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Abstract
Teil 1

Aufgrund der stetigen Zunahme der Krebserkrankungen in allen Bevolkerungsgruppen ist das
Interesse der Forschung an neuen Behandlungsmdglichkeiten grof. Behandlungen mit
herkdmmlichen Therapien, wie die Chemo- oder Strahlentherapie, gehen mit schweren
Nebenwirkungen und Verminderung der Lebensqualitét des Patienten einher. Daher riickt die
Immuntherapie als Alternative in den Blickpunkt der aktuellen Forschung. Von Bedeutung sind
in dieser Therapie die Oberflichenproteine der malignen Zellen. Diese oftmals
iiberexprimierten Glycoproteine! sind zum Beispiel Ausgangspunkt fiir die Entwicklung
therapeutischer Vakzine. Der in den malignen Zellen verdnderte Stoffwechsel, der mit einer
Herunterregulierung der Glycosyltransferasen einhergeht, ist die Ursache fiir das Auftreten
verkiirzter Glycane.”! Diese werden als tumorassoziierte Antigene bezeichnet. Zwei wichtige
tumorassiziierte Antigene sind das Tn- und das T-Antigen der tandem repeat sequenz des

Mucins MUC1, einem Oberflichenprotein epithelialer Zellen.®!

Wihrend die Peptideptiope in gesunden Zellen durch die langen Kohlenhydratketten
abgeschirmt sind, liegen sie in Tumorzellen frei und sind fiir das Immunsystem zugénglich.!”]
Dieser Unterschied ermdglicht es, die tumor-assoziierten Glycopeptide zur Entwicklung von
Vakzinen zur Erforschung der Krebsimmunotherapie zu entwickeln. Dabei muss jedoch eine
Toleranz des Immunsystems gegeniiber den tumorassoziierten Antigenen und somit den
Tumorzellen verhindert werden. Eine Verkniipfung der Vakzine mit Immunostimmulanzien,
wie Carrier-Proteinen, zur Steigerung der Immunogenitét der Glycoproteine ist eine bewéhrte
Strategie. Dabei werden die Glycoproteine iiber einen Spacer mit Tetanus-Toxoid (TTox) oder

KRN7000 verbunden.!” 8!

Ein Problem stellt die geringe Bioverfiigbarkeit von Glycopeptiden dar, da diese von Proteasen
und Glycosidasen im Kérper abgebaut werden. Um eine hohe Wirksamkeit der Vakzine zu
erzielen, muss daher deren Stabilitdt erhoht werden. Einflussnahme ist beispielsweise unter
Einsatz von Peptidmimetika mdglich. Diese imitieren mit Hilfe eines unnatiirlichen Riickgrats
Primér- und Sekundirstrukturen natiirlicher Peptide und kénnen als Pharmakophore eingesetzt

10]

werden.['”) Der Einsatz solcher Verbindungen fiihrt in der Regel zu einer hdheren

metabolischen Stabilitét und folglich héheren Bioverfiigbarkeit.
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ABSTRACT

Die in dieser Arbeit verwendeten Peptidmimetika, die von Niu et. al.!/’’/ entwickelten
sogenannten AA-Peptide (N-acylierte-N-Aminoethyl-Aminosduren), wurden urspriinglich von
chiralen PNAs (Peptidnukleinsduren) abgeleitet. AA-Peptide stimmen in der Anzahl an
Seitenketten und funktionellen Gruppen mit natiirlichen Peptiden tiberein. Im Peptidriickgrat
alternieren natiirliche sekundidre Amide mit tertidren Amiden. Hieraus ergibt sich auch eine
Alternierung der natiirlichen Seitenketten mit der N-acyl-Seitenkette. Die Position der
natiirlichen Seitenkette unterteilt die AAPeptide in die zwei Formen: das a-AAPeptid mit der
natiirlichen Seitenkette in a-Position und das y-AAPeptid mit der Seitenketten in y-Position.
Die tertidren N-acyl-Amide erhdhen die Flexibilitdt des Peptides und verdndern inner- und
intramolekularen Wechselwirkungen, wodurch die Eigenschaften des AAPeptids modifiziert

werden.[!!]

In dieser Arbeit wurden die y-AAPeptid-Mimetika-Strukturen des Tn- und des T-Antigens
synthetisiert. Die Synthese der Zuckers und des y-AAPeptids wurde in meiner Masterarbeit
erarbeitet.['?) Nach Aufbau des tertiiren Amids durch Kupplung des y-AAPeptids mit dem Tx-
Antigen, respektive dem T-Antigen wurden die beiden Festphasenbausteine 2.9 und 2.12
gewonnen. Diese wurden in in die tandem repeat-Sequenz des epithelialen Mucins MUC1 mit

Hilfe der mikrowellenunterstiitzten Festphasenpeptidsynthese eingebaut.

Teil 2

Die Kontrolle biologischer Prozesse stand schon immer im Fokus naturwissenschaftlicher
Forschung. Die Kontrolle oder Manipulation solcher Prozesse ermoglicht einen Einblick in die
Funktion, wie auch in iibergeordnete oder untergeordnete Systeme. Um diese Prozesse besser
verstehen zu konnen, ist geeignetes Werkzeug notwendig. Dieses muss jedoch einigen
Anforderungen entsprechen, um eine Verfialschung der Ergebnisse durch duflere Einwirkung
zu verhinden. Auf zelluldrer Ebene finden Prozesse auf spatiotemporale Weise statt. Licht, als
nicht-invasives Instrument mit spatiotemporaler Prézission bietet die Mdglichkeit, solche

Prozesse zu steuern.!?!

Notwendig sind hierfiir lichtempfindliche Molekiile, sogenannte Photoschalter, die durch
Einwirkung von Licht Verdnderungen in der Konformation und/oder der Polaritét eingehen.
Azobenzole, welche durch Belichtung mit bestimmten Wellenldngen zwischen der E (¢rans)

und Z (cis) Konformation in Pikosekunden isomerisieren'¥], zeichnen sich durch ihre
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synthetisch zugéngliche Variabilitit aus. Durch Einbau von Photoschaltern in Peptide kann die
Sekundirstruktur des Peptids durch Isomerisierung beeinflusst werden.['> '3 In dieser Arbeit
wurde eine Reihe von Photoschaltern synthestisiert, um diese an verschiedenen Positionen

kurzer linearer und cyclischer Peptide einzubauen.

Des Weiteren wurden die Festphasenbausteine der Photoschalter AzoPhe und AMPP, sowie

Derivate von AzoPhe und AMPP synthetisiert und in folgende Peptide eingebaut.



ABSTRACT

Azo-Carbetocin

Carbetocin ist ein Mimetikum des Hormons Oxytocin. Oxytocin (griechich: schnelle Geburt)
ist ein cyclisches Peptid bestehend aus neun Aminoséuren, welches bei der Geburt die
Kontraktion der Gebarmuttermuskulatur anregt und die AbstoBung der Plazenta erleichtert.[!®]
Im zentralen Nervensystem dient Oxytocin vor allem als Neurotransmitter und beeinflusst das
soziale Verhalten, unter anderem Angst, Stress, Lern- und Erinnerungsprozesse.!'”) Oxytocin
unterscheidet sich in nur zwei Aminosduren von den Vasopressinen, was in einer geringen
Selektivitdt gegeniiber den Vasopressin-Rezeptoren resultiert. Des Weiteren besitzt Oxytocin
eine sehr kurze Halbwertszeit und daher eine niedrige Bioverfiigbarkeit. Aus diesem Grund
wurde Carbetocin entwickelt!'®), welches eine deutlich hohere Halbwertszeit und eine hohere
Bioverfiigbarkeit aufweist.['’l Des Weiteren besitzt Oxytocin eine hohe Selektivitit gegeniiber
dem Oxytocin-Rezeptor.?”) Dennoch handelt es sich bei Carbetocin um einen partiellen

1.[20, 21

Agonisten mit Unterschieden in der Signaltransduktio I Um diese Unterschiede zu

untersuchen, eignen sich photoschaltbare Carbetocin Derivate.

Hierfiir wurden sechs Carbetocin Derivate synthetisiert, wobei die Photoschalter entweder als
Seitenkette oder in das Peptid-Riickgrat mit Hilfe der Festphasen-Peptidsynthese eingebaut
wurden. Je nach Position und Art des Photoschalters unterschieden sich die Azo-Carbetocine
(ACBT) in der Selektivitit und der Stirke der agonistischen oder antagonistischen
Eigenschaften. Diese Eigenschaften wurden mit Hilfe von Calcium imaging getestet (Dr. uliia
Karpenko; Faculty of Pharmacy, University of Strasbourg). Wiahrend ACBT2 der einzige
OXTR-Agonist ist, stellte sich ACBT6 als der stirkste OXTR-Antagonist heraus. Die
Internalisierung des Oxytocinrezeptors wurde mittels konfokaler Mikroskopie untersucht.
Wihrend der schwache Agonist ACBT2 keine Internalisierung des Rezeptors einleitete, bewies

sich cis-ACBT6 als starker Antagonist flir den Oxytocinrezeptor.

Azo-Kisspeptin

Kisspeptin wurde 1996 als Metastasesuppressor entdeckt??!, weshalb es zuniichst den Namen
Metastatin trug. Erst flinf Jahre spater wurde Kisspeptin als Ligand fiir den Rezeptor GPR54
entdeckt. Die Bindung von Kisspeptin an GPR54 fiihrt zur Ausschiittung von Gonadotropin-
Releasing-Hormon, ein Hormon, das fiir die Freisetzung von luteinisierendem Hormon (LH)

und follikelstimulierendem Hormon (FSH) verantwortlich ist.[?3!

XI



Mutationen im GPR54-kodierenden Genabschnitt fithren zu autosomal rezessivem
iodopathischem hypogonadotropischem Hypogonadismus®* 231 einer Erkrankung mit

unvollstindiger oder ausbleibender Pubertit.

Unter den Kisspeptinliganden (KP-13, KP-14, KP-54) ist KP-10 das kiirzeste natiirliche
Peptid.?®)  Anhand von Alaninscans konnten die fiir die Bindung und Rezeptoraktivierung
essentiellen Aminosiuren analysiert werden. Zwei aromatische Aminosiuren Phe6 und Phel0
bilden einen Cluster, der fiir die Bindung an GPR54 wichtig ist. Dadurch ergaben sich drei
Substitutionsmdglichkeiten mit Photoschaltern. In AzoKP-1 (NS6AMPP) sollte AMPP neben
Phe6 einen moglichst groBen Einfluss auf Rezeptor-Bindung haben. In AzoKP-2 (F10AzoPhe)
und AzoKP-3 (F6AzoPhe) wurden die essentiellen Phenylalanine gegen AzoPhe substituiert,

um einen Einfluss auf die Clusterbildung zu gewinnen.!?’!

Die photoschaltbaren Kisspeptin-Analoga wurden mittels Patch clamp (Dr. Jian Qiu; Group of
Prof. Dr. Martin J. Kelly, Oregon Health and Science University) und in vitro Zellstudien (Dr.
Jan-Erik Hoffmann; Group of Prof. Dr. Carsten Schulz, Oregon Health and Science University)
untersucht. Das mit AMPP substituierte AzoKP-1 zeigte keine Bindung an den untersuchten
Rezeptoren. Das AzoPhe-Analogon AzoKP-2 hingegen zeigte eine deutliche Aktivierung von
GPR54 nach Belichtung, jedoch etwas schwécher als das natiirliche KP-10. Die Belichtung von
AzoKP-3 fiihrte hingegen zu einer Hypopolarisierung durch Bindung an NPFFR1, was durch

die in vitro Zellstudien bestétigt werden konnte.
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MICROWAVE-ASSISTED SOLID-PHASE PEPTIDE SYNTHESIS

1 Microwave-assisted solid-phase peptide synthesis

1.1 Introduction

For the treatment of diseases, peptides have been in the shadow of small molecules for a long
time. This is mainly due to their major drawbacks. These drawbacks are their in vivo instability
due to enzymatic degradation, their size-dependent low ability for membrane diffusion and their
incapacity to cross the blood-brain barrier.?®) Whereas the high instability towards proteases
and peptidases is an essential characteristic for peptides, these characteristics hinder the oral
delivery of peptides. But peptides also have several advantages. With an infinite way of
combining their building blocks, it is possible to develop a great variety of different structures
and therefore peptides have the highest ability to fulfil any biological demand as potency,
specificity, selectivity and target affinity.?” While hepatic metabolism of small molecules with
its non-mechanistic based toxicity is a challenging problem, these problems are rarely observed

with peptide drugs.’!

But most important in the last two decades, there was extensive progress in solid-phase peptide
synthesis (SPPS) which not only shortened the coupling and deprotection steps with the help of
microwave-assisted synthesis and thus reduced time consumption from one hour per amino acid
to a minimum of 2 — 4 minutes allowing the formation of libraries."*!) The combination of SPPS
with Native Chemical Ligation (NCL) enables the synthesis of functional proteins such as

bacterial polymerases.> 3]

One of the major advances of SPPS, especially in the field of pharmacological science, is the
possibility of post-translational modification (PTM) of peptides. PTMs can be selectively
introduced in two different ways. First, modified SPPS-building blocks can be synthesised and
second, with the use of different protecting groups, modifications can be introduced on the side-
chains and C- and N-termini after assembly of the peptide bonds. Examples for these post-
translational modifications are the cyclization of Oxytocin**, the formation of disulfid-bridges

of Insulin®! or the huge variety of MUC-1 glycopeptides.!”!

But from the very beginning of the first synthesized peptides to the micro-wave assisted SPPS
using Fmoc-Strategy has been a long way. The very first peptide was synthesised by T. Curtius
in 1882, using the silver salt of glycine and benzoylchloride, resulting in an N-protected Gly-
Gly dipeptide. Later, E. Fourneau and E. Fischer were able to synthesise and publish the first
free Gly-Gly dipeptide by hydrolysis of diketopiperazine.l**! Emil Fischer, also introduced the



terminology “peptide” in 1902 and synthesised an 18 amino acid long peptide using an acyl
chloride coupling method in 1907.37) Since easily removable protecting groups were not
available, the peptide synthesis was severly limited. The development of the carbobenzoxy
group (Cbz or Z) by Bergmann and Zervas in 1932, an amino protecting group cleavable by
catalytic hydrogenation, paved the way for the next step.[**) Modern peptide chemistry started
with the elongation at the N-terminus and the use of temporary protecting groups. The first
natural hormone, oxytocin, was synthesised by du Vigneaud et al. in 19533, earning him the
Nobel Prize in Chemistry in 1955. Some years later, the orthogonality of protection groups for
peptide synthesis was developed by introducing the acid-labile tert-butoxycarbonyl (Boc)
group by Albertson and McKay!"®”), which is still one of the principles of peptide synthesis
today. Whereas the early peptides were synthesised in solution, R. B. Merrifield published the
first solid phase peptide synthesis (SPPS) in 1963 using a chloromethylated nitropolystyrene
resin.*’l Later, he improved the procedure by using a chloromethylcopolystyrene-
divinylbenzene resin and N-Boc-protected amino acids.*!! Merrifield also received the Nobel
Prize for his work on solid matrix in 1984. The use of 9-fluorenylmethoxycarbonyl group
(Fmoc) by Han and Carpino in 1970121 perfected the orthogonal synthetic strategy and
established the nowadays mainly used Fmoc/t-Bu approach. Since then, new protecting groups,
technical inventions like automated SPPS machines and the use of microwave-assisted

synthesis has pushed the field of peptide chemistry into new areas.
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Scheme 1.1: General synthetic strategy of solid phase peptide synthesis.[**]

Today, a typical synthetic strategy for SPPS is described as schown in Scheme 1.1. On a
commercially available preloaded resin, the first amino acid is detached to the resin by a linker
molecule. In the first step, the Fmoc-protected amine is deprotected under basic conditions,
while the side-chain protecting groups remain due to their orthogonality. The cycle ends with
the coupling of the second amino acid. After the coupling of the last amino acid, the peptide
can be cleaved from the resin and the side-chain protecting groups under acidic conditions,

e [44]

resulting in fully unprotected peptide.'**! Each of these steps is described in detail below.



1.2 Synthesis of pharmacologically active peptides

1.2.1 The resin

Planning a SPPS starts with the right choice of the solid support, or the solid phase, the resin.
The polymeric solid support consists of small beads, mostly derived from polystyrene cross-
linked with 1-2% divinylbenzene. Further solid supports consist of polyethylene glycol (PEG)

43,461 Commercial ones

or polyethylene glycol-acrylamide (PEGA) copolymers, for example.!
are usually available in two different particle sizes; 100-200 mesh (75-150 um) or 200-400
mesh (35-75 pm). The mesh size is defined in the number of openings per square inch, which
are the entry to the polymer network inside the beads where the elongation of the peptide takes
place. Diffusion into the 3D polymer network is one of the most important factors for coupling
reactions and the diffusion rates affect the reaction kinetics dramatically.** 47! Resins swell in
aprotic solutions like N,N-dimethylformamide (DMF), N-Methyl-2-pyrrolidon (NMP) or
dichloromethane (DCM) up to a multiple of their size and thus swelling properties influence
the diffusion rate.*8! The connection between a growing peptide chain and the solid support is
the linker, which should be stable to all chemicals used in SPPS and easily (and sometimes
orthogonally) detachable without the formation of by-products. There are a number of different
linkers which all fulfil their special requirements, and the resin is usually named after the linker.
However, one the most frequently used solid supports is the Wang resin,*”! which is stable
under basic conditions and weak acids. Detachment of the resin needs a treatment of 90-95%
TFA for 1-2 h, which allows selective deprotection of strongly acid labile side-chain protection
groups. C-terminal proline attached to a Wang resin or other sterically unhindered linker
molecules lead to diketopiperazine formation after Fmoc-deprotection.’%! For this purpose,
sterically hindered resins like the 2-chlorotrityl resin are used preferably.®!! Furthermore, 2-
chlorotrityl resins allow the detachment of the fully protected peptide by treatment with 1-5%
TFA in DCM 1-20 min, without affecting the side-chain protecting groups. This procedure
allows selective N- to C-terminal cyclisation. Moreover, with the choice of the right resin C-
terminal amides, esters, alcohols etc. can be furnished after global deprotection.[*?! C-terminal
amides, which may reduce the overall solubility of the peptide on one hand, can on the other
hand increase the biological activity and stability against enzymatic degradation on the other.[>*]

Therefore, Rink amide resins are used and peptides can be detached by 50% TFA in 1 h.
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1.2.2 The side-chain protection groups

The synthesis of peptides is based on the principle of the orthogonality of the protecting
groups.> 33 In Fmoc-chemistry®®!, acid labile side-chain protecting groups are chosen and
called permanent protecting groups (Figure 1.1). For the N-terminus, Fmoc is used as a base
labile temporary protecting group. This protecting group strategy prevents side reactions of the
side-chains, which would result in branched peptides, complicating purification of the desdired

product.

o~ 0

Asp Asnh Asn
Glu Lys \4/ Cys Cys OY
Ser Trp 0O  His His HN
Thr Gln Arg O=S=0 Cys
Gln 1
Bu Boc

Tyr Lys

Trt Mmt Pbf Acm

Figure 1.1:  Common side-chain protecting groups used in SPPS.[4357]

For arginine, 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) is the most common
side-chain PG, cleavable with 90% TFA in 1 h. For peptides containing multiple Arg, longer
treatment with TFA is recommended. Aspartic and glutamic acid are usually protected with
tert-butyl ester (O’'Bu), which can be also cleaved with 90% TFA in about 30 min. Asparagine,
glutamine, cysteine and histidine are protected with triphenylmethyl (Trt) and deprotection with
90% TFA gives free side-chains in 30-60 min. Ser, Thr (90% TFA, 30 min) and Tyr (35% TFA)
are usually available as ‘Bu-protected SPPS building blocks and Trp and Lys normally used as
Boc-protected amino acids, cleavable with 90-95% TFA for 1 h. For selective deprotection of
single side-chains without affecting the attachment on the resin, a number of PGs are available.
In this manner, Lys and Cys side-chains can be selectively deprotected for cyclisation or
formation of disulfide-bridges. For Lys, the most common PGs are p-methyltrityl, (Mtt, 1%
TFA, 30 min) or 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl (ivDde, NHOH-HCI,
imidazole). For Cys side-chains, p-methoxytrityl (Mmt, 1% TFA) or acetamidomethyl (Acm,
stable to TFA, selective deprotection and simultaneous disulfide-bond formation with 12) are

available.[*>- 58]

1.2.3 Coupling reagents

The backbone of peptides consists of iterative amide linkages, the peptide bonds, and their

formation is the crucial step of any peptide synthesis. Since, ammonium salts would be the



result of a direct treatment of an amine with a carboxylic acid, a number of different coupling
reagents have been developed for smooth formation of peptide bonds.>®! Coupling reagents
activate the carboxylic acid by transforming the OH-group in to a good leaving group. The
peptide bond is formed by a nucleophilic attack of the amino group of another amino acid.
Three classes of coupling reagents are basically used, Carbodiimids, Phosphonium salts and
Uronium salts, but active esters, anhydrides, acyl azides and many others are also suitable in
some cases. Side reactions in the formation of peptide bonds can be problematic and each
activation strategy has its advantages and disadvantages.[**! Up to a ten-fold excess of coupling

reagent and amino acids are used to guarantee complete coupling.*!

0.9
0.8
0.7
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Figure 1.2:  Theoretical yield by 99 % coupling efficacy each step.[®”]

Mathemathically, the coupling 19 amino acids with a 99% yield each step would result in an
overall yield of 83% for a 20 amino acid peptide (Figure 1.2).1° Capping with acetic anhydride
after crucial steps*” is the one way to avoid peptide chains with a single deletion, which

impedes purification due to similar polarity.
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Figure 1.3:  Common coupling reagents in SPPS.[!]
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N,N’-Dicyclohexylcarbodiimide (DCC)!®* is a coupling reagent frequently used in the
formation of ester and amides. The formation of insoluble urea byproducts as major drawback
led to the invention of N,N’-diisopropylcarbodiimide (DIC) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC).!%] In SPPS, DCC is replaced by DIC, which is
used in combination with Oxyma pure® 1-Hydroxy-7-azabenzotriazol (HOAt) or 1-
Hydroxybenzotriazol (HOBt) to form the corresponding active esters (Figure 1.3).
Carbodiimides react with carboxylic acids to acylisourea, an intermediate which is too reactive
for the direct conversion into amides. Racemisation and the slow [1,3]-acyl shift under
formation of N-acylurea are undesired reactions, which should be avoided. Therefore, the

addition of activation bases like HOBt, HOAt or Oxyma pure® are necessary.[>”]

For the solution phase peptide synthesis, EDC is widely used, valued for its good water
solubility and easy removal of excess EDC or its corresponding urea in the work up. (2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)®! and (1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophos-
phate (HATU)!%®! are the most popular representatives of uronium salt reagents. Moreover,
HATU/HOAt gives better coupling yields with less racemisation then HBTU/HOBt or
Benzotriazol-1-yl-oxytripyrrolidinophosphonium-hexafluorophosphat  (PyBOP).1*” 8] The
nitrogen in position 7 of HOAt stabilises a seven-membered transition state with its directing

properties, which fastens the reaction and minimises racemisation.!®’!

A drawback of uronium salts, is the need of pre-activation in order to prevent a reaction with
the free N%amino group, leading to truncated peptides with N-terminal guanidino or
carbodiimide groups. In contrast, in situ-activation is possible with phosphonium salts like
PyBOP, as they do not react with N®-amines.[®®! Phosphonium and uronium salt reagents need
an excess of tertiary bases in order to form carboxylate ions. Typically, two equivalents of N,N’-

diisopropylethyl amine or N-methyl pyrrolidine are used.[”"!

1.2.4 Cleavage and deprotection

The cleavage strategy depends strongly on the peptide sequence and can vary in cocktail

7] For cleavage, TFA is used in high

composition, reaction time or the need of inert gas.
concentrations. The treatment of the resin bound peptide with TFA leads to the formation of
cations. These more or less stable cations have to be quenched by scavenger reagents in order
to prevent the alkylation of unprotected side-chains. Two cleavage cocktails,

TFA/phenol/water/TIPS (eq.: 88/5/5/2) and TFA/phenol/water/TIPS (eq.: 88/5/5/2) are widely



used, as they are compatible with any sequences.’’! Whereas most amino acid side-chains can
be deprotected under air, Cys, Trp and Met containing peptides should be treated maximal for

2 h under inert gas and light exclusion to avoid oxidation under acidic conditions.!”!)

1.2.5 SPPS of the long peptide Ghrelin

Ghrelin is the endogenous ligand for the growth hormone secretagogue receptor GHSR-1a.["?]

Synthesised on membrane-bound ribosomes, the 117-residue pre-proghrelin is translocated into
the lumen of the rough endoplasmic reticulum.[®! After cleavage by peptidases, 94-residues
long proghrelin undergoes post-translational O-n-octanoylation at Ser3 by the ghrelin O-
acyltransferase (GOAT) in the endoplasmic reticulum,’* 7°! which is essential for ghrelin’s
effects on systemic metabolism. During the vectoral transport of acylated proghrelin to the
Golgi complex, cleavage at the C-terminal Pro-Arg site results in the formation of the 28-aa
long ghrelin.’8! Ghrelin has a number of functions and by binding to GHS-R1a, ghrelin
activates orexigenic neural circuits!’”), stimulation of gut motility and gastric acid secretion!’®!,
as well as modulation of sleep!””), regulation of glucose metabolism, stress and anxiety. The
importance of acylation is shown by the inability of Des-acyl-ghrelin to bind to GHS-R1a at

physiological concentrations. !
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Figure 1.4:  Ghrelin-GGCG-OH (1.1) with its acylated Ser3.["]

1.2.5.1 Results and Discussion

In order to investigate activation and internalisation of G protein coupled receptors, tethered
pharmacology is a very successful tool. Therefore, a benzyl guanine-linked Ghrelin which
allows a SNAP-tag directed activation of its receptor GHS-R1a was developed by Podewin. et.
al.l!
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Scheme 1.2: Side reaction during each deprotection step in SPPS with C-terminal Cysteine under formation of
piperidy! alanine.

For the coupling of BG-amine, a C-terminal Cysteine containing GGC linker was needed. A
challenging side-chain reaction of C-terminal Cysteines in SPPS however, is the formation of
piperidinyl alanine under basic conditions. During each deprotection cycle of the Fmoc-
protected amines, B-elimination takes place followed by the addition of piperidine, leading to
the formation of C-terminal piperidinyl alanine. The elimination step is strongly dependent on
the side-chain protecting group used, with the protecting group /Bu tend to be most fragile to
this side reaction, followed by Acm and Trt.®! Therefore, we used a GGCG-linker with a C-
terminal glycine to avoid side reactions. For the introduction of the side-chain modified Ser3,
the SPPS building block Fmoc-Ser-(n-octanoyl)-OH (1.2) was synthesised.[> 83 L-Serin (1.3)
was protected with Fmoc-OSu and subsequently acylated with octanoyl chloride in TFA,
providing 87% of the product over two steps. The SPPS building block 1.2 was then used for
the synthesis of Ghrelin-GGCG (1.1)

(0]
FmocHN \)kOH

O
1. Fmoc-OSu, NaHCO3,
HoN \‘)kOH water, acetone, r.t., o.n. X
B (@)

~oH 2. CH3(CH,)sCOCI, TFA, W
0°Ctort, 87% o

1.3
1.2

Scheme 1.3: Synthesis of Ser3 SPPS building block.[3? 83



For peptides of this length, resins with lower loadings usually promise better yields®*!, and
consequently a 0.23 mmol/g Gly-wang resin was used. Coupling conditions for the SPPS are
showed in table 3.1. Double coupling of position 21-32 was used to guarantee attachement of
the amino acids. Otherwise coupling might be impaired by extended aggregation of the longer
peptide chains. After global deprotection with TFA/phenol/water/TIPS (8.8/0.5/0.5 /0.2) for 2 h
at room temperature, the crude peptide was precipitated in cold diethyl ether. After
centrifugation, the residue was washed with diethyl ether for 5 times, diluted in 10 mL
acetonitrile/water (1:1) and lyophilised. The crude product was then purified by reversed-phase

HPLC (H20/MeCN 95/5 — 20/80 in 40 min) to receive the peptide as a white fluffy powder.

1.3  Overview of peptide mimetics

In medicine, but especially in neurology, endocrinology, immunology and hematology,
peptides are of great interest. In 2019, 25% of the global pharmaceutical market were based on
peptides, proteins or antibodies.® However, medicinal use is severely limited due to
proteolytic and enzymatic degradation, the associated poor general and oral bioavailability,
problematic transport through cell membranes (hydrophilicity), and the non-selective binding
behavior (conformational flexibility) to receptors.!®¢ This is mainly due to the physiochemical
properties of the peptides, such as water solubility, lipophilicity, formation of hydrogen bonds,

chemical and metabolic stability, and rapid elimination through the liver and kidneys.?”- 8¢

Efforts were made in the last decades to address the limitations of peptide-based drugs,
however, today a hugh variety of peptidomimetics have been developed. While maintaining the
biological activity, funciontal modifications can be introduced into peptide and thus science is

able to overcome the intrinsic drawbacks of peptides.[®!

10
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Peptides
natural peptide sequences derived from ? 7 5%
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Figure 1.5: Classification of peptidomimetics by Grossmann and coworkers.[*")

From the late 90s on, peptidomimetics have been categorized by their similarity with the parent
peptide, especially the spatial orientation of their functionalities.”®! A modern classification,
suggested by Pelay-Gimeno et. al.®"! is based on the degree of their similarity to the natural
peptide precursor, or respectively, their degree of peptide character (Fig.: 1.5). The peptides

synthesized in this work belong to Class A, due to minor side chain and backbone alterations.

There are few different possibilities for the modification, base on the structural features of
pepties. A widely used strategy is the replacement of an amide bond, enhancing the stability
against enzymatic degradation. Examples are azapeptides®! *?1, thioamides®* or a-aminoxy-
peptides®¥. a-aminooxypeptides, the oxo analogues of a-aminopeptides, have a high tendency
to form rigid peptide structures. This is due to the repulsion of the lone pair of electrons of the
oxygen atom in the vicinity of the nitrogen atom. This results in a higher nucleophilicity of the
nitrogen, a change in the torsional properties of the bonds and the hydrogen bonds.[*>*") Aza-
peptides are obtained by replacing a rotatable Ca-C(O) bond with a rigid Na-C(O) bond.”® The
resulting change in geometry at the a-position from tetrahedral to trigonal results in the loss of
chiral information. Furthermore, the the carbonyl group of azapeptides have a reduced
electrophilicity.”” However, these changes improve the stabilization against enzymatic

hydrolysis.[°! 100-102]

11



%H\)LN?‘*;

R H
a-peptide
R R R O o R
H H H H ) H H
o N ot s A R G R
H H H
0 0] 0] 0] O
a-/B-Iy-Peptid o-Aminoxy-Peptid Peptoid Aza-Peptid

!

y-AApeptide
Figure 1.6: Structures of different peptidomimetics.

Side chain modifications enable the introduction of non-natural amino acids. The
hydrophobicity, polarity and acidity/basicity of the parent peptide can be altered by introducing
relevant side chains. Larger aromatic side chains improve n-stacking, whereas the introduction
of B-peptides!!®-1%] enhance the proteolytic stability and stabilize helical structures!®®!. An
example for the improvement of the chemical and metabolic stability is the B*-homo-threonine-

conjugate of the Tn-antigene, synthesized by Hoffmann-Réder and co-workers.[1%”]

The introduction of photoswitchable side chain modifications should be mentioned at this point,

but will be discussed later.

At least, mimetics of the secondary structure of binding epitopes can be used to alter protein-
protein interactions. Chemistry provides a number of mimetics for a-helices, B-turn, B-hairpin
and PB-sheet structures to improve their stability and therapeutic potential.®8! An important

mimetic of the a-helix are peptoids. Peptoids!®!

are a-peptide mimetics, with the side chain
attached to the nitrogen atom, resulting in a tertiary amide. This modification provides a stable
secondary structure of chiral helices, which is stable in different solvents and pH values. While
the tertiary amine improves proteolytic stability, the lack of chiral centers and hydrogen-bond
donors makes folding of these peptides difficult. The results are cis- and trans-conformers.
Additionally, tight turns facilitate intramolecular interactions.’® A further development of
peptoids are AA-peptides described be Cai and co-workers!'"> %1, which will be discussed in

the next chapter.

12
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Figure 1.7: Structure of SVS-1.111

The structure of B-hairpins is stabilized by an extend of hydrogen-bonds but also by turn-
inducing amino acid sequences like D-Pro-L-Pro. This effect was demonstrated in the D-Pro-L-
Pro containing anti-cancer peptide SVS-1, which shows membrane induced folding of B-

haiprins in the presence the negatively charged membrane surface of cancer cells. In contrast,

the L-Pro-L-Pro containing analogous peptide was incapable of f-haiprin formation. 1% !!1]
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Figure 1.8: Switching of AzoChignolin by the light of different wavelengths.!!!?]

While SVS-1 only forms B-hairpin structure in presence of negatively charged membranes, the
photoswitchable azobenzene amino acid AMPP allows B-hairpin formation of Azochignolin
triggered by light. Azochignolin is a short nine amino acid long peptide, derived from the
model-peptide chignolin. The backbone mimtic AMPP starts nucleation of the B-hairpin
formation by light-triggered switching of its conformation from E — Z. By introducing AMPP
into the peptide chignolin, B-hairpin formation can be studied by time-resolved infrared-

Spectroscopy_D, 112-118]
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1.4 Analtical Data of Ghrelin-GGCG

Fmoc-Ser(n-Octanoyl)-OH (1.2)111°

O
FmocHNJJ\OH

>0

OW

Compound 3.11 was synthesized in accordance to literature known protocols.®? 3]

To a solution of 500 mg (4.76 mmol, 1.0 eq.) of L-Serin in 40 mL acetone/water (1:1), 800 mg,
(9.52 mmol, 2.0 eq.) NaHCO3 and 1.60 g (4.76 mmol, 1.0 eq.) Fmoc-OSu was added. The
solution was stirred at room temperature overnight. After acidification to pH = 2 with 1 N HCI,
the solution was extracted with EtOAc (3 x 100 mL) and dried over MgSOa4. The crude product
was solved in 20 mL TFA, cooled to 0°C and 2.03 mL (11.9 mmol, 2.5 eq.) octanoyl chloride
were added dropwise. After stirring at room temperature overnight, the solvent was removed
under reduced pressure and the residue was co-evaporated with toluene (5 x 20 mL), and
dichloromethane (2 x 20 mL). The crude product was purified by flash-chromatography on
silica (“Hex/EtOAc 8:1 — 4:1) to give 1.88 g (4.14 mmol, 87%) of the product as an amorphous

white solid.
HR EI-MS (positiv), m/z: 454.2228 ((M+H]", calc.: 454.2224)
HR EI-MS (positiv), m/z: 471.3490 ((M+NH]", calc.: 471.2489)

"H-NMR (400 MHz, CDCl3) 6 = 9.56 (s, 1H, COOH), 7.77 (d, J= 7.5 Hz, 2H, H4-, H5-Fmoc),
7.65 —7.50 (m, 2H, H1-, H§8-Fmoc), 7.41 (t, J = 7.5 Hz, 2H, H3-, H6-Fmoc), 7.36 — 7.28 (m,
2H, H2-, H7-Fmoc), 6.52 (d, J = 5.6 Hz, 1H, NH-Fmoc, K2), 5.72 (d, J = 8.2 Hz, 1H, NH-
Fmoc, K1),4.72 (dt, J=8.0 Hz, J= 3.9 Hz, 1H, Hq, K1), 4.54 (d, J=4.2 Hz, 2H, CH>-Fmoc,
K2),4.49 (dd, J=16.3 Hz, J=3.9 Hz, 2H, Hp), 4.44 (d, J= 7.1 Hz, 2H, CH2>-Fmoc, K1), 4.34
—4.27 (m, 1H, Hs, K2),4.24 (t,J= 6.8 Hz, 1H, H9-Fmoc), 2.33 (t,J= 7.6 Hz, 2H, H20.t), 1.68
—1.58 (m, 2H, H3oct), 1.27 (bs, 8H, H4oct, H50ct, H60ct, HT0ct), 0.88 (t,J = 6.7 Hz, H3, H80«t)
ppm.

13C-NMR (100 MHz, CDCl3) § = 173.8 (Clow), 173.6 (COOH), 156.6 (C=0O-Fmoc, K2), 156.2
(C=0-Fmoc, K1), 143.7, 143.6 (Cla-, H8a-Fmoc, K1), 143.5(Cla-, H3a-Fmoc, K2), 141.4

14



MICROWAVE-ASSISTED SOLID-PHASE PEPTIDE SYNTHESIS

(C4a-, C5a-Fmoc), 127.9 (C3-, C6-Fmoc), 127.2 (C2-, C7-Fmoc), 125.1 (C1-, C8-Fmoc, K1),
124.8 (C1-, C8-Fmoc, K2), 120.1 (C4-, C5-Fmoc), 68.0 (CH2-Fmoc, K2), 67.6(CH2-Fmoc,
K1), 63.7 (CB, K1), 63.3 (CB, K2), 53.7 (Ca, K2), 53.4(Ca, K1), 47.1 (C9-Fmoc), 34.0 (Cloct),
31.7 (C4-CTow), 29.1 (C4-CTocr), 29.0 (C4-CToct), 24.8 (C30ct), 22.7 (C4-CToct), 14.1 (C80oct)

Ghrelin-GGCG (1.1)!!

HHHHH

HHHHHHHHHH

Synthesis was carried out on a preloaded Fmoc-Gly-Wang (0.23 mmol/g) low loading resin
using DIC/Oxyma® as coupling reagents. Coupling conditions are shown in table 3.1. SPPS
building block Fmoc-HisTrt-OH was first coupled at 25°C without microwave for 120 s before
heating to 50°C. Fmoc-deprotection was achieved by treatment with 20% piperidine in DMF.
After automated SPPS, the resin was transferred into a Merrifield reactor and the resin was
freed from DMF by washing with DCM several times and global deprotection of the peptide
was done with TFA/TIPS/phenol/water (88/0.2/0.5/0.5) for 2 h at room temperature. The
peptide was precipitated in cold diethyl ether, centrifuged and washed with Et2O for five times.
The crude peptide was diluted in 10 mL acetonitrile/water (1:1), lyophilised and purified by
reverse-phase HPLC (MeCN/water, 95/5 — 70/30 in 40 min) to furnish Ghrelin-GGCG (3.3)

in high purity with a mass error of 2.61 ppm of the theoretical mass (Figure 3.2).
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Table 1.1:

16

Coupling conditions of microwave assisted SPPS of 1.1

Compound step 1.1
t[s] p[W] TI[°C]

Fmoc-CysfBu-OH 1 120 30 90
Fmoc-Gly-OH 1 120 30 90
Fmoc-Gly-OH 1 120 30 90
Fmoc-ArgPBf-OH 2 120 30 90
Fmoc-Pro-OH 1 120 30 90
Fmoc-GInTrt-OH 1 120 30 90
Fmoc-Leu-OH 1 120 30 90
Fmoc-LystBu-OH 1 120 30 90
Fmoc-Ala-OH 1 120 30 90
Fmoc-Pro-OH 2 120 30 90
Fmoc-Pro-OH 1 120 30 90
Fmoc-LystBu-OH 1 120 30 90
Fmoc-LystBu-OH 1 120 30 90
Fmoc-SerrBU-OH 1 120 30 90
Fmoc-GlurBu-OH 1 120 30 90
Fmoc-LystBu-OH 1 120 0 90
Fmoc-ArgPbf-OH 2 120 30 90
Fmoc-GInTrt-OH 2 120 30 90
Fmoc-GInTrt-OH 2 120 30 90
Fmoc-Val-OH 2 120 30 90
Fmoc-ArgPbf-OH 2 120 30 90
Fmoc-GInTrt-OH 2 120 30 90
Fmoc-HisTrt-OH 2 50 35 480
Fmoc-GInTrt-OH 2 120 30 90
Fmoc-Pro-OH 2 120 30 90
Fmoc-SerfBu 2 120 30 90
Fmoc-Leu-OH 2 120 30 90
Fmoc-Phe-OH 2 120 30 90
Fmoc-SernOtc-OH 2 120 30 90
Fmoc-SerrBu-OH 2 120 30 90
Fmoc-Gly-OH 2 120 30 90




MICROWAVE-ASSISTED SOLID-PHASE PEPTIDE SYNTHESIS

Figure 1.9:
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HRMS spectrum of Ghrelin-GGCG (1.1): HRMS (+ESI) m/z calc. for CjsgHaseNsiOs6S>"
[M + 3H]": 1215.6594; found: 1215.6625, m/z calc. for CissHassNs1046S> [M + 5H] *: 729.7985;
found: 729.7999.
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Figurel.10: Reversed-phase HPLC run (MeCN/water 95/5 — 20/80 in 40 min) with a retention time of 18.0 min.
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2 MUC1-y-AApeptide mimetics

2.1 y-AA-peptides

In this work, the used a monomeric building block of the peptidomimetic structure called y-
AA-peptides!'!!, which are oligomers of y-substituted N-acylated-N-aminoethyl amino acid.['?"]
They are derived from chiral peptide nucleic acids (PNA)!2! 1221 where a pseudopeptide
backbone mimics the ribose phosphate backbone.['>) PNAs hybridize with high affinity and
sequenz specifity and are used as antisense and antigene agents.['>*! Introducing linear''*! and
cyclicl!®! y-A Apeptides, sulfono-y-AApeptides!'?%! and o/sulfono-y-AApeptides!'?”), Cai and

coworkers transferred the principle of PNAs onto peptides.

a-Peptid v-AA-Peptid
o R? o R4 Oy R? Oy R*
H H H H
= 1 H = H :1 Z
R O R, o R O Rs o
Figure 2.1:  Structure of a-peptide and y-AApeptide.['!]

With the same chain length, y-AApeptides have the same number of side chains and functional
groups as natural peptides, but unlike the natural peptide, they have alternating secondary and
tertiary amides in the peptide backbone. Furthermore, only one side chain of two contiguous
amino acids corresponds to the natural side chain, while the other side chain arises from the
residue of a carboxylic acid and is attached to the tertiary amide. The tertiary amide causes a
higher flexibility of the peptide backbone. Each tertiary amide bond can switch between its cis
and trans conformation, which can lead to a change in structure and resulting properties. In
comparison to its natural structures, the y-AApeptide building block lacks of one hydrogen-
bond donor and one chirality center. However, the relative distances and positions of the side

chains are preserved. (Figure 2.1).!!-1%%]

The synthesis can be done by several strategies either in liquid phase or on solid support. In
liquid phase, two different protection group strategies can be used, depending on the side-chain
protecting group R (Scheme 2.1). If the side-chain carries an acid-labile protecting group, the
carboxylic acid should be protected by a benzylic ester. If not, acid-labile tert-butyl esters can
be used. For the synthesis of huge libraries, the preparation of monomeric SPPS building blocks
by direct acylation of the secondary amine is not feasible because of the synthetic effort in

preparation of all different building blocks. A submonomeric approach, where the secondary
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MUCI1-T-AAPEPTIDE MIMETICS

amine is acylated with allyloxycarbonyl chloride (Alloc-Cl), each building block can be
acylated individually during SPPS.!28!

A |
HQN/}(OB” ° 1. Hy Pd/C, H
EmocHN H AcOH, MeOH
MO0 0 FmocHNvN\)kOBn OYOO
R NaCNBH; MEOH : 2. Alloc-CI, DIPEA,
R DCM FmocHN\;/N\)kOH
R

J
O, (e}
(0]
B FmocHN \/T\l/\)k oH ‘

R

+Q o S Q
) MOoci ~
HOBYDIC, DMF 7N
R o)

1. Pd(PPhs), Me,NH-BH; DCM
2. R'COOH, DIC/HOBt, DMF

1. 20% piperidine

O R’ Oy R
H H\/\T/ﬁ(n DMF FmOCHN\_/\T/ﬁfHAO
R R o}

2. repeating previous
R o steps

n

Scheme 2.1:  A) Synthetesis of submonomeric y-AA peptide building blocks. B) SPPS-strategy for the synthesis
of y-AAPeptide liberaries.[!?8]

CAI and his group tested the use of y-AApeptides for different classes of peptides and their

therapeutic applications. The stability against proteolytic degradation was tested by treating a

v-AApeptide with chymotrypsin, thermolysin, and pronase for 24 h and no degradation was

observed.!'!] For therapeutic applications, Cai and coworkers developed several y-AApeptides

with anti-cancer properties, antimicrobial acitivies, TAT peptide mimetics and AP4o

aggregation disrupting peptides for Alzheimer’s disease.!!*’!

The transcription factor p53, a tumor suppressor protein, can initiate the expression of proteins
responsible for repairing DNA, arresting cell growth in the G1/S phase of the cell cycle, or
initiating apoptosis. The murine double minute 2 protein (MDM?2) inhibits p53 binding to DNA
and also promotes p53 proteolysis. Overexpression of MDM?2 in tumor cells prevents activation
of p53 and leads to uncontrolled cell growth. For instance, the interaction of MDM2 and the
transactivation domain of p53 could be disrupted by new y-AA peptide mimetic, bearing Phe,

Trp and Leu side-chains, which are important for the perturbation of the interaction of the
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transcription factor 53 and murine double minute 2 protein (MDM?2) and thus the cell growth

of tumor cells could be prevented.['!!

A further example is the y-AAPeptide mimetic of Tat 48-57, which binds RNA and promotes
uptake by cells. In contrast to native Tat protein, the mimetic was less toxic and more stable

towards enzymatic degradation, both important properties for a cell penetrating peptide

(CPP).1130]

Besides conventional antibiotics, nature provides a second strategy to fight bacterial infections,
called host defense peptide (HDPs) or antimicorbial peptides (AMP). With their amphiphatic
structures, HDPs penetrate the cell surface causing membrane disruption and cell death.!'3!) Cai
and coworkers developed linear helical!'*?], cyclic!'>! and lipo y-AApeptides!!*> 1341 with high
antimicrobial activity. Furthermore, resisting enzymatic degradation these HDP-y-A Apeptide

mimetics overcome the intrinsic drawbacks of natural peptides.['*”]
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2.2 MUC1-y-AApeptide mimetic

Today, in the context of an ageing society, cancer is still one of the main causes of death. Next
to surgery, radiotherapy or chemotherapy, cancer immunotherapy became a promising
complementary or even alternative treatment. Membrane proteins, usually important for cell
recognition, signaling or transport of ions and small molecules, are given a key role in
immunotherapy. Changes in the cell metabolism of cancer cells are responsible for altered
glycosylation patterns of cell surface glycoproteins, so called tumor-associated carbohydrate
antigens (TACA).[- 1351 These TACA can be used for distinction between healthy and malignant
cells, which helps to address the immune response solely to malignant tissues.[”) A family of
cell surface proteins are called mucins, which are heavily O-glycolylated polymorphic proteins
on epithelial cells.®) As a protective biochemical layer and as transmitters of cell-cell
interaction during cell adhesion or signal transduction, mucins are expressed by many different

tissues in the digestive system, respiratory system and eyes.!®

]
Q003G PRy

Hypoglycosylated MUC-1
tumor cells

Hyperglycosylated MUC-1
normal cells g

Core-1 glycosylations: low and
aberrant glycosylations

Core-2 glycosylations

Figure 2.2:  Structure of MUC1: unglycosylated (Ieft), in healthy cells (middle) and in tumor cells (right).[3¢]

One important mucin is the membrane bound MUC1!!*7], consisting of 20-125 tandem repeats
of the sequence AHGVTSAPDTRPAPGSTAPPA, which is heavily glycosylated on its Ser and
Thr side-chains. During normal biosynthesis, the first is the glycosylation of the tandem repeat
with a-N-acetylgalactosamin by the polypeptidyl-GalNAc-transferase (ppGalNAcTs)!*8] in the
Golgi apparatus. The activity of the ppGalNAcTs is enhanced, if Proline residues are nearby
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(+1, 43, —1, =3).13%141 The resulting Tn-antigen can be glycosylated by three different

transferases. First, core 1 structure or Thomsen-Friedenreich-antigen (T-antigen) is
synthesiszed by core 1 B1,3-galactosyltransferase (T-synthase) which is the most regular
modification.['*? 1431 Core 3 is synthesized by core 3 p1,3-N-acetyglucosaminyltransferase (core
3 B3GIcNACT) and at least the sialyltransferase StoGalNAc-I synthesizes the sialyl-Tn antigen.
The T-antigen or core 1 structure can be further branched or elongated by several enzymes.
While core 2 B6-GIcNACT transfers an acetylglucosaminyl-residue forming the branched core
2 structure, the core 1 B3-GlcNAcT elongates the T-antigen to the extendes core 1 structure.[!4
Furthermore, the core 1 structure can be sialylted either by ST6GalNAc-II to the branched
Sia6Core 1 strcuture!'* or elongated by ST3Gal-I to the Sia3Core 1 structure, which can be
branched by ST6GalNAc-I1I and ST6GalNAc-IV.[146] The donors for these reactions is uridine
diphosphate galactose (UDP-Gal), uridine diphosphate N-acetylglucosamine (UDP-GIcNAc)

or cytidine-5-monophospho-N-acetyleuraminic acid (CMP-NeuAc) respectively.[14%: 146]
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Scheme 2.2: Biosynthesis of tumor associated antigens of MUCL.I7 133

In malignant tissues, aberrant glycosylation leads to truncated glycan structures, so-called
tumor associated antigens composed of O-glycosylated mono- (Tn antigen), di- (T- and STn-
antigen) and tri-saccharides (ST-antigen).['*”] A changed metabolism causes down-regulation
of B-1,2-galactosyltransferase and thus, the transfer of the Corel-structure to Core2-structure is
reduced.['*”- 18] However, the change in glycosyltransferase-activity is responsible for the

presentation of immature structures like Tn- and T-antigen on the surface of cancer cells.['**:

1501 Furthermore, sialylation of Tn- and T-antigens by upregulated sialyltransferases terminates
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the growth of the glycosyl chain.!'3!: 132 While the long natural polysaccharide sterically shield
the peptide epitopes, the truncated glycosyl patterns in malignant cells make peptide epitopes
accessible to the immune system. In MUCI1, the O-glycosylated peptide motifs, PDTR, GVTS
and GSTA exists, and upon glycosylation of these domains, the B-turn conformation of the

backbone is stabilised in these sequences. This effect is strongest for the PDTR domain.!>?!

Tumor-associated MUCT occurs in 80% of human cancer, especially in carcinomas of the blood,
breast, colon, liver, prostate, ovarian and stomach. Therefore in 2009, the National Cancer
Institute of the USA declared MUC1 second important tumor antigens.['*”) Used as markers for
prognosis estimation, cancer detection or therapy monitoring, TACAs can also trigger strong
humoral immune response when presented to the immune system in combination with
immunostimulants.!'>* But in addition to TA-MUC1, malignant tissues also express MUC1
polysaccharide peptide chains typical for healthy tissues. This biological microheterogeneity of
the glycan-structure of cancer cells makes the isolation of pure TA-MUC]1 impossible.”) With
the help of chemical synthesis, the combination of specific and pure TA-MUC1 with Toll-like
receptor ligands, T-cell epitope peptides or other immunostimulants can be used in vaccine
development. The combination with immunostimulants is crucial for avoiding immune
tolerance. The activation of the T-cell dependent pathway results in an immune response
towards the cancer cells. There are three different strategies to combine MUCI with
immunostimulating components, which are shown in Figure 2.3. The glycosylated MUC1-B-
cell epitope is connected with the immunostimulant through a non-immunogenic spacer, which

also prevent the vaccine components from influencing each other.!”!

Tumor-associated
Glycan

T-cell-epitope peptide }Anwww[ MUC1-B-cell epitope]

a)

Tumor-associated
Glycan
[ MUC1-B-cell epitope ]
Spacer

b)

Tumor-associated
Glycan

[ MUC1-B-cell epitope ]

c)

Toll-like receptor ligand

Spacer

Figure 2.3:  Three different strategies to synthesise a vaccine by combining MUCI1 with immunostimulating
components.!”!
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While the long-branched glycosylation of the extracellular domain of healthy cells protect the
peptide backbone from proteases!'>*), the backbone of the 20-mer of TA-MUC] with its short
glycosyl chains is exposed to enzymatic degradation. A strong immune response with a high
efficacy is crucial for vaccination, since it minimises the possibility of immune escape
mechanisms by the tumor which could lead to increased tolerance to the presented antigens.[!>]
Enzymatic degradation of the peptidic vaccine as a main drawback can reduce the immune

response and thus trigger an immune escape mechanism.
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Figure 2.4: A) Fully synthesised difluoro-T-antigen-MUC1-TTox vaccine;'3% B) T-cell epitope OvaPadre linked
to a monosaccharide through RAFT;'37! C) unnatural amino acid used for the Tx-antigen building
block.[107]

Therefore, various strategies have been pursued in recent years to improve the enzymatic

stability of MUCI antigens while maintaining immunological efficiency. Modifications of the

saccharide structure improve stability against glycosidases, while the use of peptide mimetics
reduces enzymatic degradation by peptidases. Hoffmann-Roder et al. synthesised a difluoro-T-
antigen-MUCI1-TTox vaccine, which was used in combination with Freund’s adjuvant to
immunise mice to get extraordinarily strong immune reactions.!'3¥! An example, in which only
the saccharide epitope is used, is a mimetic developed by RICHICHI. The bioactive saccharide
epitopes 2-deoxy-2-thio-a-O-galactosid are linked to a RAFT (regioselectively addressable
functionalized template), which also contains a T-cell peptide epitope OvaPadre. This Tx-
mimetic has the same *Ci-conformation as its natural version and elicits a long-lasting IgG/IgM

antibody response.!'>”] For the stabilisation of the peptide backbone, unnatural amino acids
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have been introduced into the glycosylation side like the Tn-antigen analogue Fmoc-
B3hThr(aACBT3GalNac)-OH!''”! or the fluorinated prolines (4S)-4-fluoro-L-proline 4,4-
difluoro-L-proline.l'>*) While the introduction of B-amino acids improve, enzymatic stability,
fluorinated prolines additionally enhance the key CH/m interaction in the B-hairpin and therefore

binding of antibodies to the MUC1.[!%"]

2.3 Objective

The aim of this project was the synthesis of y-substituted N-acylated-N-minoethyl peptide
mimetics of the mucin MUC1 B-cell epitope to improve enzymatic stability as well as
immunogenicity. Since the efficacy of peptide-based vaccines can be reduced by enzymatic
degradation, the use of such a mimetic is of interest. Furthermore, the flexibility of the y-
AApeptide allows B-hairpin formation of MUCI-mimetics, which is essential for antigen

recognition.!>!

The antigen mimetics synthesised in this thesis are a combination of
AApeptides with the MUC1 B-cell epitopes.['®”) The synthesis of the mono- and disaccharide
mimetics was performed according to the Tn- and T-antigen synthesis!!3: 160165 and the -
AApeptide monomers were synthesised according the work of CAI and coworkers under use of
the tert-butyl ester protection groups.['!) The synthesised y-A Apeptide glycan structure mimics
the Val-Thr(glycan) sequence in the glycosylation domain GVTS.['%%! All three antigens were

sythesized in the previous master’s thesis.[!!

2.4 Synthesis of the y-AApeptide

The synthesis of the y-AApeptide followed the synthesis strategy of Niu et. al.l'!}

The y-A Apeptide moiety was synthesized in four steps, starting with L-valine (2.1) and glycine.
The reduction of L-valine to L-valinol was carried out with BH3:THF complex.!'%®! After
protection of the amine, L-valinol was oxidized under SWERN-conditions to L-valinal (2.2).!167]
The reductive amination!!!! of the aldehyde with fBu-protected glycine (2.3) led to the formation

of the secondary amine 2.4.

0 d)
~ FmocHN — » FmocHN OtBu
; . : :
/1\ —_— PN H,oN \)k OtBu PN o
21 2.2 2.3 24

Scheme 2.3.: Sythesis of the dipeptide of y-AApeptide: a) 1) NaBH4, I, THF, 66 °C, 22 h, 2) KOH, R.T., 4 h,
82%.01%61 b) Fmoc-OSu, NaHCOs, R.T., 23 h, 98%. ¢) DMSO, Oxyallylchloride, EzN, DCM, -
78 °C, 17 h, 94%.1'*71 d) NaBH;CN, MeOH, AcOH, 0 °C — R.T., 85%.[1?!
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2.5 Synthesis of the Tx-mimetic

The synthesis of the T-antigen and Tn-antigen analogues followed the synthesis strategy of the

18, 160-165] Starting from D-galactose (2.5), the glycosyl-donor 2-azido-2-

natural antigens.|
deoxy-3,4,6-tri-O-acetyl-a-D-galactopyranoside (2.6) was synthesized with a yield of 29% over
four steps. The KOENIGS-KNORR!!®® glycosylation of D-lactic acid with 2.6 was carried out with
a satisfactory yield of 64%. This step (Scheme 2.4) required the pre-drying of all reagents and
the use of an activated molecular sieve (4 A) to prevent the addition of water to the
oxocarbenium ion and the formation of hydrolysis products. Azido chloride 2.6 was added to a
suspension of D-lactic acid, silver carbonate and silver perchlorate and stirred in the absence of
light for four days. After reduction and acetylation of the azid, the D-lactic acid moiety was
deprotected with TFA to get the free 2-(R)-hydroxypropionic acid 2.7. For the coupling of 2.7
to the y-AApeptide HATU/HOAt was used. The coupling product O-(2-acetamido-3,4,6-tri-O-
acetyl-2-desoxy-o-D-galactopyranosyl)-2-(R)-hydroxypropionamido-N-[2’-N’-Fmoc-3’-
methylbutyl]-glycine-tert-butylester (2.8) could be obtained with a yield of 95%.
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0 ad) | 0 o) AcO&&'
HO — A &, No @
HO Ny S
OH Cl OfBu
25 26 2.7
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f-g) Q
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— 9 AcO [e) —I)> AcHN 0
[ — AcHN — (o} NHFmoc
o VI
2.9

2.8 CO,H

Scheme 2.4.: Synthesis of the TN-y-AApeptide-mimetic: a) NaOAc, Ac,0, refluc — r.t., 66%. b) HBr. Ac,O,
DCM, 0 °C, 1h, 79%. ¢) Zn*, N-methylimidazole, EtOAc, 1.5. h 82%. d) NaNs, FeCl;-6 HO,
30% H,0,, MeCN, —30 °C, 1 d, 70%. ¢) D-lactic acid-OtBu, Ag,COs, AgClO4, DCM, toluene, 4 d,
r.t., dark, 64%. f) Zn*, THF, Ac,O, AcOH 24 h, r.t. 83%; g) TFA/water (10:1), r.t., 2 h, quant. h) y-
AA-peptide-OtBu, HATU, HOAt, Pyridin, 6d, 94%. i) TFA/water (10:1), r.t., 2 h, quant.'ZAfter

further deprotection of the carboxylic acid with 80% TFA, the SPPS building block
O-(2-acetamido-3,4,6-tri-O-acetyl-2-desoxy-a-D-galactopyranosyl)-2-(R)-

hydroxypropionamido-N-[2°-N’-Fmoc-3’-methylbutyl]-glycine  (2.9), the 7v-
AApeptide mimetic of the Tn antigen, is obtained in quantitative yield. The
resulting tertiary amide can be present in both cis and trans conformation and

additional rotamers may occur due to the free rotatability of the bonds.
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2.6  Synthesis of y-AApeptide T-antigen

The T-antigen analogue was synthesised in seven steps followed the synthesis strategy of the
natural antigens!!>® 160-165] starting with the /Bu-protected Tn antigen analogue 2.10 (Scheme
2.5). The alcohol protecting groups of the sugar moiety were modified to get a free glycosyl-
acceptor on C3. The following glycosylation!!%!is performed according the HELFERICH-method
by reaction of acceptor with donor a/B-AcsGalBr and mercury(Il) cyanide, whereby O-(2-
acetamido-2-desoxy-4,6-O-benzyliden-3-0-[2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl]-a-

D-galactopyranosyl)-2-(R)-hydroxypropionic acid-fert-butylester (2.11) was obtained with a
yield of 87%. After glycosylation, the benzylidene proting group was removed and the
unprotected alcohols were acetylated. The carboxyl function was deprotected with TFA in order

to use the T-antigen building block for the coupling to y-AApeptide building block 2.4.

OAc OAc
AcO AcOS
AcOQAC AcOPAC  AcOQAC

o) o)
0 f &o 0 9) ACO&/O% o
AcO o — AcO 0] 0 — 2 > AcO  AcHN
AcHN o —— AcO  AcHN o —— O%N NHFmoc
OtBu OH )
HO,C

210 2.1 212

Scheme 2.5: Synthesis of the T-y-AApeptide-mimetic: a) NaOMe-solution (1%ig), MeOH, pH = 8.5, 24 h, r.t,
97%.; b) BADA,CSA, MeCN, 650 mbar, 68 °C, 4 h, 86%; c) o/f-AcsGalBr, Hg(CN),,
NO;Me/DCM, 30 h, R.T, 87% d) AcOH/water (4:1), 4 h, 80 °C; pyridine/AC,0 (2:1), 18 h, r.t, 74%;
e) TFA, water (10:1), 0 °C, 2 h, quant.; f) y-AApeptide-OtBu, HATU/HOAt, 6 d, 52%), g)
TFA/water (10:1), r.t., 2 h, quant.!'?]

Analogues to the Tn antigen mimetic, coupling of the T-antigen mimetic to 2.4 was performed

with HATU/HOAt with a yield of 62%. By deprotecting the carboxylic acid function of the

peptide moiety with TFA, the y-AApeptide T-antigen mimetic 2.12 could be obtained in a

quantitative yield for solid phase synthesis.

2.7 Synthesis of MUC1-mimetics

The glycopeptide building blocks were finally incorporated into the MUC1 sequence by SPPS.
The tandem repeat sequence chosen by Martinez-Sdez et al. and a low loading Rink amide
(RAM) resin as solid support were used.''”! In contrast to Wang resins, the RAM linker allows

facile cleavage of the acetic protecting groups of the sugar moiety with hydrazine. For the
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formation of a strong immune response, the combination of the antigen with an
immunostimulant is necessary. Hence, a PEGs-azid spacer was coupled at the N-terminus of

the peptide to allow for the formation of a fully synthetic vaccine, e.g. by click-chemistry.

D) HNJ\ FmocHN\)B

Y o ® .o
FmocHN\)k Cq _>FmocHN\)ko SN . FmocHN)ﬁ(N\,)LYO
b R.& PY OEt o R
CN

H

0

N

EtO%CN HzN\i)LYO
R

(0]

Scheme 2.6: Mechanism of amide bond formation with DIC/OxymaPure®.

For the coupling of all amino acids except synthetic antigens, DIC as an activator and
OxymaPure® buffered with a 0.1 equivalent DIPEA were used as coupling reagents. The
coupling conditions are shown in table 2.1. Using DIC/OxymaPure® for coupling has several
advantages. First of all, it is a very cheap combination, with low racemisation properties and a
greater thermal stability then common coupling reagents.[** 17%! Since hydroxybenzotriazole-
based reagents are proven to have explosive properties, DIC/OxymaPure® is the preferred
coupling reagent nowadays. Coupling at high temperatures of 70 — 90 °C in the microwave
assisted synthesis shortens expenditure of time, which is helpful in the synthesis of longer
peptides. By raising the temperature from ambient conditions to 86 °C, a 50-fold increase in
reaction rate for both, the coupling and the deprotection step is gained, based on the Arrhenius
equation.!'’!! But higher temperatures are not feasible with every kind of amino acid. Therefore,

cysteine, arginine and histidine are coupled at adjusted temperatures to minimize side reactions.

0]

FmOCHN%O*R
[ H
o
7 "N*
A

N*

T

Figure 2.5:  Mechanism of racemisation of Histidine in basic media.

For example, the m-nitrogen in Histidine is sufficient basic to abstract the a-proton, hence higher
temperatures promotes racemisation during activation.['”?) Therefore, Histidine is coupled at

50 °C but with an increased reaction time of up to 10 min.
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MUCI1-T-AAPEPTIDE MIMETICS

AcOQAC  acaQAC AcOQAC AcOPAC  AcoRAC
0 o) 0 o) 0
AcO 0 AcO o AcO ) o
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FmocHN™ >CO,H COZH) Hozc)
2413 29 212

Figure 2.6:  Synthesized antigens: T-antigen (2.13), Tn-antigen-y-AAmimetic (2.9), T-antigen-y-A Amimetic
(2.12).112

Next to antigens 2.13 and 2.9, the natural T-antigen (2.12) was synthesised according to the

e.[12: 138, 161-164] A]] three antigens (Figure 2.6) were coupled at room temperature

same procedur
over a period of one hour using HBTU/HOBt (Scheme 2.7) for activation according to the
procedure of Martinez-Séez et al.'®) In order to furnish fully synthetic vaccines, an N-terminal
azid-containing PEG-linker was introduced. The PEG-linker was synthesised by Sebastian

Neidig and Phoebe Foster (Hoffmann-Rdéder group).

S
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\N N/ l
N
L g WC
. N
HN—peptide /
—Ppep! I
~ .
[ S—
N=N R

R = y-AApeptide building block R

_N —
HO \
N /

Scheme 2.7: Coupling of the y-AApeptide T- and Tx-antigen building blocks.

After completion of the SPPS, the O-acetyl groups of the sugar moieties were cleaved with 5%
hydrazine in DMF overnight.['”*) Global deprotection and the removal from solid support took
place with reagent-B"!! (TFA/TIPS/phenole/water; 88/0.2/0.5/0.5) shaking the resin in a
Merriefield reactor for 2 h. After precipitation in cold diethyl ether and purification by reversed

phase HPLC, the peptides could be furnished in high purity.
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Figure 2.7:  A) MUCI containing the T-antigen; B) MUCI1-Ty antigen mimetic; C) MUCI-T antigen mimetic.

Due to the high number of around 100 protons, the analysis and assignment of the NMR-signals
of these peptides is difficult. Nevertheless, an important characteristic signal is provided by
cross-peaks of the anomeric saccharidic centre in the HSQC-NMR, which can be easily
identified. While a-anomeric cross-peaks (GalNac) of natural peptide appear around 4.80 —
4.50/98.4 — 96.2 ppm, the B-anomeric cross peak (Gal) is shifted to lower ppm in the 'H-
spectrum and to higher ppm in the '*C-spectrum at around 4.30 — 4.20/104.5 — 103.9 ppm. In
natural peptides, for both anomeric positions, single cross-peaks should appear which can be
seen in Figure 2.7 A of the natural MUC1 glycosylation domain in 2.14. In contrast, the HSQC-
spectra of mimetic 2.15 shows four cross-peaks for the a-anomeric centre. While 2.14 is largely
build up by trans-amide bonds, the tertiary amide of the y-AApeptide building block in 2.15

causes a mixture of cis/trans-amide bonds, but also allows rotational freedom due to the

OH
HON =2
AcHN

adjacent CHz-groups.

Figure 2.8:  Rotational freedom of the y-A Apeptide.

This flexibility is reduced by the more sterically demanding disaccharide in 2.16. Mimetic 2.16

shows only two crosspeaks of the a-anomeric centre and one cross-peak for the f-anomeric
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MUCI1-r-AAPEPTIDE MIMETICS

centre. Future investigations should be done to analyse the origin of these multiple crosspeaks.
The multiple cross-peaks can be derived from either rotamers or from anomerization during the

synthesis.
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Figure 2.9: HSQC-cross peaks of the peptides 2.14 (top), 2.15 (middle) and 2.16 (below). The NMR-spectra
show a higher conformational flexibility caused by the tertiary amide in 2.15 and 2.16.

In future work, the peptides should be coupled by click-chemistry to KRN7000 (or a-GalCer)

to obtain fully synthetic vaccines. KRN7000 is a potent immunostimulant, which contains an

31



a-galactosylceramide structure.!® This glycolipid activates invariant natural killer T cells.['74
Using this glycolipid vaccine approach circumvents disadvantages in conventionally

[175]" A two component vaccine consisting

vaccination, especially the need of external adjuvants.
of the a-GalCer and Tn-antigen was already formulated into liposomes and immunisation of

mice generated an immune response with high-affinity antibodies.!!””!

HOQH Q

e} )K/\/\/\/\/\/\/\/\/\/\/\/\
HO HN OH
o O\/Y-\/\/\/\/\/\/\/
OH

Figure 2.10: Structure of KRN7000.[76]

The combination of the synthesized MUC1-mimetics with the highly immunogenic glycolipid
KRN7000 should be stable against proteolytic degradation. The higher stability along with the
highly immunogenicity of the the glycolipid should lead to a strong and sustaining immune

response.

/[ Linker H MUC1-Mimetic ]
N

Figure 2.11: Future work: fully synthesized vaccine attached KRN7000.
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MUCI1-T-AAPEPTIDE MIMETICS

2.8 Analytical Data MUC1-mimetics

Peptide Synthesis

Synthesis was carried out on a preloaded Fmoc Ala TentaGel® S RAM low loading resin using
DIC/Oxyma® and HBTU/HOB as coupling reagents. Coupling conditions are shown in table
1. For standard coupling an upstream ramp heating (75°C, 170 W, 15 s) was used. Fmoc-HisTrt-
OH was first coupled at 25°C without a microwave for 120 s before heating. Fmoc-deprotection
was achieved by treatment with 20% piperidine in DMF. After automated SPPS, the resin was
transferred into a Merrifield reactor and the O-acetyl groups of the sugar moieties were cleaved

1173 Afterwards, the resin was freed from DMF by

with 5% hydrazine in DMF overnigh
washing with DCM several times and global deprotection of the peptide was done with
TFA/TIPS/phenol/water (88/0.2/0.5/0.5) for 2 h. Peptides were precipitated in cold diethyl
ether, centrifuged and washed with Et2O for five times. After purification by reverse-phase
HPLC (MeCN/water, 95/5 — 70/30 in 40 min), peptides 2.14, 2.15 and 2.16 could be furnished

in high purity.
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Table 2.1: Coupling conditions of microwave assisted SPPS of peptides 2.14, 2.15 and 2.16.

2.14 2.15 2.16
Compound step
tfs] p[W] T[°C] t[s] p[W] T[°C] t[s] p[W] T[°C]

Fmoc-Pro-OH 1 120 30 90 120 30 90 120 30 90
Fmoc-Pro-OH 1 120 30 90 120 30 90 120 30 90
Fmoc-Ala-OH 1 120 30 90 120 30 90 120 30 90
Fmoc-Thr/Bu-OH 1 120 30 90 120 30 90 120 30 90
Fmoc-SerBu-OH 1 120 30 90 120 30 90 120 30 90
Fmoc-Gly-OH 1 120 30 90 120 30 90 120 30 90
Fmoc-Pro-OH 1 120 30 90 120 30 90 120 30 90
Fmoc-Ala-OH 1 120 30 90 120 30 90 120 30 90
Fmoc-Pro-OH 1 120 30 90 120 30 90 120 30 90
Fmoc-ArgPbf-OH 2 120 30 90 120 30 90 120 30 90
Fmoc-Thr/Bu-OH 1 120 30 90 120 30 90 120 30 90
Fmoc-ApsTrtOH 1 120 30 90 120 30 90 120 30 90
Fmoc-Pro-OH 1 120 30 90 120 30 90 120 30 90
Fmoc-Ala-OH 1 120 30 90 120 30 90 120 30 90
Fmoc-SertBu-OH 1 120 30 90 120 30 90 120 30 90
2.13,2.9,2.12 1 3600 0 25 3600 0 25 3600 0 25
Fmoc-Val-OH 2 120 30 90

Fmoc-Gly-OH 2 120 30 90 120 30 90
Fmoc-Gly-OH 1 120 30 90

Fmoc-HisTrt-OH 1 50 35 480 50 35 480 50 35 480
Fmoc-Ala-OH 1 120 30 90 120 30 90 120 30 90
Fmoc-Pegs;-N3 1 120 30 90 120 30 90 120 30 90
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MUCI1-r-AAPEPTIDE MIMETICS

Azido-4,7,10-trioxadodecanylamido-N-L-alanyl-L-histidyl-L-glycyl-L-valyl-O-{2-acetamido-
2-desoxy-3-0-[B-D-galactopyranosyl]-a-D-galactopyranosyl) } -L-threonyl-L-seryl-L-alanyl-L-
prolyl-L-aspartyl-L-threonyl-L-arginyl-L-prolyl-L-alanyl-L-prolyl-L-glycyl-L-seryl-L-threonyl-
L-alanyl-L-prolyl-L-prolyl- L-alanine (2.14)
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Figure 2.12: HRMS spectrum of T-MUCI1-mimetic 2.14: HRMS (+ESI) m/z calc. for CioeH173N3104"
[M + HJ*: 1276.6189; found: 1276.6213. HRMS (—ESI) m/z calc. for Cio7H N304
[M+ FA — H]*: 1297.6070; found: 1297.6070.
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Figure 2.13: Reversed-phase HPLC run of 2.14 (MeCN/water 95/5 — 70/30 in 40 min) with a retention time of
23.1 min.
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MUCI1-r-AAPEPTIDE MIMETICS

Azido-4,7,10-trioxadodecanylamido-N-L-alanyl-L-histidyl-L-glycyl-O-(2-acetamido-3,4,6-tri-
O-acetyl-2-desoxy-a-D-galactopyranosyl)-2-(R)-hydroxypropionamido-N-[2’-amido-3’-
methylbutyl]-glycyl-L-seryl-L-alanyl-L-prolyl-L-aspartyl-L-threonyl-L-arginyl-L-prolyl-L-
alanyl-L-prolyl-L-glycyl-L-seryl-L-threonyl-L-alanyl-L-prolyl-L-prolyl- L-alanine (2.15)
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Figure 2.14: HRMS spectrum of T-MUCI-mimetic 2.15: HRMS (+ESI) m/z calc. for CioiHiesN31037%"
[M + HJ]*: 1202.6003; found: 1202.6023. HRMS (=ESI) m/z calc. for CigpoHi63N31039%"
[M+ FA — H] 2: 1223.5884; found: 1223.5892.
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Figure 2.15: Reversed-phase HPLC run of 2.15 (MeCN/water 95/5 — 70/30 in 40 min) with a retention time of
28.1 min.
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Azido-4,7,10-trioxadodecanylamido-N-L-alanyl-L-histidyl-L-glycyl-O- {2-acetamido-2-desoxy-
3-O-[B-D-galactopyranosyl]-a-D-galactopyranosyl) } -2-(R)-hydroxypropionamido-/N-[2’-amido-
3’-methylbutyl]-glycyl-L-seryl-L-alanyl-L-prolyl-L-aspartyl-L-threonyl-L-arginyl-L-prolyl-L-
alanyl-L-prolyl-L-glycyl-L-seryl-L-threonyl-L-alanyl-L-prolyl-L-prolyl- L-alanine (2.16)
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Figure 2.16:

HRMS spectrum of T-MUC1-mimetic 2.16: HRMS (+ESI) m/z calc. for Cjo7H75N3;04%" [M +
H]?*: 1283.6267; found: 1283.6303. HRMS (—ESI) m/z calc. for CiosH73N3104% [M+ FA — H] %
1304.6148; found: 1304.6148.
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Figure 2.17: Reversed-phase HPLC run of 2.16 (MeCN/water 95/5 — 70/30 in 40 min) with a retention time of
27.1 min.
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PHOTOPHARMACOLOGY

3 Photopharmacology

3.1 Introduction into Photopharmacology

Taking control over biological processes is a challenging task and tools to achieve control are
an ongoing research area. Biological processes on the cellular level takes place in a
spatiotemporal fashion, which sets the requirement for the development of suitable tools.!'””]
Furthermore, taking control must happen in orthogonality to cellular processes, otherwise
results could be falsified. However, light provides a non-invasive way with high spatiotemporal

[178] to control small molecules, peptides, proteins and receptors. Control by light

precision
requires photo-responsible elements, which undergo predictable changes in conformation and
polarity upon illumination. These elements are called photoswitches, due to their ability to
respond to light with a change in geometry. Out of a number of photochromic molecules, which
interconvert between open and closed forms (spiropyrans, diarylethylens thiophenfulgides) and
those switching between E (trans) and Z (cis) double bonds (azobenzenes, stilbenes,
hemithioindigos), azobenzenes (AB) are the most frequently used chromophores in biological

[13]

applications for several reasons. Azobenzenes reversibly isomerise nearly solvent-

independent on the picosecond timescale with a low rate of photobleaching and high

1791 At least, their simple synthesis and modification

photostationary states and quantum yields.!
offers a number of azobenzene derivatives with a wide range of absorption wave lengths from
UV to the near infra-red area and photoactivated state stabilities from seconds to years.!'3 Next
to their predictable distance change, the molecular dipole moment shifts upon isomerisation

(Scheme 3.1).[14

O e O

N. v .

N hv, kT !

4
4.

kT, t1/2 ~2d

deaca ~9A desaca ~6A
n~0D n~3D

Scheme 3.1: Switching of trans- and cis-azobenzene.!'¥

The thermodynamically more stable frans-azobenzene has a planar structure with Can

[180] 181]

symmetry!'8°! while the non-planar cis-isomer adopts a C2 symmetry!!8!l. The absorption
spectrum of azobenzenes shows two characteristic transitions, which are slightly overlapping.
Trans-azobenzene has a strong m—n* transition in the UV (320 nm) and a formally symmetry

forbidden and therefore weak n—n* transition in the blue-light (440 nm). In contrast, cis-
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azobenzene has a weak m—7* absorption band around 280 nm and a n—#n* transition around
440 nm which is slightly stronger than the trans-azobenzene transition.!'¥ Illumination with
UV light of 320 nm induces E — Z isomerisation, while Z — E isomerisation takes place upon
illumination with 450 nm or by thermal relaxation. While the n—n* transition is much smaller
for the trans-AB, the n—n* transitions are very similar for both isomers (Figure 3.1). However,
the predominant excitation of the Z-isomer (Z — E isomerisation) is enabled by the higher

182,183

absorption coefficient of cis-AB.! I The absorption coefficient for the trans-isomer (25°C,

MeOH) at 313 nm is 22447.4 = 1.0 L mol! cm™ and at 436 nm 486.2 + 0.3 L mol! cm™. In
contrast, the absorption coefficient for the cis-isomer is significantly smaller at 313 nm (35°C,

MeOH; 2016 £ 37 L mol! cm™) and somewhat higher at 436 nm (35°C, MeOH; 1402 + 23 L

183

mol! cm™).l!83] Whereas thermal relaxation yields in over 99.99 % trans-AB, the overlapping

13]

upon light-induced isomerisation.!

absorption bands results in a photostationary state (PSS) of 80% cis-AB or ~95% trans-AB
Ef(eV)
- 24 ¥ e—

" :
L -4
o
-6t M
— T — -

E-azobenzene Z-azobenzene

Figure 3.1: HOMO of E-AB and Z-AB including the energetic diagram of the w, n and n* orbitals. Reprinted
with permission from David Bléger, Jutta Schwarz, Albert M. Brouwer, and Stefan Hecht; Journal
of the American Chemical Society, 2012, 134 (51), 20597-20600.1'821 Copyright 2025 American
Chemical Society.

For isomerisation, four mechanisms have been proposed, including inversion, concerted

inversion, rotation and inversion-assisted rotation, which are shown in Scheme 3.2. The

predominant mechanism depends on the substitution pattern (steric and electronic effects) of
the AB, excitation energy (wavelength) and the solvent (temperature, polarity and viscosity),

but most theoretical and experimental studies explain AB-isomerisation by rotation mechanism

and thermal relaxation of cis-AB by inversion mechanism.[!84]
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Scheme 3.2: Mechanism of trans-to-cis isomerisation of azobenzene.[!%4

The change in geometry and dipole upon light-driven isomerisation of azobenzenes influences
the secondary structure of a peptide!'®! and therefore its pharmacological properties.['””]
Incorporation of photoswitches should ideally result in a high affinity state and a low affinity
state or in general in one isomer with high potency and one isomer with a low potency.!®!
However, the photoswitchable unit with its absorbance spectrum and its isomeric stability
should be carefully adapted to different biological applications or therapeutic scenarios. The
bistability of both isomers is of importance and a high population of the thermodynamically
less stable cis-state guarantees a bigger effect upon isomerisation. Nevertheless, the nature of
sigmoidal dose-response curves principally enables a complete on-off control in
pharmacological approaches even with a low population of the active state by choosing the
right concentration.'¥”) Absorbance spectrum, bistability, solubility and the resistance to
reduction can be modified by substitution of the azobenzene. The position of substitution is
crucial, as para- and ortho-substitutions have a much higher influence on the electronic
properties then meta-substitutions. While push-pull systems result in redshifted absorption
bands, their bistability is reduced by the high single bond character of the azo bond. The same
applies to electron donating substituents in ortho-position, which cause a bathochromic shift of
the m-t* transition, but reduce the half-life of the cis-isomer in water by stabilising the formation

of azonium ions.['®] In contrast, electron withdrawing substituents (Cl, F) in ortho-position
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also provide red-shifted absorption spectra and additionally stabilise the cis-isomer.
Furthermore, ortho-halogination results in separated absorption bands. FERINGA and co-

workers!!#]

synthesised antibiotics, which can be controlled by visible light. Whereas tetra-
ortho-chlorination yielded in a PSS cis:trans ratio of 87:13 upon illumination with 652 nm,
irradiation times up to 3 h where necessary. Using wavelengths of higher energy shortened the
irradiation times, but also lowered the PSS to cis:trans of 1:1 at 527 nm. Better results could be
obtained with tetra-ortho-fluorinated azobenzene moieties. Irradiation with 527 nm resulted in

a PSS of cis:trans of 89:11.11%%]

MLL1

360nm
\N\N v

i Tnactve’
WDRsS
&wnm
lSO nm
o

trans-TOP271

fifﬁ

cGMP

Figure 3.2:  Examples of photoswitchable pepides: a) truncated AMBP-containg WIN sequence for control of
histone methyl transferase MILL11'%%); b) a-helix formation induced by a bridging azobenzene for
cytochrome c release;'°!! c) AMPP-containing NMP for the control of the NPR-A/cGMP signaling
pathway.['?]

For the introduction of chromophoric units into peptides, a number of Fmoc-protected

photoswitchable SPPS building blocks have been synthesised.['”’] But also, haloacetamido

containing azobenzene for the selective reaction with cysteine side-chains have been used to
gain influence on the secondary structures.!'” In this case, the secondary structure could be

influenced by the use of different wavelengths. Therefore, photoswitches have been used in a

wide range of biological applications. For the photocontrolled uptake by cells, an oligo-arginine

chain was connected over sterically hindered push-pull azobenzene to an equally long oligo-
glutamate chain. While in the cis-isoform of the photoswitchable cell penetrating peptide

(PCPP), the oligoarginine was masked by the oligo-glutamate chain, the cellular uptake by

HeLa cells hand in 10-fold increase upon photoconversion into the trans-PCPP.['Y] Another

important chromophore is 3-[3-(aminomethyl)phenylazo]-phenylacetic acid (AMPP, 3.1),
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which has been used for the investigation of B-hairpin formation of small model peptides!!'*-

118, 196] or B-turn nucleation of amyloid-B.!"*”) Furthermore, with an AMPP-containing ANP, the
selective and reversible control of the NPR-A/cGMP signaling pathway was possible (Figure
3.2: C).'2] Next to B-hairpins, the formation of a-helices can be controlled by light using
bridging azobenzene. DNA binding motifs usually contain a high a-helical content, whereas
secondary structure formation occurs by interaction with other structural motifs like DNA.
Haloacetamid containing azobenzene coupled to two 1,i +7 or 1,i+11 spaced cysteine side-chains

198-200] The same light-induced

were able to trigger a-helix formation and DNA strand binding.!
manipulation of o-helix formation was used to stimulate mitochondrial membrane
depolarisation and cytochrome c release, resulting in cell apoptosis (Figure 4.2: B).1"”!] Another
frequently used chromophore is (4-aminomethyl)phenylazobenzoic acid (AMPB, 3.2).
Epigenetic control of the histone methyltransferase MLL1 by introducing AMPB into a
truncation-sequence of the WDRS-Interacting peptide (WIN-peptide) enables the manipulation
of the Deptor gene transcription and thus the control leukemia cell growth by light (Figure 4.2:

A).1"% In summary, photositchable units are excellent building blocks for the manipulation and

control of biological target structures.

3.2 Objective

Taking control over biological processes is a field of ongoing research. Spatiotemporal
precission and orthogonality to the cellular processes is important to avoid falsification of the
experiments. In accordance to these conditions, photoresponsible elements like azobenzene-
photoswitches undergo changes in conformation and polarity upon illumination.!'*
Incorperation of azobenzene-photoswitches in peptides enables influence the secondary
structure!'®>! and therefore their binding affinity towards receptors. In addition to their simple
synthesis and their photochemical advantages, there are already several photoswitchable

azobenzene SPPS building blocks discribed in the literature.

Carbetocin is a mimetic of the hormone oxytocin. As the endogenous ligand of OXTR, it plays
an important role in labour!!® and social behaviour!!”). The short half-life of oxytocin?*!! led to

the development of Carbetocin, which has an improved enzymatic stability!!”! and receptor

20]

selectivityl?”). Nevertheless, carbetocin is a partial agonist with differences in signal

20, 21

transduction.!?* 2!l Photoswitchable carbetocin derivatives are suitable for the investigation of

the OXTR. The aim of this project was the synthesis of a small library of photoswitchable
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AzoCarbetocins (ACBT). For this reason, azobenzene photoswitches were introduced into the
backbone of the ring, as well as amino acid side-chains. Last but not least, an azobenzene
photoswitch should be introduced by N-alkylation in exchange of the amino acid proline. The
biological evalution of the synthesized ACBTs should be carried out by Dr. Iuliia Karpenko,
Faculty of Pharmacy, University of Strasbourg.

Kisspeptin-54, first discovered as a metastasesuppresor'??, is crucial for the sexual maturation
in mammals. Next to KP-54, severl short kisspeptins excist, whereas kp-10 is the shortest and
most active one.[?? Its binding to the kisspeptin receptor Kiss1R (GPR54) results in the release
of gonadotropin-releasing-hormon (GnRH), which itself triggers the release of the
gonadotropins LH and FSH.[*¥] Mutation in the GPR54-encoding gene results in iodopatic
hypogonadotropic hypogonadism.[>* 2! The aim of the project is the synthesis of
photoswitchable kisspeptin mimetics, Azo-KPs. The incorporation of azobenzene-
photoswitches into the hydrophobic cluster’?”) of kp-10 should enable control over the
secondary structure and thus the receptor affinity. The photoswitchable kisspeptin analogues
should be investigated using patch clamp (Dr. Jian Qiu; Group of Prof. Dr. Martin J. Kelly,
Oregon Health and Science University) and in vitro cell studies (Dr. Jan-Erik Hoffmann; Group

of Prof. Dr. Carsten Schulz, Oregon Health and Science University).

Several azobenzenes known from the literature are to be synthesized as photoswitches, which
can be incorporated into the peptides as SPPS building blocks. Furthermore, based on these
syntheses, photoswitches should be synthesized that can be incorporated via N-alkylation or

aromatic substitution.
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3.3 Synthesis of photoswitchable building blocks

The synthesis of the azobenzene photoswitches used in the projects 3.4, 3.5 and 3.6 is described
in the following part.

3.3.1 AzoPhel2%3I

The chromophore phenylazophenylalanine (formerly Pap, in recent publications AzoPhe, 3.3)
acts as photoswitchable side-chain which is derived from the canonical amino acid
phenylalanine 3.4. A single CHz-spacer between the Ca-carbon atom and the azobenzene side-
chain guarantees a minimum number of conformational isomers of the side chain. The reduced
flexibility should result in a higher effect between cis- and trans-AzoPhe.?°¥ In contrast to
bridging or backbone photoswitches, the side-chain of AzoPhe causes only local perturbation
and sterical rearrangements?l, which qualifies this chromophore for the use in small peptides.
AzoPhe was first used by Goodman et. al., to demonstrate the effects of photoisomerisation
onto structural changes of peptide derivatives using copolymers of AzoPhe and y-benzyl-
gluatmic acid.?%* 2061 Later, Woolley used phenylazophenylalanine for the switching of Ion-
Dipole interactions in a gramicidin channel analogue./*°”! Besides its use in SPPS, Bose et. al.
introduced AzoPhe into the transcription factor CAP of E.Coli by an orthogonal tRNA-
aminoacyl tRNA synthase pair, showing the ability of AzoPhe to control bigger structures.[*¥
At least, small peptides containing several AzoPhe units, were able to form hydrogels??®*! and

§[209]

nanofiber upon cis to trans isomerisation.

_a)_ b)
BocHN BocHN
BocHN FmocHN

Fmoc AzoPhe OH

Scheme 3.3: Synthesis of Fmoc-AzoPhe-OH (3.3): a) H.SO4, HNO3, 0 °C, 2 h, 94%; b) 1 M NaOH, Boc,O,
dioxane/water, 1.t., 5 h, 94%; c¢) Pd/C 10%, MeOH, r.t., o.n. 86%; d) nitroso-benzene, AcOH, r.t.,
2 h, 85%; e) 1. TFA/water (9:1), r.t., 2 h; 2. NaHCO;, Fmoc-OSu, acetone/water, r.t., 18 h, 91%.20%

208, 210-212]
The Fmoc-AzoPhe-OH 3.3 SPPS building block can be synthesised based on a modified
procedure of Goodman et al.?®*) and Bose et. al./?"¥], starting from commercially available L-
Phenylalanine 3.4 using tert-Butyl protecting group to enhance solubility (Scheme 3.3).

Nitration of 3.4 using a mixture of fuming nitric acid and concentrated sulphuric acid yielded
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in 4-nitrophenylalanine (3.5). After Boc-protection of the a-amino group using di-fert-butyl
dicarbonate, N-Boc-4-nitro-phenylalanine (3.6) could be furnished in an excellent yield. The
nitro group was then reduced by hydrogenation with Pd/C in a very good yield to obtained N-
Boc-4-nitro-phenylalanine (3.7). The following azo-coupling under Mills condition with
commercially available nitrosobenzene resulted in Boc-AzoPhe-OH (3.8) in a very good yield.
After removal of the Boc-protecting group with TFA/water (9:1) and subsequent protection
with Fmoc-OSu afforded the SPPS building block Fmoc-AzoPhe-OH (3.3) in excellent yield.
Spectral and photophysical properties are described by Bose et. al.[?%

3.3.2 Bu;AzoPhe

tBu tBu t tBu
. \@/ \Q/
N _N
N N
c)
FmocHN
[¢] HO [¢]
9

Bu
37 2k b,
BocHN
HO 0 BocHN
3.10
HO

31 Fmoc-tBu:;AzoPhe-OH

Scheme 3.4: Synthesis of Fmoc-tBuAzoPhe-OH: a) Oxon®, DCM/water (1:1), r.t., 4 h, b) 3,5-di-tert-butylaniline,
AcOH, r.t., o.n., 24% over two steps; ¢) 1. TFA/water (9:1), .t., 2 h; 2. NaHCO3, Fmoc-OSu, r.t.,
0.1, 81%.[118. 208
While the aromatic rings of AzoPhe are able to interact with aromatic side-chains by n-n
stacking interactions, a bulkier version with a reduced ability for n-stacking was synthesised.
This photoswitch should also have a greater sterically difference upon cis-trans isomerisation.
The bulky Fmoc-tBuzAzoPhe-OH (3.9) was synthesised in three steps starting from aniline 3.7.
Oxidation of 3.7 with Oxon® and subsequent azo-coupling of the N-Boc-4-nitroso-
phenylalanine (3.10) with 3,5-di-fert-butylaniline under Mills-conditions afforded Boc-
tBuAzoPhe-OH (3.11) in a poor yield of 24% over two steps. After deprotection with
TFA/water (9:1) followed by Fmoc-protection of the a-amino group, 3.9 could be furnished in
a very good yield (Scheme 3.4).
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3.3.3 AMPPI112 118,179,192, 193,197, 213, 214]

HO. _H
NO, N NO
aq), ag), OH
3.13 m
3'120 OH 0“" ~oH Y 07 SoH N
R Y
NH, NH,
o),
NHFmoc
3.14 NH, 3.15

NHEmoc
Scheme 3.5: Synthesis of AMPP: a) 1. NH4Cl, zinc, 2-methoxyethanol, 0 °C — r.t., 2 h; 2. FeCl; - 6 H,0,
EtOH/H,0 (2:1), 0 °C — r.t., 2 h; b) Fmoc-OSu, EtsN, DMF/MeCN (1:10), .t. 2 h, 48%; ¢) AcOH,
r.t. o.n., 67%.118
Besides photoswitchable side-chains like AzoPhe, a number of backbone photoswitches have
been published in the last decades. One example, which is often used as B-turn motif is 3-[3-
(aminomethyl)phenylazo]-phenylacetic acid (AMPP, 3.1).1112 118, 179, 192,193, 1197, 213, 214] The
additional methylene spacers between the carboxyl/amino group and the aromatic ring
guarantee a reduced rigidity, which enables an easier adoption of native structures. While
photoswitchable side-chains usually substitute a single amino acid, AMPP can replace up to
four amino acids.'?! Furthermore, in contrast to AzoPhe, the incorporation of 3.1 results in

large structural shifts like B-hairpin formation upon isomerisation.

c;]

/TN

o NCO HoN NHFmoc o h
OH OH

/@NHFmoc

2

QNHFmoc

>_
Iz0

QH
s O, N.
OH
OH H,O

Scheme 3.6: Mechanism of the Baeyer-Mills reaction.[?!3]

The photophysical and spectral data as well as the synthesis of AMPP is described in the
literature using Mills reaction, which is a typical procedure for the formation of asymmetric
azobenzenes, using the condensation of a nitroso and an amino benzene.[!!? 18,193,215, 2161 The
crucial step is the formation of the instable nitrosobenzene (Scheme 3.6). Therefore, in a first
step 2-(3-nitrophenyl)acetic acid (3.12) was reduced to the corresponding hydroxylamine by
zinc in slightly acidic solution (Scheme 3.5). The ensuing oxidation with FeCls formed 2-(3-

nitrosophenyl)acetic acid (3.13) which was subsequently used for the Mill’s reaction on the
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same day. The nitrosobenzene 3.13 and Fmoc-protected 3-aminobenzylamine 3.15 were solved

in acetic acid and stirred over night to form Fmoc-AMPP-OH 3.1 in a fair yield.

3.3.4 BMPP
NO, NO
_a), @)\ OH OH
o [e]
342 A, 313 A, Q/Y
b) 2 c =N
T \ 3.18_LN 3.16
NH,
OH Br
317 OH

Scheme 3.7: Synthesis of BMPP: a) 1. NH4Cl, zinc, 2-methoxyethanol, 0 °C — r.t., 2 h; 2. FeCl; - 6 H>O,
EtOH/H,0 (2:1), 0 °C —> r.t., 2 h; b) b) AcOH, r.t. 0.n., 67%; c) PPhs, NBS, THF (absol.), 0 °C,
15 min, 84%.[18
In order to afford an AMPP derivative, which can be coupled to an amine by SPPS standard
coupling procedure and attached to a thiol under basic conditions on the other side, 3-[3-
(bromomethyl)phenylazo]-phenylacetic acid (BMPP, 3.16) was synthesised (Scheme 3.7). The
first step, the reduction of the Nitrobenzene 3.12 to the Nitrosobenzene 3.13 was performed
under the same conditions as further explained above. For Mill’s reaction, Nitrosobenzene 3.13
and 3-aminobenzyl alcohol (3.17) were solved in acetic acid and stirred overnight to furnish 3-
[3-(hydroxymethyl)phenylazo]-phenylacetic acid (3.18) in a fair yield. At least, the bromination
of the alcohol 3.18 under Appel conditions using triphenylphosphine and N-
Bromosuccinimide?!”- 28] afforded BMPP 3.16 in a very good yield (Scheme 3.8).

° \/©\
B‘\r) S Br HO R
0 Neo PPh; — o0 N o @0 — B
ﬁ “OPPhs  -NHS PhsRD R R

Lo

Br

Scheme 3.8: Bromination by Appel reaction using triphenylphosphine and N-Bromosuccinimide as bromine
source.?!7]
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3.3.5 2-[3-(perfluorophenyl)phenylazo]-phenylacetic acid

NH, Ny 3.19

COH

Scheme 3.9: Synthesis of PFAPP 3.19: a) Oxone®, DCM/water (1:1), r.t., 12 h; b) 3-amino phenylacetic acid,
AcOH, 6 h, 7.5% over two steps.?'’While AMPP has methylene-spacer between the

amino/carboxyl group and the benzene, 2-[3-(perfluorophenyl)phenylazo]-
phenylacetic acid (3.19), possess only one methylene group on the carboxylic side.
The perfluorinated exo-ring is electron-deficient enough, to be substituted by thiols
in para-position to the azobridge. ?'% 22%1 Perfluorinated AzoPhe was genetically

211" and incoperated into Ca**-saturated Calmodulin

encoded by Hoppmann et. al.
(CaM). After cyclisation with a nearby cysteine residue, the binding affinity of CaM
towards the CaM binding domain of the neuronal nitric oxide synthase (NOS-I)
could be reduced upon switching from trans to cis. Furthermore, perfluorination
resulted in a n-m* band separation, sufficient for bidirectional switching with
540 nm (trans — cis) and 405 nm (cis — trans). At least, the small difference in
size between a proton and fluorine does not significantly influence the ring-
bulkiness and thus, the geometry of the azobenzene moiety.!**! The first step of the
synthesis*!! of 3.19 is the oxidation of pentafluoro aniline 3.20 with Oxone® to
pentafluoro nitroso benzene (3.21) and subsequently use in Mill’s reaction (Scheme

3.9) with 3-amino phenylacetic acid afforded PFAPP 3.19. Reaction of 3-nitroso
phenylacetic acid 3.13 with pentafluoro aniline 3.20, only provided traces of 3.19.

3.3.6 4-(phenylazo)benzylamine!??!l

Hy
? a) éj b)
FmocHN gj ?
3.23 3.24 FmocHN

Scheme 3.10: Synthesis of 4-(phenylazo)benzylamine: a) Fmoc-OSu, Et;N, DMF/MeCN (1:10), r.t., 4 h, 61%; b)
nitrosobenzene, AcOH, r.t., 0.n., 87%; ¢) piperidine, DCM, r.t., 20 min, 97%.[118-221]
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Next to side-chain or backbone incorporation of chromophores by SPPS building blocks, N-
alkylation can be used to introduce photoswitches into a peptide. After coupling of bromoacetic
acid, the photoswitch can be attached by nucleophile substitution in basic solution. Therefore,

[221

4-(phenylazo)benzylaminel?*! 3.22 was synthesised in three steps, starting from 4-aminobenzyl

(2211, Fmoc-protection of the benzylic

amine 3.23 following a modified protocol of Fillafer et. al.
amine afforded (9H-fluoren-9-yl)methyl (4-aminobenzyl)carbamate (3.24) and azo-coupling
under Mill’s condition with commercially available nitrosobenzene resulted in (9H-fluoren-9-
yl)methyl (E)-(4-(phenyldiazenyl)benzyl)carbamate (3.25). Deprotection with 20% peperidine
in DCM resulted in the 4-(phenylazo)benzylamine 3.22 with 51% yield over three steps

(Scheme 3.10).
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3.3.7 Analytica Data of the photoswitches

(S)-2-amino-3-(4-nitrophenyl)propanoic acid 3.51>1%

NO,

HoN

HO [¢)

To a solution of L-phenylalanine (3.50 g, 21.2 mmol, 1.0 eq) in conc. sulphuric acid (10 mL) at
0°C, fuming nitric acid (1.05 mL, 25.1 mmol and 1.2eq) was added over a period of 30 min.
After 1.5 h, the reaction mixture was poured on ice (35 mL) and neutralised with 37% aqueous
ammonium hydroxide. The precipitate was filtered off and washed with cold water. After

crystallisation from water, 4.18 g the product (19.9 mmol, 94%) was obtained as yellow solid.
HRMS (ESI): m/z calcd. for ((M+H]") 210.0641, found 210.0625.

'"H-NMR (400 MHz, D20): § = 8.28 (d, J= 8.7 Hz, 2H, Hkg), 7.53 (d, J= 8.7 Hz, 2H, H5), 4.04
(dd, J=7.6 Hz, J= 5.5 Hz, 1H, Ha), 3.38 (dd, J = 14.4 Hz, J = 5.8 Hz, 1H, Hp1), 3.27(dd, J =
14.4 Hz, J= 7.6 Hz, 1H, HB1) ppm.

13C-NMR (100 MHz, D20): § = 173.4 (COOH), 147.1 (C%), 143.4 (Cy), 130.4 (C3), 124.1 (Ck),
55.6 (Ca), 36.3 (CB) ppm.

(2S)-2-[(tert-butoxycarbonyl)-amino]-3-(4-nitrophenyl) propanoic acid 3.6/2!1!

NO,

BocHN

HO o

To a solution of 1.27 g of 4-Nitro-L-phenylalanine (6.04 mmol, 1.0 eq.) in 50 mL of a mixture
of dioxane/water (3:2), 14 mL of 1 M aqueous NaOH and 1.45 g Di-tert-butyl dicarbonate
(6.65 mmol, 1.1 eq.) were added. After 5 h at room temperature, additional 1.00 g Di-tert-butyl
(4.58 mmol, 0.8 eq.) was added. After completion, the reaction was acidified to pH = 2.0 with
1 M HCl and extracted three times with 80 mL EtOAc. The combined organic phases were dried

over Magnesium sulphate and the solvent was removed under reduced pressure. The crude
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product was then purified by flash chromatography on silica (‘Hex/EtOAc, 3:1 + 1% AcOH) to
furnish 1.76 g of the product (5.68 mmol, 94%) as a colourless solid.

Ry (CHex/EtOAc, 3:1 + 1% AcOH): 0.3
HRMS (ESI): m/z caled. for ((M+NHa]") 328.1503, found 328.1504.

'"H-NMR (400 MHz, DMSO-ds): & = 8.15 (d, J= 8.6 Hz, 2H, He), 7.53 (d, J= 8.6 Hz, 2H,
H3),7.20 (d, J = 8.6 Hz, 1H, NH-Boc), 4.24 — 4.14 (ddd, J = 13.6 Hz, 8.6 Hz, 4.5 Hz, 1H, Ha),
3.18 (dd, J=13.7 Hz, 4.6 Hz, 1H, Hp1), 2.96 (dd, J=13.7 Hz, 10.6 Hz, 1H, Hp2) 1.29 (s, 9H,
C(CH3)3) ppm.

13C-NMR (100 MHz, DMSO-de): § = 173.1 (COOH), 155.4 (C=0-Boc), 146.5 (Cy), 146.3 (CV),
130.5 (C3), 123.2 (Ce), 78.2 (C(CHs3)s3), 54.5 (Ca)), 36.3 (CP), 28.1 (C(CHs)3) ppm.

(2S)-2-[(tert-butoxycarbonyl)-amino|]-3-(4-aminophenyl)-propanoic acid 3.71>12

NH,

BocHN

HO 6}

In an argon-filled Schlenk-flask 1.73 g N-Boc-4-Nitro-L-phenylalanin (5.58 mmol, 1.0 eq) were
dissolved in 120 mL Methanol and 0.23 g Pd on activated coal (10%) were added. The flask
was evaporated and purged with Hz for three times. After 3 d, the solution was filtrated through
Hyflo® and the solvent was removed in vacuo furnish 1.35 g of the product (4.80 mmol, 86%)

as a colourless solid.

HRMS (ESI): m/z calcd. for ([M]) 280.1423, found 280.1428.

"H-NMR (400 MHz, DMSO-de): § = 7.39 (bs, 1H, COOH), 6.88 (d, J= 8.2 Hz, 2H, H5), 6.48
(d, J= 8.3 Hz, 2H, He), 3.98 (td, /= 9.3 Hz, 4.8 Hz, 1H, Ha), 2.83 (dd, J = 13.8 Hz, 4.6 Hz,
1H, HB1), 2.66 (dd, J=13.8 Hz, 9.8 Hz, 1H, Hp2), 1.34 (s, 9H, C(CH3)3) ppm.

I3C-NMR (100 MHz, DMSO-ds): § = 174.3 (COOH), 155.9 (C=0-Boc), 147.4 (CC), 130.0 (C3),
125.2 (Cy), 114.3 (C¢), 78.5 (C(CHs)3), 56.1 (Ca), 36.3 (CB), 28.7 (C(CH3)3) ppm.
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(S,E)-2-((tert-butoxycarbonyl)amino)-3-(4-(phenyldiazenyl)phenyl)propanoic acid 3.8!2%4l

"

_N
N

BocHN

HO ¢}

To a stirred solution of 3.00 g (10.7 mmol, 1.0 eq.) N-Boc-4-Amino-L-phenylalanin in 30 mL
conc. acetic acid were added 1.15 g (10.7 mmol, 1.0 eq.) of Nitrosobenzene. The reaction
mixture was stirred for 2 h at room temperature and the solvent was removed under reduced
pressure. The residue was then co-evaporated with toluene (5 x 30 mL) and Dichlormethane (2
x 50 mL). The crude product was purified by flash-chromatography on silica (DCM —
DCM/MeOH 99:1) to give 3.35 g (9.08 mmol, 85%) of the product as an amorphous orange
solid.

Rr(DCM/MeOH, 9:1): 0.45
HRMS (ESI): m/z caled. for ((M+H]") 370.1761, found 370.1764.

'H-NMR (400 MHz, DMSO-ds): & = 7.86 (dd, J = 8.1 Hz, J = 1.4 Hz, 2H, H6), 7.81 (d, J =
8.3 Hz, 2H, He), 7.61 — 7.51 (m, 3H, Hy, Hx), 7.47 (d,J = 8.3 Hz, 2H, H5), 7.02 (d,J = 7.7 Hz,
1H, NH-Boc), 4.30 — 4.15 (m, 1H, Ha), 3.15 (dd, J= 13.8 Hz, J = 4.6 Hz, 1H, Hp1), 2.97 (dd,
J=13.9 Hz, J=10.0 Hz, 1H, HB>), 1.32 (s, 9H, C(CH3)3) ppm.

13C-NMR (100 MHz, DMSO-ds): 8 = 173.1 (COOH), 155.3 (C=0-Boc), 152.0 (Cn), 150.6
(CY), 141.9 (Cy), 131.1(Cy, Cx), 130.0 (C3), 129.2 (Ci, Cx), 122.3 (CV), 122.2 (Ce), 78.0
(C(CH3)3), 54.7 (Ca), 36.4 (CB), 28.0 (C(CHs)3) ppm.
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,E)-2- -fluoren-9-yl)methoxy)carbonyl)amino)-3-(4-(phenyldiazenyl)phenyl)-
(S,E)-2-(((OH-fl 9-yl)methoxy)carbonyl)amino)-3-(4-(phenyldiazenyl)phenyl)
propanoic acid (Fmoc-AzoPhe-OH, 3.3)208]

_N
N

FmocHN
HO 6]

Compound 3.3 was synthesized in accordance to literature known protocols.!!®: 2081

In an ice-bath, 3.29 g (8.66 mmol) N-Boc-phenylalanine-4‘-azobenzene was dissolved in 30 mL
TFA/H20 (9:1) and stirred at room temperature for one hour. The solvent was removed under
reduced pressure and the residue was co-evaporated with toluene (5 x 50 mL) and
Dichlormethane (2 x 50 mL). The residue was dissolved in 250 mL water/acetone (1:1) and
2.18 g (25.9 mmol, 3.0 eq.) NaHCO3 and 2.92 g (8.66 mmol, 1.0 eq) Fmoc-OSu were added.
After 18 h stirring at room temperature, the solution was acidified to pH = 2 with 1 M chloric
acid. The aqueous phase was extracted with 3 x 100 mL Ethyl acetate and dried over magnesium
sulphate. The crude product was purified by flash-chromatography on silica (DCM —
DCM/MeOH 98:2) to furnish 3.87 g (7.88 mmol, 91%) of an orange product.

Ry (DCM/MeOH, 9:1): 0.5
HRMS (ESI): m/z calcd for ((M+H]") 492.1918, found 492.1921.

'"H-NMR (400 MHz, DMSO-ds): 8 = 7.91 — 7.84 (m, 4H, H4-, H5-Fmoc, H9), 7.81 (d, J =
8.3 Hz, 2H, He), 7.78 (d, J = 8.6 Hz, 1H, NH-Fmoc), 7.68 — 7.53 (m, SH, H1-, H8-Fmoc, H,
Hy), 7.50 (d, J=8.3 Hz, 2H, Hd) 7.38 (q,J= 7.1 Hz, 2H, H3-, H6-Fmoc), 7.32 —7.24 (m, 2H,
H2-, H7-Fmoc),4.33 —4.24 (m, 1H, Ha), 4.24 —4.13 (m, 3H, H9-Fmoc, CH2-Fmoc), 3.22 (dd,
J=13.7Hz,J=4.3 Hz, 1H, HB1), 2.99 (dd, /= 13.7 Hz, J= 10.7 Hz, 1H, HPB2) ppm.

BC-NMR (100 MHz, DMSO-ds): § = 173.1 (COOH), 155.9 (C=0-Fmoc), 152.0 (Cn), 150.6
(CY), 143.8 (Cla-, C8a-Fmoc), 143.7 (Cla-, C8a-Fmoc), 142.1 (Cy), 140.7 (C4a-, C5a-Fmoc),
131.3 (C, Cx), 130.2 (€), 129.4 (1, Cx), 127.6 (C3-, C6-Fmoc), 127.0 (C2-, C7-Fmoc) 125.2
(C1-, C8-Fmoc), 122.4 (C6), 120.1 (C4-, C5-Fmoc), 65.6 (CH2-Fmoc), 55.3 (Ca), 46.6 (C9-
Fmoc), 36.4 (CB) ppm.
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(S,E)-2-((tert-butoxycarbonyl)amino)-3-(4-((3,5-di-zert-butylphenyl)diazenyl)phenyl)-

propanoic acid 3.11

BocHN

HO 6}

Compound 3.11 was synthesized in accordance to literature known protocols.>*4!

To a solution of 1.0 g (3.57 mmol, 1.0 eq.) N-Boc-4-Amino-L-phenylalanin dissolved in 30 mL
DCM a solution of 2.19 g (7.13 mmol, 2 eq.) Oxon® dissolved in 30 mL water were added.
After stirring for 4 h at room temperature, the organic phase was separated and the aqueous
phase was extracted 2 times with 30 mL DCM. The combined organic phases were dried over
MgSOs4 and purification by flash chromatography on silica (DCM — DCM/MeOH 99.5/0.5)
423 mg of (S)-2-((tert-butoxycarbonyl)amino)-3-(4-nitrosophenyl)propanoic acid could be
furnished.

The Nitrosyl was directly dissolved in 30 mL conc. acetic acid and 295 mg (1.43 mmol) 3,5-
Di-tert-butylanilin were added. After stirring over-night at room temperature, the solvent was
removed under reduced pressure and the crude product was co-evaporated for five times with
toluene and two times with DCM. After purification by flash chromatography on silica
(DCM—DCM/MeOH, 9:1) 420 mg (0.87 mmol, 24% over two steps) of the product could be

furnished as orange solid.

Rr(DCM/MeOH, 9:1): 0.48
HRMS (ESI): m/z caled for ((M+H]") 482.3013, found 482.3011.

"H-NMR (400 MHz, DMSO-de): & = 8.34 (bs, 1H, COOH), 7.86 (d, J = 8.4 Hz, 2H, He), K2),
7.81 (d,J=8.4 Hz, 2H, He, K1), 7.71 (d, /= 1.8 Hz, 2H, H0, K1), 7.70 (d, /= 1.8 Hz, 2H, HO,
K2), 7.62 (t, J = 1.8 Hz, 1H, Hx, K2), 7.61 (t, J = 1.8 Hz, 1H, Hx, K1), 7.49 (d, J = 8.4 Hz,
2 H, H3, K1), 7.45 (d, J=8.3 Hz, 2H, H}, K2), 7.01 (d, J = 6.7 Hz, 1H, NH-Boc), 4.26 (t,J =
6.6 Hz, 1H, Ha, K1),4.21 (s, 1H, Ha, K2),3.22 (dd, J= 6.5 Hz, J=2.9 Hz, 1H, Hp1,K1), 3.14
(dd, J=14.1,J=4.4, 1H, HB1,K2),2.96 (dd, J=14.2 Hz, J=10.0 Hz, 1H, Hp2, K2), 1.36 (s,
27H, C(CH3)3.ar K1, K2, C(CH3)3-Boc, K1), 1.32 (s, 9H, C(CH3)3-Boc), K2) ppm.
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13C-NMR (100 MHz, DMSO-ds): § = 173.0 (COOH), 170.0 (C=0-Boc), 151.9 (Cn, K1), 151.9
(Cn, K2), 151.6 (C, K2), 151.6 (C1, K1), 151.3 (CL, K1), 150.7 (CC, K2), 141.5 (Cy, K1), 138.2
(Cy, K2), 130.3 (€3, K1), 129.9 (€5, K2), 125.2 (Cx, K2), 125.0 (Ck, K1), 122.5 (Cz, K2),
122.1 (Ce, K1), 116.5 (€9), 116.4 (€V), 78.0 (C(CHs)3-Boc), 54.7 (Ca, K2), 53.0 (Ca, K1),
36.3 (CB, K1), 35.6 (CP, K2), 34.6 (2 x C(CHsz)3), 31.0 (2 x C(CH3)3), 28.0 (C(CHs)3-Boc) ppm.

(S,E)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino-3-(4-((3,5-di-zert-
butylphenyl)diazenyl)phenyl)propanoic acid (Fmoc-sBuAzoPhe-OH, 3.9)

tBu \©/t8u

_N
N

FmocHN

HO o

Compound 3.9 was synthesized in accordance to literature known protocols.!!!% 208]

To a solution of 333 mg (0.69 mmol, 1.0 eq.) 3.11 in 1 mL water at 0°C, 9 mL TFA was added.
After stirring for 2 h at room temperature, the solvent was removed under reduced pressure and
the free amino acid was co-evaporated five times with toluene and two times with DCM. The
free amine was then solved in 30 mL acetone/water (1:1) and 116 mg (1.38 mg, 2.0 eq.)
NaHCO3 and 233 mg (0.69 mmol, 1.0 eq.) Fmoc-OSu was added. After 18 h stirring at room
temperature, the solution was acidified to pH = 2 with 1 M Chloric acid. The aqueous phase was
extracted with 3 x 100 mL ethyl acetate and dried over magnesium sulphate. The crude product
was purified by flash-chromatography on silica (DCM — DCM/MeOH, 99.5:0.5) to furnish

338 mg (0.56 mmol, 81% over two steps) of an orange product.

Ry (DCM/MeOH, 9:1): 0.50
HRMS (ESI): m/z calced for ((M+H]") 604.3170, found 604.3172.

'H-NMR (400 MHz, DMSO-ds): & = 7.86 (d, J = 7.6 Hz, 2H, H4-, H5-Fmoc), 7.82 (d, J =
8.3 Hz, 2H, Hg), 7.81 (d, J = 8.8 Hz, 1H, NH-Fmoc), 7.70 (d, J 1.7 Hz, 2H, H9), 7.66 — 7.59
(m, 3 H, Hx, H1-, H3-Fmoc), 7.49 (d, J = 8.4 Hz, 2H, H3), 7.38 (q, J = 7.8 Hz, 2H, H3-, H6-
Fmoc), 7.33 —7.20 (m, 2H, H2-, H7-Fmoc), 4.27 (ddd, J=10.6 Hz, J=8.7 Hz,J=4.5 Hz, 1H,
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Ho), 423 —4.11 (m, J = 3H, H9-Fmoc, CH>-Fmoc), 3.21 (dd, J = 13.8 Hz, J = 4.3 Hz, 1H,
Hp1),2.98 (dd, J=13.7 Hz, J=10.8 Hz, 1H, HpB2), 1.36 (s, 18H, 2 x C(CH3)3) ppm.

13C-NMR (100 MHz, DMSO-de): 8 = 173.1 (COOH), 155.9 (C=0-Fmoc), 151.9 (Cn, Cv), 151.7
(Cn, Cv), 150.7 (CC), 143.8 (Cla-, C8a-Fmoc), 143.7 (Cla-, C8a-Fmoc), 141.7 (Cy), 140.7
(C4a-, C5a-Fmoc), 140.7 (Cda-, C5a-Fmoc), 130.1 (C3), 127.6 (C3-, C6-Fmoc), 127.5 (C3-,
C6-Fmoc), 127.0 (C2-, CT-Fmoc), 125.2 (Cx, C1-, C8-Fmoc), 125.2 (Cx, C1-, C8-Fmoc), 122.4
(Ce), 120.1 (C4-, C5-Fmoc), 116.6 (€9), 65.6 (CHa-Fmoc), 55.2 (Ca), 46.5 (C9-Fmoc), 36.3
(CB), 34.7 (2 x (C(CH3)3), 31.1 (2 x (C(CH3)s3) ppm.

(E)-2-(3-((3-(hydroxymethyl)phenyl)diazenyl)phenyl)acetic acid 3.18

o

_N
N

COOH

Compound 3.18 was synthesized in accordance to literature known protocols.!''®!

A solution of 2.17g (12.0 mmol, 1.0 eq.) 2-(3-nitrophenyl)acetic acid in 30 mL 2-
methoxyethanol in an argon atmosphere was stirred for 10 min at room temperature, before a
solution of 963 mg (18.0 mmol, 1.5 eq.) NH4Cl in 20 mL H20 was added. The reaction mixture
was cooled to 0°C and 1.96 (32.3 mmol, 2.5 eq.) zinc was added. After 1 h, the reaction
solution was filtered with Hyflo® and the filtrate was added within 30 min to a 0°C cold solution
0f 9.73 g (36.0 mmol, 3.0 eq.) FeCl3-6 H20 in 50 mL EtOH/H20 (2:1). After stirring for 2 h,
the solution was diluted with 50 mL water and extracted 4 times with 200 mL Et2O. The
combined organic layers were dried with MgSOs and after removal of the solvent, the crude
product was purified by column chromatography on silica gel (“Hex/EtOAc 9:1 + 1% AcOH).
The product 3.18 was furnished as green-turquoise oil in 89% (1.77 g, 10.7 mmol) yield.

To a solution of 1.36 mg, (8.23 mmol, 1eq.) of 2-(3-nitrosophenyl)acetic acid in 30 mL
concentrated acetic acid, 1.02 g (8.23 mmol, 1 eq.) 3-aminobenzyl alcohol were added and the
reaction mixture was stirred over-night at room temperature. After removal of the solvent under
reduced pressure, the residue was coevaporated 5 times with toluene and 2 times with

dichloromethane. After purification by flash chromatography on silica (“Hex/EtOAc, 5:1+ 1%
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AcOH — 2:1 + 1% AcOH) to furnish 1.30 mg of the product (4.81 mmol, 58%) as an orange
solid.

Ry (“Hex/EtOAc, 1:1 + 1% AcOH): 0.27
HRMS (ESI): m/z caled for ((M+H]") 271.1077, found 271.1076.

'H-NMR (400 MHz, DMSO-ds): & = 7.86 (s, 1H, H12), 7.84 — 7.77 (m, 3H, H4, H6, H16),
7.60 —7.44 (m, 4H, H7, HS, H14, H15), 4.63 (s, 2H, H17), 3.74 (s, 2H, H2), 3.36 (bs, 1H, OH)
ppm.

I3C-NMR (150 MHz, DMSO-ds): § = 172.5 (COOH), 152.0 (C5, C11), 144.2 (C4), 136.6 (C3),
132.6 (C7, €8, C14, C15), 129.4 (C7, C8, C14, C15), 129.3 (C7, C8, C14, C15), 129.2 (C7,
C8, C14, C15), 123.1 (C4, C6, C16), 121.7 (C4, C6, C16), 121.4 (C4, C6, C16), 119.6 (C12),
62.5 (C17), 40.3 (C2) ppm.

(E)-2-(3-((3-(bromomethyl)phenyl)diazenyl)phenyl)acetic acid 3.16

COOH

Compound 3.16 was synthesized in accordance to literature known protocols.!?!7-218]

To a solution of 1.00 g (3.69 mmol, 1 eq.) 3-(3-hydroxymethylphenylazo)phenyl acetic acid in
30 mL absol. THF at 0 °C, 1.45 g (5.55 mmol, 1.5 eq.) PPh3 were added. In small portions,
988 mg (5.55 mmol, 1.5 eq.) NBS were added and the solution was stirred for 15 min. The
solution was diluted with 100 mL EtOAc and the organic phase was washed with 100 mL H20
and 100 mL brine. After drying over MgSOs4, the crude product was purified by flash-
chromatography on silica (“Hex/EtOAc 4:1 and 1% AcOH) to furnish 1.03 g (3.09 mmol, 84%)

of the product as yellow solid.

R/ (“Hex/EtOAc, 1:1 + 1% AcOH): 0.43
HRMS (ESI): m/z calcd for ((M—H]") 331.0088, found 331.0088.

'H-NMR (400 MHz, CDCl3): 5 = 12.49 (bs, 1H, COOH), 7.97 (s, 1H, H11), 7.86 (d, J=7.7 Hz,
1H H15), 7.83 —7.78 (m, 2H, H3, H5), 7.66 (d, J= 7.3 Hz, 1H, H13), 7.60 (d, J= 7.7 Hz, 1H,
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H14),7.56 (t, J= 8.1 Hz, 1H, H6), 7.48 (d, J = 7.4 Hz, 1H, H7), 5.43 (s, H16.), 4.85 (s, 2H,
H1 6trans), 3.89 (S, Hzcis), 3.74 (S, 2H, Hztrans) ppm.

I3C-NMR (150 MHz, CDCL): § = 172.5 (COOH), 152.1 (C5, C11), 151.8 (C5, C11), 139.7
(C3, C13), 136.6 (C3, C13), 132.9 (C7), 132.3 (C13), 130.0 (C6, C14), 129.4 (C6, C14), 123.2
(C3, C5, C15), 123.1 (€3, C5, C15), 122.6 (C11), 121.5 (C3, C5), 41.2 (C2) 33.7 (C16).

(9H-Fluoren-9-yl)methyl (3-aminobeznyl)carbamate 3.15!118I

NH,

NHFmoc

To a solution of 5.0 g (40.9 mmol, 1.0 eq) 3-aminobenzylamin in 50 mL MeCN/DMF (10:1)
5.70 mL (40.9 mmol, 1.0 eq) TEA and 13.8 g (40.9 mmol, 1.0 eq) Fmoc-OSu solved in 70 mL
MeCN were added. After stirring for 2 h at room temperature, the reaction was quenched with
30 mL water and the precipitated product was filtered off and washed with 50 mL
Trifluorethanol/Methoxyethanol (1:1). After drying at reduced pressure, 1.71 g (4.97 mmol,
61%) of the product (3.15) was furnished as a white solid. The product was used for the next

reaction without purification.

Rr(DCM/MeOH, 95:5): 0.4
HRMS (ESI): m/z calcd for ((M+H]") 345.1597, found 345.1599.

'"H-NMR (400 MHz, CDCls): 6 = 7.89 (d, J= 7.5 Hz, 2 H, C4-, C5-Fmoc), 7.79 (t,J= 6.1 Hz,
1 H, NH-Fmoc), 7.73 (d, J = 7.4 Hz, 2 H, C1-, C8-Fmoc), 7.42 (t, J = 7.4 Hz, 2 H, H3-, H6-
Fmoc), 7.33 (t, J=7.4Hz, 2 H, H2-, H7-Fmoc), 6.96 (t, J=7.7Hz, 1 H, HS), 6.50 (s, 1 H,
H2),6.46 (d,J=79 Hz, 1 H, H6),6.41 (d,J=7.5Hz, 1 H, H4),5.04 (s, 2 H, NH>»), 4.33 (d, J
= 7.0 Hz, 2 H, CH2-Fmoc), 4.24 (t, J = 6.9 Hz, 1 H, H9-Fmoc), 4.08 (d, J 6.1 Hz, 2 H, H7)
ppm.

BC-NMR (100 MHz, CDCl3): § = 156. 3 (C=0-Fmoc), 148.6 (C1), 143.9 (Cla-, C8a-Fmoc),
140.7 (C4a-, C5a-Fmoc), 140.3 (C3), 128.7 (C5), 127.6 (C3-, C6-Fmoc), 127.08 (C2-, C7-

Fmoc), 125.2 (Cl-, C8-Fmoc), 120.1 C4-, C5-Fmoc), 114.6 (C4), 112.6 (C2, C6), 112.5 (C2,
C6), 65.4 (CH2-Fmoc), 46.8 (C9-Fmoc), 44.0 (C7).
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3-[3-(aminomethyl)phenylazo]phenylacetic acid 3.11'18I

OH
oY

_N
N?

NHFmoc

A solution of 403 g (2-44 mmol, 1.0 eq.) freshly prepared 2-nitrosophenylacetic acid and
840 mg (9H-fluoren-9-yl)methyl (3-aminobenzyl)carbamate (2.44 mmol, 1.0 eq.) were solved
in 15 mL glacial acetic acid and the solution was stirred at room temperature overnight. The
solvent was evaporated and the crude product was co-evaporated five times with toluene and
two times with DCM. The crude product was then purified by flash-chromatography on silica
(“Hex/EtOAc 3:1 and 1% AcOH — “Hex/EtOAc 1:1 and 1% AcOH) to furnish 804 mg

(1.63mmol, 67% over two steps) of the product as an orange solid.

Ry (“Hex/EtOAc, 1:1 + 1% AcOH): 0.4
HRMS (ESI): m/z caled for ((M+H]") 492.1918, found 492.1916.

'H-NMR (400 MHz, CDCls): = 8.04 (t, /= 6.1 Hz, 1 H, NH-Fmoc), 7.88 (d,J=7.5 Hz, 2 H,
HA-, H5-Fmoc), 7.85 — 7.76 (m, 4 H, H16 {7.84}, H4 {7.83}, H6 {7.80}, H12 {7.80}), 7.73
(d, J= 7.4 Hz, 2 H, H1-, H8-Fmoc), 7.55 (t, J= 7.7 Hz, 2 H, H7, H15), 7.49 (d, J= 7.7 Hz,
1 H, H8), 7.45 (d, J= 7.4 Hz, 1 H, H14), 7.40 (t, J = 7.4 Hz, 2 H, H3-, H6-Fmoc), 7.32 (t, J =
7.1 Hz, 2 H, H2-, H7-Fmoc), 4.40 (d, J = 6.9 Hz, 2 H, CH>-Fmoc), 4.35 (d, J= 6.1 Hz, 2 H,
H17),4.26 (t, J = 8.04 Hz, 1 H, H9-Fmoc), 3.76 (s, 2 H, H2) ppm.

BC-NMR (150 MHz, CDCls): § = 172.6 (C1), 156.5 (C=0-Fmoc), 152.1 (C5, C11), 152.0 (C5,
Cl11), 143.9 (Cla-, C8a-Fmoc), 141.5 (C13), 140.8 (C4a-, C5a-Fmoc), 136.6 (C3), 132.7 (C8),
130.2 (C14), 129.4 (C7, C15), 129.3 (C7, C15), 127.6 (C3-, C6-Fmoc), 127.1 (C2-, C7-Fmoc),
125.2 (C1-, C8-Fmoc), 123.2 (C4), 121.6 (C6, C12), 121.4 (C6, C12), 120.6 (C16), 120.1 (C4-
, C5-Fmoc), 65.5 (CH2-Fmoc), 46.8 (C9-Fmoc), 43.6 (C17),40.4 (C2) ppm.
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(E)-2-(3-((perfluorophenyl)diazenyl)phenyl)acetic acid 3.19

COOH

Compound 3.19 was synthesized in accordance to literature known protocols.!?!"!

To a solution of 2.00g (10.9 mmol, 1.0eq.) 2,3,4,5,6-pentafluoroaniline in 60 mL
dichloromethane, a 125 mL solution of Oxone® (6.72g, 21.8 mmol, 2.0 eq.) in water was added
under argon atmosphere. The reaction mixture was stirred for 12 h at room temperature. The
organic layer was extracted with dichloromethane (2 x 100 mL) then washed with 0.1 M HCI
(100 mL) and brine (100 mL). The organic phase was dried over MgSOa4 and the solvent was
removed at room temperature under reduced pressure. The crude product was then dissolved in
12 mL conc. acetic acid and 1.65 g (10.9 mmol, 1.0eq.) 3-aminophenyl acetic acid was added.
The reaction mixture was stirred in the absence of light for 6h under argon atmosphere before
co-evaporation with toluene (5 x 20 mL) and dichloromethane (3 x 50 mL). The crude product
was purified by flash-chromatography on silica (“Hex/EtOAc 9:1 and 1% AcOH) to furnish
268 mg (0.812 mmol, 7.5% over two steps) of the product as an orange solid.

Ry (“Hex/EtOAc, 1:1 + 1% AcOH): 0.37
HRMS (ESI): m/z calcd for ((M—H]") 329.03549, found 329.03555.

'H-NMR (400 MHz, CDCL3): & = 12.46 (s, 1 H, COOH), 7.85 — 7.79 (m, 2 H, Har,usans), 7.64 —
7.56 (m, 2 H, Har,trans), 7.44 (t, J=1728 HZ, 1 H, H7cis), 7.29 (d, J=17.7 HZ, 1 H, chis), 7.15 (d,
J=8.0 Hz, 1 H, H6cis), 6.85 (s, 1 H, Hdeis), 3.77 (s, 2 H, CHa.rans), 3.59 (s, 2 H, CHa.¢is) ppm.

I3C-NMR (150 MHz, CDCls): 8 = 172.4 (COOH), 152.3 (Car), 137.0 (Car), 134.7 (Cu), 129.6
(Car), 123.6 (Car), 121.6 (Car), 40.0 (CHZ) ppm.

F-NMR (150 MHz, CDCl3): § = -147.66 — 147.86 (m, 2 F, Far.is), -150.86 —-151.52 (m, 2 F,
Far,tmns), -152.43 — -152.82 (m, 1 F, Far,trans), -155.93 (t, J=22.7 HZ, 1 F, Far,cis), -160.98 — -
161.21 (m, 1 F, Far,cis), -162.10 — -162.70 (m, 2 F, Far,trans) ppm.
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(9H-fluoren-9-yl)methyl (E)-(4-(phenyldiazenyl)benzyl)carbamate 3.25[221l

FmocHN

N//N

QO

Compound 3.25 was synthesized in accordance to literature known protocols.!!#!

To a solution of 1.0 g (8.18 mmol, 1.0 eq) 4-aminobenzylamin in 50 mL MeCN/DMF (10:1)
1.14 mL (8.18 mmol, 1.0 eq) TEA and 2.76 g (8.18 mmol, 1.0 eq) Fmoc-OSu were added.
After stirring for 4 h at room temperature, the reaction was quenched with 10 mL water and the
precipitated product was filtered off and washed with 20 mL Trifluorethanol/Methoxyethanol
(1:1). After drying at reduced pressure, 1.71 g (4.97 mmol, 61%) of the product (18) was
furnished as a white solid. The product was used for the next reaction without purification. To
a solution of 1.38 g (4.0 mmol, 1.0 eq.) 4-(N-Fmoc-aminomethyl)aniline in 30 mL conc. acetic
acid 389 mg (3.64 mmol, 0.91 eq.) Nitrosobenzene were added. After stirring over night at
room temperature, the solvent was removed under reduced pressure and the residue was
coevaporated five times with toluene and two times with DCM. After purification by flash
chromatography on silica (cHex/EtOAc 8:1—4:1—2:1—1:1) to furnish 1.36 mg of the product

(4.14 mmol, 87%) as an orange solid.
HRMS (ESI): m/z calcd for ((M+H]") 434.1863, found 434.1864.

"H-NMR (400 MHz, CDCl3): 6 =7.93 (d,J= 7.1 Hz, 2H, H11, H15), 7.89 (d, J = 8.2 Hz, 2H,
H4, H6), 7.78 (d, J = 7.5 Hz, 2 H, H4-, H5-Fmoc), 7.61 (d, J = 7.4 Hz, 2H, H1-, H8-Fmoc),
7.56 —7.45 (m, 3H, H12, H13, H14) 7.45 — 7.36 (m, 4H, H3-, H6-Fmoc, H3, HT), 7.33 (t, J =
7.4 Hz, 2H, H2-, H7-Fmoc), 5.19 — 5.11 (m, 1H, NH-Fmoc), 4.51 (d, J = 6.7 Hz, 2H, CH>-
Fmoc),4.46 (d,J=6.0 Hz,2 H, H1, K1),4.37—-4.29 (m, 2 H, H1, K2),4.25 (t, J=6.6 Hz, 1 H,
H9-Fmoc) ppm.

BC NMR (101 MHz, CDCl3): § = 156.6 (C=0-Fmoc), 152.8 (C10), 152.2 (C5), 144.0 (Cla-,
C8a-Fmoc), 141.6 (C2, C4a-, C5a-Fmoc), 141.5 (C2, C4a-, C5a-Fmoc), 131.2(C12, C13, C14),
129.2 (C12, C13, C14), 128.2 (C3-, C6-Fmoc, C3, C7), 127.8 (C3-, C6-Fmoc, C3, C7), 127.2
(C2-, C7-Fmoc), 125.1 (C1-, C8-Fmoc), 123.3 (C4, C6), 123.0 (C11, C15), 120.1 (C4-, C5-
Fmoc), 66.8 (CH2-Fmoc), 47.5 (C9-Fmoc), 44.9 (C1) ppm.

64



PHOTOPHARMACOLOGY

(E)-(4-(phenyldiazenyl)phenyl)methanamine 3.221221]

H,N

To a solution of 1.06 g (2.44 mmol) of Fmoc-N-4-(phenylazo)benzylamine in 16 mL DCM at
0°C, 4 mL piperidine were added and the solution was stirred at room temperature for 20 min.
The solvent was removed under reduced pressure and the crude product was purified by flash
chromatography on silica (‘Hex/EtOAc, 1:1 -> DCM/MeOH 9:1) to furnish 500 mg of the

product (2.37 mmol, 97%) as an orange solid.
MS (EI): m/z caled for ((M—NH2]") 195.0927, found 195.0916.

'H-NMR (600 MHz, DMSO-ds): & = 8.36 (bs, 2 H, NH2), 7.95 — 7.93 (m, 2 H, H4, H6), 7.92
~7.90 (m, 2 H, H11, H15), 7.69 — 7.67 (m, 2 H, H3, H7), 7.63 — 7.58 (m, 3 H, H12, H13,
H14), 4.16 (s, 2H, H1) ppm.'>*C-NMR (150 MHz, DMSO-de): § = 151.9 (C10), 151.8 (C5),
137.4 (C2), 131.9 (C13), 130.0 (C3, C7), 129.6 (C12, C14), 122.7 (C4, C6, C11, C15), 42.0

(C1) ppm.
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3.4 Photoswitchable Ligands for the Oxytocin receptor
3.4.1 Short introduction

In 1955 Vincent du Vigneaud received the Nobel Prize for the isolation and synthesis of the
hormones Oxytocin (OT) and Vasopressin (AVP). Over 65 years later, the Oxytocin receptor
is still subject of ongoing research on a wide area of disciplines. Synthesized in the
magnocellular neurons of the hypothalamus, Oxytocin is directly secreted into the brain and it

222-2241 Dye to the coupling of the

is delivered over the posterior pituitary gland into the blood.!
Oxytocin receptor (OXTR) to different G protein subtypes (Gq, Gi and Go)!***!, ligand binding
can have diverse effects on the excitability of cells via activation or inhibition of ion

channels.?%¢

I During labour it causes contraction of the uterine smooth muscles,!'®! giving it the
name Oxytocin (Greek for “quick birth”), and later, triggered by suckling of the newborn,
contraction of the mammary myoepithelium takes place during lactation.’?” As a
neurotransmitter, it plays an important role any many kinds of social behaviour. Social bonding
and anxiety, social memory, trust and affiliation in connection with oxytocin have been in the
focus of behavioral research for more than twenty years.!'”> 28! Besides its use in labour and
especially in case of postpartum haemorrhage, medication of neurodevelopmental and
psychiatric disorders like schizophrenia and autism with this hormone is in research!??’l;
however there are several drawbacks with this form of treatment. Oxytocin has a short half-life
(3 — 6 min)!*°!!| intravenous administration for the treatment of neurodevelopmental and
psychiatric disorders fails as it does not cross the blood brain barrier in a significant amount!?*"]
and third, it shows a low selectivity towards the OXTR vs. the related Vasopressin receptors

(V1aR, V1bR and V2R) at higher concentrations!?3!],

3.4.2 G protein coupled receptors

The G protein coupled receptors (GPCR) are the largest receptor family in eukaryotes.[>3 233!

Next to hormones, neurotransmitters and drugs, GPCRs can be stimulated by light and odours

and thus they are responsible for intracellular communication and processing environmental

g [234,235

influence I They are divided into five classes: the adhesion family, the frizzled family,

the secretin family, the glutamate family and the rhodopsin family which is the largest one.**°]

Consisting of seven transmembrane helices, GPCRs build up a system of three intracellular

loops with the N-terminus, a transmembrane hydrophobic region and three extracellular loops

[237,238

with the C-terminus. I Next to the intracellular part, a heterotrimeric G protein, responsible

for the downstream signalling process, is attached to the plasma membrane by lipid anchors.**"]

81



The G protein is built up by an a-, a - and a y-subunit, while the last two form a stable dimer.
These subunits convey the downstream signaling process in the intracellular space. GPCRs are
not typical on-off switches; hence, there is an equilibrium of both states. This basal activity can
be shifted upon binding of ligands, to the active state by full or partial agonists, or to the inactive
state by inverse agonists (Figure 3.32). In contrast, neutral antagonists preserve the equilibrium
and hinder the receptor binding site to bind endogenous ligands and inverse agonists shifts the

activity below the basal state.[237- 240]

Efficacy Biased signaling

100

ignaling

Biological response
L)
(=]

G protein s
ey

Log drug concentration Biased agonist concentration

Figure 3.32: Efficacy of different ligands (left) and biased signaling of agonists (right).?4%!

There are four different Ga subclasses, Gas, Goio, Goq1/12) and Goyg11) and each of them
activates a different downstream process./**!l OXTR is mainly bound by Gag11?*?!, why this

signalling process is discussed in more detail.

Binding of an agonist causes a structural shift of the transmembrane helices. In consequence,
guanosine diphosphate (GDP) is released from the o-subunit and binding of guanosine
triphosphate (GTP) results in the dissociation of the By-heterodimer. Both parts of the G protein
take part in the following downstream processes. While By-heterodimer activates ion channels,
the a-subunit activates the phospholipase C (PLC) which cleaves phosphatidylinositol 4,5-
bisphosphate into diacylglycerol (DAG) and inositoltriphosphate (IP3). DAG then activates
proteinkinase C (PKC), which in turn leads to contraction or cell adhesion (vie Rho-mediated
Rho kinase) or cell growth (via eukaryotic elongation factor, eEF2). IP3; binds to the
inositoltriphosphate receptor (InsP3R) causing Ca**-release from the endoplasmic reticulum
(RER). Ca*" binds to Calmodulin and the Ca**-complex activates three different enzymes. First,
the myosin light-chain kinase (MLCK), resulting in a contraction of the muscle in the uterus or
of mammary myoepithelial cells. Second, MLCK activates the phosphoinoitide-3-kinase

(PI3K) which improves both, cell survival and migration and influences bone trophic effects.
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At least, MLCK activates the nitric oxide synthase (NOS) linked to vasodilation
(Figure 3.33).243245]
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Figure 3.33: Cellular response upon ligand binding of OXTR.[24¢]

Although Gayg/11) is the OXTR-coupled G protein found in most areas of the brain, some Gati/o-
isoforms coupled to OXTR are also found in CNS in high concentrations. The signalling
pathway of the Gaio family is different. While Gao-isoforms are directly involved in the
regulation of ion channels, the Gai isoforms inhibit the adenylate cyclase which results in a
decrease of the cAMP concentration. Furthermore, they activate the phosphatidylinositol-4,5-

bisphosphate 3-kinase (PI3K) and the mitogen-activated protein kinase (MAPK) pathways.!>**:

247]

83



Nevertheless, next to the ubiquitous expression of Gagi1), the oxytocin ligand also
discriminates strongly between G protein subtypes.?*”) The ECso of oxytocin rises from Gq =

2.16 nM, Giz = 11.5 nM, Goa =29.8 nM; Gi2 = 32.27 nM; Gi1 = 62.63 nM to Gog = 91.8 nM.?]

>

.\,bx?« |
o Agonist @a; %é g ;
binding e\(\ N r / ,ﬂ
GQ‘/ ey (e W
/ﬁ\ x/\M/
G protein coupling
GDP- bound G proteln and nucleotide exchange
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Arrestin recruitment
Resting GRK5  Activation of GRK5 and activation
by activated receptor

Figure 3.34: Comparison of the classical G-protein pathway and arrestin-mediated signaling.?4%)

Besides signalling by G proteins, down-stream signalling can be mediated also by B-arrestins
(Figure 3.34).124°1 Phosphorylation of the intracellular C-tail by GPCR-kinase!**% 2>l uncouples
the receptor from G proteins, followed by B-arrestin binding!*?. Finally, endocytosis of the
receptor leads to dephosphorylation and receptor recycling or degradation.[*>’! Furthermore, -

arrestins are involved in the desensitisation of the OXTR [249-234.255]

3.4.3 Selectivity of the Oxytocin ligands

OXTR and the Vasopressin receptors (AVPRs) are both seven transmembrane domain G
protein coupled receptors of the rhodopsin family. Whereas only one oxytocin receptor exists,
three different Vasopressin receptors, V1aR, V1bR and V2R, are known. Their natural ligand

vasopressin is involved in antidiuretic actions, regulation of blood pressure and behavior.[>>]

Similarities in signalling pathways exist between OXTR and V1aR/V1bR, as they couple to
Gagq and Gaiwn. Additionally Gog and Gain, VIbR signaling is also mediated via Gas signaling
pathway.In contrast, V2R is coupled to Gas, which activates the adenylate cyclase, raising the

cAMP concentration. 257
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The OXTR shares sequence homologies to V1aR (45%)2°®, VIbR (45%)?® and V2R
(40%)!%>°1, with the highest homology in the transmembrane helices and the extracellular loops.

(2601 Additionally, Oxytocin

The intracellular loops and both termini show lower similarities.
and Vasopressin are both part of the Vasotocin (VT) family and differ in two single amino acids
(Figure 4.35), which means, both peptides share a homology of nearly 80%. Their genes are
located on the chromosome 20, close to each other. It is considered, that Vasopressin and

Oxytocin evolved by gene duplication from Vasotocin (Figure 4.35) over 400 million years

OH OH
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., N ” N
ﬁH 3 ﬁH 3
§ g
7 7
o " HNT o H BN
Z N A N Z N A N
QLH : \[Oﬁ;\u o 4 9] QLH R \[Oﬁ;\u o) 4 o
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NH, NH, NH, NH,
OXT AVP

Figure 3.35: Oxytocin and Vasopressin are both part of the Vasotocin family.

ago. 1261

Next to the structural similarity of Oxytocin and Vasopressin (Figure 4.34), the high
extracellular homology between the OT and AVP receptors results in a low ligand selectivity
(Table 3.1). Thus, receptor selectivity is achieved by several factors: a) the controlled release
of the ligands, b) the cell specific up- and down-regulation of the receptor expression and c) the
peptidases oxytocinase and vasopressinase.!??! Therefore, a highly selective and proteolytic

stable OXTR-agonist is still subject of ongoing research.

Table 3.1: Affinity constants K; (nM) from AVP and OT for the OXTR and AVPRs.[2%3

OTR ViR ViR V2R

oT 0.79 120 1782 1544

AVP 1.7 1.1 0.68 1.2

3.4.4 Oxytocin-ligand binding

For the design of novel and selective mimetic structures of ligands, ligand-bound crystal
structures are essential, however, no crystal structure of OXTR and its ligand exist. Therefore,

to address ligand binding, several strategies including construction of receptor chimeras!?6% 264,
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photoaffinity labeling!?®, site directed mutagenesis and molecular modelling!?%® 267! as well as
in silico evolutionary studies®®?! have been used. The Oxytocin receptor consists of seven
transmembrane helices, which are arranged in an anticlockwise fashion and an extracellular
amino-terminus.?*’! Today, two different binding modes for OXTR agonists and antagonists
are described. On the one hand, agonists bind to the extracellular domain, in particular to the
amino terminus E1, which overlays the extracellular loops E2 and E3 (Figure 3.36).[264 267 This
binding site cannot distinguish between different agonists and therefore carbetocin, a partial
agonist with improved proteolytic stability, binds to these domains in a similar fashion but with
10-fold lower affinity.[®8] The partial agonist carbetocin will be discussed in detail in the next
chapter. On the other hand, antagonists like barusiban, don’t interact with the extracellular
amino-terminus/2* 26 2691 of the oxytocin receptor and prefer binding to the bottom of the

pocket, possibly to the transmembrane helices 1 and 2 via hydrophobic interactions.?¢%!
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Figure 3.36: A) Binding domains of the OXTR. B) Anticlockwise-arrangement of the seven transmembrane
helices.26%]
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Besides receptor investigations, a closer look to the ligand can also give insights into peptide
activity. Consisting of a six-membered ring with a highly conserved glycine-amide C-terminus,
Oxytocin shows a high variability in position 2-5 and 8 between different species!?’),
suggesting that these positions are possibly responsible for species-selective recognition.!?6?!
Furthermore, early structure-activity studies of oxytocin and its peptide analogues enclose the
possibilities for modifications. The disulfide bridge is essential for the agonistic activity and

[271

either sulfur can be replaced by a methylene group.?’! The importante role of Tyr2 has been

proofed in alanine-scans, as exchange led to complete loss in binding affinity to OTR.!*’?! While

[271]

the changing the stereochemistry of Tyr2 lowers activity”’"!, exchange of Tyr2 by bulky

aromatic residues results in antagonism.!?’?! The hydrophobic character of Ile3 is important for

263,271

potency, hence, position 3 is only exchangeable against hydrophobic residues.! I The same

applies for aliphatic H-bond donating character of GIn4, which has to be preserved.l*’!] Whereas

273,274 231]

Asn in position 5 is crucial,l Ithe C-terminal tail allows modifications. Wisnieski et. al.!

synthesized a number of potent OTR agonists by replacement of the Pro7 against N-alkylated

275, 2761 The introduction of bulky

glycines. Next, Leu8 allows a number of modifications.|
substituents at this position retains the affinity for the OXTR, but the bulkiness decides over
activation or inhibition of the receptor. The fluorescent ligand nile red attached to the amine of
Lys8-CBT resulted in a derivative with antagonistic effects while the same fluorophore attached

to Lys8-CBT over a PEG-linker retained agonistic effects.*”¢!

At least, the hydrophobic interactions are meant to be part of the antagonistic binding
properties?®”), which has to be considered in the synthesis strategy of photoswitchable OTR-
ligands.

After completing this work, further papers were published that provide insight into the ligand-
receptor binding of AVPRs and OXTR. These data were not included in the consideration of
the synthesis strategy, but will help to discuss the results.

A single particle cryo-EM structure analysis of the active OXTR im complex with OXT by
Waltenspiihl et. al.”’") provides an insight in the binding interactions. The cyclic part is
described to be buried in the binding pocket. The C-terminal tripeptide looks towards the
extracellular loops E2 and E3, with Leu8 in orientation to the extracellular surface. The
amidated C-terminus possibly interacts with the trans membrane helices I and II, due to vicinity.
Pro7 and Asn5 is packed against the extracellular surface of the loops 2 and 3. GIn4 stabilize

the ring position via a hydrogen bond, while Ile3 is buried in the hydrophobic pocket. The
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interactions of Tyr2 are based on hydropbic interactions of the pheyl ring as well es an
additional hydrogen bond to a nearby backbone amide. At least, the backbone oxygen of Cys1

forms a polar cluster with several residues in close proximity.

First photoswitchable OT- and AVP-mimetics have been published by Wirth. et. al.*’® in 2023
(Figure 3.37). By introduction of the side-chain photoswitch AzoPhe and several different
azobenzene and arylazopyrazole photoswitches into the backbone, they synthezised a small
library of photoswichtable ligands. For the OTR, the photoswitchable mimetic OT10 showed
agonstic activity with an ECso = 30.7 + 4 nM in the Z-conformation with an E/Z-ratio of 3.1. In
OT10, the amino acids Pro7 and Leu8 were replaced by a para/para-substituted azobenze with
an additional methylene spacer at amino function. While in OT10 the backbone-photowitch
maintains the linar conformation of the C-terminus, a different strategy showed success for the
AVP-mimetic. In VP12, the amino acid Phe3 was replaced by AzoPhe, resulting in a
photoswitchable side-chain. VP12 showed reduced potency for V1aR but showed full agonstic
activity for V1bR with an ECso = 20.2 + 6 in the Z-conformation with an E/Z-ratio of 5.3.

o HzN/HL /(E)/ \H/\t HszL /(Ej/
Py m U Lerig *If "o

Figure 3.37: Photoswitchable OT- and AVP-mimetic showing success with two different strategies.!?’®]

3.4.4.1 Ligands of the oxytocin receptor

The search for effective and stable ligands for the oxytocin receptor has been going on for
several dacades. In this time, a number of peptidic and non-peptidic agonists and antagonists
have been developed for the treatment of premature ejaculation*””), postpartum hemorrhage?%”]
(OTR-agonists), preterm labor (OTR antagonists) and psychologic disorders.?®!) Some of these
ligands are being testet in clinical trials or have already been approved. For example, the
antagonist Atosiban reduces the contraction rate and is clinically used in the treatment of
preterm labor.!*®2! Because of preverable binding of Atosiban to the V1aR[?**), Barusiban
(Figure 3.38) with it’s 300-fold higher affinity?®¥l (OTR vs. V1aR) and greater potency has
been developed. However, Barusiban failed in Phase II clinical trial for the treatment of preterm

labor.[2%3]
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Figure 3.38: Structure of the OTR-antagonist Atosiban and Barusiban.?%?!

In the early 1970s, the first deamino-1-monocarba analogue of OXT was synthesized.!'8] Later,
a proteolytic stable and selective OXT-mimetic, the deamino-1-monocarba-(2-O-
methyltyrosin)-oxytocin dubbed carbetocin (CBT) was introduced. The high biostability
(peripheral circulation half-life 85-100 min)!'”! and increased efficacy was achieved by
substitution of the disulfide bridge against a thioether, by introducing of a deaminated N-
terminal butyric acid®®*) and O-methoxy-tyrosine. The structural differences are accompanied
with a prolonged milk let-down reflex!?®”! and a prolonged post-partum uterine activity with
higher frequency and amplitude.[?®®! Therefore, CBT is sold under the name Pabal® for the

(2891 of maternal

prevention of postpartum haemorrhage, which is the most common cause
morbidity. In behavioural studies, CBT shows different and even opposite results on diverse
pharmacological characteristics in comparison with oxytocin. In research on brown Norwegian

s12%01 and in tests with Wistar

rats, oxytocin but not carbetocin showed anti-psychotic propertie
rats, only Carbetocin reduced stress induced locomotor enhancement, ameliorating behavioural
changes.!*!! While OT is already in off-label use for autism spectrum disorder (ASD)°%, these
findings recommend a careful use of CBT for the treatment of neurodevelopmental and

psychiatric disorders."]

Besides the improved proteolytic stability and efficacy in vivo, CBT shows differences in
receptor selectivity compared to the native OXT. CBT binds selectively to the Gq protein-
coupled OXTR leading to a B-arrestin independent internalisation pathway but without receptor
recycling.?”l While OT has activating properties on V1aR and V1bR at high concentrations,
CBT appearas to acts as competitive antagonist on both receptors.[*”) At least, carbetocin is only

a partial agonist, with 50% — 58% efficiency on the Gq-coupled OXTR.12-21]
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Figure 3.39: Oxytocin (OXT) and Carbetocin (CBT).

The roles of OXTR and AVPRs in neurodevelopmental and psychiatric conditions are still in
ongoing research and tools for studying signalling pathways are still in need.[*”) The search for
selective and stable peptidic and non-peptidic OXTR ligands provides new insights into the
binding properties of the OXTR. Nevertheless, strong tools for the unravelling of signalling
pathways and controllable receptor manipulation are needed. Photo-pharmacology!®”- 23 with
its spatiotemporal precision provides a high selectivity of target distribution and dosing by
adjustment of light intensity and wavelengths. Due to light controllable cis/trans-isomerisation
of azobenzene moieties and the difference in geometry and dipole of the two isomers, the
secondary structure of a photo-switchable peptide can be altered and thus receptor binding can
be regulated by light. Hence, a photo-switchable peptide can be used as a tool for the controlled
unravelling of signalling pathways and receptor systems.!!”?! Therefore, the aim was to design
photo-switchable OTR ligands on the basis of CBT, which allow the external control of activity
and selectivity by light. Although CBT is only a partial agonist, the high selectivity and stability

predominates.

3.4.4.2 Results and discussion

For the synthesis of photoswitchable Carbetocin-based ligands several chromophores were
incorporated into the peptide sequence by exchange of single amino acids. The position for
amino acid substitution was chosen on the basis of structure-activity studies (Figure 3.40). After
azobenzene introduction, the chromophoric ligands should preserve a high potency and gain a
substantial difference in receptor activation upon cis/trans-isomerisation. Nevertheless, over
millions of years, nature perfected receptor-ligand systems and every modification usually is at

expense of potency.
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Figure 3.40: Positions chosen for the incorporation of photoswitches.

3.4.5 Introducing of photoswitchable side-chains by SPPS building blocks

The most evident choice for introducing azobenzene motifs was the substitution of Tyr(OMe)2,
as the exchange of aromatic amino acids against aromatic azobenzene usually proves to be the
least problematic. Therefore, Fmoc-AzoPhe-OH (3.3) was introduced by SPPS on position 2
(Scheme 3.11).

Sequential deprotection

Trt Fmoc-AzoPhe-OH Trt and coupling
|
AzoPhe*I*C‘J*N*C‘*P*L*GO - IfQ‘focfPfoeO - FmOC*GO
Tt Mmt PyBO;/ E:'PEA Tt Mmt DIC/Oxyma pure®
r.
bromobutyric acid, DIC l rt,5h
O |
AZOPhS*l*Q*N*(‘:*P*L*G (@]
Tt  Mmt
N
Br , ACBT1
TFA/TIPS/DCM | 10 x 2 min
1/5/94 argon S (e}
[\ H
O, )\ N
AzoPhe*I*Q*NfcfPfoeo )(L/H - N TN
N . . O (@] O
/_\HS) HoN j(\H/\o o
NH
Cgr o NH, 2
7 M NH3 in MeOH l THF
Tl‘l\ Tt TFA/TIPS/H,O
Q-N 3.5h,rt
| c-p-L-6—Q)
AzoPhe BA

Scheme 3.11:  Synthesis of photoswitchable CBT derivate ACBT1.

For the coupling of standard amino acids, DIC was used as an activator and Oxyma pure® as
an activator base. The activator base solution was laced with 0.1 M DIPEA to improve purity
and to avoid cysteine epimerisation.*>l Furthermore, the addition of a base improves the

stability of the hyper-acid sensitive Methoxytrityl-protecting (Mmt) group at 90°C. For the
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coupling of the photoswitch, coupling with PyBOP/DIPEA at room temperature for one hour
provided the coupling of Fmoc-AzoPhe-OH 3.3. Bromobutyric acid was coupled by room
temperature for 5 h to the exclusion of nucleophiles using DIC solely. For the selective cleavage
of the cysteine protecting group Mmt the resin was treated with 1% v/v TFA and 1.5% v/v
triisopropylsilane (TIPS) in DCM for 10 x 2 min under argon. After cyclisation under basic
conditions (I mL 7 M NH3 in MeOH, 4 mL THF), the resin was freed from DMF by washing
with 5 x 10 mL DCM. The resin was cleaved from the solid support and the remaining side-
chain protecting groups were removed using TFA/TIPS/H20 (9.5/0.25/0.25) under argon.”!
After precipitation the crude peptide was purified by reversed-phase HPLC to furnish
AzoCarbetocinl (ACBT1).

Leu8 of CBT was then chosen for the substitution with azobenzene side-chain mimetic motifs

2761 at this position has little influence

as it was shown that the introduction of bulky substituents!
on the affinity of the peptide for OXTR, although it modulates the functional activity. The
fluorescent ligand nile red attached to the amine of Lys8-CBT resulted in a derivative with
antagonistic effects while the same fluorophore attached to Lys8-CBT over a PEG-linker
retained agonistic effects. However, introducing aromatic systems at position 8 retains receptor
affinity, while the sterically hindrance decides over activation or inhibition of the receptor.”?7®!
Next to AzoPhe, the analogue phenylalanine-4°-azo (3,5-bis-tert-butyl)-benzene ({BuAzoPhe)
4.9 was introduced at position 8. In comparison to AzoPhe, the bulkier fBuAzoPhe has reduced
n-stacking and a larger difference in the bulkiness of the cis- and trans-isoforms. The synthesis
of peptides ACBT2 and ACBT3 (Figure 3.41) was different from the above-mentioned
procedure. In ACBT2 and ACBTS3 all coupling steps were carried out with DIC/Oxyma pure®.
All amino acid were coupled in a single step, whereas double coupling was used in the coupling
of the photoswitch AzoPhe 3.3 (2 x 8 min, 75 °C) and the adjacent amino acid Fmoc-Pro-OH
(2 x 2 min, 90 °C). For the synthesis of ACBT3, all amino acids were coupled by double
coupling (2 x 2 min, 90 °C), whereas the photoswith 3.9 was coupled in a singe step (8 min,
75 °C). The Fmoc-Cys(Mmt)-OH was also couped in a single step (2 min, 90 °C).
Bromobutyric acid was coupled by room temperature for 2x5h to the exclusion of
nucleophiles using DIC solely. After selective deprotection of the Cys-side-chain, cyclization
was carried out in 0.3 M DIPEA in DMF. The solid support and the remaining side-chain
protecting groups were cleaved using TFA/EDT/Thioanisole/Anisole (9.0/0.3/0.5/0.2) under
argon.>”! After precipitation the crude peptides was purified by reversed-phase HPLC to furnish
ACBT?2 and ACBT3.
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Figure 3.41: Structure of photoswitchable CBT analogues ACBT2 and ACBT3.

All peptides were investigated by UV/VIS spectroscopy and both showed only minimal
photobleaching or degradation and both exhibit a high bistability. Therefore, ACBT1, ACBT2
and ACBT3 can be used in biological assay.

3.4.6 Introduction of photoswitchable side-chains by N-alkylation

In the search for a highly selective agonist, Wisniewski et al.[?*!]

synthesised carba-1-[4-
FBzIGly7]dOT, also called merotocin, where Pro7 of oxytocin is substituted by a 4-
fluorobenzyl N-alkylated glycine (Figure 3.42). Analogues to Carbetocin, a sulphur atom of the
disulfide bridge is replaced by a methylene group, resulting in an improved selectivity for the
OXTR versus V2R. This peptide is now in phase II clinical trial for preterm mothers with

lactation failure.!**!) Hence, we decided to N-alkylate Gly7 with 4-aminomethyl-azobenzene

4.22 after introducing bromoacetic acid into the peptide backbone.

o M S M

1y

Mwﬂﬁﬁ?ww@jm

Merotocin ACBT4

Figure 3.42: Structure of Merotocin/FE 20276731 and ACBT4.

The synthesis of N-alkylated glycine in ACBT4 followed a procedure!®’! used in peptoid
chemistry (Scheme 3.12). After the coupling of Fmoc-Leu-OH and subsequent deprotection
with 20% piperidine in DMF, bromoacetic acid was coupled with DIC solely for an extended
time of 2 x 5 h. The resin was then treated with the primary amine 4.22 in 0.3 M DIPEA in
DMEF. For the following coupling step of Fmoc-Cys(Mmt)-OH, double coupling (2 x 8 min,

75 °C) was used, as the sterically hindered secondary amine tends to have poor coupling

93



properties. The remaining amino acids were coupled by double coupling (2 x 2 min, 90 °C).
Bromobutyric acid was coupled by room temperature over night to the exclusion of
nucleophiles using DIC solely. The remaining synthesis followed the procedure of ACBT2 and
ACBT3.

While peptide-bonds usually have trans-configurations, peptidyl-prolyl fragments can exist in
both cis- and frans-configuration. Peptide ACBT4 contains a tertiary amide at position 7,
resulting in a cis- and a frans-isomer at the alkylated glycine. The N-alkylation mimics the Pro-
Cys-sequence, which tends to be presented in cis- and trans configuration, depending on the
solvent and complex ions like Zn?*.[2%] Therefore, signals of two conformers can be found in
the NMR-spectra. Spectroscopic investigations of peptide ACBT4 showed a high stability of

the cis-isomer and only minimal photobleaching or degradation in the switching measurements.

Sequential deprotection

10325 10 eq. BrCH,COOH and coupling
J\ﬂ_ Q=g }L G - |6 < Fmoc-G—()
10 egw?f_lPEA 10 eq. DIC, DMF DIC/Oxyma pure
2x5h

O—

O Tasliee == ‘0o
: % “w
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Scheme 3.12: Synthesis of ACBT4 under use of N-alkylation.

%:} Fmoc-Cys(Mmt)-OH
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3.4.7 Introducing of side-chain linked photoswitches

Peptides ACBT1, ACBT2, ACBT3 and ACBT4 contain photoswitchable side-chains. These
sidechains usually cause local perturbations and rearrangements. To gain higher impact on the
secondary structure, photoswitches 4.16 and 4.19 were introduced into the backbone of the ring
by substitution of the butyric acid using solely DIC as coupling reagent. Both photoswitches
contain a halogenated carbon atom, suitable for the substitution by the thiol group of the Cys6

side-chain.
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Scheme 3.13:  Synthesis of ACTBS.

The cyclisation of ACBTS was carried out in 1 mL PBS (pH = 7.5) and 4 mL DMF for 4 h at
room temperature (Scheme 3.13). The para-position of the perfluorinated benzene is electron
deficient enough for the cysteine to attack in an aromatic nucleophile substitution.!>!* 22% The
selectivity of the para-position can be seen in the ’F-NMR by the two doublets of doublets
with J = 24 Hz for ortho-coupling and J = 12.5 Hz, for meta-coupling (Figure 3.43).
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F190

Figure 3.43: '"F-NMR of ACBTS5. The chemical splitting shows the para-substitution of the pentafluorobenzene
moiety by the thiol group.

The transitions of the azobenzene of the photoswitch 4.19 in peptide ACBTS5 are shifted to

higher wave lengths (Figure 3.44) by two effects, the substitution of the fluorine (mainly of the

ortho-fluorine-atoms) and the sulphur atom in para-position. The fluorine atoms reduce the

electron density of the azo-bridge, resulting in a lower energy of the n-orbital of the cis-isomer

and a small red-shift of the n — n" absorption of the trans-isomer relative to the cis-isomer! 3>

2191 In addition, the electron-donating sulfur in para-position causes a red-shift of the m — n"

transition.*!”]

Both effects result in distinct transition bands and different switching
wavelengths compared with “unsubstituted” azobenzenes. For the trans to cis isomerisation
two wavelengths, UV-light (A = 365 nm) and green light (A = 540 m), can be used, whereas cis
to trans isomerisation occurs with blue (A = 405 nm). The red-shift allows switching in both
directions without the use of UV-light. This is of interest, when the chromophoric ligand should
be switched in biological assays. Additionally, the c-electron-withdrawing fluorine-atoms

stabilises the cis-isoform and improve its thermal stability.!3?!
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Figure 3.44: UV/VIS-spectra of ACBT5 and ACBT6. The fluorine-substitutents in ACBTS red-shifts the n-n*
transition and separates the n-n* bands.

While ACBTS has a slightly sterically restrained ring, photoswitch 4.16 which was introduced
into ACBT6 has an additional CHz-spacer (Scheme 3.14). The methylene group extends the
ring and allows a higher flexibility due to reduced constraints. For the synthesis of ACBT6
double coupling (2 x 2 min, 90 °C) was used for all amino acids. The chromophore 4.16, which
is derived from AMPP, was coupled with DIC solely at room temperature over night. After
selective deprotection of the Cys6 side-chain, cyclisation took place under basic conditions
(0.3 DIPEA in DMF).
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Scheme 3.14: Synthesis of ACBT6.

| TFA/thioanisole/EDT,anisole

The cis-trans isomerisation of all peptides was investigated by UV/VIS spectroscopy
(Figure 3.45). All peptides showed a decrease of the n-n* absorption band and an increase of
the n-n* absorption band upon illumination with UV light or green light depending on the
photoswitch (340 nm, 365 nm or 540 nm). A reversion of the isomerisation was induced by
illumination with blue light (405 nm, 445 or 455 nm). Only minimal bleaching or degradation
occurred after a switching cycle of ten repeats. This aspect is important for the biological
application, as bleaching is the result of triplet state formation and subsequent generation of

reactive oxygen species.'¥l At least, all peptides showed a long-lasting cis-isoform in the dark
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(< 2 h). The high bistability allows pre-illumination of all peptide before application to cells

and no need of UV-light exposure of cells during biological assays.
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Figure 3.45: Photophysical properties of ACBT1: UV/VIS spectrum of trans-(blue) and cis-(orange) ACBT1
(left); reversible cis/trans-isomerisation of ACBT1 shows only minimal photobleaching (middle);
illumination of trans-ACBT1 with 340 nm for 10 min and subsequently leaving in the dark for two
hours shows a high stability of the cis-isomer (right).

3.4.8 Functional evaluation by Ca?*-imaging

Our cooperation partner, Dr. Iuliia Karpenko (Faculty of Pharmacy, University of Strasbourg)
did the functional evaluation of all peptides. Therefore, in the following only the results of the
work of Dr. Iuliia Karpenko (Table 3.2) are shown without the description of applied

procedures.

All peptides (Figure 3.46) were tested for their activity towards the OXTR and the related
vasopressin receptor family (V1aR, VIbR and V2R) by measuring of intracellular Ca®*
accumulation in HEK293 cells overexpressing OXTR, V1aR, V1bR or V2R and using Fluo-4
for Ca?" detection. Additionally, the functional activity of CBT, a functional selective Gg-

coupled OXTR agonist!?”), was tested at the OXTR.
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Figure 3.46: Carbetocin and the synthesised photoswitchable ACTBs.

For ACBT1, exchange of Tyr(OMe) in position 2 by AzoPhe resulted in a loss of activity for
the OXTR. In contrast, ACBT1 gained a moderate antagonistic activity for V1aR and a weak
antagonistic activity for OXTR. With a selectivity of 5.3 for cis- and trans-ACBT1 towards
V1aR over OXTR and the 7.3-times increase in activity upon photoconversion to the cis-isomer

for both receptors ACBT1 shows a potential for a photoswitchable V1aR-ligand.

Introduction of AzoPhe on the C-terminal part by substitution of Leu8 retained small but very
selective agonistic activity for the OXTR. Although binding in the low nanomolar range,
ACBT?2 turned out to be a partial agonist with less than 20% of OXTR activation compared to
the endogenous ligand. Noteworthy, Carbetocin is also a partial agonist with 50% Gq activation.

Additional, ACBT?2 has a two-fold difference in activity upon isomerisation to the cis-isoform.
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The next step was the replacement of Leu8 by the bulkier photoswitch fBuAzoPhe 4.9, which
should have reduced m-stacking and higher sterical difference of both isoforms. However,
imaging of ACBT3 showed a complete loss in agonistic activity for OXTR. Moreover, the
bulkier photoswitch turned ACBT3 into an OXTR antagonist with almost no difference in
activity for both isoforms. At least, the selectivity for the OXTR was negligible. The merotocin
derivative ACBT4, in which the azobenzene moiety was introduced by N-alkylation of glycine
under replacement of Pro7, lost the agonistic activity for OXTR. Nevertheless, ACBT4 possess
agonistic activity for OXTR and V1aR in the low nanomolar range, but with a negligible

difference between both isoforms and low selectivity for OXTR.
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3 PHOTOPHARMACOLOGY

Consequently, the conformational rigid photoswitch 4.19 was introduced into the peptide
backbone by substitution of the butyric acid, resulting in a conformational rigid peptide
ACBTS. The peptide revealed antagonistic activity and showed a complete selectivity for the
OXTR. Nonetheless, ACBTS showed only a small two-fold difference in activity upon trans
to cis isomerisation. At least, the insertion of the AMPP derivative 4.16 extended the ring and
allowed a higher degree of flexibility. The higher flexibility converted peptide ACBT6 into a
potent antagonist in the low nanomolar range for both receptors, V1aR and OXTR, but with
three-fold selectivity for the latter. Upon trans- to cis-isomerisation, ACBT6 showed a 3.5-fold
change in activity for the OXTR and even a 7-fold change at the V1aR.

In summary, the insertion of photoswitchable building blocks into Carbetocin leads to high
differences in activity depending on the position of substitution. Tyr(OMe) in position 2 has a
crucial role in receptor selectivity and ACBT1 could potentially provide insight into the
positioning of ligands in the binding pocket of OXTR and V1aR. However, ACBT1 showed
the highest difference in activity between both isoforms. Side-chain substitution in position 8
with AzoPhe resulted in the only AzoCarbetocin with partial agonistic activity for the OXTR.
Additionally, ACBT?2 retains the antagonistic behaviour of Carbetocin towards V1aR.?l A
bulkier substituent in position 8 abolishes agonistic activity and led to the antagonist ACBT3
for OXTR and V1aR. This is consistent with the results of Karpenko et. al.*’®!, where the bulky
nile red attached at Lys8 provided an antagonist. Increasing the bulkiness at position 7 also
resulted in an antagonist but with the smallest difference in activity upon isomerisation. This
might be an outcome of the high flexibility of ACBT4. Substitution of the butyric acid in
position 1 by photoswitchable backbone building blocks also led potent antagonists ACBTS
and ACBT6. With the results of Ca** imaging in hand, the importance of hydrophobicity for
antagonistic behaviour of OXTR ligands can be confirmed. Raising the hydrophobicity by
incorporation of aromatic moieties in or near the ring resulted antagonists with different potency

and selectivity, which coincides with the postulation of Gimpl et. al.!?¢"!
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Figure 3.47: Internalisation of the OXTR in the presence of carbazotocins followed by confocal microscopy. (A)
HEK293T cells stably expressing OXTR-eGFP fusion were incubated for 15 min at 37° C either
without any ligand or in the presence of 10 nM OXT, 10 nM OXT and 15 nM trans-AC6 or 10 nM
OXT and 15 nM cis-AC6. Fluorescence of the membrane probe MemBright 5 (excitation 635 nm,
emission 650-750 nm) is shown in magenta, fluorescence of eGFP (excitation 488 nm, emission
500-550 nm) is shown in green. Scale bar, 30 um. (B) Quantification of the OXTR internalisation
induced by OXT and inhibited by carbazotocins trans-AC6 and cis-AC6 was calculated as a relative
decrease of the mean membrane eGFP fluorescence. Data from two independent experiments.
Statistics: one-way ANOVA with Tukey’s multiple comparison test (confidence interval 99%).

No ligand

OXTR

Internalization, %

OXTR + cis-AC6 OXTR + trans-AC6

Optical control of OXTR internalisation in living cells

Furthermore, Dr. Iuliia Karpenko (Faculty of Pharmacy, University of Strasbourg)
demonstrated the applicability of the agonist ACBT2 and the most potent antagonist ACBT6
to control the activity of OXTR in living cells (Figure 3.47). Thus, the internalisation of OXTR
fused to eGFP in HEK cells was studied by confocal microscopy. The application of oxytocin
(10 nm) activates OXTR, followed by complete internalisation within 15 min. After addition
of 0.7 nM ACBT?2 no internalisation could be observed, neither in trans nor in cis. In order to
test the antagonistic activity of ACBT6, cells were treated with 15 nM of trans-ACBT6. No
decrease in activation by oxytocin could be observed, which is consistent with its ICso of 51 nM.
In contrast, addition of the same quantity of cis-ACBT6 significantly blocked the Oxytocin-
depended activation of OXTR, which reflects the 3.5-times higher activity of cis-ACBT6
measured by Ca**-imaging. Finally, introducing the AMPP-derivative 4.16 into the backbone
of Carbetocin results in a potent light-controllable peptidic OXTR antagonist with a sufficient

difference in trans-to-cis isomerisation.

3.4.9 Analytical Data of the AzoCarbetocins

Synthesis was carried out on preloaded Fmoc Gly TentaGel® S RAM low loading resin using

DIC/Oxyma® as coupling reagents. Fmoc-deprotection was achieved by treatment with 20%
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3 PHOTOPHARMACOLOGY

piperidine in DMF. Coupling conditions are shown in table 3.3 and table 3.4. Bromoacylacids
as well as photoswitches 3.16 and 3.19 were coupled without base, using solely DIC and
extended reaction time at room temperature. For synthesis of ACTB4 the photoswitch 4.22 was
introduced under basic conditions, shaking the resin in a 0.3 M DIPEA-solution in DMF
overnight. To ensure complete coupling of the secondary amine, cysteine coupling was done
twice. For cyclisation, Mmt protection group of the cysteine side chain was removed by treating
the resin ten times for 2 min with 1% TFA in DCM under argon. Cyclisation of ACBT1 was
carried out in 7M NHs in THF (2 x 2 h, r.t.). For peptides ACBT2, ACBT3, ACBT4 and
ACBT6 cyclisation took place under basic conditions using a 0.3 M DIPEA-solution in DMF
overnight. For the cyclization of ACBTS5 a solution of 1 mL PBS (pH = 7.5) in 4 mL DMF was
used. Afterwards, the resin was freed from DMF by washing with DCM several times and
global deprotection of the peptide was done with TFA, thioanisole, EDT, anisole (9 mL,
0.5 mL, 0.3 mL and 0.2 mL) for 2 h under argon to prevent oxidation of the thioether. Peptides
were precipitated in cold diethyl ether, centrifuged and washed with Et2O for five times. For
purification by reverse-phase HPLC, the peptides were first purified in trans-isoform,
lyophilised, solved, illuminated with UV-light and purified again in cis-isoform to receive high

purity.

Table 3.3: Coupling conditions of ACTB1, ACTB2 and ACTB3.

ACTBI1 ACTB2 ACBT3
Compound
step t[s] p[W] TI[°C] |step t[s] p[W] T[°C]|step t[s] p[W] T[°C]
FmocLeuOH 1 120 30 90
FmocAzoPheOH 3.3 1 1&2 480 28 75
Fmoc(14,-16 di-tert- 1 1 480 28 75

butyl)-AzoPheOH 3.9
FmocProOH 1 120 30 90 1&2 120 30 90 |1&2 120 30 90
FmocCysMmtOH 1 120 30 90 1 120 30 90 1 120 30 90
FmocAsnTrtOH 1 120 30 90 120 30 90 |1&2 120 30 90
FmocGInTrtOH 1 120 30 90 120 30 90 |1&2 120 30 90
FmoclleOH 1 120 30 90 120 30 90 |1&2 120 30 90
FmocTyr(OMe)OH 1 120 30 90 |1&2 120 30 90
FmocAzoPheOH 3.3 1

1

4-Bromobutyric acid

—_ e

480 28 75
18000 0O rt. [1&2 0 18000 rt. [1&2 O 0 r.t.
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Table 3.4: Coupling conditions of ACTB4, ACTBS and ACTB6.

ACTB4 ACTB5 ACTB6

Compound ) . p . ¢ .
step  7[s] (W] T[°C]|step t[s] (W] T [°C] | step (5] p[W] TI[°C]

FmocLeuOH 1 120 30 9 |1 120 30 90 [I&2 120 30 90

FmocProOH 1 120 30 90 [1&2 120 30 90

Bromoacetic acid 1&2 18000 O r.t.

FmocCysMmtOH 1& 1200 30 90 | 1 120 30 90 |1&2 120 30 90

FmocAsnTrtOH 1& 120 30 90 | 1 120 30 90 |l1&2 120 30 90

FmocGInTrtOH 1& 120 30 90 | 1 120 30 90 |l&2 120 30 90

FmoclleOH 1& 120 30 90 | 1 120 30 90 |l&2 120 30 90

FmocTyr(OMe)OH 1& 120 30 90 | 1 120 30 90 |l1&2 120 30 90

3-((perfluorophenyl)-

diazenyl)phenyl)acetic 110800 0 r.t.

acid 3.19

3-((3-(bromomethyl)-

phenyl)diazenyl)phenyl)- 1 on r.t.

acetic acid 3.16

Bromobutyric acid 1&2 18000 r.t.
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3 PHOTOPHARMACOLOGY

Analytical Data of ACBT1
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Figure 3.48: Analytical HPLC spectrum of ACTB1 with a water/acetonitrile gradient of 95/5 —20/80 in 40 min.

R¢: 20.7 min (cis) and 24.2 min (trans).
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Figure 3.49: HRMS spectrum of ACTB1: HRMS (+ESI) m/z calc. for CsoH72N1301:S* [M + H]™: 1062.5189;
found: 1062.5214. Calc. for Cs0H72N;3NaOy; " [M + Na]*: 1084.5009; found: 1084.5034. HRMS
(—ESI) m/z calc. for Cs;H72N 30138~ [M+ FA — H] —: 1106.5099; found: 1106.5103.
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Table 3.5: 'H- and *C-NMR chemical shifts of trans-ACTB1 in DMSO-de.

residue '"H-NMR BC-NMR
Butyric acid Hoai 2.20, Ha, 2.02, HB; 1.79, HB» 1.71, Hy, 2.59, Ca 34.3, CB 26.7, Cy 32.0
Hy, 2.44
33 NH 8.09, H1 4.68, H2, 3.51, H2;, 2.89, H4/8 7.53, C153.8,C235.8, C3 142.3, C4/8
H5/7 7.86, H12/16 7.88, H13/15 7.60, H14 7.57 129.7, C5/7 122.2, C6 150.6, C11
151.9, C12/16 122.2, C13/15 129.3,
C14 131.2
Ile NH 7.98, Ha 3.96, HP 1.79, Hyi, 1.46, Hy, 1.17, Ca 58.4,CB 36.1, Cy; 24.7, Cy2 15.1,
Hy, 0.92, H5 0.90 Cé11.3
Gln NH 8.45, Ha 3.89, HB 1.81, Hy 2.19, Ho; 7.34, Ho» Ca 54.5,CB 25.7,Cy 31.1
6.88
Asn NH 7.65, Ha 4.47, HB 2.60, Ho; 7.44, H5, 7.01 Ca 50.4, CB 36.0
Cys NH 7.74, Ha 4.60, HB; 2.93, HpB, 2.54 Ca 51.4,CB32.9
Pro Ho 4.34, HB, 2.04, HB, 1.80, Hya 1.83, Hy, 1.80, H5  Ca 60.2, CB 28.6, Cy 24.3, C3 46.6
347
Leu NH 7.84, Ha 4.20, HB, 1.56, HBy, 1.48, Hy 1.58, Hd; Ca 50.9, CB 39.7, Cy 24.1, Co; 22.8,
0.89, Ho, 0.82 Cd, 21.1
Gly NH 7.79, Ho, 3.67, How 3.49, CONH, 7.11 Ca41.7
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Figure 3.50: 'H-NMR of ACTBI1.
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3 PHOTOPHARMACOLOGY
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Figure 3.51: 'H,"*C-HSQC of ACTBI.
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Figure 3.52: 'H,'H-TOCSY of ACTBI.
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3 PHOTOPHARMACOLOGY
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Figure 3.54: A) UV/VIS spectra of trans- and cis-ACTBI; illumination with 340 nm (trans—-cis) and 455 nm
(cis—trans). B) Kinetics of ACTBI. C) Bistabilty of ACTBI.
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Analytical Data of ACBT2
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Figure 3.55: Analytical HPLC spectrum of ACTB2 with a water/acetonitrile gradient of 95/5 —20/80 in 40 min.
Ry: 21.4 min (cis) and 246 min (trans).
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Figure 3.56: HRMS spectrum of ACTB2: HRMS (+ESI) m/z calc. for Cs4sH72N13012.S" [M + H]™: 1126.5139;
found: 1126.5162. HRMS (—ESI) m/z calc. for CssH72N3014S™ [M+ FA — H] ~: 1170.5048; found:
1106.5037.
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3 PHOTOPHARMACOLOGY

Table 3.6:

'H- and BC-NMR of trans-ACTB2 in DMSO-de.

Residue

'H-signals

13C-signals

Butyricacid  Ha; 2.17, Hop 2.00, HB; 1.78, HB, 1.69, Hy; 2.60,

Ca 34.4, CP26.8, Cy 32.0

Hy, 2.43
Tyr(Ome)  NH 7.96, Ha 4.52, HB1 3.31, HB, 2.70, H3 7.21, He  Ca. 54.4, CB 35.0, Cy 157.8, C5 129.6,
6.86, Hn 3.72 Ce 113.4,CL 157.8,Cn 54.7
lle Ho 3.93, HB 1.76, Hyra 146, Hyp 115, Hy, 0.88,  Co 58.4, CB 36.0, Cy; 24.7, Cyz 15.1,
H6 0.88 Co11.2
Gln NH 8.36, Ha 3.86, HB; 1.79, HB, 1.76, Hy 2.17 Ca 54.4,CB25.7,Cy31.1
Asn NH 7.66, Ho 4.47, HB 2.59 Ca 50.7, CP 36.1
Cys NH 7.74, Ho 4.58, HB,; 2.92, HB» 2.55 Ca 51.6, CB 33.3
Pro Ho 4.27, HB, 1.92, HB, 1.59, Hy; 1.73, Hy, 1.64, Ca 60.5, CB 28.7, Cy 24.3, C5 46.8
Ho, 3.44, Hé, 3.48
33 NH 7.95, H1 4.54, H2, 3.72, H2;, 2.91, H4/8 7.44, Cl153.4,C236.4,C3 142.9, C4/8
H5/7 7.81, H12/16 7.88, H13/15 7.59, H14 7.56 129.9, C5/7 122.1, C6 150.3, C11
151.7, C12/16 122.3, C13/15 129.2,
C14 131.1
Gly NH 7.44, Ho, 3.72, Ha, 3.57 Ca41.8
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6000
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Figure 3.57: 'H-NMR of ACTB2.
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Figure 3.62: A) UV/VIS spectra of trans- and cis-ACTB2; illumination with 340 nm (trans—-cis) and 455 nm
(cis—trans). B) Kinetics of ACTB2. C) Bistabilty of ACTB2.
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Analytical Data of ACTB3
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Figure 3.63: Analytical HPLC spectrum of ACTB3 with a water/acetonitrile gradient of 95/5 —20/80 in 40 min.
Rs: 29.6 min (cis) and 34.8 min (trans).
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Figure 3.64: HRMS spectrum of ACTB3: HRMS (+ESI) m/z calc. for Ce;HssN13012S™ [M + H]": 1138.6391;
found: 1138.6415. : HRMS (—ESI) m/z calc. for Ce3;HssN13012S™ [M + FA—H]: 1282.6300; found:
1282.6313.
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Table 3.7: Chemical shifts of '"H- and 3*C-NMR of trans-ACTB3.

residue 'H-NMR BC-NMR
Butyric acid  Ha,; 2.17, Hop 1.99, HB: 1.77, HB» 1.69, Hy, 2.60, Ca 34.4,Cp26.9,Cy 32.0
Hy, 2.41
Tyr(OMe)  NH 7.94, Ho 4.51, Hp: 3.30, HB, 2.68, H3 7.21,  Ca 54.5, CB 35.1, Cy 157.8, C8 129.6, Ce
He 6.86, Hn 3.72 113.3, CC 157.8, Cn 54.7
lle Ho 3.91, HB 1.75, Hyia 1.45, Hy, 1.1, Hy, 0.88,  Ca 58.4, CB 36.0, Cy1 24.7, Cy2 15.1, C8
HS 0.87 11.2
Gln NH 8.36, Ha 3.91, HB; 1.78, Hy 2.16 Ca 54.5,CB25.7,Cy 31.1
Asn NH 7.64, Ho 4.46, HP 2.58 Ca 50.4, CB 36.1
Cys NH 7.74, Ho. 4.57, HB; 2.93, Hp, 2.52 Ca 513, CP32.9
Pro Ho 4.27, HB, 1.92, HB, 1.58, Hy 1.73, Ho, 3.42 Ca 60.2, Cp 28.4, Cy 23.9, C5 46.5
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Figure 3.65: 'H-NMR of ACTB3.
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Figure 3.66: 'H, 3C-HSQC of ACTB3.
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Figure 3.70: A) UV/VIS spectra of trans- and cis-ACTB3; illumination with 340 nm (trans—-cis) and 455 nm
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Analytical Data of ACTB4
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Figure 3.71: Analytical HPLC spectrum of ACTB4 with a water/acetonitrile gradient of 95/5 —20/80 in 40 min.
R¢: 23.4 min (cis) and 26.4 min (trans).
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Figure 3.72: HRMS spectrum of ACTB4: HRMS (+ESI) m/z calc. for CssH76N13012S™ [M + H]": 1142.5452;
found: 1142.5477. HRMS (—ESI) m/z calc. for CssH76N13014S™ [M + FA—H]™: 1186.5361; found:
1186.53609.
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Table 3.8: Chemical shifts of 'H- and 3C-NMR of ACTB4.

residue

"H-NMR

BC-NMR

Butyric acid

Tyr(OMe)

Ile

Gln
Asn
Cys

Gly-N(R)
3.22

Leu

Gly

Hay(K1) 2.20, Hao(K1) 2.07, Hay(K2) 2.03, Hoao(K2)
1.90, Hp; 1.70, Hp, 1.62, Hy (K1) 2.53, Hyo(K1) 2.48,

Hy,(K2) 2.40, Hy,(K2) 2.33
NH 7.94, Ho(K 1) 4.49, Ho(K2) 4.47, HB, (K1) 3.23,

HP: 3.21(K2), Hp, 2.71, H3(K 1) 7.19, H3(K2) 7.16, He

6.84(K1), He 6.83(K2), Hn 3.72(K1), Hn 3.72(K2)

Ha(K1) 4.18, Ho(K2) 4.11, HB(K1) 1.85, HB(K2) 1.75,

Hy1(K1) 1.46,
Hy1o(K2) 1.42,
Hyn(K1) 1.14,
Hy5(K2) 1.08,
y2(K1) 0.86, Hy»(K2) 0.82, H3(K1) 0.90, H3(K2) 0.84

NH(K1) 8.34, NH(K2) 8.27, Ho. 3.93, Hp; 1.87, Hp,
1.81, Hy 2.18

NH(K1) 7.95, NH(K2) 7.93, Ha(K1) 4.45, Ho(K2)
438 HB(K1) 2.62, HP(K2) 2.60

NH(K1) 7.82, NH(K2) 2.97, Ha(K1) 4.73, Ha(K1)
4.70 Hp, 2.74, Hp, 2.64

Hou(K1) 4.36, Haa(K1) 3.91, Hu(K2) 3.93

HI1(K1) 4.84, H1,(K1) 4.75, H2,(K2) 4.64, H2,(K2)
4.49, H3/7(K1) 7.55, H3/7(K2) 7.45, H4/6(K1) 7.89,
H4/6(K2) 7.82,

H11/15 7.89, H12/14 7.60, H13 7.57

NH(K1) 8.30, NH(K2) 8.00, Ho 4.22, HB(K1) 1.48,
HB(K2) 1.43, HPx(K2) 1.37, Hy(K1) 1.56, Hy(K2)
1.47, H5,(K1) 0.87, H5,(K 1) 0.83, H5,(K2) 0.82,
H8,(K2) 0.78

NH(K1) 8.10, NH(K2) 8.21, Ho(K 1) 3.65, Hop(K1)
3.60, Hu(K2) 3.63

Ca(K1) 34.4, Ca(K2) 34.2, CP 25.6,
Cy(K1) 31.9, Cyi(K2) 31.8

Ca(K1) 54.4, Ca(K2) 54.2, CR(K1)
35.4, CP(K2) 35.3, Cy 157.7, C3
129.6, Ce 113.3, C{ 157.7, Cn 54.7

Ca(K1) 57.6, Ca(K2) 57.4, CB 36.5,
Cyi(K1) 24.4, Cyi(K2) 24.1, Cyx(K1)
15.2, Cy2(K2) 15.2, C3(K1) 11.2,
C3(K2) 11.0

Ca 54.0, CB 26.0, Cy 31.2

Ca(K1) 50.2, CB(K1) 35.8, CB(K2)
35.5

Ca(K1) 49.4, Ca(K2) 49.9, CB 33.3

Ca(K1) 49.5, Ca(K2) 48.7

Ca(K1) 50.9, Ca(K1) 49.2, C2(K1)
151.6, C2(K2) 151.0, C3/7(K1) 128.2,
H3/7(K2) 128.5, H4/6 122.3, C5(K1)

151.2, C5(K2) 151.0, C10 151.9,
H11/15122.3, H12/14 129.3, HI3
131.2

Ca 51.2,Cp 404, Cy 23.7, Cé; 22.7,
Cd,21.3

Ca(K1) 41.6, Ca(K2) 41.7
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Figure 3.73: 'H-NMR of ACTB4.

S TR

L)

o0 @
© oo

P EYS omooo
L]

o e, 9

oo

r10

20

30

F40

50

60

F70

80

90

r 100

r110

r 120

130

T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
2 (ppm)

Figure 3.74: 'H, 3C-HSQC-NMR of ACTB4.
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Figure 3.753: 'H, 'H-TOCSY of ACTB4.
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Figure 3.76: 'H, 'H-NOESY-NMR of ACTB4.
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Figure 3.78: A) UV/VIS spectra of trans- and cis-ACTB4; illumination with 340 nm (trans—-cis) and 455 nm
(cis—trans). B) Kinetics of ACTB4. C) Bistabilty of ACTB4.
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Analytical Data of ACTBS
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Figure 3.79: Analytical HPLC spectrum of ACTBS with a water/acetonitrile gradient of 95/5 —20/80 in 40 min.
Rz 24.9 min (trans) and 25.0 min (cis).
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Figure 3.80: HRMS spectrum of ACTB5: HRMS (+ESI) m/z calc. for C55H70F4N13012S* [M + H]™:
1212.4918; found: 1212.4939. HRMS (—ESI) m/z calc. for C56H70F4N13012S™ [M + FA-H]":
1256.4827; found: 1256.4843.
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3 PHOTOPHARMACOLOGY

Table 3.9: Chemical shifts of the '"H- and '*C-NMR of ACTBS in DMSO-ds.

residue '"H-NMR BC-NMR
3.19 H1,3.73, H1, 3.40, H3 7.49, H4 7.54, HS C141.3,C2128.0,C3 134.4,C4 129.2, C5 119.6,
7.72, H7 7.81 C6152.5,C7123.5
Tyr(OMe)  NH 8.60, Ha 4.49, HpB; 2.94, Hp, 2.74, Ho Ca 54.4, CB 35.9, Cy 157.6, C4 129.9, Ce 113.3,
7.19, He 6.85, Hn 3.72 CL 157.6,Cn 54.7
Ile NH 7.60, Ho. 4.09, HB 1.59, Hy1, 1.28, Hy1s Ca 56.5, Cp 36.4, Cy; 23.6, Cy, 15.0, C5 10.5
0.81, Hy, 0.56, H3 0.60
Gln NH 8.23, Ha 4.06, HB; 1.79, HP» 1.63, Hyia Ca 52.2,CB27.5,Cy31.0
1.28, Hyi, 0.81, Hy» 0.56, H5 0.60
Asn NH 7.35, Ha. 4.43, Hp 2.44 Ca 489,Cp 374
Cys NH 8.70, Ha 4.85, HB; 3.33, HB, 2.29 Ca 51.2,CB 36.3
Pro Hoa 4.31, HB; 2.03, HP> 1.85, Hy; 1.88, Hy» Ca 59.8, Cp 28.7,Cy 24.1, C5 46.4
1.85, H&; 3.56, Hd, 3.49
Leu NH 8.06, Ha 4.22, HB 1.52, Hy 1.66, H5, Ca 51.2,CB 39.9, Cy 23.9, C§, 23.9, C3, 21.3
0.91, H3, 0.85
Gly NH 7.97, Ha 3.68, Ha, 3.49 Ca 46.4
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Figure 3.81: 'H-NMR of ACTBS.
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Figure 3.83: 'H, 'H-TOCSY of ACTBS.
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Figure 3.84: 'H, 'H-NOESY of ACTBS.
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Figure 3.85: 'H, 'H-COSY of ACTBS.
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Figure 3.87: UV/VIS spectra of trans- and cis-ACTBS; illumination with 365 nm (trans—-cis) and 405 nm
(cis—trans). B) Kinetics of ACTBS. C) Bistabilty of ACTBS.
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Analytical Data of ACTB6
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Figure 3.88: Analytical HPLC spectrum of ACTB6 with a water/acetonitrile gradient of 95/5 —20/80 in 40 min.
R¢: 22.3 min (cis) and 25.1 min (trans).
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Figure 3.89: HRMS spectrum of ACTB5: HRMS (+ESI) m/z calc. for CseH76N13012S* [M + H]": 1154.5452;
found: 1154.5476. . HRMS (—ESI) m/z calc. for CssH72F3N13014S™ [M + TFA — H]™: 1266.5235;
found: 1266.5226.
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3 PHOTOPHARMACOLOGY

Table 3.10: Chemical shifts of the '"H- and *C-NMR of ACTB6 in DMSO-ds.

residue TH-NMR BC-NMR
3.16 H2,3.64, H2, 3.44, H4 7.80, H6 7.73, H7 7.49, H8 C241.7,C3138.1,C4 123.1, C5 152.0,
7.37, H12 7.84, H14 7.53, H15 7.76, H16 7.80, C6120.8, C7 152.0,129.2, C8 133.3,
H17.3.94, H17, 3.88 Cl11,C12 122.4,C13 140.9, C14 132.0,
C15121.8,C16 122.6, C17 35.8
Tyr(OMe)  NH 8.59, Ha 4.53, HB; 3.04, HB, 2.77, H3 7.22, He  Ca 57.3, CB 36.2, Cy 157.6, C5 130.1, Ce
6.81, Hn 3.71 113.5,C{ 157.7, Cn 54.9
le NH 7.67, Ha 4.10, HB 1.63, Hy; 1.27, Hy; 0.65, H5 ~ Ca 57.3, CB 36.2, Cy; 24.1, Cy, 15.4, C5
0.64 11.1
Gln NH 8.12, Ha 4.12, HB; 1.80, HB, 1.70, Hy 2.03 Ca.52.9, CB 27.5, Cy 31.2
Asn NH 7.76, Ho 4.47, HB; 2.55, HB, 2.41 Ca 49.7, CB 36.9
Cys NH 8.09, Ho 4.64, HB; 2.86, HB, 2.61 Ca 51.3,CB 32.7
Pro Ha 4.31, HB 2.02, Hy 1.86, H§,; 3.58, Ho, 3.53 Ca 59.9, CB 29.0, Cy 24.8, C5 46.9
Leu NH 8.00, Ha 4.21, HB 1.51, Hy 1.63, H5, 0.89, H3, Ca 51.4, Cp 40.2, Cy 24.2, Cd,; 23.1, Cd»
0.83 21.6
Gly NH 7.98, Ha,; 3.67, Ho, 3.56 Ca42.0
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Figure 3.93: 'H,'H-NOESY of ACTBS6.
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3 PHOTOPHARMACOLOGY

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 N® or C> respectively by a number of methyl

transferases, which play big role not only in epigenetics but also in diseases like cancer.[?°72%]

3911 side-chains can be methylated and demethylated in order

In histones lysine!**”! and arginine,!
to alter gene transcription by binding of non-histone proteins.**? In contrast, N-methylation of
peptide amide bonds is not a post-translational modification. Synthesised in multifunctional
groups in the non-ribosomal peptide synthetasesi®*> 3041 N.methylated peptides can have
several benefits, like enzymatic stability, intestinal permeability and increase in activity.%!
Often isolated from marine sponges>%’ and fungi*’”!, N-methylated peptides like cyclosporine
AB%] give blueprints for the modification of bioactive peptidic drugs. With its seven N-methyl
amides, cyclosporine A violates two of the four Lipinski rules*°”: < 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.l*' A single N-methylation of a
backbone amide lowered the ICso from 2.5 nM to 0.58 nm.1!% 31 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 1980821 to furnish a p-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!*'3). More important,
in mouse writhing nociception test, it had a 140-fold higher potency then morphine.*!? Rats,
medicated with both, morphine and DAMGO, become less tolerant to the analgesic effect of
morphine than rats, treated just with morphine.!*! 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.l*!> 3% The
differences between morphine and DAMGO is a consequence of altered molecular mechanism

upon activation of MOR .13
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3.5.2 Activation of the p-opioid receptor

Located pre- and post-synaptically in the brain, spinal cord and in the intestinal tract, the p-
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).3!7]

DAMGO G protem morphine

R GRKS5
PKC
arrestins \ ,/ ORI
/
receptor

4 desensitization signaling
recycling

+

7

Arrestins

GRK Phosphatases
dynamin

internalization

Figure 3.96: Different mechanism of activation and phosphorylation of MOR by DAMGO and morphine.[3!®!

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 a-subunit of the G protein complex.*'”! Inhibition of the
adenylyl cyclase (AC) by the a-subunit, decreases the cAMP level, which impedes the Na>*
influx of the cyclic nucleotide-gated ion channels, suppressing the neuronal excitability.[*2"]
Furthermore, reduced cAMP concentration decreases the activation of the protein kinase A
(PKA).2! The dimeric By subunit on the one hand inhibits T-type Ca®" 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.[*?% 3221
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Figure 3.97: Phosphorylation position of MOR by different kinases.!®!

Kinases usually phosphorylate the intracellular C-terminal part of the receptor, which induces
the recruitment of B-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 B-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 B-arrestin (Figure 3.97).532!

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

AzoDAMGOP?4],
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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 p-receptor, whereas the Tyr side-chain undergoes a water-mediated interaction with the
binding pocket.**! 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 p-
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]

Rn+1 H O NOQ(\)\//O Rn+1 H O n+1
N 0-NBS-CI S. N p- mtrobenzenesulfonate
HzN/Hf % Collidine ”)ﬁf % DMF, 30 min %
e} ﬁn DCM, 2h lo) R,
Rp+1 (e} Fmoc-AA-OH O Rp o}
BME, DBU N HATUNMM _ FrmocHN._JL N

DMF N/'ﬁ( T DMF (twice) Y T Y

o0 R, Ruz | O Ry

Scheme 3.15:  Synthetic route of selective N-methylation during SPPS.[32¢)

This three-step procedure starting with protection and activation of an a-amine, methylation
and at least deprotection of the secondary amine. This procedure, improved by Kessler and

coworkers*%! 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 uL. DMF. After
addition of 200 uL piperidine, Fmoc was deprotected and the 100 uL. were diluted in 10 mL
DMEF. 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[5.4.0Jundec-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 0-NBS was achieved with f-mercapto ethanol and DBU in NMP for 5min.*%! 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.

] (0] (0]
H \
HZN\‘)'LN/\/O\O @\S/N\)LN/\/O\O Q\S/N\)LN/\/O\O
L \ . \ .
A nog 0 < H 1. DBU in NMP, 3 min Nnog 0 < H
0-NBS-Cl 2. (CH3),S0, in NMP, 2 min
Collidine 3. repeat steps 1. and 2.
l\‘l‘ NMP, 15 min
Ul Il
o9 |9
N (0] N (0]
- \,)LN/\/ \O FmocHN/ﬁ( \.)kN/\/ \O
L H Fmoc-Gly-OH o A
BME, DBU Pybop/DIPEA
NMP, 2 x 5 min DMF (twice)

N : N :
Scheme 3.16:  Synthesis of AzoDAMGO: N-methylation of the resin-bound peptide by the procedure of KESSLER
and coworkers.[3%%)
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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 n-n* absorption band and
an increase of the n-n* 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.!'¥ 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.***! Addition
(at 60 sec) of a 1 uM 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 uM (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 p-opioid receptor.

I 0 60 120 240 300 400 500 600 700 800

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-aminoethanol327!

H
FmocHN/\/O

To a solution of 1.00 g (16.4 mmol, 2.0 eq.) ethanolamine in 50 mL DCM and 100 mL aqu. sat.
NaHCOs 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 HCI (3 x 30 mL) and sat. NaCl solution (3 x 30 mL) and dried
over NaSOs. After removal of the solvent, the product (2.32 g, quant.) was furnished as

colorless amorphous solid.
CI17H17NO3 (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+HCO:], ber.: 328.1190).

"H-NMR (400 MHz, CDCl3): § = 7.76 (d, Juau3 = 7.5 Hz, 2H, H4-, H5-Fmoc), 7.58 (d, Jus 1e
=7.4 Hz, 2H, H1-, H§8-Fmoc), 7.40 (m, 7.42 — 7.37, 2H, H3-, H6-Fmoc), 7.31 (td, Juzni/m3 =
m7Hems = 7.5 Hz, Juona =m7us = 1.2 Hz, 2H, H2-, H7-Fmoc), 5.25 (bs, 1H, NH-Fmoc), 4.43
(d, JenzFmoc,n9Fmoc = 6.7 Hz, 2H, CH2-Fmoc), 4.21 (t, JH9Fmoc,CH2Fmoc = 6.6 Hz, 1H, H9-Fmoc),
3.74 - 3.62 (m, 1H, CH>), 3.33 (d, Jcn2-cu = 1.6 Hz, 2H, CH>), 2.23 (bs, OH) ppm.

BC-NMR (100 MHz, CDCl3): § = 157.3 (C=0-Fmoc), 144.0 (Cla-, 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 (CH20H), 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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DMEF, 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 pL. DMF. After addition of 200 pL
piperidine, Fmoc was cleaved and the 100 uL 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.®®! 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

DMEF. The procedure of N-methylation by Kessler and coworkers3%]

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
0.13mL collidine as a base. Afterwards, 46mg (0.3 mmol, 3eq.) 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 pL (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 0-NBS was achieved with 70 pL (1.0 mmol, 10 eq.) B-mercapto ethanol and 74 uL
(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 - Aso1 - d)/(Ec- M - w)

A3zo01 = 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
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3.5.4.3 HR-MS, HPLC and NMR
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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).
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Figure 3.101: HRMS spectrum of AzoDAMGO: HRMS (+ESI) m/z calc. for C3,H4oN7O6" [M + H]*: 618.3035;
found: 618.3038. HRMS (—ESI) m/z calc. for C3;H3sN70¢" [M - H]™: 616.2889; found: 616.2902.
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Table 3.11: 'H- and *C-NMR of trans-AzoDAMGO in DMSO-ds
residue 'H-NMR BC-NMR
Glycinol NH 7.93, Ha 3.14, HB 3.39, OH 4.67 Ca4l.4,CB594
AzoPhe  HI 5.23, H2, 3.32, H2, 3.03, H4/8 (K1) 7.44 C157.5,C233.8,C3 (K1) 142.2, C3 (K2)
H4/8 (K2) 7.52, H5/7 (K1) 7.79, H5/7 (K2)  141.5, C4/8 (K1) 129.7, C4/8 (K2) 129.9, C5/7
7.82, H12/16 7.87, H13/H15 7.60, H14 131.2 (K1) 122.3, C5/7 (K2) 122.4, C6 150.2, C11
151.7, C12/16 122.2, C13/15129.2, C14 131.2
Gly NHS8.08, Ho; 3.99, Ha, 3.73 Ca 40.3
Ala NH 8.48, Ho (K1) 4.42, Ho (K2), 4.35, Hp Ca 47.6, CB (K1) 18.6, CB (K2) 18.3
(K1) 1.04, HB (K2) 1.01
Tyr Ha 3.96, HB, 2.86, HB» 2.82, HS 7.00, He 6.69, Ca 53.1, CB 36.1, Hy 124.5, H5 130.3, He

Hn 9.33

115.0, C£ 156.3
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Figure 3.102: 'H-NMR of AzoDAMGO.
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Figure 3.103: 'H, 3C-HSQC-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,

[22

giving it the name metastin.!*?! Five years later, the products of the KISS-1 gene were identified

[328

to be the endogenous ligands of the G protein coupled receptor GPR54.2%) Translation of the

3281 After proteolysis, several small

KISS-1 gene results in a 145 amino acid precursor peptide.|
bioactive peptides are derived (Kisspeptin-54 (Metastin), 14, 13 and 10), all part of the RF-
amide (Arg-Phe-NH2) family,*?*3% binding to the orphan G protein-coupled receptor
GPR54.13%-31 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

24,251 and furthermore defective sexual development as well as reproductive

hypogonadism!
failure was identified as a result of a deletion of GPR54 in mice.!?> %] 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

[333

and Kiss1r for the non-human receptors by Gottsch et. al.’**) 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).3%
GPR54 is a Ggni-coupled 7-transmembrane receptor of the rhodopsin family (see chapter

3.3.2).1328. 3301

Ligand binding to GPR54 (Figure 3.108) causes the dissociation of the a-subunit of the G
protein, which activates phospholipase C (PLC). PLC cleaves phosphatidylinositol 4,5-
bisphosephate into DAG and IP3.1°?®] The latter one causes Ca?'-release from the endoplasmic
reticulum which leads the activation of Ca**-dependent signalling pathways in GnRH neurons.
DAG activates transient receptor potential cation (TRPC) channels and inhibition of inwardly
rectifying potassium channels (Kir).3%! Furthermore, DAG activates the Ca?" dependent protein

kinase C (PKC), which itself stimulates extra-cellular regulated kinase (ERK) 1/2.13281
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Kisspeptin Cations
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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).*3! Both gonadotropins cause gonadal secretion
of the sex steroids testosterone, estrogen and progesterone. While GnRH neurons lack the
estrogen receptor alpha (ERa), a feedback loop must involve kisspeptin neurons.[**7¥1 It is
assumed that estrogen (testosterone is aromatised to estrogen!***)) binds to ERa in kisspeptin

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

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.**”] Therefore, a micropenis is an early clinical indicator
for GnRH definciency.*! 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*****4l in the ovarian cycle,

pregnancy®*34¢) and lactation.3*!

Besides its affinity to GPR54, kp-54 and kp-10 are also binding to the NPFFR1 receptor (or
GPR147)3*1 which is the receptor for gonadotropin inhibitory hormone (GnIH).?***) 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.?>" The low selectivity (ICso, 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.*3!]
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3.6.3 Kisspeptin

Prepro-kisspeptin (MW: 15.4kDa)
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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 GPR54.12%]
The human KISS-1 gene encodes a 145 amino acid long precursor peptide, the prepro-
kisspeptin.?? 3281 Prepro-kisspeptin consists of a 19 amino acid long signal peptide and 54-
amino acid central region.*>? After proteolysis, an amino group is transferred to the C-terminal
phenylalanine Phel21 from the adjacent glycine Glyl22 by carboxypeptidase, which is
essential for the stimulation of intracellular Ca*"-increase.[*** 3% 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-NH>).3%] The highly conserved 10
amino acid long C-terminal RF-amide core sequence YNWNSFGLRF-NHz is sufficient for a
full activation of the GPR54.53%3 Furthermore, with 4.13 nM, kp-10 has the lowest ECso value

upon the short kisspeptin equences.2%%

ARG
& ;.

Figure 3.110: Kisspeptin-10 and its residues important for GPR54 activation.[?7 334-3571

kp-10 is a highly aromatic linear peptide, with a low solubility in aqueous solution*>*!, Both,
rat kp-10 and human kp-13 show a a-helical domain from Asn4 to Tyr/Phe10.7- 3% With a 1-
4 min half-life, kp-10 has a low proteolytic stability and a low bioavailability.*>®! 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.[?’> 334

Furthermore, F6A-kp-10-analogue showed antagonistic effects on GPR54 in transfected CHO-
K1 cells.>¥ Substitution of Tyrl against D-Tyr or D-Ala, Ser5 against Gly or D-Ser and Leu$8
against D-Trp or D-Leu resulted in a high-affinity GPR54 antagonists, too.>°! 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 LeuS8
and Arg9.1?”- 3551 These results stress out the importance of the RF-amide motive for receptor
binding, whereas Phel0 can be substituted by aromatic tryptophan, increasing the metabolic

stability.[3%6: 3571

N\ \‘\\ rag P08
Fo_/ F13"

Figure 3.111: Hydrophobic cluster in the C-terminal part of kp-13[271 and kp-10[35%], 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.[!% 187 188. 3601 Thege 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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aromatic side-chains important for binding
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KISS-10: YNWNS FGLRF-NH;

AzoKP-1: YNWN-AMPP-FGLRF-NH, (NS6AMPP)

AzoKP-2: YNWNSFGLR-AzoPhe-NH, (F10AzoPhe)

AzoKP-3: YNWNS-AzoPhe-GLRF-NH, (F6AzoPhe)
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.[**”) 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.
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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,*¢!-363] and as it was also shown with Kisspeptin-14.1*64! All photoswitchable peptides
were measured in cis- and trans-configuration. The recorded spectra were smoothed with a 20-
point Savitzky-Golay***! filter and secondary structure prediction was done with BeStSeL!*%¢-
3] 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 B-strand and a lower a-helical content, whereas cis-
AzoKP-2 and Kisspeptin-10 showed a quite similar secondary structure prediction with a higher
amount of a-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") in the
presence of DPC micelles (NMR) and rat kp-10 analogues!®>>*! in a diphenylcarbodiimide-water
solution (NMR and MD-simulations) in one hand and of human kp-10 analogues®* in the
presence of SDS micelles (NMR and CD) showed different results. While human kp-13 and rat
kp-10 analogues possess an a-helix between Asn7 and Phel3 and Asn4 to Tyr10 respectively,
the human kp-10 analogues showed several tight turn structures between Trp3 and Phel0, 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.[?”- 354 353
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Figure 3.113: Photoisomerisation.
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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 (A = 455 nm) and UV (A = 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 n-n* absorption band and an increase of the n-r*

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.['* 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.’*°) 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.*®”] At least, reversal potential is determined

by plotting the maximum current versus the voltage ramp.7"

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.

A B E
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i Kiss AzoKP-2 2!
TTX + AzoKP-2 —
T ] —110 pA
10 pA
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AzoKP-2 Kisspeptin | ~100 1 min

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.?**) 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.(*3> 3711
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).
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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 ¢rans 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.?’2) RFRP-3 is a RF-amide peptide with the sequence VPNLPQRF-NH2 and belongs
to the Gonadotropin-inhibitory Hormone (GnIH) group.*”*! Upon binding to the receptors
NPFFR-1 and NPFFR-2, RFPR-3 inhibits GnRH neurons."*’¥ 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. 73! 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.**¥! 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 NPFFRI.

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{*?®), which can be monitored by R-GECO as

readout for receptor activation.
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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 uM. 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 uM KP-10. The KP-10/cis-AzoKP-2 ratio was used to

calculate a dose-response curve.
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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 Ca**-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 NPFFRI, 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
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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 1h 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.

AzoKP-1 AzoKP-2 AzoKP-3

Compound

step t[s] p[W] T[°C]|step t[s] p[W] TI[°C]|step ¢[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 O r.t.
FmocSer(:Bu)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(Bu)OH 1&2 120 30 90 1 120 30 90 1 120 30 90
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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 C7;Hs7N1701,2" [M + 2H]": 676.8380;
found: 676.8385. Calc. for C71HgeN17011" [M + H]*: 1352.6687; found: 1352.6715. HRMS (—ESI)
m/z calc. for C72HgsN 17013 [M + FA — H]™: 1396.6596; found: 1396.6596.
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Table 3.13: Chemical shifts of 'H- and 3C-NMR of AzoKP-1 DMSO-ds.

residue 'H-signals 13C-signals
Tyr NH 7.95, Ha: 3.90, HBa 2.91, Hb 2.69, H5 Ca 54.1, CB 36.7, Cy 125.3, C5 115.8, Ce
6.69, He 7.03 131.0, C{ 157.0
Asn NH 8.70, Ho 4.66, HBa 2.64, HBb 2.47 Ca 50.3, CB 37.7
Trp NH 8.26, Ha 4.56, HBa 3.25, HBb 3.04, H51 Ca 54.5, CB 28.1, Cd1 124.0,CL3 118.8, Cn2
7.14, He3 7.58, HE3 6.96, Hn2 7.03, HE2 7.30 121.3,C2 111.8
AMPP NH 8.58, H2a 3.60, H2b 3.50, H4 7.67, H6 C242.3,C3138.1,C4123.4,C5152.3,C6
7.26,H7 7.43,H8 7.72, H12 7.76, H14 7.29, 132.6, C7 129.6, C8 121.5, C11 152.0, C12
H15 7.49,H16 7.76, H17 4.37 121.5, C13 141.5, C14 130.5, C15, 129.8,
C16 121.5,C17 42.5
Phe NH 8.40, Ho 4.53, HBa 3.04, HBb 2.80, HS Ca 54.6, CB 38.1, Cy 138.2, Cd 129.6, Ce
7.20,He 7.16, H{ 7.11 126.7/128.4, C( 126.6
Gly NH 8.33, Ha 3.75 Ca424
Leu NH 7.89, Ha 4.32, HB* 1.42, Hy 1.59, HS, Ca 51.5,CB 41.4, Cy 24.6, Cda 23.6, Cdb
0.86, Ho, 0.83 22.1
Arg NH 8.03, Ha 4.21, HB* 1.42, Hya 1.64, Ca 52.8, Cp 25.3, Cy 29.3, C5 40.9
Hyb1.50, H3 3.06
Phe NH 7.76, Ho 4.44, HBa 3.01, HBb 2.83, Co Ca 54.0, CB 38.1, Cy 138.1 Cb 129.6, Ce

7.20,Ce 7.23, CL 7.17

128.5, C£ 126.7

3000

2500

2000

1500

1000

500

T T T T T T T
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T T
55 5.0
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Figure 3.120: 'H-NMR of AzoKP-1.
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3 PHOTOPHARMACOLOGY
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Figure 3.124: 'H, 'H-COSY-NMR of AzoKP-1.
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3 PHOTOPHARMACOLOGY
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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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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).
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Figure 3.127: HRMS spectrum of AzoKP-2: HRMS (+ESI) m/z calc. for CeoHgoN19O142" [M + 2H]*": 703.8413;
found: 703.8426. Calc. for C71HseN17011" [M + H]": 1406.6753; found: 1406.6809. : HRMS (—ESI)
m/z calc. for CeoHgoN19O14> [M + FA — 2H]*: 724.8294; found: 724.8297.
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3 PHOTOPHARMACOLOGY

Table 3.14: Chemical shifts of 'TH-NMR and 3C-NMR AzoKP-2 in DMSO-de.

residue 'H-NMR BC-NMR
Tyr NH 7.96, Ho. 3.89, HBa 2.92, HBb 2.66, Ho Coa 54.1, CB 36.7, Cy 125.3, C5 115.8, Ce
7.04, He 6.68, 131.0
Asn NH 8.71, Ha 4.62, HBa 2.61, HBb 2.50 Ca.50.2, CB 37.6
Trp NH 8.20, Ha 4.51, HBa 3.16, HBb 2.96, H51 Ca 53.9,CB 27.9,Cy 110.3, Cd1 124.1, Ce2
7.15, He2 7.58, HC3 6.94, Hn2 7.02, HC2 7.28 118.8,C3 118.7,Cn2 121.3,CE2 111.7
Asn NH 8.30, Ha 4.63, HBa 2.61, HBb 2.50 Ca 50.2, CB 37.6
Ser NH 8.01, Ha 4.19, HBa 3.55, HBb 3.50, Hy Ca 562, CB61.8
4.97
Phe NH 8.08, Ha 4.43, HBa 3.07, HBb 2.89, Co Ca 55.0,CB 37.4,Cy 138.3, Cd 129.6, Ce
7.22,He 7.24, H{ 7.16 128.5, C{ 126.7
Gly NH 8.11, Ha 3.72 Ca42.5
Leu NH 7.86, Ho 4.30, HBa 1.44, HBb 1.36, Hy Co 51.4, C 41.2, Cy 24.4, C5a 23.6, C3b
1.56, Hoa 0.81, Hob 0.78 22.0
Arg NH 8.12, Ha 4.24, HB* 1.45, Hya 1.66, Ca. 25.7, CB 25.4, Cy 29.3, C5 40.9
Hyb1.53, H5 3.05
AzoPhe NH 7.92, H1 4.51, H2a 3.11, H2b 2.93, H4/8  C1 53.9, C2 37.9, C3 142.2, C4/8 130.7, C5/7

7.43, H5/7 7.80, H12/16 7.86, H13/15 7.59,
H14 7.59

122.8,C6 151.0, C12/16 122.9, C13/15 129.9,
C14 131.8
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Figure 3.128: 'H-NMR of AzoKP-2.
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Figure 3.129: 'H, 3C-HSQC-NMR of AzoKp-2.
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3 PHOTOPHARMACOLOGY

1 (ppm)

T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5

f2 (ppm)

Figure 3.131: 'H, 'H-NOESY-NMR of AzoKP-2.
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Figure 3.132: 'H, 'H-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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3 PHOTOPHARMACOLOGY
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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).
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Figure 3.135: HRMS spectrum of AzoKP-2: HRMS (+ESI) m/z calc. for CeoHgoN19O14 [M + 2H]": 703.8413;
found: 703.8425. Calc. for C7;HgsN17011 [M + H]*: 1406.6753; found: 1406.6804. : HRMS (—ESI)
m/z calc. for CeoHs7N 19014~ [M — H]™: 1404.6607; found: 1404.6640.
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Table 3.15: Chemical shifts of 'H- and 3C-NMR of AzoKP-3 in DMSO-.

residue 'H-NMR BC-NMR

Tyr NH 7.97, Ha 3.90, HBa 2.93, HBb 2.67, H5 ~ Ca 54.1, CB 36.9, Cy , C3 125.3, 131.0, Ce

7.03, He 7.67 115.8, C{ 157.0
Asn NH 8.72, Ha 4.63, HBa 2.61, HBb 2.50, Ha Ca.50.2, CB 37.6

7.05, Hob 7.48
Trp NH 8.19, Ha 4.53, HBa 3.18, HBb 3.02, H52 Ca 54.3, Cp 37.3,C62 124.1, Ce3 118.8, CL3

7.15, He3 7.58, HE3 6.94, Hn2 7.03, H2 7.27 118.7,Cn2 121.3,C2 111.7
Asn NH 8.30, Ha 4.63, HBa 2.61, HBb 2.50, HS Ca 50.2, CB 37.6
6.67, Hoa 7.05, Hob 7.48
Ser NH 8.01, Ha 4.21, HBa 3.59, HBb 3.54, Hy Ca 562, CB61.7
4.96
AzoPhe NH 8.19, H1 4.53, H2a 3.18, H2b 2.98, H4/8  C1 54.3, C2 27.9, C3 142.4, C4/8 130.8, C5/7
7.47, H5/7 7.80, H12/16, 7.87, H13/15 7.60, 122.9,C6 151.0, C11 152.4, C12/16 122.9,
H14 7.57 C13/151299,C 14 131.8
Gly NH 8.18, Ha 3.75 Cad42.5
Leu NH 7.89, Ha 4.33, HBa 1.46, HBb 1.41, Hy Ca 51.4.CB41.2, Cy24.5, Cda 23.6, Cdb
1.60, Héa 0.87, Héb 0.83 22.0
Arg NH 8.10, Ho 4.21, HBa 1.44, HBb 1.39, Hya Ca 52.8, CB 25.4, Cy 29.3, C5 40.9
1.63, Hyb1.51, H6 3.06, He7.03,

Phe NH 7.82, Ha 4.43, HBa 3.01, HPb 2.82, Ho Ca 54.0, CB 38.0, Cy 138.1, C5 129.6, Ce

7.21, He 7.24, H( 7.16

128.5, C; 126.7
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Figure 3.136: 'H-NMR of AzoKP-3.
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Figure 3.137: 'H, 3C- HSQC-NMR of AzoKP-3.
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Figure 3.138: 'H, 'H-TOCSY-NMR of AzoKP-3.
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Figure 3.139: 'H, 'H-NOESY-NMR of AzoKP-3.
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Figure 3.140: 'H, '"H-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 um, 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 4 = 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, Grof3-
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 pum, 250 x 4.6 mm) for peptides and
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GENERAL REMARKS

Phenomenex Luna column (C18, 5 um, 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/minwas used.

Semi-preparative reversed-phase HPLC

Semi-preparative RP-HPLCs was performed on Jasco (GroB-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 um, 250 x 21.2 mm) for peptides and Phenomenex
Luna column (XBCI18, 5 pum, 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 0 are denoted in ppm based on TMS (6 = 0) as external standard.
Deuterated solvents CDCls, CD:OD, CDs:OH and DMSO-dswere used for all measurements and
the residual solvent peaks [0 (CDCL:) = 7.26, 6 (CD;OD) = 3.31 and 6 (DMSO-ds) = 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, GroB-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!*®! filter and secondary structure prediction was done with BeStSeL
(Beta Structure Selection, BeStSel™ (2014-2024) — ELTE Eotvos Lorand University,
Budapest, Hungary)366-3681,
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