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2 INTRODUCTION 

 

Integral membrane proteins represent nearly 30% of the human proteome and take part in a vari-

ous number of cellular processes.[1,2] Due to the complexity of their protein structures, the precise 

analysis of their biological activities, functions and mechanisms is limited. If integral membrane 

proteins want to accomplish their function, they can be either monomeric or they need to associate 

into oligomeric structures.[3–5] The association of peptides in lipid membranes is based on a variety 

of noncovalent interactions such as hydrogen bonds, hydrophobic interactions, and electrostatic 

interactions. As interactions between integral membrane proteins and lipids play an important role 

in a variety of cellular processes, they build the base for biological functions such as enzyme catal-

ysis, protein-protein binding, signal transduction, flexibility, and stability.[6–11] In order to under-

stand the mechanisms behind these processes that are often complex and thus, poorly understood, 

simple model transmembrane peptides have been of great interest.[4,12] In addition, specific recog-

nition units have been used as they might help to understand the essentials and molecular details 

of these transmembrane peptides within the lipid bilayer. To broaden the horizon in the field of 

peptide chemistry further, the development of new recognition units facilitates the analyses of 

transmembrane peptides.[5,13–17]  

 
In the first part of this thesis, the design, synthesis and investigation of a novel 7-azaindole based 

recognition unit are presented. The fluorescence emission and even the fluorescence intensity of 

the 7-azaindole chromophore are known to be sensitive to their local surrounding.[18–20] Herein, 

preliminary fluorescence analyses were performed to gain deeper insights into the influences on 

7-azaindole on its environment. Furthermore, the synthesis of a 7-azaindole based amino acid res-

idue (1) is presented as the latter might be a suitable and promising tool for peptide chemistry. 

 

 

Figure 1: Structure of the 7-azaindole based amino acid residue (1).  
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The novel 7-azaindole based recognition unit (1) was further incorporated in a transmembrane 

model system, i.e. KALPs, which was previously presented by KILLIAN and co-workers and analysed 

by fluorescence spectroscopy. In addition, it is expected that the building block dimerise in hydro-

carbon environment such as the inner membrane part. Hence, a possible peptide-peptide associa-

tion was investigated by fluorescence resonance energy transfer (FRET) experiments in collabora-

tion with C. STEINEM.[3] 

 
Model transmembrane peptides have been used in different ways to analyse basic principles of 

protein-lipid interactions. Such model systems will help to enable detailed analyses on the structure 

and dynamics of transmembrane peptides within lipid bilayers. In addition, it is possible to analyse 

the influence of the length and composition of the inner membrane part on the organisation and 

dynamics of membrane lipids.[7] During the last three decades, the interest in design and synthesis 

of artificial β-peptides has risen tremendously as β-peptides are capable of forming more stable 

secondary structures than α-peptides. Furthermore, they are resistant to proteolytic degradation 

by proteases and peptidases.[9,21] However, transmembrane β-peptide helices are still widely unex-

plored and a model transmembrane β-peptide system would be an appreciated tool to investigate 

peptide-lipid and peptide-peptide interaction, e.g. occurring in membrane associated pro-

cesses.[9,15,21,22]  

 
The second part of this thesis focuses on the rational design, synthesis and investigations of artificial 

transmembrane β-peptides. The first section addresses the issues of structural parameters such as 

conformation, orientation and penetration depth of the transmembrane β-peptides incorporated 

in a membrane environment. Therefore, a novel iodine-labelled D-β3-amino acid residue (2) suitable 

for Fmoc-solid phase peptide synthesis (SPPS) was synthesised and incorporated in the designed 

transmembrane β-peptides (Figure 2). This heavy atom building block 2 is expected to provide elec-

tron density contrast in the labelled region of the reconstructed electron density profiles during 

X-ray reflectivity and grazing incidence small-angle X-ray scattering investigations.[13,22] The X-ray 

diffraction studies were performed in collaboration with Y. XU from the SALDITT research group.  

 

 

Figure 2: Structure of Fmoc-6,6-diiodo-allylhomoglycine (2). 
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Furthermore, these novel transmembrane β-peptides were used for peptide oligomerisation stud-

ies based on hydrogen bond formation within a lipid bilayer as the organisation and assembly of 

transmembrane β-peptide helices are still widely unexplored.[3,15] In order to investigate if the driv-

ing force of these association processes might depend on the lipid environment and/or the inter-

acting molecular species themselves, the novel transmembrane β-peptide system could be an ap-

propriate tool. Herein, hydrogen bond formation was established by placing D-β3-glutamine recog-

nition units at defined positions within the transmembrane β-peptides (Figure 3). 

 

 

Figure 3: Structure of D-β3-glutamine (3). 

 
D-β3-Glutamine (3) is very similar to asparagine, which has been shown to form hydrogen bonds 

and thus, allows for self-association of α-peptide helices.[16,23] Here again, the association state was 

analysed by FRET experiments in collaboration with C. STEINEM. The secondary structure of all trans-

membrane β-peptides reconstituted into unilamellar vesicles was determined by means of circular 

dichroism spectroscopic measurements (Figure 4). 

 

 

Figure 4: Overview of proposed strategies for analysing transmembrane peptides. 

 

= recognition unit
1, 2 or 3

= transmembrane
model system

secondary structure

membrane insertion

position, orientation

association state
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3 SYNTHESIS AND INVESTIGA-
TION OF A NOVEL 7-AZAIN-
DOLE BASED RECOGNITION 
UNIT 

 

3.1 General 

The function, conformation and orientation of integral membrane proteins and peptides are influ-

enced by the surrounding lipid bilayer. The molecular interactions between lipids and these trans-

membrane proteins and peptides can be described in molecular terms such as hydrophobic inter-

actions, VAN-DER-WAALS interactions, and hydrogen bonding or ionic interactions.[16,24] The influence 

of these parameters on integral membrane protein interaction are still barely understood and 

model transmembrane peptides are therefore of great interest.[4,12] In order to design such model 

systems, different processes have been investigated. Fundamental findings of these studies show 

that hydrophobic side chains facilitate a membrane insertion. Aromatic and positively charged side 

chains at the N- and C-terminal end of a peptide sequence are known to anchor the peptides in a 

perpendicular orientation inside the membrane.[25–27] Furthermore, helix-helix association inside 

the membrane is influenced by electrostatic and VAN-DER-WAALS interactions.[28,29] Additional recog-

nition units inside the hydrophobic part of peptides could help to understand the behaviour of 

transmembrane peptides inside lipid bilayers and their consequential interactions. SCHNEGGEN-

BURGER et al. presented heavy-atom labelled transmembrane α-peptides in combination with X-ray 

diffraction studies to characterise parameters like conformation, orientation and penetration depth 

of these α-peptides incorporated into lipid membranes. As the heavy atom label the modified 

amino acid 5,5-diiodo-allylglycine-OH (4) was synthesised as recognition unit and integrated into 

peptides (Figure 5A).[13] Even though transmembrane peptides are dominated by hydrophobic 

amino acid residues, they also contain polar amino acids that play important structural and func-

tional roles.[30,31] Polar amino acid residues such as Asn, Gln, Glu and Asp are known to control the 

oligomerisation of transmembrane helices via hydrogen bond formation (Figure 5B, i).[32,33]  
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In addition, BRÜCKNER et al. have shown that small β-peptide helices can be organised by nucleobase 

pairing to acquire more control of the self-association process (Figure 5B, ii).[17] Furthermore, amino 

acid residues like Lys and Glu are able to associate into oligomers via electrostatic interactions (Fig-

ure 5B, iii).[9] 

 

  

Figure 5: A: 5,5-Diiodo-allylglycine (4). B: Schematic view on different interactions inside the lipid bilayer: 

i) hydrogen bond formation of asparagine, ii) nucleobase pairing of guanine and cytosine, and iii) electro-

static interaction of lysine and glutamic acid. 

 
All these described interactions are most favoured if the interacting residues are located on the 

same level in the lipid bilayer which should be considered when designing transmembrane model 

systems with recognition units.[34] 

In order to understand the interactions, conformation and orientation of transmembrane peptides, 

the development of new recognition units is necessary. Thus, the design, synthesis and analysis of 

a novel recognition unit 1 with 7-azaindole as recognition unit is presented (Figure 6). 

 

 

Figure 6: Structure of the novel recognition unit (1) with 7-azaindole as basic unit. 

 

3.2 7-Azaindole 

7-Azaindole (5, 7-AI) is an important model system for different chemical processes.[35] The trypto-

phan (6) analogue 7-azatryptophan (7) shows spectral characteristics that are largely determined 

by the 7-azaindole chromophore (Figure 7). In contrast to tryptophan (6), 7-azatryptophan (7) has 

i) hydrogen bond formation

ii) nucleobase pairing

iii) electrostatic interaction

A B
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an exponential fluorescence decay that prevents difficulties in interpreting the fluorescence or an-

isotropy decays when it is integrated in a peptide or protein. In addition, the fluorescence maximum 

of 7-azatryptophan (7) is red-shifted up to 10 nm with respect to that of tryptophan (6).[36,37]  

 

 

Figure 7: Structure of 7-azaindole (5), tryptophan (6) and 7-azatryptophan (7). 

 
The fluorescence of the 7-azaindole chromophore (5) shows a very strong solvent dependence, 

which can be explained by a longer lifetime in its excited S1 state, a higher fluorescence quantum 

yield, and a significantly different electronic distribution than tryptophan. [38,39] Beside the position 

of the fluorescence maxima, the fluorescence intensity is also influenced by the polarity and pro-

ticity of the surrounding solvent. Hence, 7-AI (5) derivatives become applicable tools to analyse 

hydrophobic environments such as lipid bilayers.[19] Photophysics of 7-AI (5) have been intensively 

investigated in many different solvents.[20] The excited-state double-proton transfer (ESDPT) that 

occurs differently in hydrocarbon and alcohol solvents has been recognized by TAYLOR et al. and has 

already been used as a model for studying photoinduced mutations of DNA base pairs.[40,41] The 

ESDPT is due to the formation of hydrogen bonded dimers or solute/alcohol complexes, respec-

tively, and results in two fluorescence bands (monomer and tautomer) (Figure 8).[19]  

 

 

Figure 8: Tautomerisation process of 7-azaindole (5) in alcoholic solvents (A) and in hydrocarbon solvents 

(B). 
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Spectroscopic measurements have shown that in hydrocarbon solvents the long-wavelength emis-

sion (λmax ~ 490 nm) results from the double-proton transfer of symmetric, hydrogen bonded di-

mers that give a green tautomer emission (Figure 9).[18–20] These tautomeric fluorescence bands are 

accessible by steady-state fluorescence spectroscopy or time-resolved fluorescence spectroscopy 

in the femto-, pico or nano-seconds range.[18,19,35,36,42,43]  

 

 

Figure 9: Normalised fluorescence emission spectra of 7-azaindole (1) in water and MeOH.[36] 

 
The other detected fluorescence band (blue-shifted compared to the tautomeric fluorescence) be-

longs to the monomer or other configurations that are not favourable for proton transfer and result 

in short-wavelength fluorescence with λmax ~ 340 nm.[19,39] Water exposure results only in one emis-

sion band for 7-AI (5) with a single-exponential fluorescence decay (Figure 9). Here, only 20% of 

7-azaindole (5) can undergo the tautomerisation process as most of the solute molecules are inap-

plicably solvated (Figure 10). In other words, these molecules are ˈblockedˈ from executing an ex-

cited-state tautomerisation by the surrounding water molecules.[35] Furthermore, the dimers and 

tautomers are considered to be planar and cyclic complexes with two NH…N hydrogen bonds. Due 

to the partial solvation of 7-AI (5) (~ 80%), no cyclic transition state could occur.[35] In addition, 

GUHARAY et al. analysed the solvent dependence of 7-azatryptophan (7) in micellar environment. 

They found that an increase in the water/surfactant molar ratio resulted in a red-shifted emission 

maximum, which is accompanied by quenching of the fluorescence emission and a precise decrease 

in its quantum yields.[44] This observation is in good agreement with the described solvation by wa-

ter. After excitation of the water solvated molecules they return to the non-radiative ground state 

and consequently the quantum yield decreases.[19,35,45] 

 

 

Figure 10: Solvation of 7-azaindole (5) in water. 
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 Fluorescence Spectroscopy 

During the past three decades, fluorescence spectroscopy and time-resolved fluorescence spec-

troscopy have represented useful research tools in biological science like biochemistry and biophys-

ics. Fluorescence spectroscopy is highly sensitive and accessible as the experimental setup is quite 

simple. In addition, fluorescence imaging is used to gain insights into the structural dynamics of 

proteins and it can even reveal the localisation of intracellular molecules.[46,47] Fluorescence is the 

emission of light after the absorption of light. A molecule is excited to an upper electronic state (S2) 

and rapidly transfers from S2 to the lowest excited state S1 by losing the excess of vibrational energy 

followed by transition to S0 (ground state) accompanied by emission of a photon.[47–50] This process 

has a lifetime of a few nanoseconds (10-9 s) and in this period, the molecule can change its position 

and can interact with its surrounding. Thus, the emission is influenced by the molecule environment 

and by the dynamics of the molecule.[46] There are various molecules in proteins which show differ-

ent types of fluorescence, i.e. intrinsic, coenzymic, and extrinsic. Aromatic side chains like the indole 

moiety in tryptophan or the 7-azaindole (5) itself are intrinsic chromophores. Some proteins contain 

a fluorescent coenzyme such as Flavin-adenine dinucleotide. However, sometimes it is necessary 

to insert suitable chromophores into the protein to be able to use fluorescence spectroscopy.[47] 

Beside the fluorescence emission, there are other deactivation processes that could occur, which 

are summarised in the JABLONSKI diagram.[49] Another process relevant in the present thesis is the 

fluorescence resonance energy transfer (FRET), in which energy is transferred from one molecule 

(donor) to another molecule (acceptor) (see 3.7).[50] In the present study (7-nitrobenz-2-oxa-1,3-

diazol-4-yl (8, NBD) functions as donor, whereas 5(6)-carboxytetramethylrhodamine (9, TAMRA) 

serves as acceptor. These fluorophores were covalently attached to the peptide and represent ex-

trinsic types of fluorescence. 

 

 

Figure 11: Structure of NBD (8) and 5(6)-TAMRA (9). 
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 Synthesis and Fluorescence Spectroscopic Analysis of 7-Azaindole and 

1-Methyl-7-azaindole 

In order to get more information on 7-azaindole (5) and its solvent dependence, fluorescence spec-

troscopic investigations were performed. In addition, 1-methyl-7-azaindole (10) was introduced 

and analysed, as it is very similar to 7-azaindole (5) but due to its additional methyl group a change 

in solvent dependence could occur. Thus, it is meaningful to compare the fluorescence of 7-azain-

dole (5) with that of 1-methyl-7-azaindole (10) to investigate the influences of different solvents on 

these building blocks. First of all, 1-methyl-7-azaindole (10) was synthesised. Starting with 7-azain-

dole (5), the pyrrole-nitrogen was deprotonated with sodium hydride followed by a nucleophilic 

substitution using methyl iodide to obtain the methylated compound 10 in 36% yield (Scheme 1).[51] 

 

 

Scheme 1: Synthesis of 1-methyl-7-azaindole (10).[51] 

 
Afterwards, the fluorescence emission spectra of 7-azaindole (5) and 1-methyl-7-azaindole (10), 

were recorded in N,N-dimethylformamide (DMF) and methanol (MeOH) at a concentration of 

100 µM at 25 °C (Figure 12). DMF is an aprotic polar solvent and it is expected that DMF has no 

influence on the fluorescence, whereas MeOH is a protic polar solvent and should influence the 

fluorescence. The fluorescence spectra of 7-azaindole (5) clearly show its solvent dependence with 

a maximum in DMF at λmax = 362 nm and in MeOH at λmax = 374 nm. These values are in good agree-

ment with the literature known data for the monomer fluorescence.[36,37] Furthermore, the tauto-

meric-fluorescence is not detectable as the samples might be not concentrated enough and hence, 

the building block is not able to form solute/alcohol complexes or dimers, that are expected to 

tautomerise up on excitation. As a consequence, the results demonstrate only the monomer fluo-

rescence of 7-AI (5). The fluorescence spectra of 1-methyl-7-azaindole (10) show a maximum in 

DMF at λmax = 372 nm and in MeOH at λmax = 380 nm. The fluorescence spectra of 1-methyl-7-azain-

dole (10) are slightly shifted compared to the spectra of 7-azaindole (5), which is a result of the 

different dielectric constants of DMF and MeOH that influence the two building blocks in a different 

manner.[52] In both cases, the fluorescence maxima in DMF are almost similar in intensity. Hence, 

the monomer fluorescence is not influenced by an aprotic polar solvent like DMF as it cannot form 

hydrogen bonds with the building blocks. The fluorescence spectrum of 7-azaindole (5) in MeOH 

shows a significant decrease in fluorescence intensity due to hydrogen bond formation of 7-AI (5) 
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with MeOH.[19] However, 1-methyl-7-azaindole (10) does not have such a strong decrease in fluo-

rescence intensity as the 1H-position is methylated. Thus, the decrease in fluorescence intensity of 

1-methyl-7-azaindole (10) is not that strong compared to 7-AI (5) in MeOH. 
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Figure 12: Fluorescence spectra of 7-azaindole (left) and 1-methyl-7-azaindole (right) in DMF (black) and 

MeOH (red) at c = 100 µM. 

 
Nevertheless, the fluorescence intensity of 1-methyl-7-azaindole (10) in MeOH is lower than in DMF 

as the N7 could form a hydrogen bond with the solvent, which seems to affect the fluorescence 

intensity. These findings clearly demonstrate the solvent dependency of the chromophore 7-AI (5) 

during fluorescence spectroscopy. Beside the shift in fluorescence emission, the intensity is also 

affected by the solvent. Thus, 7-azaindole (5) seems to be a suitable recognition unit for analysing 

hydrophobic environments like lipid bilayers as lipid acyl chains are almost similar to hydrocarbon 

solvents.  

 

3.3 7-Azaindole Building Block 

As already mentioned, 7-azaindole (5) seems to be a suitable recognition unit for analysing different 

environments (see 3.2) and it could be a useful tool in peptide chemistry as it is sensitive to its local 

surrounding and it is expected to dimerise within the lipid bilayer. Hence, a linkage to the peptide 

backbone creating a new artificial amino acid facilitates the solid phase peptide synthesis (SPPS). 

The commercially available 7-azatryptophan (7) resembles tryptophan and can be supplied as un-

protected D/L-mixtures or as Fmoc-protected D/L-mixtures that need to be purified using enzymatic 

conditions, which is limited by the price of the required recombinant enzymes. 7-Azatryptophan (7) 

can also be obtained at high cost as the enantiopure amino acid Fmoc-(S)-7-azatryptophan.[53–58] 

LECOINTE et al. described the synthesis of (R)-7-azaindole purifying the D/L-mixture by enzymatic res-

olution.[59] NOICHL et al. presented a total synthesis of methylated and Fmoc-protected 7-azatrypto-
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phans yielding the enantiopure product.[60] During peptide synthesis, tryptophan is generally intro-

duced as Fmoc-Trp(Boc)-OH with a Boc protected 1H-position in order to avoid side reactions. Un-

fortunately, the previously described 7-azatryptophan residues do not contain any protecting group 

at the 7-azaindole ring and consequently, side reactions could occur during Fmoc-SPPS. In addition, 

all shown 7-azatryptophan compounds are either expensive or complex to synthesise. Here, a novel 

synthesis of an enantiopure amino acid with 7-azaindole (5) as recognition unit is presented. This 

amino acid building block 11 can be selectively protected and synthesised in four steps by using 

commercially available and more convenient starting compounds. 

 

 

Figure 13: Structure of the 7-azaindole building block 11. 

 

 Synthesis of the 7-Azaindole Building Block 

The synthesis of the 7-azaindole building block (S)-2-(9-fluorenylmethyloxycarbonyl)-amino-3-tert-

butoxycarbonyl-(1ˈ-tert-butoxycarbonyl-7ˈ-azaindole)-3ˈ-(methyl)amino-propanoic acid (11) was 

performed in four steps and resulted in an amino acid building block that is suitable for the synthe-

sis of transmembrane peptides using Fmoc-SPPS. After formylation (DUFF reaction) of the commer-

cially available 7-azaindole (5) using hexamethylenetetramine, 7-azaindole-3-carboxaldehyde (12) 

was obtained in 67% yield (Scheme 2).[61] The 1H-position was protected using 4-dimethylamino-

pyridine (DMAP) and di-tert-butyl dicarbonate (Boc2O) to receive 1-tert-butoxycarbonyl-7-azain-

dole-3-carboxaldehyde (13) in 91% yield.[62]  

 

 

Scheme 2: Synthesis of 1-tert-butoxycarbonyl-7-azaindole-3-carboxaldehyde (13). 

 
In a second reaction, Fmoc-Asn-OH (14) was converted to Fmoc-Dap-OH (15) by a HOFMANN rear-

rangement using (diacteoxyiodo)benzene (PIDA) in 66% yield (Scheme 3).[63]  
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Scheme 3: Synthesis of Fmoc-Dap-OH (15). 

 
The final step was a reductive amination of Fmoc-Dap-OH (15) with the Boc-protected aldehyde 13 

(Scheme 4). The Boc-protection was necessary as no product was formed during synthesis using the 

unprotected aldehyde 12. This might be due to interactions of the unprotected building block (12) 

with surrounding solvent molecules (see 3.2). In order to perform the reductive amination, 13 and 

15 were treated with N,N-diisopropylethylamine (DIPEA) to give the imine, which was reduced to 

the secondary amine using NaBH4. The secondary amine was further Boc-protected using Boc2O in 

aqueous sodium carbonate/dioxane solution to obtain the final amino acid building block (S)-2-(9-

fluorenylmethyloxy-carbonyl)-amino-3-tert-butoxycarbonyl-(1ˈ-tert-butoxycarbonyl-7ˈ-azaindole)-

3ˈ-(methyl)amino-propanoic acid (11) in 56% yield over two steps. This 7-azaindole (7-AI) building 

block 11 is suitable for Fmoc-SPPS and can be incorporated in transmembrane peptides. 

 

 

Scheme 4: Final step of the synthesis of (S)-2-(9-fluorenylmethyloxycarbonyl)-amino-3-tert-butoxycar-

bonyl-(1ˈ-tert-butoxycarbonyl-7ˈ-azaindole)-3ˈ-(methyl)amino-propanoic acid (11). 
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3.4 Incorporation of the 7-Azaindole Building Block into Model Trans-

membrane Peptides 

In order to investigate the potential of the synthesised 7-AI building block 11 incorporated in a 

peptide, a well-established model system had to be found. As the fluorescence of the 7-AI building 

block 11 should be detected only, it is necessary to find a system without any other aromatic amino 

acids. Thus, KALP23 (KAL-peptide, 16, Figure 14) presented by KILLIAN and co-workers is used as it is 

known to form a stable secondary structure (α-helix) and it is incorporated into lipid bilayers in a 

transmembrane orientation.[64–68]  

 

 

16 

Figure 14: Structure of KALP23 (16).[67] 

 

 Transmembrane Peptides KALP and WALP 

KALPs and WALPs were presented by KILLIAN and co-workers as model transmembrane peptide sys-

tems.[64–68] In both cases, the hydrophobic core (differing in length) is composed of alternating leu-

cine (L) and alanine (A). The peptides are flanked at each side either of a sequence containing two 

charged lysine (K) residues (KALPs) or two polar tryptophan (W) residues (WALPs) (Table 1).[66,69] 

Lysine side chains are known to interact with the lipid head groups and thus, they facilitate the 

solubility in aqueous systems.[70] Tryptophan residues with its indole moieties arrange the peptide 

in the polar/apolar interface of the lipid membrane.[71]  

 
Table 1: Amino acid sequence of KALP and WALP (Etn = ethanolamine, n = number of LA residues in the 

sequence). 

Peptide Sequence 

KALP Ac-GKKLA(LA)nLKKA-NH2 

WALP Ac-GWWLA(LA)nLWWA-Etn 

 

KALPs and WALPs form a stable α-helical secondary structure if embedded in membrane environ-

ment influencing the thickness of the membrane in a different manner.[67] Hence, KALPs and WALPs 

were used to analyse the effect of changes on lipid membranes due to different hydrophobic pep-

tide length (n × LA).[7] If the length of the hydrophobic part of the peptide and that of the inner 
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membrane part do not correspond, a hydrophobic mismatch does arise.[69,72] The peptides and li-

pids are able to offset a hydrophobic mismatch by several adaptations (Figure 15, Figure 16). A 

positive hydrophobic mismatch, i.e. the hydrophobic part of the peptide is longer than the thickness 

of the lipid bilayer, can be alleviated by the adaptions described in Figure 15.[73] 

 

 

Figure 15: Possible adaptions to positive mismatch.[69] 

 
If the hydrophobic part of the peptide is small as compared to the bilayer thickness, a negative 

hydrophobic mismatch is the result.[66] This negative hydrophibic mismatch can be alleviated by the 

adaptions presented in Figure 16.[69] Furthermore, the flanking polar and charged residues of the 

peptide can also compensate the hydrophobic mismatch, as they prefer certain positions and 

orientations inside the lipid/water interface.  

 

 

Figure 16: Possible adaption to negative mismatch.[69] 

 

KALPs do not show the same tendency towards hydrophobic mismatch as WALPs, due to the long 

and flexible side chains of lysine whioch can easily compensate a smaller or larger hydrophobic 

thickness of the lipid bilayer. In order to optimize the interaction of positive charged lysine residues 

with negative charged phosphate groups, the lysine side chains are able to stretch themselves in 

the right postion, so called ˈsnorkelingˈ.[69,70,72] KALPs and WALPs represent perfect transmembrane 

model systems to analyse different influences such as peptide length or lipid composition on hy-

drophobic mismatch. KILLIAN and co-workers used these kinds of artificial peptides with variable 

length and analysed a wide range of mismatch situations after incorporation of these peptides in 

lipid bilayers of varying thickness.[65–67,71,74] They found, that a mismatch of about 7.0 Å could be 

A: Decrease of the hydrophobic length of the helix. 

B: Tilting of the peptide. 

C: Ordering of the acyl chain near the peptide, that in- 

     creases the local bilayer hydrophobic width. 

D: Aggregation or oligomerisation. 

E: Expulsion of the peptide from the membrane. 

A: Increase of the hydrophobic length of the helix. 

B: Decrease of the bilayer width next to the peptide, by acyl 

     chain disordering. 

C: Aggregation or oligomerisation. 

D: Non-lamellar phase formation. 

E: Expulsion of the peptide from the membrane. 



SYNTHESIS AND INVESTIGATION OF A NOVEL 7-AZAINDOLE BASED RECOGNITION UNIT 

 
16 

tolerated if the hydrophobic part of the peptide is shorter than the bilayer thickness (negative mis-

match) and if the peptide was too long, a positive hydrophobic mismatch of more than 13 Å could 

be alleviated. In addition, hydrophobic peptides with a positively charged N-terminus like KALPs are 

known to be better incorporated in a transmembrane orientation in lipid bilayers than uncharged 

peptides.[74] Hence, KALPs with all their characteristics seem to be a suitable model system to ana-

lyse the potential of a novel building block within lipid membranes. 

 

 Design and Synthesis of Modified KALPs 

As mentioned before, KALP23 was used as model transmembrane peptide system to investigate 

the novel designed building block 11 in a membrane environment. KALP23 has a hydrophobic 

stretch of 25.5 Å and is well-established in lipids composed of 1,2-dimyristoyl-sn-glycero-3-phos-

phocholine (DMPC), which have a hydrocarbon thickness of 23.0 Å.[66,67] As KALP23 is slightly longer 

than DMPC it is expected that the peptide spans the entire hydrophobic core of the lipid bilayer. 

The peptide is composed of leucine (L) and alanine (A) in an alternating arrangement ((LA)8L) and 

flanked with two lysine (K) residues to facilitate the solubility in aqueous systems.[70] The 7-AI build-

ing block 11 was incorporated in the middle of the sequence using Fmoc-SPPS by replacing one 

leucine and the resulting peptide 17 was used to perform preliminary analysis (Figure 17). 

 

 

17 

Figure 17: Structure of the modified KALP23 (17) with the 7-azaindole recognition unit 11 incorporated in 

the middle of the sequence. 

 
In order to investigate if the α-peptides with the incorporated 7-AI recognition unit 11 associate 

inside the membrane, fluorescence resonance energy transfer (FRET) studies were performed. For 

FRET-analysis, two different fluorophores (NBD (8) and TAMRA (9)), serving as a donor-acceptor 

pair, were attached to the α-peptides. Two sets of α-peptides were designed, where the first set 

has no recognition unit and functions as reference (Figure 18, left), whereas the second set has one 

recognition unit (7-AI building block 11, Figure 18, right). As the FRET effect should be unrestricted 

by the 7-azaindole building block 11, it was placed accordingly replacing one leucine (Figure 18, 

left). For the attachment of the fluorophores, one additional lysine with an Alloc-protecting group 

(orthogonal to Fmoc-SPPS) at the side chain was introduced either to the C- or N-terminus. The 

fluorophores (8, 9) were attached to the side chain of the additional lysine as it is known that free 
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peptide termini are required for membrane insertion and that during fluorescence labelling a con-

formational restriction could occur.[15] The α-peptides were arranged antiparallel and the recogni-

tion unit 11 was placed accordingly (Figure 18). 

 

 

Figure 18: Schematic view on the modified KALP23 for FRET analysis with no recognition unit (18/19/20, 

left) and with recognition unit (21/22/23, right). 

 
All peptides (18-23) were synthesised on a rink amide MBHA resin using automated microwave 

assisted Fmoc-SPPS. Therefore, lysine was used with an orthogonally protected side chain (Boc, 

Alloc) to avoid side reactions. The N-terminal Fmoc-group was deprotected with piperidine in DMF 

(20%). Each single coupling step was performed with the respective amino acid (5.00 eq) activated 

by Oxyma® in DMF (1.0 M) and DIC in DMF (0.5 M) or by HBTU/HOBt in NMP (0.49 M/0.5 M) and 

DIPEA in NMP (2.0 M) (Figure 19). During Alloc-deprotection using Me2NH∙BH3 (40.0 eq) and 

Pd(PPh3)4 (0.10 eq) in dry DMF, the N-terminal Fmoc-group was also deprotected. Hence, the final 

amino acid of the sequence was coupled as Boc-protected residue.  

 

 

Figure 19: Schematic view on the synthesis of α-peptides using Fmoc-SPPS.  
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After successful Alloc-deprotection of the lysine next to the C-terminal end, TAMRA (9) was at-

tached to the sequence. Therefore, 5(6)-TAMRA (9) (5.00 eq) in DMF was activated by PyBop® 

(4.70 eq) and DIPEA (9.80 eq) and allowed to react at rt overnight. Similarly, Alloc-deprotection of 

the lysine next to the N-terminal end, NBD (8) was followed by labelling. Thus, NBD–Cl (3.00 eq) in 

DMF was activated by DIPEA (20.0 eq) and allowed to react at rt overnight. As during FRET-experi-

ments the total peptide concentration had to be kept constant, the free side chain amino function-

ality of the N-terminal lysine was acetylated with DMF/Ac2O/DIPEA (18:1:1, v/v/v) at rt for 10 min, 

too. Afterwards, cleavage from the solid support and simultaneous removal of the protecting 

groups was carried out using TFA/H2O/TIS (95.5/2.5/2.5, v/v/v) followed by HPLC purification. In 

total, three different types of peptides were designed and synthesised: i) 17 with recognition unit 

11 in the centre of the sequence, and for FRET analysis ii) 18/19/20 without recognition unit and iii) 

21/22/23 with recognition unit 11 (Table 2). 

 

Table 2: Synthesised α-peptides. 

No. Modified KALP23 

 Recognition unit 11 in the centre of the sequence 

17 H-GKKLALALALA(11)ALALALALKKA-NH2 

 No recognition unit 

18 H-GK(acetyl)KKLALALALALALALALALKKA-NH2 

19 H-GK(NBD)KKLALALALALALALALALKKA-NH2 

20 H-GKKLALALALALALALALALKKK(TAMRA)A-NH2 

 With recognition unit 11 

21 H-GK(acetyl)KKLALALALALALA(11)ALALKKA-NH2 

22 H-GK(NBD)KKLALALALALALA(11)ALALKKA-NH2 

23 H-GKKLALA(11)ALALALALALALKKK(TAMRA)A-NH2 

 

3.5 CD-Spectroscopic Analysis of Modified KALPs 

Circular dichroism spectroscopy is a standard and well-established method to analyse secondary 

structure elements of peptides and proteins.[75] Here, the synthesised KALPs 18 (with recognition 

unit) and 21 (without recognition unit) were analysed in different membrane environments, i.e. 

small unilamellar vesicles (SUVs) composed of DMPC (Tm = 23 °C) or large unilamellar vesicles 

(LUVs) composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Tm = -17 °C) at a P/L-ratio of 

1/20 and a peptide concentration of 38 µM in TRIS® buffer (Figure 20).[76] The CD-spectra of the 

peptides 18 and 21 show a pattern with two minima at 209 nm and 223 nm, a zero-crossing around 

202 nm and a maximum near 198 nm. These characteristics are in very good agreement with the 
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literature known CD-values of an α-helix.[77] In addition, CD-spectroscopic investigation of KALP23 

and the similar WALP23 described by PLANQUE et al. and WEISS et al. show an approximately identi-

cal pattern as the presented CD-spectra of the peptides 18 and 21 in DMPC and DOPC.[64–66]  

 

200 210 220 230 240 250
-30

-20

-10

0

10

20

30

40

 [nm]


·

1
0

3
 [
d
e

g
·c

m
2
·d

m
o

l-1
]

DMPC

 18

 21

200 210 220 230 240 250
-20

-15

-10

-5

0

5

10

 [nm]


·

1
0

3
 [
d
e

g
·c

m
2
·d

m
o

l-1
] DOPC

 18

 21

 

Figure 20: CD-spectra of 18 and 21 in DMPC SUVs (left) at 30 °C and DOPC LUVs (right) at 25 °C (P/L-ra-

tio = 1/20, peptide concentration: 38 µM, TRIS® buffer). 

 
In addition to determining the secondary structure (α-helix), the CD-spectra of both α-peptides (18 

and 21) reconstituted in DMPC (SUVs) and DOPC (LUVs) clearly demonstrate no influence of the 

recognition unit 11 on the secondary structure formation.  

In order to analyse the thermal stability of the secondary structure of the synthesised KALPs 18 and 

21, CD-spectra of both α-peptides embedded in DOPC (LUVs, peptide concentration: 38 µm, P/L-ra-

tio = 1/20) were measured at 25 °C and 60 °C (Figure 21). Here again, the CD-spectra show the char-

acteristic CD pattern of an α-helix confirming that the secondary structure of the peptides 18 and 

21 is almost unaffected by an increase in temperature. Hence, the synthesised KALPs 17-23 seem 

to be a good model system as they are thermally stable and unaffected by the incorporated recog-

nition unit 11. 
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Figure 21: CD-spectra of 18 (left) and 21 (right) in DOPC LUVs (P/L-ratio = 1/20, peptide concentration: 

38 µM, TRIS® buffer at 25 °C and 60 °C).  
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3.6 Fluorescence Spectroscopic Analysis of Modified KALP 17 

In order to analyse the solvent dependence of the modified transmembrane KALP 17, fluorescence 

spectroscopic measurements (see also 3.2.1) were performed detecting the intrinsic 7-azaindole 

fluorescence of the incorporated recognition unit 11. Therefore, the synthesised KALP 17 was stud-

ied in a membrane environment, i.e. small unilamellar vesicles (SUVs) composed of DMPC at a pep-

tide concentration of 100 µM, and a P/L-ratio of 1/30 in aqueous TRIS® buffer at 25 °C (Figure 22, 

blue curve). In addition, KALP 17 was analysed in MeOH (100 µM) and TRIS® buffer (aq, 100 µM) at 

25 °C (Figure 22, red and black curves). The fluorescence spectra of the modified KALP 17 show a 

maximum in DMPC at λmax = 372 nm and in MeOH and TRIS® buffer a maximum at λmax = 380 nm. 

The maximum of KALP 17 in DMPC is slightly shifted compared to the maxima in MeOH and TRIS® 

buffer (aq) due to the differences in the dielectric constants of the used solvents.[52] KALP 17 in 

DMPC shows a similar value to 7-azaindole (5) in DMF, whereas the maxima of KALP 17 in MeOH 

and TRIS® buffer (aq) are related to the values of 7-AI (5) in MeOH (see 3.2.2). Here again, the 

tautomeric-fluorescence is not detectable as the samples might be not concentrated enough and 

hence, the 7-AI building block 11 is not able to form these solute/alcohol complexes in MeOH or 

dimers in hydrocarbon environment, which consequently results only in fluorescence of the mon-

omeric form of the 7-AI building block 11. 
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Figure 22: Fluorescence spectra of the modified transmembrane KALP 17 in DMPC (SUVs) (blue) at a peptide 

concentration of 30 µM and a P/L-ratio of 1/30, MeOH (red) and TRIS® buffer (black). 

 
Furthermore, the fluorescence spectra clearly demonstrate the dependency of the modified KALP 

17 on its local environment. The fluorescence emission of KALP 17 in TRIS® buffer (aq) is almost 

quenched as the 7-AI building block 11 seems to be ˈblockedˈ by the water molecules. However, an 

increase in fluorescence intensity is observed in MeOH and in DMPC, which is more pronounced in 

DMPC than in MeOH. These observations are in very good agreement with the preliminary investi-

gations on 7-azaindole (5) (see 3.2.2). Here again, the fluorescence intensity of the building block 
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11 with its 7-AI chromophore seems to be influenced by MeOH and thus, a decrease in intensity is 

determined compared to the observation in DMPC. As the building block 11 was introduced in the 

middle of the peptide sequence, the significant increase in fluorescence intensity and the blue-shift 

of KALP 17 embedded in DMPC (compared to KALP 17 in MeOH) confirms a similarity to a hydro-

carbon environment like the acyl chains of lipids. Hence, a successful incorporation of this peptide 

17 in the lipid membrane can be assumed. 

These results clearly demonstrate the dependence of KALP 17 on its local environment and they 

present a suitable application of the new 7-azaindole building block 11 in the field of peptide re-

search. Even though no tautomeric fluorescence band was detectable an association of the 7-AI 

building 11 inside lipid bilayers cannot be completely excluded. Thus, the association state of the 

peptides was studied by fluorescence resonance energy transfer (FRET) experiments. 

 

3.7 Fluorescence Resonance Energy Transfer (FRET) 

 Theoretical Background and Evaluation of FRET Data 

Beside the fluorescence emission described in 3.2.1, there are other processes that could occur. A 

singlet-singlet energy transfer, in which the energy is transferred to an acceptor molecule, so called 

fluorescence resonance energy transfer (FRET) was described for the first time in 1948 by 

FÖRSTER.[50,78] In detail, after excitation of the donor molecule to an upper electronic state (S2), the 

molecule rapidly goes from S2 to the lowest excited state S1 by losing the excess of vibrational en-

ergy. Before it relaxes to the S0 (ground state) accompanied by emission of a photon, the energy is 

transferred to an acceptor molecule by dipole-dipole interactions.[47–50,79] Thereby, the fluorescence 

emission of the donor molecule is quenched and only the fluorescence emission of the acceptor 

molecule is detected as it emits a photon in returning to the ground state (S0).[48] This non-radiative 

energy transfer between a donor and an acceptor species is described as resonance phenomenon. 

Therefore, the absorption spectrum of the acceptor molecule has to overlap with the emission 

spectrum of donor molecule, which means that the fluorophores have to be located close to each 

other with an optimum distance of approximatively 1-10 nm.[48,80,81] The energy transfer between 

both dipoles decreases with the 6th power of the distance between donor and acceptor (R). Thus, 

the transfer rate constant kT is 

 

𝑘T =
1

𝜏D
(

𝑅0

𝑅
)

6
       (2.1) 

 
where τD terms the fluorescence lifetime of the donor in absence of the acceptor molecule.[80,82]  
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R0 denotes the FÖRSTER radius at which the energy transfer process between donor and acceptor 

provides an efficiency of 50%.[83,84] In order to analyse the distance R between donor and acceptor, 

the energy transfer efficiency is determined, which is described as: 

 

𝐸 =
1

1+(𝑅/𝑅0)6       (2.2) 

 
The energy transfer efficiency can be estimated via measuring the fluorescence intensity of the 

donor in the presence (F) and in absence (F0) of the acceptor (2.3).[85] 

 

𝐸 = 1 −
𝐹

𝐹0
       (2.3) 

 
Hence, the distance R between donor and acceptor is given as: 

 

𝑅 = (
𝐹

𝐹0−𝐼
)

1

6
∙ 𝑅0      (2.4) 

 
During the last decades, fluorescence resonance energy transfer (FRET) experiments were used to 

assess the oligomeric state of peptides.[86–88] In order to perform FRET analysis the peptides have to 

be labelled with a suitable donor-acceptor pair. The degree of association becomes accessible by 

measuring the decrease in fluorescence emission intensity of the donor as a function of the accep-

tor concentration while keeping the total peptide-lipid concentration constant by adding unlabelled 

peptide. In the absence of an association process no energy transfer is expected.[15,23,88] An oligo-

merisation state of the peptides within the vesicles would result in a decrease in fluorescence emis-

sion intensity of the donor with an increasing mole fraction of acceptor (χA). This dependence allows 

the determination of the number of subunits in the peptide assembly.[88] In order to model the data 

obtained from FRET-measurements the following assumptions were made: i) labelling does not in-

fluence the association of the peptides, ii) all peptides are located in the lipid bilayer, iii) the inter-

action of the peptides is random, iv) one acceptor has the ability to quench all donors within that 

oligomer, and v) the number of donors and acceptors in the aggregates is random.[15,23,88,89] Accord-

ing to the model described by ADAIR et al., the measured fluorescence, F, of the acceptor is given 

by 

 

𝐹 = 𝑓𝐷(𝑁𝐷 − 𝑁𝑄) + 𝑓𝑄𝑁𝑄     (2.5) 

 
where fD is the molar fluorescence of unquenched donor, fQ is the molar fluorescence of quenched 

donor, ND gives the total moles of donor, and NQ gives the moles of quenched donor.[88]  
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Whereas, the fluorescence in the absence of acceptor, F0, is given by 

 
𝐹0 = 𝑓𝐷𝑁𝐷       (2.6) 

 
Combining the equations (2.5) and (2.6) the energy transfer efficiency, E, can be written as 

 

𝐸 = 1 −
𝐹

𝐹0
= (1 −

𝑓𝑄

𝑓𝐷
)

𝑁𝑄

𝑁𝐷
     (2.7) 

 
Following the previous described assumptions, the number of oligomers with any donor and accep-

tor concentration can be determined by a binominal distribution, in which the total number of 

quenched donors, NQ, is given by 

 

𝑁𝑄 = ∑ ∑ 𝑘
𝑛!

𝑘!𝑗!(𝑛−𝑘−𝑗)!
𝑛−1
𝑘=1 𝜒D

k𝜒𝐴
j

𝜒U
n-k-j𝑛−𝑘

𝑗=1    (2.8) 

 
with n as the number of units in the oligomer, χD the mole fraction of the donor, χA the mole fraction 

of the acceptor and χU the mole fraction of the unlabelled species with the relationship 

χD + χA + χU = 1. k counts the number of donors except for k = 0, in which the oligomer contains ac-

ceptors and unlabelled species and k = n, where the oligomer contains only donor species. The 

number of acceptor species is counted by j except for j = 0, where the oligomer contains only ac-

ceptor and unlabelled species. The total number of donors, ND, is 

 

𝑁𝐷 = ∑ ∑ 𝑘
𝑛!

𝑘!𝑗!(𝑛−𝑘−𝑗)!
𝑛
𝑘=1 𝜒D

k𝜒𝐴
j

𝜒U
n-k-j𝑛−𝑘

𝑗=0    (2.9) 

 
Assuming a monomer-oligomer equilibrium and the combination of equations (2.8) and (2.9) with 

(2.7) a monomer-dimer equilibrium can be written in terms of fluorescence intensities resulting 

from the monomeric species (F/F0)m and from the dimeric species (F/F0)dimer as 

 
𝐹

𝐹0
= 𝑚 (

𝐹

𝐹0
)

m
+ (1 − 𝑚) (

𝐹

𝐹0
)

dimer
    (2.10) 

with (
𝐹

𝐹0
)

dimer
= 1 − 𝜒A     (2.11) 

 
with m as the fraction of molecules in the monomeric state and (1 ‒ m) as the fraction of molecules 

in the oligomeric state, where m is given as 

 

𝑚 =
𝑛m

𝑛0
        (2.12) 

with  𝑛m =
𝑁m

𝑛lip
 and 𝑛0 =

𝑁0

𝑛lip
     (2.13) 
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Nm is the number of peptides in the monomeric state, N0 is the total number of peptides and nlip is 

the total amount of lipid molecules. Due to the occurrence of FRET without the formation of aggre-

gates, (F/F0)m can be estimated applying the approximation of WOLBER and HUDSON, that is given as 

 

(
𝐹

𝐹0
)

𝑚
=  𝐴1 exp (−𝑘1𝜒A

𝑁0

𝐴
𝑅0

2) + 𝐴2 exp (−𝑘2𝜒A
𝑁0

𝐴
𝑅0

2) (2.14) 

 
where A1, A2, k1, k2 are constants. A describes the area of one vesicle.[83] 

Combining the equations (2.8) and (2.9) with (2.7) a monomer-trimer equilibrium is given in terms 

of the fluorescence intensities resulting from the monomeric-trimer species (F/F0)trimer by  

 
𝐹

𝐹0
= 𝑚 (

𝐹

𝐹0
)

m
+ (1 − 𝑚) (

𝐹

𝐹0
)

trimer
    (2.15) 

with (
𝐹

𝐹0
)

trimer
= (𝜒A − 1)2     (2.16) 

 
Combining the equations (2.8) and (2.9) with (2.7) a monomer-tetramer equilibrium is given in 

terms of the fluorescence intensities resulting from the monomeric-tetramer species (F/F0)tetramer 

by 

 
𝐹

𝐹0
= 𝑚 (

𝐹

𝐹0
)

m
+ (1 − 𝑚) (

𝐹

𝐹0
)

tetramer
    (2.17) 

with (
𝐹

𝐹0
)

tetramer
= (1 − 𝜒A)3     (2.18) 

 
In order to describe the strength of the interaction between two molecules (binding affinity) the 

dissociation constant KD is used, which is defined as 

 

𝐾D =
(𝑚 𝜒P)n

((1−𝑚)
𝜒P
𝑛

)
       (2.19) 

 
where χP represents the lipid-to-peptide ratio. KD is expressed in units of peptide/lipid mole fraction 

(MF).[5,15,23,83,87,88,90,91] Applying a global fit analysis, the dissociation constant can be estimated as-

suming a FÖRSTER radius of R0 = 5.1 nm. 

Analyses of the obtained FRET data and calculations concerning the statistically occurring FRET 

were performed by C. STEINEM. These evaluations of the FRET data are prerequisite for analysing 

association process of transmembrane peptides. 
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 Determination of Peptide Aggregation State of Modified KALPs using FRET 

The association state of the modified KALPs 18-23 reconstituted into DOPC vesicles using the 

7-azaindole building block 11 as a potential recognition unit was investigated by fluorescence res-

onance energy transfer (FRET) experiments (see 3.7). The first FRET experiments where performed 

in DMPC vesicles yielding low quality data, which made it difficult to analyse the latter. One possible 

reason could be the non-constant main transition temperature Tm of DMPC vesicles (Tm = 23 °C) 

during sample preparation. In order to incorporate peptides into lipid membranes it is necessary 

that lipids exhibit the liquid crystalline phase.[92] Hence, temperature fluctuations of around 5 °C 

result in changes from the gel to the liquid crystalline phase (for DMPC), which influences sample 

preparation and consequently the data obtained from FRET experiments. To circumvent such prob-

lems DOPC vesicles (Tm = -2 °C) were used.[76,92] 

In order to perform FRET measurements peptides were labelled with a donor- (NBD, 8) acceptor 

(TAMRA, 9) pair.[78,93] As an example, the fluorescence emission spectra of the peptides 18/19/20 

(without recognition unit) and 21/22/23 (with recognition unit) at a P/L-ratio of 1/500 at 25 °C are 

shown in Figure 23 (for all fluorescence emission spectra at different P/L-ratios see 7.1 and 7.2).  
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Figure 23: Fluorescence emission spectra of 18/19/20 without recognition unit (left) and 21/22/23 with 

recognition unit (right). The spectra show NBD-labelled β-peptides (donor, 6.0 µM) with varying amounts 

of TAMRA-labelled species from 0-0.5 determined at 25 °C. The non-labelled compound was added to keep 

the total peptide concentration constant (12 µM) and the P/L-ratio at 1/500 (DOPC). 

 
The degree of peptide association becomes available by measuring the ratio of NBD-fluorescence 

intensity F at 530 nm in the presence of TAMRA-labelled peptides and NBD fluorescence intensity 

F0 at 530 nm in its absence as a function of the TAMRA-labelled peptides concentration. The total 

peptide/lipid-ratio was kept constant by adding the respective acetylated non-labelled peptide. Fig-

ure 24 shows the ratio F/F0 for the peptides 18/19/20 (without recognition unit) as a function of 

the mole fraction (χA) of the acceptor at 25 °C and a P/L-ratio of 1/500 (red) and 1/1000 (green). 

The spectra show an almost identical decrease in the ratio F/F0 with increasing mole fraction (χA) of 
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the acceptor of the peptides for both P/L-ratios. The statistical occurrence of FRET in DOPC vesicles 

was calculated according to WOLBER et al., which was performed by C. STEINEM.[15,83]  
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Figure 24: Relative changes in NBD-fluorescence emission (F/F0) as a function of increasing acceptor con-

centration (A) are plotted for 18/19/20 (without recognition unit) at a P/L-ratio of 1/500 (red) and 1/1000 

(green) at 25 °C. The red solid line (1/500) and the green solid line (1/1000) are results of a modelling ac-

cording to WOLBER et al., by taking only statistical occurrence of FRET in vesicles into account without the 

formation of aggregates.[15,83] A monomer-dimer equilibrium does not explain the obtained data. The black 

dashed line is the result of the global fit analysis taking a pure dimer into account. 

 
The red solid line (1/500) and the green solid line (1/1000) are results of a global fit analysis assum-

ing peptide monomers in DOPC vesicles (LUVs, 100 nm) with a FÖRSTER radius R0 = 5.1 nm. The cal-

culated plots are not in accordance with the obtained data. In addition, no agreement between the 

data and the plots were found for a monomer-dimer equilibrium (plots are not shown) as both data 

sets show the same signals. Taking a pure dimer into account the global fit analysis could explain 

the obtained data (Figure 24, black dashed line). This result shows that the peptides 18/19/20 with-

out recognition unit do not exist in a monomeric state as expected, but they seem to associate into 

dimers. An explanation for the observed association could be the compensation of a negative hy-

drophobic mismatch (see also 3.4.1). The modified KALPs have a hydrophobic stretch of 25.5 Å and 

DOPC has a hydrocarbon thickness of 26.8 Å.[94] Hence, the hydrophobic part of the peptides is 

slightly shorter (1.3 Å) compared to the hydrophobic thickness of the lipids and therefore, both 

adjust their hydrophobic part to achieve a match. A negative hydrophobic mismatch can be allevi-

ated amongst other adaptions by an oligomerisation of the peptides.[69] KILLIAN and co-workers have 

shown that negatively mismatching peptides that are flanked with lysine residues tend to form di-

mers in the lipid bilayer.[67] They found that the deepest acceptable membrane position of a charged 

moiety is around the lipid phosphate region, where it can interact with negatively charged phos-

phate groups and hence, it might induce oligomerisation. Under negative hydrophobic mismatch 

conditions lysine flanked analogues undergo a reduced incorporation or induce non-lamellar 



SYNTHESIS AND INVESTIGATION OF A NOVEL 7-AZAINDOLE BASED RECOGNITION UNIT 

 
27 

phases.[67,72] In addition, due to negative hydrophobic mismatch, the membrane thickness of DOPC 

is significantly decreased in the proximity of the peptides by acyl chain disordering.[69,95] These re-

sults demonstrate that a mismatch of 1.3 Å, which is less than one additional amino acid, signifi-

cantly influences the association behaviour of the synthesised peptides 18/19/20 (without recog-

nition unit). 

The ratio F/F0 for the peptides 21/22/23 (with recognition unit) as a function of the mole fraction 

(χA) of the acceptor at 25 °C and different P/L-ratios (1/100, 1/250, 1/500 and 1/1000) together with 

the results of a global fit analysis assuming a monomer-tetramer equilibrium (grey solid lines) re-

sulted in the data sets depicted in Figure 25A. No agreements between data and plots were found 

for a monomer-tetramer equilibrium. As the peptides without recognition unit (18/19/20) exist in 

a dimer formation a global fit analysis assuming a dimer-tetramer equilibrium (grey dashed lines) 

was performed (Figure 25B). Here again, no accordance between data and plots were obtained. 

However, the spectra of the peptides 21/22/23 show a decrease in the ratio F/F0 with increasing 

mole fraction (χA) of the acceptor of the peptides for all P/L-ratios. In addition, a decrease in energy 

transfer (F/F0) with increased P/L-ratio was detected. Both observations suggest the formation of 

more complex oligomers than the presented dimer formation of the peptides without recognition 

unit (18/19/20) indicating an association of the 7-azaindole building block 11 inside the peptides.  
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Figure 25: Relative changes in NBD-fluorescence emission (F/F0) as a function of increasing acceptor con-

centration (A) are plotted at different P/L-ratios (1/100, 1/250, 1/500 and 1/1000) for 21/22/23 (with 

recognition unit) at 25 °C. The grey solid lines are the results of a global fit analysis assuming (A) a mono-

mer-tetramer equilibrium and (B) a dimer-tetramer equilibrium with the FÖRSTER radius R0 = 5.1 nm and 

assuming that the FRET occurs statistically.[15,83]  
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Unfortunately, it could not be verified what kind of association occurs as the global fit analyses do 

show an inconclusive result. In addition, the observed association could be due to NH…N hydrogen 

bond formation or π-stacking of the aromatic system of the 7-AI building block 11, the latter seems 

more consistent as no tautomeric fluorescence band was detected during fluorescence spectros-

copy of KALP 17 (see 3.6).[96–98] Furthermore, it cannot be ruled out that the negative hydrophobic 

mismatch influences the association processes and hence, complicates the global fit analyses.  

In order to analyse the influence on the association properties in more detail, the temperature was 

varied, as hydrogen bond formations as well as π-stacking interactions are known to become 

weaker at higher temperatures.[99–101] Fluorescence emission spectra of the peptides 21/22/23 

(with recognition unit) reconstituted in a lipid membrane (DOPC) at different P/L-ratios (1/100, 

1/250, 1/500 and 1/1000) were measured at 60 °C (see 7.2). To avoid any temperature effects, such 

as the temperature dependency of the extinction coefficients of the fluorophore NBD and TAMRA, 

the relative changes in fluorescence intensity F/F0 are considered.[15] The results obtained at 60 °C 

for the peptides 21/22/23 are depicted in Figure 26 together with the expected F/F0 (χA) for dimeric 

peptides 18/19/20 (black solid line). 
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Figure 26: Relative changes in NBD-fluorescence emission (F/F0) as a function of increasing acceptor con-

centration (A) are plotted at different P/L-ratios (1/100, 1/250, 1/500 and 1/1000) for 21/22/23 (with 

recognition unit) at 60 °C. The black line is the result of the global fit analysis of 18/19/20 (without recog-

nition unit) taking a pure dimer into account. 

 
In all four cases the FRET effect is reduced at 60 °C compared to that at 25 °C. At the P/L-ratios 

1/500 and 1/1000 the peptides 21/22/23 dissociate into dimers, whereas at 1/250 and 1/100 an 

association is still observable. This effect is more pronounced at a P/L-ratio of 1/100 with the high-

est peptide concentration of all analysed P/L-ratios. Hence, the observed FRET effect at a P/L-ratio 

of 1/100 seems to be influenced by the high amount of peptides in the lipids, that might provide a 

peptide association. As the peptides 21/22/23 only dissociate into dimers (P/L-ratio of 1/500 and 

1/1000) at higher temperature it can be assumed that due to the negative hydrophobic mismatch 
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a dissociation into monomers is not possible as the structure of the lipid bilayer is influenced by this 

mismatch, too (see 3.4.1). In addition, CD-spectroscopic measurements of the peptide 21 at 25 °C 

and 60 °C have shown that peptide 21 forms a stable secondary structure, even at a higher temper-

ature. Thus, an unfolding of the secondary structure of the peptides 21/22/23 due to an increase 

in temperature can be ruled out. It can therefore be concluded that the observed association/dis-

sociation processes are a result of an interaction of the 7-AI building block 11 inside the peptides. 

To understand the influences on a negative hydrophobic mismatch in more details, FRET analyses 

of the peptides without recognition unit at higher and lower P/L-ratios, e.g. 1/2000 and 1/250, 

seems necessary. In addition, it cannot be ruled out, that the 7-azaindole building block 11 itself 

can have any impact on the result of the FRET experiments. Therefore, it might be advisable to 

analyse the 7-azaindole recognition unit 11 in more details. As no tautomeric fluorescence band 

was detected during fluorescence spectroscopy of KALP 17, it might be reasonable to reconsider 

the design of the 7-AI building block 11. It cannot be excluded that the connection of the 7-AI chro-

mophore (5) with the peptide backbone is not flexible enough and hence, no dimerisation did occur. 

In order to increase the flexibility of the 7-AI recognition unit Fmoc-Orn-OH (ornithine) or 

Fmoc-Lys-OH (lysine) could be used instead of Fmoc-Dap-OH (15) as they have two or three addi-

tional CH2-groups, respectively. 

Furthermore, the design of the modified KALPs should be reconsidered as a negative hydrophobic 

mismatch is unfavourable for lysine flanked peptides.[67] KALPs can easier compensate a positive 

mismatch than a negative mismatch (see 3.4.1). Hence, the hydrophobic stretch of the modified 

KALPs should be slightly longer than the hydrophobic thickness of the lipid bilayer. DOPC seems to 

be a suitable lipid system as during sample preparation and FRET measurements no problems occur. 

In order to design a useful peptide-lipid system one or two amino acids should be added to the 

hydrophobic stretch of the peptide (Table 3). 

 
Table 3: Comparison of the hydrophobic stretch/thickness of amino acid sequences of the used model sys-

tem and the new proposed model system with DOPC.a 

 Sequence Hydrophobic stretch/thickness 

used model system  H-GKKLA(LA)7LKKA-NH2 25.5 Å 

new model system  H-GKKLA(LA)8LKKA-NH2 28.5 Å 

DOPC  26.8 Å 

a It is assumed that each amino acid has a length of 1.5 Å. 

 

To handle any kind of problems with the used KALPs an alternative way could be to enhance 

knowledge within the field of β-peptides by choosing another transmembrane model system. The 

field of β-peptides offers a broad range of possibilities in peptide chemistry and will be described 
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in details in the third chapter of the present thesis (ARTIFICIAL TRANSMEMBRANE β-PEPTIDES IN 

LIPID BILAYERS). Therein, the design, synthesis and analyses of a novel transmembrane β-peptide 

model system is described in details. This model system could be used to analyse the potential of 

the 7-azaindole building block 11 as it shows some advantages compared to α-peptide model sys-

tems (see 4.2 and 4.3). In order to use transmembrane β-peptides a D-β3-7-azaindole building block 

24 has to be synthesised (see 3.8). 

 

3.8 Synthesis of the 7-Azaindole D-β3-Building Block 

Having the proof for the 7-azaindol recognition unit 11 being sensitive to its local surrounding and 

hence, useful to confirm a transmembrane insertion of peptides in the lipid bilayer the concept 

should be extended to the field of β-peptides. Therefore, the synthesis of the 7-azaindole 

D-β3-building block 24 is presented as it will be used to investigate transmembrane β-peptides. 

Starting with Fmoc-D-Asn-OH (25), Fmoc-D-Dap-OH (26) was obtained by a HOFMANN rearrangement 

as described before (see Scheme 3, bottom).[63] Afterwards, Fmoc-D-Dap-OH (26) was Boc-pro-

tected using Boc2O in an aqueous sodium carbonate/dioxane solution to obtain 27 in 92% yield.[102] 

When moving from Fmoc-D-Dap(Boc)-OH (27) to Fmoc-D-β3-Dap-OH (28) the ARNDT-EISTERT homol-

ogation method was utilized (for details see 4.1.1.1), followed by Boc-deprotection with 4.0 M HCl 

in dioxane. This reaction was performed in 68% yield over three steps (Scheme 5).[103,104] 

 

 

Scheme 5: Synthesis of Fmoc-D-β3-Dap-OH (28). 

 
After a reductive amination of Fmoc-D-β3-Dap-OH (28) with the Boc-protected aldehyde 13 under 

the same conditions as described in 3.3.1 the final amino acids residue (S)-3-(9-fluorenylme-

thyloxycarbonyl)-amino-4-tert-butoxycarbonyl-(1ˈ-tert-butoxycarbonyl-7ˈ-azaindole)-3ˈ-(methyl)-

amino-propanoic acid (24) was obtained with 56% yield over two steps. This D-β3-7-azaindole build-

ing block 24 is suitable for Fmoc-SPPS and can be incorporated in transmembrane β-peptides 

(Scheme 6).  
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Scheme 6: Final step of the synthesis of (S)-3-(9-fluorenylmethyloxycarbonyl)-amino-4-tert-butoxycar-

bonyl-(1ˈ-tert-butoxycarbonyl-7ˈ-azaindole)-3ˈ-(methyl)amino-butanoic acid (24). 

 

3.9 Conclusion 

A novel 7-azaindole building block 11 has been synthesised and incorporated into model transmem-

brane peptides, i.e. KALPs using Fmoc-SPPS. Initially, the secondary structure of the synthesised 

peptides reconstituted into unilamellar vesicles composed of DMPC (SUVs) or DOPC (LUVs) was 

determined to be an α-helix by means of CD spectroscopy. In addition, the CD-spectra clearly indi-

cated that the secondary structure of the peptides is almost unaffected by an increase in tempera-

ture. In order to analyse the solvent dependence of the 7-azaindole modified KALP 17, fluorescence 

spectroscopic measurements were performed detecting the intrinsic 7-azaindole fluorescence of 

the incorporated recognition unit 11. Results clearly demonstrate the dependence of KALP 17 on 

its local environment as in TRIS® buffer the fluorescence emission is almost quenched, whereas in 

DMPC vesicles a significant increase in fluorescence intensity is observed. However, no tautomeric 

fluorescence band could be detected indicative of no dimer formation due to the 7-AI building block 

11 inside the peptide. As an association of the 7-AI recognition unit 11 cannot be completely ex-

cluded FRET experiments were performed to investigate a possible association state. The results 

show that peptides 18/19/20 (without recognition unit) already assemble into dimers as a result of 

an occurring of a negative hydrophobic mismatch. The peptides 21/22/23 (with recognition unit) 

form more complex oligomers, which dissociate into dimers by increasing temperature. Unfortu-

nately, the kind of association state could not be verified by global fit analysis. It could not be clearly 

established whether the NH…N hydrogen bonds formation or a π-stacking of the aromatic system 

of the 7-AI building block 11 take place in the association process. The latter seems more consistent 

as no tautomeric fluorescence band was detected during fluorescence spectroscopy of KALP 17. 
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4 ARTIFICIAL TRANSMEMBRANE 
β-PEPTIDES IN LIPID BILAYERS 

 

4.1 General 

The prerequisite for many biological functions of proteins is the folding of peptide strands into well-

defined, active and compact secondary structures.[21,105] These secondary structures play a vital role 

in protein architecture and are often involved in recognition and binding processes between pro-

teins or peptides.[17] Information of proteins such as their biological activities, functions and mech-

anisms on a molecular level are sometimes limited due to the complexity of protein structures and 

have attracted attention of many chemists, biophysicists and biochemists.[4,12] As chemical and bi-

ological questions have become intertwined, the interest in the design and synthesis of unnatural 

oligomers that fold into specific and well-defined three-dimensional structures has increased sub-

stantially during the past few years.[103,106,107] These artificial oligomers are a good way to under-

stand biological processes like enzyme catalysis, protein-protein and protein-nucleic acids binding, 

protein folding, flexibility and stability.[9] Hence, a various number of synthetic proteins composed 

of α-amino acids with defined conformations similar to those in natural peptides and proteins have 

previously been investigated.[9,12,108] Beside α-peptides, SEEBACH, GELLMAN and DEGRADO have al-

ready reported that β-peptides are able to fold into well-defined and extremely stable secondary 

structures.[21,109,110] These artificial β-peptides provide a novel approach to analyse the mechanism 

of protein folding processes and structural stabilization. In addition, they seem to be an excellent 

medium for the design of new biomimetic structures with useful applications in the field of phar-

maceuticals and materials science.[111] Unnatural β-peptides are also known to be stable towards 

enzymatic degradation both in vitro and in vivo, by e.g. proteolytic and metabolising enzymes in 

microorganisms and insects. As β-peptides consist of β-amino acid residues, these β-amino acid 

building blocks could be useful in peptidomimetic drug design.[112,113] Hence, the design, synthesis 

and investigations of artificial β-peptides are of great interest for many different research fields to 

gain new insights into peptide-peptide and peptide-lipid interactions.[114]   
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 β-Amino Acids 

The wide spectrum of applications of α-amino acids arouses the interest towards synthetic ap-

proaches for both natural and unnatural amino acids.[115] β-Amino acids occur relatively seldom in 

nature compared to α-amino acids. Similarly, their synthesis must be enantiomerically pure since 

in most amino acids only one enantiomeric form is biologically active. [109,116] β-Amino acid residues 

can function as key components of medically useful molecules like Taxol®, an anti-tumour agent or 

Bestatin®, an immunological response modifier.[117] In contrast to α-amino acids, β-amino acids 

have one additional α-methylene group, which results in various numbers of possible constitutional 

and configurational isomers since β-amino acids have four options of substitution.[109,116] There are 

three general types of chiral β-amino acids differing in position and number of substituents. Sub-

stituents could take place at i) the carbon bearing the carboxyl group (α-position), ii) the carbon 

bearing the amino group (β-position), or iii) both positions.[118,119] In order to distinguish positional 

isomers, SEEBACH and co-workers have suggested the terms β2- and β3-amino acids where the num-

ber specifies the position of the side chains (Figure 27).[120,121] 

 

  
 

 

α-amino acid β2-amino acid β3-amino acid β2β3-amino acid 

Figure 27: Schematic view on an α-amino acid, a β2-amino acid, a β3-amino acid, and a β2β3-amino acid.[118] 

 
Due to homologation, an additional rotation axis with the torsion angle θ exists in a β-amino acid 

(see Figure 27). This Cα-Cβ-bond angle θ and the possibility to have four different substituents ena-

ble a wide variety of secondary structure formations.[112] The synthesis of β3-amino acids has been 

intensively investigated during the last few decades and many different methods are available for 

their synthesis.[109,119] Herein, they were made by implementing the ARNDT-EISTERT homologation 

methods converting an α- to a β3-amino acid.[3] 

 

4.1.1.1 Synthesis of β3-amino acids 

As β-amino acids are much less frequent in nature than α-amino acids, they need to be synthesised 

from their α-amino analogues.[116] Starting with the commercially available D-α-amino acid, the 

D-β3-amino acid residues were synthesised in excellent yields by an optimised ARNDT-EISTERT homol-

ogation method (Scheme 7).[104,109,122] Therefore, the protected D-α-amino acid (PG: Boc or Fmoc) 

was activated with isobutylchloroformate to obtain a mixed anhydride.   
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Scheme 7: Schematic view on the synthesis of protected D-β3-amino acids (PG: Boc or Fmoc) using an opti-

mised ARNDT-EISTERT homologation method.[123] 

 
The diazomethane carbon is acetylated by this mixed anhydride to give an α-diazo ketone, which 

was used without further purification and in quantitative yields.[103,104] The key step of the ARNDT-

EISTERT homologation method is the WOLFF-rearrangement of the α-diazo ketones to ketenes, which 

was accomplished by silver(I) catalysis. The reaction is conducted in the presence of water to yield 

the carboxylic acid. Two different silver(I) catalysed methods of the WOLFF-rearrangement are pre-

sented. Method A was performed in an ultrasonic bath for two hours and method B in a domestic 

microwave for one minute.[103,122] In both cases the resulting crude product was precipitated in ice-

cold pentane to obtain the desired protected D-β3-amino acid in excellent yields and without the 

necessity for further purification steps (Table 4). 

 

Table 4: Synthesised D-β3-amino acids, the obtained yield over two steps (A sonication; B domestic micro-

wave) and their further on used abbreviation. 

D-β3-amino acid yield in % 
Abbreviation of the unpro-

tected D-β3-amino acid 

Fmoc-D-β3-Val-OH (29) 94B hVal 

Fmoc-D-β3-Lys(Boc)-OH (30) 83B  

Boc-D-β3-Lys(Fmoc)-OH (31) 72A hLys 

Fmoc-D-β3-Lys(Alloc)-OH (32) 70A  

Fmoc-D-β3-Trp(Boc)-OH (33) 75A hTrp 

Fmoc-D-β3-Gln(Trt)-OH (34) 72A hGln 

Boc-D-β3-Asp-OBzl (35) 83B hAsp 

Fmoc-D/L-β3-Trp(Boc)-OH (36) 68A _ 

 

4.1.1.2 Enantiomeric purity of aromatic D-β3-amino acids 

The synthesis of aromatic β3-amino acids is prone to racemisation.[117,123] Therefore, the enantio-

meric purity of Fmoc-D-β3-Trp(Boc)-OH (33) was analysed using MARFEYˈs reagent (37) (1-fluoro-2,4-
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dinitrophenyl-5-L-alanine amide, FDAA).[124,125] MARFEYˈs reagent was introduced in 1984 and pro-

vides a simple and effective analytical method for structural characterisation in peptide synthesis 

and detection of small quantities of amino acids.[124] FDAA (37) is a derivatisation reagent that reacts 

with primary amino groups of optical isomers to form diastereomeric derivatives which can be sep-

arated by conventional high performance liquid chromatography (HPLC) (Scheme 8).[125,126]  

 

 

Scheme 8: Synthesis of L/L- and L/D-diastereomers using MARFEYˈs reagent (37).[127] 

 
FDAA derivatives of D-amino acids exhibit strong intermolecular hydrogen bonding, which reduces 

their polarity compared to the corresponding L-amino acid derivatives. Consequently, L/D-diastere-

omers are selectively retained on reverse phase columns and elute much later than corresponding 

L/L-diastereomers.[127] The diastereomeric derivatives have an absorption maximum at 340 nm with 

an extinction coefficient ε = 30000 cm-1 ∙ M-1, and thus, can be detected by UV spectroscopy with 

nanomole sensitivity.[125,127] 

Fmoc-D-β3-Trp(Boc)-OH (33) and Fmoc-D/L-β3-Trp(Boc)-OH (36, racemate), which was synthesised 

as a reference (see 4.1.1.1), were analysed using MARFEYˈs reagent. The respective β3-amino acid 

was treated according to the procedure of MARFEY et al. and BHUSHAN et al. (see 6.3.4).[126,127] The 

resulting diastereomeric derivatives were analysed using HPLC (Figure 28). The HPLC chromatogram 

showed the L/L-diastereomere (tR = 46.7 min) and the L/D-diastereomere (tR = 48.6 min) after reac-

tion with MARFEYˈs reagent, as expected for Fmoc-D/L-β3-Trp(Boc)-OH (36, racemate). 
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Figure 28: HPLC chromatogram of the D/L-mixture (36, red) and the D-amino acid (33, blue) after the reac-

tion with MARFEYˈs reagent.  
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After reaction of Fmoc-D-β3-Trp(Boc)-OH (33) with FDAA only the L/D-diastereomere (tR = 48.7 min) 

was detected in the HPLC chromatogram, demonstrating the enantiomeric purity of 

Fmoc-D-β3-Trp(Boc)-OH (33). Hence, no racemisation occurred during the optimised ARNDT-EISTERT 

homologation. 

 

 β-Peptides 

β-Peptides, i.e. oligomers of β-amino acid residues are a unique class of peptides.[128] In contrast to 

their natural α-amino acid counterparts (usually about 15-20 amino acids are needed for a stable 

secondary structure), β-peptides are known to form conformational well-defined and stable sec-

ondary helix structures starting from sequences of six amino acid residues.[17,109] Structural studies 

on β-peptides like X-ray crystallography, molecular dynamic simulation studies as well as NMR- and 

CD-spectroscopy have shown that β-peptides adopt a various number of stable secondary struc-

tures.[9,103,116,129–132] So far, five different helical structures have been identified in the field of β-pep-

tides that are defined by the size of 8-, 10-, 12, or 14-membered hydrogen bonded rings between 

an amide proton and a main chain carbonyl: the 8-helix, the 10-helix, the 10/12-helix, the 12-helix 

(2.512-helix) and the 14-helix (314-helix) (Figure 29A).[113,133] 

 

 

Figure 29: A: Schematic view of the nomenclature of β-peptide helices based on hydrogen-bonding pattern; 

B: Definition of torsion angles in β-peptides.[110] 

 
Based on BALRAM et al., the conformations of these secondary structures of the β-peptides are de-

fined by the torsion angles ω, ϕ, θ and ψ where the torsion angle of the CO‒N-bond is designated 

as ω, the HN‒Cβ-bond is assigned as ϕ, and the CO‒Cα-bond as ψ. The Cα‒Cβ-bond describes the 
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most important torsion angle θ for secondary structure formation (Figure 29B).[110,134] The confor-

mation of the β-peptide secondary structure depends not only on the torsion angles but also on 

the substitution pattern (see 4.1.1).[110] The helix type is largely determined by the choice of the 

amino acid monomer.[135] As aliphatic and mono-substituted residues (β2- or β3- amino acids) prefer 

a gauche conformation with a torsion angle θ of 60°, they show the tendency to fold as 14-helices 

when arranged or as 10/12-helices if patterned as alternating β2/β3-amino acid residues.[134,136,137] 

As the most frequently documented secondary structure of folded β-peptides, the 14-helix consists 

of 14-membered hydrogen-bond rings between N–H (i) and C=O Ӏ (i+2) with a three-residue repeat-

ing arrangement of the side chains and a pitch of approximately 5.0 Å.[138] This uniform orientation 

of every third side chain allows an individual assignment of properties of the three helical faces.[4,17] 

Hence, this secondary structure is also designated as 314-helix. In contrast to the α-helix with 

3.6 amino acids per turn, 13-membered hydrogen bonded rings and a radius of 4.3 Å, the 314-helix 

has a slightly larger radius (4.8 Å), which is the result of the different size of the hydrogen bonded 

rings.[109] In addition, the 314-helix has an inverted overall helical dipole compared to the α-helix as 

the amide carbonyl- and the NH-groups protrude towards the N- and C-terminus, respectively (Fig-

ure 30).[110]  

 

 

Figure 30: Crystal structures of the 3.613-helix (α-peptide, left) with a pitch (p) of 5.4 Å and the 314-helix 

(β-peptide, right) with a pitch of 5.0 Å and comparison of the stabilising interactions and the inverted dipole 

moment. (Structure based on SEEBACH et al.).[133] 

 
Branched side chains adjacent to the Cβ-atom (β3-amino acid residues) are known to provide the 

314-helical conformation of β-peptides.[139] Furthermore, GUNG et al. and HAMURO et al. have previ-

ously shown that the presence of valine side chains enhance the formation of the 314-helix of β-pep-

tides.[140,141] In addition it should be mentioned that e.g. trans-2-aminocyclohexanecarboxlyic acid 

(achc) promotes the formation of the 314-helical structures.[142] Taking all these properties into ac-

count, the 314-helix seems to be a good choice for the design of transmembrane β-peptides.  
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4.2 Heavy-Atom Labelled Transmembrane β-Peptides 

Membrane proteins and peptides play a vital role for many different cellular function.[143] Trans-

membrane (TM) β-peptides and their behaviour in lipid membranes are not fully understood yet. 

The conformation and distribution of transmembrane peptides within the lipid bilayer result from 

interactions with the membrane environment that are a necessity for many biological membrane 

functions.[6,67] These interactions affect the properties of both, peptides as well as lipids and conse-

quently, the stability and function of transmembrane peptides can be highly influenced by mem-

brane composition.[65,143] Therefore, transmembrane β-peptides should present relative structural 

simplicity as they will be frequently used to confirm experimental approaches, techniques and ap-

plications.[144–146] In the last three decades, the interest in design and analysis of synthetically mod-

ified β-peptides in membrane environment has grown continuously.[3,146] 

In this work, novel β-peptides are introduced that are well suited as a model transmembrane do-

main system due to their conformational rigidity with stable helical structure formation. In order to 

establish these transmembrane β-peptides as a model system the proper formation and orientation 

of the helix has to be investigated within an appropriate membrane environment.[22] A better un-

derstanding of parameters like conformation, positioning and orientation of these β-peptides with 

respect to the lipid bilayer is achieved by new techniques and tools capable of probing these pa-

rameters.[13] From standard spectroscopy methods like fluorescence emission or circular dichroism 

(CD) qualitative information on the structure and localisation of the peptide species can be ob-

tained.[104,147] More advanced applications, such as fluorescence resonance energy transfer analysis 

(FRET, parallax method), electron paramagnetic resonance techniques or solid state nuclear mag-

netic resonance (NMR) are used for quantitative views on lipid bilayers without the need for simu-

lations or geometrical models. [23,146,148,149] As some of these techniques are limited by their sample 

preparation or their physiologically or biologically relevance, other techniques might be consid-

ered.[146] In order to pinpoint specific molecular moieties, heavy-atom labelling techniques of trans-

membrane β-peptides in combination with X-ray diffraction studies have been used to characterise 

β-peptide properties in lipid model systems, as it was already presented by SCHNEGGENBURGER et al. 

and KÜSEL et al. for transmembrane α-peptides.[13,14,146] Small angle X-ray diffraction studies on 

membrane surfaces are a powerful and highly appropriate method providing access to a variety of 

membrane parameters.[13] The heavy-atom label (2, Figure 31) provides strong electron density 

contrasts in the labelled region of the reconstructed electron density profiles (EDPs), revealing a 

certain group either from the lipid or the peptide.[22,150,151] Properties like the relative position of 

the β-peptide within the membrane, the tilting angle, β-peptide orientation, etc. can be derived 

from this electron density contrast.[22] 
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Figure 31: Structural representation of Fmoc-D-β3-6,6-diiodoallylhomoglycine (2).  

 

 Synthesis of the Iodine-labelled D-β3-Amino Acid 

The synthesis of a heavy-atom labelled α-peptide has previously been presented by SCHNEGGEN-

BURGER et al..[13] An amino acid side chain modification resulted in a doubly iodinated building block 

compatible with Fmoc-SPPS, which showed an increase in electron density profiles compared to 

non-iodinated analogues. For spectroscopic analysis, an attachment of the iodine atoms close to 

the peptide backbone was chosen, which did not affect the SPPS and the conformation of the syn-

thesised peptides.[13]  

Based on this knowledge, the synthesis of Fmoc-D-β3-6,6-diiodo-allylhomoglycine (2) is presented, 

which is suitable for the synthesis of heavy-atom labelled transmembrane β-peptides using Fmoc-

SPPS (Scheme 9). Starting point for the synthesis of iodine-labelled D-β3-amino acid building block 

2 was the commercially available amino acid Boc-L-Asp(OBzl)-OH, which was converted into 

Boc-D-β3-Asp-OBzl (35) using an optimised ARNDT-EISTERT homologation method (see also 

4.1.1.1).[104,109,122]  

 

 

Scheme 9: Synthesis of Fmoc-D-β3-6,6-diiodoallylhomoglycine (2).  
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The conversion of the carboxylic acid side chain to the WEINREB amide 38 was performed using 

N-ethylmorpholine, N,O-dimethyl hydroxylamine hydrochloride and propylphosphonic anhydride 

solution (T3P®) to give 99% yield and no further purification was required.[152,153] The aldehyde 39 

was obtained by dibutylaluminium hydride (DIBAL) reduction of the WEINREB amide 38 in 84% 

yield.[154–156] Then, the aldehyde 39 was treated with triiodomethane under WITTIG conditions to 

receive (R)-benzyl-3-tert-butoxycarbonylamino-6,6-diiodohex-5-enoate (40) in 68% yield.[13] Base 

hydrolysis of the benzyl ester using LiOH resulted in the free carboxylic acid. Subsequently, Boc-

deprotection with 4 M HCl in dioxane was performed to get the unprotected iodine-labelled com-

pound, which was finally Fmoc-protected using Fmoc–Cl in aqueous sodium carbonate/dioxane so-

lution to obtain the final D-β3-amino acid residue Fmoc-D-β3-6,6-diiodo-allylhomoglycine (2) in 68% 

yield over three steps. This heavy-atom labelled D-β3-amino acid building block (2) is suitable for 

Fmoc-SPPS and is incorporated in transmembrane β-peptides. 

 

 Design and Synthesis of Iodine-labelled Transmembrane β-Peptides 

In order to synthesise transmembrane β-peptides that are able to form a 314-helix as their second-

ary structure element and to analyse their behaviour in membrane environment by X-ray diffraction 

studies, the β-peptide design should be considered thoroughly. To span the entire hydrophobic 

core of the membrane, the β-peptides are composed of 19 D-β3-valines because β3-valine is known 

to promote the formation of a stable 314-helical secondary structure.[113,136,157] Due to the unpolar 

nature of peptides containing multiple valines, polar amino acids moieties need to be integrated in 

order to gain water solubility. Lysine is known to facilitate the solubility in aqueous systems owing 

to its long and flexible side chains.[70] Thus, two D-β3-lysine residues are attached at each side of the 

β-peptides. β-Peptide 41 function as reference where no heavy-atom label is inserted in its se-

quence. For an increase in electron density, the iodine-labelled amino acid residue 2 is incorporated 

close to the terminus (42) and in the centre (43) of the designed sequence by replacing one hVal 

(Figure 32, left). To compare the anchoring effect of D-β3-lysine with that of D-β3-tryptophan, a sec-

ond set of β-peptides is synthesised. Herein, the β-peptides are flanked with two D-β3-tryptophan 

residues at the N- and C-terminal end of the sequence as the aromatic indole moieties of these 

D-β3-tryptophans are known to arrange in the polar/apolar interface of the lipid membrane.[70] The 

aromatic ring is preferentially orientated in the hydrophobic part of the membrane, whereas the 

indole NH-groups are contiguous to the lipid carbonyl moieties forming hydrogen bonds, which 

results in anchoring and stabilisation of the β-peptides within the lipid membrane.[65,71,158] Further-

more, two D-β3-lysine residues are attached at each side of the β-peptide to again facilitate solubil-

ity in aqueous systems. The β-peptide 44 has no iodine-labelled amino acid residue in its sequence 
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and functions as reference, whereas β-peptide 45 has the heavy-atom label close to the terminus 

and β-peptide 46 in the centre of the sequence (Figure 32, right). 

 

 

Figure 32: Synthesised transmembrane peptides 41-46. Left: β-Peptides 41-43 without hTrp. Right: β-Pep-

tides 44-46 with hTrp. 41 and 44 have no heavy-atom label and function as reference. 42 and 45 have the 

iodine-label (highlighted in orange) near the end and 43 and 46 in the middle of the sequence to increase 

electron density at defined positions. 

 
In total, six different transmembrane β-peptides were designed, one set (41-43) without hTrp and 

another set (44-46) with hTrp to investigate if hTrp could enhance the anchoring effect of hLys.  

The β-peptides 41-46 were synthesised using manual microwave assisted Fmoc-SPPS. Therefore, 

the D-β3-amino acid 29, 30 and 33 (see 4.1.1.1) and the heavy-atom label 2 (see 4.2.1) were synthe-

sised and utilized for the β-peptide synthesis using the Fmoc-protocol (Scheme 10).[128,159] The syn-

thesis was performed on a rink amide MBHA resin (0.57 mmol/g) in a 75.0 µmol scale and it resulted 

in β-peptides with a C-terminal amide, which is more active than the corresponding free carboxylic 

acid.[12] 

 

 

Scheme 10: Synthesis of β-peptides using Fmoc-SPPS.  
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The resin was preloaded manually using Fmoc-D-β3-Lys(Boc)-OH (31). The N-terminal Fmoc-protect-

ing group was removed with piperidine in DMF (20%) using a microwave. Each coupling step (single 

coupling) was performed utilizing the respective D-β3-amino acid (4.00 eq) activated by HATU 

(4.90 eq), HOAt (5.00 eq) and DIPEA (10.0 eq) under microwave irradiation. Cleavage from the solid 

support and simultaneous removal of the protecting groups were carried out using TFA/H2O/TIS 

(95.5/2.5/2.5, v/v/v) followed by HPLC purification (Scheme 10). 

 

 CD-Spectroscopic Analysis of the Synthesised β-Peptides 

CD spectroscopy is a well-established and common method to analyse secondary structure ele-

ments of peptides and proteins.[116,160] Previously performed structural investigations in the field of 

β-peptides (see 4.1.2) have shown that β-peptides adopt very stable secondary structures in solu-

tion.[9,103,116,129–132] Here, the synthesised transmembrane β-peptides 41-43 (Figure 33, left) and 

44-46 (Figure 33, right) were analysed in a membrane environment, i.e. large unilamellar vesicles 

(LUVs) composed of DOPC at a P/L-ratio of 1/20 (TRIS® buffer) and a peptide concentration of 38 µM 

using CD spectroscopy. The CD-spectra of the β-peptides (41-46) show a pattern with a minimum 

at 189 nm, a zero crossing at 198 nm and a maximum at 205 nm.[130] 
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Figure 33: CD-spectra of the transmembrane β-peptides 41-46 in DOPC LUVs (P/L-ratio = 1/20, β-peptide 

concentration: 38 µM, TRIS® buffer, 25 °C). Left: β-Peptides 41-43. Right: β-Peptides 44-45. 

 
SEEBACH and co-workers already performed structural analysis of the 314-helix by a combination of 

X-ray crystallography, molecular dynamic simulation studies and CD- and NMR-spectroscopy which 

show that the characteristic CD bands are a result of a left-handed 314-helix.[9,103,116,131,132] The 

CD-spectra of the membrane reconstituted β-peptides (41-46) show a similar yet mirrored CD-pat-

tern indicative of folding of the β-peptides (41-46) into right-handed 314-helices. HAMURO et al. 

have shown that the mean residue ellipticity increases in a length-dependent manner. Fur-

thermore, they found out that the presence of micelles strongly stabilises the 314-helical 
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conformation of amphiphilic β-peptides which is in good consistency with the presented 

results.[110,138,141] In addition, the CD-spectra of the β-peptides (41-46) are slightly shifted compared 

to the presented results by SEEBACH and co-workers.[116,161] These shifts of the maxima and minima 

are a consequence of the differences in the dielectric constants of the used solvents.[52] CD-spec-

troscopic pattern are dependent on backbone as well as side chain conformation.[162] Thus, aro-

matic side chains like the indole ring of tryptophan, show characteristic CD values in the 225 nm-re-

gion, even though they are positioned close to the end of the helical peptide.[163–165] Indeed, in ad-

dition to the characteristic CD-pattern of a right-handed 314-helix, the presented CD-spectra of the 

β-peptides 45 and 46 show a weak shoulder at 230 nm due to the four D-β3-tryptophans (two at 

each side), which were attached to the β-peptide sequences. Beside the mere determination of the 

secondary structure, the CD-spectra also demonstrate no influence of the iodine-label on the sec-

ondary structure, as expected. 

 X-ray Diffraction Analyses in Model Lipid Multilayer 

In order to analyse parameters like orientation and membrane-insertion of these transmembrane 

β-peptides, X-ray diffraction studies were performed. This also comprises, where possible, quanti-

fication of lipid chain ordering, analysis of the helix tilt as well as bilayer thickness or summarised 

in a more general way, its electron density distribution.[22] Furthermore, β-peptides with additional 

D-β3-tryptophan residues were analysed and compared with β-peptides containing only D-β3-lysine 

residues to answer the question if hTrp could enhance the anchoring effect of hLys. The labelled and 

the non-labelled transmembrane β-peptides were investigated and evaluated by Y. XU from the 

SALDITT research group. As these multilamellar membranes with well-defined equilibrium periodic-

ity d provide high increase in diffraction signal, they also show, in case of orientated membranes, a 

precise separation between scattering vector component parallel to the membrane plane qII and 

perpendicular to the membrane qz.[22,166–171] For studying peptide-lipid interaction this means that 

structural signals can be clearly assigned to correlations in the lateral membrane plane or the ver-

tical direction z along the membrane normal.[22] 

A simple sketch of the experimental setup of X-ray reflectivity measurements is shown in Figure 

34a, where the incident angle αi always equals the exit angle αf.[22] In principle, small-angle X-ray 

diffraction studies regarding the distribution, concentration and structural integrity of the β-pep-

tides can give several structural parameters (Figure 34b):[146,171,172] (1) By recording a reflectivity 

scan, sharp BRAGG peaks can be obtained, from which the one-dimensional electron density profile 

(EDP) ρ(z) along the membrane normal is determined. The EDP provides information about the dis-

tance between the head group density maxima associated with the phosphate groups which is de-

fined as the bilayer thickness dhh and it provides information about the water layer thickness 
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dw.[22,94] (2) The lateral ordering of lipids and peptides in the membrane plane is analysed by scan-

ning qII, which results in the correlation peak corresponding to the short range of acyl chain corre-

lation.[173] When using a 2D-detector positioned in GID geometry, more information can be col-

lected by probing the correlation peak and the complete scattering intensity distribution in the qII/qz 

plan. (3) After incorporation of β-peptides into lipid bilayers the entire effect on both perpendicular 

and lateral membrane structures can be analysed in the same way as in pure lipid systems.[22] 

 

 

Figure 34: (a) Simple sketch of the experimental setup of X-ray reflectivity measurements. The incident 

angle αi always equals the exit angle αf; (b) Schematic view of the X-ray diffraction experiment with three 

different kinds of observed peaks on the detector plane: (1) BRAGG peaks which indicate the multilayer 

order in z direction, (2) chain correlation peaks that designate the lateral acyl chain order, and (3) helical 

peaks that comes from the secondary structure of the β-peptides. Figure 34 was kindly provided by Y. XU.[22] 

 

4.2.4.1 Analysis of the electron density profile 

The reflectivity mode deals with the momentum transfer perpendicular to the membrane. Hence, 

the electron density profile (EDP) can be calculated on relative scale in direction of the membrane 

normal (z-direction) by FOURIER synthesis method of the measured BRAGG peaks.[174] The reflectivity 

curves of the multilamellar peptide-lipid complexes (P/L-ratio = 1/10) of the β-peptides 41-46 em-

bedded in DOPC-stacks are shown in Figure 35 (left), where the β-peptides 41-43 (without hTrp) 

have four BRAGG peaks while five BRAGG peaks (the fifth is extremely weak) can be detected for the 

peptides 44-46 (with hTrp). These results indicate an increased lamellar disorder as they are in sharp 

contrast to the eight orders observed for pure DOPC (not shown) under the same conditions 

(T ≃ 20 °C and RH ≃ 95%), which is well-known from other membrane peptides.[175] The electron 

density profile (Figure 35, right) show the typical and renowned pattern with its two head group 
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maxima, and a decrease in the density in the acyl chain region, which can be described more pre-

cisely as the methyl group minimum in the bilayer midplane.[176] In order to illustrate the orientation 

of the lipids Y. XU placed DOPC molecular models above the EDPs (Figure 35, right). 

 

 

Figure 35: Left: Reflectivity curves of β-peptides (41-46)/DOPC mixtures (P/L = 1/10) recorded at T ≃ 20 °C 

and RH ≃ 95%. The reflectivity curves are shifted for clarity. Right: The respective EDPs, where the EDPs of 

the labelled β-peptides are subtracted by the non-labelled ones and presented in the middle. Possible 

β-peptide orientations are shown by placing the molecular drawing against the EDPs. The labelling condi-

tions are sketched in the legends. Information provided by Y. XU. 

 
In order to compare the relative shape function of the EDPs, the EDPs of the non-labelled β-peptides 

were subtracted from the iodine-labelled β-peptides (curves in the middle of the EDPs in Figure 35, 

right).[177] In case of the centre-labelled β-peptides (43 and 46) a significant contrast is clearly ob-

served in the centre region of the EDP which confirms the full insertion of the β-peptides in a trans-

membrane fashion. Hence, the β-peptides always position themselves in the bilayer midplane. The 

β-peptides labelled near the end of the terminus (42 and 45) do not show a similar contrast com-

pared with the centre-labelled ones since the iodine-label could be ˈshieldedˈ by the head group 

region. Assuming that the small peaks in the EDPs of 42 represent the iodine-label at the terminal 

end of the sequence, the β-peptides have to adopt a tilted conformation.  

In Figure 36 dhh and dw are shown, which have been received from the EDPs in Figure 35. Herein, 

dhh is defined as the distance between the phosphate groups and dw as the water layer thickness 

(dw = d-dhh). A decrease of dhh with respect to the P/L-ratio is shown for both types of β-peptides 

(with and without hTrp anchors). Due to the insertion of the β-peptides in a transmembrane helical 
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conformation, the observed decrease seems to be a result of a membrane thinning effect, which 

could be caused by a positive hydrophobic mismatch (see also 3.4.1). Therefore, the β-peptides and 

the lipids have to adjust their hydrophobic part to achieve a match.[74] 

 

 

Figure 36: The bilayer thickness dhh and the water layer thickness dw of the β-peptides 41-46 at different 

P/L-ratios. Top: 41, 42 and 43. Bottom: 44, 45 and 46. The labelled conditions are sketched in the legends. 

Information provided by Y. XU. 

 
The acyl chain length of DOPC (dc ~ 30.0 Å at RH ~ 95%) is slightly shorter than the hydrophobic 

part of the β-peptides (dc ~ 31.17 Å) and a match of the β-peptides within the lipid bilayer can be 

accomplished either by β-peptides shrinking or by β-peptides tilting.[178] In the first case, a mem-

brane thickening effect instead of a membrane thinning effect is expected. Thus, the positive hy-

drophobic mismatch is equalised only by a tilt of the helical transmembrane β-peptide reducing its 

exposure to polar groups, with an estimated tilt angle of 16°.[69] As a result of the tilted transmem-

brane β-peptide, the acyl chains in its neighbourhood are tilted, too, which would explain the ob-

served thinning effect. This thinning effect is more significant for the β-peptides 41-43 (without 

hTrp) than for 44-46 (with hTrp), which means that additional hTrp-anchors may reduce the tendency 

of incorporated β-peptides to tilt themselves to compensate hydrophobic mismatch. It also explains 

the small contrast of the end-labelled β-peptides, as the distribution function of tilted transmem-

brane domain tends to smear out the already small contribution to the total electron density.[22] In 

addition, by comparison of labelled with non-labelled β-peptides, dhh and dw behave similar, indi-

cating that the heavy-atom label does not induce significant structural changes in the lipid bilayer.  

41/DOPC
42/DOPC
43/DOPC

44/DOPC
45/DOPC
46/DOPC

44/DOPC
45/DOPC
46/DOPC

41/DOPC
42/DOPC
43/DOPC
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4.2.4.2 Analysis of the chain-correlation peak 

In order to confirm the explanation of the monitored thinning effect by a higher proportion of tilted 

acyl chains, X-ray grazing incidence diffraction (GID) around the chain correlation peak was used for 

the β-peptides 41-43 (without hTrp). The diffraction pattern of pure DOPC and mixtures of DOPC 

with the β-peptides 44-46 at a P/L-ratio = 1/10 are demonstrated in Figure 37a and the typical 

broad and bent line shape of the chain correlation are found for pure DOPC.[179] 

 

 

Figure 37: (a) Diffraction pattern of pure DOPC and mixtures of DOPC with the β-peptides without hTrp 

(41-43) in logarithmic scale. The labelling conditions are sketched under the sample names and the primary 

beam is depicted in the lower left of the diffraction pattern. Lines with different colours in DOPC denote 

different tilting angles ϕ and the dashed lines denote the profile maximum intensities I0 and the dark blue 

bar is the unremoved beam-stop. (b) Fittings along different tilting angles ϕ together with the intensity 

profiles result in the diffraction pattern of pure DOPC. (c) Lateral membrane ordering parameters deduced 

from the fittings: maximum intensity I0 of each ϕ, chain-chain distance a, and chain correlation length ζ as 

a function of φ. Information provided by Y. XU. 

 
A decrease in the chain correlation signal for the β-peptide containing samples indicates a higher 

disorder in the chain packing as expected for transmembrane peptides and can be considered as a 

further strong evidence for β-peptides insertion in a transmembrane fashion. In addition, the 

curved chain peak intensity does not decrease towards higher tilting angles φ and can be explained 

as a result of a broad distribution function for the chain tilt probability. This observation is perfectly 

DOPC
41/DOPC 1:10
42/DOPC 1:10
43/DOPC 1:10

DOPC
41/DOPC 1:10
42/DOPC 1:10
43/DOPC 1:10
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42/DOPC 1:10
43/DOPC 1:10
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in line with the already mentioned explanation of the membrane thinning. The structural peak of 

the 314-helix itself is expected to have a maximum centred near qz ~ 1.35 Å, assuming a helical pitch 

of p = 4.7 Å for the observed β-peptides 41-43, which is in good accordance with the literature 

known value of p = 5.0 Å for a 314-helix.[21,109,180] However, this structural peak could also be 

smeared out on an arc and passed into the chain correlation peak without clear separation. Hence, 

this contribution seems to be a reason for the ring-shaped signal at high qz, which would also con-

firm the successful incorporation of the β-peptides 41-46 into lipid bilayers (DOPC). SPAAR et al. and 

HUB et al. have previously shown that this liquid-like order peaks can be qualitatively analysed in 

terms of a liquid structure factor, which was reproduced by molecular dynamic simulations. [180,181] 

In addition, WEINHAUSEN et al. presented the least-square fitting tools, which were used to analyse 

the obtained data.[179] First of all, the intensity profiles at different tilting angles φ are plotted (Fig-

ure 37b, for pure DOPC as an example) and fitted resulting in the lateral membrane ordering pa-

rameters, i.e. the maximum intensities I0 of each φ, the chain-chain distance a, and the chain cor-

relation length ζ (Figure 37c).The analysis of the parameters I0, a and ζ is premised on a decay of 

chain populations as a function of the angle φ of tilted chain segments.[179] As already mentioned 

in literature, the intensity I0 of pure DOPC decreases with increasing φ with the maximum in the 

φ ≤ 10° region reflecting that the majority of chain segments is untilted (Figure 37c).[179] However, 

the β-peptides containing samples show a flat I0 (φ) curve, indicative of a broad distribution of chain 

tilts induced by tilted transmembrane β-peptides. Furthermore, the chain-chain distance a (φ) of 

β-peptide free and β-peptide containing membranes remains almost constant. In the small φ region 

where helical contributions can be excluded, the chain-chain distance a vary between 4.82 Å and 

5.38 Å and the chain correlation length ζ between 4.23 Å and 4.88 Å. A β-peptide associated effect 

results in a sharper peak of the chain correlation length ζ at higher φ, which is a direct signal of the 

314-helix. Thus, a substantial distribution of helical tilt angles must exist with an averaged tilt angle 

of 16° and perfect vertical orientated transmembrane β-peptides can be ruled out. 

 

 Conclusion 

A new heavy-atom labelled D-β3-amino acid residue has been synthesised and incorporated into 

different transmembrane β-peptides to increase the difference of electron density profiles in lipid 

membranes and therefore, to answer the question if additional hTrp anchors could enhance the 

anchoring effect of hLys. First of all, the CD-spectra of the designed β-peptides reconstituted into 

unilamellar vesicles (DOPC) show a characteristic pattern indicative of a right-handed 314-helical 

secondary structure. Furthermore, X-ray diffraction studies performed by Y. XU from the SALDITT 
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research group provide information about β-peptides properties in model lipid multilayer. The re-

sults demonstrate that all β-peptides (41-46) are inserted into the model membrane stacks and 

form helical transmembrane domains with the central D-β3-amino acid residue positioned at the 

bilayer midplane. As the hydrophobic part of the β-peptides is slightly longer than the one of the 

lipids, both have to adjust their hydrophobic part to attain a match. In order to relieve the so called 

positive hydrophobic mismatch, a helical tilt is observed that induces an increase in chains with 

corresponding tilt angles. Consequently, a thinning of the membrane and a perturbation of the acyl 

chain packing did occur, but the hTrp anchor can partially suppress this elastic response and stabilise 

the vertical insertion of the β-peptides. Hence, the β-peptide H-hLys2-hTrp2-hVal19-hTrp2-hLys2-NH2 

(47) seems to be a suitable model transmembrane domain system for further investigations in the 

field of β-peptides. 
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4.3 Self-Association of Transmembrane β-Peptides within Lipid Bi-

layers via Hydrogen-Bond Formation of β-Glutamine 

During the last three decades, the design and synthesis of artificial β-peptide oligomers in solutions, 

became of great interest. These β-peptide oligomers should be able to form well-defined and stable 

secondary structures and they should be resistant to proteolytic degradation by proteases and pep-

tidases.[9,21] These folding processes take an important part in protein/peptide architecture as well 

as in recognition processes between peptides.[17] The complexity of protein structures often limit 

the detailed analysis of biological functions, mechanisms and activities on a molecular level.[4] 

Therefore, integral membrane proteins were investigated as they are involved in many kinds of 

cellular processes and represent almost 30% of the human proteome.[5,15] To fulfil their biological 

role, membrane proteins may function as monomers or need to assemble into oligomeric struc-

tures. Studies on membrane protein oligomerisation, have been done intensively using model sys-

tems of transmembrane α-peptide helices.[5,15,16,87,182] These transmembrane α-peptide helices and 

their organisation and assembly are influenced by the lipid environment and the interacting molec-

ular species themselves, which are still not fully understood.[22] Hence, synthetically easily accessi-

ble transmembrane peptide models are a fundamental tool to analyse peptide-peptide and pep-

tide-lipid interactions that are a result of membrane associated processes.[3,15] However, the field 

of transmembrane β-peptide helices and their association within a lipid membrane is still largely 

unresearched. It has been previously demonstrated by APPELLA et al., that small 10-residue am-

phiphilic β-peptides are able to form aggregates, which are soluble in water.[142,183] In addition, 

BRÜCKNER et al. and CHAKRABORTY et al. presented specific β-peptide helix interactions in solution. 

These β-peptide helix associations were initiated by the attachment of nucleobases that function 

as recognition units.[4,17] Another possibility for self-association of a model transmembrane α-helix 

by means of the recognition potential of hydrogen bonding was generated by the incorporation of 

asparagine.[16,23] In the present study, transmembrane β-peptides were designed to allow for pep-

tide oligomerisation based on hydrogen bond formation within a lipid bilayer. Therefore, D-β3-glu-

tamine residues (Figure 38) were placed at defined positions within the β-peptides due to their 

structural and chemical similarity to asparagine.  

 

 

Figure 38: Schematic view of hydrogen bond formation of D-β3-glutamine residues.  
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 Design and Synthesis of hGln-functionalised Transmembrane β-Peptides 

Investigations of heavy-atom labelled transmembrane β-peptides have revealed that the centre of 

the synthesised β-peptide is located in the middle of the membrane (see 4.2).[22] Thus, the core unit 

of the designed β-peptides consists of 19 D-β3-valines, which span the entire hydrophobic inner 

membrane part.[136,157] Furthermore, the β-peptides are flanked with two D-β3-tryptophan residues 

at the N- and C-terminal end of the sequence to stabilise and anchor the transmembrane β-peptides 

in the lipid membrane.[65,70,71,158] Previous investigations have shown that hTrp anchors stabilise ver-

tical insertion of the transmembrane β-peptides.[22] In addition, four D-β3-lysine residues (two at 

each side) are attached to the β-peptides as lysine is known to facilitate the solubility in aqueous 

systems.[70] In total, the transmembrane β-peptide H-hLys2-hTrp2-hVal19-hTrp2-hLys2-NH2 (47) will be 

used as a basic structure for studies on self-assembly of transmembrane β-peptides within lipid 

bilayers. 

The basic structure of this transmembrane β-peptide is known to form a 314-helix as its secondary 

structure element and it is inserted into lipid bilayers in a transmembrane fashion.[22] As previously 

described, in a 314-helix three β3-amino acids form one helix turn in which every third amino acid 

side chain is oriented on the same face of the helix (see 4.1.2).[64,170] Thus, the basic structure of the 

β-peptide seems to be a great model system to analyse transmembrane β-peptides and their asso-

ciation in lipid membranes. Here, D-β3-glutamine (3) is introduced as the recognition unit to control 

transmembrane β-peptide helix aggregation by means of hydrogen bond formation. Due to the 

additional CH2-group at the side chain, D-β3-glutamine (3) is more flexible compared to asparagine. 

D-β3-Valine residues are replaced by two or three D-β3-glutamines, respectively. BRÜCKNER et al. and 

CHAKRABORTY et al. have already shown that nucleobase functionalised β-peptides favour an anti-

parallel strand orientation in aqueous solutions.[4,17] Assuming an antiparallel formation of the 

transmembrane β-peptides, the D-β3-glutamine residues were placed accordingly (Figure 39 and 

Table 5). To perform FRET experiments (see also 3.7), the fluorophores (NBD (8), TAMRA (9)), were 

attached to the β-peptides. Thus, one additional D-β3-lysine was added either to the C-terminal or 

the N-terminal end of the β-peptide sequence. To avoid any conformational restriction by labelling 

with fluorophores, they were attached to the side chain of the additional D-β3-lysine. Furthermore, 

free peptide termini enable a better membrane insertion.[15] The transmembrane β-peptides 48-56 

were synthesised using manual microwave assisted Fmoc-SPPS, as previously described (see 4.2.2 

and Scheme 10).[128,159] Therefore, the side chains of the D-β3-amino acid residues hLys, hTrp and hGln 

were orthogonally protected to avoid side reactions. Three differently protected hLys were needed 

for attaching the fluorophores NBD (8) and 5(6)-TAMRA (9) to the respective β-peptide.  
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Figure 39: Schematic view on the antiparallel 314-helical β-peptides where three amino acid residues form 

one turn. Left: zero hGln (48/49/50); Middle: two hGln (51/52/53); Right: three hGln (54/55/56). The β-pep-

tides were acetylated or labelled with NBD and TAMRA for FRET-analysis and synthesised from N- to C-ter-

minus.[3] 

 
Boc-D-β3-Lys(Fmoc)-OH (31) was coupled as final D-β3-amino acid to the N-terminal end of the 

β-peptide and after Fmoc-deprotection with piperidine in DMF (20%), NBD was labelled to the 

deprotected side chain. Therefore, NBD–Cl (3.00 eq) in DMF was activated by DIPEA (20.0 eq) and 

allowed to react at rt overnight. Alternatively, the free side chain amino functionality of the N-ter-

minal hLys was acetylated with DMF/Ac2O/DIPEA (18:1:1, v/v/v) at rt for 10 min, as during FRET-ex-

periments the total peptide concentration has been kept constant by using the acetylated β-pep-

tides 48, 51 or 54. Fmoc-D-β3-Lys(Alloc)-OH (32) was introduced at the C-terminal end of the se-

quence providing orthogonality to the Boc-protecting group. However, during Alloc-deprotection 

using Me2NH∙BH3 (40.0 eq) and Pd(PPh3)4 (0.10 eq) in dry DMF, the N-terminal Fmoc-group was 

deprotected as well. To prevent a free N-terminus in this step Boc-D-β3-Lys(Boc)-OH (57) was cou-

pled as the final D-β3-amino acid to the N-terminal end of the sequence. After successful Alloc-

deprotection, TAMRA was labelled at the β-peptide sequence. Therefore, 5(6)-TAMRA (9) (5.00 eq) 

in DMF was activated by PyBop® (4.70 eq) and DIPEA (9.80 eq) and allowed to react at rt overnight. 

After successful fluorophore-labelling cleavage from the solid support and simultaneous removal 

of the protecting groups was carried out using TFA/H2O/TIS (95.5/2.5/2.5, v/v/v) followed by HPLC 

purification. In total three different kinds of transmembrane β-peptides were synthesised for ana-

lysing β-peptide helix association: i) 48/49/50 with zero hGln, ii) 51/52/53 with two hGln and iii) 

54/55/56 with three hGln as recognition units (Table 5).  
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Table 5: Synthesised transmembrane β-peptides with zero, two or three D-β3-glutamine recognition units. 

No. Synthesised Transmembrane β-Peptides 

 Zero recognition units 

48 H-hLys(acetyl)-hLys2-hTrp2-hVal19-hTrp2-hLys2-NH2 

49 H-hLys(NBD)-hLys2-hTrp2-hVal19-hTrp2-hLys2-NH2 

50 H-hLys2-hTrp2-hVal19-hTrp2-hLys2- hLys(TAMRA)-NH2 

 Two hGln recognition units 

51 H-hLys(acetyl)-hLys2-hTrp2-hVal9-hGln-hVal5-hGln-hVal3-hTrp2-hLys2-NH2 

52 H-hLys(NBD)-hLys2-hTrp2-hVal9-hGln-hVal5-hGln-hVal3-hTrp2-hLys2-NH2 

53 H- hLys2-hTrp2-hVal3-hGln-hVal5-hGln-hVal9-hTrp2-hLys2-hLys(TAMRA)-NH2 

 Three hGln recognition units 

54 H-hLys(acetyl)-hLys2-hTrp2-hVal9-hGln-hVal2-hGln-hVal2-hGln-hVal3-hTrp2-hLys2-NH2 

55 H-hLys(NBD)-hLys2-hTrp2-hVal9-hGln-hVal2-hGln-hVal2-hGln-hVal3-hTrp2-hLys2-NH2 

56 H-hLys2-hTrp2-hVal3-hGln-hVal2-hGln-hVal2-hGln-hVal9-hTrp2-hLys2-hLys(TAMRA)-NH2 

 

 CD-Spectroscopic Analysis of the Synthesised β-Peptides 

CD spectroscopy was performed to analyse the secondary structure of the synthesised transmem-

brane β-peptides 48, 51 and 54 reconstituted in large unilamellar vesicles (LUVs) composed of DOPC 

at a P/L-ratio of 1/20 (TRIS® buffer) and a peptide concentration of 38 µM (Figure 40). The CD-spec-

tra of all three β-peptides (48, 51 and 54) show a pattern indicative of a right-handed 314-helix with 

a minimum at 196 nm, a zero crossing near 199 nm and a maximum at 206 nm, which are again 

mirrored and slightly shifted compared to the left-handed 314-helical structure in solutions (see 

4.2.3).[52,116,130,161]  
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Figure 40: CD-spectra of the transmembrane β-peptides 48, 51 and 54 in DOPC LUVs (P/L-ratio = 1/20, TRIS® 

buffer, β-peptide concentration: 38 µM, 25 °C). 
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As already mentioned, CD spectroscopy depends on both, backbone and side chain confor-

mation.[22,162] As a results of the aromatic side chains of the four D-β3-tryptophan residues (two at 

each side of the sequence), which are known to have typical CD values in the 225 nm-region, the 

depicted CD-spectra of the β-peptides (48, 51 and 54) have a weak maximum at 229 nm.[162–164] 

The secondary structures of the β-peptides is expected to be very stable, in particular if embedded 

in a lipid bilayer. Herein, the thermal stability of the secondary structure of the β-peptides 51 and 

54 was investigated using of CD spectroscopy.[141] Therefore, CD-spectra of the β-peptides 51 and 

54 reconstituted in DOPC (LUVs, P/L-ratio = 1/20, peptide concentration: 38 µM, TRIS® buffer) were 

recorded at 25 °C and at 60 °C (Figure 41). Results show that the secondary structure of the β-pep-

tides is almost unaffected by the increase in temperature, which confirms the thermal stability of 

the β-peptide secondary structures. Apart from the secondary structure determination and the 

thermal stability of the β-peptide secondary structures, the CD-spectra also demonstrate that nei-

ther the recognition units nor the acetylated side chain influence the secondary structure. 
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Figure 41: CD-spectra of the transmembrane β-peptides 51 (left) and 54 (right) in DOPC LUVs (P/L-ra-

tio = 1/20, β-peptide concentration: 38 µM, TRIS® buffer) at 25 °C and at 60 °C. 

 

 Fluorescence Spectroscopic Analysis of the Synthesised β-Peptides 

From X-ray reflectivity analyses it has been proofed that the selected transmembrane peptide 

should be inserted into the model membrane with the central D-β3-amino acid residue located in 

the bilayer midplane (see 4.2). Here, a successful membrane insertion was analysed by fluorescence 

spectroscopy detecting the intrinsic tryptophan fluorescence, as tryptophan fluorescence is sensi-

tive towards the polarity of its local environment.[12,184,185] If tryptophan residues are positioned in 

a hydrophobic area like the inner membrane part, the emission maximum (λmax) of Trp would be 

expected to be < 330 nm due to interaction of the indole ring with the adjacent acyl chains of sur-

rounding lipids.[184,186,187] If the tryptophan residues are oriented in a more polar environment, the 

tryptophan emission is however red-shifted (λmax > 330 nm) and water exposure to the indole-ring 
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results in a fluorescence maximum at 350 nm.[184,188] Herein, two tryptophan residues were placed 

at each, the N- and C-terminal part of the β-peptide sequences and the β-peptides were positioned 

in a transmembrane fashion where the tryptophan residues are located at the polar/apolar inter-

face of the lipid membrane. In order to analyse β-peptidesˈ positions inside the lipid bilayer trypto-

phan fluorescence spectroscopy was performed to determine the tryptophan emission maximum 

λmax (Figure 42). 
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Figure 42: Fluorescence emission spectra of equimolar mixtures of the transmembrane β-peptides 49/50, 

52/53 and 55/56 in DOPC (LUVs) (P/L-ratio = 1/500, β-peptide concentration: 12 µM, TRIS® buffer, 25 °C). 

 
The fluorescence emission spectra of equimolar mixtures of the β-peptides 49/50, 52/53 and 55/56 

reconstituted in DOPC (LUVs) at a P/L-ratio of 1/500 (TRIS® buffer) and a β-peptide concentration 

of 12 µM are presented in Figure 42. In all cases, the fluorescence emission λmax of the tryptophan 

residues was detected to be 342 nm. These results demonstrate the localization of the tryptophan 

residues in a more polar environment like the polar/apolar interface of the lipid bilayer. These re-

sults confirm a transmembrane orientation of the β-peptides within the DOPC bilayer. 
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 Determination of Peptide Aggregation State of Transmembrane β-Pep-

tides using FRET 

The association state of the transmembrane β-peptides reconstituted into DOPC vesicles by using 

D-β3-glutamine as a potential recognition unit was investigated by fluorescence resonance energy 

transfer (FRET) experiments. Therefore, a donor- (NBD, 8) acceptor (TAMRA, 9) pair was attached 

to β-peptides.[78,93] As an example, the fluorescence emission spectra of the β-peptides 51/52/53 

(two hGln, Figure 43, left) and 54/55/56 (three hGln, Figure 43, right) at a P/L-ratio of 1/500 at 25 °C 

are presented (see 7.3 and 7.4 for all fluorescence emission spectra at different P/L-ratios). The 

degree of β-peptide aggregation becomes accessible by measuring the ratio of NBD fluorescence 

intensity F at 530 nm in the presence of TAMRA-labelled β-peptides and F0, NBD fluorescence in-

tensity at 530 nm in its absence as a function of the TAMRA-labelled β-peptides concentration. The 

total peptide/lipid-ration was kept constant by adding the respective acetylated and non-labelled 

β-peptides (Figure 43).[23]  
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Figure 43: Fluorescence emission spectra of 51/52/53 with two hGln (left) and 54/55/56 with three hGln 

(right). The spectra show NBD-labelled β-peptides (donor, 6.0 µM) with varying amounts of TAMRA-la-

belled species from 0-0.5 determined at 25 °C. The non-labelled compound was added to keep the total 

β-peptide concentration constant (12 µM) and the P/L-ratio at 1/500 (DOPC).  

 
β-Peptides lacking hGln are expected to remain monomeric in the membrane, whereas the β-pep-

tides with two hGln or three hGln residues should associate due to hydrogen bond formation in lipid 

vesicles.[3] Figure 44 shows the ratio F/F0 for all three cases (zero hGln, two hGln and three hGln) as 

a function of the mole fraction (χA) of the acceptor of the β-peptides at 25 °C and a P/L-ratio of 

1/500. The spectra show a decrease in the ratio F/F0 with increasing mole fraction (χA) of the accep-

tor of the β-peptides. For the β-peptides with hGln as recognition units, this decrease is significantly 

enhanced compared to that without hGln. Hence, the three types of synthesised β-peptides associ-

ate in a different way. 
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Supposing that the β-peptides without recognition unit (48/49/50) are monomeric in the vesicles, 

the statistically occurring FRET in the vesicles was calculated following WOLBER et al., which was 

performed by C. STEINEM as described previously (see 3.7).[15,23,78,83,85,88,91] Based on WOLBER et al., 

the statistically occurring FRET was calculated by taking the area of 0.7 nm2 for a DOPC lipid, vesicle 

diameter of 100 nm and a P/L-ratio of 1/500 into account and the grey solid line (Figure 44) is the 

result of a fitting routine, from which the FÖRSTER radius of R0 = 5.1 ± 0.1 nm was determined.[15,83] 

For β-peptides lacking hGln (48/49/50), the calculated plot (Figure 44, grey solid line) is in a very 

good accordance with the data points and the value of the determined FÖRSTER radius is in perfect 

agreement with previous acquired FÖRSTER radii.[15] These results confirm the anticipated mono-

meric state for the β-peptides without hGln (48/49/50) as a recognition unit. An oligomerisation of 

the two other β-peptide cases are expected, as their observed FRET is more pronounced compared 

to the FRET of the β-peptides without hGln. 
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Figure 44: The plots show the relative changes in NBD-fluorescence emission (F/F0) as a function of increas-

ing acceptor concentration (A) for all three cases at 25 °C. Grey: 48/49/50 (with zero hGln). Green: 

51/52/53 (with two hGln). Pink: 54/55/56 (with three hGln). The grey solid line is the result of a modelling 

according to WOLBER et al., by taking only statistical occurrence of FRET in vesicles into account without the 

formation of aggregates.[15,83] A monomer-dimer equilibrium cannot clarify the data and even the assump-

tion of a pure dimer (dashed black lines) does not explain the observed plots. The global fit analysis taking 

a monomer-trimer equilibrium into account results into the solid lines with KD = (17.2 ± 7.0)10-8 MF2 (two 

hGln, green) and KD = (4.4 ± 4.3)10-8 MF2 (three hGln, pink). 

 
The data sets obtained for different P/L-ratios (1/500, 1/750 and 1/1000, see 7.3, 7.4, and 7.5) were 

also analysed by C. STEINEM assuming a monomer-dimer and a monomer-trimer equilibrium (Figure 

44).[15,23,83,88] Results show no agreement between the data and the plots for a monomer-dimer 

equilibrium and even the assumption of a pure dimer (Figure 44, dashed black line) cannot explain 

the detected plots. However, the global fit analysis taking a monomer-trimer equilibrium into ac-

count results in an agreement between the data and the plots with dissociation constants 
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KD = (17.2 ± 7.0)10-8 MF2 for the β-peptides with two hGln (51/52/53) and KD = (4.4 ± 4.3)10-8 MF2 

for the β-peptides with three hGln (54/55/56) (Figure 44, solid lines). The outcomes clearly demon-

strate that the β-peptides 51/52/53 (two hGln) and 54/55/56 (three hGln) form aggregates due to 

hydrogen bond formation of the hGln residues.[3] 

To analyse the influence of hydrogen bond formation on the association properties more precisely, 

the temperature was increased. It is known that hydrogen bonds are weaker at higher tempera-

tures.[99,100] Already performed CD-spectroscopic analyses of the β-peptides 51 and 54 at 25 °C and 

at 60 °C confirmed a very stable secondary structures of the synthesised β-peptides, even at higher 

temperatures. Hence, if hydrogen bonds are responsible for aggregate formation, an increase in 

temperature should influence the aggregation state of the β-peptides.[3] Fluorescence emission 

spectra of the β-peptides 48/49/50 (zero hGln), 51/52/53 (two hGln) and 54/55/56 (three hGln) re-

constituted in a lipid membrane (DOPC, P/L-ratio = 1/500) were recorded at 25 °C and 60 °C (see 

7.3). In order to avoid any temperature effects, such as the temperature dependency of the extinc-

tion coefficients of the fluorophore NBD and TAMRA, the relative changes in fluorescence intensity 

F/F0 are considered.[15]  
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Figure 45: The plots show the relative changes in NBD-fluorescence emission (F/F0) as a function of increas-

ing acceptor concentration (A) for 51/52/53 (with two hGln, left) and 54/55/56 (with three hGln, right) at 

25 °C and 60 °C. The grey solid line is the result of a modelling according to WOLBER et al., by taking only 

statistical occurrence of FRET in vesicles into account without the formation of aggregates.[15,83] The global 

fit analysis taking a monomer-trimer equilibrium into account results into the black solid lines with 

KD = (17.2 ± 7.0)10-8 MF2 (two hGln) and KD = (4.4 ± 4.3)10-8 MF2 (three hGln). 

 

The results obtained at 25 °C and 60 °C for the β-peptides 51/52/53 (two hGln, left) and 54/55/56 

(three hGln, right) are shown in Figure 45 together with the expected F/F0 (χA) for monomeric β-pep-

tides (grey solid lines) and the result of the global fit analysis taking a monomer-trimer equilibrium 

into account (black solid lines). The spectra clearly demonstrate that for both β-peptide cases (Fig-

ure 45, left and right) the detected FRET effect is reduced at 60 °C compared to that at 25 °C. The 
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β-peptides 51/52/53 (two hGln) seem to be in the monomeric state at 60 °C (Figure 45, left), 

whereas β-peptides 54/55/56 (three hGln) do not fully dissociate into monomers at 60 °C, but still 

show an amended monomer-trimer equilibrium (Figure 45, right). The absence of a full dissociation 

of the β-peptides 54/55/56 even at 60 °C seems to be owed to a higher number of hydrogen bonds 

in the aggregates due to the additional recognition unit, which makes them more thermally stable 

than the β-peptides 51/52/53 with two recognition units. These results confirm the presumption 

that hydrogen bond formation via the D-β3-glutamine residues allows to control the aggregation 

state of the β-peptides in a membrane environment. 

Beside the state of aggregation and the associated hydrophobic interactions, the strength of these 

hydrophobic interactions was analysed. Thus, the relative changes in NBD-fluorescence emission 

(F/F0) as a function of increasing acceptor concentration (A) at different P/L-ratios (1/500, 1/750 

and 1/1000) at 25 °C for the β-peptides with two hGln (51/52/53, left) and with three hGln 

(54/55/56, right) are shown in Figure 46 (for the fluorescence emission spectra see 7.3 and 7.4). 
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Figure 46: The plots show the relative changes in NBD-fluorescence emission (F/F0) as a function of increas-

ing acceptor concentration (A) at different P/L-ratios (1/500, 1/750 and 1/1000) at 25 °C for the β-peptides 

with two hGln (51/52/53, left) and with three hGln (54/55/56, right). 

 
In both cases, two hGln and three hGln, the spectra clearly demonstrated no concentration-depend-

ency of the aggregation state, as all data points are almost on top of each other. These character-

istics let to the assumption that the hydrogen bond formations are very stable, even at a P/L-ratio 

of 1/1000. 
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 Conclusion 

Several transmembrane β-peptides harbouring different numbers of D-β3-glutamine residues were 

designed and synthesised (SPPS) to analyse β-peptide helix-helix interaction and their association 

state in membrane environment. D-β3-Glutamine residues were used as specific recognition units 

to reveal the impact of hydrogen bond formation within the membrane on the recognition and 

assembly processes. First, the secondary structure of the β-peptides reconstituted into unilamellar 

vesicles (LUVs, DOPC) was analysed by means of CD-spectroscopy. Results show that the secondary 

structure of the transmembrane β-peptides is similar to a right-handed 314-helix, which is almost 

unaffected by an increase in temperature. As already mentioned (see 4.2.5), the β-peptides were 

inserted in an transmembrane fashion with the centre D-β3-amino acid residue located at the bi-

layer midplane. Here, the membrane insertion was verified by fluorescence spectroscopy detecting 

the intrinsic tryptophan fluorescence. The association state of the β-peptides as a function of the 

number of D-β3-glutamine residues became accessible by FRET measurements. The β-peptides with 

hGln as recognition units associated into oligomers, likely trimers, whereas the β-peptides without 

recognition unit were monomeric. Furthermore, temperature dependent FRET analysis have shown 

that the stability of the β-peptide helix-helix association depends on the number of hGln residues 

in the helix. 
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5 SUMMARY 

 

A various number of cellular key functions such as signalling and transport are mediated by mem-

brane proteins, which are either adhesively bound to the membrane surface or exhibit transmem-

brane domains.[4,23,189] Many transmembrane peptides accomplish their full function by interacting 

with each other. Hence, an increasing amount of studies on the fundamental molecular aspects of 

protein association have been done intensively using model systems of transmembrane α-peptide 

helices. The assembly and organisation of these transmembrane peptide helices depend on the 

lipid environment and/or the interacting species themselves but the processes behind these inter-

actions still need to be fully clarified.[3,8,157,190] In order to apprehend the essentials and molecular 

details of transmembrane peptides within the lipid bilayer, simple model systems in combination 

with specific recognition units became of great interest.[4,12,72] 

In the first part of this thesis, the design, synthesis and investigation of a novel 7-azaindole based 

recognition unit 11 were presented. The fluorescence emission and intensity of the 7-AI chromo-

phore are known to be sensitive to their local environment.[18–20] The 7-AI building block 11 was 

further incorporated in a transmembrane model system, i.e. KALP, which was previously presented 

by KILLIAN and co-workers.[66,72] The secondary structure of the peptides reconstituted into unila-

mellar vesicles was determined to be an α-helix at 25 °C and 60 °C by means of CD spectroscopy. 

KALP 17 was analysed by fluorescence spectroscopy detecting the intrinsic 7-AI fluorescence.[66] The 

results clearly demonstrate the dependence of KALP 17 on its local environment and they present 

a suitable application of the new 7-azaindole building block 11 in the field of peptide research as it 

can be used to verify a successful incorporation of a transmembrane peptide (Figure 47). 

 

 

Figure 47: Schematic view of KALP 17 within the lipid bilayer (left) and outside the lipid bilayer (right).  
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Even though no tautomeric fluorescence band was measureable an association of the 7-AI building 

block 11 inside lipid bilayers cannot be completely excluded and hence, FRET measurements in col-

laboration with C. STEINEM were performed to investigate a possible association state inside the lipid 

membrane. Therefore, two fluorophores (NBD, TAMRA) were covalently attached to the side chain 

of the KALPs. The results show that peptides without recognition unit already assemble into dimers. 

Due to a negative hydrophobic mismatch lysine flanked peptides are known to dimerise to com-

pensate this mismatch.[67] Peptides with recognition unit tend to form more complex oligomers 

than the presented dimers of peptides without recognition unit indicating an association of the 

7-azaindole building block 11 inside the peptides. With increased temperature peptides with recog-

nition unit dissociate into dimers. As no tautomeric fluorescence band was detected during fluo-

rescence spectroscopy of KALP 17, it can be assumed that the observed association could be due 

to π-stacking of the aromatic system of the 7-AI building block 11. Unfortunately, it cannot be ver-

ified what kind of association occurs. In addition, it also cannot be excluded that the negative hy-

drophobic mismatch as well as the 7-AI building block 11 itself can have any impact on the results 

of the FRET experiments. Thus, the design of the 7-AI building block 11 should be reconsidered as 

it might not be flexible enough for a dimerisation process. Broadening the field of interest to β-pep-

tides it seems to be beneficial to choose a different transmembrane model system. Therefore, the 

synthesis of D-β3-7-azaindole building block 24 is presented, which in the future can be integrated 

into transmembrane β-peptides. 

As previously mentioned, transmembrane model systems have been used in many different ways 

to analyse basic principles of protein-lipid and protein-protein interactions. However, the influ-

ences on transmembrane β-peptide helices, which have the advantage of high structural stability 

and are not easily degraded, are still widely unexplored. Thus, a suitable model system would deci-

sively advance β-peptide research.[9,21]  

In the second part of the presented thesis, artificial transmembrane β-peptides were introduced, 

which might be a suitable model transmembrane domain system. In order to establish these trans-

membrane β-peptides as model system structural parameters such as conformation, orientation 

and penetration depth of the β-peptide helices were investigated within an appropriate membrane 

environment by X-ray diffraction studies. Therefore, a novel heavy-atom labelled D-β3-amino acid 

residue was synthesised and incorporated into different transmembrane β-peptides to increase the 

difference of electron density profiles in lipid membranes. Six different transmembrane β-peptides 

were designed, one set without hTrp and another set with hTrp to investigate if hTrp could enhance 

the anchoring effect of hLys. CD spectroscopic measurements of all β-peptides reconstituted into 

unilamellar vesicles (DOPC) show a characteristic pattern indicative of a 314-helical secondary struc-

ture.   
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Further X-ray diffraction studies and X-ray grazing incidence diffraction (GID) analysis performed by 

Y. XU from the SALDITT research group provide information about β-peptide`s properties in model 

lipid multilayer. Results demonstrate that all β-peptides are inserted into the model membrane 

stacks and form helical transmembrane domains with the central D-β3-amino acid residue placed at 

the bilayer midplane. Hence, the β-peptides position themselves in the bilayer midplane. As the 

hydrophobic part of the β-peptides is slightly longer than the one of the lipids, both have to adjust 

their hydrophobic part to attain a match, which can be reached by β-peptides tilting with an esti-

mated tilt angle of 16° (Figure 48).[69]  

 

 

Figure 48: Overview of the results of the X-ray diffraction studies on β-peptides using 6,6-diiodo-allylhomo-

glycine as the recognition unit.[22] 

 
Consequently, a membrane thinning effect and a perturbation of the acyl chain packing did occur, 

which were further confirmed by X-ray GID analysis for the β-peptides without hTrp. The β-peptides 

with hTrp anchor can partially suppress this elastic response and stabilise the vertical insertion of 

the β-peptides. Hence, the β-peptide H-hLys2-hTrp2-hVal19-hTrp2-hLys2-NH2 (47) seems to be a suitable 

model transmembrane domain system for further investigations in the field of β-peptides (Figure 

49). 

 

 
47 

Figure 49: Structure of the designed and synthesized model transmembrane β-peptide (47). 

 
This model transmembrane β-peptide (47) was then used to analyse the organisation and assembly 

of transmembrane β-peptide helices in membrane environment utilizing D-β3-gluatmine as the as-

sociation unit. Therefore, several β-peptides harbouring different numbers of D-β3-glutamine resi-
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dues (hGln) were designed and synthesised using Fmoc-SPPS. Three sets of transmembrane β-pep-

tides were preserved for analysing β-peptide helix association: i) with zero hGln, ii) with two hGln 

and iii) with three hGln as recognition units. D-β3-Glutamine residues were used as specific recogni-

tion units to reveal the impact of hydrogen bond formation within the membrane on the recogni-

tion and assembly processes. The secondary structure of the β-peptides reconstituted into unila-

mellar vesicles (LUVs, DOPC) was analysed to be similar to a right-handed 314-helix, which is almost 

unaffected by an increase in temperature and hence, no unfolding does appear. The association 

state of the β-peptides as a function of the number of D-β3-glutamine residues became accessible 

by FRET measurements in collaboration with C. STEINEM. Therefore, the fluorophores NBD and 

TAMRA were covalently attached to the side chain of the transmembrane β-peptide helices. The 

results clearly show that the β-peptides with hGln as recognition units associated into oligomers, 

likely trimers, whereas the β-peptides without recognition unit were monomeric. Furthermore, 

temperature-dependent FRET analysis were performed to study the influence of hydrogen bond 

formation on the association properties more precisely, because hydrogen bonds become weaker 

at higher temperatures.[99,100] Indeed, an increase in temperature influence the aggregation state 

of both β-peptide species. The β-peptides with two hGln residues seem to be monomeric at higher 

temperature, whereas the β-peptides with three hGln residues do not fully dissociate into mono-

mers due to a higher number of hydrogen bonds in the aggregates. In addition, the association state 

is not concentration-dependent, which leads to the assumption that the hydrogen bond formations 

are very stable. Hence, it has been shown that the strength of the β-peptide helix-helix association 

depends on the number of hGln residues in the helix and that it is possible to adjust the aggregation 

state (monomeric or oligomeric, Figure 50). 

 

 

Figure 50: Overview of the results of the association studies using D-β3-glutamine as the recognition unit 

inside β-peptides. 
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Combining the results, a novel transmembrane β-peptide (47) has been developed, that can func-

tion as transmembrane model system. This model system is inserted into lipid bilayers in a trans-

membrane fashion with the central amino acids located at the bilayer midplane.[22] D-β3-Glutamine-

mediated association of these transmembrane β-peptides was successfully performed and con-

trolled by temperature and number of hGln residues. Due to the well-defined 314-helix in which 

every third amino acid residue is located on the same face of the helix, a specific labelling of the 

transmembrane β-peptide (47) renders it possible to precisely position different recognition units 

like the D-β3-7-azaindole building block 24. Hence, it seems to be feasible to control the aggregation 

state and the strength of the interactions between transmembrane β-peptides, which will open up 

new opportunities to rationally design various peptide assemblies with different functionalities. 

 

 



 

 

  



EXPERIMENTAL PART 

 
69 

 

 

6 EXPERIMENTAL PART 

 

6.1 General 

Solvents 

Dry solvents like DMF, THF, DCM and MeOH were purchased from ACROS ORGANICS (Geel, Belgium) 

and SIGMA-ALDRICH (Taufkirchen, Germany) and stored over molecular sieves (4 Å). Technical sol-

vents were purified prior to use. Solvents of analytical or HPLC grade were used as supplied from 

FLUKA (Taufkirchen, Germany), VWR INTERNATIONAL (Fontenay-sous-Bois, France), ACROS ORGANICS 

(Geel, Belgium) and SIGMA-ALDRICH (Taufkirchen, Germany). Ultra-pure water was obtained by using 

the water purification unit SIMPLICITY (MILLIPORE, Bredford, UK). 

 

Reagents 

All reagents were of highest grade available and used as supplied. All amino acid derivatives as well 

as coupling reagents and the resin for solid phase peptide synthesis were obtained from NOVABIO-

CHEM (Darmstadt, Germany), BACHEM (Bubendorf, Switzerland), GL BIOCHEM (Shanghai, China), IRIS 

BIOTECH (Marktredwitz, Germany) and VWR INTERNATIONAL (Fontenay-sous-Bois, France). All other 

chemicals were purchased from FLUKA (Taufkirchen, Germany), VWR INTERNATIONAL (Fontenay-sous-

Bois, France), ACROS ORGANICS (Geel, Belgium), SIGMA-ALDRICH (Taufkirchen, Germany), ALFAR AESAR 

(Karlsruhe, Germany), APPLICHEM (Darmstadt, Germany), TCI (Zwijndrecht, Belgium), ABCR (Karls-

ruhe, Germany), FLUOROCHEM (Hadfield, UK), CARL ROTH GMBH (Karlsruhe, Germany), GRÜSSING GMBH 

(Filsum, Germany), MERCK (Darmstadt, Germany) and RIEDEL-DE HAËN (Seelze, Germany). Lipids were 

purchased from AVANTI POLAR LIPIDS (Alabama, USA). 

 

Reaction 

Air and/or water sensitive reactions were carried out under argon atmosphere using standard 

SCHLENK-technique. The glass apparatus was heated with a heat gun under reduced pressure and 

flushed with argon (3 x).  
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Freeze-drying 

Freeze-drying (lyophilisation) of building blocks and peptides from aqueous solutions and mixtures 

containing minor amounts of acetonitrile or dioxane was performed using CHRIST Alpha-2-4 lyophi-

lizer (Osterode am Harz, Germany) equipped with a high-vacuum pump. For small amounts, an 

evacuable CHRIST RVC 2-18 CD plus or CHRIST RVC 2-18 centrifuge, that was connected to the lyoph-

ilisation device, was applied. 

 

Thin layer chromatography (TLC) 

Analytical TLC was carried out using MERCK (Darmstadt, Germany) coated aluminium sheets of silica 

gel 60 F254 (layer thickness 0.25 mm). Substances were visualized under UV fluorescence at 254 nm 

and/or by treatment with ninhydrin (3% in EtOH) followed by heating to detect amines. 

 

Flash column chromatography  

Flash column chromatography was performed using MERCK (Darmstadt, Germany) silica gel 60 F254 

(40-63 µm) at 0.5-1.0 bar. Columns were packed with wet silica gel (50-100-fold weight excess) and 

the sample was loaded onto silica gel or as a concentrated solution. 

 

High performance liquid chromatography (HPLC) 

Reversed phase (RP)-HPLC analyses were performed using a system (ÄKTA BASIC 900, pump type 

P 900, variable wavelength detector UV-900) from AMERSHAM PHARMACIA BIOTECH (Freiburg, Ger-

many). The UV-absorption was detected at 215 nm, 254 nm and 280 nm for non-labelled peptides. 

If the derivatives were labelled with NBD or TAMRA, the UV-absorptions were recorded at 464 nm 

or 540 nm instead of the detection at 254 nm. Following C-18 columns were utilized using a linear 

gradient of A (water + 0.1% TFA) to B (MeOH + 0.1% TFA): 

 

Analytical:  MN Nucleodur® 100-5-C18, 250 mm × 4.6 mm, 5 µm, flow rate: 1 mL/min. 

Semi-preparative: MN Nucleodur® 100-5-C18, 250 mm × 10 mm, 5 µm, flow rate: 3 mL/min. 

Preparative:  MN Nucleodur® 100-5-C18, 250 mm × 21 mm, 5 µm, flow rate: 10 mL/min. 
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6.2 Characterisation 

Nuclear magnetic resonance spectroscopy (NMR) 

NMR spectra were recorded on a VARIAN spectrometer (Unity 300, Mercury-Vx 300, VNMRS-300 

and Inova 500). The sample temperature was 308.1 K ([D6]-DMSO) or ambient temperature 

(CD3OD). The chemical shifts (δ) were denoted in parts per million (ppm) downfield of TMS. As in-

ternal standards the resonances of the residual protons of the deuterated solvents were used. Fol-

lowing abbreviations for the multiplets are used: s (singlet), d (doublet), t (triplet), q (quartet), m 

(multiplet), br (broad). Coupling constants are nJX,Y in Hertz (Hz) where n is the order of coupling and 

X and Y the coupling partners. 

 

Mass spectrometry 

Electrospray-ionisation (ESI) and high resolution ESI (HR-MS (ESI)) spectra were obtained with 

BRUKER devices (maXis or MicrOTOF). 

 

Circular dichroism spectroscopy (CD) 

CD spectroscopy was performed on a JASCO-810 spectropolarimeter (Groß-Umstadt, Germany) 

equipped with a JASCO PTC-423S temperature control or on a JASCO-1500 spectropolarimeter (Groß-

Umstadt, Germany) equipped with a JULABO F250 (Seelbach, Germany) temperature control. The 

sample cell was flushed with nitrogen and a quartz glass precision cell Suprasil® (type: 110-QS, 

1 mm) was used. The spectra were recorded at 20 °C or 30 °C in a wavelength range of 260-180 nm 

with 1.0 nm bandwidth, using the ´continuous mode´, a data pitch of 1.0 nm, a response time of 

1.0 s, a scanning speed of 20 nm/min and an average of five spectra. The spectra were background-

corrected against pure vesicle suspension without incorporated peptides, smoothed (SAVITZKY-GO-

LAY) and expressed as molar ellipticity θ (deg · cm2 · dmol-1) according to GREENFIELD, with the fol-

lowing equation:[191] 

 

𝜃 [deg∙cm2∙dmol-1] =
CD

𝑐∙𝑑∙𝑁𝐴𝐴
    (5.1) 

 

CD: ellipticity [mdeg] 

c: concentration of the peptide [mol·L-1] 

d: length of the cuvette [mm] 

NAA: number of residues 
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UV/Vis spectroscopy 

UV spectra for estimation of occupancy or peptide concentration were measured using the JASCO 

UV/Vis spectrophotometer V550 or the THERMO SCIENTIFIC nanodrop ND-2000c spectrophotometer. 

Peptide concentration was calculated by using LAMBERT-BEER’s law (for extinction coefficients see 

Table 6). The molecular absorption coefficients were calculated by summation of the single coeffi-

cients at a set wavelength. For labelled molecules the absorption was measured for the maximum 

absorption of the labels (NBD, TAMRA). 

 

Table 6: Extinction coefficients for tryptophan (Trp), 7-azatryptophan, NBD and TAMRA.[35,87,192] 

 Absorption Maximum 

[nm] 

Extinction Coefficient 

[cm-1M-1] 

Tryptophan 280 5690 

7-Azatryptophan 288 6200 

NBD 466 22000 

TAMRA 565 91000 

 

Fluorescence spectroscopy 

Fluorescence spectra were measured at a Jasco FP 6200 (Groß-Umstadt, Germany) under temper-

ature control using a JASCO thermostat (model ETC-272T, Groß-Umstadt, Germany). 

For analysing of the tryptophan fluorescence emission excitation was performed at 280 nm and the 

fluorescence emission was detected between 290-420 nm using a micro quartz glass precision cell 

Suprasil® (type: 115F-QS, 10 mm). The excitation- and emission-bandwidths were set to 5.0 nm, the 

data pitch was 1.0 nm, the response was ˈfastˈ, the sensitivity was ˈhighˈ and the scanning speed 

was set to 125 nm/min.  

In case of the concentration-dependent FRET analysis, the concentration of the respective NBD-

labelled peptide (6.0 µM) as well as the total peptide concentration (12 µM) were kept constant 

using the corresponding non-labelled peptide and the mole fraction (A) of the respective TAMRA-

labelled peptide was varied from 0.0-0.5. The fluorescence emission was detected between 500-

650 nm at 25 °C and 60 °C (β-peptides) or at 30 °C (α-peptides) for the whole sample set using a 

micro quartz glass precision cell Suprasil® (type: 115F-QS, 10 mm) and the fluorescence emission 

excitation was performed at 464 nm. The excitation- and emission-bandwidth was set to 5.0 nm, 

the data pitch was 1.0 nm, the response was ˈfastˈ, the sensitivity was ˈhighˈ or ˈmediumˈ and the 

scanning speed was set to 125 nm/min. 
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6.3 Standard Operating Procedures (SOPs) 

 SOPs for the Syntheses of the β3-Amino Acids 

6.3.1.1 SOP1: Synthesis of the diazo ketone[103,104] 

 

 

 

According to the procedure of GUICHARD et al., the N-Boc/Fmoc-protected amino acid (12.4 mmol, 

1.00 eq) was dissolved in dry THF (58 mL) under an argon atmosphere and cooled to 0 °C, followed 

by addition of triethylamine (1.10 eq) and isobutylchloroformate (1.10 eq). After stirring at 0 °C for 

30 min, under exclusion of light diazomethane in diethyl ether (0.6-0.7 M, 2.00 eq) was added to 

the solution and the mixture was stirred at rt for 5 h. Afterwards, the excess of diazomethane was 

quenched by addition of glacial acetic acid (1.4 mL) and the mixture was taken up in 6% NaHCO3 

(aq, 100 mL) and extracted with EtOAc (3 × 100 mL). The combined organic phases were washed 

with saturated NH4Cl (aq, 3 × 60 mL), saturated NaCl (aq, 3 × 60 mL), dried over MgSO4 and the sol-

vent was removed under reduced pressure. The product (yellow oil/solid) was obtained in quanti-

tative yield and used without further purification. 

6.3.1.2 SOP2: Synthesis of the D-β3-amino acid 

 

 

 

SOP2.1[103,104] 

Based on a procedure of GUICHARD et al., the diazo ketone (12.4 mmol, 1.00 eq) was dissolved in 

THF/H2O (9:1, v/v, 75 mL) and under exclusion of light silver benzoate (0.10 eq) was added. The 

reaction was carried out by sonication for 2 h. Afterwards, the mixture was diluted with H2O 

(50 mL), adjusted to pH = 2-3 with 1.0 M HCl (aq) and extracted with EtOAc (3 × 100 mL). The com-

bined organic phases were dried over MgSO4 and the solvent was removed under reduced pressure. 

The crude product was taken up in DCM and added dropwise to cold pentane (-22 °C). The obtained 

precipitate was filtered off, washed with cold pentane (2 ×) and dried overnight under reduced 

pressure.  
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SOP2.2[122] 

Based on a procedure of PATIL et al., silver benzoate was added (0.10 eq) to a solution of the diazo 

ketone (14.7 mmol, 1.00 eq) in 1,4-dioxane/H2O (2:1, v/v, 150 mL) and the reaction was performed 

under microwave irradiation in a domestic microwave oven (55 s, 460 W). The solvent was removed 

under reduced pressure, the resulting residue was diluted with H2O (50 mL), adjusted to pH = 2-3 

with 1.0 M HCl (aq) and extracted with EtOAc (3 × 100 mL). The combined organic phases were dried 

over MgSO4 and the solvent was removed under reduced pressure. The crude product was taken 

up in DCM and added dropwise to cold pentane (-22 °C). The obtained precipitate was filtered off, 

washed with cold pentane (2 ×) and dried overnight under reduced pressure. 

 

 SOPs for the Syntheses of α- and β-Peptides 

6.3.2.1 SOP3: Loading resin with first amino acid[193] 

The rink amide MBHA resin (132 mg, 75.0 µmol, 1.00 eq) was swollen in a PE-frit equipped BECTON-

DICKINSON (BD) discardit II syringe (Heidelberg, Germany) in DMF (2.0 mL) for 2 h. The Fmoc-pro-

tecting group was cleaved microwave assisted (25 W, 50 °C, 30 s) using piperidine in DMF (20%, 

1.5 mL). Afterwards, the resin was washed with DMF (10 × 2.0 mL) and the second cleavage (20% 

piperidine in DMF) was performed under microwave irradiation (35 W, 60 °C, 3.0 min). After wash-

ing with DMF (10 × 2.0 mL), the required amino acid building block (5.00 eq) and HOBt (5.00 eq) 

were dissolved in DMF (1.5 mL). After addition of DIC (5.00 eq) the coupling was achieved micro-

wave assisted (35 W, 65 °C, 15 min). The resin was washed with DMF (10 × 2.0 mL), MeOH 

(10 × 2.0 mL) and DCM (5 × 2.0 mL) and dried under reduced pressure overnight. The estimation of 

the level of the first residue attachment was performed using SOP4. After resin loading the remain-

ing free amine functions were capped applying DMF/Ac2O/DIPEA (18:1:1, v/v/v) for 10 min at room 

temperature, followed by washing with DMF (10 × 2.0 mL), MeOH (10 × 2.0 mL) and DCM 

(5 × 2.0 mL) and drying under reduced pressure overnight. 

6.3.2.2 SOP4: Determination of the occupancy[194] 

According to the procedure of GUDE et al., estimation of the occupancy of the first residue attach-

ment was performed via UV-absorption spectroscopy. Therefore, a small amount of resin (5.0-

10 mg) was placed in a graduated flask (10 mL) and DBU (2 % in DMF, 2.0 mL) was added. After 

gentle agitation for 1 h, the solution was diluted with MeCN (to 10 mL). The reaction mixture was 

further diluted with MeCN (1/12.5) and transferred to an UV precision cuvette. The absorption of 

the cleaved Fmoc-dibenzofulven species was detected at 304 nm (ε304 = 7624 L ∙ mol-1 ∙ cm-1) and 
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corrected by the reference. The reference solution was prepared in the same manner but without 

addition of the resin. Fmoc loading was calculated using following equation. 

 

𝜌resin [
mmol

g
] =  

1

𝑚resin [g]
 ∙  (

∆𝑎𝑏𝑠∙𝑉[L]∙𝑓

𝜀[L mol-1 cm-1]∙𝑑[cm]
∙ 106)  (5.2) 

 

Thereby, ρresin is the loading density of the resin, Δabs = (abssample-absref), V the volume of the grad-

uated flask (here 0.01 L), f the thinning factor (here f = 12.5), ε the absorption coefficient of diben-

zofulven, d the path length of the cuvette (here 1.0 cm) and mresin the mass of the analysed resin. 

Thus, following equation is given. 

 

𝜌resin [
mmol

g
] =  

∆𝑎𝑏𝑠∙16.4

𝑚resin[mg]
     (5.3) 

 

6.3.2.3 SOP5: KAISER-Test[195] 

For checking the completeness of amino acid coupling or successful deprotection during SPPS, the 

KAISER-test was performed. Based on a procedure of KAISER et al., a small amount of resin was placed 

in a glass tube and 2-3 drops of each of the three reagents were added. The tube was kept on a 

heating plate at 100 °C for 3.0 min with occasional swirling. Upon observation the solution could 

remain yellow (negative test), indicating a complete reaction or could turn into deep blue (positive 

test), which indicates an incomplete reaction (free amino groups). In utilizing the reagent following 

three solutions were prepared: 

KAISER-test reagent 1: 1.0 g Ninhydrin in 20 mL ethanol. 

KAISER-test reagent 2: 16 mg Phenol in 4 mL ethanol. 

KAISER-test reagent 3: 0.5 mL Solution of KCN (1mM) diluted to 25 mL with pyridine. 

6.3.2.4 SOP6: Automated SPPS 

General automated SPPS was realized with different peptide synthesizers. Firstly, the LIBERTY™ au-

tomated synthesizer from CEM (Kamp-Lintfort, Germany), equipped with a DISCOVER microwave 

(MW) reaction cavity (CEM) was used for automated peptides synthesis. The resin was swollen in 

DMF for 2 h prior usage. The standard Fmoc-protocol was selected using 0.10-SCALE and NMP was 

used as solvent. The Fmoc-protecting group was removed by treatment with piperidine (20% in 

NMP, v/v, 2 × 2.5 mL; D1: 25 W, 50 °C, 30 s; D2: 35 W, 50 °C, 3 min). Fmoc-protected amino acids 

and Fmoc-protected building blocks were used as a 0.2 M solution in NMP, activated by HBTU/HOBt 

in NMP (0.49 M/0.5 M) and DIPEA in NMP (2.0 M) and double coupling was conducted microwave 

assisted (35 W, 55 °C, 7 min). Alternatively, the LIBERTY BLUE™ automated synthesizer from CEM 
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(Kamp-Lintfort, Germany), equipped with a DISCOVER microwave (MW) reaction cavity (CEM) was 

used for automated peptides synthesis. Here, the standard Fmoc-protocol was selected using 0.10-

SCALE too, but DMF was used as solvent. The Fmoc-protecting group was removed by treatment 

with piperidine (20% in DMF, v/v; 155 W, 75 °C, 15 s → 30 W, 90 °C, 50 s). Fmoc-protected amino 

acids and Fmoc-protected building blocks were used as a 0.2 M solution in DMF, activated by DIC in 

DMF (0.5 M) and Oxyma® in DMF (1.0 M) and single coupling was conducted microwave assisted 

(170 W, 90 °C, 15 s → 30 W, 90 °C, 110 s). After the peptide synthesis was completed, the resin was 

transferred into a PE-frit equipped BECTON-DICKINSON (BD) discardit II syringe (Heidelberg, Germany), 

washed with DMF (10 x 5.0 mL), MeOH (10 x 5.0 mL) and DCM (10 x 5.0 mL) and dried under re-

duced pressure. 

6.3.2.5 SOP7: Manual SPPS[104,196] 

General manual SPPS was carried out in a PE-frit equipped BECTON-DICKINSON (BD) discardit II syringe 

(Heidelberg, Germany) in a 75.0 µmol scale using a DISCOVER microwave (MW) reaction cavity (CEM) 

(Kamp-Lintfort, Germany). The pre-loaded resin was initially swollen in DMF for 2 h. The Fmoc-pro-

tecting group was cleaved microwave assisted (25 W, 50 °C, 30 s) using piperidine in DMF (20%, 

1.5 mL). Afterwards, the resin was washed with DMF (10 × 2.0 mL) and the second cleavage (20% 

piperidine in DMF) was performed (35 W, 60 °C, 3 min). After washing with DMF (10 × 2.0 mL), the 

required amino acid building block in DMF (0.2 M, 0.5 mL) was activated with HATU/HOAt in DMF 

(0.46 M/0.5 M, 0.5 mL) and DIPEA in NMP (2.0 M, 0.25 mL) and single coupling was performed 

(35 W, 65 °C, 15 min) followed by washing with DMF (10 × 2.0 mL). If mentioned, the coupling was 

repeated or the free amino groups were capped with Ac2O (10% in DMF, 1.5 mL). After completion 

of the peptide sequence the final wash was performed with DMF (10 x 2.0 mL), MeOH (10 x 2.0 mL) 

and DCM (10 x 2.0 mL) and the resin was dried under reduced pressure. 

6.3.2.6 SOP8: Alloc-Deprotection[197] 

Based on a procedure of WU et al., under an argon atmosphere Me2NH·BH3 (180 mg, 3.00 mmol, 

40.0 eq) and Pd(PPh3)4 (8.63 mg, 7.50 µmol, 0.10 eq) were added to the resin (75.0 µmol, 1.00 eq) 

in dry DMF (3.0 mL) and argon was bubbled through the mixture for 4 h. Afterwards, the mixture 

was transferred to a PE-frit equipped BECTON-DICKINSON (BD) discardit II syringe (Heidelberg, Ger-

many) and washed with DMF (10 × 2.0 mL), MeOH (10 × 2.0 mL) and DCM (5 × 2.0 mL). 

6.3.2.7 SOP9: Cleavage[193,198,199] 

Cleavage from the dry resin and simultaneous removal of the protecting groups was performed in 

a PE-frit equipped BECTON-DICKINSON (BD) discardit II syringe (Heidelberg, Germany) using 
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TFA/H2O/Tis (95/2.5/2.5, v/v/v) under vigorous shaking for 2 h. The reaction mixture was concen-

trated under a nitrogen stream and the crude peptide was precipitated from -20 °C cold diethyl 

ether. The crude product was isolated by centrifugation (9000 rpm, 20 min, -15 °C), washed five 

times with cold diethyl ether followed by centrifugation and drying under reduced pressure over-

night. 

 SOPs for the Preparation of Peptide/Lipid Complexes 

6.3.3.1 SOP10: Small unilamellar vesicles (SUVs)[66] 

According to the procedure of DE PLANQUE et al., lipids dissolved in CHCl3 and alcoholic stock solu-

tions (MeOH) were mixed yielding a solution of CHCl3/MeOH (1/1, v/v) at defined P/L-ratio. Remov-

ing the solvent at a nitrogen stream produced an almost clear peptide/lipid film at the test tube 

walls. After adding TFE for providing the formation of the secondary structure, the solvent was 

removed at a nitrogen stream and the resulting peptide/lipid film was dried under reduced pressure 

at 40 °C overnight. Afterwards, the peptide/lipid film was hydrated in buffer (100 mM NaCl, 25 mM 

TRIS®, pH 7.1) yielding the desired peptide concentration. After 2 h incubation at 40 °C the hydrated 

peptide/lipid film was vortexed (30 s) and incubated (5.0 min) in five cycles. The sample was then 

sonicated for 20 min at 48 W, using a BANDELIN Sonoplus UW 2070 (Berlin, Germany) sonicator. 

6.3.3.2 SOP11: Large unilamellar vesicles (LUVs)[200] 

According to the procedure of MACDONALD et al., lipids dissolved in CHCl3 and alcoholic stock solu-

tions (MeOH) of the peptides were mixed yielding a solution of CHCl3/MeOH (1/1, v/v) at defined 

P/L-ratio. Removing the solvent at a nitrogen stream produced an almost clear peptide/lipid film at 

the test tube walls. After adding TFE for providing the formation of the secondary structure, the 

solvent was removed at a nitrogen stream and the resulting peptide/lipid film was dried under re-

duced pressure at 40 °C overnight. Afterwards, the peptide/lipid film was hydrated in ultra-pure 

water or in buffer (100 mM NaCl, 25 mM TRIS®, pH 7.1) yielding the desired peptide concentration. 

After 2 h incubation at 40 °C the hydrated peptide/lipid film was vortexed (30 s) and incubated 

(5 min) in five cycles. The milky suspension was extruded 31 times through a polycarbonate mem-

brane (100 nm nominal pore size) using an AVESATIN Liposofast mini extruder (Ottawa, Canada) to 

produce a clear vesicle suspension containing vesicles of 100 nm size providing a rather small poly-

diversity. 

  



EXPERIMENTAL PART 

 
78 

 SOP12: Enantiomeric purity (MARFEYˈs reagent)[124–127] 

The corresponding β3-amino acid was treated with piperidine (20% in DMF, 5.0 mL) and stirred at 

rt for 15 min. After removal of the solvent under reduced pressure the residue was taken up in 

diethyl ether and the solid was isolated by centrifugation (9000 rpm, 10 min, 25 °C), washed five 

times with diethyl ether followed by centrifugation and drying under reduced pressure. According 

to the procedures of MAFREY et al. and BHUSHAN et al., the resulting solid was diluted in acetone/H2O 

(1/1, v/v, 400 µL). 100 µL of this mixture and 0.5 M Na2CO3 (aq, 40.0 µL) were added to a solution 

of MARFEYˈs reagent (37) in acetone (1.1 mM, 200 µL). The mixture was shaken for 1 h at 40 °C. Af-

terwards, it was cooled to 2 °C, 1.0 M HCl (aq, 20.0 µL) was added and the sample was centrifuged 

(15000 rpm, 5.0 min, 25 °C).  
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6.4 Syntheses 

 Synthesis of 1-Methyl-7-azaindole 

 

1-Methyl-7-azaindole (10)[51] 

 

 

10 

According to the procedure of KRITSANIDA et al., under an argon atmosphere 7-azaindole (5) 

(580 mg, 4.91 mmol, 1.00 eq) was dissolved in dry DMF (17 mL) and NaH (289 mg, 12.0 mmol, 

2.44 eq) was added. After stirring at rt for 30 min, MeI (361 µL, 5.80 mmol, 1.18 eq) in dry DMF 

(3.0 mL) was added and it was allowed to stir at rt overnight. H2O (35 mL) was added and the mix-

tures was extracted with DCM (3 × 50 mL). The combined organic phases were back extracted with 

H2O (2 × 30 mL), dried over Na2SO4 and the solvent was removed under reduced pressure. The 

crude product was purified by flash column chromatography (DCM) to yield product 10 (328 mg, 

2.48 mmol, 51%) as a yellow oil. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 3.89 (s, 3 H, CH3), 6.45 (d, 1 H, 3JH,H = 3.5 Hz, CHar), 7.05 

(dd, 1 H, 3JH,H = 7.8, 4.7 Hz, CHar), 7.17 (d, 1 H, 3JH,H = 3.4 Hz, CHar), 7.90 (dd, 1 H, 3JH,H = 7.8 Hz, 

4JH,H = 1.6 Hz, CHar), 8.34 (dd, 1 H, 3JH,H = 4.7 Hz, 4JH,H = 1.6 Hz, CHar). 

ESI-MS (m/z): 133.1 [M+H]+. 

HR-MS (ESI): calc. for [C8H9N2]+ ([M+H]+): 133.0760, found: 133.0764. 
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 Synthesis of the 7-Azaindole Building Block 

 

7-Azaindole-3-carboxaldehyde (12)[61] 

 

 

12 

According to the procedure of SU et al., hexamethylenetetramine (2.73 g, 18.7 mmol, 1.10 eq) was 

added to a solution of 7-azaindole (5) (2.00 g, 16.9 mmol, 1.00 eq) in H2O/AcOH (2:1, v/v, 16.8 mL). 

The reaction mixture was stirred under reflux for 6 h. After cooling to 0 °C the resulting precipitate 

was filtered off and washed with cold H2O (3 × 20 mL). The crude product was recrystallized from 

H2O and dried under reduced pressure to yield product 12 (1.65 g, 11.3 mmol, 67%) as colourless 

needles. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 7.20-7.30 (m, 1 H, CHar), 8.32-8.47 (m, 3 H, 3 × CHar), 9.93 

(s, 1 H, CHO), 12.6 (sbr, 1 H, NH). 

ESI-MS (m/z): 147.1 [M+H]+, 145.0 [M-H]-. 

HR-MS (ESI): calc. for [C8H7N2O]+ ([M+H]+): 147.0553, found: 147.0550; calc. for [C8H5N2O]- ([M-H]-): 

145.0407, found: 145.0407. 

 

1-tert-Butoxycarbonyl-7-azaindole-3-carboxaldehyde (13)[62] 

 

 

13 

According to the procedure of SALMAN et al., under an argon atmosphere 7-Azaindole-3-carboxal-

dehyde (12) (500 mg, 3.42 mmol, 1.00 eq) was dissolved in dry MeCN (8.5 mL) and cooled to 0 °C. 

DMAP (62.7 mg, 513 µmol, 0.15 eq) and Boc2O (896 mg, 4.10 mmol, 1.20 eq) were added at 0 °C 

and the reaction mixture was stirred at rt for 4 h. The solvent was removed under reduced pressure 
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and the crude product was purified by flash column chromatography (pentane/EtOAc = 2:1, v/v) to 

yield product 13 (764 mg, 3.10 mmol, 91%) as a colourless solid. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.64 (s, 9 H, 3 × CH3), 7.41 (dd, 1 H, 3JH,H = 7.9, 4.8 Hz, 

CHar), 8.40-8.52 (m, 2 H, 2 × CHar), 8.74 (s, 1 H, CHar), 10.0 (s, 1 H, CHO). 

ESI-MS (m/z): 269.1 [M+Na]+, 285.1 [M+K]+ 245.1 [M-H]-. 

HR-MS (ESI): calc. for [C13H14N2O3Na]+ ([M+Na]+): 269.0897, found: 269.0895; calc. for [C13H13N2O3]- 

([M-H]-): 245.0932, found: 245.0933. 

 

(S)-2-(9-Fluorenylmethyloxycarbonyl)-2,3-diaminopropionic acid (15)[63] 

 

 

15 

According to the procedure of ZHANG et al., Fmoc-Asn-OH (14) (1.00 g, 2.82 mmol, 1.00 eq) was sus-

pended in MeCN/EtOAc/H2O (2:2:1, v/v/v, 25 mL) and cooled to 0 °C. PIDA (1.09 g, 3.38 mmol, 

1.20 eq) was added at 0 °C and the mixture was stirred at 0 °C for 30 min and at rt for 4 h. The 

resulting precipitate was filtered off, washed with cold EtOAc (3 × 40 mL) and dried under reduced 

pressure to yield product 15 (603 mg, 1.85 mmol, 66%) as a colourless solid. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 2.76-3.09 (m, 2 H, β-CH2), 3.68-3.83 (m, 1 H, α-CH), 4.17-

4.33 (m, 3 H, Fmoc-CH2, Fmoc-CH), 6.81 (d, 1 H, 3JH,H = 6.4 Hz, NH), 7.26-7.46 (m, 4 H, 4 × Fmoc-

CHar), 7.69 (d, 2 H, 3JH,H = 7.4 Hz, 2 × Fmoc-CHar), 7.85-7.89 (m, 2 H, 2 × Fmoc-CHar). 

ESI-MS (m/z): 327.1 [M+H]+, 349.1 [M+Na]+, 653.1 [2M+H]+, 675.2 [2M+Na]+, 325.1 [M-H]-, 651.2 

[2M-H]-. 

HR-MS (ESI): calc. for [C18H19N2O4]+ ([M+H]+): 327.1339, found: 327.1337; calc. for [C18H18N2O4Na]+ 

([M+Na]+): 349.1159, found: 349.1152; calc. for [C18H17N2O4]+ ([M-H]-): 325.1194, found: 325.1186. 
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(S)-2-(9-Fluorenylmethyloxycarbonyl)-amino-3-tert-butoxycarbonyl-(1ˈ-tert-butoxycarbonyl-7ˈ-

azaindole)-3ˈ-(methyl)amino-propionoic acid (11) 

 

 

11 

Fmoc-Dap-OH (15) (500 mg, 1.53 mmol, 1.00 eq) and 1-tert-butoxycarbonyl-7-azaindole-3-carbox-

aldehyde (13) (566 mg, 2.30 mmol, 1.50 eq) were dissolved in dry MeOH (7.20 mL). DIPEA (64.5 µL, 

3.83 mmol, 2.50 eq) were added and the mixture was stirred at 50 °C for 4 h. After cooling to 0 °C 

NaBH4 (116 mg, 3.06 mmol, 2.00 eq) was added in portions. Further stirring rt for 1 h was followed 

by removing MeOH under reduced pressure. Afterwards, H2O (7.20 mL) was added and it was ex-

tracted with Et2O (3 × 15.0 mL). The aqueous phase was cooled to 0 °C and Boc2O (333 mg, 

1.53 mmol, 1.00 eq) dissolved in dioxane (4.00 mL) was added and the mixture was allowed to stir 

at rt overnight. After removing dioxane under reduced pressure, H2O (10.0 mL) was added and the 

mixture was adjusted to pH = 2-3 with 1.0 M HCl (aq) and extracted with EtOAc (3 × 50.0 mL). The 

combined organic phases were dried over MgSO4 and the solvent was removed under reduced 

pressure. The resulting orange oil was purified by flash column chromatography (EtOAc/MeOH: 4:1, 

v/v) to yield product 11 (563 mg, 857 µmol, 56%) as a yellow solid. 

 

1H-NMR (300 MHz, CD3OD): δ (ppm) = 1.47 (s, 9 H, 3 × CH3), 1.61 (s, 9 H, 3 × CH3), 3.60-3.73 (m, 1 H, 

α-CH), 4.08-4.17 (m, 1 H, β-CH), 4.19-4.32 (m, 2 H, CH2), 4.40-4.66 (m, 4 H, Fmoc-CH2, Fmoc-CH, β-

CH), 7.18-7.38 (m, 5 H, 4 × Fmoc-CHar, CHar), 7.60 (t, 2 H, 3JH,H = 7.1 Hz, 2 × Fmoc-CHar), 7.67 (s, 1 H, 

CHar), 7.74 (d, 2 H, 3JH,H = 7.6 Hz, 2 × Fmoc-CHar), 7.99-8.10 (m, 1 H, CHar), 8.31-8.37 (m, 1 H, CHar). 

ESI-MS (m/z): 657.3 [M+H]+, 679.3 [M+Na]+, 653.1 [2M+H]+, 655.3 [M-H]-, 1311.6 [2M-H]-. 

HR-MS (ESI): calc. for [C36H41N4O8]+ ([M+H]+): 657.2919, found: 657.2918; calc. for [C36H40N4O8Na]+ 

([M+Na]+): 679.2738, found: 679.2738; calc. for [C36H39N4O8]+ ([M-H]-): 655.2773, found: 655.2774. 
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 Synthesis of the 7-Azaindole D-β3-Building Block 

 

(R)-2-(9-Fluorenylmethyloxycarbonyl)-2,3-diamino-propionic acid (26)[63] 

 

 

26 

According to the procedure of ZHANG et al., Fmoc-D-Asn-OH (25) (1.00 g, 2.82 mmol, 1.00 eq) was 

suspended in MeCN/EtOAc/H2O (2:2:1, v/v/v, 25 mL) and cooled to 0 °C. PIDA (1.09 g, 3.38 mmol, 

1.20 eq) was added at 0 °C and the mixture was stirred at 0 °C for 30 min and at rt for 4 h. The 

resulting precipitate was filtered off, washed with cold EtOAc (3 × 40 mL) and dried under reduced 

pressure to yield product 26 (603 mg, 1.85 mmol, 66%) as a colourless solid. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 2.76-3.09 (m, 2 H, β-CH2), 3.68-3.83 (m, 1 H, α-CH), 4.17-

4.33 (m, 3 H, Fmoc-CH2, Fmoc-CH), 6.81 (d, 1 H, 3JH,H = 6.4 Hz, NH), 7.26-7.46 (m, 4 H, 4 × Fmoc-

CHar), 7.69 (d, 2 H, 3JH,H = 7.4 Hz, 2 × Fmoc-CHar), 7.85-7.89 (m, 2 H, 2 × Fmoc-CHar). 

ESI-MS (m/z): 327.1 [M+H]+, 349.1 [M+Na]+, 653.1 [2M+H]+, 675.2 [2M+Na]+, 325.1 [M-H]-, 651.2 

[2M-H]-. 

HR-MS (ESI): calc. for [C18H19N2O4]+ ([M+H]+): 327.1339, found: 327.1337; calc. for [C18H18N2O4Na]+ 

([M+Na]+): 349.1159, found: 349.1152; calc. for [C18H17N2O4]+ ([M-H]-): 325.1194, found: 325.1186. 

 

(R)-2-(9-Fluorenylmethyloxycarbonyl)-amino-3-tert-butoxycarbonylamino-propionic acid (27)[102] 

 

 

27 

According to the procedure of MYERS et al., Fmoc-D-Dap-OH (26) (1.01 g, 3.11 mmol, 1.00 eq) was 

dissolved in H2O (20.0 mL) and NaHCO3 (523 mg, 6.22 mmol, 2.00 eq) was added. The reaction mix-

ture was cooled to 0 °C, Boc2O (813 mg, 3.73 mmol, 1.20 eq) in 1,4-dioxane (9.00 mL) was added 
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dropwise at 0 °C and it was stirred at rt overnight. H2O (15.0 mL) was then added, the aqueous layer 

is extracted with EtOAc (2 × 30.0 mL). The combined organic layers are ˈbackˈ extracted with satu-

rated NaHCO3 (aq, 3 × 30.0 mL). The combined aqueous layers are adjusted to pH = 2-3 with 1.0 M 

HCl (aq) and extracted with EtOAc (3 × 50.0 mL). The combined organic phases were dried over 

MgSO4 and the solvent was removed under reduced pressure to yield product 27 (1.47 g, 

3.45 mmol, 92%) as a colourless oil. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.38 (s, 9 H, 3 × CH3), 3.25-3.37 (m, 2 H, β-CH2), 4.05-4.16 

(m, 1 H, α-CH), 4.18-4.35 (m, 3 H, Fmoc-CH2, Fmoc-CH), 6.78 (m, 1 H, Fmoc-NH), 7.29-7.46 (m, 5 H, 

4 × Fmoc-CHar, Boc-NH), 7.71 (d, 2 H, 3JH,H = 7.4 Hz, 2 × Fmoc-CHar), 7.83-7.92 (m, 2 H, 2 × Fmoc-

CHar), 12.58 (sbr, 1 H, OH). 

ESI-MS (m/z): 449.2 [M+Na]+, 875.4 [2M+Na]+, 1301.1 [3M+Na]+. 

HR-MS (ESI): calc. for [C23H26N2O6Na]+ ([M+Na]+): 449.1683, found: 449.1678. 

 

(S)-3-(9-Fluorenylmethyloxycarbonyl)-3,4-diamino-butanoic acid (28) 

 

 

28 

Starting with Fmoc-D-Dap(Boc)-OH (27) (2.34 g, 5.28 mmol, 1.00 eq), the synthesis was achieved 

following SOP1 and SOP2.1 to yield Fmoc-D-β3-Dap(Boc)-OH as a colourless solid. Afterwards, 

Fmoc-D-β3_Dap(Boc)-OH (4.27 mmol, 1.00 eq) was dissolved in dioxane (1.70 mL) and HCl (4 M in 

dioxane, 5.00 mL) was added. The mixture was stirred for 2 h at rt. The solvent was removed under 

reduced pressure and the crude product was extracted with Et2O (3 × 30 mL). Freeze-drying of the 

aqueous phase has yielded the product 28 (1.22 g, 3.57 mmol, 68%) as a colourless solid. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 2.82-3.05 (m, 2 H, γ-CH2), 3.25-3.48 (m, 2 H, α-CH2), 3.95-

4.12 (m, 1 H, β-CH), 4.23-4.35 (m, 3 H, Fmoc-CH2, Fmoc-CH), 7.28-7.52 (m, 5 H, 4 × Fmoc-CHar, 

Fmoc-NH), 7.72 (d, 2 H, 3JH,H = 7.3 Hz, 2 × Fmoc-CHar), 7.87-7.95 (m, 2 H, 2 × Fmoc-CHar). 

ESI-MS (m/z): 341.2 [M+H]+, 339.2 [M-H]-, 375.1 [M+Cl]-. 

HR-MS (ESI): calc. for [C19H20N2O4]+ ([M+H]+): 341.1497, found: 341.1496; calc. for [C19H19N2O4]- ([M-

H]-): 339.1350, found: 339.1339.  
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(S)-3-(9-Fluorenylmethyloxycarbonyl)-amino-4-tert-butoxycarbonyl-(1ˈ-tert-butoxycarbonyl-7ˈ-

azaindole)-3ˈ-(methyl)amino-butanoic acid (24) 

 

 

24 

Fmoc-D-β3-Dap-OH (28) (200 mg, 589 µmol, 1.00 eq) and 1-tert-butoxycarbonyl-7-azaindole-3-car-

boxaldehyde (13) (219 mg, 884 µmol, 1.50 eq) were dissolved in dry MeOH (3.60 mL). DIPEA 

(37.2 µL, 2.21 mmol, 2.50 eq) was added and the mixture was stirred at 50 °C for 4 h. After cooling 

to 0 °C NaBH4 (84.7 mg, 2.21 mmol, 2.50 eq) was added in small portions. Further stirring at rt for 

1 h was followed by removing MeOH under reduced pressure. Afterwards, H2O (4.00 mL) was 

added and it was extracted with Et2O (3 × 15.0 mL). The aqueous phase was cooled to 0 °C and 

Boc2O (128 mg, 589 µmol, 1.00 eq) dissolved in dioxane (1.70 mL) was added and it was allowed to 

stir at rt overnight. After removing dioxane under reduced pressure, H2O (5.00 mL) was added and 

the mixture was adjusted to pH = 2-3 with 1.0 M HCl (aq) and extracted with EtOAc (3 × 50.0 mL). 

The combined organic phases were dried over MgSO4 and the solvent was removed under reduced 

pressure. The resulting orange oil was purified by flash column chromatography (100% EtOAc) to 

yield product 24 (198 mg, 295 µmol, 50%) as a colourless solid. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.24-1.65 (m, 18 H, 6 × CH3), 2.37 (t, 2 H, 3JH,H = 6.86 Hz, 

α-CH2), 2.95-3.13 (m, 2 H, γ-CH2), 3.80-3.95 (m, 1 H, β-CH), 4.12-4.33 (m, 5 H, CH2, Fmoc-CH2, Fmoc-

CH), 6.73-6.82 (m, 1 H, NH), 7.13 (d, 1 H, 3JH,H = 8.35 Hz, CHar), 7.24-7.45 (m, 6 H, 4 × Fmoc-CHar, 

2 × CHar), 7.64-7.72 (m, 3 H, 2 × Fmoc-CHar, CHar), 7.85-7.90 (m, 2 H, 2 × Fmoc-CHar), 12.15 (sbr, 1 H, 

OH). 

ESI-MS (m/z): 671.3 [M+H]+, 693.3 [M+Na]+, 1363.6 [2M+Na]+. 

HR-MS (ESI): calc. for [C37H43N4O8]+ ([M+H]+): 671.3075, found: 671.3076; calc. for [C37H42N4O8Na]+ 

([M+Na]+): 693.2895, found: 693.2887. 
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 Synthesis of the Diiodoallylhomoglycine Building Block 

 

(R)-3-tert-Butoxycarbonylamino-4-carboxy-butanoic benzyl ester (35) 

 

 

35 

Starting with Boc-Asp(OBzl)-OH (4.00 g, 12.4 mmol, 1.00 eq), the synthesis was achieved following 

SOP1 and SOP2.2 to yield product 35 as a colourless solid (3.46 g, 10.3 mmol, 83%). 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.36 (s, 9 H, 3 × CH3), 2.41 (dd, 2 H, 3JH,H = 6.8 Hz, 

4JH,H = 1.9 Hz, γ-CH2), 2.54 (dd, 2 H, 3JH,H = 6.8 Hz, 4JH,H = 2.4 Hz, α-CH2), 4.06-4.20 (m, 1 H, β-CH), 5.07 

(s, 2 H, Bzl-CH2), 6.82 (d, 1 H, 3JH,H = 8.5 Hz, NH), 7.25-7.41 (m, 5 H, 5 × CHar). 

ESI-MS (m/z): 338.2 [M+H]+, 360.2 [M+Na]+, 697.3 [2M+Na]+, 336.1 [M-H]-. 

HR-MS (ESI): calc. for [C17H24NO6]+ ([M+H]+): 338.1598, found: 338.1598; calc. for [C17H23NO6Na]+ 

([M+Na]+): 360.1418, found: 360.1421; calc. for [C17H22NO6]+ ([M-H]-): 336.1453, found: 336.1452. 

 

(R)-3-tert-Butoxycarbonylamino-5-(methoxy(methyl)amino)-5-oxopentanoic benzyl ester (38) 

 

 

38 

The D-β3-amino acid 35 (3.34 g, 9.91 mmol, 1.00 eq), N,O-dimethylhydroxylamine hydrochloride 

(1.35 g, 13.9 mmol, 1.40 eq) and N-ethylmorpholine (8.44 mL, 65.4 mmol, 6.60 eq) were dissolved 

in dry DCM (15.0 mL), cooled to -10 °C and a propylphosphonic anhydride solution (T3P® 50% in 

DMF, 9.91 mL, 33.7 mmol, 1.70 eq) was added. The reaction mixture was stirred at -10 °C for 90 min 

and then at rt for 3 h. The solvent was removed under reduced pressure and the resulting residue 

was taken up in EtOAc (100 mL). The organic phase was washed with 5% KHSO4 (aq, 3 × 60.0 mL), 
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2.5% NaHCO3 (aq, 3 × 60.0 mL), saturated NaCl (aq, 3 × 60.0 mL) and water (3 × 60.0 mL) and dried 

over MgSO4. Removal of the solvent yielded product 38 (3.73 g, 9.80 mmol, 99%) as a yellow oil. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.36 (s, 9 H, 3 × CH3), 2.46-2.67 (m, 4 H, α-CH2, γ-CH2), 

3.06 (s, 3 H, NCH3), 3.62 (s, 3 H, OCH3), 4.12-4.25 (m, 1 H, β-CH2), 5.07 (s, 2 H, Bzl-CH2), 6.76 (d, 1 H, 

3JH,H = 8.5 Hz, NH), 7.26-7.41 (m, 5 H, 5 × CHar). 

ESI-MS (m/z): 381.2 [M+H]+, 403.2 [M+Na]+, 403.2 [M+K]+, 783.4 [2M+Na]+. 

HR-MS (ESI): calc. for [C19H29N2O6]+ ([M+H]+): 381.2020, found: 381.2023; calc. for [C19H28N2O6Na]+ 

([M+Na]+): 403.1840, found: 403.1843. 

 

(R)-3-tert-Butoxycarbonylamino-5-oxopentanoic benzyl ester (39) 

 

 

39 

Fresh diisobutylaluminium hydride (1.00 M in THF, 20.6 mL, 20.7 mmol, 2.30 eq) was added drop-

wise at -78 °C within 90 min to (R)-3-tert-butoxycarbonylamino-5-(methoxy(methyl)amino)-5-oxo-

pentanoic benzyl ester (38) (3.42 g, 8.99, 1.00 eq) dissolved in dry THF (51.0 mL). After stirring 

at -78 °C for 3 h a saturated K/Na-tartrate solution (aq, 6.50 mL) was added at this temperature. 

The reaction mixture was allowed to warm to rt and additional saturated K/Na-tartrate solution 

(aq, 32.3 mL) was added dropwise. After stirring at rt for 1 h the reaction mixture was extracted 

with Et2O (3 × 40.0 mL) and the combined organic phases were dried over MgSO4. The solvent was 

removed under reduced pressure and the crude product was purified by flash column chromatog-

raphy (pentane/EtOAc: 3:2→1:1, v/v) to yield product 39 as a yellow oil (2.42 g, 7.53 mmol, 84%). 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.36 (s, 9 H, 3 × CH3), 2.47-2.61 (m, 4 H, α-CH2, γ-CH2), 

4.22-4.36 (m, 1 H, β-CH2), 5.08 (s, 2 H, Bzl-CH2), 6.94 (d, 1 H, 3JH,H = 8.4 Hz, NH), 7.28-7.39 (m, 5 H, 

5 × CHar), 9.59 (s, 1 H, COH). 

ESI-MS (m/z): 322.2 [M+H]+, 344.2 [M+Na]+, 320.1 [M-H]-. 

HR-MS (ESI): calc. for [C17H24NO5]+ ([M+H]+): 322.1649, found: 322.1635; calc. for [C17H23NO5Na]+ 

([M+Na]+): 344.1468, found: 344.1459, calc. for [C17H22NO5]+ ([M-H]-): 320.1503, found: 320.1500.  
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(R)-3-tert-Butoxycarbonylamino-6,6-diiodohex-5-enoic benzyl ester (40) 

 

 

40 

PPh3 (4.34 g, 16.5 mmol, 2.20 eq) and iodoform (6.19 g, 15.8 mmol, 2.10 eq) were dissolved in dry 

THF (70.0 mL) and KOtBu (1.69 g, 15.0 mmol, 2.00 eq) was added. After stirring at rt for 15 min al-

dehyde 39 (2.42 g, 7.53 mmol, 1.00 eq) in dry THF (38.0 mL) was added dropwise to the reaction 

mixture. Further stirring at rt for 1 h was followed by addition of brine (200 mL) and extraction with 

EtOAc (3 × 60.0 mL). The combined organic phases were dried over MgSO4 and the solvent was 

removed under reduced pressure. The resulting brown oil was purified by flash column chromatog-

raphy (pentane/EtOAc: 9:1, v/v) to yield product 40 (6.11 g, 10.7 mmol, 68%) as a yellow oil. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.38 (s, 9 H, 3 × CH3), 1.94-2.14 (m, 2 H, γ-CH2), 2.51-2.55 

(m, 2 H, α-CH2), 3.87-4.04 (m, 1 H, β-CH2), 5.08 (s, 2 H, Bzl-CH2), 6.89 (d, 1 H, 3JH,H = 8.5 Hz, NH), 7.00 

(t, 1 H, 3JH,H = 6.7 Hz, CH), 7.25-7.43 (m, 5 H, 5 × CHar). 

ESI-MS (m/z): 572.0 [M+H]+, 594.0 [M+Na]+, 610.0 [M+K]+, 1165.0 [2M+Na]+. 

HR-MS (ESI): calc. for [C18H24I2NO4]+ ([M+H]+): 571.9789, found: 571.9790; calc. for [C18H23I2NO4Na]+ 

([M+Na]+): 593.9609, found: 593.9611. 

 

(R)-3-(9-Fluorenylmethyloxycarbonyl)-amino-6,6-diiodohex-5-enoic acid (2) 

 

 

2 

(R)-Benzyl-3-tert-butoxycarbonylamino-6,6-diiodohex-5-enoate (40) (3.78 g, 6.09 mmol, 1.00 eq) 

was dissolved in 1,4-dioxane/H2O/THF (2:1:1, v/v/v, 31.6 mL), cooled to 0 °C and LiOH·H2O (2.47 g, 

59.1 mmol, 9.70 eq) in H2O (20.0 mL) was added dropwise. After stirring at rt for 1 h, the mixture 
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was adjusted to pH = 5 with citric acid, extracted with EtOAc (3 × 50.0 mL) and the combined or-

ganic phases were evaporated under reduced pressure. The resulting brown oil was taken up in 

TFA/H2O (95:5, v/v, 30.0 mL) and stirred at rt for 15 min. The solvent was co-evaporated with tolu-

ene (3 × 20.0 mL) and freeze-dried from aqueous solution. The resulting deprotected amino acid 

(6.09 mmol, 1.00 eq) was dissolved in 10% Na2CO3 (aq, 43.0 mL), cooled to 0 °C and Fmoc-Cl (2.05 g, 

7.92 mmol, 1.3 eq) in 1,4-dioxane (28.0 mL) was added. The reaction was carried out by sonication 

for 30 min and then stirred at rt for 2 h. After removal of the solvent, the mixture was adjusted to 

pH = 2-3 with 1.0 M HCl (aq) and extracted with EtOAc (3 × 50.0 mL). The combined organic phases 

were dried over MgSO4 and the solvent was removed under reduced pressure. The resulting brown 

oil was purified by flash column chromatography (pentane/EtOAc: 1:1 + 0.25% AcOH, v/v/v) to yield 

product 2 (1.98 g, 3.28 mmol, 54%) as a yellow solid. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.99-2.17 (m, 2 H, γ-CH2), 2.34-2.46 (m, 2 H, α-CH2), 3.88-

4.00 (m, 1 H, β-CH2), 4.20-4.38 (m, 3 H, Fmoc-CH2, Fmoc-CH), 7.02 (t, 1 H, 3JH,H = 6.6 Hz, CH), 7.28-

7.46 (m, 4 H, 4 × Fmoc-CHar), 7.68 (d, 2 H, 3JH,H = 7.4 Hz, 2 × Fmoc-CHar), 7.88 (d, 2 H, 3JH,H = 7.5 Hz, 

2 × Fmoc-CHar), 12.0 (sbr, 1 H, OH). 

ESI-MS (m/z): 603.9 [M+H]+, 625.9 [M+Na]+, 1228.9 [2M+Na]+, 601.9 [M-H]-, 1204.9 [2M-H]-. 

HR-MS (ESI): calc. for [C21H20I2NO4]+ ([M+H]+): 603.9476, found: 603.9464; calc. for [C21H19I2NO4Na]+ 

([M+Na]+): 625.9296, found: 625.9283; calc. for [C21H18I2NO4]+ ([M-H]-): 601.9331, found: 601.9317. 
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 Syntheses of the β3-Amino Acids 

 

(R)-3-(9-Fluorenylmethyloxycarbonyl)-amino-4-methyl-pentanoic acid (29) 

 

 

29 

Starting with Fmoc-D-Val-OH (5.00 g, 14.7 mmol, 1.00 eq), the synthesis was achieved following 

SOP1 and SOP2.2 to yield product 29 (4.88 g, 13.8 mmol, 94%) as a colourless solid. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 0.59-0.88 (m, 6 H, 2 × CH3), 1.59-1.80 (m, 1 H, γ-CH), 

2.21-2.46 (m, 2 H, α-CH2), 3.56-3.83 (m, 1 H, β-CH), 4.07-4.38 (m, 3 H, Fmoc-CH2, Fmoc-CH), 7.16 (d, 

1 H, 3JH,H = 9.0 Hz, NH), 7.26-7.43 (m, 4 H, 4 × Fmoc-CHar), 7.64-7-71 (m, 2 H, 2 × Fmoc-CHar), 7.86 (d, 

2 H, 3JH,H = 7.6 Hz, 2 × Fmoc-CHar), 12.0 (sbr, 1 H, OH). 

ESI-MS (m/z): 354.2 [M+H]+, 376.2 [M+Na]+, 392.1 [M+K]+, 707.4 [2M+H]+, 729.3 [2M+Na]+, 745.3 

[2M+K]+, 352.2 [M-H]-, 705.3 [2M-H]-. 

HR-MS (ESI): calc. for [C21H24NO4]+ ([M+H]+): 354.1700, found: 354.1698; calc. for [C21H23NO4Na]+ 

([M+Na]+): 376.1519, found: 376.1519; calc. for [C21H22NO4]- ([M-H]-): 352.1554, found: 352.1555. 

 

(R)-7-tert-Butoxycarbonylamino-3-(9-fluorenylmethyloxycarbonyl)-amino-heptanoic acid (30) 

 

 

30 

Starting with Fmoc-D-Lys(Boc)-OH (5.00 g, 10.7 mmol, 1.00 eq), the synthesis was achieved follow-

ing SOP1 and SOP2.2 to yield product 30 (4.29 g, 8.89 mmol, 83%) as a colourless solid. 
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1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.12-1.46 (m, 15 H, 3 × CH3, γ-CH2, δ-CH2, ε-CH2), 2.26-

2.40 (m, 2 H, ζ-CH2), 2.82-2.92 (m, 2 H, α-CH2), 3.68-3.83 (m, 1 H, β-CH), 4.17-4.32 (m, 3 H, Fmoc-

CH2, Fmoc-CH), 6.69 (d, 1 H, 3JH,H = 5.9 Hz, NH), 7.15 (d, 1 H, 3JH,H = 8.6 Hz, NH), 7.28-7.45 (m, 4 H, 

4 × Fmoc-CHar), 7.68 (d, 2 H, 3JH,H = 7.5 Hz, 2 × Fmoc-CHar), 7.88 (d, 2 H, 3JH,H = 7.5 Hz, 2 × Fmoc-CHar), 

12.1 (sbr, 1 H, OH). 

ESI-MS (m/z): 483.3 [M+H]+, 505.3 [M+Na]+, 521.2 [M+K]+, 987.5 [2M+Na]+, 1003.5 [2M+K]+. 

HR-MS (ESI): calc. for [C27H35N2O6]+ ([M+H]+): 483.2490, found: 483.2476; calc. for [C27H34N2O6Na]+ 

([M+Na]+): 505.2309, found: 505.2309; calc. for [C27H34N2O6K]+ ([M+K]+): 521.2048, found: 

521.2056. 

 

(R)-3-tert-Butoxycarbonylamino-7-(9-fluorenylmethyloxycarbonyl)-amino-heptanoic acid (31) 

 

 

31 

Starting with Boc-D-Lys(Fmoc)-OH (3.00 g, 6.40 mmol, 1.00 eq,) the synthesis was achieved follow-

ing SOP1 and SOP2.1 to yield product 31 (2.23 g, 4.62 mmol, 72%) as a colourless solid. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.17-1.47 (m, 15 H, 3 × CH3, γ-CH2, δ-CH2, ε-CH2), 2.24-

2.37 (m, 2 H, ζ-CH2), 2.91-3.02 (m, 2 H, α-CH2), 3.66-3.77 (m, 1 H, β-CH), 4.15-4.36 (m, 3 H, Fmoc-

CH2, Fmoc-CH), 6.60 (d, 1 H, 3JH,H = 8.7 Hz, NH), 7.20 (t, 1 H, 3JH,H = 5.7 Hz, NH), 7.28-7.45 (m, 4 H, 

4 × Fmoc-CHar), 7.68 (d, 2 H, 3JH,H = 7.4 Hz, 2 × Fmoc-CHar), 7.87 (d, 2 H, 3JH,H = 7.5 Hz, 2 × Fmoc-CHar), 

12.1 (sbr, 1 H, OH). 

ESI-MS (m/z): 483.3 [M+H]+, 505.3 [M+Na]+, 521.2 [M+K]+, 987.5 [2M+Na]+. 

HR-MS (ESI): calc. for [C27H34N2O6Na]+ ([M+Na]+): 505.2309, found: 505.2309. 
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(R)-7-Allyloxycarbonylamino-3-(9-fluorenylmethyloxycarbonyl)-amino-heptanoic acid (32) 

 

 

32 

Starting with Fmoc-D-Lys(Alloc)-OH (3.00 g, 6.63 mmol, 1.00 eq), the synthesis was achieved follow-

ing SOP1 and SOP2.1 to yield product 32 (2.15 g, 4.61 mmol, 70%) as a colourless solid. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.11-1.52 (m, 6 H, γ-CH2, δ-CH2, ε-CH2), 2.21-2.44 (m, 1 H, 

ζ-CH2), 2.87-3.03 (m, 2 H, α-CH2), 3.69-3.85 (m, 1 H, β-CH), 4.14-4.36 (m, 3 H, Fmoc-CH2, Fmoc-CH), 

4.37-4.54 (m, 2 H, Alloc-CH2), 5.09-5.32 (m, 2 H, Alloc-CH2allyl), 5.89 (ddt, 1 H, 3JHH = 17.3, 10.6, 

5.3 Hz, Alloc-CHallyl), 7.05-7.20 (m, 2 H, 2 × NH), 7.27-7.45 (m, 4 H, 4 × Fmoc-CHar), 7.68 (d, 2 H, 

3JH,H = 7.4 Hz, 2 × Fmoc-CHar), 7.88 (d, 2 H, 3JH,H = 7.4 Hz, 2 × Fmoc-CHar), 12.1 (sbr, 1 H, OH). 

ESI-MS (m/z): 467.2 [M+H]+, 489.2 [M+Na]+, 955.4 [2M+Na]+. 

HR-MS (ESI): calc. for [C26H31N2O6]+ ([M+H]+): 467.2177, found: 467.2170; calc. for [C26H30N2O6Na]+ 

([M+Na]+): 489.1996, found: 489.2003. 

 

(R)-3-tert-Butoxycarbonylamino-7-tert-butoxycarbonylamino-heptanoic acid (57)[102] 

 

 

57 

According to the procedure of MYERS et al., to Fmoc-D-β3-Lys(Boc)-OH (30) (1.50 g, 3.11 mmol, 

1.00 eq) piperidine (20% in DMF, 10.0 mL) was added and stirred at rt for 15 min. After removal of 

the solvent under reduced pressure the residue was taken up in diethyl ether and the solid was 

isolated by centrifugation (9000 rpm, 10 min, -15 °C), washed five times with diethyl ether followed 

by centrifugation and drying under reduced pressure. The Fmoc-deprotected residue (3.11 mmol, 
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1.00 eq) was dissolved in H2O (20.0 mL) and NaHCO3 (523 mg, 6.22 mmol, 2.00 eq) was added. The 

reaction mixture was cooled to 0 °C, Boc2O (813 mg, 3.73 mmol, 1.20 eq) in 1,4-dioxane (9.00 mL) 

was added dropwise at 0 °C and it was stirred at rt overnight. H2O (15.0 mL) is then added, the 

aqueous layer is extracted with EtOAc (2 × 30.0 mL). The organic layers are back extracted with 

saturated NaHCO3 (aq, 3 × 30.0 mL). The combined aqueous layers are adjusted to pH = 2-3 with 

1.00 M HCl and extracted with EtOAc (3 × 50.0 mL). The combined organic phases were dried over 

MgSO4 and the solvent was removed under reduced pressure to yield product 57 (1.03 g, 

2.86 mmol, 92%) as a colourless oil. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.20-1.43 (m, 24 H, 3 × CH3, γ-CH2, δ-CH2, ε-CH2), 2.21-

2.35 (m, 2 H, ζ-CH2), 2.82-2.93 (m, 2 H, α-CH2), 3.61-3.76 (m, 1 H, β-CH), 6.58 (d, 1 H, 3JH,H = 8.7 Hz, 

NH), 6.65 (d, 1 H, 3JH,H = 6.4 Hz, NH), 12.1 (sbr, 1 H, OH). 

ESI-MS (m/z): 383.2 [M+Na]+, 399.2 [M+K]+, 359.2 [M-H]-, 719.5 [2M-H]-. 

HR-MS (ESI): calc. for [C17H32N2O6Na]+ ([M+Na]+): 383.2153, found: 383.2151; calc. for 

[C17H32N2O6K]+ ([M+K]+): 399.1892, found: 399.1892; calc. for [C17H31N2O6]- ([M-H]-): 359.2188, 

found: 359.2190. 

 

(R)-4-(1ˈ-tert-Butoxycarbonyl-indo-3ˈ-yl)-3-(9-fluorenylmethyloxycarbonyl)-amino-butanoic acid 

(33) 

 

 

33 

Starting with Fmoc-D-Trp(Boc)-OH (5.00 g, 9.50 mmol, 1.00 eq), the synthesis was achieved follow-

ing SOP1 and SOP2.1 to yield product 33 (3.84 g, 7.11 mmol, 75%) as a yellowish solid. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.55 (s, 9 H, 3 × CH3), 2.44-2.51 (m, 2 H, γ-CH2), 2.87 (d, 

2 H, 3JH,H = 6.7 Hz, α-CH2), 4.07-4.28 (m, 4 H, β-CH, Fmoc-CH2, Fmoc-CH), 7.19-7.44 (m, 7 H, NH, 

4 × Fmoc-CHar, 2 × CHar), 7.51 (s, 1 H, CHar), 7.54-7.72 (m, 2 H, 2 × Fmoc-CHar), 7.70 (d, 1 H, 

3JH,H = 7.7 Hz, CHar), 7.86 (d, 2 H, 3JH,H = 7.6 Hz, 2 × Fmoc-CHar), 8.03 (d, 1 H, 3JH,H = 8.1 Hz, CHar), 12.2 

(sbr, 1 H, OH). 
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ESI-MS (m/z): 541.3 [M+H]+, 558.3 [M+NH4]+, 563.2 [M+Na]+, 1103.5 [2M+Na]+, 539.2 [M-H]-, 

1079.4 [2M-H]-. 

HR-MS (ESI): calc. for [C32H33N2O6]+ ([M+H]+): 541.2333, found: 541.2327; calc. for [C32H32N2O6Na]+ 

([M+Na]+): 563.2153, found: 563.2148; calc. for [C32H31N2O4]- ([M-H]-): 539.2188, found: 539.2188. 

 

(R)-3-(9-Fluorenylmethyloxycarbonyl)-amino-6-oxo-6-tritylamino-hexanoic acid (34) 

 

 

34 

Starting with Fmoc-D-Gln(Trt)-OH (3.00 g, 4.91 mmol, 1.00 eq), the synthesis was achieved follow-

ing SOP1 and SOP2.1 to yield product 34 (2.94 g, 4.71 mmol, 72%) as a colourless solid. 

 

1H-NMR (300 MHz, [D6]DMSO): δ (ppm) = 1.51-1.75 (m, 2 H, γ-CH2), 2.21-2.42 (m, 4 H, α-CH2, δ-

CH2), 3.77-3.92 (m, 1 H, β-CH), 4.18-4.35 (m, 3 H, Fmoc-CH2, Fmoc-CH), 7.13-7.45 (m, 20 H, 3 × C5H5, 

NH, 4 × Fmoc-CHar), 7.69 (d, 2 H, 3JH,H = 7.4 Hz, 2 × Fmoc-CHar), 7.88 (d, 2 H, 3JH,H = 7.4 Hz, 2 × Fmoc-

CHar), 8.49 (s, 1 H, NH), 12.1 (sbr, 1 H, OH). 

ESI-MS (m/z): 625.3 [M+H]+, 647.3 [M+Na]+, 1271.5 [2M+Na]+, 623.3 [M-H]-. 

HR-MS (ESI): calc. for [C40H37N2O5]+ ([M+H]+): 625.2701, found: 625.2697; calc. for [C40H36N2O5Na]+ 

([M+Na]+): 647.2516, found: 647.2517; calc. for [C40H35N2O5]- ([M-H]-): 623.2551, found: 623.2530. 
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4-(1ˈ-tert-Butoxycarbonyl-indol-3ˈ-yl)-3-(9-fluorenylmethyloxycarbonyl)-amino-butanoic acid 

(36) 

 

 

36 

Starting with Fmoc-D-Trp(Boc)-OH (500 mg, 800 µmol, 0.50 eq) and Fmoc-L-Trp(Boc)-OH (500 mg, 

800 µmol, 0.50 eq) the synthesis was achieved following SOP1 and SOP2.1 to yield product 36 

(703 mg, 1.30 mmol, 68%) as a colourless solid.  

For checking the enantiomeric purity of Fmoc-D-β3-Trp(Boc)-OH (33) and Fmoc-D/L-β3-Trp(Boc)-OH 

(36), the corresponding β3-amino acid was treated according to SOP 12. HPLC analysis was per-

formed with a linear gradient of A (water + 0.1% TFA) to B (MeCN + 0.1% TFA). 

 

HPLC (MN Nucleodur® 100-5-C18, 250 mm × 4.6 mm, 5 µm, flow rate: 1.0 mL/min, gradient: 25-

70% B in 60 min, λ in nm: 280, 340): D/L-β3-mixture: tR1 = 46.7 min and tR2 = 48.6 min; D-amino acid: 

tR = 48.7 min. 

ESI-MS (m/z): 541.3 [M+H]+, 558.3 [M+NH4]+, 563.2 [M+Na]+, 1103.5 [2M+Na]+, 539.2 [M-H]-, 

1079.4 [2M-H]-. 

HR-MS (ESI): calc. for [C32H33N2O6]+ ([M+H]+): 541.2333, found: 541.2327; calc. for [C32H32N2O6Na]+ 

([M+Na]+): 563.2153, found: 563.2148; calc. for [C32H31N2O4]- ([M-H]-): 539.2188, found: 539.2188. 
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 Syntheses of functionalised KALPs and their non-functionalised Analogues 

 

For all functionalised KALPs and their non-functionalised analogues the respective rink amide 

MBHA resin (176 mg, 100 µmol, 570 µmol/g, 1.00 eq) was preloaded with Fmoc-Ala-OH (58.3 mg, 

500 µmol, 5.00 eq) following SOP3. The occupancy was tested following SOP4 and determined to 

be 460-520 µmol/g. The peptides 17 was synthesised using the LIBERTY™ automated synthesizer 

from CEM (Kamp-Lintfort, Germany). In the case of peptide 18-23 the peptide synthesis was per-

formed with one third of the preloaded rink amid MBHA resin (59.0 mg, 33.3 mmol, 1.00 eq) and 

with the LIBERTY BLUE™ automated synthesizer from CEM (Kamp-Lintfort, Germany). 

 

H-GKKLALALALA(11)ALALALALKKA-NH2 (17) 

 

 

C112H199N31O23 

2348.02 g/mol 

17 

The peptide was synthesised following SOP6 using Fmoc-Lys(Boc)-OH (234 mg, 500 µmol, 5.00 eq), 

Fmoc-Leu-OH (177 mg, 500 µmol, 5.00 eq), Fmoc-Ala-OH (156 mg, 500 µmol, 5.00 eq), 

Fmoc-Gly-OH (149 mg, 500 µmol, 5.00 eq) and the synthesised building block (11) (328 mg, 

500 µmol, 5.00 eq). The cleavage was performed using SOP9 to obtain the crude peptide as a col-

ourless solid which was purified by preparative HPLC to yield product 17 (12.2 mg, 5.20 µmol) as a 

colourless solid. 

 

HPLC (preparative, gradient: 50-85% B in 30 min, λ in nm: 215, 254, 288): tR = 19.34 min. 

ESI-MS (m/z): 587.90 [M+4H]4+, 783.54 [M+3H]3+, 1174.81 [M+2H]2+, 2346.59 [M+H]+. 

HR-MS (ESI): calc. for [C112H201N31O23]2+ ([M+2H]2+): 1174.7765, found: 1174.7774; calc. for 

[C112H202N31O23]3+ ([M+3H]3+): 783.5201, found: 783.5198; calc. for [C112H203N31O23]4+ ([M+4H]4+): 

587.8919, found: 587.8920. 
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H-GK(acetyl)KKLALALALALALALALALKKA-NH2 (18) 

 

 

C115H212N30O25 

2415.15 g/mol 

18 

The peptide was synthesised following SOP6 using Fmoc-Lys(Boc)-OH (77.9 mg, 167 µmol, 5.00 eq), 

Fmoc-Ala-OH (52.1 mg, 167 µmol, 5.00 eq), Fmoc-Leu-OH (177 mg, 167 µmol, 5.00 eq), Boc-Gly-OH 

(49.8 mg, 167 µmol, 5.00 eq) and Fmoc-Lys(Alloc)-OH (75.5 mg, 167 µmol, 5.00 eq). After Alloc-

deprotection following SOP8 the free N-terminus at the side chain was acetylated with 

DMF/Ac2O/DIPEA (18:1:1, v/v/v, 1.50 mL) at rt for 10 min and afterwards, the resin was washed 

with DMF (10 × 2.00 mL), MeOH (10 × 2.00 mL) and DCM (5 × 2.00 mL) and dried overnight under 

reduced pressure. The cleavage was performed using SOP9 to obtain the crude peptide as a colour-

less solid which was purified by preparative HPLC to yield product 18 (11.3 mg, 4.68 µmol) as a 

colourless solid. 

 

HPLC (preparative, gradient: 70-100% B in 30 min, λ in nm: 215, 254): tR = 18.52 min. 

ESI-MS (m/z): 604.7 [M+4H]4+, 805.9 [M+3H]3+, 1208.3 [M+2H]2+, 2413.6 [M+H]+. 

HR-MS (ESI): calc. for [C115H214N30O25]2+ ([M+2H]2+): 1208.3207, found: 1208.3205; calc. for 

[C115H215N30O25]3+ ([M+3H]3+): 805.8829, found: 805.8832; calc. for [C115H216N30O25]4+ ([M+4H]4+): 

604.6640, found: 604.6647, calc. for [C115H217N30O25]5+ ([M+5H]5+): 483.9327, found: 483.9321. 
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H-GK(NBD)KKLALALALALALALALALKKA-NH2 (19) 

 

C119H211N33O27 

2536.20 g/mol 

19 

The peptide was synthesised following SOP6 using Fmoc-Lys(Boc)-OH (77.9 mg, 167 µmol, 5.00 eq), 

Fmoc-Ala-OH (52.1 mg, 167 µmol, 5.00 eq), Fmoc-Leu-OH (177 mg, 167 µmol, 5.00 eq), Boc-Gly-OH 

(49.8 mg, 167 µmol, 5.00 eq) and Fmoc-Lys(Alloc)-OH (75.5 mg, 167 µmol, 5.00 eq). After Alloc-

deprotection following SOP8 the free N-terminus at the side chain was labelled with NBD‒Cl 

(20.0 mg, 100 µmol, 3.00 eq) in DMF (460 µL), which was activated with DIPEA (111 µL, 666 µmol, 

20.0 eq). The reaction mixture was allowed to react at rt overnight. Afterwards, the resin was 

washed with DMF (10 × 2.00 mL), MeOH (10 × 2.00 mL) and DCM (5 × 2.00 mL) and dried overnight 

under reduced pressure. The cleavage was performed using SOP9 to obtain the crude peptide as a 

brown solid which was purified by preparative HPLC to yield product 19 (4.36 mg, 1.72 µmol) as an 

orange solid. 

 

HPLC (preparative, gradient: 80-100% B in 30 min, λ in nm: 215, 464, 254): tR = 12.43 min. 

ESI-MS (m/z): 634.9 [M+4H]4+, 846.2 [M+3H]3+, 1268.8 [M+2H]2+, 2534.6 [M+H]+. 

HR-MS (ESI): calc. for [C119H213N33O27]2+ ([M+2H]2+): 1268.8163, found: 1268.8169; calc. for 

[C119H214N33O27]3+ ([M+3H]3+): 846.2133, found: 846.2135; calc. for [C119H215N33O27]4+ ([M+4H]4+): 

634.9118, found: 634.9124. 
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H-GKKLALALALALALALALALKKK(TAMRA)A-NH2 (20) 

 

 

C138H230N32O28 

2785.55 g/mol 

20 

The peptide was synthesised following SOP6 using Fmoc-Lys(Boc)-OH (77.9 mg, 167 µmol, 5.00 eq), 

Fmoc-Ala-OH (52.1 mg, 167 µmol, 5.00 eq), Fmoc-Leu-OH (177 mg, 167 µmol, 5.00 eq), Boc-Gly-OH 

(49.8 mg, 167 µmol, 5.00 eq) and Fmoc-Lys(Alloc)-OH (75.5 mg, 167 µmol, 5.00 eq). After Alloc-

deprotection following SOP8 the free N-terminus at the side chain was labelled with TAMRA 

(71.3 mg, 167 µmol, 5.00 eq) in DMF (450 µL), which was activated with PyBOP® (81.8 mg, 

157 µmol, 4.70 eq) and DIPEA (55.5 µL, 326 µmol, 9.80 eq) and allowed to react at rt overnight. 

Afterwards, the resin was washed with DMF (10 × 2.00 mL), MeOH (10 × 2.00 mL) and DCM 

(5 × 2.00 mL) and dried overnight under reduced pressure. The cleavage was performed using SOP9 

to obtain the crude peptide as a pink solid which was purified by preparative HPLC to yield product 

20 (3.38 mg, 1.21 µmol) as a pink solid. 

 

HPLC (preparative, gradient: 80-95% B in 30 min, λ in nm: 215, 540, 254): tR = 10.78 min. 

ESI-MS (m/z): 558.0 [M+5H]5+, 697.2 [M+4H]4+, 929.3 [M+3H]3+, 1393.4 [M+2H]2+, 2783.8 [M+H]+. 

HR-MS (ESI): calc. for [C138H232N32O28]2+ ([M+2H]2+): 1393.3866, found: 1393.3870; calc. for 

[C138H233N32O28]3+ ([M+3H]3+): 929.2602, found: 929.2603; calc. for [C138H234N32O28]4+ ([M+4H]4+): 

697.1969, found: 697.1973, calc. for [C138H235N32O28]5+ ([M+5H]5+): 557.9590, found: 557.9593. 
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H-GK(acetyl)KKLALALALALALA(11)ALALKKA-NH2 (21) 

 

 

C120H213N33O25 

2518.23 g/mol 

21 

The peptide was synthesised following SOP6 using Fmoc-Lys(Boc)-OH (77.9 mg, 167 µmol, 5.00 eq), 

Fmoc-Ala-OH (52.1 mg, 167 µmol, 5.00 eq), Fmoc-Leu-OH (177 mg, 167 µmol, 5.00 eq), Boc-Gly-OH 

(49.8 mg, 167 µmol, 5.00 eq), Fmoc-Lys(Alloc)-OH (75.5 mg, 167 µmol, 5.00 eq) and the synthesised 

building block (11) (328 mg, 167 µmol, 5.00 eq). After Alloc-deprotection following SOP8 the free 

N-terminus at the side chain was acetylated with DMF/Ac2O/DIPEA (18:1:1, v/v/v, 1.50 mL) at rt for 

10 min and afterwards, the resin was washed with DMF (10 × 2.00 mL), MeOH (10 × 2.00 mL) and 

DCM (5 × 2.00 mL) and dried overnight under reduced pressure. The cleavage was performed using 

SOP9 to obtain the crude peptide as a colourless solid which was purified by preparative HPLC to 

yield product 21 (2.62 mg, 1.04 µmol) as a colourless solid. 

 

HPLC (semi-preparative, gradient: 55-85% B in 30 min, λ in nm: 215, 254, 288): tR = 25.85 min. 

ESI-MS (m/z): 597.9 [M+4H]4+, 840.2 [M+3H]3+, 1259.8 [M+2H]2+, 2516.6 [M+H]+. 

HR-MS (ESI): calc. for [C120H215N33O25]2+ ([M+2H]2+): 1259.8292, found: 1259.8288; calc. for 

[C120H216N33O25]3+ ([M+3H]3+): 840.2219, found: 840.2225; calc. for [C120H27N33O25]4+ ([M+4H]4+): 

630.4183, found: 640.4195. 
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H-GK(NBD)KKLALALALALALA(11)ALALKKA-NH2 (22) 

 

 

C124H212N36O27 

2639.29 g/mol 

22 

The peptide was synthesised following SOP6 using Fmoc-Lys(Boc)-OH (77.9 mg, 167 µmol, 5.00 eq), 

Fmoc-Ala-OH (52.1 mg, 167 µmol, 5.00 eq), Fmoc-Leu-OH (177 mg, 167 µmol, 5.00 eq), Boc-Gly-OH 

(49.8 mg, 167 µmol, 5.00 eq), Fmoc-Lys(Alloc)-OH (75.5 mg, 167 µmol, 5.00 eq) and the synthesised 

building block (11) (328 mg, 167 µmol, 5.00 eq). After Alloc-deprotection following SOP8 the free 

N-terminus at the side chain was labelled with NBD‒Cl (20.0 mg, 100 µmol, 3.00 eq) in DMF 

(460 µL), which was activated with DIPEA (111 µL, 666 µmol, 20.0 eq). The reaction mixture was 

allowed to react at rt overnight. Afterwards, the resin was washed with DMF (10 × 2.00 mL), MeOH 

(10 × 2.00 mL) and DCM (5 × 2.00 mL) and dried overnight under reduced pressure. The cleavage 

was performed using SOP9 to obtain the crude peptide as a brown solid which was purified by 

preparative HPLC to yield product 22 (3.23 mg, 1.23 µmol) as an orange solid. 

 

HPLC (semi-preparative, gradient: 85-100% B in 35 min, λ in nm: 215, 254, 288): tR = 30.37 min. 

ESI-MS (m/z): 660.7 [M+4H]4+, 880.6 [M+3H]3+, 1320.3 [M+2H]2+, 2637.6 [M+H]+. 

HR-MS (ESI): calc. for [C124H214N36O27]2+ ([M+2H]2+): 1320.3248, found: 13203238; calc. for 

[C124H215N36O27]3+ ([M+3H]3+): 880.5523, found: 880.5521; calc. for [C124H216N36O27]4+ ([M+4H]4+): 

660.6661, found: 660.6664. 
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H-GKKLALA(11)ALALALALALALKKK(TAMRA)A-NH2 (23) 

 

 

C143H231N35O28 

2888.64 g/mol 

23 

The peptide was synthesised following SOP6 using Fmoc-Lys(Boc)-OH (77.9 mg, 167 µmol, 5.00 eq), 

Fmoc-Ala-OH (52.1 mg, 167 µmol, 5.00 eq), Fmoc-Leu-OH (177 mg, 167 µmol, 5.00 eq), Boc-Gly-OH 

(49.8 mg, 167 µmol, 5.00 eq), Fmoc-Lys(Alloc)-OH (75.5 mg, 167 µmol, 5.00 eq) and the synthesised 

building block (11) (328 mg, 167 µmol, 5.00 eq). After Alloc-deprotection following SOP8 the free 

N-terminus at the side chain was labelled with TAMRA (71.3 mg, 167 µmol, 5.00 eq) in DMF 

(450 µL), which was activated with PyBOP® (81.8 mg, 157 µmol, 4.70 eq) and DIPEA (55.5 µL, 

326 µmol, 9.80 eq) and allowed to react at rt overnight. Afterwards, the resin was washed with 

DMF (10 × 2.00 mL), MeOH (10 × 2.00 mL) and DCM (5 × 2.00 mL) and dried overnight under re-

duced pressure. The cleavage was performed using SOP9 to obtain the crude peptide as a pink solid 

which was purified by preparative HPLC to yield product 23 (600 µg, 207 nmol) as a pink solid. 

 

HPLC (preparative, gradient: 70-90% B in 35 min, λ in nm: 215, 254, 288): tR = 22.83 min. 

ESI-MS (m/z): 578.6 [M+5H]5+, 723.0 [M+4H]4+, 963.6 [M+3H]3+, 2886.8 [M+H]+. 

HR-MS (ESI): calc. for [C143H234N35O28]3+ ([M+3H]3+): 963.5992, found: 963.5995; calc. for 

[C143H235N35O28]4+ ([M+4H]4+): 722.9512, found: 722.9512; calc. for [C143H236N35O28]5+ ([M+5H]5+): 

578.5624, found: 578.5627. 
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 Syntheses of the β-Peptides 

6.4.7.1 Diiodoallylhomoglycine functionalised β-peptides and their non-functional-

ised analogues 

 

For all diiodoallylhomoglycine functionalised β-peptides and their non-functionalised analogues the 

respective rink amide MBHA resin (132 mg, 75.0 µmol, 0.57 mmol/g, 1.00 eq) was preloaded with 

Fmoc-D-β3-Lys(Boc)-OH (30) (181 mg, 375 µmol, 5.00 eq) following SOP3. The occupancy was tested 

following SOP4 and determined to be 0.49-0.53 mmol/g. 

 

H-hLys2-hVal19-hLys2-NH2 (41) 

 

 

C142H268N28O23 

2735.88 g/mol 

41 

The peptide was synthesised following SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (145 mg, 300 µmol, 

4.00 eq) and Fmoc-D-β3-Val-OH (29) (106 mg, 300 µmol, 4.00 eq). The cleavage was performed us-

ing SOP9 to obtain the crude peptide as a colourless solid which was purified by Semi-preparative 

HPLC to yield product 41 (8.00 mg, 2.92 µmol) as a colourless solid. 

 

HPLC (Semi-preparative, gradient: 87-96% B in 30 min, λ in nm: 215, 254, 280): tR = 16.89 min. 

ESI-MS (m/z): 548.0 [M+5H]5+, 684.8 [M+4H]4+, 912.7 [M+3H]3+, 1368.5 [M+2H]2+. 

HR-MS (ESI): calc. for [C142H270N28O23]2+ ([M+2H]2+): 1368.5419, found: 1368.5429; calc. for 

[C142H271N28O23]3+ ([M+3H]3+): 912.6970, found: 912.6974; calc. for [C142H272N28O23]4+ ([M+4H]4+): 

684.7746, found: 684.7753; calc. for [C142H273N28O23]5+ ([M+5H]5+): 548.0211, found: 548.0216. 

 

H-hLys2-hVal-hDiiodo-hVal17-hLys2-NH2 (42) 

 

 

C142H264I2N28O23 

2985.66 g/mol 

42 
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The peptide was synthesised following SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (145 mg, 300 µmol, 

4.00 eq), Fmoc-D-β3-Val-OH (29) (106 mg, 300 µmol, 4.00 eq) and Fmoc-D-β3-6,6-diiodoallylhomo-

glycine (2) (182 mg, 300 µmol, 4.00 eq). The successful coupling of 2 was tested following SOP5. 

The cleavage was performed using SOP9 to obtain the crude peptide as a pale yellow solid which 

was purified by preparative HPLC to yield product 42 (32.0 mg, 10.7 µmol) as a colourless solid. 

 

HPLC (preparative, gradient: 90-100% B in 30 min, λ in nm: 215, 254, 280): tR = 10.59 min. 

ESI-MS (m/z): 598.0 [M+5H]5+, 747.2 [M+4H]4+, 996.0 [M+3H]3+, 1493.4 [M+2H]2+. 

HR-MS (ESI): calc. for [C142H266I2N28O23]2+ ([M+2H]2+): 1493.4307, found: 1493.4315; calc. for 

[C142H267I2N28O23]3+ ([M+3H]3+): 995.9562, found: 995.9569; calc. for [C142H268I2N28O23]4+ ([M+4H]4+): 

747.2190, found: 747.2198; calc. for [C142H269I2N28O23]5+ ([M+5H]5+): 597.9767, found: 597.9771. 

 

H-hLys2-hVal9-hDiiodo-hVal9-hLys2-NH2 (43) 

 

 

C142H264I2N28O23 

2985.66 g/mol 

43 

The peptide was synthesised following SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (145 mg, 300 µmol, 

4.00 eq), Fmoc-D-β3-Val-OH (29) (106 mg, 300 µmol, 4.00 eq) and Fmoc-D-β3-6,6-diiodoallylhomo-

glycine (2) (182 mg, 300 µmol, 4.00 eq). The successful coupling of 2 was tested following SOP5. 

The cleavage was performed using SOP9 to obtain the crude peptide as a pale yellow solid which 

was purified by preparative HPLC to yield product 43 (22.0 mg, 7.37 µmol) as a colourless solid. 

 

HPLC (preparative, gradient: 85-100% B in 30 min, λ in nm: 215, 254, 280): tR = 19.44 min. 

ESI-MS (m/z): 598.0 [M+5H]5+, 747.2 [M+4H]4+, 996.0 [M+3H]3+, 1493.4 [M+2H]2+. 

HR-MS (ESI): calc. for [C142H266I2N28O23]2+ ([M+2H]2+): 1493.4307, found: 1493.4323; calc. for 

[C142H267I2N28O23]3+ ([M+3H]3+): 995.9562, found: 995.9578; calc. for [C142H268I2N28O23]4+ ([M+4H]4+): 

747.2190, found: 747.2206; calc. for [C142H269I2N28O23]5+ ([M+5H]5+): 597.9767, found: 597.9773. 
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H-hLys2-hTrp2-hVal19-hTrp2-hLys2-NH2 (44) 

 

 

C190H316N36O27 

3536.84 g/mol 

44 

The peptide was synthesised following SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (145 mg, 300 µmol, 

4.00 eq), Fmoc-D-β3-Trp(Boc)-OH (33) (162 mg, 300 µmol, 4.00 eq) and Fmoc-D-β3-Val-OH (29) 

(106 mg, 300 µmol, 4.00 eq). Double coupling was performed for Fmoc-D-β3-Trp(Boc)-OH (33). The 

cleavage was performed using SOP9 to obtain the crude peptide as a grey solid which was purified 

by preparative HPLC to yield product 44 (5.00 mg, 1.41 µmol) as a pale grey solid. 

 

HPLC (preparative, gradient: 80-100% B in 30 min, λ in nm: 215, 254, 280): tR = 21.78 min. 

ESI-MS (m/z): 708.3 [M+5H]5+, 885.1 [M+4H]4+, 1179.8 [M+3H]3+, 1769.2 [M+2H]2+. 

HR-MS (ESI): calc. for [C190H318N36O27]2+ ([M+2H]2+): 1769.2333, found: 1769.2320; calc. for 

[C190H319N36O27]3+ ([M+3H]3+): 1179.8246, found: 1179.8251; calc. for [C190H320N36O27]4+ ([M+4H]4+): 

885.1203, found: 885.1207; calc. for [C190H321N36O27]5+ ([M+5H]5+): 708.2977, found: 708.2982. 

 

H-hLys2-hTrp2-hVal-hDiiodo-hVal17-hTrp2-hLys2-NH2 (45) 

 

 

C190H312I2N36O27 

3786.62 g/mol 

45 

The peptide was synthesised following SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (145 mg, 300 µmol, 

4.00 eq), Fmoc-D-β3-Trp(Boc)-OH (33) (162 mg, 300 µmol, 4.00 eq), Fmoc-D-β3-Val-OH (29) (106 mg, 

300 µmol, 4.00 eq) and Fmoc-D-β3-6,6-diiodoallylhomoglycine (2) (182 mg, 300 µmol, 4.00 eq). The 

successful coupling of 2 was tested following SOP5. Double coupling was performed for 

Fmoc-D-β3-Trp(Boc)-OH (33). The cleavage was performed using SOP9 to obtain the crude peptide 

as a grey solid which was purified by preparative HPLC to yield product 45 (12.5 mg, 3.30 µmol) as 

a pale grey solid. 

 

HPLC (preparative, gradient: 90-100% B in 40 min, λ in nm: 215, 254, 280): tR = 23.30 min. 

ESI-MS (m/z): 758.3 [M+5H]5+, 947.6 [M+4H]4+, 1263.1 [M+3H]3+, 1894.1 [M+2H]2+. 
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HR-MS (ESI): calc. for [C190H315I2N36O27]3+ ([M+3H]3+): 1263.0839, found: 1263.0863; calc. for 

[C190H316I2N36O27]4+ ([M+4H]4+): 947.5647, found: 947.5663; calc. for [C190H317I2N36O27]5+ ([M+5H]5+): 

758.2532, found: 758.2546. 

 

H-hLys2-hTrp2-hVal9-hDiiodo-hVal9-hTrp2-hLys2-NH2 (46) 

 

 

C190H312I2N36O27 

3786.62 g/mol 

46 

The peptide was synthesised following SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (145 mg, 300 µmol, 

4.00 eq), Fmoc-D-β3-Trp(Boc)-OH (33) (162 mg, 300 µmol, 4.00 eq), Fmoc-D-β3-Val-OH (29) (106 mg, 

300 µmol, 4.00 eq) and Fmoc-D-β3-6,6-diiodoallylhomoglycine (2) (182 mg, 300 µmol, 4.00 eq). The 

successful coupling of 2 was tested following SOP5. Double coupling was performed for 

Fmoc-D-β3-Trp(Boc)-OH (33). The cleavage was performed using SOP9 to obtain the crude peptide 

as a grey solid which was purified by preparative HPLC to yield product 46 (15.0 mg, 3.96 µmol) as 

a pale grey solid. 

 

HPLC (preparative, gradient: 90-100% B in 30 min, λ in nm: 215, 254, 280): tR = 18.88 min. 

ESI-MS (m/z): 758.3 [M+5H]5+, 947.6 [M+4H]4+, 1263.1 [M+3H]3+, 1894.1 [M+2H]2+. 

HR-MS (ESI): calc. for [C190H314N36O27]2+ ([M+2H]2+): 1894.1221, found: 1894.1223; calc. for 

[C190H315I2N36O27]3+ ([M+3H]3+): 1263.0839, found: 1263.0864; calc. for [C190H316I2N36O27]4+ 

([M+4H]4+): 947.5647, found: 947.5665; calc. for [C190H317I2N36O27]5+ ([M+5H]5+): 758.2532, found: 

758.2548. 
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6.4.7.2 β-Glutamine functionalised β-peptides and their non-functionalised ana-

logues 

 

H-hLys(acetyl)-hLys2-hTrp2-hVal19-hTrp2-hLys2-NH2 (48) 

 

 

C199H332N38O29 

3721.08 g/mol 

48 

The rink amide MBHA resin (44.0 mg, 25.0 µmol, 570 µmol/g, 1.00 eq) was preloaded with Fmoc-

D-β3-Lys(Boc)-OH (30) (60.0 mg, 125 µmol, 5.00 eq) following SOP3. The occupancy was tested fol-

lowing SOP4 and determined to be 510 µmol/g. The peptide was synthesised following SOP7 using 

Fmoc-D-β3-Lys(Boc)-OH (30) (48.3 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Trp(Boc)-OH (33) (54.0 mg, 

100 µmol, 4.00 eq), Fmoc-D-β3-Val-OH (29) (35.3 mg, 100 µmol, 4.00 eq) and Boc-D-β3-Lys(Fmoc)-

OH (31) (54.0 mg, 100 µmol, 4.00 eq). Double coupling was performed for Fmoc-D-β3-Trp(Boc)-OH 

(33). After final Fmoc-deprotection the free N-terminus at the side chain was acetylated with 

DMF/Ac2O/DIPEA (18:1:1, v/v/v, 1.50 mL) at rt for 10 min and afterwards, the resin was washed 

with DMF (10 × 2.00 mL), MeOH (10 × 2.00 mL) and DCM (5 × 2.00 mL) and dried overnight under 

reduced pressure. The cleavage was performed using SOP9 to obtain the crude peptide as a white 

solid which was purified by preparative HPLC to yield product 48 (2.43 mg, 652 nmol) as a colourless 

solid. 

 

HPLC (preparative, gradient: 88-100% B in 30 min, λ in nm: 215, 254, 280): tR = 12.30 min.  

ESI-MS (m/z): 621.1[M+6H]6+, 745.1 [M+5H]5+, 931.2 [M+4H]4+, 1241.2 [M+3H]3+.  

HR-MS (ESI): calc. for [C199H335N38O29]3+ ([M+3H]3+): 1241.1984, found: 1241.1998; calc. for 

[C199H336N38O29]4+ ([M+4H]4+): 931.1506, found: 931.1514; calc. for [C199H337N38O29]5+ ([M+5H]5+): 

745.1219, found: 745.1224; calc. for [C199H338N38O29]6+ ([M+6H]6+): 621.1028, found: 621.1022. 
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H-hLys(NBD)-hLys2-hTrp2-hVal19-hTrp2-hLys2-NH2 (49) 

 

 

C203H331N41O31 

3842.14 g/mol 

49 

The rink amide MBHA resin (44.0 mg, 25.0 µmol, 570 µmol/g, 1.00 eq) was preloaded with 

Fmoc-D-β3-Lys(Boc)-OH (30) (60.0 mg, 125 µmol, 5.00 eq) following SOP3. The occupancy was 

tested following SOP4 and determined to be 510 µmol/g. The peptide was synthesised following 

SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (48.3 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Trp(Boc)-OH (33) 

(54.0 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Val-OH (29) (35.3 mg, 100 µmol, 4.00 eq) and 

Boc-D-β3-Lys(Fmoc)-OH (31) (54.0 mg, 100 µmol, 4.00 eq). Double coupling was performed for 

Fmoc-D-β3-Trp(Boc)-OH (33). After final Fmoc-deprotection the free N-terminus at the side chain 

was labelled with NBD‒Cl (15.0 mg, 75.0 µmol, 3.00 eq) in DMF (345 µL), which was activated with 

DIPEA (83.0 µL, 500 µmol, 20.0 eq). The reaction mixture was allowed to react at rt overnight. Af-

terwards, the resin was washed with DMF (10 × 2.00 mL), MeOH (10 × 2.00 mL) and DCM 

(5 × 2.00 mL) and dried overnight under reduced pressure. The cleavage was performed using SOP9 

to obtain the crude peptide as a brown solid which was purified by preparative HPLC to yield prod-

uct 49 (538 µg, 140 nmol) as an orange solid. 

 

HPLC (preparative, gradient: 80-100% B in 40 min, λ in nm: 215, 464, 280): tR = 30.00 min.  

ESI-MS (m/z): 769.3 [M+5H]5+, 961.41 [M+4H]4+, 1281.5 [M+3H]3+.  

HR-MS (ESI): calc. for [C203H334N41O31]3+ ([M+3H]3+): 1281.5288, found: 1281.5290; calc. for 

[C203H335N41O31]4+ ([M+4H]4+): 961.3984, found: 961.3987; calc. for [C203H336N41O31]5+ ([M+5H]5+): 

769.3202, found: 769.3202. 
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H-hLys2-hTrp2-hVal19-hTrp2-hLys2-hLys(TAMRA)-NH2 (50) 

 

 

C222H350N40O32 

4091.49 g/mol 

50 

The rink amide MBHA resin (44.0 mg, 25.0 µmol, 570 µmol/g, 1.00 eq) was preloaded with 

Fmoc-D-β3-Lys(Alloc)-OH (32) (58.3 mg, 125 µmol, 5.00 eq) following SOP3. The occupancy was 

tested following SOP4 and determined to be 490 µmol/g. The peptide was synthesised following 

SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (48.3 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Trp(Boc)-OH (33) 

(54.0 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Val-OH (29) (35.3 mg, 100 µmol, 4.00 eq) and 

Boc-D-β3-Lys(Boc)-OH (57) (36.0 mg, 100 µmol, 4.00 eq). Double coupling was performed for 

Fmoc-D-β3-Trp(Boc)-OH (33). After Alloc-deprotection following SOP8 the free N-terminus was la-

belled with TAMRA (53.4 mg, 125 µmol, 5.00 eq) in DMF (340 µL), which was activated with PyBOP® 

(61.5 mg, 118 µmol, 4.70 eq) and DIPEA (41.7 µL, 245 µmol, 9.80 eq) and allowed to react at rt over-

night. Afterwards, the resin was washed with DMF (10 × 2.00 mL), MeOH (10 × 2.00 mL) and DCM 

(5 × 2.00 mL) and dried overnight under reduced pressure. The cleavage was performed using SOP9 

to obtain the crude peptide as a pink solid which was purified by preparative HPLC to yield product 

50 (1.65 mg, 403 nmol) as a pink solid. 

 

HPLC (preparative, gradient: 90-100% B in 30 min, λ in nm: 215, 540, 280): tR = 11.20 min.  

ESI-MS (m/z): 682.8 [M+6H]6+, 819.1 [M+5H]5+, 1023.7 [M+4H]4+, 1364.6 [M+3H]3+.  

HR-MS (ESI): calc. for [C222H353N40O32]3+ ([M+3H]3+): 1364.5756, found: 1364.5769; calc. for 

[C222H354N40O32]4+ ([M+4H]4+): 1023.6835, found: 1023.6845; calc. for [C222H355N40O32]5+ ([M+5H]5+): 

819.1483, found: 819.1490; calc. for [C222H356N40O32]6+ ([M+6H]6+): 682.7915, found: 682.7915. 
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H-hLys(acetyl)-hLys2-hTrp2-hVal9-hGln-hVal5-hGln-hVal3-hTrp2-hLys2-NH2 (51) 

 

 

C199H330N40O31 

3779.08 g/mol 

51 

The rink amide MBHA resin (44.0 mg, 25.0 µmol, 570 µmol/g, 1.00 eq) was preloaded with 

Fmoc-D-β3-Lys(Boc)-OH (30) (60.0 mg, 125 µmol, 5.00 eq) following SOP3. The occupancy was 

tested following SOP4 and determined to be 500 µmol/g. The peptide was synthesised following 

SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (48.3 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Trp(Boc)-OH (33) 

(54.0 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Val-OH (29) (35.3 mg, 100 µmol, 4.00 eq), 

Fmoc-D-β3-Gln(Trt)-OH (34) (62.4 mg, 100 µmol, 4.00 eq) and Boc-D-β3-Lys(Fmoc)-OH (31) (54.0 mg, 

100 µmol, 4.00 eq). Double coupling was performed for Fmoc-D-β3-Trp(Boc)-OH (33). After final 

Fmoc-deprotection, the free N-terminus at the side chain was acetylated with DMF/Ac2O/DIPEA 

(18:1:1, v/v/v, 1.50 mL) at rt for 10 min and afterwards, the resin was washed with DMF 

(10 × 2.00 mL), MeOH (10 × 2.00 mL) and DCM (5 × 2.00 mL) and dried overnight under reduced 

pressure. The cleavage was performed using SOP9 to obtain the crude peptide as a white solid 

which was purified by preparative HPLC to yield product 51 (3.22 mg, 852 nmol) as a colourless 

solid. 

 

HPLC (preparative, gradient: 90-100% B in 30 min, λ in nm: 215, 254, 280): tR = 14.12 min. 

ESI-MS (m/z): 630.8 [M+6H]6+, 756.7 [M+5H]5+, 945.6 [M+4H]4+, 1260.5 [M+3H]3+. 

HR-MS (ESI): calc. for [C199H333N40O31]3+ ([M+3H]3+): 1260.5251, found: 1260.5266; calc. for 

[C199H334N40O31]4+ ([M+4H]4+): 945.6457, found: 945.6457; calc. for [C199H335N40O31]5+ ([M+5H]5+): 

756.7180, found: 756.7180; calc. for [C199H336N40O31]6+ ([M+6H]6+): 630.7662, found: 630.7664. 
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H-hLys(NBD)-hLys2-hTrp2-hVal9-hGln-hVal5-hGln-hVal3-hTrp2-hLys2-NH2 (52) 

 

 

C203H329N43O33 

3900.13 g/mol 

52 

The rink amide MBHA resin (44.0 mg, 25.0 µmol, 570 µmol/g, 1.00 eq) was preloaded with 

Fmoc-D-β3-Lys(Boc)-OH (30) (60.0 mg, 125 µmol, 5.00 eq) following SOP3. The occupancy was 

tested following SOP4 and determined to be 500 µmol/g. The peptide was synthesised following 

SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (48.3 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Trp(Boc)-OH (33) 

(54.0 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Val-OH (29) (35.3 mg, 100 µmol, 4.00 eq), 

Fmoc-D-β3-Gln(Trt)-OH (34) (62.4 mg, 100 µmol, 4.00 eq) and Boc-D-β3-Lys(Fmoc)-OH (31) (54.0 mg, 

100 µmol, 4.00 eq). Double coupling was performed for Fmoc-D-β3-Trp(Boc)-OH (33). After final 

Fmoc-deprotection the free N-terminus at the side chain was labelled with NBD‒Cl (15.0 mg, 

75.0 µmol, 3.00 eq) in DMF (345 µL) which was activated with DIPEA (83.0 µL, 500 µmol, 20.0 eq). 

The reaction mixture was allowed to react at rt overnight. Afterwards, the resin was washed with 

DMF (10 × 2.00 mL), MeOH (10 × 2.00 mL) and DCM (5 × 2.00 mL) and dried overnight under re-

duced pressure. The cleavage was performed using SOP9 to obtain the crude peptide as a brown 

solid which was purified by preparative HPLC to yield product 52 (2.73 mg, 700 nmol) as an orange 

solid. 

 

HPLC (preparative, gradient: 85-100% B in 30 min, λ in nm: 215, 464, 280): tR = 23.66 min. 

ESI-MS (m/z): 650.9 [M+6H]6+, 780.9 [M+5H]5+, 975.9 [M+4H]4+, 1300.9 [M+3H]3+. 

HR-MS (ESI): calc. for [C203H332N43O33]3+ ([M+3H]3+): 1300.8555, found: 1300.8583; calc. for 

[C203H333N43O33]4+ ([M+4H]4+): 975.8935, found: 975.8952; calc. for [C203H334N43O33]5+ ([M+5H]5+): 

780.9162, found: 780.9182; calc. for [C203H335N43O33]6+ ([M+6H]6+): 650.9314, found: 650.9315. 
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H-hLys2-hTrp2-hVal3-hGln-hVal5-hGln-hVal9-hTrp2-hLys2-hLys(TAMRA)-NH2 (53) 

 

 

C222H348N42O34 

4149.49 g/mol 

53 

The rink amide MBHA resin (44.0 mg, 25.0 µmol, 570 µmol/g, 1.00 eq) was preloaded with 

Fmoc-D-β3-Lys(Alloc)-OH (32) (58.3 mg, 125 µmol, 5.00 eq) following SOP3. The occupancy was 

tested following SOP4 and determined to be 520 µmol/g. The peptide was synthesised following 

SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (48.3 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Trp(Boc)-OH (33) 

(54.0 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Val-OH (29) (35.3 mg, 100 µmol, 4.00 eq), 

Fmoc-D-β3-Gln(Trt)-OH (34) (62.4 mg, 100 µmol, 4.00 eq) and Boc-D-β3-Lys(Boc)-OH (57) (36.0 mg, 

100 µmol, 4.00 eq). Double coupling was performed for Fmoc-D-β3-Trp(Boc)-OH (33). After Alloc-

deprotection following SOP8 the free N-terminus was labelled with TAMRA (53.4 mg, 125 µmol, 

5.00 eq) in DMF (340 µL) which was activated with PyBOP® (61.5 mg, 118 µmol, 4.70 eq) and DIPEA 

(41.7 µL, 245 µmol, 9.80 eq) and allowed to react at rt overnight. Afterwards, the resin was washed 

with DMF (10 × 2.00 mL), MeOH (10 × 2.00 mL) and DCM (5 × 2.00 mL) and dried overnight under 

reduced pressure. The cleavage was performed using SOP9 to obtain the crude peptide as a pink 

solid which was purified by preparative HPLC to yield product 53 (5.04 mg, 1.21 µmol) as a pink 

solid. 

 

HPLC (preparative, gradient: 86-100% B in 30 min, λ in nm: 215, 540, 280): tR = 17.80 min. 

ESI-MS (m/z): 692.5 [M+6H]6+, 830.7 [M+5H]5+, 1038.2 [M+4H]4+, 1383.9 [M+3H]3+. 

HR-MS (ESI): calc. for [C222H351N42O34]3+ ([M+3H]3+): 1383.9024, found: 1383.9027; calc. for 

[C222H352N42O34]4+ ([M+4H]4+): 1038.1786, found: 1038.1790; calc. for [C222H353N42O34]5+ ([M+5H]5+): 

830.7443, found: 830.7447; calc. for [C222H354N42O34]6+ ([M+6H]6+): 692.4549, found: 692.4548. 
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H-hLys(acetyl)-hLys2-hTrp2-hVal9-hGln-hVal2-hGln-hVal2-hGln-hVal3-hTrp2-hLys2-NH2 (54) 

 

 

C199H329N41O32 

3808.08 g/mol 

54 

The rink amide MBHA resin (44.0 mg, 25.0 µmol, 570 µmol/g, 1.00 eq) was preloaded with 

Fmoc-D-β3-Lys(Boc)-OH (30) (60.0 mg, 125 µmol, 5.00 eq) following SOP3. The occupancy was 

tested following SOP4 and determined to be 480 µmol/g. The peptide was synthesised following 

SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (48.3 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Trp(Boc)-OH (33) 

(54.0 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Val-OH (29) (35.3 mg, 100 µmol, 4.00 eq), 

Fmoc-D-β3-Gln(Trt)-OH (34) (62.4 mg, 100 µmol, 4.00 eq) and Boc-D-β3-Lys(Fmoc)-OH (31) (54.0 mg, 

100 µmol, 4.00 eq). Double coupling was performed for Fmoc-D-β3-Trp(Boc)-OH (33). After final 

Fmoc-deprotection the free N-terminus at the side chain was acetylated with DMF/Ac2O/DIPEA 

(18:1:1, v/v/v, 1.50 mL) at rt for 10 min and afterwards, the resin was washed with DMF 

(10 × 2.00 mL), MeOH (10 × 2.00 mL) and DCM (5 × 2.00 mL) and dried overnight under reduced 

pressure. The cleavage was performed using SOP9 to obtain the crude peptide as a white solid 

which was purified by preparative HPLC to yield product 54 (2.62 mg, 703 nmol) as a colourless 

solid. 

 

HPLC (preparative, gradient: 90-100% B in 30 min, λ in nm: 215, 254, 280): tR = 15.22 min. 

ESI-MS (m/z): 635.6 [M+6H]6+, 762.5 [M+5H]5+, 952.9 [M+4H]4+, 1270.2 [M+3H]3+. 

HR-MS (ESI): calc. for [C199H332N41O32]3+ ([M+3H]3+): 1270.1885, found: 1270.1913; calc. for 

[C199H333N41O32]4+ ([M+4H]4+): 952.8932, found: 952.8952; calc. for [C199H334N41O32]5+ ([M+5H]5+): 

762.5160, found: 762.5183; calc. for [C199H335N41O32]6+ ([M+6H]6+): 635.5979, found: 635.5982. 
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H-hLys(NBD)-hLys2-hTrp2-hVal9-hGln-hVal2-hGln-hVal2-hGln-hVal3-hTrp2-hLys2-NH2 (55) 

 

 

C203H328N44O34 

3929.13 g/mol 

55 

The rink amide MBHA resin (44.0 mg, 25.0 µmol, 570 µmol/g, 1.00 eq) was preloaded with 

Fmoc-D-β3-Lys(Boc)-OH (30) (60.0 mg, 125 µmol, 5.00 eq) following SOP3. The occupancy was 

tested following SOP4 and determined to be 480 µmol/g. The peptide was synthesised following 

SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (48.3 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Trp(Boc)-OH (33) 

(54.0 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Val-OH (29) (35.3 mg, 100 µmol, 4.00 eq), 

Fmoc-D-β3-Gln(Trt)-OH (34) (62.4 mg, 100 µmol, 4.00 eq) and Boc-D-β3-Lys(Fmoc)-OH (31) (54.0 mg, 

100 µmol, 4.00 eq). Double coupling was performed for Fmoc-D-β3-Trp(Boc)-OH (33). After final 

Fmoc-deprotection the free N-terminus at the side chain was labelled with NBD‒Cl (15.0 mg, 

75.0 µmol, 3.00 eq) in DMF (345 µL) which was activated with DIPEA (83.0 µL, 500 µmol, 20.0 eq). 

The reaction mixture was allowed to react at rt overnight. Afterwards, the resin was washed with 

DMF (10 × 2.00 mL), MeOH (10 × 2.00 mL) and DCM (5 × 2.00 mL) and dried overnight under re-

duced pressure. The cleavage was performed using SOP9 to obtain the crude peptide as a brown 

solid which was purified by preparative HPLC to yield product 55 (2.36 mg, 600 nmol) as an orange 

solid. 

 

HPLC (preparative, gradient: 85-100% B in 30 min, λ in nm: 215, 464, 280): tR = 23.38 min. 

ESI-MS (m/z): 655.8 [M+6H]6+, 786.7 [M+5H]5+, 983.1 [M+4H]4+, 1310.5 [M+3H]3+. 

HR-MS (ESI): calc. for [C203H331N44O34]3+ ([M+3H]3+): 1310.5189, found: 1310.5194; calc. for 

[C203H332N44O34]4+ ([M+4H]4+): 983.1410, found: 983.1415; calc. for [C203H333N44O34]5+ ([M+5H]5+): 

786.7143, found: 786.7150; calc. for [C203H334N44O34]6+ ([M+6H]6+): 655.7631, found: 655.7627. 
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H-hLys2-hTrp2-hVal3-hGln-hVal2-hGln-hVal2-hGln-hVal9-hTrp2-hLys2-hLys(TAMRA)-NH2 (56) 

 

 

C222H347N43O35 

4178.48 g/mol 

56 

The rink amide MBHA resin (44.0 mg, 25.0 µmol, 570 µmol/g, 1.00 eq) was preloaded with 

Fmoc-D-β3-Lys(Alloc)-OH (32) (58.3 mg, 125 µmol, 5.00 eq) following SOP3. The occupancy was 

tested following SOP4 and determined to be 460 µmol/g. The peptide was synthesised following 

SOP7 using Fmoc-D-β3-Lys(Boc)-OH (30) (48.3 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Trp(Boc)-OH (33) 

(54.0 mg, 100 µmol, 4.00 eq), Fmoc-D-β3-Val-OH (29) (35.3 mg, 100 µmol, 4.00 eq), 

Fmoc-D-β3-Gln(Trt)-OH (34) (62.4 mg, 100 µmol, 4.00 eq) and Boc-D-β3-Lys(Boc)-OH (57) (36.0 mg, 

100 µmol, 4.00 eq). Double coupling was performed for Fmoc-D-β3-Trp(Boc)-OH (33). After Alloc-

deprotection following SOP8 the free N-terminus was labelled with TAMRA (53.4 mg, 125 µmol, 

5.00 eq) in DMF (340 µL) which was activated with PyBOP® (61.5 mg, 118 µmol, 4.70 eq) and DIPEA 

(41.7 µL, 245 µmol, 9.80 eq) and allowed to react at rt overnight. Afterwards, the resin was washed 

with DMF (10 × 2.00 mL), MeOH (10 × 2.00 mL) and DCM (5 × 2.00 mL) and dried overnight under 

reduced pressure. The cleavage was performed using SOP9 to obtain the crude peptide as a pink 

solid which was purified by preparative HPLC to yield product 56 (3.45 mg, 825 nmol) as a pink solid. 

 

HPLC (preparative, gradient: 85-100% B in 30 min, λ in nm: 215, 540, 280): tR = 18.57 min. 

ESI-MS (m/z): 697.3 [M+6H]6+, 836.5 [M+5H]5+, 1045.4 [M+4H]4+, 1393.6 [M+3H]3+. 

HR-MS (ESI): calc. for [C222H350N43O35]3+ ([M+3H]3+): 1393.5658, found: 1393.5667; calc. for 

[C222H351N43O35]4+ ([M+4H]4+): 1045.4261, found: 1045.4271; calc. for [C222H352N43O35]5+ ([M+5H]5+): 

836.5424, found: 836.5435; calc. for [C222H353N43O35]6+ ([M+6H]6+): 697.2865, found: 697.2874. 
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7 APPENDIX 

 

7.1 Concentration dependent Fluorescence Emission Spectra of the 

KALPs 18-20 at a P/L-ratios 1/500 and 1/1000 at 25 °C 
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Figure 51: Concentration dependent fluorescence spectra of compound 19 (NBD) at 6.0 µM with varying 

amounts of compound 29 (TAMRA) in DOPC LUVs at 25 °C. The P/L-ratio of 1/500 and 1/1000 and the total 

peptide concentration of 12 µM were kept constant by addition of the non-labelled peptide 18. The data 

points at 530 nm were used in the normalized fluorescence emission plots as a function of A. 
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7.2 Concentration dependent Fluorescence Emission Spectra of the 

KALPs 21-23 at a P/L-ratios 1/100, 1/250, 1/500, and 1/1000 at 

25 °C and at 60 °C 
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Figure 52: Concentration dependent fluorescence spectra of compound 22 (NBD) at 6.0 µM with varying 

amounts of compound 23 (TAMRA) in DOPC LUVs at 25 °C and 60 °C. The P/L-ratio of 1/100 and the total 

peptide concentration of 12 µM were kept constant by addition of the non-labelled peptide 21. The data 

points at 530 nm were used in the normalized fluorescence emission plots as a function of A. 
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Figure 53: Concentration dependent fluorescence spectra of compound 22 (NBD) at 6.0 µM with varying 

amounts of compound 23 (TAMRA) in DOPC LUVs at 25 °C and 60 °C. The P/L-ratio of 1/250 and the total 

peptide concentration of 12 µM were kept constant by addition of the non-labelled peptide 21. The data 

points at 530 nm were used in the normalized fluorescence emission plots as a function of A. 
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Figure 54: Concentration dependent fluorescence spectra of compound 22 (NBD) at 6.0 µM with varying 

amounts of compound 23 (TAMRA) in DOPC LUVs at 25 °C and 60 °C. The P/L-ratio of 1/500 and the total 

peptide concentration of 12 µM were kept constant by addition of the non-labelled peptide 21. The data 

points at 530 nm were used in the normalized fluorescence emission plots as a function of A. 
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Figure 55: Concentration dependent fluorescence spectra of compound 22 (NBD) at 6.0 µM with varying 

amounts of compound 23 (TAMRA) in DOPC LUVs at 25 °C and 60 °C. The P/L-ratio of 1/1000 and the total 

peptide concentration of 12 µM were kept constant by addition of the non-labelled peptide 21. The data 

points at 530 nm were used in the normalized fluorescence emission plots as a function of A.  
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7.3 Concentration dependent Fluorescence Emission Spectra of the 

β-Peptides 48-50, 51-53 and 54-56 at a P/L-ratio = 1/500 at 25 °C 

and 60 °C 
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Figure 56: Concentration dependent fluorescence spectra of compound 49 (NBD) at 6.0 µM with varying 

amounts of compound 50 (TAMRA) in DOPC LUVs at 25 °C. The P/L-ratio of 1/500 and the total peptide 

concentration of 12 µM were kept constant by addition of the non-labelled peptide 48. The data points at 

530 nm were used in the normalized fluorescence emission plots as a function of A (Figure 44). 

 

 

 

500 520 540 560 580 600 620

-40

0

40

80

120

F
 [
a
.u

.]

 [nm]


A
 =

 0.00

 0.09

 0.17

 0.25

 0.34

 0.42

 0.50

52 (NBD) 6.0 µM, total peptides concentration 12 µM varying

 the mole fraction (
A
) of 53 (TAMRA), P/L = 1/500 at 25 °C

500 520 540 560 580 600 620
-20

0

20

40

60

80

100

52 (NBD) 6.0 µM, total peptides concentration 12 µM varying

 the mole fraction (
A
) of 53 (TAMRA), P/L = 1/500 at 60 °C


A

 = 

 0

 0.09

 0.17

 0.25

 0.34

 0.42

 0.50

F
 [

a
.u

.]

 [nm]  

Figure 57: Concentration dependent fluorescence spectra of compound 52 (NBD) at 6.0 µM with varying 

amounts of compound 53 (TAMRA) in DOPC LUVs at 25 °C (left) and 60 °C (right). The P/L-ratio of 1/500 

and the total peptide concentration of 12 µM were kept constant by addition of the non-labelled peptide 

51. The data points at 530 nm (25 °C and 60 °C) were used in the normalized fluorescence emission plots as 

a function of A (Figure 44). 
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Figure 58: Concentration dependent fluorescence spectra of compound 55 (NBD) at 6.0 µM with varying 

amounts of compound 56 (TAMRA) in DOPC LUVs at 25 °C (left) and 60 °C (right). The P/L-ratio of 1/500 

and the total peptide concentration of 12 µM were kept constant by addition of the non-labelled peptide 

54. The data points at 530 nm (25 °C and 60 °C) were used in the normalized fluorescence emission plots as 

a function of A (Figure 44). 
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7.4 Concentration dependent Fluorescence Emission Spectra of the 

β-Peptides 51-53 and 54-56 at the P/L-ratios 1/750 and 1/1000 at 

25 °C 
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Figure 59: Concentration dependent fluorescence spectra of compound 52 (NBD) at 6.0 µM with varying 

amounts of compound 53 (TAMRA) in DOPC LUVs at 25 °C. The P/L-ratio of 1/750 (left) or 1/1000 (right) 

and the total peptide concentration of 12 µM were kept constant by addition of the non-labelled peptide 

51. The data points at 530 nm were used in the normalized fluorescence emission plots as a function of A 

(Figure 61). 
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Figure 60: Concentration dependent fluorescence spectra of compound 55 (NBD) at 6.0 µM with varying 

amounts of compound 56 (TAMRA) in DOPC LUVs at 25 °C. The P/L-ratio of 1/750 (left) or 1/1000 (right) 

and the total peptide concentration of 12 µM were kept constant by addition of the non-labelled peptide 

54. The data points at 530 nm were used in the normalized fluorescence emission plots as a function of A 

(Figure 61). 
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7.5 Relative Changes in Donor Fluorescence Emission (F/F0) as a Func-

tion of increasing Acceptor Concentration (β-Peptides 51-56) 

 

 

 

Figure 61: FRET analysis of A: two hGln and B: three hGln in 100 nm DOPC vesicles. The relative changes in 

NBD-fluorescence emission (F/F0) as a function of increasing acceptor concentration A are plotted. The 

solid lines are the results of a global fit analysis assuming (1) a monomer-dimer and (2) a monomer-trimer 

equilibrium. The FÖRSTER radius R0 was determined to be R0 = 5.1 nm as obtained from results with the 

β-peptides without recognition units assuming that only monomers are in the membrane and the FRET 

occurs statistically.[15,83] A monomer-dimer equilibrium does not explain the data. Even the assumption of 

a pure dimer (solid black line) does not explain the observed plots. For a monomer-trimer equilibrium, the 

following dissociation constants were obtained for two hGln: A2: KD = (17.2 ± 7.0)10-8 MF2 and three hGln: 

B2: KD = (4.4 ± 4.3)10-8 MF2. 
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8 ABBREVIATIONS 

 

AI  azaindole 

Alloc  allyloxycarbonyl 

Boc  tert-butoxycarbonyl 

CD  circular dichroism 

DBU  1,8-diazabicyclo[5.4.0]undec-7-en 

DCM  dichlormethane 

DIBAL  diisobutylaluminiumhydride 

DIC  N,Nˈ-diisopropylcarbodiimide 

DIPEA  N,N-diisopropylethylamine 

DMF  N,N-dimethylformamide 

DMPC  1,2-dimyristoyl-sn-glycero-3-phosphocholine 

DMSO  dimethyl sulfoxide 

DOPC  1,2-dioleoyl-sn-glycero-3-phosphocholine 

EDP  electron density profile 

ESI  electrospray-ionisation 

Fmoc  fluorenylmethoxycarbonyl 

FRET  fluorescence resonance energy transfer 

GID  gracing incidence diffraction 

HATU  O-(7-azabenzotriazol-1-yl)-N,N,Nˈ,Nˈ-tetramethyluronium hexafluorophosphate 

HBTU  O-(1H-benzotriazol-1-yl)-N,N,Nˈ,Nˈ-tetramethyluronium hexafluorophosphate  

HOAt  1-hydroxy-7-azabenzotriazole 

HOBt  1-hydroxybenzotriazole  

HPLC  high performance liquid chromatography 

HR-MS  high resolution mass spectrometry 

KALP  peptides of general sequence: GKK(LA)nLKKA 

LUV  large unilamellar vesicle 

MBHA  4-methylbenzhydrylamine 

MF  mole fraction 
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NBD  7-nitrobenz-2-oxa-1,3-diazol-4-yl 

NMP  N-methyl-pyrrolidone 

NMR  nuclear magnetic resonance 

OBzl  benzyloxy 

PG  protecting group 

P/L  peptide-to-lipid 

ppm  parts per million 

Ph  phenyl 

PyBOP®  benzotriazole-1-yl-oxy-tris-pyrrolodino-phosphonium hexafluorophosphate 

rt  room temperature 

SOP  standard operating procedure 

SPPS  solid phase peptide synthesis 

SUV  small unilamellar vesicle 

TAMRA  5(6)-carboxytetramethylrhodamine 

Tert  tertiary 

TFA  trifluoroacetic acid 

TFE  trifluoroethanol 

THF  tetrahydrofuran 

TIS  triisopropylsilan 

TMS  trimethylsilan 

tR  retention time 

Trt  trityl 

UV  ultraviolet 

VIS  visual 

v/v  volume to volume 

WALP  peptides of general sequence: GWW(LA)nLWWA 
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