6, 1.8 Hz, 1H), 4.23 (q, J = 7.3 Hz, 2H), 2.59 (s, 3H), 2.16 (s, 

3H), 1.40 (t, 3H). 
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Supporting Information for Chapter 4 

 

UV-Vis Spectra 

 

Figure S4.1: UV-Vis spectra at different photostationary states of peptide K3
i,i+4-Azo showing 

successful switching between cis-, (375 nm) and trans-dominant (490 nm) photostationary 
states. Spectra were measured at 50 µM peptide concentration in PBS buffer, pH 7.4.  

 

 

 

Figure S4.2: UV-Vis spectra showing the cis to trans relaxation of peptide K4
i,i+11-Azo, 35 µM in 

PBS, pH 7.4. The peptide solution was irradiated with 385 nm light before relaxation was 
measured at a constant temperature of 25  ̊C. Figure adapted from the Msc. Thesis of Wessel 
Verbeet. 
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CD Spectra 

 

Figure S4.3: CD spectra at different temperatures (in °C) for the coiled-coil between peptide 
K3

i,i+4-Azo and E3GY at 50 µM total peptide concentration in PBS, pH 7.4. The peptide solution 
was irradiated with either 375 nm (top) or 490 nm (bottom) light long enough to reach the 
photostationary state before each measurement.  
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Table S4.1: Deviations from the azobenzene crosslinking protocol, and the effect on reaction 
outcome. Crosslinked products indicate any peptide product that has increased in mass and 
has an absorption band around 370 nm as observed during HPLC analysis/purification. No 
change indicates similar results to the crosslinking method in the materials and methods 
section of Chapter 4. 

Conditions Effect 

Using NH4HCO3 or Tris buffer instead of phosphate No change was observed 

Changing peptide concentration (350 μM to 2 mM).  No change was observed 

Varying the amount of crosslinker between 1.2 to 6 

equivalents 

Slight increase in the amount of 

crosslinked products, larger 

amounts prevent effective 

illumination of the sample.  

Using 2M Guanidine as denaturant Work-up was very difficult, no 

significant changes in yields 

Using 40-60% of MeCN, DMSO, DMF, THF or 

ethanol as co-solvents 

Slight increase in crosslinking, 

but increased difficulty in work-

up, especially for DMF/DMSO. 

Varying TCEP between 1 and 5 equivalents No change was observed 

Increasing temperature up to 50 °C Reduced yields/more side 

products observed 

Continuous addition of crosslinker 1 over 2 hours  No change was observed 

Continuous illumination of sample for 2 hours  No change was observed 

Using azobenzene crosslinker 3 or 4 to increase 

reactivity 

Reduced yields / more side-

products were observed.  

Using Pyridine / 1-methylimidazole as catalysts A decrease in peptide coupling 

was observed 

Adding 1,2 eq. of cyclodextrin (α or β) to solubilize 

the azobenzene crosslinker 

No change was observed 
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LC-MS of purified peptides 

 

Table S4.2: 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) 

E4GW 
[M + 2H+]2+ 1661.41 

[M + 3H+]3+ 1107.94 

1660.89 

1106.94 

E3GW 
[M + 2H+]2+ 1284.20 

[M + 3H+]3+ 856.47 

1284.28 

856.23 

K4
i-i+11-Azo 

[M + 2H+]2+ 1687.48 

[M + 3H+]3+ 1124.65 

1686.85 

1124.13 

K4
i-i+4-Azo 

[M + 2H+]2+ 1686.48 

[M + 3H+]3+ 1124.65 

1688.11 

1125.27 

K3
i-i+4-Azo [M + 2H+]2+ 1311.76 1309.06 
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Abstract 

Coiled coil peptides have been under investigation as binding motifs in synthetic 

biology and biomaterials, with active control over their self-assembly allowing for 

a wider range of applications. To introduce photocontrol in coiled-coil assembly, 

three azobenzene-containing amino acids were prepared and incorporated into the 

hydrophobic core of the heterodimeric coiled coil formed between peptide ‘K3’, 

(KIAALKE)3 and peptide ‘E3’ (EIAALEK)3. Two amino acids (APhe1 and APhe2) were 

based on phenylalanine, differing in the presence of a carboxylic acid group, and 

have previously shown to allow photomodulation of protein activity. When 

incorporated in peptide K3, binding to peptide E3GY changed upon trans to cis 

isomerization, with the two variants differing in the most folded state. The third 

azobenzene-containing amino acid, APgly, is a novel design based on phenylglycine, 

and showed comparable absorption bands and isomerization to the phenylalanine 

based amino acids. When APgly was incorporated in the coiled-coil, a 4.7-fold 

decrease in folding constant was observed upon trans to cis isomerization, the 

largest difference for all three amino acids. Removal of the methylene group was 

theorized to position the diazene closer to the hydrophobic amino acids and reduce 

the possible rotations of the amino acid, with molecular dynamics simulations 

supporting these hypotheses. Combined, these results show APgly as a novel 

photoswitchable amino acid for the photocontrol of coiled-coil assembly. The 

introduction of APgly in existing coiled-coil based biomaterials should therefore 

allow for control over activity related to coiled-coil formation.  
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5.1  Introduction 

In Chapter 4, the photocontrol of coiled-coil peptide assembly was investigated via 

intramolecular cyclization using an azobenzene-based crosslinker. This cyclization-

based strategy affects peptide structure by providing an energetic constraint on the 

length of the crosslinked region, and by design does not interact with the amino 

acid side chains taking part in coiled-coil formation.1 Because the crosslinking 

strategy proved to be a major bottleneck in the preparation of photoactive 

peptides, alternative methods were sought. Therefore, in this chapter, the 

incorporation of azobenzene-based amino acids into the hydrophobic positions of 

coiled-coil peptides is investigated as a novel method for coiled-coil photocontrol.  

Single amino acid modifications in the hydrophobic domain of coiled-coil forming 

peptides have been investigated both to aid understanding of coiled-coil assembly, 

and to introduce selectivity or functionality. For example, the group of Hodges 

investigated substitution at the ‘a’ position of a cysteine-crosslinked homotrimeric 

system,2 and, in a separate study, the role of the ‘d’ position in a crosslinked 

homodimeric peptide.3 The two positions showed a different preference for amino 

acids, with the general trend being that hydrophobic amino acids stabilize, and 

polar or charged amino acids destabilize, coiled-coil formation relative to alanine. 

When comparing aromatic amino acids, phenylalanine and tyrosine are well 

tolerated but the large double ring system of tryptophan does not provide higher 

stability compared to alanine. Acharya et al. performed single amino acid 

substitutions in the basic leucine zipper protein VBP, and observed changes in the 

Gibbs free energy of binding of up to 9.2 kcal/mol by substituting opposing amino 

acids in the ‘a’ position.4, 5 Although not all possible amino acids were investigated, 

the same trend was observed as previously shown by the group of Hodges, and the 

effect remained when both chains were substituted. The role of asparagine in the 

hydrophobic core has also been investigated, because it is a common feature in 

natural coiled-coil peptides, and is useful to control peptide oligomerization 

although at a cost of overall stability of the coiled coil.6, 7 To introduce a response 

to an external trigger, redox switching of methionine residues in the hydrophobic 

core has been investigated and results in disruption of the coiled coil,8 and 

substitution of hydrophobic amino acids for histidine residues leads to self-

assembly which is dependent on pH or metal ion coordination in a trimeric coiled-

coil system.9-11 This previous work on hydrophobic core modifications suggests that 
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the incorporation of azobenzene-based amino acids, which change structure and 

polarity via cis/trans isomerization through light illumination (see Chapter 4), 

should allow for control over coiled-coil assembly. 

Phenylazo-phenylalanine (APhe1, Scheme 5.1) was one of the first published amino 

acids containing an azobenzene moiety,12 and has been incorporated into synthetic 

peptides and into protein structures via genetic code expansion.13 To date, APhe1 

and structural derivatives have been used to control enzyme dimerization 

necessary for  catalytic activity,14, 15 the DNA binding strength of the CAP 

transcription factor by destabilization of its cAMP binding site,13 incorporation into 

superfolder green fluorescent protein,16 and allosterically reducing the protein-

ligand binding strength in chemiluminescent luciferase or subunit interaction in 

imidazole glycerol phosphate synthase.17, 18 Derivatives of APhe1 containing 

reactive sites for the generation of intramolecular crosslinked proteins have also 

been studied for control over helical folding,19, 20 similar to the crosslinking strategy 

investigated in the previous chapter. Since its incorporation into peptides and 

proteins has been demonstrated to be straightforward, the potential ability of 

Aphe1 derivatives to control coiled-coil assembly would provide a novel method 

for the introduction of photoswitching into a wide variety of natural and synthetic 

coiled-coil systems already under investigation.21, 22  

To test whether azobenzene-based amino acids can be used to control coiled-coil 

folding, peptides incorporating three structurally diverse non-natural amino acids 

were prepared by solid phase peptides synthesis (SPPS). Two of the amino acids 

were derived from ʟ-phenylalanine, namely Aphe1 and Aphe2, and these differ in  

 

Scheme 5.1: Hypothesized interactions of azobenzene in the coiled-coil hydrophobic core (A), 
and the three azobenzene based amino acids investigated in this chapter for the control over 
coiled-coil self-assembly (B).  
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the presence of a carboxylic acid group para to the diazene group for APhe2 

(Scheme 5.1B). The carboxylic acid present in APhe2 is theorized to introduce 

electrostatic repulsion with the opposing glutamic acid residue, destabilizing the 

coiled coil when the azobenzene is in the trans conformation. Switching 

electrostatic interactions has been investigated previously via enzymatic serine 

phosphorylation,23 and allowed both stronger and weaker interactions after 

phosphorylation depending on the design.24  Besides azobenzene derivatives of ʟ-

phenylalanine, the azobenzene derivative of ʟ-phenylglycine was prepared (APgly, 

Scheme 5.1B), with the expectation that this amino acid would result in a better 

incorporation in the hydrophobic core compared to APhe1 due to the absence of a 

methylene group. The three azobenzene-based amino acids were incorporated into 

a dimeric coiled-coil which is used in our group as a SNARE protein mimic.25 This 

coiled-coil system consists of peptide ‘K3’, (KIAALKE)3 and peptide ‘E3’ (EIAALEK)3, 

which self-assemble into a dimeric parallel coiled-coil with high binding affinity.26  

After incorporation in peptide K3, APgly showed the largest difference in coiled-coil 

binding upon trans to cis isomerization, with a 4.65 fold decrease in the folding 

constant.  Molecular dynamics (MD) simulations of APhe1 and APgly in the coiled 

coil show more rearrangement of the APhe1 azobenzene after isomerization, and 

support APgly as a better switch for coiled-coil photocontrol.   

5.2  Results and Discussion 

Peptides containing azobenzene derivatives of phenylalanine.  

Photoswitchable amino acids based on phenylalanine were prepared following 

literature procedures (Scheme 5.2),14 with the 9-fluorenylmethoxy-carbonyl (Fmoc) 

protecting group on the α-amine to facilitate use in SPPS. Fmoc-4-nitro-l-

phenylalanine, 1, was prepared from ʟ-phenylalanine via nitration and Fmoc-

protection, or was purchased commercially. Subsequently the nitro group of 1 was 

reduced to the respective aniline with Zn powder and ammonium chloride, 

followed by a Mills reaction with nitrosobenzene to yield Nα-fmoc-4-(phenylazo)-ʟ-

phenylalanine, 2. The same procedure was followed for the preparation of 

protected APhe2, utilizing tert-butyl-4-nitrosobenzoate in the Mills reaction 

resulting in product 3. The tert-butyl ester is used to prevent side reactions during 

SPPS, and is removed by the acidic peptide cleavage conditions to yield the 

carboxylic acid. Derivatives of peptide K3 (sequence shown in Scheme 5.2) were 

prepared via SPPS, with the isoleucine at position 9 replaced with APhe1 or APhe2. 
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Scheme 5.2: Reaction scheme for the preparation of azobenzene containing amino acids 
based on phenylalanine (top) and amino acid sequences of peptides prepared in this chapter 
(bottom). AzoAA refers to APhe1, APhe2 or APgly. Reagents and conditions: (i) HNO3, H2SO4; 
(ii) Fmoc-chloride, NaHCO3; (iii) Zn powder, NH4Cl, EtOH; (iv) AcOH. 

The UV absorption spectra of the two peptides were very similar (Figure 5.1A),with 

a slight redshift for the absorption bands of APhe2 (335 nm, ɛ = 9,480 M−1 cm−1) 

compared to APhe1 (327 nm, ɛ = 10,020 M−1 cm−1). Both amino acids could be 

isomerized to the cis conformation with 340 nm light, as observed by the 

disappearance over time of the strong absorption peak (Figure S5.1). Cis to trans 

isomerization from the 340 nm photostationary state (PSS) could be achieved 

efficiently with 435 nm light (Figure 5.1B). After plotting the change in intensity of 

the absorption maximum in the dark-adapted state, a larger difference after 340 

nm irradiation is observed for APhe1, indicating this amino acid is isomerized to the 

cis conformation more completely by 340 nm light, or the cis conformer of APhe2 

has a stronger absorption band (Figure 5.1C). Back isomerization from cis to trans 

with 435 nm light is slightly more efficient for APhe2, resulting in 98% of the 

absorption maximum observed in the dark state, compared to 92% for APhe1.  

The structure of the K3 peptides and coiled coils was studied via CD spectroscopy to 

determine the effect of phenylalanine-based photoswitches on peptide folding. 

Peptide E3GY was used as binding partner, since the tyrosine can be used to 

accurately determine peptide concentration. Both K3-APhe1 and K3-APhe2 

peptides were mostly unstructured by themselves, and able to form coiled coils in 
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combination with E3GY (Figure 5.2), with only marginal differences in structure 

between the dark adapted and 340 nm irradiated states. Because no obvious 

differences in structure were observed after irradiation, thermal denaturation 

experiments were performed to determine whether the binding affinity was 

dependent on sample irradiation. For this, CD melting curves measured at different 

concentrations were fitted to a coiled-coil binding model (Figure S5.2 and Figure 

S5.3).27 The best fit was achieved for a dimeric coiled coil over other oligomeric 

states, and important parameters from this fitting are shown in Table 5.1.  

 

Figure 5.1: UV spectra of peptide K3 with position 9 changed for APhe1 or APhe2, showing 
spectra for the dark-adapted peptide and after trans to cis isomerization with 340 nm light 
(A). Spectra after cis to trans isomerization using 435 nm light (B), and an overview of the 
absorbance at 335 nm for the dark adapted, 340 nm PSS and 435 nm PSS (C). [Peptide] = 50 
µM in PBS buffer.  

 

Figure 5.2: CD spectra of peptide K3 with the 9th amino acid changed for APhe1 or APhe2, 
showing both the dark adapted and 340 nm irradiated states, as well as spectra with and 
without binding partner E3GY. All samples were measured in 10 mM phosphate containing 2 
mM NaCl, with [peptide] = 50 µM.  



 

124  

Table 5.1: Fit results of CD thermal unfolding curves from APhe1-, or APhe2-containing K3 as 
a coiled-coil with E3GY. A complete list of fitting parameters and confidence intervals can be 
found in Table S5.1. 

Parameter 
K3-APhe1 

Dark 

K3-APhe1 

340nm 

K3-APhe2 

dark 

K3-APhe2 

340nm 

∆H°a
  (kJ mol-1) 224.7 261.4  175.0  259.0 

T°a   (°C) 123  114.1  142.5  102.1 

∆Cp
 b (kJ mol-1 k-1) 1.69  2.46  1.07  2.65 

Kf  (M-1)c 9.19 105 7.09 105 2.18 105 3.26 105 

Ku (µM)c 1.09 1.41 4.58 3.07 

Dark/340nm PSS  1.30  0.67 

a ∆H° and T° are the enthalpy and the temperature where ∆G = 0 and KU = KF = 1. b ∆CP is the 
change in heat capacity upon unfolding. c Binding model at 20 (°C). 

Photoisomerization of K3-APhe1 using 340 nm light resulted in an increase in the 

unfolding constant Ku, from 1.09 to 1.41 µM, showing reduced coiled-coil binding 

in the irradiated state. The opposite was observed for K3-APhe2, where irradiation 

yielded a reduction in Ku from 4.58 to 3.07 µM, revealing the 340 nm irradiated 

state to contain the most stable coiled-coil. The carboxylic acid group in APhe2 is 

intended to increase electrostatic repulsion with glutamic acid residues of E3 in the 

trans conformation, resulting in the cis conformation as the most stable coiled-coil. 

Contrary to our expectations, the cis isomer of K3-APhe1 was not the most stable 

state, showing that the bulk of the trans azobenzene moiety is better 

accommodated in the hydrophobic positions of the coiled-coil, than the increased 

polarity of the diazene in the cis conformation. In summary, incorporation of APhe1 

and APhe2 in the coiled-coil hydrophobic core was successful, but the design of 

these amino acids needs to be improved since the difference in coiled-coil 

formation between the dark state and 340 nm PSS was small.  

Given the small differences observed for the peptides modified with azo derivatives 

of phenylalanine, a different amino acid structure was designed. Removal of the 

methylene group from APhe1 results in a phenylglycine derivative that was 

theorized to position the diazene closer to the side chain of hydrophobic amino 

acids in the ‘a’ and ‘d’ positions, and increase the effect of photoisomerization. 

Amino acid 4-(azophenyl)phenylglycine (APgly, Scheme 5.1) was chosen to test this 

theory due to its structural simplicity.  
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Synthesis and peptide incorporation of 4-(Azophenyl)phenylglycine  

Synthesis of N-fmoc-4-(phenylazo)-ʟ-phenylglycine (Fmoc-APgly, 10, Scheme 5.3) 

follows the same general route as the synthesis of azobenzene derivatives of 

phenylalanine; preparation of the para-substituted aniline followed by a Mills 

reaction with nitrosobenzene to yield the azobenzene. Preparation of the aniline 

requires an alternative method, since nitration of phenylglycine does not yield the 

para-nitrated product, and preparation of the 4-nitro variant via a Strecker 

 

Scheme 5.3: Synthetic scheme for the preparation of Fmoc-APgly from 4-hydroxy-
phenylglycine. Reagents and conditions: (i) MeOH, SOCl2, 0 °C to RT, 95%; (ii) Boc2O, TEA, 
MeCN, 93%; (iii) Tf2O, TEA, DCM, -20 °C to RT, 98% (88% from 5); (iv) Benzophenone imine, 
rac-BINAP, Pd(OAc)2, Cs2CO3, PhMe, 100 °C, 65%; (v) NH4HCO2, 10% Pd/C, MeOH, 60 °C; (iv) 
Nitrosobenzene, AcOH, 74% over 2 steps; (vii) LiOH, H2O/THF; (viii) TFA, DCM; (ix) Fmoc-
chloride, NaHCO3, H2O/THF, 63% over 3 steps. 
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synthesis is not effective.28  Therefore, amination of the respective aryl triflate (6) 

was deemed the most effective route, since the 4-hydroxy precursor is readily 

available. This route was tried and ultimately effective in the amination of 6 in 

sufficient quantities, from which 10 could be prepared following the procedure 

described below.  

Methylation of 4-hydroxy-ʟ-phenylglycine to form ester 4 was followed by amine 

protection with Boc anhydride to yield the double protected amino acid 5, followed 

by installation of the aryl triflate to form intermediate 6 in high yields. Initially the 

use of zinc trimethylsilylamide as an ammonia equivalent was attempted in the 

palladium-catalysed amination of 6,29 but the use of benzophenone imine proved 

much more effective, producing intermediate 7 in 65% yield.30 The imine was then 

reduced to yield aniline 8, followed directly by the Mills reaction to form 

azobenzene 9. Ester hydrolysis and Boc deprotection yielded APgly, which was 

Fmoc-protected to yield product 10. The final three steps could be performed in 

good (63%) overall yield, however attempts to simplify the procedure in the form 

of a one-pot procedure resulted in a sharp reduction in product yield. The overall 

yield of 10 from 4-hydroxy-ʟ-phenylglycine is good (23% over 9 steps), yet the atom 

efficiency could be improved as most steps concern protecting group manipulation. 

Since only mildly basic conditions are used for the conversion of 5 to 9, for the larger 

scale synthesis of 10 the amination of Fmoc-protected phenylglycine- 4-triflate 

would be worth investigating, as it would eliminate 4 synthetic steps.  

As azobenzene photoswitches based on phenylglycine have not been reported, the 

photoswitching behaviour of Fmoc-APgly (10) was analysed, as displayed in Figure 

5.3. High-pressure liquid chromatography (HPLC) separation of 10 dissolved in 

MeCN and kept under dark conditions, showed predominantly the trans (94.2 ± 

0.2%) isomer, which switches to predominantly cis (91.3 ± 0.6%) when irradiated 

with 340 nm light (Figure 5.3C). The largest proportion of trans to cis isomers 

achieved via photoisomerization was after irradiation with 385 nm light (83.2 ± 

0.2% trans), although higher wavelengths showed very similar distributions. No 

difference was observed in the proportions of isomers when 10 was directly 

illuminated with 435 nm light, or first isomerized to be cis-dominant with 340 nm 

light followed by illumination with 435 nm light, as is expected for the PSS. 

Relaxation after irradiation with 340 nm light was tracked over time (Figure 5.3B), 

and showed proportional decline of the cis isomer and increase in trans isomer,  
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Figure 5.3: HPLC traces of Fmoc-APgly, showing the chromatogram of the compound after 
irradiation with different wavelengths of light (A), thermal relaxation back from cis to trans 
(B), and the percentage of the trans and cis isomers in solution at the different photostationary 
states (C). All illuminations and relaxation studies were performed in MeCN at 20 °C. 

 

Figure 5.4: UV-Vis (left) and CD (right) spectra of peptide K3-APGly during photoswitching. Spectra are 

recorded with samples that were dark adapted, or irradiated with light until no changes could be 

observed. Spectra were recorded at 20 °C in PBS with [peptide] = 50 µM. 
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Table 5.2: Fit results of CD thermal unfolding curves from K3-APgly as a coiled-coil with E3GY. 
A complete list of fitting parameters and confidence intervals can be found in Table S5.2. 

Coiled-coil system K3-APgly dark K3-APgly  340nm 

∆H°a
  (kJ mol-1) 285.2 236  

T°b   (°C) 113.0  110.5  

∆Cp (kJ mol-1 k-1) 2.80 2.15 

Kf (M-1)c 1.38 x 106 2.97 x 105 

Ku (µM)c 0.72 3.37 

Dark/340nm PSS  4.65 

a ∆H° and T° are the enthalpy and the temperature where ∆G = 0 and KU = KF = 1. b ∆CP is the 
change in heat capacity upon unfolding. c Binding model at 20 (°C). 

with a half-life of 1690 minutes (≈ 28 h), comparable to reported half-lives for 

APhe1 (1600 min) and APhe2 (2100 min).14Incorporation of 10 in K3 was achieved 

using normal Fmoc-SPPS methods. UV-Vis Spectra of K3-APgly in PBS showed a 

strong absorbance band at 325 nm (Figure 5.4, ɛ = 13,700 M−1 cm−1) that 

disappeared upon irradiation with 340 nm light, demonstrating trans to cis 

isomerization, accompanied by an increase in the absorbance at 428 nm. Irradiation 

of the sample with 435 nm light resulted in 92% of the dark absorbance at 325 nm, 

showing effective cis to trans isomerization. The observed absorbance values in UV-

Vis are in agreement with the isomeric ratios observed with HPLC (Figure 5.3A), 

demonstrating that APgly incorporation in peptides does not affect isomerization. 

CD spectra of K3-APgly showed a partially folded helix in the dark, that becomes less 

structured when irradiated with 340 nm light. Addition of binding partner E3GY led 

to a well-folded coiled-coil, that also showed a reduction in signal upon 

isomerization. The difference in folding between dark adapted and irradiated 

samples is much larger for peptide K3 containing APgly, than it was for either of the 

phenylalanine derivatives, showing that the azobenzene is better positioned for 

coiled-coil photocontrol in the APgly derivative. The effect of isomerization on 

coiled-coil binding strength was again determined using thermal denaturation 

titration experiments (Figure S5.4), with fitting parameters shown in Table 5.2 and 

Table S5.2. The coiled-coil formed by K3-APgly and E3GYwas determined to have a 

Ku of 0.72 µM in the dark, which increased to 3.37 µM after photoisomerization. 

This equates to a 4.65-fold reduction in binding affinity for K3-APgly by 

isomerization of the azobenzene to the cis dominant state. 
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The difference between the dark and 340 nm adapted state is larger for K3-APgly 

then was observed for either of the peptides that incorporated the phenylalanine 

derivatives, and the overall highest folding constant was also observed for this 

peptide. When comparing APgly isomerization to amino acid substitution at 

position ‘a’ studied by the group of Hodges,2 the change in binding energy is similar 

to substitution of alanine by a polar (Ser) or basic (Lys) side chain.  

For the potential application of K3-APgly in an active (fusion) system, stability of the 

photoswitch to repeated light exposures (photocycling) is an important 

characteristic. A solution of K3-APgly was illuminated repeatedly first with 340 nm, 

followed by 435 nm light, and the switching monitored via the UV absorbance band 

at 325 nm (Figure 5.5 and Figure S5.5). The azobenzene consistently yielded the 

same absorption maxima during 6 cycles, demonstrating cycling of photostationary 

states with minimal deviation. Finally, the peptide was irradiated to the 340 nm PSS 

and allowed to thermally relax, showing 65% recovery in 69 hours. This thermal 

relaxation is 1.6 times slower (t1/2 = 46h) than observed for 10 in MeCN, which can 

be explained by the increased dielectric constant of the solvent.31  

Molecular simulations 

In the previous experiments we have shown that incorporation of an azobenzene 

amino acid in the hydrophobic core of the K3/E3 coiled-coil yields more effective 

 

Figure 5.5: Photocycling of K3-APgly between the dark adapted, 340 nm and 435 nm PSS (left), 
thermal relaxation of the peptide after thermal cycling (middle) and distribution of the 
absorbance in the different states during cycling (right). Absorbance at 325nm is plotted (full 
spectra are displayed in Figure S5.5), measurements were performed at 20 °C in PBS with 
[Peptide] = 50 µM. 
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photoswitching when it is derived from phenylglycine then from phenylalanine. To 

understand how one methylene group affects azobenzene interactions, molecular 

models of K3-APgly and K3-APhe1 were prepared. These models were based on the 

NMR structure of the K3/E3 coiled-coil,32 but with the Ile residue at position 9 

replaced by a geometry optimized model of the synthetic amino acids in the cis or 

trans conformations.  500 ns MD simulations of these initial helical models were 

performed, with all 4 peptides showing a mostly stable helical coiled-coil structure 

during the simulations (Figure S5.6), although some unfolding at the termini was 

observed.  

Snapshots from these MD simulations, displaying the azobenzene-amino acid and 

all side chains of peptide E3 within 5 Å of that residue are shown in Figure 5.6. For 

both peptides, the azobenzene is shown to be close to the hydrophobic amino acids 

(Leu5, Ile9, Leu12) in the ‘a’ and ‘d’ positions, as well as adjacent amino acids (Ala4, 

Glu8) in the ‘g’ and ‘c’ positions. Both azobenzene amino acids extend outside of 

hydrophobic core, therefore shielding of the azobenzene outer phenyl group (as 

viewed from the backbone, and referred to as ‘Ring 2’) from the surrounding water 

by amino-acid side chains will have an impact on coiled-coil stability. The snapshot 

of cis K3-APgly places the diazo group in the same position as in the trans 

conformation, with ring 2 rotated towards peptide K. The opposite is observed in 

the snapshots of K3-APhe1, where the diazene group is in a different position 

relative to K3 and ring 2 is still able to interact with amino acids in peptide E3.  

Because snapshots are not representative of the entire simulations, the average 

change in distance between the azobenzene and the amino acids of E3 over all 

simulations was determined (Figure 5.7 and Figure S5.8). Distance changes to the 

diazene, ring 1 and ring 2 were plotted separately, since different interactions are 

expected for these groups. Both the diazene and ring 2 of APhe1 show a negative 

distance change for amino acids close to the C-terminus, indicating closer 

positioning to those groups in the cis conformation, which changes to positive 

values when moving through the sequence. A normalized change in distance ≤ -0.2 

or ≥ 0.2 was deemed ‘significant’ in order to compare the different groups and 

photoswitches. More significant distance changes are observed for ring 2, which is 

expected since it is further away from the isomerized diazene, and therefore any 

rotation is amplified.  All amino acids in the ‘a’, ‘c’, ‘d’ and ‘g’ positions of E3 show 

significant changes in distance to APhe1, with the other three positions also 

showing some significant changes. The apparent crossover point observed in the  
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Figure 5.6: Snapshot from MD simulations of the coiled coil between peptide K3 (blue) and E3 

(green), with peptide K3 containing the photoswitchable amino acid APhe1 or APgly in the 
trans or cis conformation. Peptides backbones are shown as a cartoon, with the photoswitch 
and all amino acid side chains of peptide E3 within 5 Å displayed as sticks. Representative 
snapshots were chosen based on a similar RMSD from an ideal helix. Complete images are 
shown in Figure S5.7. 

distance change graphs, combined with significant changes in distance upon APhe1 

isomerization for nearly all amino acids suggests reorganization after isomerization, 

where the azobenzene can move to a different conformation to accommodate the 

cis isomer. This is supported by the distance change for ring 1 (Figure S5.8), which 

shows the same general distribution of distance change throughout the sequence.  

Peptide K3-APgly shows the largest change in distance for Leu side chains in the ‘d’ 

position of the heptad repeat sequence of E3, and to the Glu side chain at position8. 

There are more distinct changes in distance to side chains in the ‘a’ and ‘c’ positions, 
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Figure 5.7: Normalized change in distance upon photoisomerization between the non-
hydrogen atoms in peptide E3 and the azobenzene diazene or ring 2 (left) during MD 
simulations, and helical wheel diagrams of peptide E3 indicating the positions of the amino 
acids with significant changes in distance (right). Change in distance upon trans to cis 
isomerization of the azobenzene is normalized to the trans simulations, with positive values 
indicating more distance in the cis simulations. Distances are averaged over 3 simulations of 
500 ns. Dotted lines indicate an arbitrary cut-off for significance of 0.2, with amino acids of 
interest marked light blue if their value falls below this line. Amino acids in the helical wheel 
diagram are coloured to indicate significant differences to the diazo group (blue), ring 2 (red), 
or both (purple), with amino acids of interest which fall below the cut-off also coloured light 
blue.  

but these fall outside of the significance threshold that we use for comparison and 

have been marked with a lighter colour in Figure 5.7.  Isomerization to cis is 

expected to result in repulsion of the diazene by hydrophobic side chains, which is 
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observed in the increased distance for Leu12 and Glu8, which are directly opposite 

the azobenzene in the coiled coil. After isomerization, ring 2 of APgly shows 

positioning close to amino acid side chains of K3 (Figure S5.9), which stabilizes the 

cis conformation. Overall, the photoswitch of K3-APgly shows changes in distance 

with the amino acids that are already closely positioned in the trans conformation, 

indicating the changes in distance can be attributed to the rotation around the 

diazene bond after isomerization. 

If we generalize the structures in the MD snapshots with the changes in distance 

shown in Figure 5.7, the effect of isomerization on the coiled-coil folding constant 

observed in the previous section can be explained.  Upon trans to cis isomerization, 

the diazene group becomes more polar resulting in unfavourable interactions if it 

is positioned in the hydrophobic core, and with both azobenzene amino acids, a 

general increase in distance to the diazene is observed. APhe1 has two bonds 

between Cα and the azobenzene moiety, which allows for more degrees of freedom 

to reposition the azobenzene after isomerization compared to APgly, which can 

only change position via a single rotation and deviation from the optimal bond 

angles. The extra rotational freedom in APhe1 results in a decreased effect of the 

diazene polarity on coiled-coil stability through repositioning of the azobenzene. 

This repositioning also allows ring 2 to keep interacting with (different) hydrophobic 

side chains from peptide E3, which is not possible for K3-APgly. Both of these factors 

decrease the differences in binding strength between the two isomeric states of 

APhe1, and explain why APgly shows the largest difference in coiled-coil binding 

upon isomerization.  

5.3  Conclusions  

Two azobenzene derivatives of phenylalanine, APhe1 and APhe2, were prepared 

and incorporated into the hydrophobic core of Peptide K3. Both peptides showed 

good photoswitching behaviour, but azobenzene isomerization had only a 

moderate effect on coiled-coil interactions with binding partner E3GY. The 340 nm 

irradiated (cis dominant) state of K3-APhe1 showed a 1.3-fold decrease in Kf 

compared to the dark (trans dominant) state. Peptide K3-APhe2 showed the 

opposite behaviour, increasing the Kf by 1.5-fold, which can be attributed to the 

repulsion between the glutamic acid side chains and the carboxylic acid group of 

APhe2. A novel azobenzene amino acid, APgly, was synthesized based on L-

phenylglycine and showed effective photoswitching between the cis and trans 

states as the Fmoc-protected amino acid in MeCN. When incorporated in peptide 
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K3, APgly also showed stability to photocycling under aqueous conditions, and 

exhibited a 1.6-fold slower relaxation from the 340 nm PSS. CD experiments 

demonstrated a difference in folding between the dark and irradiated states, and 

thermal melting experiments revealed a coiled-coil Kf that was reduced 4.65-fold 

after isomerization with 340 nm light. Combined with the highest overall Kf in the 

dark state, APgly is the superior amino acid for coiled-coil photoswitching 

compared to both phenylalanine derivatives.  

To better understand the interactions of the azobenzene amino acid in the coiled 

coil, MD simulations of K3-APhe1 and K3-APgly with binding partner E3 were 

performed. These simulations showed more distance changes between the cis and 

trans isomers of APhe1 than was observed for APgly, indicative of a rearrangement 

of the amino acid after isomerization. Positioning of the APgly diazene group close 

to the centre of the hydrophobic coiled-coil interface, combined with less 

rearrangement of the azobenzene after isomerization makes APgly the more 

effective photoswitch for functional coiled-coil motifs and assemblies. 

5.4  Methods 

Fmoc-protected amino acids and fmoc chloride were purchased from Novabiochem 

(Amsterdam, The Netherlands). Acetic anhydride (Ac2O), acetonitrile (MeCN), 

dimethylformamide (DMF), piperidine, pyridine, NaHCO3, trifluoroacetic acid (TFA) 

and tetrahydrofuran (THF) were purchased from Biosolve (Valkenswaard, The 

Netherlands). Oxyma pure was purchased from Carl Roth (Karlsruhe, Germany). 

Acetic acid (AcOH), ammonia, ammonium chloride, ammonium formate, 

benzophenone imine, 2,2′-Bis(diphenylphosphino)-1,1′-binaphthalene (rac-BINAP), 

1,2-bis(2-mercapto-ethoxy)-ethane (EDDT), cesium carbonate, di-tert-butyl 

decarbonate (Boc2O), fmoc-4-nitro-ʟ-phenylalanine, 4-hydroxy-ʟ-phenylglycine,  

lithium hydroxide, nitrosobenzene, N-N’-diisopropylcarbodiimide (DIC), oxone, 

palladium acetate, palladium on carbon (Pd/C, 10%), ʟ-phenylalanine, tert-butyl 4-

aminobenzoate, thionyl chloride, triethylamine (TEA), trifluoromethanesulfonic 

anhydride (Tf2O) and zinc powder were purchased from Sigma Aldrich (Zwijndrecht, 

The Netherlands). Chloroform, dichloromethane (DCM), diethyl ether (Et2O), ethyl 

acetate (EtOAc), ethanol (EtOH), methanol (MeOH), pentane, petroleum ether (PE), 

sodium sulfate and toluene were supplied by Honeywell (Meppel, The 

Netherlands). All reagents were used as purchased. Ultrapure water was purified 

using a Milli-Q™ purification system from Millipore (Amsterdam, The Netherlands). 
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Peptide synthesis was performed via Fmoc-based SPPS, on a CEM Liberty Blue 

microwave-accelerated peptide synthesizer. Peptides were prepared on a 0.1 mmol 

scale using Tentagel S RAM resin (0.22 mmol/g). 5 equivalents each of amino acid, 

Oxyma pure and DIC, the latter two of which were coupling reagents were heated 

at 90 °C for 4 minutes to facilitate coupling. Deprotection was achieved with 20% 

piperidine in DMF heated to 90 °C for 1 minute. Between deprotection and peptide 

coupling 3 DMF washes were performed, with a single washing step between the 

coupling and deprotection steps. Azobenzene amino-acids 2, 3 and 10 were 

coupled manually, using 2.5 equivalents of amino acid, 2.5 equivalents of HATU and 

5 equivalents DIPEA in DMF for 2-3 hours. After the last Fmoc deprotection, the N-

terminus was acylated using 5 mL/mmol each of Ac2O and pyridine in DMF, for 5 

minutes. The resin was washed 3 times with DMF, MeOH and DCM followed by air-

drying. Cleavage of peptide was achieved performed with TFA (8 mL) containing 

2.5% water and 2.5% TIS for 1 hour, followed by precipitation of the product in Et2O. 

The product was collected via centrifugation (4000 rpm, 10 minutes), the organic 

layer removed and the product resuspended in water for direct purification or 

lyophilization. 

Peptides were purified using reverse-phase HPLC on a Shimadzu system consisting 

of two KC-20AR pumps and an SPD-20A or SPD-M20A detector fitted with a 

21.2x150 mm Phenomenex Kinetix Evo C18 column. A nonlinear gradient from 10-

90% MeCN in water was used, with 0.1% TFA as the ion-pair reagent, at a flow rate 

of 12 ml/min. Collected fractions were checked via analytical HPLC, pooled and 

lyophilized twice to yield the dry products. MS characterization of purified peptides 

can be found in Table S5.4. 

Analytical methods 

LC-MS analysis was performed on a Thermo Scientific TSQ quantum access MAX 

mass detector connected to an Ultimate 3000 liquid chromatography system fitted 

with a 50x4.6 mm Phenomenex Gemini 3 μm C18 column. LC-MS spectra were 

recorded using a linear gradient of 10%-90% MeCN in H2O + 0.1% TFA.  

Analytical HPLC was performed using a Shimadzu Prominence-i LC-2030C 3D 

system fitted with a 4.6x50 mm Phenomenex Kinetix Evo C18 column. The isomeric 

ratio of 10 was quantified using a linear gradient of 10-90% MeCN in water 

containing 0.1% TFA as buffer. For each measurement, 2 µL of a 200 mM solution 

of 10 was injected, and measurements were repeated 3 times for accuracy.  
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UV-Vis spectra were measured on an Agilent Cary-300 spectrophotometer fitted 

with an Agilent temperature controller. Spectra were measured at 20 °C in a 1 cm 

quartz low-volume cuvette, using a scanning speed of 200 nm/min. Spectra were 

baseline corrected using a blank measurement with the same solvent used for 

sample preparation.  

CD spectra were recorded on a Jasco J-815 CD spectrometer fitted with a Peltier 

temperature controller. Spectra were record in a 2 mm quartz cuvette at 20 °C using 

either PBS or low-salt buffer (2 mM NaCl, 10 mM phosphate) at pH 7.4. Spectra 

were recorded between 190 and 280 nm with 1 nm intervals, at a scan rate of 100 

nm/min with 5 subsequent spectra averaged to minimize noise. The mean residue 

molar ellipticity (θ, deg cm2 dmol.res-1), was calculated using equation 1: 

[𝜃] =  (100 ∗ [𝜃]𝑜𝑏𝑠  )/(𝑐 ∗ 𝑛 ∗ 𝑙)  (1) 

Where [θ]obs represents the observed ellipticity in mdeg, c represents the peptide 

concentration in mM, n the number of peptide bonds and l the path length of the 

cuvette in cm. Thermal melting curves were generated by recording θ222nm between 

5 and 90 °C, at a speed of 1 °C/min. If irradiated samples were used, samples were 

reilluminated every 30 minutes. Melting curves were measured at 4 different 

concentrations and fitted using the Fitdis software package.27 

Sample illumination at 340 nm was achieved using a Thorlabs M340F3 Fiber-

coupled LED powered by a T-Cube driver at 1000 mA.  For all other wavelengths, 

high-power single chip LEDs were purchased from Roithner Laser (Vienna, Austria) 

from the H2A1 series. LEDs from Roithner Laser were mounted on an aluminum 

back plate for heat dissipation, and powered at 350 mA current using a driver built 

in-house. For illumination the LED was placed parallel to the side of the cuvette at 

a distance of 5 mm, and centered to the width and height of the sample. 

Molecular simulations 

Geometry Optimization: Input geometries of the amino acids for the MD 

simulations were obtained by geometry optimization performed using the 

Amsterdam Density Functional (ADF2019.302)33-35 software package, using the 

BLYP functional with D3(BJ) dispersion correction,36, 37 and a TZ2P basis set, which 

is of triple-ζ quality for all atoms and has been improved by two sets of polarization 

functions. The accuracies of the fit scheme (Zlm fit) and the integration grid (Becke 
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grid) were set to VERYGOOD. All structures were verified to be at the stationary 

point by the absence of negative frequencies. 

Force field parametrization: A new atom type NX was introduced to the AMBER-96 

force field38 for the diazo nitrogen atoms in APgly and APhe1. Bond lengths, angles 

and dihedral angles for this new atom type were derived from DFT calculated 

optimized geometries, and are displayed in table S5.3. Force constants from similar 

existing atom type combinations were adapted. For the production runs, a high 

force constant (1000 kJ mol-1 rad-2) was used to restrain the cis/trans dihedral angle. 

System setup: The NMR structure of the E3/K3 coiled-coil heterodimer was 

retrieved from the protein data bank (PDB, ID: 1U0I).32 Ile9 of peptide K was 

mutated manually to APgly or APhe1 and solvated with TIP3P water39 in a 5x5x5 

nm3 simulation box. After steepest descent energy minimization, the system was 

equilibrated for 500 ps with and, subsequently, without position restraints on the 

protein atoms. For each system, three independent production runs of 500 ns were 

performed with pseudorandom initial velocities. 

Simulation details: All molecular dynamics (MD) simulations were performed with 

GROMACS 2019.3.40  A 1 fs time step was used.  Constant temperature (300K, τT = 

0.1 ps)  and pressure (1 bar, τP = 2 ps) were maintained by the velocity rescaling 

thermostat41 and the Berendsen barostat,42 respectively. The system’s 

compressibility was set to 4.5·10-5 bar-1. Neighbour lists were recalculated every 

100 steps with a cut-off of 1 nm using the Verlet cut-off scheme.43  Particle-mesh 

Ewald (PME)44 electrostatics (0.11 nm grid) and Van der Waals interactions are 

shifted such that they switch off at the cut-off distance (1 nm) 

Organic Synthesis  

Protocol A, general method for the reduction of nitrophenylalanine: Fmoc-4-

nitro-ʟ-phenylalanine was dissolved in absolute EtOH (150 mL/g), combined with 

ammonium chloride (5 eq.) and Zn dust (4 eq.), and the reaction refluxed for 2 

hours. After evaporation of solvent, the resulting solids were combined with EtOAc 

and excess 1 M HCl, the phases separated and the aqueous layer extracted twice 

with ethyl acetate. The two organic layers were combined, washed with deionized 

water, and dried with anhydrous Na2SO4. Solvent was evaporated under reduced 

pressure, yielding Fmoc-(4-amino)-L-phenylalanine that was used without further 

purification. 
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4-tert-Butyl-nitrosobenzoate: 4-Amino tert-butyl benzoate (765 mg, 3.96 mmol) 

was dissolved in 10 mL DCM and combined with Oxone (1263 mg, 8.29 mmol) in 13 

mL H2O, and the mixture was stirred vigorously under reflux for 20 hours. The layers 

were separated, and the aqueous layer extracted with an additional 20 mL DCM. 

The combined organic layers were washed sequentially with 10 mL 1M HCl, 10 mL 

half-saturated NaHCO3 and 10 mL brine, dried over Na2SO4, and solvent was 

removed to yield the crude product. The product was purified via column 

chromatography (Et2O/C5H12) to yield 220 mg of the product as bright green 

needles (1.06 mmol, 27%) that were used directly in the Mills reaction. 1H NMR (500 

MHz, CDCl3) δ 8.23 (d, J = 8.7 Hz, 2H), 7.91 (d, 2H), 1.62 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 

164.78, 164.47, 137.28, 130.94, 130.65, 123.51, 120.47, 82.53, 28.25.  

N-Fmoc-4-nitro-ʟ-phenylalanine (1): To a solution of ʟ-phenylalanine (4.96 g, 30 

mmol) dissolved in H2SO4 (95%, 22.5 mL) and cooled over ice was added 4.2 mL 

nitrating solution (prepared by mixing 2.8 mL of 60% HNO3 and 2.2 mL 95% H2SO4 

on ice) dropwise over 3.5 hours. The solution was neutralized with ammonia 

solution (25%) added dropwise until pH 6 was achieved and precipitate observed. 

The precipitate was collected by filtration and washed with 5 x 30 mL water. After 

drying, 3.5 g (55%) of 4-nitrophenylalanine was collected as an off-white solid. This 

intermediate (1.05 g, 5.00 mmol) was dissolved in a mixture of 20 mL 0.5 M Na2CO3, 

13 mL acetone, 13 mL deionized water and 49.6 mg dodecyl sulfate and cooled over 

ice. A solution of Fmoc-chloride (1.32 g, 5.1 mmol) in 10 mL acetone was added 

dropwise to the reaction, and it was left to stir overnight at room temperature. The 

reaction was quenched by dilution into 300 mL cold water and addition of 5 mL, 

2 M HCl. The precipitate was filtered and redissolved in 100 mL, 0.5 M Na2CO3. The 

mixture was allowed to stir at 70 °C for 1 hour, after which the white precipitate 

was filtered out and the filtrate was collected and acidified to pH < 3 with 2 M HCl. 

The precipitate was collected and dried to yield 1.5 g of a white solid (69%, 38% 

over two steps). 1H NMR (400 MHz, DMSO-d6) 8.15 (d, 2H), 7.89 (d, J = 7.6 Hz, 2H), 

7.80 (d, J = 8.7 Hz, 1H), 7.62 (dd, J = 7.5, 2.7 Hz, 2H), 7.56 (d, J = 8.5 Hz, 2H), 7.41 (t, 

J = 7.4 Hz, 2H), 7.30 (q, J = 7.4 Hz, 2H), 4.32 – 4.13 (m, 4H), 3.25 (dd, J = 13.8, 4.4 Hz, 

1H), 3.02 (dd, J = 13.8, 10.8 Hz, 1H). LC-MS RT = 7.57 min, m/z= 178.47 (calc Fm+ = 

179.09), 454.61 (calc [1 + Na+] + = 455.12), 470.00 (calc [1 + K+] + = 471.10). 

Preparation of N-fmoc-(4-phenylazo)-ʟ-phenylalanine, APhe1 (2): Fmoc-4-

nitrophenylalanine (1.34 g, 3.11 mmol) was reduced according to protocol A (see 

above), resulting in 1.04 g crude Fmoc-4-aminophenylalanine. The intermediate 
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was dissolved in 60 mL AcOH, before nitrosobenzene (350 mg, 3.27 mmol, 1.25 eq.) 

dissolved in 5 mL AcOH was added and the solution left for 20 hours. The product 

was precipitated by addition of the reaction mixture to 250 mL H2O, and collected 

via filtration. The crude product was redissolved in EtOAc, dried with Na2SO4, 

filtered and solvent evaporated. The solids were purified via column 

chromatography (dry loading, DCM/MeOH + 0.5% AcOH) and removal of solvents 

yielded 478 mg (0.97 mmol, 32% over 2 steps) of pure product as a brown powder. 
1H NMR (500 MHz, DMSO-d6) 7.89 - 7.85 (m, 4H), 7.82 (d, J = 8.3 Hz, 3H), 7.66 - 7.54 

(m,5H), 7.50 (d, J = 8.4 Hz, 2H), 7.38 (q, J = 7.9 Hz, 2H), 7.28 (dt, J = 14.9, 7.4 Hz, 2H), 

4.30 - 4.24 (m,1H), 4.21 (d, J = 6.1 Hz, 2H), 4.19 - 4.13 (m, 1H), 3.21 (dd, J = 13.8, 4.4 

Hz, 1H), 2.99 (dd, J = 13.8,10.7 Hz, 1H). 13C NMR (126 MHz, DMSO) 173.14, 155.96, 

151.99, 150.65, 143.77, 143.71, 142.06, 140.69,140.68, 131.39, 130.24, 129.48, 

127.61, 127.59, 127.05, 125.25, 125.19, 122.47, 120.10, 65.61, 55.22, 46.57, 36.32. 

LC-MS RT = 7.85 (cis), 8.90 (trans) min, m/z= 178.54 (calc Fm+ = 179.09), 513.31 

(calc [2 + Na+]+ = 514.17). 

Preparation of N-fmoc-ʟ-(4-(4’-tert-Butoxycarbonyl)phenylazo)phenylalanine, 

(3): Fmoc-(4-nitro)-ʟ-phenylalanine (2.02 mmol, 874 mg) was reduced according to 

general protocol A to yield 732 mg of Fmoc-(4-amino)-L-phenylalanine. The solids 

were dissolved by heating in 70 mL AcOH, and after it had returned to room 

temperature, 560 mg tert-Butyl-4-nitrosobenzoate was added (2.71 mmol) 

dissolved in 5 mL AcOH, and the reaction stirred for 20 h. Another 220 mg (1.06 

mmol) of the nitrosobenzene was added to drive the reaction to completion, and 

the reaction stirred for another 20 h. The product was precipitated in 250 mL H2O, 

collected via filtration, redissolved in acetone and the solvent was removed via 

rotary evaporation. The crude product was purified via column chromatography 

(PE/Et2O + 1% AcOH) and solvent removed to yield 675 mg (1.14 mmol, 56% over 

two steps) of the pure product as a red semi-crystalline material. 1H NMR (400 MHz, 

CDCl3): δ 8.12 (d, J = 8.5 Hz, 2H), 7.89 (dd, J = 11.5, 8.3 Hz, 4H), 7.76 (d, J = 7.6 Hz, 

2H), 7.55 (d, J = 7.2 Hz, 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.33 – 7.28 (m, 4H), 5.30 (d, J = 

8.1 Hz, 1H), 4.83 – 4.71 (m, 1H), 4.51 – 4.47 (m, 1H), 4.39 (dd, J = 10.7, 6.8 Hz, 1H), 

4.21 (t, J = 6.9 Hz, 1H), 3.26 (ddd, J = 45.1, 13.9, 5.8 Hz, 2H), 1.63 (s, 9H). 13C NMR 

(101 MHz, CDCl3): δ 177.31, 165.40, 155.83, 154.93, 151.86, 143.84, 143.70, 141.47, 

139.65, 133.84, 130.56, 130.38, 127.90, 127.23, 125.17, 125.11, 123.52, 122.63, 

120.16, 81.71, 67.20, 54.58, 47.25, 37.82, 28.33. LC-MS RT = 8.79 (cis), 9.81 (trans) 

min, m/z= 178.47 (calc Fm+ = 179.09), 591.25 (calc [3 + H+]+ = 592.24), 613.35 (calc 

[3 + Na+]+ = 614.23). 
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4-Hydroxy-ʟ-phenylglycine methyl ester (4): Thionyl chloride (13.0 mL, 184 mmol, 

9 eq.) was added dropwise to a suspension of 4-hydroxy-ʟ-phenylglycine (3.39 g, 

20.3 mmol) in 100 mL dry MeOH temperature controlled at 20 °C, over the course 

of 30 minutes. The clear solution was stirred overnight, and all liquid was 

evaporated under reduced pressure. The resulting oil was mixed with 50 mL Et2O 

to yield an off-white precipitate, which was filtered and washed with 2x 50 mL Et2O. 

The residue was dried under vacuum to yield 4.33 g of 4-hydroxy-phenylglycine 

methyl ester hydrochloride (19.9 mmol, 98%). 1H NMR (400 MHz, DMSO): δ 9.98 (s, 

1H), 8.98 (s, 3H), 7.28 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 5.09 (s, 1H), 3.69 

(s, 3H), 3.38 (s, 1H). 13C NMR (101 MHz, DMSO): δ 169.26, 158.60, 129.64, 122.61, 

115.70, 54.90, 53.02. 

N-Boc-4-hydroxy-ʟ-phenylglycine methyl ester (5): A solution was prepared of 4-

hydroxy-phenylglycine methyl ester (4, 1.11 g of the HCl salt, 5.11 mmol) in dry 

MeCN (70 mL) containing TEA (0.75 mL 5.39 mmol, 1.06 eq). Boc2O (1.30 g, 5.96 

mmol, 1.17 eq) was dissolved in 20 mL dry MeCN and added dropwise to the 

phenylglycine solution, and the solution stirred overnight. The solvent was 

evaporated and remaining solids redissolved in 50 mL DCM, which was 

subsequently washed with 25 mL 1M H3PO4, 50 mL H2O and 25 mL brine. The 

organic layer was dried with Na2SO4 and the solvent evaporated. The crude product 

was purified via filtration through a plug of silica (eluent: EtOAc) and the solvent 

was removed to yield 1.33 g (4.71 mmol, 93%) of product as a white solid. 1H NMR 

(400 MHz, DMSO): δ 9.50 (s, 1H), 7.62 (d, J = 7.9 Hz, 1H), 7.20 – 7.13 (m, 2H), 6.75 

– 6.65 (m, 2H), 5.05 (d, J = 7.9 Hz, 1H), 3.59 (s, 3H), 1.38 (s, 9H). 13C NMR (101 MHz, 

DMSO): δ 171.91, 157.25, 155.20, 129.10, 126.64, 115.19, 78.42, 57.10, 52.00, 

28.19. 

N-Boc-4-(trifluoromethanesulfonate)-L-phenylglycine methyl ester (6): N-boc-4-

hydroxy-ʟ-phenylglycine methyl ester (1.41 g, 5.02 mmol) was dissolved in 25 mL 

DCM and combined with 1 mL (7.5 mmol, 1.5 eq.) TEA. The reaction was cooled to 

-20 °C and Tf2O (0.83 mL, 4.92 mmol, 0.98 eq.) was added in portions. After 30 

minutes, the reaction was allowed to heat to room temperature and left to stir for 

4 hours. The reaction was diluted with another 20 mL DCM and washed with 20 mL 

0.5M HCl, 20 mL H2O and 20 mL brine. The organic layer was dried over Na2SO4, the 

solvent was removed and the product purified over a silica column (Et2O/C5H12) to 

yield 1.825 g of a clear oil (4.42 mmol, 98% yield relative to Tf2O, 88% relative to 5). 

The oil could be turned into a solid via dissolution in pentane and removal of the 
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solvent. 1H NMR (500 MHz, CDCl3): δ 7.47 (d, J = 8.7 Hz, 2H), 7.30 – 7.23 (m, 2H), 

5.77 – 5.61 (m, 1H), 5.37 (d, J = 7.2 Hz, 1H), 3.75 (s, 3H), 1.43 (s, 8H). 13C NMR (126 

MHz, CDCl3): δ 170.93, 154.76, 149.45, 137.93, 129.17, 121.92, 118.25(d, JCF = 161 

Hz), 80.72, 56.89, 53.21, 28.40, 27.80. 19F NMR (471 MHz, CDCl3): δ -72.86. 

N-Boc-4-((diphenylmethylene)-amino)-ʟ-phenylglycine methyl ester (7): Cs2CO3 

(460 mg, 1.4 mmol, 1.4 eq), N-Boc-(4-trifluoromethanesulfonate)-ʟ-phenylglycine 

methyl ester (6, 413 mg, 1.03 mmol) and benzophenone imine (210 µL, 1.25 mmol, 

1.21 eq) were placed in an oven-dried schlenck reaction vessel, and the flask was 

placed under a nitrogen atmosphere. Pd(OAc)2 (15.5 mg, 0.07 mmol, 7%) and rac-

BINAP (95 mg, 0.15 mmol, 15%) were combined in a separate vial, placed under 

nitrogen, and combined with 4 mL toluene and 2.5 uL H2O (0.14 mmol, 14%) and 

heated to 85 °C. After 2 minutes the color of the catalyst solution had changed to 

bright red, transferred to the reaction flask and the reaction stirred at 100 °C for 

20h. After cooling to RT, the liquid phase of the reaction was transferred to a 

separatory funnel, the solids washed 3x with 10 mL Et2O, and this liquid also 

combined in the funnel. The organic layers were extracted with 2x 20 mL H2O, dried 

with Na2SO4 and the solvent removed. The product purified over silica column 

(Et2O/C5H12) and dried under high vacuum to yield 296 mg of a light-yellow solid 

(0.66 mmol, 65% yield). 1H NMR (500 MHz, CDCl3): δ 7.72 (d, J = 7.0 Hz, 2H), 7.46 (t, 

J = 7.3 Hz, 1H), 7.39 (dd, J = 8.3, 6.8 Hz, 2H), 7.25 (d, J = 8.1 Hz, 4H), 7.14 – 7.07 (m, 

4H), 6.69 (d, J = 8.4 Hz, 2H), 5.39 (d, J = 7.5 Hz, 1H), 5.19 (d, J = 7.5 Hz, 1H), 3.68 (s, 

3H), 1.43 (s, 8H). 13C NMR (126 MHz, CDCl3): δ 171.96, 168.66, 154.95, 151.54, 

139.62, 136.07, 131.34, 130.97, 129.61, 129.47, 128.83, 128.34, 128.09, 127.56, 

121.53, 80.21, 57.33, 52.65, 28.42. 

N-Boc-(4-phenylazo)-ʟ-phenylglycine methyl ester (8): Ammonium formate (1.1 g, 

17.5 mmol, 15.8 eq.) and 10% Pd on carbon (50% water by weight, 125 mg, 5.8%) 

were combined with N-Boc-4-((diphenylmethylene)amino)-ʟ-phenylglycine methyl 

ester (7, 496 mg, 1.11 mmol) under a nitrogen atmosphere. 4 mL MeOH was added 

and the reaction heated to 60 °C for 2h. The reaction was diluted with 10 mL DCM 

and filtered over celite, then washed with another 20 mL DCM. The organic layers 

were washed with 2x 30 mL H2O, 1 x 10 mL brine, and dried over Na2SO4. The solvent 

was removed to yield 400 mg of an off-white solid. This was redissolved in 5 mL 

AcOH, and 167 mg (1.56 mmol, 1.4 eq) nitrosobenzene in 3 mL AcOH was added 

and the reaction stirred for 6 days. 50 mL DCM was added and the organic layer 

washed with 50 mL H2O, 50 mL 3% NH3 and 50 mL brine. The organic layer was dried 
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over dried over Na2SO4 and the solvent removed. The crude product was purified 

via column chromatography (Et2O/C5H12) to yield 303 mg of an orange solid (0.82 

mmol, 74%). 1H NMR (400 MHz, CDCl3): δ 7.94 – 7.88 (m, 4H), 7.52 (m, 5H), 5.68 (d, 

J = 7.3 Hz, 1H), 5.41 (d, J = 7.3 Hz, 1H), 3.74 (s, 3H), 1.44 (s, 8H). 13C NMR (101 MHz, 

CDCl3): δ 171.29, 152.73, 152.66, 139.84, 131.33, 129.25, 128.05, 123.45, 123.05, 

80.51, 57.48, 53.06, 28.45. 

N-fmoc-4-(phenylazo)-ʟ-phenylglycine, Fmoc-APhe (10): To N-Boc-4-(phenylazo)-

ʟ-phenylglycine methyl ester (9, 311 mg, 0.84 mmol) dissolved in 6 mL THF was 

added 1M LiOH (1.26 mL, 1.5 eq.) and the reaction stirred for 90 minutes. After 

cooling the reaction was combined with 50 mL DCM and 50 mL 0.5 M HCl. The layers 

were separated, and the organic layer washed with 50 mL H2O, 50 mL brine and 

dried over Na2SO4. The solvent was evaporated and the intermediate was 

redissolved in 5 mL DCM and 5 mL TFA was added. The reaction was stirred for 2 

hours, after which the intermediate was precipitated in 100 mL cold Et2O: C5H12 and 

collected via centrifugation at 4000 rpm for 10 minutes. The precipitate was dried 

under a stream of air for 5 minutes, then suspended in 150 mL 25% H2O/THF. 

NaHCO3 (1.5 g) was added to neutralize the solution and Fmoc-chloride (258 mg, 1 

mmol, 1.19 eq.) dissolved in 6 mL THF was added to the reaction dropwise. The 

solution was stirred overnight, and the next day all THF was evaporated. The 

reaction was combined with 60 mL DCM and 100 mL 1M HCl and separated. The 

Aqueous layer was extracted with 40 mL DCM, organic layers combined and washed 

with 100 mL H2O, 50 mL brine and dried over Na2SO4. The solvent was removed and 

the remaining solids purified via column chromatography (DCM/MeOH with 0.5 % 

AcOH) to yield 254 mg of product as a bright orange powder (0.3 mmol, 63% over 

3 steps). 1H NMR (600 MHz, DMSO): δ 13.11 (s, 1H), 8.44 – 8.31 (m, 1H), 7.93 – 7.87 

(m, 6H), 7.77 (d, J = 7.5 Hz, 2H), 7.66 (d, J = 8.5 Hz, 2H), 7.64 – 7.55 (m, 3H), 7.44 – 

7.39 (m, 2H), 7.32 (dt, J = 11.7, 7.5 Hz, 2H), 5.32 (d, J = 8.2 Hz, 1H), 4.34 – 4.22 (m, 

3H). 13C NMR (151 MHz, DMSO): δ 171.68, 155.91, 151.92, 151.50, 143.84, 143.77, 

140.74, 140.66, 131.71, 129.55, 128.99, 127.70, 127.11, 125.42, 125.42, 122.64, 

120.15, 66.01, 57.78, 46.62. LC-MS RT = 6.65 (cis), 8.80 (trans) min, m/z= 178.54 

(calc Fm+ = 179.09), 238.71 (calc [10 + 2H+]2+ = 239.59), 477.28 (calc [10 + H+]+ = 

478.17), 499.46 (calc [10 + Na+]+ = 500.16). 
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Figure S5.1: UV-Vis spectra of peptide K3 containing either APhe1 or APhe2 at different time 
intervals during illumination with 340 nm light. Measurements were performed at 20 °C in PBS 
with [peptide] = 50 µM. Arrows indicate direction of change after illumination. 
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Figure S5.2: Fitting of CD melting curves (top) for peptide K3-APhe1 with E3GY in the dark 
adapted (left) and 340 nm irradiated (right) states performed using the Fitdis software 
program. Residuals (middle) and derivatives (bottom) of the best fitting (dimeric) model are 
shown. Measurements were performed in PBS. 
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Figure S5.3: Fitting of CD melting curves (top) for peptide K3-APhe2 with E3GY in the dark 
adapted (left) and 340 nm irradiated (right) states performed by the Fitdis software program. 
Residuals (middle) and derivatives (bottom) of the best fitting (dimeric) model are shown. 
Measurements were performed in PBS. 
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Table S5.1: Fit results of thermal unfolding curves for K3 peptides containing azophenylalanine 
amino acids with binding partner E3GY,  in either the dark adapted or 340 nm irradiated state.  

Coiled-coil system 
K3-APhe1 

Dark 

K3-APhe1 340 

nm 

K3-APhe2 

dark 

K3-APhe2 340 

nm 

∆H°a
  (kJ mol-1) 224.7 ± 12.4 261.4 ± 7.4 175.0 ± 12.1 259.0 ± 9.7 

T°b   (°C) 123 ± 3.1 114.1 ± 1.5 142.5 ± 5.4 102.1 ± 2.1 

∆Cp (kJ mol-1 k-1) 1.69 ± 0.22 2.46 ± 0.15 1.07 ± 0.17 2.65 ±0.22 

θF (deg cm2 dmol-1) -22,067 ± 413 -23,009 ± 358 -21,790 ± 548 -21,112 ± 447 

mF 61.3 ± 16.7 59.9 ± 14.03 87.2 ± 27.1 99.1 ± 20.6 

θu (deg cm2 dmol-1) -3,566 ± 1062 -2,830 ± 876 -2,986 ± 887 -4,078 ± 545 

mu -7.4 ± 13.0 -15.0 ± 10.7 -5.0 ± 11.0 0.0 ±  7.0 

∆G20
c
  (kJ mol-1) 33.5 32.8 29.97 30.94 

∆S20
 c

  (J mol-1 k-1) 57 -8.95 46.31 36.7 

∆H20
 c

  (kJ mol-1) 50.23 30.21 43.54 41.70 

Kf
 c

 (M-1, 20 °C) 9.19 105 7.09 105 2.18 105 3.26 105 

Ku
 c (µM, 20 °C) 1.09 1.41 4.58 3.07 

Dark/340nm PSS  1.30  0.67 

Adjusted R2 0.997 0.998 0.996 0.997 

RMSE 300.1 248.2 298.9 248.5 

a ∆H° and T° are the enthalpy and the temperature where ∆G = 0 and KU = KF = 1. b ∆CP is the 
change in heat capacity upon unfolding. c Binding model at 20 (°C). 

 

  



 

150  

 

 

Figure S5.4: Fitting of CD melting curves (top) for peptide K3-APgly with E3GY in the dark 
adapted (left) and 340 nm irradiated (right) states performed by the Fitdis software program. 
Residuals (middle) and derivatives (bottom) of the best (dimeric) fitting model are shown. 
Measurements were performed in PBS.  
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Table S5.2: Fit results of thermal unfolding curves for K3 peptides containing azophenylglcyine 
with coiled-coil binding partner E3GY,  in either the dark adapted or 340 nm irradiated state 

Coiled-coil system K3-APgly dark K3-APgly  340 nm 

∆H°a
  (kJ mol-1) 285.2 ± 6.5 236 ± 7.1 

T°b   (°C) 113 ± 1.2 110.5 ± 1.9 

∆Cp (kJ mol-1 k-1) 2.8 ± 0.13 2.15 ± 0.14 

θF (deg cm2 dmol-1) -26877 ± 353 -27513 ± 520 

mF 112 ± 12.6 119 ± 23.9 

θu (deg cm2 dmol-1) 0 ± 1153 -1424 ± 687 

mu -46.6 ± 13.9 -28 ± 8.7 

∆G20
c
  (kJ mol-1) 34.5 30.7 

∆S20
 c

  (J mol-1 k-1) -33 37.9 

∆H20
 c

  (kJ mol-1) 24.8 41.8 

Kf
 c

 (M-1, 20 °C) 1.38  106 2.97  105 

Ku
 c (µM, 20 °C) 0.72 3.37 

Dark/340nm PSS  4.65 

Adjusted R2 0.998 0.998 

RMSE 274.3 288.7 

a ∆H° and T° are the enthalpy and the temperature where ∆G = 0 and KU = KF = 1. b ∆CP is the 
change in heat capacity upon unfolding. c Binding model at 20 (°C). 

 

 

  



 

152  

 

MD simulations 

 

Table S5.3: Bond lengths, angles and dihedral angles for new atom types required for the 
integration of APgly (top left) and APhe1 (top right) into the AMBER-96 force field for 
molecular dynamics simulations of azobenzene-amino acids. Bond lengths and angles as 
computed at BLYP-D3(BJ)/TZ2P. 

 Bond type Residue Bond length (nm) 
Force constant 

(kJ mol-1 nm-1) 
Adapted from 

* CA-NX All 0.14398 357313.6 CA-NA 

** NX-NX All 0.14354 357313.6 CA-NA 

      

 Angle type Residue Angle (degrees) 
Force constant 

(kJ mol-1 rad-1) 
Adapted from 

a CA-CT-C Diazophenylglycine 109.139 527.184 CA-CT-CT 

b CA-CT-N Diazophenylglycine 110.762 527.184 C-CT-N 

c CA-CT-H1 Diazophenylglycine 108.439 418.400 CA-CT-HC 

d CA-CA-NX Cis 119.225 585.760 NA-CN-NC 

e CA-NX-NX Cis 121.626 585.760 NA-CN-NC 

f CA-CA-NX Trans 121.615 585.760 NA-CN-NC 

g CA-NX-NX Trans 115.088 585.760 NA-CN-NC 

      

 Dihedral type Residue 
Dihedral angle 

(degrees) 

Force constant 

(kJ mol-1 rad-2) 
Adapted from 

 CA-CA-CA-NX  All 180.0 (improper) 4.60240 CA-CA-CA-NT 

 CA-NX-NX-CA Cis 186.5 (proper) 6.27600† X-CA-NA-X 

 CA-NX-NX-CA Trans 180.1 (proper) 6.27600† X-CA-NA-X 

 CA-CA-NX-NX Cis 227.4 (proper) 6.27600 X-CA-NA-X 

 CA-CA-NX-NX Trans 180.1 (proper) 6.27600 X-CA-NA-X 
†Set to 1000 kJ mol-1 rad-2 for production runs 
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Figure S5.5: UV-Vis spectra of peptide K3-APgly cycling between different photostationary 
states (left) and relaxing from the 340 nm PSS (right), which were used to prepare Figure 5.5.  
Spectra after illumination with 340 nm light are indicated with dotted lines (left). Graphs are 
numbered by time after start of the experiment. Measurements were performed at 20 °C in 
PBS with [peptide] = 50 µM. 

 

 

Figure S5.6: Percentage of amino acids classified as helical (based on GROMACS’ default 
criteria for psi/phi dihedral angles and H-bond distances) over 500 ns of simulation time, for 
all amino acids in peptide E (left) and peptide K (right), averaged over 3 independent MD 
simulations. Standard deviations are plotted as dotted lines. 

 

  



 

154  

 

 

Figure S5.7: Snapshots from MD simulations of the coiled coil between peptide K3 (blue) and 
E3 (green), with peptide K3 containing the photoswitchable amino acid APhe1 or APgly at 
position 9 in the peptide sequence, in the trans or cis conformation. Peptides backbones are 
shown as a cartoon, with the photoswitch and all amino acid side chains of peptide E3 within 
5 Å displayed as sticks. 
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Figure S5.8: Normalized change in distance upon photoisomerization between the non-
hydrogen atoms in peptide E3 and the azobenzene ring 1 (closest to the peptide backbone). 
Change in distance upon trans to cis isomerization of the azobenzene is normalized to the 
trans conformation, with positive values indicating more distance in the cis conformation. 
Distances are averaged over 3 simulations of 500 ns. Dotted lines indicate an arbitrary cut-off 
for significance of 0.2. 
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Figure S5.9: Snapshots from MD simulations of the coiled coil between E3 (green) and  K3 (blue) 
containing APhe1 or APgly at position 9 in the peptide sequence, in either the cis or trans 
conformation. Photoswitchable amino acids in peptide K3 have been coloured orange for 
clarity. Peptides backbones are shown as a cartoon, with the photoswitch and all amino acid 
side chains within 5 Å displayed as sticks. 
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LC-MS of purified peptides 

 

Table S5.4: 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) 

E3GY 
[M + 2H+]2+ 1272.69 

[M + H+]+     2544.39 

1271.24 

2545.88 

K3-P9-APhe1 [M + 2H+]2+ 1230.24 1228.81 

K3-P9-APhe2 [M + 2H+]2+ 1252.24 1250.85 

K3-P9-APgly [M + 2H+]2+ 1223.23 1222.23 
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Photoswitchable β-sheet forming peptides 
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Abstract 

Controlling the folding of β-sheet peptides is of interest as a tool for the generation 

of responsive (bio)materials. The change in structure and polarity associated with 

azobenzene photoisomerization was hypothesized to disrupt β-sheet self-assembly 

when substituting other hydrophobic amino acids. To test this hypothesis, peptides 

were prepared based on the (EF)5EP peptide sequence which is known to form β-

sheet fibres. Modification of a single phenylalanine to an azobenzene resulted in 

peptide self-assembly at lower salt concentrations. Both β-structure and critical 

aggregation concentration could be altered via photoisomerization, with the 

biggest effect observed with the azobenzene positioned in the peptide centre. 

Azobenzene-containing peptides showed self-assembly as peptide fibres, with fibre 

oligomerization observed when the azobenzene was positioned at the peptide 

terminus. Histidine containing peptide variants were subsequently prepared, and 

showed organocatalytic activity in ester hydrolysis that could be altered by 

azobenzene isomerization. Together, this study demonstrates the incorporation of 

amino acids carrying azobenzene moieties as a novel method for active control over 

β-structure, peptide self-assembly and activity.  
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6.1  Introduction 

Peptides and proteins adopt three-dimensional structures in order to minimize 

backbone steric clashes, maximize potential hydrogen bonding interactions and 

facilitate favourable side-chain interactions.1 One of the most dominant folds is the 

β-sheet, consisting of multiple β-strands connected laterally through hydrogen 

bonds between backbone peptide amides. Each amino acid can be defined by its 

tendency to fold into α-helices or β-structures,2 but the pattern in which polar and 

hydrophobic amino acids are repeated is what predominantly determines the type 

of fold.3 In the previous chapters the focus has been on controlling the folding and 

oligomerization of α-helical coiled-coil peptides, including active photocontrol via 

the introduction of azobenzene moieties. Active control over the folding and self-

assembly of β-rich structures is of much interest as well, not only as a tool for the 

study of natural peptides and proteins, but also as a way to control assembly and 

(bio)activity of materials based on the β-strand structure.4, 5  

As discussed in Chapter 4, using light as a method of structural control has the 

advantage of spatial and temporal resolution in combination with biocompatibility, 

all of which are desirable properties for biomaterials. Photocontrol over β-

dominant structures was first demonstrated by the groups of Hilvert and Renner, 

who independently worked on β-hairpins incorporating azobenzene turn motifs.6, 7 

Both groups used [3-(3-aminomethyl)-phenylazo]phenylacetic acid (AMPP), an 

asymmetric azobenzene linker, as a photoswitchable turn motif. The cis isomer of 

AMPP is used to position two pentamer peptide sequences at an appropriate 

distance for hydrogen bond formation, mimicking a β-hairpin, where the trans 

isomer has the wrong geometry to form this structure (Scheme 6.1A). This initial 

research was focussed on gaining understanding over the structure of hairpins and 

to serve as a model for their folding that could be studied on an ultra-fast 

timescale.8-10  

The use of this AMPP linker has been extended to amyloid-forming peptides, 

demonstrating control over intermolecular self-assembly.11 The formation of 

amyloid structures is initiated by protein misfolding resulting in a β-hairpin.12 This 

hairpin motif acts as a nucleation point for other proteins, eventually leading to 

formation of amyloid fibrils. Incorporation of the AMPP linker in the amyloid β-

peptide Aβ1-42 yielded control over the tendency to form hairpins via 
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photoisomerization, with a transition to the cis isomer resulting in amyloid fibril 

nucleation and altered in vitro cytotoxicity.13, 14 Although AMPP introduces 

photoswitching in β-hairpins, its use outside of model systems has been limited 

since it can only be used in small, synthetic systems with hairpin domains that are 

suitable for substitution with the photoactive moiety.  

In Chapter 5 of this thesis the ability of azobenzene-based amino acids to control 

the folding of coiled-coil peptides was demonstrated; showing that a single amino 

acid modification can have a significant effect on coiled-coil binding strength. The 

trans to cis transition of the azobenzene changes the polarity of the diazene bond, 

resulting in a destabilization of the hydrophobic coiled-coil interface. We 

hypothesize that this mechanism of action extends to β-sheet structures, as 

illustrated in Scheme 6.1B, if they self-assemble to form a hydrophobic domain. 

Specifically, the introduction of phenylazo-phenylalanine (APhe), a light-switchable 

derivative of phenylalanine, is a logical modification of phenylalanine-rich β-sheet 

domains for the introduction of photoresponsive self-assembly and activity. 

 

Scheme 6.1: Previous work demonstrating light activated β-hairpin self-assembly (A) and the 
method investigated in this chapter for photocontrol of β-sheet self-assembly through 
disruption of the hydrophobic domain (B). Hairpin photocontrol makes use of an azobenzene 
crosslinker to connect two β-strand sequences, and alter their proximity by isomerization. The 
strategy in this chapter uses APhe, a light-active derivative of phenylalanine, to control self-
assembly of β-strand hydrophobic domains.  
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Inspired by the work on β-sheet peptide assembly and self-replication in the group 

of G. Ashkenasy,15, 16  the β-sheet forming peptides studied in this chapter are based 

on the (EF)n repeat sequence. This peptide belongs to a family with the general 

sequence (XFXF)n, where X is a polar amino acid, and peptides of this family readily 

form β-structured self-assemblies.17  With this alternating amino acid sequence, all 

hydrophobic side chains are on the same face, resulting in formation of cofacial β-

sheet bilayers with all hydrophobic amino acids in the interior of the bilayer.18 These 

cofacial β-sheets are comparable to the amyloid cross-β structure,19, 20 and this class 

of peptides is often used as a  model system for amyloid self-assembly.21, 22 Peptides 

based on the  (XFXF)n sequence have been observed to form β-fibres, helical ribbons 

or tapes and  amyloid-like aggregates.18, 22-24 These larger structures are all based 

on the same cofacial β-sheet structure repeating in different axes, and can be 

selected for by alteration of amino acid composition, sequence length and amino 

acid chirality.22, 24-26 Substituting phenylalanine with  large naphthalene and 

naphthalene diimide moieties was also well tolerated in these peptides,27, 28 

indicating that incorporation of APhe is feasible. For this study, peptide 2 (Pep2) 

from the previous work of Rubinov et. al.16 was prepared, in addition to analogues 

where a single phenylalanine was substituted by APhe. Control over peptide 

structure could be achieved via azobenzene photoisomerization which resulted in 

altered self-assembly characteristics. As a proof of concept, modified variants 

containing histidine residues as catalytic sites were prepared, and 

photoisomerization was shown to affect organocatalytic activity.  

6.2  Results and Discussion 

Fmoc-protected APhe (1, Figure 6.1A) based on L-phenylalanine was synthesized 

according to literature procedures for use in solid phase peptide synthesis (SPPS).29  

A detailed description of the synthesis can be found in Chapter 5 of this thesis. 

Isomerization characteristics of 1 in acetonitrile were characterized via liquid 

chromatography (LC) and showed that in the dark 1 was over 96% in the trans 

configuration (see Figure 6.1B and Figure 6.1C). Isomerization to the cis isomer was 

performed most effectively using 340 nm light, yielding 90% conversion to cis, with 

a thermal half-life at 20 °C of 27.2h (figure 6.1D). Light with a higher wavelength 

yielded predominantly the trans isomer, with no difference observed using 

wavelengths between 375 nm and 450 nm.  Illumination of samples at thermal 

equilibrium with 435 nm light yielded the same isomeric ratio as samples pre-

illuminated with 340 nm, showing these are the photostationary states of the 
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azobenzene. Up to 81% of the trans isomer could be achieved using wavelengths of 

light between 385 nm and 450 nm, which is less than before illumination, and limits 

the effect of switching over multiple cycles to approximately 70% of what would 

theoretically be possible if the azobenzene could be cycled between exclusively the 

cis and trans isomers. 

 

Figure 6.1: Structural differences between the cis and trans isomers of Fmoc-APhe (A). Liquid 
chromatography spectra of 1 when illuminated with different wavelengths of light (B), 
percentage of cis and trans isomers in solution for the different photostationary states derived 
from their LC Spectra (D), and thermal relaxation of the cis isomer of 1 (C). The isomerization 
and relaxation studies were performed at 20 °C [1]= 200 µM in MeCN. Error bars show 
differences for 3 repeat measurements.  
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Peptide design and structural analysis 

The β-sheet forming peptide Pep2 (Figure 6.2) was modified with APhe  by 

replacing a single phenylalanine at position 2 (P2) or position 6 (P6) to probe the 

ability to photoswitch these peptides. Because the APhe moiety is larger in size 

then phenylalanine, any beta-sheet domain will have to change shape to allow 

complete incorporation of the amino acid into the hydrophobic core. This change 

in shape is expected to be different depending on the location of APhe, and should 

therefore result in different self-assembly dynamics.  

Self-assembly of Pep2 and its derivatives was first assayed via circular dichroism 

(CD) spectroscopy to observe under which conditions β-sheet assembly occurred. 

Peptides rich in β-structures can be classified by the alignment of adjacent strands 

(parallel or anti-parallel) and the presence of twist within the β-strand, all of which 

have their own distinguishable CD absorption bands.30 Pep2 showed a low CD signal 

when dissolved in phosphate buffer at a 100 µM peptide concentration, with no 

characteristic bands for any type of β-structure. Because the presence of salts in 

solution increases the hydrophobic effect, and can aid self-assembly by the 

formation of salt bridges between charged amino acid side chains, the dependence 

of folding on salt concentration was assayed. Adding Na2SO4 to the buffer to 

increase peptide-peptide interactions caused a change in structure, with two 

negative absorption bands appearing; a sharp band at  202 nm and a broad band 

with a minimum at 218 nm (Figure 6.2, left). Titration experiments showed a 

sigmoidal dependence of the CD signal on the salt concentration with a mid-point 

(f1/2) at 0.85 M Na2SO4.When the salt concentration was kept constant at 1 M 

Na2SO4, an initial linear dependence of structure on peptide concentration was 

observed with a maximum at approximately 150 µM (Figure S6.1).  

Peptide variants P2 and P6 showed similar spectral shapes to Pep2, in the absence 

of salt, but with more intense minima. Both variants showed signal increase upon  

Na2SO4 addition, with clear differences observed between the dark and light 

(illuminated with 340 nm) state of the peptides. Peptide P2 showed similar 

absorption peaks as Pep2 when salt was added, with minima located at 204 and 

216 nm. Lower absorption minima were observed for P2, indicating a higher degree 

of folding, but in a more irregular manner as suggested by lower separation 

between the peaks. The spectrum of P6 shows a single clear absorption minimum 

at 225 nm, with the absorption rising sharply below that wavelength, suggesting a 

strong absorption maximum between 195-200 nm. This spectrum is consistent with  
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Figure 6.2: Schematic structure of the peptide variants prepared for photoswitching studies 
(top), their solution CD spectra with varying levels of Na2SO4 (bottom left) and TEM images of 
their formed structures (bottom right). CD spectra were recorded at 100 μM peptide 
concentration, with 10 mM PB at pH 7.2.  
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that of left-twisted anti-parallel β-sheet peptides, with the maxima slightly blue 

shifted. Upon irradiation of the APhe containing peptides with 340 nm light, the CD 

spectra changed, indicative of structural rearrangement in the peptide assembly. 

The P2 variant has a slightly stronger absorption minima at 216 nm, with the two 

absorption minima observed for the dark state broadening to the point that they 

are difficult to distinguish. The P6 variant shows a general decrease in signal 

strength upon irradiation, with a less intense and blue shifted absorption band, and 

a less steep increase in signal at the lower wavelengths. Other salts were also tested 

for their effects on peptide folding, with the largest effect observed for Na2SO4 

(Figure S6.2), which was used for all further experiments.   

The CD spectra show β-sheet structures for all three peptides when salt is present 

in solution, which is the main mechanism for their self-assembly into peptide fibres. 

To characterize their self-assembly, samples were imaged using transmission 

electron microscopy (TEM), revealing the presence of long fibrillar structures for all 

three peptides (Figure 6.2, right). Samples of P6  contained fibres with a width of 

5.7 ± 0.5 nm, which is comparable to the thickness of fibres observed for the parent 

peptide Pep2 (5.5 ± 0.4 nm). Thicker and less uniform (7.2 ± 1.0 nm)  fibres were  

observed for P2, which additionally  showed larger, linear assemblies that appear 

to consist of 2 (double) or more (multiple) fibres bundled together. Analysis of the 

larger assemblies in the P2 sample (representative image shown in Figure S6.3) 

shows a repeating pattern with spacing of the same size as single fibres. An 

overview of fibre thickness is given in Figure S6.4 and Table S6.1. These results 

suggest that peptide P2 is capable of forming peptide fibres, similar to the other 

two peptides, although with a different overall structure since the CD signal of the 

peptide is quite different and fibre oligomerization is observed. This polymerization 

of P2 peptide fibres suggests that the ends of the β-sheet, where the peptide 

termini are located, are not as stable as for the other two variants. The APhe moiety 

is relatively large and more hydrophobic compared to phenylalanine, and when 

placed at the termini such as in peptide P2 likely results in rearrangement of the 

fibre structure to minimize interactions between the azobenzene and the aqueous 

environment. Aggregation of multiple fibres at the terminal ends would allow the 

azobenzene to be shielded from the environment by the neighbouring fibre, 

resulting in a more classical β-sheet structure.  

Because a characteristic dependence of peptide folding on the concentration of 

dissolved salts was observed for peptide Pep2, titrations were performed with its 

APhe substituted derivatives. The light irradiated (cis dominant) and thermally 
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equilibrated (trans dominant) states of P2 at 100 μM showed different behaviours, 

with the trans dominant sample folding at a lower salt concentration (f1/2 = 0.66 M 

vs 0.79 M, Figure 6.3 and Figure S6.5) but the irradiated state shows a stronger 

signal at 218 nm. A different behaviour was observed for P6, where the dark state 

showed both a lower midpoint (f1/2 = 0.45 M vs 0.58 M, Figure 6.3 and Figure S6.6) 

and a higher degree of overall folding. Comparing the response to changes in 

Na2SO4 concentration for all three peptides shows that APhe modifications at 

position 6 has the largest effect on self-assembly, lowering the transition point for 

folding by 47% with respect to Pep2. Modification at the terminus, as seen in P2, 

also reduced this transition point by 22%, showing that the APhe amino acid has a 

favourable effect on peptide self-assembly. The transition point for salt-dependent  

 

Figure 6.3: Structural dependence of peptides P2 and P6 on the concentration of sodium 
sulphate demonstrated via CD titrations (left), and structural deconvolution of CD spectra 
discussed in this chapter using the BeSTSel web server (right).31  CD titrations were performed 
at 100 μM peptide in 10 mM PB, complete spectra can be found in Figure S6.5 and Figure S6.6.  
Figure legend: Anti1 = left-twisted β-strand; Anti2 = relaxed β-strand; Anti3 = right-twisted β-
strand; Helix1 = regular α-helix; Helix2 = distorted α-helix; Para = Parallel β-strand.  
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self-assembly was different between the cis and trans state for both novel peptides, 

showing that these isomers have distinct self-assembly behaviours.  

To better understand the structural components of the β-sheet forming peptides 

discussed in this chapter, the CD spectra in Figure 6.2 were analysed using the 

BeStSel web server, which was specifically designed to deconvolute CD spectra of 

β-structure rich proteins.30, 31 The results of this analysis are shown in Figure 6.3 

(right) and Table S6.2. Both P2 and P6 show a mixed structure, consisting of relaxed 

and left-twisted β-strands, and turn motifs when no salt is present. With 1 M 

Na2SO4 P6 shows increased folding (70% folded structures over 43% with no salt), 

dominated by right-twisted β-strand motif. Upon trans to cis isomerization of P6, 

the amount of folded structures is reduced by 26%, predominantly via loss of the 

right-twisted β-strand motifs (21% less). Analysis of peptide P2 with salt shows a 

structure dominated by parallel β-strand motifs in the dark state, combined with 

some α-helical structures. Upon light irradiation of P2, helical structures become 

recognized as the dominant structural fold. This originates from the two observed 

absorption minima at 218 nm and 202 nm and an apparent absorption maximum 

below 200 nm, which is similar but blue shifted from what one would expect for a 

helical peptide. However, the amino acid sequence should not be predisposed to 

form helical structures,2 and the peptide is based on a known β-sheet forming 

sequence. Since the sequence of P2 is not encountered in nature, it can adopt 

structures unfamiliar to the BeStSel algorithm, which was trained on solved protein 

structures. This is also supported by the lack of β-sheet structure attributed to 

Pep2, a known anti-parallel β-sheet forming peptide, by the BeStSel algorithm.  

Furthermore, the absorption peaks observed for P2 resemble previously reported 

spectra for β-sheet forming peptides with the (KFKE)n repeat sequence.24, 32 

Because of this similarity in the CD spectra of P2 to previously reported β-sheet 

peptides and its ability to form fibres in solution with a similar dimension to those 

of Pep2 and P6; it most likely forms peptide fibres dominated by β-sheet structures. 

Characteristics of fibre formation 

The structural analysis via CD spectroscopy shows the dependence of peptide 

folding on concentration and solutes, which is related to the self-assembly of 

peptides into larger structures, but does not provide any insight into self-assembly. 

To further investigate the self-assembly into β-sheet fibres the critical aggregation 

concentration (CAC) was determined using dynamic light scattering (DLS). Plotting 

the observed count rate in DLS versus the peptide concentration shows two distinct 
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domains; one at lower concentration where the count rate did not increase 

significantly, and a domain at higher concentration where the count rate increased 

rapidly (Figure 6.4A). The intersect of these two domains is defined as the CAC for 

that condition (CAC data for all peptides and conditions can be found in Table S6.3). 

Peptide P2 and P6 both showed a low CAC with 1 M Na2SO4 in solution, of 6 and 11 

µM respectively, which increased when samples were irradiated with 340 nm light. 

The CAC of P2 increased 4.8 times after irradiation (Figure 6.4A left) and the CAC 

of P6 increased by 1.8 times (Figure S6.7). The lower difference between the light 

and dark state was assumed to relate to the difference between the salt  

 

Figure 6.4: Light scattering count rate dependence on the concentration of peptides P2 and 
P6 for determination of CAC (A) and thioflavin T fluorescence used to observe the kinetics of 
beta-sheet fibre assembly at [peptide] = 100 µM (B). Fluorescence was recorded at 490 nm 
and normalized to the fluorescence of Thioflavin T with no peptides in solution, which is set 
to 0. Fluorescence samples contained [ThT] = 100 µM and [Na2SO4] = 1 M if present. 
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dependence observed via CD spectroscopy. Therefore, the experiment was 

repeated for P6 at a reduced concentration of 0.6 M Na2SO4, resulting in a 5-fold 

increase in CAC from 22 to 109 µM (Figure 6.4A, right). This indicates that the CD 

titration experiments relate well to formation of self-assembled aggregates.  

To investigate the type and kinetics of self-assemblies formed by the peptides, 

Thioflavin T (ThT) was used as a fluorescent probe. The fluorescence behaviour of 

ThT is dependent on its environment; it specifically known to bind to β-sheet rich 

protein domains, resulting in a large increases in fluorescence intensity and a shift 

in emission wavelength.33, 34  Because of this property, it has been used in the study 

of amyloid fibres and plaques.35 Kinetic experiments were performed with peptides 

P2 and P6 at 100 µM adapted to dark conditions or irradiated with 340 nm light, in 

PB with and without 1 M Na2SO4. Only the samples prepared with dark adapted 

peptides and containing 1 M Na2SO4 showed a significant increase in ThT 

fluorescence. Peptide P2 initially shows no fluorescence increase, but after 30 

minutes a steady rise in the signal observed, which evens out at 5-fold more 

fluorescence after 4 hours. In contrast, P6 showed an immediate increase, 

stabilizing around a 2-fold increase in fluorescence during the remainder of the 

experiment.  

Overall, we observed different assembly kinetics for the two azobenzene containing 

peptide variants; fast assembly for P6 and nucleated self-assembly for P2. The 

fluorescence of P6 is increased from the start of the experiment (about 30 seconds 

after mixing) and quickly reaches a plateau where ThT fluorescence intensity does 

not change. In contrast, a lag phase is observed at the start of the experiment for 

P2, followed by an increase in fluorescence that keeps going through the remainder 

of the experiment. This suggests the requirement for a nucleation point or β-sheet 

seed that initiates the self-assembly process. This nucleated assembly is very similar 

to what has been observed for amyloid-like aggregates of insulin, a known model 

system for amyloidogenic proteins.35 This comparable kinetic mechanism 

strengthens the idea that the fibres formed by P2 form β-sheet dominated 

structures similar to amyloids. With no salt in solution both peptides were unable 

to form these larger structures, mirroring the observed effect of salt on β-sheet 

structure observed in CD experiments. No increase in signal was observed if peptide 

samples were pre-irradiated with 340 nm light, showing that the effect of APhe 

isomerization observed in CD and CAC experiments is large enough to control 

intermolecular self-assembly. 



 

172  

Cryo-EM analysis of P6  

The solution-based experiments show that peptide self-assembly is dependent on 

both peptide concentration and dissolved solutes. This raises the question; how 

well do the peptide fibres observed with TEM in Figure 6.2 represent the structure 

of the peptides observed in solution? The TEM samples of these peptides are 

prepared from high-concentration peptide stock solutions containing no added 

Na2SO4, which seems essential for self-assembly. Furthermore, the drying of the 

sample and negative staining with uranyl acetate might influence their morphology 

in a manner which is difficult to predict. Therefore, peptide P6 was also investigated 

via cryogenic electron microscopy (cryo-EM), shown in Figure 6.5. Long (>100 nm) 

fibres were observed with a diameter of 4.5 ± 0.9 nm, which is comparable in size 

to those observed in TEM (5.7 ± 0.5 nm). The slight (not significant) difference in 

average size can be explained by the drying and staining procedures discussed 

above.  

Previous use of peptides with (EF)x repeat motifs showed formation of self-

assembled structures in MD simulations consisting of two antiparallel β-sheet 

monolayers oriented antiparallel to each other,36 similar to the previously discussed 

cross-β structure. A model of P6 was prepared assuming this structure, and is 

shown in Figure 6.6. A cross-section of this structure has a width of 4.6 nm (Figure 

S6.8), which reflects the observed fibre width in TEM and cryo-EM. Therefore, we 

conclude that the structure of P6 is likely the discussed double antiparallel β-sheet, 

with the width of the fibre equalling the length of a single peptide chain. 

Introduction of catalytic activity  

The light-controlled self-assembly of beta-sheet fibres of peptides P6 and P2 might 

enable control over structure-related activity of these peptides. variants of P6 were 

synthesized containing a histidine (His) in its sequence. Histidine has a nucleophilic 

nitrogen with a pKa between 6 and 7 depending on its environment,37 allowing it to 

function both as a proton transfer group as well as a nucleophilic catalyst. In various 

self-assembled systems, introduction of His moieties has been shown to result in 

organocatalytic activity of self-assembled materials.38-40 Peptide P6 was chosen 

over P2 because it self-assembles at a lower salt concentration, and has only been 

observed to self-assemble into one structure which is highly folded as an anti-

parallel β-sheet.  
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Figure 6.5: Cryo-EM images of fibres formed by peptide P6 in solution (right), and distribution 
plot of the measured fibre width in nm (left) for both cryo-electron microscopy and 
transmission electron microscopy. Scale bar indicates 100 nm, and the image was recorded at 
36K magnification, yielding a nominal pixel size of 2.8 ångström (Å). 

 

Figure 6.6: Model showing P6 assembled into a double antiparallel β-sheet structure, which is 
the hypothesized structure for the peptide fibres observed under TEM and Cryo-EM. Two 
opposing strands are coloured separately for clarity and have their side chains displayed, with 
the Aphe moiety coloured orange. The remaining strands are displayed as a cartoon, showing 
the direction of the β-sheet fibre. Fibre model was prepared using the UCSF chimera and 
chimeraX software package.41, 42 

 



 

174  

Two histidine containing variants were prepared, one where a single phenylalanine 

was replaced by His and a second where a single glutamic acid was replaced by His. 

These two variants were synthesized to observe the difference in self-assembly and 

catalysis when the His was placed in a hydrophobic or hydrophilic environment. The 

resulting peptides were named P5H-P6 and P6-P8H, and are shown in Figure 6.7. 

His substitution was performed close to the azobenzene moiety, as this was 

expected to maximize the effect of photoswitching on catalysis.  

CD spectra of dark-adapted P5H-P6 show a strong minimum at 206 nm, with a 

shoulder at 218 nm, indicative of a mixed irregular and right-twisted β-sheet  

 

Figure 6.7: Peptide sequences (top), CD spectra (left) and TEM images (right) of histidine-
containing peptides. CD spectra were recorded with [peptide] = 100 µM and 10 mM PB. TEM 
samples were treated with uranyl acetate as a negative stain before imaging, with scale bars 
indicating 100 nm.  
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structure. Peak intensity at 206 nm is higher than one would expect for a 

combination of these two, suggesting the structure might differ from both of 

these.30 Isomerization of the sample with 340 nm light results in a decrease in 

overall folding, with a 60% reduction of the signal at 206 nm and 70% reduction of 

the signal  at 218 nm. CD spectra of P5H-P6 containing added Na2SO4 showed an 

overall increase in signal strength at both wavelengths, but only marginal 

differences between the dark adapted and 340 nm photostationary state. From 200 

mM Na2SO4 and higher, no differences between the two states could be observed 

(Figure S6.9). Although the CD spectra and response to added salt are very different 

from the P6 parent peptide, TEM imaging still shows fibre formation, with a similar 

fibre width (6.35 ± 0.39 nm, Figure S6.4) to P6. The opposite is observed for 

substitution of a phenylalanine with histidine in peptide P6-P8H, which did not 

assemble into fibres (Figure 6.7). Instead, spherical aggregates were observed with 

no apparent (internal) structure. In CD spectroscopy, P6-P8H shows a weakly folded 

signal until the salt concentration has been increased to 1.5 M Na2SO4, which 

displays a broad absorption peak with a minimum at 205 nm. At the high salt 

concentration there is a clear difference between the spectra of the dark adapted 

and 340 nm irradiated samples, with the irradiated sample again showing weak 

folding. An exact secondary structure cannot be assigned to this absorption peak in 

isolation, and the broadness of the peak suggests that it there might be some 

flexibility in its structure. Both histidine-containing peptides show different CD 

spectra from P6, but they are comparable in shape to previous reported CD spectra 

on peptides with the repeat sequence (FKFE)n, which self-assemble as antiparallel 

cofacial β-sheet fibres.22, 24  

The two histidine-containing peptides were tested for catalytic activity in the ester 

hydrolysis of para-nitrophenylacetate (pNPA), a common marker for hydrolysis 

because of the strong absorbance of the para-nitrophenol product.43, 44 Peptides 

were tested for catalytic behaviour at a concentration of 300 µM to increase signal 

(self-assembly characteristics as studied by CD were comparable between 100 and 

300 µM, Figure S6.10). Both peptides showed an increase in hydrolysis, with P6-

P8H showing the largest substrate conversion (Figure 6.8A). The rate of hydrolysis 

with P6-P8H was dependent on the peptide concentration, demonstrating its 

function as a catalyst, and similar catalytic turn-over frequencies were found at 100 

µM (0.068 h-1 ) as at 300 µM (0.078 h-1) of peptide. Isomerization of P6-P8H with 

340 nm light resulted in a 34% reduced reaction rate, showing the catalysis can be 

influenced by the APhe photoswitch adjacent to the histidine. Because the histidine 
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Figure 6.8: Catalytic effect of His-containing peptides on the rate of p-nitrophenylacetate 
hydrolysis. Kinetic experiments comparing the two catalytic peptides (A, left) and the effect of 
concentration and 340 nm illumination on peptide P6-P8H (A, right). Initial rate of hydrolysis 
relative to background rate (B), asterisk indicates the rate was calculated over the entire 
experiment. [pNPA] = 200 µM, [peptide] = 300 µM at 25   ̊C and in pH 7.5 phosphate buffer 
unless noted otherwise. Kinetic experiments for pH 6.0 can be found in Figure S6.11. 

protonation state was theorized to affect catalytic rates, the experiments were 

repeated at pH 6.0, with no effect on the relative rate of ester hydrolysis (Figure 

6.8B). Peptide P6-P8H showed the best catalytic activity for the hydrolysis of pNPA, 

and its activity could be controlled by APhe isomerization, reducing its TOF by 54% 

by irradiation with 340 nm light. The mechanism through which catalytic activity is 

affected is not yet clear, since it does not show characteristic β-sheet assembly as 

the other peptides do.  

6.3  Conclusions and outlook 

The photoswitchable amino acid APhe was successfully incorporated in 

phenylalanine-based β-sheet forming peptides in the centre of the sequence or 

close to the terminus. Both modified positions resulted in peptides that self-

assembly as β-sheet dominant structures in the presence of Na2SO4. Both peptide 

structure and CAC are dependent on the salt concentration, and effect of salt on 

folding was related to the effect on CAC. TEM images showed peptide fibres for 

both variants, with peptide P2 also showing fibrillar structures multiple times the 

fibre width. Soluble fibres were observed for peptide P6 via cryo-TEM, and showed 

a fibre width consistent with self-assembly of the peptide as a cofacial β-sheet 

structure.  Irradiation with 340 nm light resulted in isomerization of the azobenzene 
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to dominantly cis, and resulted in a loss of structure as observed via CD, and a 5-

fold reduction in the observed CAC. Kinetic experiments using Thioflavin T showed 

an initial lag period for P2, suggesting a cooperative assembly mechanism, and both 

switchable variants did not show increased signal when isomerized to the cis 

conformation. From this we conclude that APhe can be used to control the self-

assembly of β-sheet peptides, with the most effective control occurring if it is 

placed in the centre of the β-sheet domain. Positioning of APhe at the termini of 

the peptide does allow for photocontrol, but also leads to oligomerization of the 

peptide fibres in solution.  

Histidine containing variants of P6 were prepared and tested as a catalyst for ester 

hydrolysis. The histidine significantly altered the self-assembly of the peptides, 

which no longer adhered to the salt-induced self-assembly observed for the parent 

peptide P6, and resulted in non-fibrous structures when substituting a 

phenylalanine in the case of P6-P8H. Both peptides showed a rate of ester 

hydrolysis above background, with the largest increase in rate observed for P6-P8H. 

The reaction rate could be reduced via isomerization with 340 nm light, showing 

APhe isomerization can be used to control the catalytic activity.  

6.4  Methods 

Fmoc-protected amino acids were purchased from Novabiochem (Amsterdam, The 

Netherlands). Acetic anhydride (Ac2O), acetonitrile (MeCN), dimethylformamide 

(DMF), piperidine, pyridine, trifluoroacetic acid (TFA) and tetrahydrofuran (THF) 

were purchased from Biosolve (Valkenswaard, The Netherlands). Oxyma was 

purchased from Carl Roth (Karlsruhe, Germany). N,N’-Diisopropylcarbodiimide 

(DIC), 1,2-Bis(2-mercaptoethoxy)-ethane (EODT) , 1-[Bis(dimethylamino)methylene 

-]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-Oxide Hexafluorophosphate (HATU), and 

Thioflavin T were purchased from Sigma Aldrich (Zwijndrecht, The Netherlands). 

Chloroform, dichloromethane (DCM), ethyl acetate (EtOAc), ethanol, diethyl ether 

(Et2O) and pentane were supplied by Honeywell (Meppel, The Netherlands). All 

reagents were used as purchased. Ultrapure water was purified using a Milli-Q™ 

purification system from Millipore (Amsterdam, The Netherlands).  A detailed 

description of the synthesis of 1 can be found in chapter 5 of this thesis. 

Peptide synthesis was performed via Fmoc-based SPPS, on a CEM liberty blue 

microwave-accelerated peptide synthesizer. Peptides were prepared on a 0.05 or 

0.1 mmol scale using Tentagel HL resin (0.39 mmol/g), using 5 equivalents each of 
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amino acid, Oxyma pure and DIC as coupling reagents at 90 °C for 4 minutes. 

Deprotection was achieved with 20% piperidine in DMF heated to 90 °C for 1 

minute. Between deprotection and peptide coupling 3 DMF washes were 

performed, with a single washing step between the coupling and deprotection 

steps. Amino-acid 1 was coupled manually to reduce the required equivalents, 

using 2.5 equivalents of 1, 2.5 equivalents of HATU, and 5 equivalents DIPEA in DMF 

for 2-3 hours. After the last Fmoc deprotection, the N-terminus was acylated using 

5 mL/mmol each of Ac2O and pyridine in DMF, for 5 minutes. To eliminate potential 

light absorption, the N-terminus of pep2  and derivatives was acetylated instead of 

capping with 4-acetaminobenzoic acid as previously reported.16 The resin was 

washed 3 times with DMF, MeOH and DCM followed by drying under a continuous 

air flow. Cleavage of peptide was achieved with TFA (5 mL) containing 2.5% water 

and 2.5% TIS for 1 hour, followed by precipitation in 1:1 C5H12/Et2O. The precipitate 

was collected via centrifugation (4000 rpm, 10 minutes), the organic layer removed 

and the product resuspended in water for purification or lyophilization. 

Peptides were purified using reverse-phase HPLC on a Shimadzu system consisting 

of two KC-20AR pumps and an SPD-20A or SPD-M20A detector fitted with a 

Phenomenex Kinetix Evo C18 column. A linear gradient from 2-35% MeCN in water 

containing 0.1% NH3 as buffer in both phases, at a flow rate of 12 ml/min. Collected 

fractions were checked via analytical HPLC, pooled and lyophilized. LC-MS analysis 

was performed with a Thermo Scientific TSQ quantum access MAX mass detector 

connected to an Ultimate 3000 liquid chromatography system fitted with a 50x4.6 

mm Phenomenex Gemini 3 μm C18 column. 

Analytical HPLC was performed using a Shimadzu Prominence-i LC-2030C 3D 

system fitted with a Phenomenex Kinetix Evo C18 column. For quantification of 1 

photoswitching, a linear gradient of 10-90% MeCN in water containing 0.1% TFA. 

Peptide purity was confirmed with analytical HPLC using a gradient of 5-50% MeCN 

in water  and containing with 10 mM NH3 as buffer.  

CD spectra were recorded on a Jasco J-815 CD spectrometer fitted with a Peltier 

temperature controller. Spectra were record in a 1 mm quartz cuvette at 20 °C, 

unless otherwise specified. Spectra were recorded between 190 and 280 nm with 

1 nm intervals, at a scan rate of 100 nm/min with 5 subsequent spectra averaged 

for accuracy. The mean residue molar ellipticity (θ, deg cm2 dmol.res-1), was 

calculated using equation 1: 
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[𝜃] =  (100 ∗ [𝜃]𝑜𝑏𝑠  )/(𝑐 ∗ 𝑛 ∗ 𝑙)  (1) 

Where [θ]obs represents the observed ellipticity in mdeg, c represents the peptide 

concentration in mM, n the number of peptide bonds and l the path length of the 

cuvette in cm. 

TEM samples were prepared on carbon/formvar coated 200 mesh copper grids by 

the addition of a drop of 0.5 mM peptide solution (containing 10 mM phosphate 

buffer). After 30 seconds, excess solution was blotted and the grid stained with 

uranyl acetate (0.25 mg/ml) for less than 10 seconds, and excess liquid removed. 

The grids were left to air dry completely for at least 2 hours. Measurements were 

performed on a JEM1400 plus transmission electron microscope operating at 80 

kV and fitted with a CCD camera.  

Cryo-TEM samples of P6 (3 μL, 300 µM total concentration) were applied to a 

freshly glow-discharged Lacey carbon film 200 mesh Cu grid from Electron 

Microscopy Sciences (Wageningen, The Netherlands). Grids were blotted for 3 s 

after a 10 s wait at 99% humidity in a Thermo Fisher FEI VitrobotTM Mark III 

(Landsmeer, The Netherlands). Cryo-EM images were collected on a Talos L120C 

(NeCEN, Leiden University) operating at 120 kV. Images were recorded manually at 

a nominal magnification of 36000x yielding a pixel size at the specimen 

of 2.8 ångström (Å). Images were analyzed using the Fiji software program.45 

DLS measurements were performed on a Malvern Zetasizer Nano S, using plastic 

micro-cuvettes. The attenuator was fixed manually at 10, with each experiment 

consisting of 10 scans of 20 seconds duration. The measurement was repeated 3 

times. For each peptide and condition a set of samples was prepared in amber 

Eppendorf tubes, and left to incubate for a minimum of 2 hours before 

measurement. The samples were agitated with a pipette just before transferring to 

the cuvettes. For experiments requiring the cis isomer, samples were prepared 

from stock solutions irradiated with 340 nm, and irradiated again for 3 minutes 

before the start of the measurement. 

UV-Vis spectra were recorded on an Agilent Cary-300 UV-Vis spectrophotometer,  

at a scanning speed of 200 nm/min with a switchover between the visible and 

ultraviolet lamp at 350 nm. Samples were measured in quartz cuvettes with a path 

length of 10 mm, and baseline corrected using a blank sample of the same solvent 

used for sample preparation. During the measurements, samples were kept at 

room temperature (20  C̊) using an Agilent Cary temperature controller. 



 

180  

Kinetic hydrolysis experiments were carried out on an Agilent Technologies, Cary 

60 UV-Vis spectrophotometer. The substrate, pNPA was dissolved in acetonitrile 

(10mM) and the peptide catalysts were dissolved in phosphate buffer (0.1 mM, pH 

6.0 or pH 7.5). The experiments were performed with 200 µL samples containing 

100 or 300 µM peptide and all solutions were equilibrated at 25 °C for 20 minutes. 

Reactions were performed in QS quartz cuvettes with a 1 cm path length and 

equipped with Teflon stoppers (3.5 mL; Starna Analytics). Experiments were 

performed at 25oC  and started by addition of the pNPA stock solution (2 v%), with 

substrate hydrolysis monitored for 1-4h. As a control, water was added instead of 

the peptide stock solutions. The following extinction coefficients at 400 nm were 

used: ε = 1700 M-1 cm-1 (pH 6.0, 25 oC, 4-nitrophenolate), ε = 16400 M-1 cm-1 (pH 

7.5, 25 oC, 4-nitrophenolate).   

Fluorescence experiments were performed in 96-well plates using a TECAN Infinite 

M1000 Pro microplate reader. For Thioflavin T  experiments, fluorescence was 

recorded every minute, with excitation set at 450nm (± 5nm) and emission at 

490nm (± 10nm). All numbers were normalized to the fluorescence of Thioflavin T 

under the same buffered conditions.  

Sample illumination Sample illumination at 340 nm was achieved using a Thorlabs 

M340F3 Fiber-coupled LED powered by a T-Cube driver at 1000 mA.  For all other 

wavelengths, high-power single chip LEDs were purchased from Roithner Laser 

(Vienna, Austria) from the H2A1 series. LEDs from Roithner Laser were mounted on 

an aluminum back plate for heat dissipation, and powered at 350 mA current using 

a driver built in-house. For illumination the LED was placed parallel to the side of 

the cuvette at a distance of 5 mm, and centered to the width and height of the 

sample. 
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Supporting Information for Chapter 6 

 

 

Figure S6.1: CD titrations of Pep2, showing the effect of salt (left) and peptide (right) 
concentration on self-assembly. Salt titrations were performed at a fixed peptide 
concentration of 100 µM, and peptide titrations with a fixed salt concentration of 1 M Na2SO4. 
Top figures show the entire CD spectra, with bottom figures showing the normalized 
absorption at 218 nm plotted against concentration. All samples contained 10 mM phosphate 
buffer at pH 7.4 and were measured at 20  ̊C. 
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Figure S6.2: CD spectra of peptide P6 in the presence of different salts. The peptide was 
thermally equilibrated and [peptide] = 100 µM. Salt concentration was 0.5 M, with 10 mM 
phosphate as buffer (pH 7.4) and were measured at 20  C̊. 
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TEM image analysis 

 

Figure S6.3: Representative TEM image showing the different types of structures observed for 
peptide P2 (A). Structures are divided into 3 groups; single fibres (blue), double fibres 
(magenta) and structures comprised of multiple fibres (green). Straightened images (B) and 
derived profile plots (C) of selected fibres were prepared using Fiji. Dotted lines in the profile 
plots mark the center of peptide fibres. 
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Figure S6.4: Size distribution of peptide fibres observed with TEM, with peptide P2 divided in 
the three distinguishable groups of single, double, and multiple fibres as shown in Figure S6.3. 
Size distributions are also summarized in Table S6.1. 

 

Table S6.1: Thickness and deviation of peptide fibres as observed via TEM (Figure 6.2 and 
Figure 6.7) and Cryo-EM (Figure 6.5)  and displayed graphically in Figure S6.4. 

 Avg. Size  

(nm) 

Std. Dev.  

(nm) 
N fibres 

Pep2 5.57 0.42 10 

P2 (Single) 7.22 0.95 10 

P2 (Double) 6.01 0.31 12 

P2 (Multiple) 5.49 0.51 12 

P6  5.71 0.52 10 

P6 (Cryo-EM) 4.45 0.91 30 

P5H-P6 6.35 0.39 10 
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Figure S6.5: CD titration experiments to determine the effect of added salts on the structure 
of P2 in the trans (dark, top) or cis (light, bottom) conformations. Measurements were 
performed at a 100 μM peptide concentration in 10 mM PB and were measured at 20   ̊C. 
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Figure S6.6: CD titration experiments to determine the effect of added salts on the structure 
of P6 in the trans (dark, top) or cis (light, bottom) conformations. Measurements were 
performed at a 100 μM peptide concentration in 10 mM PB and were measured at 20   ̊C. 

  



 

190  

Table S6.2: Structural components (%) computed by the BeStSel web server from measured 
CD spectra in Figure 6.2. Legend: Anti1 = left-twisted β-strand; Anti2 = relaxed β-strand; Anti3 
= right-twisted β-strand; Helix1 = regular α-helix; Helix2 = distorted α-helix; Para = Parallel β-
strand. NRMSD = Normalised residual mean square deviation. 
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Table S6.3: CAC values determined using DLS for peptides in thermal equilibrium (dark) and 
340 nm irradiated state. Ratio indicates the fold increase in CAC for samples after irradiation.  

 Dark 

(µM) 

340nm  

(µM) 
Ratio 

P2, 1 M Na2SO4 6 29 4.8 

P6, 0.6 M Na2SO4 22 109 5 

P6, 1 M Na2SO4 11 20 1.8 

 

 

Figure S6.7: DLS determination of CAC of peptide P6 with 1M Na2SO4, measured at 20   ̊C. 

 

Figure S6.8: Image showing the calculated distances in a structural model of P6 fibres 
assuming self-assembly into a double antiparallel β-sheet structure.  
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Figure S6.9: CD spectra of 100 µM P5H-P6 in 10 mM phosphate buffer, with varying 
concentrations of Na2SO4 (top) and CD absorption at 218 or 206 nm versus the Na2SO4 
concentration (bottom). Samples were measured at 20   ̊C and were either equilibrated in the 
dark or irradiated with 340 nm light to achieve PSS.  

 

Figure S6.10: CD Spectra of peptides P5H-P6 and P6-P8H at higher concentrations. Measured 
samples were equilibrated in the dark or irradiated with 340 nm light to achieve PSS. Samples 
contained 10 mM phosphate buffer and were measured at 20   ̊C.   
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Figure S6.11: Kinetic hydrolysis curves of pNPA with different peptides as catalysts, performed 
at pH 6.0. The sample at 340 nm was illuminated before the start of the experiment, but not 
during the experiment. 

 

Table S6.4: Overview of the catalytic parameters calculated from the kinetic hydrolysis 
experiments shown in Figure 6.8 and Figure S6.11. Relative Ki is in comparison to the control 
samples of the same condition, with no peptide present. Turn over frequency (TOF) and Ki are 
calculated for the first 15 minutes of the experiment, unless noted otherwise.  

Catalyst 
Peptide 

(uM) 

Dominant 

isomer 
pH 

Ki              

(s-1) 

TOF       

(h-1) 
Rel. Ki  

No Peptide      7.5 1.80E-05   

P5H-P6 300 Trans 7.5 2.47E-05 0.016 1.38 

P6-P8H 300 Trans 7.5 4.96E-05 0.076 2.76 

P6-P8H 300 Cis 7.5 3.26E-05 0.035 1.81 

P6-P8H 100 Trans 7.5 2.68E-05 0.068 1.49 

No Peptide   6 2.72E-05   

P5H-P6 300 Trans 6 4.17E-05 0.035 1.54 

P6-P8H 300 Trans 6 7.12E-05 0.105 2.62 

No Peptide   6 1.76E-05a   

P6-P8H 300 Trans 6 3.11E-05a 0.053a 1.77 

P6-P8H 300 Cis 6 2.59E-05a 0.021a 1.47 

 a Values were calculated as the average over a 4-hour experiment.  
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LC-MS of purified peptides 

Table S6.5: Overview of the calculated masses of all peptides used in this project, and the 
masses observed by LCMS. 

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

Pep2 [M - H+]- 1664.68 1665.10 

P2 [M - H+]- 1779.71 1769.51 

P6 [M - H+]- 1779.71 1686.85 

P5H-P6 [M + H+]+ 1779.75 1778.50 

P6-P8H [M + H+]+ 1760.38 1761.72 
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Summary and Perspectives 

Coiled coil peptides have found applications in synthetic biology because of their 

biocompatibility, high binding strength and selectivity for their binding partner. In 

this thesis, a synthetic membrane fusion system based on the heterodimeric coiled 

coil peptides ‘E’ and ‘K’ is investigated. Structural variants of these peptides are 

prepared and tested in fusion assays, to uncover the mechanism behind coiled-coil 

based membrane fusion. To improve upon the functionality of the system, the 

introduction of a photoactive azobenzene moiety is investigated. Coupling 

photoisomerization to coiled coil activity should allow for precise spatiotemporal 

control of biomolecules and nanomaterials containing coiled-coil peptides.  

As a mimic of naturally occurring side-chain palmitoylation, in Chapter 2 peptide 

derivatives were prepared with the lipid anchor positioned in the center of the 

peptide sequence (fCPK and fCPE), in contrast to attachment at the N-terminus. 

Liposomes containing these novel peptides showed reduced efficiency in fusion 

assays and liposomes with fCPE were unstable. These findings were attributed to 

homomeric peptide interactions between different lipopeptide containing 

liposomes. Homomeric interactions of peptide E were previously assumed to have 

either no effect, or a negative effect, on fusion efficiency. The observed instability 

demonstrates the role of homomeric peptide interactions in stabilizing the 

lipopeptide on the liposome surface before fusion can take place. Furthermore the 

conclusion can be drawn that terminally anchored coiled-coil peptides are more 

effective at inducing membrane fusion then peptides anchored in the center of the 

sequence. 

Previously, the membrane interactions of peptide K were considered one of the key 

features that allows for high fusion efficiency of the coiled-coil system. In Chapter 

3 this theory is further investigated via the preparation of intramolecular 

crosslinked (stapled) derivatives of peptide K. These stapled peptides are structural 

isomers that differ in the location and ring size of the macrocycle, achieved by the 

use of different dibromoxylene crosslinkers. This strategy was effective in 

increasing peptide α-helicity, coiled-coil binding strength and stability to 

denaturation, with calorimetric experiments revealing that this occurs through a 

preorganization mechanism. Liposomal fusion studies with stapled lipopeptides 
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demonstrated a large increase in content mixing, which was directly related to the 

increase in coiled-coil binding strength. This provides the conclusion that the 

previously proposed theory was incorrect for this peptide system and coiled-coil 

binding is the major driving force behind membrane fusion. The lipid membrane 

interactions might still be beneficial to the process, but for further optimization of 

this system they should not be the main focus. 

Because membrane fusion efficiency was strongly dependent on coiled-coil binding 

strength, active control over coiled-coil peptides was hypothesized as a novel 

strategy for controlling fusion efficiency. To test this hypothesis, in Chapter 4 

stapled peptides were prepared with the dibromoxylene crosslinker substituted by 

a photoactive azobenzene moiety. Photocontrol over peptide structure was shown 

for peptide K, and three-heptad coiled coils could also be switched between 

different folded states using light illumination. These results were promising, but 

the crosslinking strategy was very low yielding, therefore a different intramolecular 

crosslinking strategy is suggested for further investigation of this hypothesis. 

An alternative coiled coil photomodulation strategy was investigated in Chapter 5, 

not relying on crosslinking, but on the incorporation of azobenzene-based amino 

acids. Three azobenzene amino acids were prepared, two literature examples 

based on phenylalanine and one novel amino acid based on phenylglycine (APgly). 

Derivatives of peptide K containing these amino acids were easy to prepare, and 

showed effective photoisomerization. Out of the three photoactive amino acids, 

APgly showed both the highest overall coiled-coil binding and the largest difference 

in structure and binding between the two different isomers. This difference was 

hypothesized to originate from the methylene group present in phenylalanine, 

which positions the diazo group outside of the hydrophobic core. Molecular 

dynamics simulations support this theory and also displayed less distance changes 

between the two isomers of APgly. Together, these data show the novel APgly as 

an effective amino acid for coiled-coil photocontrol, acting through the disruption 

of the hydrophobic core by changing polarity after photoisomerization. 

This mechanism of photocontrol was hypothesized to extend to other peptides that 

self-assemble by forming a hydrophobic domain. In Chapter 6 we tested the ability 

of a phenylalanine-based azobenzene amino acid (APhe) to control folding and self-

assembly of a β-structured peptide known to form self-assembled peptide fibers. 

Both peptide structure and self-assembly characteristics could be controlled 

through APhe isomerization, with its position in the peptide also observed to affect 
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peptide fiber oligomerization. To test if this change in self-assembly could be used 

to change peptide activity, catalytic histidine residues were introduced in the 

peptide sequence. In ester hydrolysis experiments, photoisomerization was 

observed to affect the organocatalytic reaction rates of the peptides, but the exact 

mechanism through which this occurs is not yet clear. This chapter confirms the 

initial hypothesis, that the photoisomerization of azobenzene-based amino acids 

can be used to control self-assembly of β-structured peptides, in addition to α-

helical peptides.  

The work presented in this thesis directly impacts the development of synthetic 

membrane fusion systems. Peptide stapling was shown to be an effective technique 

to increase coiled-coil binding, which, in turn was shown to be the major 

contributor to the effectiveness of the E/K coiled-coil membrane fusion system. It 

also provides a new hypothesis; that regulation of synthetic membrane fusion can 

be achieved through active control over coiled-coil formation. Furthermore, the 

presented work on peptide photocontrol of both α-helical coiled-coils and β-

structured peptides provides a mechanistic background, and a novel amino acid, 

that can be used to introduce photo-responsive activity in many other peptide or 

protein systems. These techniques function as tools for the generation of active 

materials in synthetic biology, and might help shine a light on the complex protein 

interactions observed in the natural world.  
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Nederlandse Samenvatting 

Coiled coil peptiden hebben een sterke en selectieve binding die verenigbaar is met 

biologische systemen. Deze eigenschappen maken coiled coil peptiden de ideale 

bouwsteen in de synthetische biologie. In deze thesis wordt een synthetisch 

membraanfusie system onderzocht, gebaseerd op de peptiden ‘E’ en ‘K’, die in 

combinatie een dimerische coiled coil vormen. Verschillende structurele varianten 

van deze peptiden zijn geprepareerd en getest op hun eigenschappen in fusie-

experimenten, met als doel het achterliggende mechanisme op te helderen. Om de 

functionaliteit van dit coiled-coil system te vergroten is de introductie van een licht-

actieve azobenzeen groep onderzocht. Het koppelen van de licht-gedreven 

isomerisatie van de azobenzeen met de structuur van de coiled-coil introduceert 

een schakel-functie in de activiteit van deze peptiden. Deze schakel functie leidt tot 

controle over de activiteit van biomoleculen en nano-materialen gebaseerd op deze 

coiled coil peptiden. 

Een vaak voorkomende modificatie van aminozuur zijketens in de natuur is het 

bevestigen van een palmitinezuur, of andere vetstaart. In hoofdstuk 2 wordt 

onderzocht hoe de plaatsing van vetstaarten op de zijketens van aminozuren, in 

plaats van op de N-terminus, effect heeft op de efficiëntie van membraanfusie. 

Liposomen gemodificeerd met deze nieuwe peptiden (fCPK en fCPE) lieten een 

vergelijkbare of verminderde fusogeniciteit zien, waarbij in het geval van fCPE 

waren deze liposomen niet stabiel. Deze veranderingen zijn toegekend aan de 

homomerische interacties tussen liposomen gemodificeerd met deze peptide. In 

eerdere studies zijn de homomerische interacties van peptide E altijd als niet 

belangrijk beschouwd. De instabiliteit die in deze studie is geobserveerd laat zien 

dat de homomerische interacties toch een belangrijke rol spelen; ze stabiliseren de 

peptiden op het oppervlakte van liposomen, nog voordat fusie plaats kan vinden. 

Daarnaast kan de algemene conclusie getrokken worden dat peptide die terminaal 

verankert zijn aan het membraan een gelijke of hogere efficiëntie van fusie 

vertonen. 

Eerdere studies naar de interacties van peptide K hebben aangetoond dat deze 

peptide een affiniteit heeft voor lipidenmembranen, wat is voorgesteld als één van 

de redenen voor de efficiëntie van het E/K fusiesysteem. In hoofdstuk 3 wordt deze 
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theorie verder onderzocht via de preparatie van cyclisch varianten (ook wel bekend 

als ‘stapled peptides’) van peptide K. Deze cyclische varianten zijn structurele 

isomeren van elkaar, welke alleen verschillen in de locatie van de modificatie en de 

grootte van de ring. Dit is gerealiseerd door het verbinden van twee cysteïnes met 

verschillende dibromoxyleen linkers. Deze cyclisatie strategie resulteerde in meer 

gevouwen peptiden, sterkere binding en meer stabiliteit van de respectievelijke 

coiled-coils, wat verklaard wordt door een pre-organisatie mechanisme. Fusie-

experimenten met cyclische peptide die een lipide anker bevatten resulteerden in 

een zeer efficiënte menging van de inhoud van liposomen, welke direct gerelateerd 

is aan de toename in bindingssterkte van de peptide. Deze resultaten leiden tot de 

verwerping van de vorige hypothese en stelt dat de bindingssterkte van de coiled 

coil peptiden de grootste drijfveer is achter de fusie van membranen. Een positief 

effect op fusie door de interacties van peptide K met lipiden membranen is hiermee 

niet uitgesloten, maar verdient niet de focus in de optimalisatie van dit systeem. 

Omdat de fusie-activiteit sterk afhankelijk was van de bindingsterkte van de coiled-

coil, zou het theoretisch mogelijk moeten zijn om deze fusie-activiteit aan of uit te 

zetten door een actieve component in te bouwen in de binding van de coiled coil 

peptiden. Deze hypothese wordt onderzocht in hoofdstuk 4, waar opnieuw stapled 

peptides worden gemaakt, maar in dit project is de xyleen linker vervangen door 

een licht-actieve azobenzeen. Deze azobenzeen heeft twee verschillende isomeren, 

‘cis’ en ‘trans’, en isomerisatie tussen deze twee conformaties is mogelijk met 

behulp van licht. Deze strategie is toegepast op peptide K en resulteerde in controle 

over zijn structuur met behulp van licht. Coiled-coils met een lengte van 21 

aminozuren konden ook tussen verschillende structuren wisselen met behulp van 

licht. Deze resultaten tonen aan dat deze strategie in principe toepasbaar is, maar 

synthese van deze varianten met een azobenzeen linker was erg inefficiënt. Voor  

praktische toepassingen is dus andere methode vereist.   

In hoofdstuk 5 wordt een nieuwe strategie onderzocht voor controle over de self-

assemblage van coiled coil peptiden met behulp van licht. Deze strategie maakt 

gebruik van aminozuren die een azobenzeen groep bevatten, en plaatst deze 

azobenzeen in het hydrofobe domein van de coiled-coil. Drie verschillende 

aminozuren met een azobenzeen groep zijn getest; twee daarvan zijn gebaseerd op 

eerder onderzoek met de structuur van fenylalanine als basis. Het derde aminozuur 

is een nieuw ontwerp op basis van fenylglycine (genaamd APgly). De synthese van 

peptide K varianten met deze aminozuren was eenvoudig en de azobenzeen 
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groepen vertoonden na de synthese nog steeds goede isomerisatie eigenschappen. 

Van de drie varianten vertoonde peptide K met APgly het grootste verschil in 

binding tussen de twee isomeren van de azobenzeen, en de sterkste coiled coil 

binding in het algemeen. Dit verschil komt waarschijnlijk door de extra methyleen 

groep in de phenylalanine-derivaten, welke de azobenzeen buiten het hydrofobe 

domein van de coiled-coil plaatst. Moleculaire simulaties ondersteunen dit idee en 

lieten ook kleinere structuurveranderingen zien in de positie van de azobenzeen in 

APgly in vergelijking met dezelfde phenylalanine variant. Deze resultaten laten dit 

zien dat het nieuwe aminozuur APgly effectief de binding tussen coiled coil 

peptiden kan beïnvloeden, wat veroorzaakt wordt door verstoring van het centrale 

hydrofobe domein in de coiled-coil na foto-isomerisatie van de azobenzeen.  

Ditzelfde mechanisme zou in principe toepasbaar moeten zijn op andere peptiden-

structuren met een hydrofoob domein. In hoofdstuk 6 wordt getest of azobenzeen-

gemodificeerd phenylalanine (APhe) in staat is de structuur en zelf-assemblage van 

peptiden met een β-structuur te beïnvloeden. Hiervoor zijn peptiden gebruikt die 

bekend zijn om te assembleren als ‘β-sheet’ vezels, waarbij de binnenkant van de 

vezels bestaat uit hydrofobe aminozuren. Zowel de β-sheet structuur als de self-

assemblage van deze peptiden kon met licht beïnvloed worden wanneer één van 

de aminozuren was veranderd tot APhe, met de positie in de sequentie van invloed 

op de oligomerisatie van peptiden vezels. Om te onderzoeken of de structurele 

veranderingen veroorzaakt door APhe isomerisatie leidt tot verschillen in de 

activiteit van de peptiden, is er een katalytische histidine in de sequentie 

geïntroduceerd. De hydrolyse van esters, gekatalyseerd door deze peptiden, kon 

beïnvloed worden door isomerisatie van de azobenzeen, hoewel hier nog geen 

duidelijk verband tussen de β-structuur en de hydrolyse snelheid geobserveerd is. 

Dit hoofdstuk bevestigd de hypothese; dat de foto-isomerisatie van azobenzeen 

bevattende aminozuren ook gebruikt kan worden voor het verstoren van 

hydrofobe domeinen in β-sheet peptiden.  

In deze thesis worden verschillende onderzoeken gepresenteerd met als doel het 

ontwikkelen van een ideaal synthetisch membraanfusie-systeem. Het aanbrengen 

van peptiden staples resulteerde in een hogere coiled coil binding, wat direct 

gerelateerd kan worden met de fusie-efficiëntie van het systeem. Dit onderzoek 

heeft ook tot de nieuwe hypothese geleid; dat membraanfusie gecontroleerd plaats 

kan vinden door actieve controle over de bindingsterkte van de coiled-coil. De 

tweede helft van deze thesis introduceert een nieuwe strategie om zowel coiled 
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coil peptiden met een α-helix structuur, als die van β-sheet vormende peptide te 

beïnvloeden met licht. Deze strategie berust op aminozuren met een licht-actieve 

azobenzeen groep, die de hydrofobe domeinen van deze geassembleerde peptiden 

verstoord. De α-helix en β-structuur zijn de twee meest voorkomende structuren 

in eiwitten, en suggereren daarmee dat deze strategie algemeen toepasbaar is in 

andere peptiden en eiwitten. Deze nieuwe methode gaat hopelijk een brede 

applicatie vinden in de synthetische biologie, en daarmee een licht schijnen op de 

complexe eiwit-interacties die voorkomen in de natuur.  
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