
VU Research Portal

Controlling the conformational constraint of peptides to modulate their target affinity

Müller, C.

2019

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Müller, C. (2019). Controlling the conformational constraint of peptides to modulate their target affinity. [PhD-
Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/9f6db24c-c29e-486b-8cdd-8adcd692786f


 

 

 

Chapter 3 

 
 

Coiled-coil Peptide Beacon: 
A Tuneable Conformational Switch 

for Protein Detection 
 

 

 

 

 

 

 

This chapter is published in: 

C. Mueller, T. N. Grossmann Coiled-Coil Peptide Beacon: A Tuneable 
Conformational Switch for Protein Detection. Angewandte Chemie International 
Edition 57, 17079-17083 (2018)  

DOI: 10.1002/anie.201811515



Chapter 3 – Coiled-coil Peptide Beacon
 

58 

Abstract 

The understanding of protein folding and assembly is of central importance for the design 
of proteins and enzymes with novel or improved functions. Minimalistic model systems, 
such as coiled-coils, provide an excellent platform to improve this understanding and to 
construct novel molecular devices. Along those lines, we designed a conformational switch 
which is composed of two coiled-coil forming peptides and a central binding epitope. In the 
absence of a binding partner, this switch adopts a hairpin-like conformation which opens 
upon receptor binding. We show that variation of the coiled-coil length modulates the 
strength of the intramolecular constraint. The two conformational states of this switch have 
been linked with characteristic fluorescent properties which enables the detection of the 
receptor in real-time. 

Introduction 

The folding propensity of proteins and their assembly into higher order structures has 
inspired the design of minimal peptide folds and interaction motifs.1–3 A prime example is 
the coiled-coil structural motif which has emerged as a powerful tool to assemble 
macromolecular architectures.4–8 Coiled-coils consist of at least two α-helical peptides 
forming a super helix. Each peptide harbours a heptad pattern denoted as (abcdefg)n with 
a characteristic arrangement of polar (p) and hydrophobic (h) residues. A common pattern 
is (hpphppp)n in which both helices associate via a hydrophobic interface. Each of the 
interface residues has a specific position in a knob-into-hole manner, allowing the design of 
diverse coiled-coil assemblies.4–8 In heterodimeric coiled-coils the use of two different 
peptides, each with a characteristic arrangement of basic and acidic residues, facilitates 
specific and predictable interactions.9–16 E.g. parallel heterodimeric coiled-coils can be 
assembled by placing lysine at positions “e” and “g” of one helix (basic) while equipping the 
same positions in the other one (acidic) with glutamic acid.14 The variation of the remaining 
residues can also be used to modulate the alignment and stability of the coiled-coils. Taking 
advantage of the reversible assembly of dimeric coiled-coils, dynamic systems have been 
devised which give control over intermolecular coiled-coil formation.17–21 In addition, the 
grafting of helical peptide epitopes onto coiled-coils was used to enhance receptor 
recognition by enforcing helicity of the epitope.22,23 Intramolecular coiled-coil arrangements 
provide access to hairpin-like structures.24–28 In one such example, a hairpin has been 
designed that switches between two distinct conformations, one involving an inter- and the 
other one an intramolecular coiled-coil.24 

DOI: 10.1002/anie.201811515



Chapter 3 – Coiled-coil Peptide Beacon
 

59 

Often, molecular switches can adopt two defined conformations which interchange due to 
a particular external stimulus (e.g. light or binding partner). These two different states can 
be linked to distinct physico-chemical properties (e.g. fluorescence intensity or catalytic 
activities).29–31 The hairpin architecture is one of the smallest geometries used to construct 
macromolecular switches. A particularly successful example involves so-called molecular 
beacons which can detect the presence of certain DNA or RNA sequences.32,33 Molecular 
beacons are composed of DNA or DNA-analogues and spontaneously adopt a hairpin-like 
structure. In this hairpin a central recognition motif (loop) is flanked by two complementary 
sequences forming an intramolecular stem. The termini of the hairpin are labelled with a 
fluorophore/quencher pair resulting in low fluorescence in the closed hairpin conformation 
(off-state).32,33 Binding of the loop to the target nucleic acid results in hairpin opening which 
triggers the separation of fluorophore and quencher thereby resulting in increased 
fluorescence intensity (on-state). To broaden the applicability of molecular beacons 
towards protein detection, the loop was equipped with protein-binding DNA-sequences33–

35 or peptides.36–39 As an important feature, the constraint enforced by the nucleic acid stem 
can be tuned via the lengths of involved sequences and thereby adjusted to the affinity of 
the loop/target complex. 

Results and discussion 

Giving the selective binding and adjustable stability of coiled-coils, we envisioned a hairpin 
structure (figure 1) fully composed of peptide modules involving two coiled-coil helices 
which flank a central peptide ligand thereby constraining the ligand in a loop structure. In 
this setup, the strength of the constraint can be adjusted by varying the length of at least 
one of the coiled-coil helices. To allow a readout of its conformational state, the termini of 
the coiled-coil hairpin are equipped with a fluorophore/quencher pair (figure 1). To ensure 
hairpin opening upon target binding, it is crucial to use a peptide ligand (L) which binds its 
receptor (R) in a conformation not compatible with coiled-coil formation. We based our L/R 
pair on the complex between MLL (mixed-lineage leukemia, aa 2840 - 2858)40 and CBP 
(CREB-binding protein, aa 590 - 670)41 which is involved in the transcriptional activation of 
numerous eukaryotic genes. Based on an available NMR structure,40 we chose the 17-mer 
interaction motif of MLL (L, 2842 - 2858) as loop of the hairpin. L binds its receptor CBP (R) 
in a partially α-helical and extended conformation (figure 1) resulting in a distance between 
the N- and C-terminus of ~30 Å. This is considerably longer than the distance between the 
N-terminal amino acids in two interacting heptads (gabcdef, ~10 Å,10 figure 1 and 
supporting figure S1).  
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Figure 1. Coiled-coil peptide beacon in the open and closed conformation. Cartoon representation of a coiled-coil 
dimer (grey, PDB ID 1kdd including distance between analogue heptad positions g), and of the ligand/receptor 
complex (L/R, PDB ID 2lxs, distance between N- and C-terminus of ligand L (orange)).40 The surface area of receptor 
R involved in L binding is highlighted in green. The sequence of ligand L can be found in figure 2a). 

Consequently, the formation of the L/R complex would prevent coiled-coil formation. 
Importantly, in its unbound state, L is highly flexible42 which should allow coiled-coil 
formation. Initially, the stability of the L/R complex was determined. For that purpose, 
fluorescently labelled L was synthesized on solid support using Fmoc-based protocols, while 
R was obtained by heterologous expression from Escherichia coli (supporting figure S2). A 
fluorescence anisotropy (FA) assay revealed a dissociation constant (Kd = 0.39 ± 0.07 µM, 
supporting figure S3) in the expected range.43,44  

The hairpin stem region is based on three heptad repeats (21 amino acids per helix) of a 
parallel heterodimeric coiled-coil as this is considered the minimal intermolecular 
dimerization motif.14,16 Based on a parallel heterodimer reported by Woolfson and 
coworkers,14 we designed three coiled-coil structures all of them involving the same 21-mer 
acidic sequence (q21) but different basic peptides (figure 2a): A 21-mer peptide (f21) and 
two C-terminally truncated versions including a 17-mer (f17) and a 13-mer (f13). As 
fluorophore/quencher pair, fluorescein isothiocyanate (FITC) and Dabcyl were chosen. 
Dabcyl was attached to the acidic peptide (q21) via the ε-amino group of an additional C-
terminal lysine. Analogously, FITC was attached to the three basic peptides (f13, f17, f21, 
figure 2a). All four labelled peptides were obtained via Fmoc-based solid-phase peptide 
synthesis, and the stability of the three corresponding intermolecular coiled-coils (fxx/q21, 
with fxx representing f13, f17 and f21) determined using fluorescence readout.   
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Figure 2. a) Sequences of L, q21, f13, f17 and f21 including their C-terminal labels (B: norleucine; FITC: fluorescein 
isothiocyanate; Dabcyl: 4-([4-(dimethylamino)phenyl]-azo)-benzoyl); b) Intermolecular coiled-coil formation 
between q21 and the three fxx peptides monitored via fluorescence readout. Relative fluorescence intensity 
(relative FI) is plotted and resulting Kd-values are given. Measurements were performed in triplicates (error: 1σ) in 
buffer (25 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM TCEP, 0.01 % Tween-20). 

Coiled-coil formation (hetero-dimerization) brings fluorophore and quencher in spacial 
proximity which results in reduced fluorescence intensities. Concentration-dependent 
fluorescence intensity measurements allowed the determination of Kd-values (figure 2b). 
The two 21-mer peptides provide the most stable complex with a dissociation constant in 
the expected range (Kd(f21/q21) = 1.2 µM).14 For f17/q21 and f13/q21 considerably lower 
stabilities were observed (Kd = 19 µM and 37 µM, respectively). To exclude interference 
between the coiled-coil peptides and the L/R complex, we performed a FA assay confirming 
very low affinities of all peptides for R (Kd > 0.1 mM, supporting figure S4). 

Having verified the functionality of the isolated loop (peptide L) and stem region 
(coiled-coil), we approached the synthesis of the entire coiled-coil peptide beacon 
(figure 3a). The basic peptides were N-terminally extended with the L sequence and 
equipped with an N-terminal cysteine (fxx-L, sequences in supporting table S2). Peptide q21 
was N-terminally modified with chloroacetamide (el-q21) to facilitate a head-to-head 
linkage with the thiol modified fxx-L peptides, providing the three desired hairpins 
(fxx-L-q21, figure 3a). Initially, reactant concentrations were applied that had previously 
been used in analogous intermolecular reactions (c = 100 µM).45 However under these 
conditions, only el-q21 and f13-L showed sufficient solubility providing 47 % product 
(f13-L-q21) after 1 h (based on HPLC, figure 3b).  
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Figure 3. a) Ligation of cysteine-modified fxx-L with chloroacetamide-modified el-q21 providing the desired 
product fxx-L-q21; b-d) HPLC traces (λ = 440 nm including applied gradient) before (grey) and after ligation reaction 
(black). Reactant concentration (c) and reaction times (t) are given (reaction buffer: 25 mM HEPES, pH 7.4, 100 
mM NaCl, 1 mM TCEP). 

Since the addition of organic solvents did not improve solubility of f17-L and f21-L (data not 
shown), ligation reactions were performed at lower reactant concentrations (c = 10 µM). 
Under these conditions, we did not observe product formation for f13-L (data not shown), 
but obtained the desired ligation products for f17-L (61 % f17-L-q21 after 3 h, figure 3c) and 
f21-L (60 % f21-L-q21 after 0.5 h, figure 3d). These observations suggest a proximity induced 
acceleration of the ligation reaction, which increases with the stability of involved coiled-
coils (f13/q21 < f17/q21 < f21/q21). Based on these findings, larger reaction scales were 
performed to obtain the required amounts of the three ligation products (supporting 
methods and appendix). 

First, we investigated the solubility of the peptide beacons (fxx-L-q21) in a concentration 
range expected for subsequent assays by determining their concentration-dependent 
fluorescence intensities. These measurements show a linear dependency 
(c = 6.25 - 200 nM, supporting figure S5) indicating sufficient solubility. When comparing 
the fluorescence intensities between the three closed beacons (no receptor R, light grey, 
figure 4a), we observed an increase with decreasing coiled-coil length (relative fluorescence 
f21-/f17-/f13-L-q21 = 1 : 1.3 : 2.1). This increase in fluorescence is in line with the increasing 
distance between fluorophore and quencher due to the shortening of the basic coiled-coil 
peptide (figure 3b-d). In the presence of R (c = 25 µM, dark grey, figure 4a), we observe 
strong fluorescence increases for f13-L-q21 (2.0-fold) and f17-L-q21 (3.0-fold) indicating an 
opening of the hairpin structure. 
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For f21-L-q21, this is not the case. To determine affinities between the coiled-coil beacons 
and R, we performed titration experiments applying constant beacon concentrations 
(c = 100 nM) while varying the concentration of R (c = 49 pM - 700 µM, figure 4b). The two 
shorter beacons provide sub-micromolar affinities for R (Kd(f13-L-q21) = 0.62 µM and 
Kd (f17-L-q21) = 1.27 µM) while f21-L-q21 does not provide a sigmoidal curve which may 
indicate very low affinity for R (Kd > 1 mM, figure 4b). Relative to the unconstrained peptide 
L (Kd = 0.39 µM, supporting figure S3), all hairpin structures experience a loss in binding 
affinity which appears to increase with increasing coiled-coil stability. 

 
Figure 4. a) Fluorescence intensity (FI) of fxx-L-q21 beacons (c = 100 nM) in the absence (light grey) and presence 
of receptor R (dark grey, c = 25 µM). Factor of fluorescence increase is provided; b) Titration of receptor R 
(c = 49 pM - 700 µM) to each fxx-L-q21 beacon (c = 100 nM). Kd-values are provided. All measurements were 
performed in triplicates (error: 1σ) in buffer (25 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM TCEP, 0.01 % Tween-20); 
c) Circular dichroism (CD) spectra (192 – 260 nm) of unlabelled fxx-L-q21 beacons (c = 30 µM) in 10 mM sodium 
phosphate buffer, pH 7.4; d) Temperature dependence of molar ellipticity (ϴ) at 220 nM of unlabelled fxx-L-q21 
beacons (c = 30 µM, in 10 mM sodium phosphate buffer, pH 7.4). 
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To verify intramolecular coiled-coil formation, we aimed at a characterization of the hairpin 
structures via circular dichroism (CD) spectroscopy. Since the labelled hairpins exhibit 
relatively low solubility (ca. 1 µM, data not shown), they were not suitable for CD studies. 
Knowing that chromophore labels tend to reduce the solubility of peptides, we considered 
the use of unlabelled coiled-coil hairpins. Initially, we compared the unlabelled 
intermolecular coiled-coils (f13/q21, f17/q21, f21/q21) with their labelled analogues, which 
exhibit sufficient solubility. Notably, CD spectra and melting temperatures (Tm) are very 
similar for the corresponding labelled and unlabelled coiled-coils (supporting figure S6). 
Consequently, the unlabelled coiled-coil hairpins were synthesized showing indeed 
increased solubility. For the three unlabelled hairpins, CD spectra show a pronounced α-
helical structure (figure 4c) with the expected increase in α-helicity upon stem elongation 
(from 50 to 81 % helicity). Analogous trends are observed when comparing the Tm-values of 
the three hairpins revealing increasing thermal stability with increasing stem length (figure 
4d). Notably, all hairpin structures (unlabelled fxx-L-q21) show higher helicity and thermal 
stability than their intermolecular counterparts (unlabelled f13/q21, supporting table S1) 
indicating a proximity-induced enhancement of coiled-coil stability. To determine the 
hydrodynamic diameter (d) of the unlabelled coiled-coil hairpins and to investigate the 
presence of higher order structures, we performed dynamic light scattering (DLS) 
experiments (supporting figure S7). For f13-L-q21 and f17-L-q21, these experiments reveal 
diameters in the expected range (d = 3.5 ±0.7 and d = 3.7 ±0.7 nm, respectively). For 
f21-L-q21 though, we observed two dominant signals: one corresponding to the monomer 
(d = 3.7 ±0.8 nm) and another one indicating the presence of a larger species 
(d = 29 ±9 nm). To verify these observations, we also performed analytical size exclusion 
chromatography (SEC) providing a single peak for all three hairpins (supporting figure S8). 
For f21-L-q21, the retention volume (Vr = 15.9 mL) corresponds to a molecular weight of 
8.8 ±0.8 kDa indicating the presence of a monomer (calculated MW = 7.0 kDa). f13-L-q21 
and f17-L-q21 provide slightly higher retention volumes (Vr = 13.5 and 15.1 mL, 
respectively) which is in line with their partially disordered structures.46 Taken together, DLS 
and SEC verify the monomeric character of f13-L-q21 and f17-L-q21. For f21-L-q21 oligomer 
formation appears to be possible (based on DLS, c = 30 µM). 
Having investigated the closed hairpin conformation, we next turned to the R-bound open 
form, focusing on the question if hairpin opening results in intermolecular coiled-coil 
formation thereby triggering oligomerization. In particular for f13-L-q21 and f17-L-q21, this 
is unlikely given the low intermolecular binding affinity (Kd = 19 µM and 37 µM, 
respectively) and the considerable fluorescence increases upon receptor binding 
(figure 4b). In line with these considerations, DLS experiments show for both hairpins the 
presence of the expected monomeric hairpin/R complex (supporting figure S9). For 
f21-L-q21, we observe peaks with large hydrodynamic radius (d > 20 nm, supporting 
figure S9) indicating oligomer formation under these conditions. This behaviour together 
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with low fluorescence increase upon addition of R (figure 4b) and the high thermal stability 
(figure 4d) indicate a complex binding behaviour for f21-L-q21 which we will however not 
further investigate in this study. 

Next, we were interested (i) if binding of the labelled peptide beacon to R is reversible and 
(ii) if the anticipated binding site on R is indeed addressed. For this purpose, we synthesized 
unlabelled peptide L which should compete with the labelled beacon for R binding. In 
addition, we chose a peptide ligand (aL) derived from CREB (cAMP response element-
binding protein, aa 120 - 146)40 which binds R at an alternative binding site. A previously 
reported NMR structure (figure 5a)40 shows the trimeric complex composed of R, L (orange) 
and aL (grey). The stability of the aL/R complex was confirmed in a FA assay 
(Kd = 0.15 ±0.02 µM, supporting figure S10). For subsequent competition experiments, we 
chose the two coiled-coil beacons (f13-L-q21 and f17-L-q21) which show unambiguously 
binding to R. After complex formation, varying concentrations of L (orange) or aL (grey) 
were added and fluorescence intensities determined (figure 5b and c). These 
measurements clearly show that peptide L competes with both beacons (orange, figure 3b 
and c) verifying the reversibility of beacon binding. In agreement with the more stable 
complex between f13-L-q21 and R, higher concentrations are required to compete with 
f13-L-q21 (IC50 = 23 µM) than with f17-L-q21 binding (IC50 = 12 µM). Importantly, the 
alternative ligand aL does not compete with beacon binding (grey, figure 5b and c) verifying 
site specific binding of f13-L-q21 and f17-L-q21. 

 
Figure 5. a) NMR structure (PDB ID 2lxt) of the trimeric complex between R (white), L (orange) and aL (grey);40 b, 
c) Competition assay with preformed complex between fxx-L-q21 (c = 100 nM) and R (c = 5 µM). Normalized 
fluorescence is plotted and resulting IC50-values are provided. Measurements were performed in triplicates (error: 
1σ) in the same buffer (25 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM TCEP, 0.01 % Tween-20). 
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Summary and further Perspectives 

Taken together, we have designed a peptide-based conformational switch composed of two 
coiled-coil forming peptide sequences and a central binding motif. In the absence of a 
binding partner, this molecular switch adopts a hairpin-like conformation which opens upon 
receptor engagement. The attachment of a fluorophore/quencher pair to the hairpin 
termini allows the detection of conformational changes in real-time. We show that the 
length of the coiled-coil modulates the strength of the intramolecular constraint thereby 
defining overall receptor affinity. This novel peptide-based switch is a minimalistic model 
for two competing protein–protein interactions (intra- vs. intermolecular) each linked with 
a distinct conformational state. Over the last years, peptide-based molecular switches, in 
particular photochromic ones, have been applied to study and modulate biological 
signalling processes and regulatory mechanisms.47 Along those lines, coiled-coil-based 
hairpins hold the potential to contribute novel chemical biology tools that are sensitive to 
alternative stimuli.  
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Methods 

Protein expression and purification 

Escherichia coli BL21 DE3 were transformed with GST fusion construct of the KIX domain (R) 
of CBP (CREB-binding protein, aa 590 - 670) on a modified pGEX-4T1 (GST-TEV-KIX) vector. 
After heat shock transformation, bacteria were grown on an agar plate with 100 μg·mL-1 
ampicillin as selection marker at 37 °C overnight. The colonies were rinsed into 2.5 L culture 
of teriffic broth medium (100 μg·mL-1 ampicillin) for inoculation. After culture reached an 
optical density of 1.1 (λ = 600 nm), expression was induced with 0.5 mM IPTG and 
performed at 20 °C and 120 rpm overnight. After harvesting the cells by centrifugation at 
4000 rcf and 4 °C for 15 min, the cell pellet was resuspended in 30 mL lysis buffer (50 mM 
HEPES, pH 7.4, 500 mM NaCl, 2 mM TCEP), shock freezed in liquid N2 and stored at -80 °C 
until protein purification. For protein purification the resuspended pellet was thawn and 
50 mL lysis buffer, 2 mM PMSF and DNase were added. The cells were disrupted using the 
Microfluidizer 1109. After four cycles of homogenization, the cell debris were removed by 
centrifugation at 70.000 rcf at 4 °C for 1 h. To isolate KIX (R), the soluble fraction was applied 
to a Glutathione Sepharose High Performance packed column (GE Healthcare). The GST 
fusion protein was eluted with 50 mM HEPES, pH 7.4, 100 mM NaCl, 2 mM TCEP and 20 mM 
reduced GSH. For affinity tag removal, TEV-protease was added and incubated overnight at 
4 °C. Subsequently a size exclusion chromatography using a HiLoad 16/600 Superdex 75 pg 
(GE Healthcare) and 50 mM HEPES, pH 7.4, 100 mM NaCl, 2 mM TCEP as buffer was 
performed. As final purification step, remaining GST was removed using a GSTrap FF column 
(GE Healthcare). The purified protein solution was concentrated by ultrafiltration and 
stored at -80 °C in 50 mM HEPES, pH 7.4, 100 mM NaCl, 2 mM TCEP. The pure protein was 
used fresh in every experiment and analytics are shown in (supporting figure S2). 

Peptide synthesis 

All peptides were synthesized by Fmoc-based solid-phase peptide synthesis on H rink amide 
ChemMatrix resin (Merck KGaA). The peptide sequences were assembled using an 
automated synthesizer (Syro II, MultiSynTech GmbH). Amino acid coupling was performed 
by using 4 equivalents (eq) of the Fmoc protected amino acids (Iris Biotech GmbH) according 
to the initial loading of the resin, 4 eq of benzotriazole-1-yl-oxy-tris-pyrrolidino-
phosphonium hexafluorophosphate (PyBOP) and 8 eq 4-methylmorpholine (NMM) were 
added to the resin for 40 min. Sequentially of this coupling procedure a third coupling using 
4 eq O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-phosphate 
(HCTU), 8 eq N,N-diisopropylethylamine (DIPEA) and 4 eq of the Fmoc-protected amino acid 
for 40 min was performed. After triple coupling, a capping step was performed using 
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acetanhydride (Ac2O) and DIPEA in N-methyl-2-pyrrolidinone (NMP) (1:1:10) for 10 min. For 
Fmoc deprotection, the resin was treated with 20 % piperidine in dimethylformamide 
(DMF) for 5 min, twice. After each step, the resin was washed 4 times with DMF. 
Chloroacetic acid and 4-Dimethylaminoazobenzene-4'-carboxylic acid (Dabcyl) were 
coupled manually using 4 eq of the corresponding acid, 4 eq PyBOP and 8 eq DIPEA for 1.5 h, 
twice. The fluorescently labelled L peptide (f-L) was obtained by N-terminal coupling of 8-
(9-fluorenylmethyloxycarbonyl-amino)-3,6-dioxaoetanoic acid (Fmoc-Peg2-OH). After 
Fmoc-deprotection, fluorescein-isothiocyanate (FITC) was coupled using 4 eq of FITC and 
8 eq DIPEA for 1.5 h, twice. fxx peptides and q21 were labelled via their C-terminal Lysine 
side chain. Therefore, the C-terminally incorporated Fmoc-Lys(Mmt)-OH was deprotected 
using 1 % trifluoroacetic acid (TFA) and 2.5 % triisopropylsilane (TIPS) in DCM for 20 min, six 
times. FITC and Dabcyl were coupled as stated above. For competition experiments, the 
peptides L and aL were acetylated with Ac2O and DIPEA after final Fmoc deprotection. 

Final cleavage was performed with 94 % TFA, 2.5 % 1,2-ethanedithiole (EDT), 2.5 % H2O and 
1 % TIPS for 2 h, twice. The cleavage solutions were combined and peptides were 
precipitated with diethyl ether (Et2O) at -20 °C for 15 min. Peptides were resolved in 
water/acetonitrile (ACN) 1:1 and purified by reversed-phase HPLC (Macherey-Nagel 
Nucleodur C18 culumn; 10×125 mm, 110 Å, 5 µm particle size) using a flow rate of 6 mL·min-

1 (A: water with 0.1 % TFA, B: ACN with 0.1 % TFA). Obtained pure fractions were pooled 
and lyophilized. Peptide characterization was performed by analytical HPLC (1260 Infinity, 
Agilent Technology; flow rate of 1 mL·min-1, A: water with 0.1 % TFA, B: ACN with 0.1 % TFA) 
coupled with a mass spectrometer (6120 Quadrupole LC/MS, Agilent Technology) using 
electrospray ionization (Agilent Eclipse XDB-C18 culumn, 4.6×150 mm, 5 µm particle size). 
Analytical HPLC chromatograms recorded at 210 nm or 280 nm and MS spectra (masses and 
m/z ratios in supporting table S2) are shown in supporting appendix. Quantification of 
acetylated peptides were performed by HPLC-based comparison (chromatogram at 
210 nm) with a reference peptide, quantification of fluorescein-labelled peptides was 
performed using the extinction coefficient ε = 77.000 M-1·cm-1 of fluorescein isothiocyanate 
(FITC) in 100 mM sodium dihydrogen phosphate, pH 8.5 and quantification of Dabcyl 
labelled peptides were performed using the extinction coefficient ε = 32.800 M-1·cm-1 of 
Dabcyl in methanol. Concentrations of peptides containing FITC and Dabcyl simultaneously 
were determined by using their combined extinction coefficient ε = 99.200 M-1·cm-1 in 
100 mM sodium dihydrogen phosphate, pH 8.5.  
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Peptide ligation reactions 

Analytical scale reactions 

Ligation reactions were performed using a 1:1 molecular ratio of reactant peptides. 
Therefore, 1 nmol of the fxx-L peptides (c = 0.6 – 1 mM in DMSO) was pre-incubated in 10x 
TCEP-buffer (25 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM TCEP) for 15 min. Subsequently, 
this solution was diluted with standard buffer (25 mM HEPES, pH 7.4, 100 mM NaCl) and 
1 nmol el-q21 (c = 4.7 mM in DMSO) was added to obtain the final reaction solution (for 
f13-L: c = 100 µM, V = 10 µL; f17-L and f21-L:  c = 10 µM, V = 100 µL) The reactions were 
performed at 25 - 30 °C and stopped by addition of TFA (2 % v/v). Reaction progress was 
evaluated with analytical HPLC (1260 Infinity, Agilent Technology; flow rate of 1 mL·min-1, 
A: water with 0.1 % TFA, B: ACN with 0.1 % TFA) coupled with a mass spectrometer (6120 
Quadrupole LC/MS, Agilent Technology) using electrospray ionization (Agilent Eclipse XDB-
C18 culumn, 4.6×150 mm, 5 µm particle size) and product yields were determined based on 
integrated peak areas. 

Larger scale reactions 

For preparative ligation reactions, reactants were used in a 1:1 ratio (20 nmol each). The 
fxx-L peptides were pre-incubated with 10x TCEP-buffer (25 mM HEPES, pH 7.4, 100 mM 
NaCl, 10 mM TCEP). After 15 min, the peptide solution was diluted with buffer (25 mM 
HEPES, pH 7.4, 100 mM NaCl) and el-q21 was added to obtain a total volume of V = 0.2 mL 
for f13-L (final c = 100 µM) and V = 2 mL for f17-L and f21-L (final c = 10 µM). Reactions were 
performed at 30 °C for 1 h (f13-L, f21-L) and 3 h (f17-L). After stopping the reaction with 
TFA (2 % v/v), the solvent was removed by lyophilisation overnight. Samples were dissolved 
in water/ACN (7:3) and purified using analytical HPLC (1260 Infinity, Agilent Technology) 
with a flow rate of 1 mL·min-1, A: water with 0.1 % TFA, B: ACN with 0.1 % TFA. Product 
identity and purity was confirmed by analytical HPLC and MS (supporting appendix). 

Ligation reactions of unlabelled peptides 

For unlabelled peptides, a 3:1 molecular ratio of reactant peptides was used: 3 eq of 
unlabelled fxx-L peptides (c = 3 – 5 mM in DMSO) and 1 eq of unlabelled el-q21 (c = 5 mM 
in DMSO) were treated as described above. Higher final reaction concentrations could be 
achieved (f13-L + el-q21: c = 2 mM, f17-L + el-q21: c = 1 mM, f21-L + el-q21: c = 0.5 mM).  

DOI: 10.1002/anie.201811515



Chapter 3 – Coiled-coil Peptide Beacon
 

70 

Determination of R/L and R/aL complex stability (fluorescence anisotropy assay) 

To determine affinity of the peptides L and aL to R, FITC-labelled peptides (f-L, f-aL, 
c = 0.1 mM in DMSO) were dissolved in the assay buffer (25 mM HEPES, pH 7.4, 100 mM 
NaCl, 1 mM TCEP, 0.01 % Tween-20) to provide a 40 nM peptide solution. A 3-fold dilution 
of R (15 μL per well) was presented in a 384-well plate (Corning, black, flat bottom) and 
incubated with the peptide solution (5 μL, final peptide concentration c = 10 nM), starting 
with highest protein concentrations of around 250 nM. After incubation for 1 h at room 
temperature, fluorescence polarization (parallel and perpendicular fluorescence intensity) 
was measured in triplicates using a Tecan Spark 20M plate reader with λex = 485 nm and 
λem = 525 nm.  

Anisotropy values were calculated from corresponding fluorescence intensities:  

I 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼⊥
𝐼𝐼𝐼𝐼𝐼𝐼+2∗𝐼𝐼⊥

 

with 𝐼𝐼𝐼𝐼𝐼𝐼  and 𝐼𝐼⊥ as emitted fluorescence intensity measured for parallel and perpendicular polarizations. 

The “fraction bound” was calculated based on anisotropy. 

II 𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑏𝑏𝑎𝑎𝑏𝑏𝑎𝑎𝑏𝑏 =  
𝐴𝐴−𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐴𝐴−𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓+𝑄𝑄(𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝐴𝐴)
 

with A = observed anisotropy, Afree = anisotropy of the free fluorophore, Abound = anisotropy of bound 
fluorophore, Q = ratio between free and bound state. 

Assuming one binding site, the law of mass action was used to calculated the dissociation 
constant (Kd) as the only variable. These calculations were performed with the GraphPad 
Prism software using nonlinear regression analysis (supporting figures S3 and S9).48,49 

III 𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑏𝑏𝑎𝑎𝑏𝑏𝑎𝑎𝑏𝑏 =  
𝐾𝐾𝑏𝑏+𝐿𝐿𝑇𝑇+𝑐𝑐𝑝𝑝𝑓𝑓𝑏𝑏𝑝𝑝𝑓𝑓𝑝𝑝𝑏𝑏−�(𝐾𝐾𝑏𝑏+𝐿𝐿𝑇𝑇+𝑐𝑐𝑝𝑝𝑓𝑓𝑏𝑏𝑝𝑝𝑓𝑓𝑝𝑝𝑏𝑏)2−4𝐿𝐿𝑇𝑇𝑐𝑐𝑝𝑝𝑓𝑓𝑏𝑏𝑝𝑝𝑓𝑓𝑝𝑝𝑏𝑏

2𝐿𝐿𝑇𝑇
 

with LT = concentration of labelled peptide and cprotein = protein concentration 

Determination of fxx/q21 complex stability (fluorescence intensity (FI) assay) 

To determine the affinity of the different FITC labelled coiled-coil peptides fxx to Dabcyl 
labelled q21, fxx peptides (c = 0.1 mM in DMSO) were dissolved in assay buffer (25 mM 
HEPES, pH7.4, 100 mM NaCl, 1 mM TCEP, 0.01 % Tween-20) to provide 600 nM peptide 
solutions. A 3-fold dilution of q21 (15 μL per well) was presented in a 384-wellplate 
(Corning, black, flat bottom) and incubated with 5 µL of the fxx-peptide solutions (final 
c(fxx) = 150 nM) starting with the highest quencher (q21) concentration of 250 nM. After 
incubation for 1 h at room temperature, fluorescence intensity was measured using a Tecan 
Spark 20M plate reader with λex = 470 nm and λem = 525 nm. Kd-values were determined by 
nonlinear regression analysis using GraphPad Prism software and the equations IV and III.50–
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52 Fluorescence Intensities (FI) are presented relative to the highest value in each data set 
(figure 2b). 

IV  𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑏𝑏𝑎𝑎𝑏𝑏𝑎𝑎𝑏𝑏 =
𝐹𝐹𝐼𝐼−𝐹𝐹𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐹𝐹𝐼𝐼−𝐹𝐹𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹+
𝐹𝐹𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐼𝐼𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

(𝐹𝐹𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝐹𝐹𝐼𝐼)
 

with FI = observed fluorescence intensity, FIfree = fluorescence intensity of free fluorophore, 
FIbound = fluorescence intensity of bound fluorophore. 

Determination of α-helicity and melting temperature (Tm) using circular dichroism 

Circular Dichroism (CD) spectra were obtained using a Jasco J815 spectropolarimeter with 
a coupled Peltier temperature controller. CD spectra were measured between 190 nm and 
260 nm with continuous scan mode (50 nm·min-1 scan speed, data points every 0.1 nm). 
Presented data is the average of 5 measurements. Peptides were dissolved in 10 mM 
sodium phosphate buffer, pH 7.4 at a concentration of c = 30 µM. To determine the 
percentage of α-helicity the helical population was calculated using the residual ellipticity 
at 222 nM and 15 °C.50–52 

 V  𝛼𝛼 − ℎ𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 (%) = 𝜃𝜃222 𝑏𝑏𝑛𝑛−𝜃𝜃0
𝜃𝜃𝑛𝑛𝑚𝑚𝑚𝑚−𝜃𝜃0

∗ 100 

 VI  𝜃𝜃222𝑛𝑛𝑛𝑛 = 1
𝑛𝑛
∗ 𝜃𝜃𝑏𝑏𝑏𝑏𝑜𝑜
10∗𝑙𝑙∗𝑐𝑐

 

 VII  𝜃𝜃0 = 2220 − (53 ∗ 𝑇𝑇) 

 VIII  𝜃𝜃𝑛𝑛𝑚𝑚𝑚𝑚 = 𝜃𝜃∞ ∗ 𝑛𝑛−𝑚𝑚
𝑛𝑛

 

 IX  𝜃𝜃∞ = −44000 + (250 ∗ 𝑇𝑇) 

(n = number of residues, x = 3 (number of amides missing as a result of end effects (was set to 3 (2.4-
4)), T = temperature in °C, l = 0.1 (length of cuvette). 

For determining melting temperatures, ellipticity at 220 nm was measured by ramping the 
temperature from 15 – 70 °C with a rate of 1 °C·min-1. Points were taken every 0.5 °C. 
Tm-values were determined by nonlinear regression analysis of dose-response curves using 
GraphPad Prism software. 

Determination of hydrodynamic diameter with dynamic light scattering (DLS) 

Hydrodynamic diameters were obtained using a Malvern Zetasizer Nanoseries instrument 
and associated software. Unlabelled beacons fxx-L-q21 were dissolved in 10 mM sodium 
phosphate buffer, pH 7.4 with a concentration of c = 30 µM. R and fxx-L-q21 were measured 
in a 1:1 ratio at a concentration of 30 µM. Measurements using automated settings were 
made at 20°C, mean result over n = 3 measurements are shown in supporting figure S7 and 
S9. 
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Determination of hydrodynamic dimensions with size exclusion chromatography (SEC) 

To determine the hydrodynamic dimensions of the unlabelled beacons fxx-L-q21 an 
analytical size exclusion chromatography using a Superdex 75 10/300 GL (GE Healthcare) 
and 10 mM sodium phosphate buffer, pH 7.4 was performed. For comparability a reference 
curve was determined using the retention volume of globular proteins (Trp, Aprotinin 
(n = 3), RNaseA and Albumin: y = -8.4488x+49.198 (r2 = 0.9967); see supporting figure S8. 

Direct binding of fxx-L-q21 to R (fluorescence intensity (FI) assay) 

Peptide beacons fxx-L-q21 (c = 20 µM in DMSO) were dissolved in assay buffer (25 mM 
HEPES, pH 7.4, 100 mM NaCl, 1 mM TCEP, 0.01 % Tween-20) to provide 400 nM peptide 
solutions. A 3-fold dilution of R (15 μL per well) was presented in a 384-wellplate (Corning, 
black, flat bottom) and incubated with 5 µL of the fxx-L-q21 solution (final c(fxx-L-
q21) = 100 nM) starting with a highest protein concentration of c(R) = 700 µM. After 
incubation for 1 h at room temperature, fluorescence intensity was measured using a Tecan 
Spark 20M plate reader with λex = 470 nm and λem = 525 nm. Kd-values were determined by 
nonlinear regression analysis using GraphPad Prism software and equations IV and III 
(figure 3b).50–52 

Competition with fxx-L-q21/R formation (fluorescence intensity (FI) assay) 

At room temperature, fxx-L-q21 (c = 20 µM in DMSO) and R were pre-incubated in assay 
buffer (25 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM TCEP, 0.01 % Tween-20) for 15 min 
(c(fxx-L-q21) = 400 nM, final c(R) = 20 µM). L and aL (L: c = 18 mM, aL: c = 46 mM in DMSO) 
were dissolved in assay buffer and diluted in a 384-multiwell plate (dilution factor 2 for L 
and 3 for aL) using c = 300 µM as highest concentration. Subsequently, 5 μL of the pre-
incubated R/fxx-L-q21 mixture was added to obtain the following final concentrations: 
c(fxx-L-q21) = 100 nM and c(R) = 5 µM. The highest competitor (L or aL) concentration was 
c = 225 µM. After incubation for 1 h at room temperature, fluorescence intensity was 
measured using a Tecan Spark 20M plate reader with λex = 470 nm and λem = 525 nm. Data 
was normalized by using the highest and lowest data point of the L competitor per data set: 
f13-L-q21 (figure 4b) and f17-L-q21 (figure 4c). IC50-values were determined by nonlinear 
regression analysis using GraphPad Prism software and equations IV and III.  
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Appendix 

Supporting Tables 

Table S1. Comparison of α-helicity and Tm of unlabelled coiled-coil peptide pairs (fxx/q21, for details see supporting 
figure S6) and coiled-coil hairpins (fxx-L-q21, for details see figure 3c and d in the manuscript). 

 α-helicity / % Tm / °C 

f13/q21 17 - 
f13-L-q21 50 < 25 

f17/q21 42 < 25 
f17-L-q21 73 42 

f21/q21 70 48 
f21-L-q21 81 > 60 
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Table S2. List of all peptides; peptide names and sequences (Ac = Acetyl, ClAc = chloroacetyl, FITC = fluorescein 
isothiocyanate, Peg2 = 8-amino-3,6-dioxaoctanoyl, Dabcyl = 4-([4-(dimethyl-amino)phenyl]-azo)-benzoyl), 
pS = phosphoserine, all peptides bear a C-terminal amide), molecular weight (MW). 

Peptide Sequence 
MW / 

g·mol-1 
f13 Ac-RIAALKYKNAALKK(FITC)-NH2 2018,41 

f13Δ Ac-RIAALKYKNAALKK-NH2 1629,03 

f17 Ac-RIAALKYKNAALKKKIAK(FITC)-NH2 2459,00 

f17Δ Ac-RIAALKYKNAALKKKIAK-NH2 2069,62 

f21 Ac-RIAALKYKNAALKKKIAALKQK(FITC)-NH2 2899,55 

f21Δ Ac-RIAALKYKNAALKKKIAALKQK-NH2 2510,17 

q21 Ac-EIAALERENAALEWEIAALEQK(Dabcyl)-NH2 2790,13 

q21Δ Ac-EIAALERENAALEWEIAALEQK-NH2 2538,85 

f-q21 Ac-EIAALERENAALEWEIAALEQK(FITC)-NH2 2928,23 

el-q21 ClAc-G EIAALERENAALEWEIAALEQK(Dabcyl)-NH2 2881,63 

el-q21Δ ClAc-G EIAALERENAALEWEIAALEQK-NH2 2630,34 

f13-L Ac-C GNILPSDIBDFVLKNTP RIAALKYKNAALKK(FITC)-NH2 3959,69 

f13-LΔ Ac-C GNILPSDIBDFVLKNTP RIAALKYKNAALKK-NH2 3570,31 

f17-L Ac-C GNILPSDIBDFVLKNTP RIAALKYKNAALKKKIAK(FITC)-NH2 4400,28 

f17-LΔ Ac-C GNILPSDIBDFVLKNTP RIAALKYKNAALKKKIAK-NH2 4010,90 

f21-L Ac-C GNILPSDIBDFVLKNTP RIAALKYKNAALKKKIAALKQK(FITC)-NH2 4840,82 

f21-LΔ Ac-C GNILPSDIBDFVLKNTP RIAALKYKNAALKKKIAALKQK-NH2 4451,44 

f13-L-q21  6804,86 

f13Δ-L-q21Δ  6164,19 

f17-L-q21  7245,45 

f17Δ-L-q21Δ  6604,78 

f21-L-q21  7686,00 

f21Δ-L-q21Δ  7045,33 

f-L FITC-Peg2-GNILPSDIBDFVLKNTP-NH2 2389,71 

L Ac-GNILPSDIBDFVLKNTP-NH2 1897,21 

f-aL FITC-Peg2-DSQKRREILSRRPpSYRKILNDLSSDAPG-NH2 3872,19 

aL Ac-DSQKRREILSRRPpSYRKILNDLSSDAPG-NH2 3379,69 
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Supporting Figures 

 
Supporting Figure S1. Heterodimeric coiled-coil (PDB ID 1kdd) with distances between heptad positions “g”. 
Measurements in Å performed with the software PyMol. 

 
Supporting Figure S2. Characterization of R. A) Analytical SDS-PAGE of purified R, m = protein ladder (Page Ruler 
Plus Prestained Protein Ladder, Thermo Fischer Scientific); B) HPLC chromatogram at λ = 280 nm, peak retention 
time: 6.6 min, gradient: 30 % ACN for 3 min, 30–90 % ACN in 10 min; C) MS spectrum, MW: 10477.9 g·mol-1; D) 
Table of calculated and detected m / z values. 
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Supporting Figure S3. FA binding curve of f-L/R complex, Kd = 0.39 ± 0.07 µM.  

 

Supporting Figure S4. FA assay of fxx and q21 with R verifying expected low affinities (Kds > 0.1 mM). 

 

Supporting Figure S5. Fluorescence intensity of A) f13-L-q21, B) f17-L-q21 and C) f21-L-q21 measured at different 
coiled-coil peptide beacon concentrations. Fluorescence intensities are plotted relative to the intensity at 

c = 100 nM. 
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Supporting Figure S6. Circular dichroism-spectra and temperature dependence at 220 nm of labelled and 
unlabelled coiled-coil peptide pairs in 10 mM sodium phosphate buffer, pH 7.4.  

 
Supporting Figure S7. Dynamic light scattering (DLS) profiles of coiled-coil peptide beacons fxx-L-q21 (A - C). All 
measurements were performed at the same peptide concentration (c = 30 µM) in 10 mM sodium phosphate 
buffer, pH 7.4 (curves shows average of n = 3) and give the hydrodynamic diameter. 
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Supporting Figure S8. Analytical size exclusion chromatogram (Superdex 75 10/300GL) of unlabelled A) f13-L-q21, 
B) f17-L-q21 and C) f21-L-q21. Values of reference curve: Trp (MW = 0.2 kDa): Vr = 29.5 mL, Aprotinin 
(MW = 6.5 kDa): Vr = 17.7 ±1.3 mL, RNase A (MW = 13.7 kDa): Vr = 14.2 mL, Albumin (MW = 44.3 kDa): Vr = 9.5 mL. 
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Supporting Figure S9. Dynamic light scattering (DLS) profiles of R + fxx-L-q21 (A - D) at a concentration of 30 µM 
in 10 mM sodium phosphate buffer, pH 7.4 (curves shows average of n = 3) and give the hydrodynamic diameter. 

 
Supporting Figure S10. FA binding curve of f-aL/R complex, Kd = 0.15 ± 0.02 µM.  
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Analytics 

 
f13 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 8.8 min, gradient: 5 % ACN for 
3 min, 5–95 % ACN in 10 min; B: MS spectrum, MW: 2018.41 g·mol-1, calc. m/z: 1010.3 / 
673.7. 
 
 
 
 
 
unlabelled f13 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 5.2 min, gradient: 20–50 % ACN 
in 10 min; B: MS spectrum, MW: 1629.03 g·mol-1, calc. m/z: 1629.0 / 815.5 / 544.0.  
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f17 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 9.6 min, gradient: 10 % ACN for 
3 min, 10–60 % ACN in 10 min; B: MS spectrum, MW: 2459.00 g·mol-1, calc. m/z: 1230.2 / 
820.5 / 615.6. 
 
 
 
 
 
unlabelled f17 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 5.4 min, gradient: 20-50 % ACN 
in 10 min; B: MS spectrum, MW: 2069.62 g·mol-1, calc. m/z: 1035.7 / 690.8 / 518.3. 
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f21 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 9.9 min, gradient: 10 % ACN for 
3 min, 10–60 % ACN in 10 min; B: MS spectrum, MW: 2899.55 g·mol-1, calc. m/z: 1450.3 / 
967.2 / 725.7 / 580.7. 
 
 
 
 
 
unlabelled f21 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 6.2 min, gradient: 20–50 % ACN 
in 10 min; B: MS spectrum, MW: 2510.17 g·mol-1, calc. m/z: 1255.8 / 837.5 / 628.4.  
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q21 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 7.1 min, gradient: 40 % ACN for 
3 min, 40–80 % ACN in 10 min; B: MS spectrum, MW: 2790.13 g·mol-1, calc. m/z: 1395.2 / 
930.5 / 698.1. 
 
 
 
 
 
unlabelled q21 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 7.0 min, gradient: 30-60 % ACN 
in 10 min; B: MS spectrum, MW: 2538.85 g·mol-1, calc. m/z: 1270.2 / 847.1. 
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f-q21 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 9.4 min, gradient: 30 % ACN for 
3 min, 30–70 % ACN in 10 min; B: MS spectrum, MW: 2928.23 g·mol-1, calc. m/z: 1464.7 / 
976.8 / 732.8.  
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el-q21 

 

A: HPLC chromatogram at λ = 280 nm, peak retention time: 10.2 min, gradient: 30 % ACN 
for 3 min, 30–70 % ACN in 10 min; B: MS spectrum, MW: 2881.63 g·mol-1, calc. m/z: 1441.2 
/ 961.1 / 721.1. 
 
 
 
 
 
unlabelled el-q21 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 3.9 min, gradient: 40-70 % ACN 
in 10 min; B: MS spectrum, MW: 2630.34 g·mol-1, calc. m/z: 1315.7 / 877.4.  
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f13-L 

 

A: HPLC chromatogram at λ = 280 nm, peak retention time: 6.4 min, gradient: 40 % ACN for 
3 min, 40–80 % ACN in 10 min; B: MS spectrum, MW: 3959.69 g·mol-1, calc. m/z: 1980.0 / 
1320.4 / 990.5 / 792.6. 
 
 
 
 
 
unlabelled f13-L 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 4.1 min, gradient: 40–70 % ACN 
in 10 min; B: MS spectrum, MW: 3570.31 g·mol-1, calc. m/z: 1785.5 / 1190.7 / 893.3 / 714.8.  
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f17-L 

 

A: HPLC chromatogram at λ = 280 nm, peak retention time: 8.9 min, gradient: 30 % ACN for 
3 min, 30–70 % ACN in 10 min; B: MS spectrum, MW: 4400.28 g·mol-1, calc. m/z: 1467.1 / 
1100.6 / 880.7. 
 
 
 
 
 
unlabelled f17-L 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 3.9 min, gradient: 40–70 % ACN 
in 10 min; B: MS spectrum, MW: 4010.9 g·mol-1, calc. m/z: 1337.4 / 1003.3 / 802.9 / 669.2.  
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f21-L 

 

A: HPLC chromatogram at λ = 280 nm, peak retention time: 8.7 min, gradient: 30 % ACN for 
3 min, 30–70 % ACN in 10 min; B: MS spectrum, MW: 4840.82 g·mol-1, calc. m/z: 1613.9 / 
1210.7 / 968.1 / 807.4. 
 
 
 
 
 
unlabelled f21-L 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 3.6 min, gradient: 40–70 % ACN 
in 10 min; B: MS spectrum, MW: 4451.44 g·mol-1, calc. m/z: 1484.2 / 1113.4 / 890.9 / 742.6.  
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f13-L-q21 

 

A: HPLC chromatogram at λ = 280 nm, peak retention time: 8.3 min, gradient: 40 % ACN for 
3 min, 40–70 % ACN in 10 min; B: MS spectrum, MW: 6804.86 g·mol-1, calc. m/z: 1701.4 / 
1361.3 / 1134.6. 
 
 
 
 
 
unlabelled f13-L-q21 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 6.0 min, gradient: 30-60 % ACN 
in 10 min; B: MS spectrum, MW: 6164.19 g·mol-1, calc. m/z: 1541.4 / 1233.3 / 1027.9 / 881.2 
/ 771.2.  
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f17-L-q21 

 

A: HPLC chromatogram at λ = 280 nm, peak retention time: 7.8 min, gradient: 40 % ACN for 
3 min, 40–70 % ACN in 10 min; B: MS spectrum, MW: 7245.45 g·mol-1, calc. m/z: 1811.5 / 
1449.4 / 1208.0 / 1035.5 / 906.2 / 805.6 / 725.2. 
 
 
 
 
 
unlabelled f17-L-q21 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 7.4 min, gradient: 30–60 % ACN 
in 10 min; B: MS spectrum, MW: 6604.78 g·mol-1, calc. m/z: 1651.4 / 1321.3 / 1101.3 / 944.1 
/ 826.2.  
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f21-L-q21 

 

A: HPLC chromatogram at λ = 280 nm, peak retention time: 5.8 min, gradient: 40–80 % ACN 
in 10 min; B: MS spectrum, MW: 7686.00 g·mol-1, calc. m/z: 1921.5 / 1537.4 / 1281.4 / 
1098.4 / 961.3 / 854.6. 
 
 
 
 
 
unlabelled f21-L-q21 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 8.9 min, gradient: 20–80 % 
ACN in 10 min; B: MS spectrum, MW: 7045.33 g·mol-1, calc. m/z: 1761.5 / 1409.4 / 1174.7 
/ 1007.0 / 881.2 / 783.4.  
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f-L 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 8.1 min, gradient: 40 % ACN for 
3 min, 40–80 % ACN in 10 min; B: MS spectrum, MW: 2389.71 g·mol-1, calc. m/z: 1195.6 / 
797.4. 
 
 
 
 
L 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 7.6 min, gradient: 40 % ACN for 
3 min, 40–80 % ACN in 10 min; B: MS spectrum, MW: 1897.21 g·mol-1, calc. m/z: 1897.0 / 
949.5 / 633.4. 
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f-aL 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 6.5 min, gradient: 20 % ACN for 
3 min, 20–50 % ACN in 10 min; B: MS spectrum, MW: 3872.19 g·mol-1, calc. m/z: 1936.4 / 
1291.2 / 968.7. 
 
 
 
 
 
aL 

 

A: HPLC chromatogram at λ = 210 nm, peak retention time: 5.0 min, gradient: 20–50 % ACN 
in 10 min; B: MS spectrum, MW: 3379.69 g·mol-1, calc. m/z: 1690.4 / 1127.2 / 845.7.
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