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Analytical Data of ACTB6 

 
Figure 3.88: Analytical HPLC spectrum of ACTB6 with a water/acetonitrile gradient of 95/5 →20/80 in 40 min. 

Rf: 22.3 min (cis) and 25.1 min (trans). 

 
Figure 3.89: HRMS spectrum of ACTB5: HRMS (+ESI) m/z calc. for C56H76N13O12S+ [M + H]+: 1154.5452; 

found: 1154.5476. . HRMS (−ESI) m/z calc. for C55H72F3N13O14S− [M + TFA − H]−: 1266.5235; 
found: 1266.5226. 
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Table 3.10: Chemical shifts of the 1H- and 13C-NMR of ACTB6 in DMSO-d6. 

residue 1H-NMR 13C-NMR 

3.16 H2a 3.64, H2b 3.44, H4 7.80, H6 7.73, H7 7.49, H8 
7.37, H12 7.84, H14 7.53, H15 7.76, H16 7.80, 

H17a 3.94, H17b 3.88 

C2 41.7, C3 138.1, C4 123.1, C5 152.0, 
C6 120.8, C7 152.0, 129.2, C8 133.3, 

C11, C12 122.4, C13 140.9, C14 132.0, 
C15 121.8, C16 122.6, C17 35.8 

Tyr(OMe) NH 8.59, Hα 4.53, Hβ1 3.04, Hβ2 2.77, Hδ 7.22, Hε 
6.81, Hη 3.71 

Cα 57.3, Cβ 36.2, Cγ 157.6, Cδ 130.1, Cε 
113.5, Cζ 157.7, Cη 54.9 

Ile NH 7.67, Hα 4.10, Hβ 1.63, Hγ1 1.27, Hγ2 0.65,  Hδ 
0.64 

Cα 57.3, Cβ 36.2, Cγ1 24.1, Cγ2 15.4, Cδ 
11.1 

Gln NH 8.12, Hα 4.12, Hβ1 1.80, Hβ2 1.70, Hγ 2.03 Cα 52.9, Cβ 27.5, Cγ 31.2 

Asn NH 7.76, Hα 4.47, Hβ1 2.55, Hβ2 2.41 Cα 49.7, Cβ 36.9 

Cys NH 8.09, Hα 4.64, Hβ1 2.86, Hβ2 2.61 Cα 51.3, Cβ 32.7 

Pro Hα 4.31, Hβ 2.02, Hγ 1.86, Hδ1 3.58, Hδ2 3.53 Cα 59.9, Cβ 29.0, Cγ 24.8, Cδ 46.9 

Leu NH 8.00, Hα 4.21, Hβ 1.51, Hγ 1.63, Hδ1 0.89, Hδ2 
0.83 

Cα 51.4, Cβ 40.2, Cγ 24.2, Cδ1 23.1, Cδ2 
21.6 

Gly NH 7.98, Hα1 3.67, Hα2 3.56 Cα 42.0 

 

 
Figure 3.90: 1H-NMR of ACTB6. 
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Figure 3.91: 1H, 13C-HSQC of ACTB6. 

 
Figure 3.92: 1H, 1H-TOCSY of ACTB6. 
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Figure 3.93: 1H,1H-NOESY of ACTB6. 

 
Figure 3.94: 1H, 1H-COSY of ACTB6. 
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Figure 3.95: A) UV/VIS spectra of trans- and cis-ACTB6; illumination with 365 nm (trans→cis) and 445 nm 

(cis→trans). B) Kinetics of ACTB6. C) Bistabilty of ACTB6. 
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3.5 DAMGO 

3.5.1 Introduction 

Nature provides a huge library for the modification of canonical building blocks. One of the 

most appearing alterations is the introduction of methyl groups. The DNA building blocks 

adenine and cytosine can be methylated at N6 or C5 respectively by a number of methyl 

transferases, which play big role not only in epigenetics but also in diseases like cancer.[297-299] 

In histones lysine[300] and arginine,[301] side-chains can be methylated and demethylated in order 

to alter gene transcription by binding of non-histone proteins.[302] In contrast, N-methylation of 

peptide amide bonds is not a post-translational modification. Synthesised in multifunctional 

groups in the non-ribosomal peptide synthetases[303, 304], N-methylated peptides can have 

several benefits, like enzymatic stability, intestinal permeability and increase in activity.[305] 

Often isolated from marine sponges[306] and fungi[307], N-methylated peptides like cyclosporine 

A[308] give blueprints for the modification of bioactive peptidic drugs. With its seven N-methyl 

amides, cyclosporine A violates two of the four Lipinski rules[309]: ≤ 500 Da (1.2 kDa), ≤ 5 H-

donors (5), ≤ 10 H-acceptors (12), distribution coefficient ≤ 5 (2-3), but is sold as an orally 

available drug. The introduction of a N-methyl group into the backbone can improve the peptide 

activity as it was shown with cilengitide, a small cyclic peptide developed for the treatment of 

glioblastoma by Kessler in cooperation with Merck-Serono.[310] A single N-methylation of a 

backbone amide lowered the IC50 from 2.5 nM to 0.58 nM.[310, 311] Therefore, N-methylation of 

peptides became an effective tool for the modification and improvement of peptidic drugs. This 

and other modifications were used in the synthesis of [D-Ala2, N-MePhe4, Gly5-ol]enkephalin, 

DAMGO, first described in 1980[312], to furnish a μ-opioid receptor (MOR) selective and 

proteolytic stable analogue of  Leu- and Met-Enkephalin. DAMGO, a five amino acid long 

peptide exhibits D-alanine, C-terminal glycinol and a N-methylated phenylalanine. Whereas 

opioids usually have a low half-life of up to five minutes, these modifications stabilise DAMGO 

against enzymatic degradation and doubles the half-life to 9.2 ± 2.1 min[313]. More important, 

in mouse writhing nociception test, it had a 140-fold higher potency then morphine.[312] Rats, 

medicated with both, morphine and DAMGO, become less tolerant to the analgesic effect of 

morphine than rats, treated just with morphine.[314] Whereas endogenous peptide ligands (e.g. 

enkephalins) and some synthetic agonists (DAMGO, Fentanyl) induce a rapid receptor 

endocytosis followed by recycling, morphine shows only little endocytosis.[315, 316] The 

differences between morphine and DAMGO is a consequence of altered molecular mechanism 

upon activation of MOR.[315] 
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3.5.2 Activation of the μ-opioid receptor 

Located pre- and post-synaptically in the brain, spinal cord and in the intestinal tract, the μ-

opioid receptor modulates a wide range of functions, e.g. reward properties and pain perception 

(analgesia). MOR belongs to the family of rhodopsin-like G protein-coupled receptors (Class 

A, see chapter 3.3.2).[317]  

 
Figure 3.96: Different mechanism of activation and phosphorylation of MOR by DAMGO and morphine.[318] 

Agonistic activation of MOR causes analgesic effects, mediated by classical Gi protein 

downstream signalling. Binding of an agonist induces a conformational change of the receptor, 

resulting in the dissociation of the α-subunit of the G protein complex.[319] Inhibition of the 

adenylyl cyclase (AC) by the α-subunit, decreases the cAMP level, which impedes the Na2+ 

influx of the cyclic nucleotide-gated ion channels, suppressing the neuronal excitability.[320] 

Furthermore, reduced cAMP concentration decreases the activation of the protein kinase A 

(PKA).[321] The dimeric βγ subunit on the one hand inhibits T-type Ca2+ channels, on the other 

hand activates the G protein inwardly rectifying potassium (GIRK) channels. The net effect is 

a neuronal hyperpolarisation and a decreased neurotransmitter release from the pre-synaptic 

nerve terminal, which causes analgesia.[320, 322] 
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Figure 3.97: Phosphorylation position of MOR by different kinases.[318] 

Kinases usually phosphorylate the intracellular C-terminal part of the receptor, which induces 

the recruitment of β-arrestin followed by receptor internalisation and recycling. But the 

phosphorylation of threonine- and serine side chains of MOR differs between agonists: 

activation by morphine essentially recruits protein kinase C (PKC) mediated phosphorylation 

leading to reduced endocytosis. In contrast, activation of G protein-coupled receptor kinase 

(GRK) and β-arrestin recruitment by DAMGO strongly induces receptor internalisation and 

recycling (Figure 3.96). A possible explanation is the difference in phosphorylation sites of the 

kinases and thus, differences in the subsequent recruitment of β-arrestin (Figure 3.97).[323] 

However, unravelling the agonist depending mechanism of desensitisation, phosphorylation, 

internalisation and recycling is an ongoing research area and photopharmacology is proven to 

provide suitable tools. Hence, introduction of photoswitchable amino acids into the sequence 

of DAMGO could furnish a light-controllable tool for the manipulation of MOR, called 

AzoDAMGO[324].  
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Figure 3.98: Structure of enkephalins, DAMGO and AzoDAMGO. 

In structure models, the side-chain of N(Me)Phe interacts with a conserved hydrophobic pocket 

of the μ-receptor, whereas the Tyr side-chain undergoes a water-mediated interaction with the 

binding pocket.[325] With this in mind, we decided to substitute N(Me)F4 against the 

photoswitchable amino acid AzoPhe (Figure 3.98) in order to furnish a light controllable μ-

receptor agonist. For methylation of backbone amides, nature provides non-ribosomal synthase 

complexes as mentioned above. In SPPS, selective N-methylation was introduced by MILLER 

and SCANLAN (Scheme 3.15).[326] 

 
Scheme 3.15: Synthetic route of selective N-methylation during SPPS.[326] 

This three-step procedure starting with protection and activation of an α-amine, methylation 

and at least deprotection of the secondary amine. This procedure, improved by Kessler and 

coworkers[305] was used for the synthesis of AzoDAMGO. 

3.5.3 Results and Discussion 

For the SPPS of AzoDAMGO, unloaded 1.35 mmol/g 2-chlorotrityl resin was treated with N-

Fmoc-ethanolamine in DMF under basic conditions for 18 h. The extant free positions were 

capped with MeOH and the resin was washed and dried under high vacuum. For the 
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determination of the resin loading 10 mg resin were allowed to swell in 800 μL DMF. After 

addition of 200 μL piperidine, Fmoc was deprotected and the 100 μL were diluted in 10 mL 

DMF. Finally, the absorption of at 301 nm was measured by UV/VIS to determine the resin 

loading of 0.72 mmol/g. All amino acids were coupled using PyBOP/DIPEA in DMF at room 

temperature and without the assistance of microwave irradiation. The coupling reagent Pybop 

was chosen for its high coupling efficiency at room temperature. Additional, instead of uronium 

salts like HATU or HBTU, coupling with PyBOP requires no pre-activation, which facilitates 

manual synthesis. After coupling and Fmoc-deprotection of AzoPhe, the N-terminal amine was 

protected with o-Nitrobenzenesulfonyl chloride in NMP for 15 min using Collidin as a base. 

Furthermore, o-NBS additionally activates the N-terminal amine for methylation without 

forming sulfenes. Afterwards, 1,8-Diazabicyclo[5.4.0]undec-7-en (DBU) in NMP was added, 

and the resin was shaked for 3 min prior the addition of dimethylsulfate. The solution was 

shaked for 2 min and the methylation step was then repeated once. Simultaneous addition of 

DBU und dimethyl sulfate leads to side reactions of base and methylation reagent. Deprotection 

of o-NBS was achieved with β-mercapto ethanol and DBU in NMP for 5min.[305] This step was 

repeated once and could be monitored by the slightly greenish solution of the free o-NBS. 

Coupling of the next amino acid glycine was carried out by double coupling with 

PyBOP/DIPEA in the Liberty Blue Peptide Synthesizer. After coupling of D-alanine and 

tyrosine with DIC/Oxyma® by automated microwave-assisted SPPS, the peptide was cleaved 

from the resin and deprotected with TFA/water/phenol/TIPS/ (88/5/5/2). After precipitation in 

cold diethyl ether and purification by reversed phase HPLC, 10.4 mg of AzoDAMGO were 

furnished. 

 
Scheme 3.16: Synthesis of AzoDAMGO: N-methylation of the resin-bound peptide by the procedure of KESSLER 

and coworkers.[305] 
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Purity was controlled by HPLC and mass spectroscopy and spectroscopic properties were 

examined by UV/VIS spectroscopy. AzoDAMGO could be switched from trans to cis with UV 

light (340 nm) and back with blue light (455 nm). A decrease of the π-π* absorption band and 

an increase of the n-π* absorption band was observed by illumination with UV light and vice 

versa by subsequent exposure to blue light. Only minimal bleaching occurred after several 

switching cycles. This secures prevention of the formation of triplet states and reactive oxygen 

species, which is crucial for biocompatibility.[14] The compound possesses also a high 

bistability when switched to the cis state and subsequently left in the dark for 2 hours allowing 

for pre-illumination of the peptides before being applied to cells and no need of UV-light 

exposure of cells. 

In collaboration with Dr. Philipp Leippe (Trauner group, LMU Munich), the functional activity 

in MOR-transfected HEK-GIRK assays of AzoDAMGO was tested by Dr. Leippe.[324] Addition 

(at 60 sec) of a 1 μM solution of DAMGO resulted in a hyperpolarization, which can be seen in 

a drop in the curve. After washout, AzoDAMGO was added in concentration of 10 μM (at 360 

sec). No hyperpolarization could be observed neither in cis- nor in trans-AzoDAMGO. The 

incorporation of AzoPhe into DAMGO lead to an inactive compound, which could not activate 

the μ-opioid receptor. 

 
Figure 3.99: Electrophysiologcal charaterization of AzoDAMGO.[324] 
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3.5.4 Analytical data of AzoDAMGO 

3.5.4.1 Synthesis of SPPS building blocks 

N-Fmoc-aminoethanol[327] 

 

To a solution of 1.00 g (16.4 mmol, 2.0 eq.) ethanolamine in 50 mL DCM and 100 mL aqu. sat. 

NaHCO3 solution, 2.76 g (8.20 mmol, 1.0 eq.) Fmoc-OSu dissolved in 15 mL DCM were added 

dropwise. The solution was stirred for 18 h at room temperature. The organic phase was 

separated and the aqueous phase was extracted with DCM (3 x 30 mL). The combined organic 

phases were washed with 1 N HCl (3 x 30 mL) and sat. NaCl solution (3 x 30 mL) and dried 

over NaSO4. After removal of the solvent, the product (2.32 g, quant.) was furnished as 

colorless amorphous solid. 

C17H17NO3 (283.33 g/mol) [283.1208] 

Rf (CHex/EtOAc, 1:1 + 1% AcOH): 0.30. 

HR ESI-MS (positiv), m/z: 306.1102 ([M+Na]+, ber.: 306.1100), 284.1281 ([M+H]+, ber.: 

284.1286). 

HR ESI-MS (negativ), m/z: 328.1194 ([M+HCO2]-, ber.: 328.1190). 

1H-NMR (400 MHz, CDCl3): δ = 7.76 (d, JH4,H3 = 7.5 Hz, 2H, H4-, H5-Fmoc), 7.58 (d, JH5,H6 

= 7.4 Hz, 2H, H1-, H8-Fmoc), 7.40 (m, 7.42 – 7.37, 2H, H3-, H6-Fmoc), 7.31 (td, JH2,H1/H3 = 

JH7,H6/H8 = 7.5 Hz, JH2,H4 = JH7,H5 = 1.2 Hz, 2H, H2-, H7-Fmoc), 5.25 (bs, 1H, NH-Fmoc), 4.43 

(d, JCH2Fmoc,H9Fmoc = 6.7 Hz, 2H, CH2-Fmoc), 4.21 (t, JH9Fmoc,CH2Fmoc = 6.6 Hz, 1H, H9-Fmoc), 

3.74 – 3.62 (m, 1H, CH2), 3.33 (d, JCH2-CH = 1.6 Hz, 2H, CH2), 2.23 (bs, OH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 157.3 (C=O-Fmoc), 144.0 (C1a-, C8a-Fmoc), 141.4 (C4a-, 

C5a-Fmoc), 127.8 (C3-, C6-Fmoc), 127.2 (C2-, C7-Fmoc), 125.1 (C1-, C8-Fmoc), 120.1 (C4-

, C5-Fmoc), 66.9 (CH2-Fmoc), 62.3 (CH2OH), 47.3 (C9-Fmoc), 43.6 (CH2-NHFmoc) ppm. 

3.5.4.2 Synthesis of AzoDAMGO 

A Merrifield reactor was loaded with 405 mg 2-chlorotrityl resin (1.35 mmol/g, 0.3 mmol) and 

the resin was swollen for 2 h. After addition of 1.0 eq. N-Fmoc-ethanolamine solved in 3 mL 
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DMF, 6 eq. DIPEA were added. The Merrifield reactor was shacked for 18 h and the resin was 

freed from the reaction mixture. The extant free positions were capped with a mixture of 

DCM/MeOH/DIPEA (17:2:1) for 1 h. The resin was washed with DCM (3 x 10 mL), DMF (5 

x 10 mL) and again with DCM (5 x 10 mL) and dried under high vacuum. For the determination 

of the resin loading 10 mg resin were allowed to swell in 800 μL DMF. After addition of 200 μL 

piperidine, Fmoc was cleaved and the 100 μL were diluted in 10 mL DMF. Finally, the 

absorption of 301 nm was measured by UV/VIS to determine the resin loading of 0.72 mmol/g. 

The synthesis of AzoDAMGO is based on the work of Biron et. al.[305] For the synthesis of 

AzoDAMGO, 138 mg (0.1 mmol) of resin were swollen in a Merrifield reactor. Fmoc-AzoPhe-

OH 3.3 (5.0 eq.) were coupled using Pybop/DIPEA (5.0 eq./10 eq.) in DMF at room 

temperature for 10 h. Fmoc-deprotection was achieved by treatment with 20% piperidine in 

DMF. The procedure of N-methylation by Kessler and coworkers[305] was used for the synthesis 

of AzoDAMGO. After Fmoc-deprotection of AzoPhe, the N-terminal amine was protected with 

89.0 mg (0.4 mmol, 4 eq.) o-Nitrobenzenesulfonyl chloride in 5 mL NMP for 40 min using 

0.13 mL collidine as a base. Afterwards, 46 mg (0.3 mmol, 3 eq.) 1,8-

Diazabicyclo[5.4.0]undec-7-en (DBU) in 3 mL NMP was added, and the resin was shaken for 

10 min prior the addition of 95 μL (1.0 mmol, 10 eq.) dimethylsulphate in 2 mL NMP. The 

solution was shaken for 5 min and the methylation step was then repeated once. Deprotection 

of o-NBS was achieved with 70 μL (1.0 mmol, 10 eq.) β-mercapto ethanol and 74 μL 

(0.5 mmol, 5.0 eq.) DBU in 5 mL NMP for 10 min. The deprotection step was repeated once. 

The resin was transferred into the Liberty Blue reactor and for the remaining coupling reactions 

DIC/Oxyma pure® (120 s, 30 W, 90 °C) was used. Coupling of Fmoc-Gly-OH was carried out 

by double coupling. For Fmoc-Ala-OH and Fmoc-Tyr-OH single coupling was used. The 

peptide was cleaved from the resin and deprotected with TFA/water/phenol/TIPS (88/5/5/2). 

After precipitation in cold diethyl ether and purification by reversed phase HPLC, 10.4 mg 

(17%) of AzoDAMGO were furnished.  

LR = (V ∙ A301 ∙ d)/(Ec ∙ M ∙ w) 

A301 = absorbance at 301 nm = 0.56 
d = dilution = 10 

Ec = extinction coefficient = 7800 mL/mmol∙cm 
V = volume = 1 mL 

w = width of the cuvette = 1 cm 
M = weight of the resin sample = 10 mg 

LR = 0.72 mmol/g 



3  PHOTOPHARMACOLOGY 

147 

3.5.4.3 HR-MS, HPLC and NMR 

 
Figure 3.100: Analytical HPLC spectrum of AzoDAMGO with a water/acetonitrile gradient of 95/5 →20/80 in 40 

min. Rf: 16.6 min (cis) and 20.5 min (trans). 

 
Figure 3.101: HRMS spectrum of AzoDAMGO: HRMS (+ESI) m/z calc. for C32H40N7O6

+ [M + H]+: 618.3035; 
found: 618.3038. HRMS (−ESI) m/z calc. for C32H38N7O6

+ [M - H]−: 616.2889; found: 616.2902. 
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Table 3.11: 1H- and 13C-NMR of trans-AzoDAMGO in DMSO-d6 

residue 1H-NMR 13C-NMR 

Glycinol NH 7.93, Hα 3.14, Hβ 3.39, OH 4.67 Cα 41.4, Cβ 59.4 

AzoPhe H1 5.23, H2a 3.32, H2b 3.03, H4/8 (K1) 7.44 
H4/8 (K2) 7.52, H5/7 (K1) 7.79, H5/7 (K2) 

7.82, H12/16 7.87, H13/H15 7.60, H14 131.2 

C1 57.5, C2 33.8, C3 (K1) 142.2, C3 (K2) 
141.5, C4/8 (K1) 129.7, C4/8 (K2) 129.9, C5/7 

(K1) 122.3, C5/7 (K2) 122.4, C6 150.2, C11 
151.7, C12/16 122.2, C13/15 129.2, C14 131.2 

Gly NH8.08, Hα1 3.99, Hα2 3.73 Cα 40.3 

Ala NH 8.48, Hα (K1) 4.42, Hα (K2), 4.35, Hβ 
(K1) 1.04, Hβ (K2) 1.01 

Cα 47.6, Cβ (K1) 18.6, Cβ (K2) 18.3 

Tyr Hα 3.96, Hβ1 2.86, Hβ2 2.82, Hδ 7.00, Hε 6.69, 
Hη 9.33 

Cα 53.1, Cβ 36.1, Hγ 124.5, Hδ 130.3, Hε 
115.0, Cζ 156.3 

 

 
Figure 3.102: 1H-NMR of AzoDAMGO. 
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Figure 3.103: 1H, 13C-HSQC-NMR of AzoDAMGO. 

 
Figure 3.104: 1H, 1H-TOCSY-NMR of AzoDAMGO. 
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Figure 3.105: 1H, 1H-NOESY-NMR of AzoDAMGO. 

 
Figure 3.106: 1H, 1H-COSY-NMR of AzoDAMGO. 
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Figure 3.107: A) UV/VIS spectra of trans- and cis-AzoDAMGO; illumination with 340 nm (trans→cis) and 455 

nm (cis→trans). B) Kinetics of AzoDAMGO. C) Bistabilty of AzoDAMGO. 
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3.6 Photoswitchabe Kisspeptin-Analogues 

3.6.1 Introduction 

Kisspeptin was first discovered in 1996 as a metastasis suppressor of skin and breast cancer, 

giving it the name metastin.[22] Five years later, the products of the KISS-1 gene were identified 

to be the endogenous ligands of the G protein coupled receptor GPR54.[328] Translation of the 

KISS-1 gene results in a 145 amino acid precursor peptide.[328] After proteolysis, several small 

bioactive peptides are derived (Kisspeptin-54 (Metastin), 14, 13 and 10), all part of the RF-

amide (Arg-Phe-NH2) family,[328-330] binding to the orphan G protein-coupled receptor 

GPR54.[328-331] Expressed in the pituitary and in gonadotropin-releasing hormone (GnRH) 

neurons, the activation of GPR54 leads to gonadotropin secretion. Therefore, in 2003 mutation 

in GPR54 was identified as cause for autosomal recessive idiopathic hypogonadotropic 

hypogonadism[24, 25] and furthermore defective sexual development as well as reproductive 

failure was identified as a result of a deletion of GPR54 in mice.[25, 332] Therefore the expression 

of GPR54 on gonadotropin releasing hormone (GnRH) neurons plays a crucial role in the 

regulation of the sexual maturation via the hypothalamic-pituitary-gonadal (HPG) axis. 

3.6.2 GPR54- a G-coupled receptor 

After the discovery of its endogenous ligands, GPR54 was also termed KISS1R for the human 

and Kiss1r for the non-human receptors by Gottsch et. al.[333] GPR54 is widely expressed in a 

variety of tissues, especially in a variety of brain regions (e.g. midbrain, hypothalamus, 

amygdala, pituitary gland) and peripheral regions (e.g. intestine, placenta, gonadotrophs).[334] 

GPR54 is a Gq/11-coupled 7-transmembrane receptor of the rhodopsin family (see chapter 

3.3.2).[328, 330] 

Ligand binding to GPR54 (Figure 3.108) causes the dissociation of the α-subunit of the G 

protein, which activates phospholipase C (PLC). PLC cleaves phosphatidylinositol 4,5-

bisphosephate into DAG and IP3.[328] The latter one causes Ca2+-release from the endoplasmic 

reticulum which leads the activation of Ca2+-dependent signalling pathways in GnRH neurons. 

DAG activates transient receptor potential cation (TRPC) channels and inhibition of inwardly 

rectifying potassium channels (Kir).[335] Furthermore, DAG activates the Ca2+ dependent protein 

kinase C (PKC), which itself stimulates extra-cellular regulated kinase (ERK) 1/2.[328] 
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Figure 3.108: Cellular response on kisspeptin-mediated activation of GPR54.[336]  

A consequence is the depolarisation of the GnRH neurons and a subsequent release of GnRH 

stimulating the hypophysis. The hypophysis releases the gonadotropins luteinizing hormone 

(LH) and follicle-stimulating hormone (FSH).[23] Both gonadotropins cause gonadal secretion 

of the sex steroids testosterone, estrogen and progesterone. While GnRH neurons lack the 

estrogen receptor alpha (ERα), a feedback loop must involve kisspeptin neurons.[337-339] It is 

assumed that estrogen (testosterone is aromatised to estrogen[338]) binds to ERα in kisspeptin 

neurons in the arcuate nucleus (ARC) followed by inhibition of GnRH release.[337] 

Both, kisspeptin and GPR54 play a crucial role in the reproductive system. Gen mutation of 

GPR54 leads to abnormal developments in sexual maturation, ranking from partial sexual 

development to severe hypogandism.[340] Therefore, a micropenis is an early clinical indicator 

for GnRH definciency.[341] Later, GnRH is important for the onset of puberty and mutation lead 

to absence of pubertal development and infertility in both sexes, which can be overtaken by 

GnRH administration. Furthermore, kisspeptin plays a crucial role in the female reproduction 

cycle, especially in the genesis of the LH preovulatory peak[342-344] in the ovarian cycle, 

pregnancy[345, 346] and lactation.[347] 

Besides its affinity to GPR54, kp-54 and kp-10 are also binding to the NPFFR1 receptor (or 

GPR147)[348], which is the receptor for gonadotropin inhibitory hormone (GnIH).[349] Upon 

binding of its ligands, for example the Gonadotropin inhibitory hormone RFRP-3, NPFFR1 

inhibits the firing of GnRH neurons and therefore plays a key role in suppression of the HPG 

axis.[350] The low selectivity (IC50, GPR54: 0.12  nM, NPFFR1: 4.7 nM, NPFFR2: 76 nM) 

might seem incompatible, but the receptor expression level and the projection pattern of neurons 

should regulate GnRH secretion.[351] 



154 

3.6.3 Kisspeptin 

 

 

Figure 3.109: Proteolysis of the precursor prepro-kisspeptin reveal four shorter fragments kp-54, kp-14, kp-13 and 
kp-10, all able to activate GPR54.[26] 

The human KISS-1 gene encodes a 145 amino acid long precursor peptide, the prepro-

kisspeptin.[22, 328] Prepro-kisspeptin consists of a 19 amino acid long signal peptide and 54-

amino acid central region.[352] After proteolysis, an amino group is transferred to the C-terminal 

phenylalanine Phe121 from the adjacent glycine Gly122 by carboxypeptidase, which is 

essential for the stimulation of intracellular Ca2+-increase.[329, 330] This fragment kp-54 is also 

called metastin (Figure 3.109) and degradation from the N-terminus produces the shorter 

sequences kp-14, kp-13 and kp-10 (DLNPYNWNSFGLRF-NH2).[328] The highly conserved 10 

amino acid long C-terminal RF-amide core sequence YNWNSFGLRF-NH2 is sufficient for a 

full activation of the GPR54.[353] Furthermore, with 4.13 nM, kp-10 has the lowest EC50 value 

upon the short kisspeptin equences.[202] 

 
Figure 3.110: Kisspeptin-10 and its residues important for GPR54 activation.[27, 354-357] 

kp-10 is a highly aromatic linear peptide, with a low solubility in aqueous solution[355]. Both, 

rat kp-10 and human kp-13 show a α-helical domain from Asn4 to Tyr/Phe10.[27, 354] With a 1-

4 min half-life, kp-10 has a low proteolytic stability and a low bioavailability.[358] In the search 

for stable and potent GPR54 agonists and antagonists, structure-activity studies revealed the 

amino acids, which are crucial for receptor binding (Figure 3.110). Alanine scans of the kiss1-

R ligand kisspeptin-10 showed the importance of aromatic side-chains for GPR54 binding. 
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Aromatic positions F6 and F10 are known to be essential for receptor activity.[27, 354] 

Furthermore, F6A-kp-10-analogue showed antagonistic effects on GPR54 in transfected CHO-

K1 cells.[354] Substitution of Tyr1 against D-Tyr or D-Ala, Ser5 against Gly or D-Ser and Leu8 

against D-Trp or D-Leu resulted in a high-affinity GPR54 antagonists, too.[359] At least, the five 

C-terminal part with its hydrophobic and charged residues is thought to be essential for receptor 

binding, whereas the five N-terminal amino acids form the activation domain. The two phenyl-

rings are meant to form a hydrophobic cluster (Figure 3.111), flanked by the side-chain of Leu8 

and Arg9.[27, 355] These results stress out the importance of the RF-amide motive for receptor 

binding, whereas Phe10 can be substituted by aromatic tryptophan, increasing the metabolic 

stability.[356, 357]  

 
Figure 3.111: Hydrophobic cluster in the C-terminal part of kp-13[27] and kp-10[355], which is essential for receptor 

binding.  

3.6.4 Results and Discussion 

3.6.4.1 Development and Synthesis of photoswitchable Kisspeptin-analogues 

In this context, the aim was the development of light-controlled mimetics of kp-10. 

Spatiotemporal approaches provide a high level of selectivity concerning target distribution and 

dosing by adjustment of light intensity and wavelength. However, photopharmacology offers 

the possibility of converting molecules into photoswitchable tools enabling targeting drug 

activity to the tissue of interest and thus representing a potent tool to disclose yet unknown 

signalling pathways.[14, 187, 188, 360] These are the first examples of photoswitchable kisspeptin-

10 peptides, which are possible tools to understand molecular mechanism of receptor activation, 

the control of HPG-axis and can serve as blueprint for therapeutic targets of kisspeptin-related 

diseases like diabetes, cancer and defective sexual development. 
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Scheme 3.17: Design of photowitchable Kisspeptin-Analogues: by substitution of amino acids critical for 

receptor binding, spatiotemporal control over peptide activity can be gained. 

The most evident choice for the introduction of the chromophoric units was the substitution of 

Phe6 and Phe10 of the hydrophobic cluster (Scheme 3.17). Substitution of Phe10 by Trp already 

showed the acceptance of a bulkier side-chain in this position.[357] Therefore, incorporation of 

AzoPhe should be less problematic for receptor binding. Furthermore, the chromophoric 

backbone SPPS building block AMPP was introduced by substitution of Asn4 an Ser5 to get a 

high impact on the adjacent and important F6 and thus, giving control over the hydrophobic 

cluster. 

The photoswitches AzoPhe 3.3 and AMPP 3.1 were introduced into kp-10 as Fmoc-protected 

amino acids using HBTU/HOBt and DIPEA for coupling (Figure 3.112). Natural amino acids 

were coupled by microwave assisted SPPS using DIC/Oxyma pure®. All coupling conditions 

are summarised in table 3.12. The peptides were characterised by NMR and high-resolution 

mass spectrometry and their purity was controlled by reverse-phase HPLC. All three peptides 

were <1.9 ppm of the calculated mass and RP-HPLC confirmed high purity. 
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Figure 3.112: Structure of the three synthesised Azo-KP. 

To examine the structure relations, we recorded CD spectra of Kisspetin-10 and our kisspeptin-

mimetics in PBS/TFE 20:80, whereas TFE is known to induce secondary structure 

formation,[361-363] and as it was also shown with Kisspeptin-14.[364] All photoswitchable peptides 

were measured in cis- and trans-configuration. The recorded spectra were smoothed with a 20-

point Savitzky-Golay[365] filter and secondary structure prediction was done with BeStSeL[366-

368]. The closest fit to the Kisspeptin-10 curve could be received with cis-AzoKP-2. For trans-

AzoKP-2 we gained a higher content of β-strand and a lower α-helical content, whereas cis-

AzoKP-2 and Kisspeptin-10 showed a quite similar secondary structure prediction with a higher 

amount of α-helix. AzoKP-1 and AzoKP-3 showed smaller differences between cis and trans 

forms. Nevertheless, CD-spectroscopic secondary structure estimation for short peptides should 

be regarded carefully. Furthermore, the secondary structure analysis of human kp-13[27] in the 

presence of DPC micelles (NMR) and rat kp-10 analogues[354] in a diphenylcarbodiimide-water 

solution (NMR and MD-simulations) in one hand and of human kp-10 analogues[355] in the 

presence of SDS micelles (NMR and CD) showed different results. While human kp-13 and rat 

kp-10 analogues possess an α-helix between Asn7 and Phe13 and Asn4 to Tyr10 respectively, 

the human kp-10 analogues showed several tight turn structures between Trp3 and Phe10, but 

no helical conformation. An explanation might be the use of different solution materials. 

Diphenylcarbodiimide and the zwitterionic DPC have both neutral surfaces, whereas SDS 

micelles form negatively charged surfaces.[27, 354, 355] 
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Figure 3.113: Photoisomerisation.  A) CD-spectra of Kisspeptin-10 and its photoswitchable mimetics. B) 

Representative UV/VIS spectra for cis- and trans-AzoKP-2. C)  Representative reversible switching 
of AzoKP-2 between the cis- and trans-Isomers using blue (λ = 455 nm) and UV (λ = 340 nm). D) 
Representative bistability of the cis-Isomer over 2 h. 

Spectroscopic properties of the compounds were examined using UV/VIS spectroscopy (Figure 

3.113) by switching azobenzene moieties from trans to cis with UV light (365 nm) and back 

with blue light (445 nm). A decrease of the π-π* absorption band and an increase of the n-π* 

absorption band was observed by illumination with UV light and vice versa by subsequent 

exposure to blue light. Only minimal bleaching occurred after several switching cycles. The 

high photostability prevents the formation of triplet states and reactive oxygen species, which 

is crucial for biocompatibility.[14] The compounds also possess a high bistability when switched 

to the cis state and subsequently left in the dark for 2 hours allowing for pre-illumination of the 

peptides before being applied to cells. 

3.6.4.2 Pharmaceutical evaluation 

Patch clamp recordings 

To investigate the pharmaceutical properties, for all compounds, whole-cell patch-clamp 

recordings were performed in voltage clamp and current clamp on GnRH neurons by Dr. Jian 
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Qiu (Group of Prof. Dr. Martin J. Kelly, Oregon Health and Science University). The results of 

Dr. Qiu are described in the following. 

Using voltage clamp method, a constant electrical voltage is applied to the cell. This technique 

is used to measure changes in the conductivity of the membrane, whereas the applied voltage 

ist used as reference.[369] The purpose of voltage clamp technology is the measurement of the 

current flow or ionic currents of a cell. In contrast, the current clamp method measures the 

change in the membrane potential, i.e. the voltage.[369] At least, reversal potential is determined 

by plotting the maximum current versus the voltage ramp.[370] 

After addition of each peptide in a concentration of 100 nM, the neurons were illuminated with 

a 375 nm LED-source. Addition of AzoKP-1 showed no effect in a voltage clamp assay, neither 

in trans- nor in cis-conformation, whereas a positive control with kp-10 showed strong neuronal 

firing (Figure 3.115E). The substitution of two polar amino acid side-chains by an unpolar 

azobenzene moiety in AzoKP-1 results in an inactive peptide. 

 
Figure 3.114: Patch clamp experiments on GnRH-neurons: A) representative trace of inward current in GnRH 

neurons in voltage clamp (Vhold= −60 mV) upon light-induced isomerisation of AzoKP-2 
(100 nM). B) rapid bath application of kp-10 (100 nM) induced an inward current in the presence of 
fast sodium channel and ionotropic glutamatergic blockade (Vhold = - 60 mV). C and D) comparison 
of voltage ramps from 0 to -100 mV (over 2 s) before and after trans to cis isomerisation of AzoKP-
2 or during treatment with kp-10: both showed a reversal at -30 mV. E) trans to cis isomerisation of 
AzoKP-2 (100 nM) induced depolarization in GnRH neuron. F) photoactivation increased bursting 
firing frequency of AzoKP-2 (100 nM) in GnRH neurons. 

AzoKP-2, the F10AzoPhe Kisspeptin derivative, instead showed a clear response on GnRH 

neurons upon photoactivation at 100 nM in voltage clamp experiments. Upon illumination, 

GnRH neurons showed a prolonged inward current of 12 pA (Figure 3.114A), which is slightly 

lower than kp-10 (100 nM) induced inward current of 20 pA.[335] The lower inward current 
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of cis-AzoKP-2 in comparison to the native kp-10 suggests an incomplete activation of GPR54. 

Although 10 nM concentration of kp-10 also leads to prolonged and intense activation of GnRH 

neurons (Figure 3.114B), a saturating concentration of 100 nM is usually used to minimise 

fluctuation of the effective peptide concentration and to guarantee maximal response.[335, 371] 

Furthermore, illumination with 375 nm showed an increased firing in current clamp method as 

a result of trans to cis isomerization (Figure 3.114F). Hence, cis-AzoKP-2 shows a stronger 

receptor activation then trans-AzoKP-2. 

Current-voltage (I/V) curves by running a voltage ramp from 0 mV to −100 mV in the presence 

of cis- and trans-AzoKP-2 in comparison to kp-10 were also recorded. Nearly identical I/V 

curves with a reversal potential of −30 mV of AzoKP-2 and kp-10 in the voltage ramp 

experiments suggest the same mechanism of receptor activation and thus neuronal excitation of 

both peptides (Figure 3.114C/D). 

 
Figure 3.115: Effects by light-induced photoactivation of AzoKP-1 and AzoKP-3 on GnRH neurons: 

A) representative trace of the inward-current. AzoKP-3 (100 nM) was added 7 min before activating 
with a 375 nm light pulse (Vhold= −60 mV). B) Hyperpolarisation and inhibited firing of GnRH 
neurons after photoactivation of AzoKP-3 in current clamp. C) Number of GnRH neurons with 
different respond to photoactivation of AzoKP-3. D) Hyperpolarisation and inhibited firing of NPY 
neurons after photoactivation of AzoKP-3 in current clamp. E) AzoKP-1 shows no effect on GnRH 
neurons. F) Summary of the effects of the photoswitchable kisspeptin-10 analogues in comparison 
to kp-10 on GnRH neurons. 

In contrast the excitatory properties of AzoKP-2, addition of AzoKP-3 (F6AzoPhe) lead to 

inhibition of firing of GnRH neurons in current clamp upon isomerisation from trans to cis with 

375 nm (Figure 3.115A/B). While four of six cells were inhibited and one showed no response, 

one of six showed excitation (Figure 3.115C). The predominantly inhibitory effects of cis-
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AzoKP-3 on GnRH neurons coincides with the dose-dependent effect of RFRP-3 on GnRH 

neurons.[372] RFRP-3 is a RF-amide peptide with the sequence VPNLPQRF-NH2 and belongs 

to the Gonadotropin-inhibitory Hormone (GnIH) group.[373] Upon binding to the receptors 

NPFFR-1 and NPFFR-2, RFPR-3 inhibits GnRH neurons.[374]  Whether AzoKP-3 binds directly 

to GPR54 or to NPFFR-1/NPRFFR-2, further current clamp experiments on NPY neurons were 

carried out. NPY neurons do not express GPR54 but NPFFR1 mRNA.[375] Reported by Oishi 

et. al. besides kp-54, kp-10 binds to NPFFR1 with an IC50 = 4.7 nM as assessed by binding 

inhibition assays.[348] In accordance current clamp experiments on NPY neurons showed also a 

clear inhibition of firing (Figure 3.115D) upon trans- to cis-isomerisation of AzoKP-3. These 

findings suggest binding of cis-AzoKP-3 to NPFFR1.  

3.6.4.3 in vitro cell studies 

The observed effects on GPR54 could be underlined by in vivo cell studies on transfected 

GPR54-GFP tagged HeLa cells, carried out by Dr. Jan-Erik Hoffmann (Group of Prof. Dr. 

Carsten Schulz, Oregon Health and Science University). The results of Dr. Hoffmann are shown 

below. The GPR54 transducts signals through the phospholipase C/IP3 pathway, leading to 

calcium efflux from the endoplasmic reticulum[328], which can be monitored by R-GECO as 

readout for receptor activation. 

 
Figure 3.116: A) cis-AzoKP-2 stimulates Gpr54-transfected HeLa cells. B) Dose-response curve calculated by 

kisspeptin/cis-AzoKP-2 ratio. 

In the in vitro cell studies, the addition of pre-illuminated cis-AzoKP-2 lead to a clear 

fluorescence signal, however, not as potent as with native kp-10. (Figure 3.116) The lower 

excitation of GnRH neurons upon binding of cis-AzoKP-2 in comparison to native kp-10 agrees 

with cell assays on transfected HeLa cells, where first reliable responses can be seen at 

concentration of 500 nM and a maximum response at 3-5 μM. However, low saturation effects 
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were observed upon addition of kp-10 to GPR54 after high concentrations of AzoK-2, giving a 

weaker response. Furthermore, different concentrations of cis-AzoKP-2 were used to stimulate 

HeLa cells, followed by addition of 0.1 μM KP-10. The KP-10/cis-AzoKP-2 ratio was used to 

calculate a dose-response curve. 

 
Figure 3.117: A) cis-AzoKP-3 stimulates NPFFR1 transfected HeLa cells. B) Dose-response curve for trans- 

and cis- AzoKP-3 calculated by RFRP-3/AzoKP-3 ratio. 

In accordance to GPR54 in vitro tests, cell assays on NPFFR1 expressing HeLa cells were 

confirmed (Figure 3.117). Whereas cis- or trans-AzoKP-2 doesn’t bind to NPFFR1, we could 

observe a maximum response by addition of AzoKp-3 at 500 nM. Additionally, due to its 

affinity of kp-10 to NPFFR1, introducing photoswitches into kp-10 leads to a GPR54 selective 

agonist AzoKP-2. Furthermore, stimulating with higher concentrations of one peptide has a 

fatigue effect on the other peptide resulting in a lack of stimulation when added 5 minutes later. 

The dose-response curve was calculated from integrated Ca2+-spikes of AzoKP-3 and RFRP3. 

Both conformations of AzoKP-3 activate NPFFR1 in lower concentration then RFRP-3.  

However, experiments in HeLa cells and patch clamp experiments on GnRH and NPY neurons 

show some differences. First, results from experiments in HeLa cells showed signalling upon 

addition of both cis- and trans-AzoKP-3 in concentration higher than 50 nM, which is in 

contrast to the cis/trans-selectivity shown in patch clamp experiments on GnRH and NPY 

neurons. This can be explained by the used technique of transfected HeLa cells. Reconstituted 

HeLa cells are a very artificial system, giving only qualitative results. Nevertheless, these 

experiments confirm the binding of AzoKP-3 on NPFFR1, which causes inhibition GnRH 

neurons. 

In summary, introduction of chromophoric side chains by substitution of relevant aromatic 

amino acids lead to potent and selective photoswitchable GPR-54 agonist AzoKP-2 and 



3  PHOTOPHARMACOLOGY 

163 

AzoKP-3. Whereas the exchange of the C-terminal phenylalanine against AzoPhe led to a 

GPR54-agonist, the exchange of Phe6 against AzoPhe abolished binding to GPR-54 but gained 

a highly potent NPFFR1-agonist. With both photoswitchable KP-10 analogues, the control of 

the HPG axis is possible. Next step would be to test AzoKP-2 and AzoKP-3 in in vitro 

experiments to get reliable dissoziation constants. Finally, experiments with GnRH-GFP and 

NPY-GFP mice could be used to visualize the structure and function of GnRH- and NPY-

neurons. 

3.6.5 Analytical Data of the AzoKisspeptins 

A solid-phase Fmoc-L-Phenylalanine TentaGel S RAM resin (RAPP Polymere®), pre-loaded 

with 0.23 mmol/g amino acid, was used for peptides AzoKP-1 and AzoKP-3. An unloaded 

TentaGel S RAM resin (RAPP Polymere®) with 0.23 mmol/g resin loading was used for the 

synthesis of AzoKP-2. The peptides were synthesised in 0.1 mmol scale with the coupling 

reagents DIC 0.5 M as an activator and Oxyma Pure® 1.0 M as an activator base in DMF. Amino 

acids were coupled in fivefold excess (0.2 M solutions) as Fmoc-protected compounds with 

standard residual protecting groups. Coupling of photoswitch 3.1 was carried out with 

HBTU/HOBt in NMM for 1 h at room temperature. Fmoc deprotection was achieved by 

treatment with 20% piperidine in DMF. Coupling conditions are summarised in Table 3.12. 

After peptide synthesis, the resin-bound peptide was transferred into a Merrifield reactor 

followed by global deprotection with TFA/Thioanisole/1,2-Ethanedithiole/Anisole 

(9.5/0.5/0.3/0.2) solution within 2 h. The solvent was then evaporated and the residue was 

precipitated in 45 mL chilled diethyl ether. The precipitated peptide was centrifuged, washed 

five times with diethyl ether and after decantation of the solution, the residue was dried and 

purified with RP-HPLC to yield the desired peptide. 

-  
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Table 3.12: Coupling conditions of AzoKP-1, AzoKP-2, AzoKP-3. 

Compound 
AzoKP-1 AzoKP-2 AzoKP-3 

step t [s] p [W] T [°C] step t [s] p [W] T [°C] step t [s] p [W] T [°C] 

FmocAzoPheOH 3.3       1&2 480 28 75       

FmocArg(Pbf)OH 1&2 120 30 90 1&2 120 30 90 1&2 120 30 90 

FmocLeuOH 1&2 120 30 90 1 120 30 90 1 120 30 90 

FmocGlyOH 1&2 120 30 90 1 120 30 90 1 120 30 90 

FmocPheOH 1&2 120 30 90 1 120 30 90 1 120 30 90 

FmocAzoPheOH 3.3             1&2 480 28 75 

FmocAMPPOH 3.1 1 3600 0 r.t.             

FmocSer(tBu)OH       1 120 30 90 1 120 30 90 

FmocAsn(Trt)OH       1 120 30 90 1 120 30 90 

FmocTrp(Boc)OH 1&2 120 30 90 1 120 30 90 1 120 30 90 

FmocAsn(Trt)OH 1&2 120 30 90 1 120 30 90 1 120 30 90 

FmocTyr(tBu)OH 1&2 120 30 90 1 120 30 90 1 120 30 90 

 

AzoKP-1 

 
Figure 3.118: Analytical HPLC spectrum of AzoKP-1 with a water/acetonitrile gradient of 95/5 →20/80 in 40 

min. Rf: 21.9 min (cis) and 23.2 min (trans). 
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Figure 3.119: HRMS spectrum of AzoKP-1: HRMS (+ESI) m/z calc. for C71H87N17O11

2+ [M + 2H]+: 676.8380; 
found: 676.8385. Calc. for C71H86N17O11

+ [M + H]+: 1352.6687; found: 1352.6715. HRMS (−ESI) 
m/z calc. for C72H86N17O13 [M + FA − H]−: 1396.6596; found: 1396.6596.  
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Table 3.13: Chemical shifts of 1H- and 13C-NMR of AzoKP-1 DMSO-d6. 

residue 1H-signals 13C-signals 

Tyr NH 7.95, Hα 3.90, Hβa 2.91, Hβb 2.69, Hδ 
6.69, Hε 7.03 

Cα 54.1, Cβ 36.7, Cγ 125.3, Cδ 115.8, Cε 
131.0, Cζ 157.0 

Asn NH 8.70, Hα 4.66, Hβa 2.64, Hβb 2.47 Cα 50.3, Cβ 37.7 

Trp NH 8.26, Hα 4.56, Hβa 3.25, Hβb 3.04, Hδ1 
7.14, Hε3 7.58, Hζ3 6.96, Hη2 7.03, Hζ2 7.30 

Cα 54.5, Cβ 28.1, Cδ1 124.0, Cζ3 118.8, Cη2 
121.3, Cζ2 111.8 

AMPP NH 8.58, H2a 3.60, H2b 3.50, H4 7.67, H6 
7.26, H7 7.43, H8 7.72, H12 7.76, H14 7.29, 

H15 7.49, H16 7.76, H17 4.37 

C2 42.3, C3 138.1, C4 123.4, C5 152.3, C6 
132.6, C7 129.6, C8 121.5, C11 152.0, C12 
121.5, C13 141.5, C14 130.5, C15, 129.8, 

C16 121.5, C17 42.5 

Phe NH 8.40, Hα 4.53, Hβa 3.04, Hβb 2.80, Hδ 
7.20, Hε 7.16, Hζ 7.11 

Cα 54.6, Cβ 38.1, Cγ 138.2, Cδ 129.6, Cε 
126.7/128.4, Cζ 126.6 

Gly NH 8.33, Hα 3.75 Cα 42.4 

Leu NH 7.89, Hα 4.32, Hβ* 1.42, Hγ 1.59, Hδ1 
0.86, Hδ2 0.83 

Cα 51.5, Cβ 41.4, Cγ 24.6, Cδa 23.6, Cδb 
22.1 

Arg NH 8.03, Hα 4.21, Hβ* 1.42, Hγa 1.64, 
Hγb1.50, Hδ 3.06 

Cα 52.8, Cβ 25.3, Cγ 29.3, Cδ 40.9 

Phe NH 7.76, Hα 4.44, Hβa 3.01, Hβb 2.83, Cδ 
7.20, Cε 7.23, Cζ 7.17 

Cα 54.0, Cβ 38.1, Cγ 138.1 Cδ 129.6, Cε 
128.5, Cζ 126.7 

 

 
Figure 3.120: 1H-NMR of AzoKP-1. 
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Figure 3.121: 1H, 13C-HSQC-NMR of AzoKP-1. 

 
Figure 3.122: 1H, 1H- TOCSY-NMR of AzoKP-1. 
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Figure 3.123: 1H, 1H-NOESY-NMR of AzoKP-1. 

 
Figure 3.124: 1H, 1H-COSY-NMR of AzoKP-1. 
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Figure 3.125: A) UV/VIS spectra of trans- and cis-AzoKP-1; illumination with 365 nm (trans→cis) and 445 nm 

(cis→trans). B) Kinetics of AzoKP-1. C) Bistability of AzoKp-1. 
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AzoKP-2 

 
Figure 3.126: Analytical HPLC spectrum of AzoKP-2 with a water/acetonitrile gradient of 95/5 →20/80 in 40 

min. Rf: 20.1 min (cis) and 22.3 min (trans). 

 
Figure 3.127: HRMS spectrum of AzoKP-2: HRMS (+ESI) m/z calc. for C69H89N19O14

2+ [M + 2H]2+: 703.8413; 
found: 703.8426. Calc. for C71H86N17O11

+ [M + H]+: 1406.6753; found: 1406.6809. : HRMS (−ESI) 
m/z calc. for C69H89N19O14

2- [M + FA – 2H]2-: 724.8294; found: 724.8297.  
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Table 3.14: Chemical shifts of 1H-NMR and 13C-NMR AzoKP-2 in DMSO-d6. 

residue 1H-NMR 13C-NMR 

Tyr NH 7.96, Hα 3.89, Hβa 2.92, Hβb 2.66, Hδ 
7.04, Hε 6.68, 

Cα 54.1, Cβ 36.7, Cγ 125.3, Cδ 115.8, Cε 
131.0 

Asn NH 8.71, Hα 4.62, Hβa 2.61, Hβb 2.50 Cα 50.2, Cβ 37.6 

Trp NH 8.20, Hα 4.51, Hβa 3.16, Hβb 2.96, Hδ1 
7.15, Hε2 7.58, Hζ3 6.94, Hη2 7.02, Hζ2 7.28 

Cα 53.9, Cβ 27.9, Cγ 110.3, Cδ1 124.1, Cε2 
118.8, Cζ3 118.7, Cη2 121.3, Cζ2 111.7 

Asn NH 8.30, Hα 4.63, Hβa 2.61, Hβb 2.50 Cα 50.2, Cβ 37.6 

Ser NH 8.01, Hα 4.19, Hβa 3.55, Hβb 3.50, Hγ 
4.97 

Cα 56.2, Cβ 61.8 

Phe NH 8.08, Hα 4.43, Hβa 3.07, Hβb 2.89, Cδ 
7.22, Hε 7.24, Hζ 7.16 

Cα 55.0, Cβ 37.4, Cγ 138.3, Cδ 129.6, Cε 
128.5, Cζ 126.7 

Gly NH 8.11, Hα 3.72 Cα 42.5 

Leu NH 7.86, Hα 4.30, Hβa 1.44, Hβb 1.36, Hγ 
1.56, Hδa 0.81, Hδb 0.78 

Cα 51.4, Cβ 41.2, Cγ 24.4, Cδa 23.6, Cδb 
22.0 

Arg NH 8.12, Hα 4.24, Hβ* 1.45, Hγa 1.66, 
Hγb1.53, Hδ 3.05 

Cα 25.7, Cβ 25.4, Cγ 29.3, Cδ 40.9 

AzoPhe NH 7.92, H1 4.51, H2a 3.11, H2b 2.93, H4/8 
7.43, H5/7 7.80, H12/16 7.86, H13/15 7.59, 

H14 7.59 

C1 53.9, C2 37.9, C3 142.2, C4/8 130.7, C5/7 
122.8, C6 151.0, C12/16 122.9, C13/15 129.9, 

C14 131.8 

 

 
Figure 3.128: 1H-NMR of AzoKP-2. 
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Figure 3.129: 1H, 13C-HSQC-NMR of AzoKp-2. 

 
Figure 3.130: 1H, 1H-TOCSY-NMR of AzoKP-2. 
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Figure 3.131: 1H, 1H-NOESY-NMR of AzoKP-2. 

 
Figure 3.132: 1H, 1H-COSY-NMR of AzoKP-2. 
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Figure 3.133: A) UV/VIS spectra of trans- and cis-AzoKP-2; illumination with 340 nm (trans→cis) and 455 nm 

(cis→trans). B) Kinetics of AzoKP-2. C) Bistability of AzoKp-2. 
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AzoKP-3 

 
Figure 3.134: Analytical HPLC spectrum of AzoKP-3 with a water/acetonitrile gradient of 95/5 →20/80 in 40 

min. Rf: 20.2 min (cis) and 22.4 min (trans). 

  

 
Figure 3.135: HRMS spectrum of AzoKP-2: HRMS (+ESI) m/z calc. for C69H89N19O14 [M + 2H]+: 703.8413; 

found: 703.8425. Calc. for C71H86N17O11 [M + H]+: 1406.6753; found: 1406.6804. : HRMS (−ESI) 
m/z calc. for C69H87N19O14

− [M – H]−: 1404.6607; found: 1404.6640.  
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Table 3.15: Chemical shifts of 1H- and 13C-NMR of AzoKP-3 in DMSO-6. 

residue 1H-NMR 13C-NMR 

Tyr NH 7.97, Hα 3.90, Hβa 2.93, Hβb 2.67, Hδ 
7.03, Hε 7.67 

Cα 54.1, Cβ 36.9, Cγ , Cδ 125.3, 131.0, Cε 
115.8, Cζ 157.0 

Asn NH 8.72, Hα 4.63, Hβa 2.61, Hβb 2.50, Hδa 
7.05, Hδb 7.48 

Cα 50.2, Cβ 37.6 

Trp NH 8.19, Hα 4.53, Hβa 3.18, Hβb 3.02, Hδ2 
7.15, Hε3 7.58, Hζ3 6.94, Hη2 7.03, Hζ2 7.27 

Cα 54.3, Cβ 37.3, Cδ2 124.1, Cε3 118.8, Cζ3 
118.7, Cη2 121.3, Cζ2 111.7 

Asn NH 8.30, Hα 4.63, Hβa 2.61, Hβb 2.50, Hδ 
6.67, Hδa 7.05, Hδb 7.48 

Cα 50.2, Cβ 37.6 

Ser NH 8.01, Hα 4.21, Hβa 3.59, Hβb 3.54, Hγ 
4.96 

Cα 56.2, Cβ 61.7 

AzoPhe NH 8.19, H1 4.53, H2a 3.18, H2b 2.98, H4/8 
7.47, H5/7 7.80, H12/16, 7.87, H13/15 7.60, 

H14 7.57 

C1 54.3, C2 27.9, C3 142.4, C4/8 130.8, C5/7 
122.9, C6 151.0, C11 152.4, C12/16 122.9, 

C13/15 129.9, C 14 131.8 

Gly NH 8.18, Hα 3.75 Cα 42.5 

Leu NH 7.89, Hα 4.33, Hβa 1.46, Hβb 1.41, Hγ 
1.60, Hδa 0.87, Hδb 0.83 

Cα 51.4. Cβ 41.2, Cγ 24.5, Cδa 23.6, Cδb 
22.0 

Arg NH 8.10, Hα 4.21, Hβa 1.44, Hβb 1.39, Hγa 
1.63, Hγb1.51, Hδ 3.06, Hε7.03, 

Cα 52.8, Cβ 25.4, Cγ 29.3, Cδ 40.9 

Phe NH 7.82, Hα 4.43, Hβa 3.01, Hβb 2.82, Hδ 
7.21, Hε 7.24, Hζ 7.16 

Cα 54.0, Cβ 38.0, Cγ 138.1, Cδ 129.6, Cε 
128.5, Cζ 126.7 

 

 
Figure 3.136: 1H-NMR of AzoKP-3. 
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Figure 3.137: 1H, 13C- HSQC-NMR of AzoKP-3. 

 
Figure 3.138: 1H, 1H-TOCSY-NMR of AzoKP-3. 
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Figure 3.139: 1H, 1H-NOESY-NMR of AzoKP-3. 

 
Figure 3.140: 1H, 1H-COSY-NMR of AzoKP-3. 
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Figure 3.141: A) UV/VIS spectra of trans- and cis-AzoKP-3; illumination with 340 nm (trans→cis) and 455 nm 

(cis→trans). B) Kinetics of AzoKP-3. C) Bistability of AzoKp-3. 
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General Remarks 

Apparatus and glass ware 

Magnetic stirring was used for all reactions and, if necessary, the Schlenk technique was used 

with oven dried glassware under nitrogen or argon atmosphere.  

Chemicals, solutions and compounds 

The chemicals and solutions (p.a.) used were either purchased from Sigma-Aldrich 

(Munich/Germany), ABCR (Karlsruhe/Germany) or VWR (Ismaning/Germany). Compounds 

and resins for SPPS were purchased from, Orpegen Peptide Chemicals, Rapp Polymere or 

NovaBiochem. If necessary, solvents were distillied over sodium and benzophenone prior to 

use. 

Flash column chromatography and thin-layer chromatography 

Flash chromatography was done on silica gel (grain size 35-70 μm, Acros Organics, 

Geel/Belgium) with nitrogen pressure. Thin-layer chromatography reaction control was 

undertaken on aluminium foils (silicagel 60 F254, Merck KGaA, Grafen/Germany). 

Compounds were detected utilising either fluorescence quenching at λ = 254 nm or by dyeing 

with ninhydrin solution (1.5 g ninhydrin, 15 mL glacial acetic acid and 500 mL methanol) or 

Seebach-reagent (2.5 g Phosphomolybdic acid, 1.0 g Cerium (IV) sulfate tetrahydrate, 6 mL 

conc. Sulfuric acid and 94 mL dest. water). 

Peptide Synthesizer 

Unless otherwise mentioned, peptides were synthesized CEM Liberty Blue Peptide Synthesizer 

with a CEM Discovery Microwave (CEM GmbH, Kamp-Lintfort/Germany) under standard 

Fmoc conditions (with or without microwave). 

Analytical reversed-phase HPLC 

Analytical RP-HPLCs were performed on Jasco (Jasco Germany GmbH, Groß-

Umstadt/Germany) devices (HPLC-pump PU-2080 Plus, gradient unit LG-2080-02-S, degasser 

DG-2080-53 and diode array detector MD-2010 Plus) with a Phenomenex 

(Aschaffenburg/Germany) Aeris column (C18, 5 μm, 250 x 4.6 mm) for peptides and 
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Phenomenex Luna column (C18, 5 μm, 250 x 4.6 mm) for all other molecules. As eluent, a 

water/acetonitrile gradient with 0.1% TFA with a flow of 1 mL/min was used.  

Semi-preparative reversed-phase HPLC 

Semi-preparative RP-HPLCs was performed on Jasco (Groß-Umstadt/Germany) devices (PU-

2087 Plus, LG-2080-02-S and UV/Vis detector UV-2075 Plus) with a Phenomenex 

(Torrance/USA) Aeris column (XBC18, 5 μm, 250 x 21.2 mm) for peptides and Phenomenex 

Luna column (XBC18, 5 μm, 250 x 20 mm) for all other molecules. As eluent, a 

water/acetonitrile gradient with 0.1% TFA and 18-20 mL/min flow was used. 

NMR spectroscopy 

NMR spectra were recorded on Varian (Darmstadt/Germany) AC 300 (300 MHz), WH 400 

(400 MHz) and AMX 600 (600 MHz), as well as on Bruker (Billerica/USA) AV-III (800 MHz) 

devices. Chemical shifts δ are denoted in ppm based on TMS (δ = 0) as external standard. 

Deuterated solvents CDCl3, CD3OD, CD3OH and DMSO-d6 were used for all measurements and 

the residual solvent peaks [δ (CDCl3) = 7.26, δ (CD3OD) = 3.31 and δ (DMSO-d6) = 2.50 ppm] 

were used as internal standard. J-coupling constants are given in Hz and the multiplicity is 

abbreviated as s = singlet, d = doublet, t = triplet, q = quartet and m = multiplet. The analysis 

of the NMR spectra was carried out with the help of MestReC V14.3.1-31739 (Mestrelab 

Research, Santiago de Compostela/Spain) software. 

Mass spectrometry 

The resolution of EI-MS is 1000 u and of HR-EI-MS is 5000 u. Electron spray ionisation (ESI) 

measurements were performed on a Thermo Finnigan LTQFT (Thermo Fisher Scientific Inc., 

Waltham/USA) mass spectrometer. The measured values are denoted in m/z. 

UV/Vis spectroscopy 

UV spectra were recorded on a VARIAN Cary 50 UV/Vis spectrometer. Compunds stirred in 

phosphate buffer (10 mM pH 7.5) and 1% dmso were illuminated in Quartz cuvettes (d = 1 cm) 

by a light fiber cable from above. 
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CD spectroscopy 

CD measurements were done on a Jasco 810 CD spectrometer with a Jasco CDF-4265 Peltier-

Element (Jasco Germany GmbH, Groß-Umstadt/Germany) and phosphate buffer (10 mM, pH 

7.5) and trifluoroethanol (80:20) and 1 mm cuvettes. Recorded spectra were evaluated with the 

software Origin 2018 (OriginLab Corporation, Northampton/USA) and smoothed with a 20-

point Savitzky-Golay[365] filter and secondary structure prediction was done with BeStSeL 

(Beta Structure Selection, BeStSel™ (2014-2024) – ELTE Eötvös Loránd University, 

Budapest, Hungary)[366-368]. 
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