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Abstract

During the past 50 years, a lot of attention hasnbgaid to the analysis of physiology and
pathophysiology of the neuropeptide hormone vassgne Substantial efforts were
undertaken to develop peptide and non-peptide atppand antagonists of the vasopressin
receptors in order to investigate the underlyirgnaling mechanism(s), as well as to treat
various vasopressin-related diseases.

Disulfide bond-engineering of peptide analogs isiraportant strategy to stabilize peptides
against proteolytic degradation. To date, variaushsengineered vasopressin analogs already
have been synthesized. In the course of this thésiarba- and 6-carba-thioether analogs of
vasopressin (AVP) and the vasopressin-analog dagssip (dADAVP) have been synthesized
by solid-phase peptide synthesis, followed by Ulticed thiol-ene reaction of a cysteine
residue with an alkene moiety that was incorporatéal the peptides. This strategy enables
for the first time the exchange of both respectivfur atoms by a carbon atom and therefore
represents peptide engineering on single atom.lé&s double bond-holdinig-vinylglycine
residue has been synthesized racemization-free dgrvelimination of an.-homoserine
residue. Cyclic and linear 1l-carba-dDAVP were sgaibed successfully. An unintended
side-product of 1-carba-dDAVP-synthesis turnedtoube a dimer of the peptide. We were
therefore able to induce selective dimerization, iateresting finding worth further
investigations.

The thioether analogs have been tested for theilodical activities against vasopressin
receptors AVPR1a, AVPR2 and the oxytocin receptor @fRhe closely related peptide
hormone oxytocin by two different assay approacHesarba-dDAVP turned out to be
inactive towards all tested receptors in the messaoncentration range, indicating that these
structural changes led to a drastic decrease or as of agonistic activity. Interestingly,
linear 1-carba-dDAVP showed increasing activity iagg AVPR2 at higher concentrations
with an EGp value of > 1600 nM, suggestingh situfolding into a pseudocyclic
conformation, like it was also the case for reducHdAVP (EGy 1.48 nM). The

uncharacterized 1-carba-AVP analogs did not showaativity against any of the receptors.




Zusammenfassung

Wahrend der letzten finfzig Jahre wurde grolRes rdage in Physiologie und
Pathophysiologie des Neuropeptid-Hormons Vasopregslegt. Fur die Entwicklung von
Peptid- und Nichtpeptid-Agonisten und -Antagonistgr Vasopressinrezeptoren wurden
groRe  Anstrengungen  unternommen, einerseits um  demigrundeliegenden
Signalmechanismen zu studieren, und andererseitsdi@ Behandlung verschiedener
Vasopressin-bezogener Krankheiten. Disulfidbrickegineering von Peptid-Analoga ist
eine wichtige Strategie, um Peptide gegen protsolyen Abbau zu schitzen. Bis heute
wurden einige solcher Vasopressin-Analoga syntleetis In der hier présentierten
Masterarbeit wurden 1-carba- und 6-carba-Thioeftrertoga von Vasopressin (AVP) und
dem Vasopressin-Analogon Desmopressin  (dDAVP) duiébstphasenpeptidsynthese
synthetisiert, gefolgt von UV-induzierter Thiol-&eaktion eines Cysteins mit einer vorher in
das Peptid eingebrachten Alkengruppe. Diese Steategaubte zum ersten Mal den
Austausch beider entsprechender Schwefelatome @urdkohlenstoffatom und reprasentiert
daher Peptidmodulierung an einzelnen Atomen. DgspBibindungs-tragendeVinylglycin
wurde durch racemisierungsfreie WassereliminatiomsHomoserin hergestellt. Zyklisches
und lineares 1-carba-dDAVP wurden erfolgreich hstgld. Ein unbeabsichtigtes
Nebenprodukt der 1-carba-dDAVP-Synthese stellt ails Dimer des Peptids heraus. Wir
konnten also eine selektive Dimerisierung herbeéiih eine interessante Entwicklung, die
weitere Untersuchungen wert ist.

Die Thioether-Analoga wurden auf deren biologischaktivitait gegen die
Vasopressinrezeptoren AVPR1a, AVPR2 und den Oxyteeeptor OTR des verwandten
Hormons Oxytocin mittels zwei verschiedener Assayimgen untersucht. 1-carba-dDAVP
stellte sich als inaktiv gegen alle Rezeptoren irtersuchten Konzentrationsbereich heraus,
was darauf hindeutet, dass die strukturelle Andgrzin einem drastischen Abfall oder gar
Verlust der agonistischen Aktivitat fuhrte. Intesasterweise zeigte lineares 1-carba-dDAVP
beginnende Aktivitdt gegen AVPR2 in den hdheren komationen mit einem BgWert
von > 1600 nM, wa# situ-Faltung in eine pseudozyklische Konformation vbtégt, wie es
auch fur reduziertes dDAVP (B£1.48 nM) der Fall war. Die uncharakterisiertenatba-
AVP-Analoga zeigten keinerlei Aktivitat gegentbegendeinen der Rezeptoren.
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1 - Introduction

1 Introduction

1.1  Vasopressin — hormone and neuropeptide

Vasopressin, in mammals also known as arginineprassin (AVP) or antidiuretic hormone
(ADH), is a nonapeptide synthesized by neuronsyjpothalamic subregions of the brafnit
exerts a wide variety of physiological and behasli@ffects, acting both as a hormone in the
periphery as well as regulating higher brain fumtsi as a neuropeptide

The peptide consists of nine amino acids with tessdone and six forming a six-membered
ring structurevia a disulfide bond between the two cysteine residaed a three-membered

C-terminal flexible tail structure with an amidateatboxylic acid moiety (Figure 1).

-
g e

Figure 1: Structure of the nonapeptide vasopressin.

Vasopressin is biosynthesized in special neurostets of the paraventricular and supraoptic
nuclei of the hypothalamlisThe peptide is synthesized as a prepropeptidetieg with
neurophysin Il and the glycoprotein copefitivasopressin is cleaved from its precursor
during cotranslational translocation into the rowgtdoplasmic reticulum, accompanied by
formation of its disulfide bond. The biologicallycteve peptide is formed in the Golgi
apparatus and processed and stored in vesidlesind to its carrier protein neurophysin
Upon osmotic stress, vasopressin is released dyamad secreted into the blood stream to
perform its hormonal action. Somatodendritic rede@sto the brain’s extracellular fluid
defines its function as a neuromodulator

For proper hormonal and neuropeptidic function, riflease of vasopressin from its storage
vesicles is tightly regulated by, for example, vokt, baro- and osmoreceptors sensing
changes in blood propertf&$> or hormones like estrogens regulating AVP-mediatgcial

recognition abilities




1 - Introduction

1.2  Vasopressin receptors and pharmacological propées

Vasopressin can act on four different receptorshdaelonging to the class of G-protein
coupled receptors: the three vasopressin receptiyes AVPR1a, AVPR1b and AVPR2,
and the receptor of the closely related neurohypsedl peptide hormone oxytocin, OTR
AVPRla is found in a variety of body tissues, medgtvascular effects by inducing
vasoconstrictio) regulating glucose homeostdsiand protein catabolisih mediating
aldosterone release from adrenal gland Yeltmodulating lipid metabolisth and mediating
platelet aggregatidh AVPR1b receptors are present in pituitary cellsliating the release
of ACTH (adrenocorticotropic hormone) into the clation followed by release of steroid
hormones like cortisol from the adrenal glaiided in the pancreas inducing insulin release
from islet cell$®. AVPR2 receptors are mainly present in the kidmeyeélls of the renal
collecting duct, exerting the antidiuretic effebisregulating water and sodium retentfon
Centrally, vasopressin plays a role in a varietypehavioral effects like influencing social
memory® and bondinf*’, emotionality and anxiety. It is also involved in stress respotise
and pain perceptidl AVPR1a is the primary receptor in the bf3irhowever, AVPR1b is
also expressed to a lesser extent

A further putative vasodilating vasopressin recepdPR1c has been suggested after
findings of hypotensive AVP agoniéts

Because of structural similarities, vasopressinise able to activate the oxytocin receptor
OTR like its actual natural ligand oxytocin (formaparison of the hormones see Figure 4),
mediating uterine contraction and milk-ejection female$® and showing importance in

reproductive and social behaviotir’

Besides varying distribution patterns in varioussuis, the different pharmacological
properties of the receptors arise from the use itierdnt second messenger signaling
moleculed. Binding of vasopressin to receptor AVPR2 induceivaiion of adenylyl cyclase

and production of cCAMP as second messenger. Bindig/PR1a, AVPR1b and OTR leads

to activation of phospholipase C, phosphatidylimsitirnover and increase in intracellular
cd” leveld®,

1.3  G-protein coupled receptor signaling

G-protein coupled receptors (GPCRS) represent thesaclass of hormone receptors and the

biggest group of validated pharmacological targéfs The receptors, consisting of seven




1 - Introduction

transmembrane-spanninghelices, transduce extracellular signals (like ragansmitters,
hormones, growth factors, small molecule odoramis Eght®) to intracellular effectors,
controlling several diverse physiological functiars being involved in multiple disea$ts
GPCRs are activated upon extracellular ligand bodihereby undergoing a conformational
change that triggers the recruitment and activatidnG-protein trimers offy) on the
intracellular side. The &subunit exchanges the previously, in its inacsitage bound GDP to
the now more favored GTP. This leads to dissogiatibGu-GTP and the also activatedG
dimer. The active G-protein subunits can now atgivaultiple effectors, depending of the
family of the subunits. The primary effectors fthransduce the signal, leading to a cellular
response. Termination of the signal is achievedth®y intrinsic GTPase activity of o3
hydrolyzing GTP to GDP which leads to reformatiohtle inactive trimer @pBy. This
process is supported by RGS proteins (regulatofs-pfotein signaling) like GAP (GTPase
activating protein). Furthermore, GEFs (guanine lentcde exchange factors) and GDls
(guanine nucleotide dissociation inhibitors) modteil&-protein cycles by enhancing or
inhibiting the exchange of GDP to GTP during thevation process, respectivéfy32

Ga subunits can be divided into four families sGGoi, Gog11 and Guzns Gas Stimulates
adenylyl cyclase and thereby the production of cAMttch can futher activate protein kinase
A% and it also affects tubulin polymerizatiénGo;, on the other hand, inhibits adenylyl
cyclase and the subsequent stépand modulates ion chann&ls Gog11 activates
phospholipase € which hydrolyzes phosphatidylinositol-(4,5)-bisgpbate (PIE) resulting
in inositol triphosphate (M and diacylglycerol (DAG). DAG then stimulates f@io kinase
C, whereas IPleads to the release of Laout of intracellular stord$* Downstream
effectors of @13 are, among others, Rho GTPases which mediate eygbalc
rearrangement$®® Activated protein kinases and acan then influence various cell
biological aspects like, for example, protein exgren.

The activated @y subunit exerts a variety of effects, on the onedhactivating some of the
same effectors as oG like adenylyl cyclas€ and phospholipase®*¢; on the other hand
activating other effectors including potassium cieds® and Map kinasé$

The great diversity of GPCR signaling derives noydrdm the use of different &subunits,
but also from different and G subunits and is therefore the result of variouslwoations
of the respective subunits and the differing effecholecules of the different G proteths

Figure 2 summarizes the classification and mechanisaction of G-proteins.
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GPCR mediated signaling can also occur independehttile activation of G-proteins, for
example by phosphorylation of ligand-bound GPCRs BK& (G-protein receptor kinases)
which leads to recruitment of arrestins to the phosylated sites, subsequent binding of
clathrin and internalization of the receptor-ligasawmplex into endosomes, a process leading
to desensitization and therefore termination ofrGtgin mediated signalif§ It has also been
shown that GPCR signaling can prolong and even coroenafter receptor internalization

into endosomésd, and that GPCRs can also directly interact with moue protein®’.

GPCR ligands

Y GPCR
1
inactive [JUIJI[I] cp cop _ﬂ%‘ Active
(a) S
(o) ’

3 ¥
¥ RGS ./ Effectors

PI3K, PLCB,
St fon channels
" Effectors
_, Adenylyl cyclase,
T TcAMPEPKA

i . PBK adenylyl cyclase,
PLCP, TCa?*, PKC,
Rho GTPases

. —+ Rho GTPases

Figure 2 GPCR signaling mediated by G-proteins, accordindg.appano and Maggiolifi Upon

ligand binding to GPCRs, G-proteins become activaisulting in dissociation of thepg subunit

and the @ subunit now binding GTP instead of GDP bound te ihactive Gfy. The various
activated @& subunits and the activateBfssubunit trigger activation of various effector exlles.
RGS proteins terminate the signal by enhancing@h@ase activity of the &subunit, leading to
inactive Gipy-GDP.

1.4  Vasopressin and water homeostasis — physiologyd pathophysiology

Regulation of the body’s water balance is an esslestirvival aspect for terrestrial animals
and humans. Both water intake and water excretiertightly regulated. Vascular volume-
and baroreceptors as well as osmoreceptors seasgeshin blood volume and osmolarity,
mediating the release of vasopressin into the blswdan**> The hormone exerts its
antidiuretic action on cells of the renal collegtiduct, inducing final urine concentration. By
binding to AVPR2 receptors present in the basolatex@mbrane of collecting duct cells,

cAMP production is activateda adenylyl cyclase, which triggers activation oftero kinase
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A (PKA). This leads to phosphorylation and subsetjueanslocation of homotetrameric
aquaporin-2 channels (AQP2) — newly expressedan fintracellular stores — to the apical
plasma membrane. Water can now enter the cellatieetosmotic gradient and leaves at the
basolateral membrane through constitutively exgesguaporin channels AQP3 and -4. The
signal is terminated when isotonicity is restorew dnence blood vasopressin levels are
depleting, leading to internalization of AQP2 chalsn Additionally, several hormones play a
role as antagonists of the vasopressin-induceakiiyforeover, further signaling events may
play important roles inside the cell, including thetein Epac (exchange protein directly
activated by cAMP) (revieff). Figure 3 shows the vasopressin-regulated watgssorption

in renal collecting duct cells.

( '} AQPa /
e
@ roe: \"
ea?
H.,0 °J

Figure 3: Vasopressin-regulated water reabsorption in reoléating duct cells, according to Boone
and Deeff. Binding of AVP to receptor AVPR2 activates adehylyclase (AC) and further protein
kinase A (PKA)via the second messenger cAMP, inducing translocatfomewly expressed or in
vesicels stored aquaporin channels AQP2 to theabplasma membrane (top). Water now enters the
cell and leaves at the basolateral membrane (bpttbrough constitutively expressed aquaporins
AQP3 and -4. Epac may also play a role in indutivegsignal.

Vasopressin levels and AQP2 water channels plagleain a number of pathophysiologic
conditions of water homeostasis with enhanced paired water reabsorption like congestive
heart failure or diabetes insipidus, respectit/el§ Diabetes insipidus (DI) is characterized by
serious polyuria due to inadequate water reabsorptiaused by either insufficient secretion
of vasopressin into the blood stream (central debesipidus, CDI) or inefficient response
to the hormone in collecting duct cells of the lagnnephrogenic diabetes insipidus, NDI)

and can be both acquired or inherited (congerataiffal)'. Acquired CDI can be caused
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from inflammation, trauma after surgery or tumofee congenital form can result from a
variety of mutations in the vasopressin prepropleptieading to improper processing and
therefore accumulation of the dysfunctional pepfid® Causes for acquired NDI are
electrolyte disturbances, renal diseases, multipyeloma or pregnanéy Congenital NDI
can be caused from mutations in the AVPR2 receptesulting in disturbed signal
transductiof?, or from mutations in the AQP2 channel, leadingrisfolding of the protein
and retention in the endoplasmic reticuftim

It is evident that only CDI-derived inabilities tmrmcentrate urine can be treated with
vasopressin-derived drugs like the commonly use®RY¥ agonist desmopressin (1-deamino-
8-D-arginine-vasopressin), since CDI is characterizgdnsufficient vasopressin secretion
and insufficient blood hormone levels that can ¢fme easily be overcome with designed
vasopressin analogs. This treatment is not adedoatBlDI having sufficient vasopressin

levels but inefficient signal transduction abilifie

1.5  Structural aspects of vasopressin, receptors drigand-receptor interactions

Turns are common structural recognition motifs fbun cyclic peptides targeting GPCRs
like vasopressin and oxytocin due to stabilizatigrcyclic ring moietie¥. Figure 4 presents
turn motifs found in deamino-oxytocin and shows tteuctural similarity of the two
hypophyseal hormones oxytocin and vasopressirerdiff only in amino acid positions 3

(Phe in vasopressin, lle in oxytocin) and 8 (Argy@sopressin, Leu in oxytocin).

A /(E;(

HN

%#f%$ﬁy

B oH
o] .
HoN o]
N
H
HN
i
s
o) o) HN 0

H N N
HoN N N
H

HN o o o o]
o 0
NH, NH,

Figure 4. Structural comparison of vasopressin (A) and oxiyta(B) and turn motifs found in
deamino-oxytocin (C, according to Grutsral®).
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Several studies showed the existence of various tootifs present in vasopressin and
oxytocin (analogs), revealed by crystal structureN®IR analysid**>**°"*8 |t has been

proven that vasopressin possesses conformati@xatbifity in solution and that it can adopt a
large number of conformations, differing with thelvents used and even within the same
solvent. Generally spoken, “the cyclic moiety ceisiof some sort of turn structure with a

highly flexible acyclic tail™®.

It has to be pointed out that those structurege haeen
determined in solution or as crystals devoid of plaxes with receptors, therefore
assumptions that they represent the same struictdigand-receptor complexes have to be
taken with severe precaution. Nevertheless, it lsanspeculated that the receptor-bound
structures might not be totally differénSince crystal structures of transmembrane-recepto
(like GPCRs) together with their ligands are hardd¢oomplish, one has to rely on solution
structures of the ligands and modeling studieg, ikhas been done for vasopressin bound to
the receptors AVPR1a, AVPR2 and OPRFigure 5 shows a representation of the AVP

binding pocket in receptors AVPR2, AVPR1a and OTR.

Figure 5: Vasopressin (dark gray) bound to AVPR2 (A), AVPRB3 and OTR (C), according to
Slusarzet.al®. Transmembrane helices are colored from blue (Ttd&d (TM7). Extracellular loops
are shown in light gray.

The membrane-spanning GPCRs consist of seven trartsiaeeu-helices (TM1 to TM7),
connected by extracellular and intracellular loopgh an extracellular N-terminus and a
cytoplysmic C-termini8. The vasopressin binding pocket has been showpettocated
inside the cavity of the helices, close to the adtlular part. The location of the hormone
differs in each receptor. It is vertical in AVPR2daAVPR1a and horizontal in OTR (see
Figure 5Y°. This suggests different mechanisms of vasopresiailing to its receptors. The
binding residues important for ligand binding hdeen examined in several studies using

either site-directed mutagenesis methods and/adidqeepnalogs of the hormones. Figure 6

8
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presents a representation of AVPR1a residues ingatvéinding of AVP. Most interactions
result from hydrogen bonds and salt bridges. Séverserved glutamine residues have been
shown to represent main anchor residues for vassiprenside the receptors. A strong
hydrogen bond between one glutamine residue aniivedg charged Arg8 of vasopressin
has been identifiéd Interactions of Arg8 (vasopressin) apdArg8 (desmopressin, an
AVPR2 agonist) with non-conserved residues in tinst fextracellular loop (tyrosine in
AVPR1a, aspartate in AVPR2) have been found to heiar for selectivity of agonist
binding, respectiveR}®*2 Aromatic residues localized at the bottom of A\éPR1a binding
pocket have been shown to have no effect on AVPaguehist affinity, but to be important
for antagonist bindinf. Molecular interactions between antagonists asdp®®rs have been
found to be different than those between agonists receptor¥. It is thought that each
ligand (agonist or antagonist) has its own unigae f interactions with each receptor.
Nevertheless, also structurally very different dgnor antagonists (including peptides and

non-peptidic small molecules) can interact with con sets of residues, respectiVély

Figure 6: Schematic representation of AVPR1a residues irgbiv binding of AVP, according to
Barberiset.al ®°. Transmembrane helices (TMI-TMVII) are indicatexispheres (top-view), hydrogen
bonds as dashed lines.

All mentioned structural studies have been doné wateptors AVPR1a, AVPR2 and OTR.

Information on the structure of vasopressin reaef¥PR1b is rare.

1.6  Rationale for the synthesis of vasopressin amagjs

Two different approaches are in wide use for stwdim ligand-receptor interactions:
mutagenesis studies on receptors and chemical iwettbihs of ligands. While mutagenesis
experiments are important to reveal interactingdress important for ligand binding and

signal transduction, ligand modifications have dléitional goal to create analogs that act as

9
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antagonists or agonists and that therefore cansked not only for basic research on the
biology of the system, but also for treatment cfedises related to the action of the hormones,
by blocking or stimulating the respective receptors

As already mentioned in chapter 1.4, desmopresssadh an analog of vasopressin, acting as
agonist of the human AVPR2 receptor (although atasnd to be an agonist for human
receptor AVPR1b, as shown by Sa#bal®®) and being widely used for the treatment of
diabetes insipidus, haemophilia A and von Willebtandiseas® This peptide has been
developed through structural modifications of vasspin, yielding 1-desamino#Barginine-
vasopressitf. Since vasopressin plays an important role in nmmygsiological processes (see
chapter 1.2), many malfunctions involved in thes@& ®e overcome by drugs acting as
agonists or antagonists for the respective recepfamtagonists are important tools for the
treatment of pathologies characterized by increasaswpressin levels like congestive heart
failure and liver cirrhosis, showing excessive wateptakd®*’ (AVPR2 antagonists).
Oxytocin receptor antagonists are therapeuticaligresting for the prevention of premature
labouf®, while AVPR1a antagonists have clinical potenfal treatment of hypertensith
Agonists are important for treatment of pathologidsracterized by decreased hormone
levels like the one mentioned above in this chafwerdecreased vasopressin levels and
inefficient water uptake (AVPR2 agonists).

To date, a wide variety of different agonists anthgonists for the vasopressin and oxytocin
receptors have been designed, ranging from cyclitinear, fluorescent, radiolabelled or
bivalent peptide analogs to non-peptide analogsifsarized by Manningt.al’™). Figure 7
shows structures of some vasopressin analogs. Méarthe synthesized peptide analogs
contain unnatural or non-proteinergic (amino) acitte ornithine or aminobutyric acid
(derivatives), tetrahydroisoquinoline, methylatedirgo acid residues or other derivatives,
deaminated N-terminal residuegsamino acids or bulky groups like in cyclohexylatee!’.
These are methods to maintain structural similagiythe native hormones and therefore
maintaining binding affinity to the receptors, whiimaking them more stable against
proteolytic degradation and increasing their hiéfs(*, and trying to enhance selectivity for
one of the receptors. Changes in ring sizes ofybkcanoiety of oxytocin, on the other hand,
led to drastic or complete loss in activity

The advantage of peptide analogs compared to nptidpeanalogs is, on the one hand, the
water solubility of peptides, making them easiexesgch and pharmacological tools. On the
other hand, non-peptide analogs are derived fraresstve library screens of small molecule
compounds against receptors, therefore the ratidasign of peptide analogs having the
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natural hormones as starting point is far less-tiamel reagent-consuming. Nevertheless, non-
peptide analogs like the vaptans as class of AVRR&ganists became important for

research and are being investigated in (pre)-éintests. Only one non-peptide analog,
Conivaptan, has been approved for clinical use isdtfhas to be pointed out that also only a

handful of peptide analogs are currently in theutipal usag€.
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Figure 7: Structure of AVP and some agonist and antagonetogs for AVPR1a, according to Cotte
et.al® AVP and F-180 are peptide agonists, all othees geptide or non-peptide (SR 49059)
antagonists. Dab, diaminobutyric acid; Abu, amirtgkia acid; Hgn, homoglutamine.

Selectivity against only one of the possible recepis a main goal in developing hormone
analogs. Nevertheless, this is a difficult taskdoalogs of the vasopressin/oxytocin receptors,
since all receptor subtypes AVPR1la, AVPR1lb, AVPR2 &R show high sequence
homologies — which is crucial for vasopressin tcabée to bind to all receptors and to fulfill
its diverse functions — and peptide analogs arenataly very similar. To date, selective

peptide agonists and antagonists have been dedefopall four human receptors. For rat
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receptors, no selective antagonist has been faamA\fPR1b and OTR. Another problem for
the design of selective analogs is differencefefreceptors between various animal species.
Some ligands shown to be selective for a receptoonie species turned out to be non-
selective in another (like it has been shown tdheecase for desmopressin wich is selective
for AVPR2 in rats, but not in humafis Hence, development of selective analogs demands
screening of all receptors of one or more speaiesfarecasts of pharmacological properties

cannot be made between different spéties

1.7  Disulfide bond-engineered peptide analogs

Another possibility to increase proteolytic stalilihalf-life and bioavailability of peptides
additionally to the methods described in the presiohapter is engineering of the hormones’
disulfide bond". Disulfide bonds stabilize the tertiary structofepeptides by constraining the
flexibility of the polypeptide chain, hence theyeacrucial for agonistic activity of the
neurohypophyseal hormoriésHowever, they are susceptible to reduction byltbdntaining
biomolecules like glutathione, serum albumin ordaxreductases. In order to avoid these
inactivating processes, disulfide bond engineeniegresents an approach to protect the
peptides while only minimally perturbing the stwe of the native peptide. It has been
proven that these peptides are stable to reduatidralkylation condition§-

With its chirality, disulfide bonds show a charaistc feature important for structure and
activity of biomolecules. The C-S-S-C linkage posssesoptical activity due to a dihedral
angle of approximately + or —90°, as shown in Fg8, giving two not superimposable
conformer®’. It has been shown that vasopressin and its amat@m have different
conformational properties concerning the dihednglle of the disulfide bond, which is + 90°
for vasopressin. Therefore, this conformationaliakility could be one factor for activity

variabilities®.

Figure 8: Dihedral angles of disulfide bonds with left-handéd or right-handed (B) screw sense,
according to Panijpan
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Analyses of disulfide-engineered peptide analogsecamine the importance of the disulfide
bond for hormone activity. Since replacement of ameboth sulfur atoms changes the
characteristics of the bond, changes in the streatfithe whole peptide and therefore in its
activity are possible. Bond angles of C-S-S in dides are about 100°. The bond angle for
C-S-C, for example, is about 90° and therefore ddifferent from the one of the disulfide
bond.

Some of the disulfide-engineered oxytocin analaggetbped so far are presented in Figure 9.
Substitution of the disulfide bond of oxytocin amanalogs by various carbon linkages
revealed carbocyclic peptide analogs with antadicnigroperties®. Muttenthaler et. al.
synthesized various analogs of oxytocin by repgane or two sulfur atoms with selenium,
tellurium or carbon atoms, forming selenylsulfidéeselenide, ditelluride and thioether bonds,
respectively, gaining analogs with retained, buitsnpotency altered biological activitiés

Dicarba-dAVP synthesized by Hase and Morikawa shiowebe biologically activé.
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Figure 9: Disulfide-engineered analogs of oxytocin (A, Dxytmcin-analog antisoban (B) and an
oxytocin antagonist (C), according to Muttenthaleal.”*. X-X being CH-CH, (B, C) or CH=CH (A,
B)’®, X being S, CHS, Se-S, S-Se, Se-Se or Te-Te (D).

Several thioether analogs of oxytocin, desmopremsthvasopressin analogs have been made
using different procedures. Mayat.al. synthesized biologically active 1-carba-OT by
reaction of an internal cysteine thiol with an Matéral bromo-homoalanine in 5 % N-
methylmorpholine/DME®. 1-carba-dOT was synthesized by Rudinger andvi@seaction of

an internal 3-carboxypropyl-cysteine residue wittteliminal Tyr8 by treatment with N-ethyl-
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5-phenylisoxazolium-3'-sulfonate, yielding the a&etianalod’. 6-carba-dDAVP — synthesized
by cyclization of internal 2-carboxyethyl-homocyate with N-terminal Tyr8 at 50 °C under
N, atmosphere — showed increased antidiuretic agt{vét) in comparison to desmopressin
itself. 6-carba-dAVP showed pressor- and antidiarettivity (rat) of the same level as
dAVP®,

Thioether analogs of different biological peptithese been made, for example, by creating a
thioether containing Fmoc-cystathionine buildingpdd out of Fmoc-cysteine and Aloc-
homoalanine, subsequent incorporation of this imgldlock into the peptide during solid-
phase synthesis, and final head-to-side-chain zatiirf’. Another procedure for making
thioether building-blocks for incorporation intogieles during solid-phase synthesis was the

synthesis of S-acetyl (homo-)cysteine and S-propiftomo-) cystein®.

All above mentioned studies on the activities dutfide-engineered analogs of vasopressin
and oxytocin revealed that maintenance of the maigdisulfide bond is not crucial for

biological activity, since some analogs with onéoth sulfur atoms replaced by other atoms
showed retained or even enhanced agonistic aesvitNevertheless, not all synthesized

analogs revealed to be agonists.

1.8  Solid-phase peptide synthesis

Since the first introduction of solid-phase peptijathesis (SPPS) by Merrifield in 1983
synthesis of peptides has become extremely siragldnd a widely used routine practice.
The principal strategy is formation of a peptidentddbetween two amino acid residues by
attack of the amino group of one residue at thbaas carbon atom of the other residue that

has been activated by introduction of an electrithewawing group X (Figure 10).

i ci »/ . ¥
YHN activation vy NH,CHRZCOOR® YHN
T)\ —_— e NH” “COOR?
R R’
\ N—

X = halide, Na, N v/ oY
OR (active ester), 0-C ,;O_F'\_ A Y
OCOR (mixed or 7 WH /
symmetris anhydride) !

(acyl phosphonium)  (acyl urenium}
(O-acyl urea)

Figure 10: Principle of amide bond formation in peptide sw#is, according to El-Faham and
Albericio®. Elextron-withdrawing groups X are indicated.
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The big advantage of solid-phase synthesis witlarego the synthesis in solution is the
avoidance of extensive purification steps aftehesngle coupling reaction, the possibility to
automatization and the accessibility of large mgsti This is achieved by coupling the C-
terminal amino acid to a polymeric solid supportiieg a linker (resin) and successively
coupling the subsequent amino acids from the Gha¢oN-terminal part, only interrupted by
washing steps. The principle is depicted in Figure 11. Loadirighe first N- and side-chain
protected amino acid to the resia an ester- or amide linkage is followed by repeatiti
cycles of N deprotection and amino acid coupling reaction® flimctional groups of amino
acids-to-be-coupled are masked b¥ Bnd, if necessary, side-chain protecting grotgefj

in order to avoid side-reactions and to createrdrotbable reaction procedure. The temporary
N®-protecting groups are removed during the starthef subsequent cycles, whereas the
permanent side-chain protecting groups are stabteighout the whole synthesis. After each
coupling step, excess of reagents is removed trgtidn and washing. Finally, the peptide is
cleaved from the resin with simultaneous removifigige-chain protecting groui’s

Modern solid-phase peptide synthesis encompassegiti@rent approaches: The N-Boc- and
the N-Fmoc-strategy. Due to the dangerous conditiamd the need for special equipment
when handling HF during Boc-peptide synthesis, tiheoé-strategy is the most common
approach used tod&¥..

Different matrix polymers can be used as solid suigp of which polystyrene resins are the
most common ones.

The different resins are functionalized with diéat linkers, depending on the needs for the
respective peptides, leaving either peptide-amategeptide acids as C-terminal functional
groups after cleavage from the solid support. FEigli2 shows some possible linkers for
Fmoc-based SPPS. To date, a variety of differaritelis has been developed for each
individual need, as reviewed by M85sAmong the different linkers, Rink-amide linker
creates C-terminal amides that can be cleaved ustleng acidic conditions with
simultaneous deprotection of the side-chains. Olihkers that are cleaved by weak acidic
conditions are chosen when side-chain protectiray@s have to be stable upon cleavage
from the resin, e.g. for further C-terminal modifiions®.
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Figure 11: General principle for solid-phase peptide synéSPPS), according to Amblaetial®,
Coupling reactions are performed by activating twaxylic group of the amino acid-to-be-
coupledvia introduction of an electron-withdrawing group,aeady shown in Figure 10. A
wide variety of different coupling reagents exigisdate, with uronium-based reagents like

HBTU being of the most commonly ugé&d
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Figure 12: Linker structures for peptide amide (1-3) and pptacid (4-8) synthesis, according to
Amblardet.al®.

These reagents convert N-protected amino acidghieio OBt esters in the presence of a base
like diisopropylethylamine (DIPEA). Other additiveke HOBt can additionally be used for
active ester formatidn®

Side-chain protecting groups for amino acids akeseh according to the individual peptides.
For routine Fmoc-based solid-phase synthesis, gimote groups labile to strong acids are
generally used, getting simultaneously removed widavage from the resin. Protecting
groups labile to mild acids are used when siderch@difications are generated directly on-
resirf®.

Generally spoken, solid-phase peptide synthesidsbasme routine use, allowing individual
strategies for every single case due to the graadhility of resins, reagents and protecting

groups existing so far.

1.9  Aim of this project — vasopressin analogéa thiol-ene reaction

Since the first synthesis of the neurohypophyseptige hormone vasopressin in 1854he
number of synthetic peptide analogs has been imeheihxreased. To date, various analogs
of vasopressin and the closely related oxytocinehbgen synthesized, allowing detailed
studies of their biological roles. An importantussfor the development of such peptide
analogs for research as well as clinical use ismpéastability and bioavailability. Since the
two peptide hormones contain an intramolecular [fige bond, they are prone to reduction
reactions abolishing their functions by subsequiegradatioff. In order to avoid these

processes, disulfide bond-engineering is an impottesk for stabilizing such peptides.
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In the course of this master's thesis project, #&m® was to synthesize disulfide-bond
engineered peptide analogs of vasopressin, ugliaimew approach for thioether-containing
peptides.

The thiol-ene reaction is a simple method for razation-free synthesis of S-alkylated
cysteines, encompassing the radical-initiated addiof a thiol to an alkene, yielding a
thioether bond (Figure 13). The reaction can biaieid by UV light radiation (254/365 nm)

or radical initiator’.

H R auv 'I' 'I'
R—SH + )— —_—> R—S—CII—CID—RZ
H H b) free radical HOH

Figure 13: Scheme of thiol-ene reaction by a) UV or b) fredigal initiation.

This reaction is in use for many synthetic appreachincluding substrate surface
modifications, photolithography, dendrimer formatio polymer functionalization,
crosslinking and network-formation, as well as liayorganic functionalization like cysteine-
modifications and peptide macrocyclizatidti&®2 It belongs to the so-called “click”
reactions, defined as site-specific conjugatiobwaf functional groups with high yields, no or
easily removable side-products, regio- and stemmBpity and compatibility with aqueous
conditions®.

In order to apply the thiol-ene principle on thethyesis of thioether analogs of vasopressin
and desmopressin (1-deamin@-&rginine-vasopressin) having each one of the tultuis
atoms substituted by a carbon atom, respectivalyamino) acid residue holding a double
bond has to be introduced into each peptide dwsatig-phase peptide synthesis. Sinca.an
amino acid having a double bond in the right positis not available, the synthesis of
optically pure Fmoc-protectedvinylglycine out of L.-hnomoserine by a procedure adapted
from Pellicciari et.al. was developed in this wirk€igure 14 shows the thioether analogs of
vasopressin and desmopressin planned to synthaaitieiol-ene reactions, resulting in each
two possibilities for thioether bond-formation. Tteol-ene reaction would thereby enable
for the first time to exactly replace a sulfur attwy a carbon atom in each position of the
disulfide bond. This strategy would give insightoirthe importance of the disulfide bond’s
respective sulfur atoms for hormonal activity. Tareciple of synthesizing thioether-analogs
of the neurohypophyseal hormones with unalteregl sime of the cyclic moiety by use of the

thiol-ene reaction has not been reported so far.
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Figure 14: Thioether analogs of vasopressin (1-carba-AVP,rba&&VP) and desmopressin (1-carba-
dDAVP, 6-carba-dDAVP) by thiol-ene reactions. Viglyicine residues are blue, thioether bonds are
red.

As seen in Figure 14L;vinylglycine is needed for synthesis of both vassgpin analogs and
one of the desmopressin analogs (6-carba-dDAVRith®gis of 1-carba-AVP requires Fmoc-
protection of the peptide until successful thioethend-formation due to risk of racemization
of the terminal vinylglycine residue. The desmopmesanalog with sulfur-to-carbon
substitution in the respective upper position (lbaadDAVP) does not require incorporation
of vinylglycine due to the lack of an N-terminal @m group. Instead, 3-butenoic acid is

incorporated. Synthesis of the two analogs holdimegvinylglycine residue in position 6 (6-
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carba-AVP, 6-carba-dDAVP) cannot be accomplished disect coupling of Fmoc-
vinylglycine during peptide synthesis, since subeed base-mediated removing of the Fmoc-
protecting group would lead to racemization or isomation of the double bond. Hence,
these two peptides would have to be synthesizeth Wwamoserine in position 6 and
converting it to vinylglycine on the solid suppadcording to the same principle as for Fmoc-
L-vinylglycine synthesis (Figure 15).

O O
OR: T or;
AN

OH

Figure 15: Synthesis of -vinylglycine fromL-homoserine, according to Pellicciatial **.

The synthesized vasopressin and desmopressin analege then to be analyzed for
biological activity against human receptors AVPR2/PR1a and OTR by two different
approaches both measuring second messenger paduntorder to investigate the effect of
the thioether-modifications on hormone activity,vasll as for studying the importance of

each sulfur atom for receptor activation.
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Chapter 2

Materials and equipment
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2 Materials and equipment

2.1 Chemistry

All chemicals and solvents were purchased of highesle commercially available and used
without further purification.

Fmoc-protected amino acids, Fmoc-OSu, Rink amiderasi (200-400 mesh, 0.62 mmol/g)
and HBTU were obtained from Novabiochem. HOBt waschpased from Molekula,
diethylether was from Fisher Chemical. Hydrogenpel®x (30 % in HO), anisole,
diethylamine, 3-butenoic acid and N-ethylmaleimidrev obtained from Fluka, cyclohexane,
methanol and ethylacetate were from VWR. Thalliuiflubroacetate was purchased from
Aldrich Chemistry, 2-Nitrophenylselenocyanate andbigyltrichloroacetimidate from Alfa
Aesar. Deuterated solvents were obtained from De@@enBH. All other reagents were from
Sigma-Aldrich or Merck.

Mpa(Mmt)-OH was kindly donated from Maja Kéhn, EMBieidelberg.

Peptide synthesis was performed on an automatidideesynthesizer Syro | from
Multisyntech.

HPLC analysis and purification were carried out o8ramadzu High Performance Liquid
Chromatograph/Mass Spectrometer LCMS-2010EV with &Mi8/Photodiode array detector
SPD-M20A Prominence and the solvent delivery mod@e20AD. For RP-HPLC analytical
analyses, a Macherey Nagel C18 EC 250/4.0 NUCLEODUR510@8 ec column was used.
RP-semi-preparative runs were carried out on a MaghéNagel C18 VP 250/10
NUCLEODUR 110-5 C18 ec column.

Mass spectrometry was measured either on the alemtemed LCMS system, a Waters
Micromass ZQ ESI mass spectrometer with a Water8 2iial\. absorbance detector, or a
MALDI micro MX mass spectrometer equipped with #eetron analyzer, used in positive
ion mode with delayed extraction activated (MicresiS Technologies).

'H and *C NMR spectroscopy was performed on a 400 MHz Brukeande DPX
spectrometer.

TLC analysis was carried out on Merck precoatedaitiel (Merck 60W s.8) using UV
light (254 nm) and a staining solution of ceric aomwm molybdate (consisting of 1 vol
H,SQ,, 9 vol KO, 0.25 g/mL ammonium molybdate and 0.1 g/mL csuitate).

For preparative column chromatography, silica gemf Merck (silica 60, grain size 0.063-
0.200 mm, 230-400 mesh) was used.
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Vacuum concentration was performed on a Buchi Ro@avRp210 with Bichi Heating bath
B-491 and a vacuubrand cvc 3000 vacuum pump.

Measurement of optical rotation was carried outaoRolartronic H532 polarimeter from
Schmidt & Haensch.

For peptide lyophilization, a FreeZone 4.5-105°@plyilizer from Labconco was used.
Single use syringe filters with PTFE membrane aRdhBusing were from Sartorius Stedim
Biotech.

Sonication was performed on a VWR Ultrasonic Cleaner.

Reactions under UV light were carried out using aPURen-Ra§ Power Supply and a UVP
Pen-Ra{/ lamp B-39692.

Centrifugation was carried out on a Heraeus Megafu@R with rotor 7570E Ch. 004063.

2.2 Cloning

[.M.A.G.E. Full Length cDNA clones were purchaseahf ImaGenes / Source BioScience in
a pCR4-TOPO vector (kanamycin and ampicillin resistanin the host organism CH10B
TonA.

DNA purification was performed using HiSpeed Plagidiaxi Kit and QuickLyse Miniprep
Kit from Qiagen.

Concentration measurements were performed on a NR@&DL000 Spectrophotometer from
Peglab.

Probes for sequencing were sent to GATC Biotech.

PCR was carried out on an MJ Research PTC-200 Pé&himmal Cycler using Finnzymes
Phusion F530-S polymerase, Fermentas 5X Phusion &dctiean buffer F-519 and dNTP
Mix 2mM from Fermentas, or a Fermentas Maxima HtartSGreen PCR Mastermix
(containing Tag polymerase). Primers were order@ah Eurofins MWG Operon.

For agarose gel electrophoresis, 6X DNA Loading figen Fermentas and O'GeneRUter
1kb DNA Ladder were used. TAE buffer contained 48 ffris/Acetate and 1 mM EDTA,
pH 8.5. All buffer components, agarose and ethititomide were obtained from Merck or
Sigma-Aldrich. The gel power supply LKB-EPS 500/46fm Pharmacia was used.

Gel extraction was performed using QIAquick Gelrggtion Kit from Qiagen. Purification
of PCR samples was carried out with a QIAquick PCRfieation Kit from Qiagen.
Restriction digestion was carried out with FermeBsenzymeg£coRl andXhd and buffer
Tangd™ 10X or FD buffer 10X from Fermentas.
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Ligation was performed with 10X T4 DNA ligase bufiand T4 DNA ligase (5 u /uL) from
Fermentas. An Eppendorf Thermomixer Comfort was used

The mammalian vector pmKate2-N was donated frong@r&either, EMBL Heidelberg.
E.coli Top10 competent cells were donated from Pablo REMBL Heidelberg.

LB-medium contained 10 g/l tryptone, 5 g/l yeastrast and 5 g/l NaCl. LB-medium for
agar-plates additionally contained 15 g/l agar-ag@mug/mL kanamycin were added fé.
coli strains containing pmKate2-N or pCR4-TOPO. All medanponents were obtained
from Merck or Sigma-Aldrich.

Centrifugation was carried out on Sorvall RC6 and Bdpe centrifuge 5415R.

2.3  Cell culture, biological activity assay and mioscopy

HEPES was purchased from Biomol, all cell culturemagtrypsin, glutamine, FBS and non-
essential amino acids as well as Fura-2 AM werainbtl from Invitrogen. Penicillin and
streptomycin were obtained from Sigma-Aldrich. Alher media additives and imaging

buffer components were obtained from Merck.

dDAVP and reduced dDAVP for biological activity agsand microscopy studies were kindly
donated from Maja Kéhn, EMBL Heidelberg.

2.3.1 Cell culture

For cell culture, BD FalcdlY 10 cm tissue culture dishes (polystyrene) and k&bdight-
chambered #1.0 borosilicate dishes with coverglase used.

HeLa Kyoto cells were donated from Karolina PataMBL Heidelberg.

Transient transfection was performed using Fugdmafisfection Reagent from Roche.
Cells were grown in low-glucose DMEM supplementethwiiO % FBS, 1 % glutamine and

1 % penicillin/streptomycin.

2.3.2 Activity assay

Biological activity assays were performed with Gen@Bér AVPR2 (or AVPR1a) CHO-K1
DA cells, AVPR2 (or AVPR1a)-CRE-bla CHO-K1 Cell-based #ssand LiveBLAzel"
FRET - B/G Loading Kit (with substrate CCF4-AM), albin Invitrogen.
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Assay medium contained DMEM without Phenol Red (fmppnted with glucose up to 4.5
mg/l), 1% FBS, 1% MEM Non-essential amino acids5 % HEPES pH 7.3, 1%

penicillin/streptomycin and 1 % glutamine.

For assay readout, an Envision HTS fluorescende péader with bottom-read capabilities
from Perkin Elmer was used, with excitation fil5 nm (bandwidth 8), emission filter 460
nm (bandwidth 25) and emission filter 535 nm (baitlw25), all from Perkin Elmer.

A 384-well Greiner PP plate (black-well) and a clbattom 384-well plate from Cornig were
used. Plate centrifugation was carried out on NMige 3s from Heraeus. Multistep pipetting
was conducted on an 8-channel multistep pipett@Gptll from BioHit.

Results were plotted using Sigma Plot 11.0 from&\Software Inc.

2.3.3 Microscopy

Microscopy was carried out on a Olympus Biosystem¥*Remulti-color TIRF equipped
with a Hamamatsu Image EM-CCD digital Camera from IeMgan MT20 light source, a
LUCPLFLN 20x objective and xCELLence software.

Measurements were carried out at 37 °C. 150 picttréso different excitation wavelengths
were taken during each recording, with picture eyadvery 5-7 s. EM gain was set to 200
units, the camera was set to 50 ms and the inyewsis set to 23.13 %. Excitation (378 nm
and 340 nm) and filter wheel (535/50 nm) waveleagtlere chosen according to Fura-2 AM
requirements.

For mKate-channel observations, 563/9 nm and 61@#i3vere used as excitation and filter
wheel settings, respectively. EM gain, camera aehsity settings were adapted according
to picture quality.

Imaging buffer contained 20 mM HEPES pH 7.4, 114 MaCl, 1.8 mM CaCl 1.2 mM
MgCl,, 1.2 mM KHPO, and 2 g/l freshly added glucose.

Fura-2 AM 1 mM stocks were prepared in DMSO conitegriO % pluronic.
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3 Methods

3.1 Standard methods

Standard techniques like flash chromatography, wacweoncentration or sterile working
techniques for bacteria handling and cell culturerevperformed according to standard

protocols and are not discussed here in detail.

3.2  Chemistry
3.2.1 General procedure for automated peptide syn#sis and peptide purification

Peptide synthesis was conducted on an automateib@egynthesizer by standard Fmoc-
based coupling and deprotection stratégies

For all synthesized peptides, Fmoc-protected Rimkid® AM resin (80 mg, loading 0.62
mmol/g) was chosen. Fmoc deprotection was carnigdwith 40 % piperidine in DMF for 3
min, followed by 20 % piperidine in DMF for 12 miReptide couplings were performed by
addition of Fmoc-protectedamino acids (5 eq, dissolved in 0.1M HOBt in DMABTU (5
eq) and DIPEA (10 eq) in DMF for 40 min.

Initially, the resin was swelled in DMF for 2 x Ihin. After deprotection of the first Fmoc
group from the resin, the amino acids were couptegwise in consecutive cycles of double
coupling (2 x 40 min), washing with DMF, Fmoc dej@ation and again washing with DMF.
For better solubility reasons, Fmoc-Phe-OH was gaiyedissolved in 0.1M HOBt in NMP
instead of DMF as solvent.

Fmoc-protected cysteines (5 eq) were coupled U3lay(5 eq) instead of HBTU and DIPEA,
following the same procedure.

After transferring to manual solid-phase reactoimg)es, the resin was washed with D3/

x 1 min), dried in HV and either stored at -20 °C forther reactions, or the peptide was
cleaved and side chain deprotected using TFA (950and TIS (50 pL) for 3 h (while
shaking). The peptide was then precipitated bgrfilig the supernatant solution into ice cold
Et,O (20 mL), centrifugation and washing with,@t(2 x 20 mL). The crude product was
dried at RT and further purified by semi-preparatiFLC. Purified peptides were
lyophilized and stored at -20 °C.

Test cleavages using only a small amount of regreywerformed according to the cleavage
procedure using TFA (20 uL) and TIS (1 pL) and weagried out in 1.5 mL Eppendorf
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tubes. After 3 h, 200 uL MeCN# (1:1) were added to stop the reaction. After shor
centrifugation, the supernatant containing thewgdageptide could be used for analysis.

The theoretical loading of peptide on the resinldtdne calculated according to the following

equation:

L. = Lin;
th = MW, e — MWy,
1 + peziooo mnit % Lini

with Ly, being the theoretical loading in mmol/gy,;Llbeing the initial loading of the resin
(0.62 mmol/g), MWepibeing the molecular weight of the fully protecteptide that has been
synthesized on the resin, and MWbeing the molecular weight of the initial group the

resin (Fmoc, 238 g/mol).

3.2.2 High performance liquid chromatography

High performance liquid chromatography (HPLC) wasied out to analyze and/or purify
the synthesized compounds. Some analytical rune performed in combination with mass
spectrometry (HPLC-MS).

For both analytical and semi-preparative HPLC, res@rphase systems were chosen.
Analytical runs were performed with a pump ratd. & mL/min, semi-preparative runs with 5
mL/min. UV detection was carried out at 215 and A64in both cases.

H>O and MeCN were used as solvent mixtures, suppledenith 0.05 % TFA. A standard
analytical HPLC method started with 10 % MeCN ipOHfor 1 min, then increasing the
gradient to 70 % MeCN in 14 min, then to 100 % i &in and holding 100 % for 2.5 min,
then going back to 10 % for 4 min. A standard spreparative HPLC method started with 10
% MeCN in HO for 1 min, then increasing the gradient to 70 QW in 19 min, then to
100 % in 1 min and holding 100 % for 4 min, theringoback to 10 % for 3 min. All

mentioned gradients are referred to these standatiods.

3.2.3 Measurement of optical rotation

For compoundd - 4, optical rotation was measured on a polarimetbe &xactly weighed

compound (between 2 to 10 mg) was dissolved in 1 afilsolvent anda-values were
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measured at least in triplicates. The instrumeatthareby been calibrated to the used solvent
system.
[a]4%-values were calculated according to the follow@myation and indicated as averages

for each measurement:

with a being the rotation angle, | the diameter of thgilay (1 dm) and c the concentration
of the compound in g/mL.

Measurements were carried out at 20 °C.

3.2.4 Nuclear magnetic resonance spectroscopy

'H and™*C NMR spectra were recorded on a 400 MHz spectrometer

The compound to be measured (around 5 mg) waslkssm deuterated solvent (mixtures).
For 'H assignment of compounds4 COSY spectra were recorded. Chemical shifjsate
given in ppm and coupling constants (J) are giweH4. Splitting parameters are indicated as

follows: s = singlet, d = doublet, t = triplet, mnaultiplet, dd = doublet of doublet.

3.2.5 Matrix-assisted laser desorption ionization mass spectrometry

Matrix-assisted laser desorption ionization (MALDBInass spectrometry was carried out for
peptide mass analysis.

a-Cyano-4-hydroxycinnamic acid was used as matrirmanent as a saturated solution in 50
% MeCN in HO supplemented with 1 % TFA.

2 uL of matrix were mixed with 2 pL of compoundie-analyzed. 2 pL of the mixture were

spotted on a MALDI analysis plate and dried befoeasurement.

3.2.6 N-ethylmaleimid test

An N-ethylmaleimid (NEM) test was performed to aiz&l the state of sulfhydryl bonds. Free
thiol groups can bind the reactant, therefore chmntpe mass of the compound.

25 uL of peptide or collected HPLC-peak were mineth 2.5 uL NaHCQ (sat. aqu.) and 25
pL 1 mM NEM (3.13 pg) and reacted for 15 min. OL2 TFA were added and the mixture

was measured by MALDI mass spectrometry.
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3.2.7 Syntheses of the various compounds
(1) N-(9-Fluorenylmethoxycarbonyl)+-homoserine, Fmoc-Hse-OH

1 g (8.4 mmol) of.-homoserine was dissolved (not completely) in Me@bBl mL), then 2.3
mL (16.8 mmol, 2 eq) TEA were added. After coolorgan ice bath, a mixture of 2.83 g (8.4
mmol, 1 eq) Fmoc-OSu in 6 mL MeOH and 6 mL DCM weddead dropwise and the mixture
was allowed to stir at 0 °C for 1 h. The reactiorsvwaonitored by TLC. The ice bath was
removed and the mixture was stirred at RT for 5 fierAadding a few drops of & and
stirring for another 30 min, the mixture was coricated to 50 % under reduced pressure.
2 M HCI was added until pH 3 and the mixture wasthier concentrated until a white
precipitate occurred. # (15 mL) was added and the residue was extractéd w
tertbutylmethylether (3 x 20 mL). The combined aigaphases were dried over J$&),
filtered and the solvent was removed under redpecesdsure. The crude product (2.12 g) was
purified by flash chromatography (cyclohexane/EtOAt, then cyclohexane /EtOAc 1:1,
then EtOAC, then MeOH/DCM 1:4, then MeOH for finaltgn of compoundl). Identity
was confirmed by LC-MS antH- and **C-NMR. The integrity was further supported by

measurement of optical rotation.

White solid

C1oH1oNOs (341.36 g/mol)

Yield: 1.07 g (9 mmol), 38 %

Rr = 0.4-0.2 (EtOAc)

HPLC (analytical): & = 10.8 min (standard gradient)

LC-MS: m/zfound: 364M+Na]"

[a]20: -12.5 (c = 0.0025, MeOH)

'H-NMR (400 MHz, MeOHd4): § = 7.47 (d,*J = 7.6 Hz, 2H, ar-H-Fmoc), 7.33 {4,= 8.0

Hz, 2H, 2 ar-H-Fmoc), 7.10 }) = 7.2 Hz, 2H, 2 ar-H-Fmoc), 7.0131,= 7.4 Hz, 2H, 2 ar-
H-Fmoc), 4.11-4.08 (m, 1H, GHFmoc), 4.07-4.02 (m, 1H, GHFmoc), 3.92 (t3J = 7.0 Hz,

1H, CH-Fmoc), 3.85 (£J = 6.4 Hz, 1Hg-CH-Hse), 3.39 (£J = 5.0 Hz, 2H, ChiHse), 1.80-
1.73 (m, 1H, CH-Hse), 1.62-1.55 (m, 1H, GHHse)

3C-NMR (100 MHz, MeOHd4): § = 141.2 (2 ar-C-Fmoc), 127.4, 126.8, 124.9, 118.8r(

C-Fmoc), 66.5 (CH2-Fmoc), 58.6 (GHHise), 53.1 ¢-CH-Hse), 47.0 (CH-Fmoc), 35.1 (GH
Hse)
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(2) N-(9-Fluorenylmethoxycarbonyl)-O+ert-butyl-L-homoserine, Fmoc-HsdBu

1.23 g (3.6 mmol) of compouridwere dissolved (not completely) in 34 mL dry EtOdader
argon atmosphere. A mixture of 2.6 mL (14.4 mmokd tert-butyltrichloroacetimidate in
dry cyclohexane (14.4 mL, ~1 M reagent) was addegwlise and stirred at RT for 24 h. The
reaction was monitored by TLC. The reaction was gdpby concentrating under reduced
pressure, the crude product was dried in HV andfiedr by flash chromatography
(cyclohexane/EtOAc 2:1, then cyclohexane/EtOAc .1tdgntity was confirmed by LC-MS
and 'H- and ®*C-NMR. The integrity was further supported by measwmet of optical

rotation.

Colorless syrup

Co3H27NOs (397.46 g/mol)

Yield: 394 mg (1 mmol), 28 %

R; = 0.34 (cyclohexane/EtOAc 1:1)

HPLC (analytical): k = 16.3 min (standard gradient)

LC-MS: m/zfound: 420M+Na]”

[]2°: -5.6 (c = 0.0051, CHG)

'H-NMR (400 MHz, CHC}-d, drops of MeOHd4): § = 7.74 (d2J = 7.6 Hz, 2H, ar-H-Fmoc),
7.57 (d,% =7.6 Hz, 2H, ar-H-Fmoc), 7.38 {l = 7.6 Hz, 2H, ar-H-Fmoc), 7.29 {8 =7.4
Hz, 2H, ar-H-Fmoc), 4.42 (d) = 7.2 Hz, 2H, CkFmoc), 4.37 (t3J = 6.4 Hz, 1Hp-CH-
Hse), 4.19 (t3J = 6.8 Hz, 1H, CH-Fmoc), 3.68-3.53 (m, 2H, £ise), 2.13-2.05 (m, 1H,
CHax-Hse), 1.69-1.59 (m, 1H, GFHse), 1.45 (s, 9H, 3 GHBuU)

¥C-NMR (100 MHz, CHG}-d, drops of MeOHd4): § = 157.0 (O=C-Fmoc), 143.8, 141.4 (4
ar-C-Fmoc), 127.8, 127.1, 125.0, 120.0 (8 ar-C-Fm@2) (CtBu), 67.2 (CH-Fmoc), 58.3
(CHx-Hse), 51.4¢-CH-Hse), 47.2 (CH-Fmoc), 36.3 (Gitfise), 28.0 (3 CkttBu)

(3) N-(9-Fluorenylmethoxycarbonyl)-O+ert-butyl- L-vinylglycine, Fmoc-Vgl4Bu

215 mg (542 pmol) of compound were dissolved in dry THF (3 mL) under argon
atmosphere and stirred at RT for 20 min. SubsequeB4 mg (1 mmol, 1.9 eq)
NO.PhSeCN and 257 pL (1 mmol, 1.9 eq) RBrere added and the mixture was stirred at
RT for 3 h. After cooling down to 0 °C on an ice hathO, (30 % in HO, 0.9 mL) was
added and the mixture was allowed to warm to RTst/siirring over night. The reaction was
monitored by TLC. The mixture was then rinsed int®H25 mL) and extracted with /2 (4
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x 20 mL). The combined organic phases were driet b\&SO;, filtered and the solvent was
removed under reduced pressure. The crude prodif@ (ng) was purified by flash
chromatography (cyclohexane/EtOAc 4:1). Identitysveanfirmed by LC-MS andH- and
13C-NMR. The integrity was further supported by measieet of optical rotation.

Yellow oil

Ca3H25NO;4 (379.45 g/mol)

Yield: 138 mg (0.4 mmol), 67 %

Rt = 0.55 (cyclohexane/EtOAc 2:1)

HPLC (analytical): & = 18.1 min (standard gradient)

LC-MS: m/zfound: 402 [M+Na]

[a]2’: -2.6 (c = 0.013, CHG)

'H-NMR (400 MHz, CHC}-d, drops of MeOHd4): § = 7.73 (d2J = 7.2 Hz, 2H, ar-H-Fmoc),
7.58 (d,%J = 7.2 Hz, 2H, ar-H-Fmoc), 7.37 {1 = 7.4 Hz, 2H, ar-H-Fmoc), 7.26 {1 = 7.6
Hz, 2H, ar-H-Fmoc), 5.91-5.82 (m, 1H, CH-Vgl), 5.@f,3) = 28 Hz2) = 42 Hz, 2H, Cht
vgl), 4.76 (d,%) = 4.4 Hz, 1Hp-CH-Vgl), 4.38 (d,%J = 4.4 Hz, 2H, CkHFmoc), 4.20 (tJ
=7.0 Hz, 1H, CH-Fmoc), 1.42 (s, 9H, 3 ¢tBu)

¥C-NMR (100 MHz, CHC}-d, drops of MeOHd4): § = 169.7 (O=C-Vgl), 155.9 (O=C-
Fmoc), 143.7, 141.3 (4 CH-Fmoc), 132.7 (CH-Vgl), ¥27127.0, 125.0, 119.9 (8H, CH-
Fmoc), 117.1 (CkVgl), 82.8 (CtBu), 67.0 (CH-Fmoc), 56.6 ¢-CH-Vgl), 47.1 (CH-Fmoc),
27.8 (3 CH-tBu)

(4) N-(9-Fluorenylmethoxycarbonyl)+ -vinylglycine, Fmoc-Vgl-OH

To a mixture of 105 mg (0.3 mmol) of compoudth 1.9 mL DCM, 1.9 mL TFA and 50 pL
TIS were added. The solution was stirred at RT fdér &d the reaction was monitored by
TLC. The solvents were removed by coevaporation wihene under reduced pressure. The
vacuum-dried raw product (80 mg) was purified byasi chromatography
(cyclohexane/EtOAc 1:1, then EtOAc, then DCM, thereQH/DCM 1:40 and finally
MeOH/DCM 1:3 for elution of compound). Identity was confirmed by LC-MS artéi- and
13C-NMR. The integrity was further supported by measet of optical rotation.

White solid
C19H17NO4 (32334 g/mol)
Yield: 85 mg (0.3 mmol), 95 %
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R: = 0.6-0.1 (cyclohexane/EtOAc 2:1)

HPLC (analytical): & = 12.4 min (5 - 100 % MeCN inJ® in 14 min)

LC-MS: m/zfound: 346 [M+Na]

[a]2: -15.8 (g = 0.008, ¢ = 0.0065, MeOH)

'H-NMR (400 MHz, MeOHe4): § = 7.79 (d3J = 7.6 Hz, 2H, ar-H-Fmoc), 7.67 @, = 6.6
Hz, 2H, ar-H-Fmoc), 7.38 (£J = 7.4 Hz, 2H, ar-H-Fmoc), 7.30 & = 7.6 Hz, 2H, ar-H-
Fmoc), 6.09-6.01 (m, 1H, CH-Vgl), 5.16 (dd,= 54.2 Hz%J = 68 Hz, 2H, ChkVgl), 5.59 (d,
%) = 4.4 Hz , 1Hp-CH-Vgl), 4.36-4.29 (m, 2H, CHFmoc), 4.21 (t3J = 6.8 Hz, 1H, CH-
Fmoc)

¥C-NMR (100 MHz, MeOHd4): § = 143.9, 141.2 (4 CH-Fmoc), 135.8 (CH-Vgl), 127.4,
126.8, 124.8, 119.5 (8 CH-Fmoc), 113.4 ©Hyl), 66.5 (CH-Fmoc), 58.9 ¢-CH-Vgl), 47.0
(CH-Fmoc)

(5) HoN-(Cys-Tyr-Phe-GIn-Asn-Cys)-Pro-Arg-Gly-COONH; disulfide, vasopressin

The nonapeptidés was synthesized and purified according to the gnprotocol for
automated peptide synthesis mentioned in chaet.3.

After swelling and initial Fmoc-deprotection of thesin, Fmoc-Gly-OH, Fmoc-Arg(N-Pbf)-
OH and Fmoc-Pro-OH were consecutively coupled ustagdard conditions. Fmoc-Cys(S-
Acm)-OH was coupled by the special conditions fgsteine couplings. Fmoc-Asn(N-Trt)-
OH, Fmoc-GIn(N-Trt)-OH, Fmoc-Phe-OH and Fmoc-Tyn)-OH were then coupled
according to the standard protocol, again follovlgdcoupling of Fmoc-Cys(S-Acm)-OH
using cysteine coupling conditions. After Fmoc-aeection of the final residue and drying of
the resin, peptide identity was confirmed by a tdsavage using a small amount of resin and
subsequent MALDI analysis.

After positively confirmed test cleavage, disulfidend-formation was performed manually
on the solid support. The resin (161 mg, 131 pmai$ swelled in DCM (30 min, shaking)
and washed with DMF (4 x 1 min). The tip of theatea syringe was capped and the syringe
was placed into a Falcon tube. 2 mL DMF/anisolell%ere added, followed by addition of
85 mg TI(CRCOO) (1.2 eq, 157 pmol). The mixture was left to stamdn ice bath for 80
min, while manually stirring with a needle from 8nto time. To stop the reaction, the resin
was washed with DMF and DCM (each 5 x 1 min) an@dlin HV. Successful disulfide
bond-formation was confirmed by MALDI mass spectebiy of a test cleavage.

The peptide was then cleaved and precipitated doapto the general procedures described

in chapter 3.2.1.
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The crude product was dissolved in 5 % MeCN igOHfiltered and purified by semi-
preparative HPLC (15-30% MeCN in,® for 19 min). The purified peptide was
lyophilized and identity was confirmed by MALDI ngspectrometry and LC-MS.

Colorless solid

CaeHesN15012S, (1084.23 g/mol)

Yield: 6.5 mg (7 mol), 12 %

HPLC (analytical): &k = 8.4 min (5 - 50 % MeCN in D)
MALDI-MS: m/zfound: 1084.40 [M]

(6) HoN-(Cys-Tyr-1le-GIn-Asn-Cys)-Pro-Leu-Gly-COONH , disulfide, oxytocin

The disulfide-peptidés was synthesized and purified according to the gén@otocol for
automated peptide synthesis (chapter 3.2.1).

After swelling and initial Fmoc-deprotection of thmesin, Fmoc-Gly-OH, Fmoc-Leu-OH,
Fmoc-Pro-OH, Fmoc-Cys(S-Acm)-OH, Fmoc-Asn(N-Trt)-CFimoc-GIn(N-Trt)-OH, Fmoc-
lle-OH, Fmoc-Tyr(OtBu)-OH and Fmoc-Cys(S-Acm)-OH were consecutivelypted using
standard conditions. Cysteines were coupled usystgime coupling conditions. After Fmoc-
deprotection of the final residue and drying of tesin, peptide identity was confirmed by
MALDI analysis of a test cleavage.

Disulfide bond-formation was performed manually tire solid support, exactly as for
compoundb, using the same amounts of solvents and reagents.

After confirmation of successful disulfide bond+fmation by MALDI analysis of a test
cleavage, the peptide was cleaved and precipitatedrding to standard procedures (chapter
3.2.1). The crude product was dissolved in 20 % M&CN,O, filtered and purified by semi-
preparative HPLC (20-30% MeCN in,® for 19 min). The purified peptide was
lyophilized and analyzed by HPLC. Identity was ¢onéd by MALDI mass spectrometry.

Colorless solid

Ca3HeeN12012S, (1007.19 g/mol)

Yield: 9 mg (9.1 mol), 18 %

HPLC (analytical): R =5.51 min (20 - 30 % MeCN inJ®)
MALDI-MS: m/zfound: 1008.08 [M+H]
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(7) Bta-Tyr-Phe-GIn-Asn-Cys-ProD-Arg-Gly-COONH », linear 1-carba-dDAVP

The first part of peptidgd was synthesized according to the general protlmcohutomated
peptide synthesis (chapter 3.2.1).

After swelling and initial Fmoc-deprotection of tmesin, Fmoc-Gly-OH, Fmob-Arg(N-
Pbf)-OH, Fmoc-Pro-OH, Fmoc-Cys(S-Trt)-OH, Fmoc-Adnlrt)-OH, Fmoc-GIn(N-Trt)-
OH, Fmoc-Phe-OH and Fmoc-Tyr({Bu)-OH were consecutively coupled using standard
conditions. Cysteine was coupled using cysteingloog conditions.

Fmoc-deprotection of the Tyr-residue was performmeshually. The preswelled resin (DCM,
30 min) was washed with DMF (3 x 1 min) and treatath 20 % piperidine in DMF (1.5
mL, 3 x 7 min). After washing with DMF (5 x 1 min3-butenoic acid (Bta) was coupled
manually. The 200 mg resin gave a theoretical logaif 0.295 mmol/g. For preactivation of
coupling components, 20 puL 3-butenoic acid (4 €2,ndmol), 32 mg HOBt (4 eq, 0.2 mmol),
80 mg HBTU (4 eq, 0.2 mmol) and 82 uL DIPEA (8 ed, @mol) were added to 1 mL DMF
and left to react for 5 min. The mixture was theided to then resin and coupled for 1.5 h.
After washing of the resin with DMF (3 x 1 min)etiprocedure was repeated to perform the
second step of the double coupling. The resin Wwaa tvashed with DMF (3 x 1 min) and
DCM (5 x 1 min) and dried in HV. Peptide identity sveonfirmed by MALDI analysis of a
test cleavage.

The peptide was cleaved using standard procedlinescrude product was dissolved in 20 %
MeCN in HO, filtered and purified by semi-preparative HPLQG (20 % MeCN in HO for

19 min). The purified synthesis-product (consistioigthree peaks) was lyophilized and
peptide identity was analyzed by MALDI and LC-MS.NEM-test (see chapter 3.2.29) was
carried out to analyze the state of the sulfhydmoup. A *H-NMR spectrum was also
recorded. The product was further used and purifietthe course of the synthesis of peptide

8, giving pure compound as well.

Colorless solid

C47HgeN14012S (1051.18 g/mol)

Yield: 3.5 mg (3.7 mol), 20.4 %

HPLC (analytical): & = 9.3 min (20 - 35 % MeCN in @)
HPLC-MS:m/zfound: 1052.58 [M+H]
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(8) (Bta-Tyr-Phe-GIn-Asn-Cys)-ProD-Arg-Gly-COONH ; thioether, 1-carba-dDAVP

Thioether formatiorvia the thiol-ene reaction was carried out by addidgnL degassed D

to 6 mg (6 pmol, ~ 0.1 mM) of synthesis-prodidctThe mixture was stirred under argon
atmosphere for 7 h while irradiating with UV ligf#54 nm). The solvent was removed under
reduced pressure, the lyophilized crude productdissolved in 20 % MeCN in 4O, filtered
and purified by semi-preparative HLPC (20 - 35 % Me@NH,O for 19 min). The purified
products were lyophilized and analyzed by LC-MS &LDI. Furthermore, a NEM-test

and*H-NMR measurements were carried out.

Colorless solid

Ca7HeeN14012S (1051.18 g/mol)

Yield: 2.5 mg (2.6 mol), 14.6 %

HPLC (analytical): & = 8.0 min (20 - 35 % MeCN in 10)
MALDI-MS: m/zfound: 1052.37 [M+H]

(9) Fmoc-Vgl-Tyr-Phe-GIn-Asn-Cys-Pro-Arg-Gly-COONH,, linear 1-carba-AVP

The first part of peptid® was synthesized according to the general protlmcohutomated
peptide synthesis (chapter 3.2.1).

After swelling and initial Fmoc-deprotection of thesin, Fmoc-Gly-OH, Fmoc-Arg(N-Pbf)-
OH, Fmoc-Pro-OH, Fmoc-Cys(S-Trt)-OH, Fmoc-Asn(N)y¥@H, Fmoc-GIn(N-Trt)-OH,
Fmoc-Phe-OH and Fmoc-Tyr(Bu)-OH were consecutively coupled using standard
conditions. Cysteine was coupled using cysteing@looy conditions.

Fmoc-deprotection of the Tyr-residue was performmeshually. The preswelled resin (DCM,
30 min) was washed with DMF (3 x 1 min) and treatath 20 % piperidine in DMF (1.5
mL, 3 x 7 min). After washing with DMF (5 x 1 minfsmoc-Vgl-OH (compound}) was
coupled manually. For preactivation of coupling paments, 40 mg compourdd(2 eq, 0.12
mmol), 16 mg HOBt (2 eq, 0.12 mmol) and 19 pL DICe, 0.12 mmol) were added to 1
mL DMF and left to react for 10 min. The mixture smhen added to then resin (203 mg, L
0.295 mmol/g) and coupled over night. The resin washed with DMF (3 x 1 min) and
DCM (5 x 1 min) and dried in HV. Peptide identity sveonfirmed by MALDI analysis of a
test cleavage.

The peptide was cleaved using standard procedlinescrude product was dissolved in 25 %
MeCN in KO, filtered and purified by semi-preparative HPL® (30 % MeCN in HO for
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19 min). The purified products (two fractions) wdyephilized and peptide identity was
verified by MALDI analysis and LC-MS. A NEM-test waarried out to analyze the state of
the sulfhydryl groupsiH-NMR spectra were also recorded.

Colorless solid

Cs2H77N15014S (1288.43 g/mol)

Yield: I: 9 mg (11.6 mol), 14 %, II: 7.5 mg (9.6 fdl2 %

HPLC (semipreparative):gI(l) = 12-13 min, F (II) = 13.8 min (30 - 60 % MeCN in D)
MALDI-MS: m/zfound: 1289.54 [M+H](l), 1289.54 [M+H] (1)

(10) HN-(Vgl-Tyr-Phe-GIn-Asn-Cys)-Pro-Arg-Gly-COONH ; thioether, 1-carba-AVP

Thioether formationvia the thiol-ene reaction was carried out by addiaghe8 mL dry
MeOH to 1 mg (0.8 umol, ~ 0.1 mM) of each of the tabtained fractions of compoud
Each mixture was stirred under argon atmospher@ fowhile irradiating with UV light (254
nm). The solvent was removed under reduced pressutgeptide identity was analyzeid
MALDI measurements and NEM-tests of the collectddLB-peaks (analytical, 30 - 60 %
MeCN in HO).

Fmoc-deprotection of the vinylglycine residue whsernt conducted in solution. The former
fraction |1 (1 mg) was dissolved in dry DMF (300 1150 uL DEA were added and the
mixture was stirred at RT. After 3 h, a sample walseh (2 pL), shortly dried in HV,
dissolved in 20 uL kD and analyzedia MALDI measurement. Since no starting material
could be detected any more, the reaction was stbipe adding 2 mL toluene and
coevaporating under reduced pressure. The drietegrroduct was dissoved in 50 % MeCN
in H,O and purified by HPLC (analytical column, 10 - 50M@éCN in HO; no TFA added).
Peptide identity was analyzed by MALDI-MS.

For Fmoc-deprotection of the former fraction Il was dissolved in a mixture of 250 pL
DMF and 250 pL DCM. After addition of 5 pL DEA, timixture was stirred at RT for 2.5 h.
The reaction was again stopped by addition of twduand coevaporation under reduced
pressure. The dried crude product was dissove@ ¥ B1eCN in HO and purified by HPLC
(analytical column, 30 - 60 % MeCN in,@8). The purified product was lyophilized and
peptide identity was analyzed by MALDI-MS.

Colorless solid
C47He7N15015S (106619 g/mol)
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HPLC (analytical): & (I) = 11.5 min (10 - 50 % MeCN in@), Tr (II) = 2.8 min (30 - 60 %
MeCN in HO)
MALDI-MS: m/zfound: 1068.35 (1), 1068.35 (ll) (identities urag

(11a) Mpa-Tyr-Phe-GIn-Asn-Hse-Prob-Arg-Gly-@, 6-carba-dDAVP precursor la

The first part of compoundla was synthesized according to the general protémol
automated peptide synthesis (chapter 3.2.1).

After swelling and initial Fmoc-deprotection of tmesin, Fmoc-Gly-OH, Fmob-Arg(N-
Pbf)-OH, Fmoc-Pro-OH, Fmoc-Hse(O-Trt)-OH, Fmoc-Adsa(rt)-OH, Fmoc-GIn(N-Trt)-
OH, Fmoc-Phe-OH and Fmoc-Tyr({Bu)-OH were consecutively coupled using standard
conditions.

3-Mercaptopropionic acid (Mpa) was then coupled wmadly. For preactivation of coupling
components, 11.2 mg Mpa(Mmt)-OH (4 eq, 0.03 mn#b,mg HOBt (3 eq, 0.03 mmol) and
5 pL DIC (3 eq, 0.03 mmol) were added to 1 mL DMF/DCINL) and left to react for 5 min.
The mixture was then added to then resin (85 mg0I1295 mmol/g) and coupled for 2 h.
After washing of the resin with DMF (3 x 1 min)etiprocedure was repeated to perform the
second step of the double coupling. The resin Wwaa tvashed with DMF (3 x 1 min) and
DCM (5 x 1 min) and dried in HV. Peptide identity sveonfirmed by MALDI analysis and
ESI-MS of a test cleavage.

(11b) Mpa-Tyr-Phe-GIn-Asn-Vgl-Pro-D-Arg-Gly- @ , 6-carba-dDAVP precursor Ib

The homoserine(Trt) residue of compoutith was selectively side chain-deprotected. After
swelling of the resin in DCM (30 min), a mixture &6 TFA and 3 % TIS in DCM (1.5 mL)
was added. After 10 min reaction, the resin washedsith DCM (6 x 1 min) and dried in
HV.

Conversion of homoserine to vinylglycine was carmed on the solid support similar to the
procedure described for compouBid 21 mg of resin (I, 0.33 mmol/g) were dried in a
Schlenk tube and THF anh. (330 pL) was added uadgn atmosphere. After 30 min of
slow stirring, 13.3 mg NePhSeCN (59 umol, 8.5 eq) were added, followed bytiaddof 11

uL BwP (59 umol, 8.5 eq) after 15 min. The mixture wéeesl for 6 h under argon
atmosphere and then cooled to 0 °C on an ice Batbw drops of HO, were added and the
mixture was stirred over night while warming to RThe mixture was then transferred into a

solid-phase reactor syringe, the resin was rinsgd BtOAc, ACN, EtOAc, cyclohexane,
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DCM and again with EtOAc and dried in HV. The prodwas analyzed by MALDI-MS of a

test cleavage.

(12a) HN-Tyr-Phe-GIn-Asn-Hse-ProD-Arg-Gly- @ , 6-carba-dDAVP precursor lla

Compoundl2a was synthesized according to the general protémolutomated peptide
synthesis (chapter 3.2.1).

After swelling and initial Fmoc-deprotection of tmesin, Fmoc-Gly-OH, Fmob-Arg(N-
Pbf)-OH, Fmoc-Pro-OH, Fmoc-Hse(O-Trt)-OH, Fmoc-As$firt)-OH, Fmoc-GIn(N-Trt)-
OH, Fmoc-Phe-OH and Fmoc-Tyr{Bu)-OH were consecutively coupled using standard
conditions.

Fmoc-deprotection was carried out manually as dssdrfor compound using 20 %
piperidine in DMF (1.5 mL, 3 x 7 min). The resinswen washed with DMF (3 x 1 min) and
DCM (5 x 1 min) and dried in HV.

(12b) HN-Tyr-Phe-GIn-Asn-Vgl-Pro-D-Arg-Gly- @ , 6-carba-dDAVP precursor Ilb

The homoserine(Trt) residue of compoub®a was selectively side chain-deprotected the
same way as for compouddb, but using 5 % of TFA and TIS.

Conversion of homoserine to vinylglycine was alswied out the same way as for compound
11b, having 25 mg of resifL 0.318 mmol/g), 176 uL THF anh., 15.4 mg @SeCN (68
umol, 8.5 eq), 17 uL B (68 umol, 8.5 eq) and 17 pl.®%.

The product was analyzed by MALDI-MS and LC-MS dgat cleavage.

(13a) Fmoc-Tyr-Phe-GIn-Asn-Hse-Pro-Arg-Gly-@), 6-carba-dDAVP precursor llla

Compoundl13a was synthesized according to the general protémolutomated peptide
synthesis (chapter 3.2.1).

After swelling and initial Fmoc-deprotection of thmesin, Fmoc-Gly-OH, Fmob-Arg(N-
Pbf)-OH, Fmoc-Pro-OH, Fmoc-Hse(O-Trt)-OH, Fmoc-Asdnlrt)-OH, Fmoc-GIn(N-Trt)-
OH, Fmoc-Phe-OH and Fmoc-Tyr({Bu)-OH were consecutively coupled using standard
conditions. The final Fmoc group was left on theogyne residue by leaving out the step for
Fmoc deprotection.

The resin was then washed with DCM (5 x 1 min) arelddin HV.
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(13b) Fmoc-Tyr-Phe-GIn-Asn-Vgl-ProD-Arg-Gly- @ , 6-carba-dDAVP precursor llib

The homoserine(Trt) residue of compoutigh was selectively side chain-deprotected using
the same procedure as for compoadd, but using 5 % of TFA and TIS.

Conversion of homoserine to vinylglycine was alswied out the same way as for compound
11b, having 115 mg of resifLy, 0.297 mmol/g), 2 mL THF anh., 69.5 mg pRDSeCN (0.3
mmol, 9 eq) and 76 pL BB (0.3 mmol, 9 eq). The reaction was stirred forh3before
adding 500 pL KO, to react for 24 h.

The product was analyzed by HPLC of a test cleavahe reaction was repeated once more
and analyzed by HPLC and MALDI.

(13c) Mpa-Tyr-Phe-GIn-Asn-Vgl-Pro-D-Arg-Gly-COONH ,, 6-carba-dDAVP precursor
lllc

Compoundl3b was Fmoc-deprotected as described for comp8uning 20 % piperidine in
DMF and analyzed by HPLC and MALDI-MS.

For coupling of 3-mercaptopropionic acid (Mpa), 38 Mpa(Mmt)-OH (0.1 mmol, 3 eq),
13.5 mg HOBt (0.1 mmol, 3 eq) and 15 uL DIC (0.1 mn3oéq) were added to 1 mL DMF
and preactivated for 5 min, before the mixture \mdded to the resin (110 mg,10.034
mmol/g). After 2 h of first coupling, the resin wasshed with DMF (2 x 1 min) and the
procedure was repeated with fresh reagents. Thewes washed with DMF and DCM (each
5 x 1 min), dried in HV and analyzeth MALDI-MS and HPLC of a test cleavage.
Fmoc-deprotection was then repeated by additiompipéridine/DBU/DMF 2:2:96 to the
preswelled resin (DCM, 30 min, then washed 3 x 1 with DMF) for 5 min. After washing
with DMF (5 x 1 min), Mpa was again coupled as befdhe product was analyzed by HPLC
and MALDI-MS of a test cleavage.

The product was then cleaved off the resin as pusly described (chapter 3.2.5) and the
crude product was analyzed by HPLC, MALDI-MS drNMR.

(14a) Fmoc-Cys-Tyr-Phe-GlIn-Asn-Hse-Pro-Arg-Gly@, 6-carba-AVP precursor la

Compoundl4a was synthesized according to the general protémolutomated peptide
synthesis (chapter 3.2.1).

After swelling and initial Fmoc-deprotection of thesin, Fmoc-Gly-OH, Fmoc-Arg(N-Pbf)-
OH, Fmoc-Pro-OH, Fmoc-Hse(O-Trt)-OH, Fmoc-Asn(N}®H, Fmoc-GIn(N-Trt)-OH,
Fmoc-Phe-OH and Fmoc-Tyr(Bu)-OH were consecutively coupled using standard
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conditions. Fmoc-Cys(S-Trt)-OH was then couplechgghe special cysteine conditions. The
final Fmoc group was left on the cysteine residye I&aving out the step for Fmoc
deprotection.

The resin was washed with DCM (5 x 1 min) and diedV.

(14b) Fmoc-Cys-Tyr-Phe-GIn-Asn-Vgl-Pro-Arg-Gly@) , 6-carba-AVP precursor Ib

The homoserine(Trt) residue of compouidia was selectively side chain-deprotected the
same way as for compouddb, but using 7 % of TFA and TIS.

Conversion of homoserine to vinylglycine was alswied out the same way as for compound
11b, having 25 mg of resifL 0.269 mmol/g), 317 uL THF anh., 12.9 mg #@SeCN (57
umol, 8.5 eq), 14 uL B® (57 umol, 8.5 eq) and 14 pL.®%.

The product was analyzed by MALDI-MS and HPLC aést cleavage.

(15a) HN-Tyr-Phe-GIn-Asn-Hse-Pro-Arg-Gly-@ , 6-carba-AWP precursor lla

Compoundl15a was synthesized according to the general protémolutomated peptide
synthesis (chapter 3.2.1).

After swelling and initial Fmoc-deprotection of thesin, Fmoc-Gly-OH, Fmoc-Arg(N-Pbf)-
OH, Fmoc-Pro-OH, Fmoc-Hse(O-Trt)-OH, Fmoc-Asn(N}®H, Fmoc-GIn(N-Trt)-OH,
Fmoc-Phe-OH and Fmoc-Tyr(Bu)-OH were consecutively coupled using standard
conditions.

The resin was washed with DCM (5 x 1 min) and dnredV.

(15b) HuN-Tyr-Phe-GIn-Asn-Vgl-Pro-Arg-Gly- @ , 6-carba-AVP precursor Ilb

The homoserine(Trt) residue of compoubBia was selectively side chain-deprotected the
same way as for compouddb, but using 5 % of TFA and TIS.

Conversion of homoserine to vinylglycine was alswied out the same way as for compound
11b, having 24 mg of resifL, 0.318 mmol/g), 361 uL THF anh., 14.7 mg M@SeCN (65
umol, 8.5 eq), 16 uL B (65 umol, 8.5 eq) and 17 pl.®%.

The product was analyzed by MALDI-MS and HPLC aést cleavage.

The product was then cleaved off the resin usieggéneral procedure and the crude product

was analyzed by LC-MS.
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(16a) Fmoc-Tyr-Phe-GIn-Asn-Hse-Pro-Arg-Gly@ , 6sarba-AVP precursor Illa

Compoundl6a was synthesized according to the general prottmolutomated peptide
synthesis (chapter 3.2.1).

After swelling and initial Fmoc-deprotection of thesin, Fmoc-Gly-OH, Fmoc-Arg(N-Pbf)-
OH, Fmoc-Pro-OH, Fmoc-Hse(O-Trt)-OH, Fmoc-Asn(N)3®@H, Fmoc-GIn(N-Trt)-OH,
Fmoc-Phe-OH and Fmoc-Tyr(Bu)-OH were consecutively coupled using standard
conditions. The final Fmoc group was left on theogyne residue by leaving out the step for
Fmoc deprotection.

The resin was washed with DCM (5 x 1 min) and dnredV.

(16b) H.N-Tyr-Phe-GIn-Asn-Vgl-Pro-Arg-Gly- @, 6-carba-AVP precursor Ilib

The homoserine(Trt) residue of compoub@a was selectively side chain-deprotected the
same way as for compouddb, but using 5 % of TFA and TIS.

Conversion of homoserine to vinylglycine was alswied out the same way as for compound
11b, having 146 mg of resifL 0.277 mmol/g), 6 mL THF anh., 153 mg pPRhSeCN (0.7
mmol, 15 eq) and 160 pL BR (0.7 mmol, 15 eq). The reaction was stirred #h2zbefore
adding 2 mL HO; to react for 24 h.

The product was analyzed by HPLC and MALDI-MS ofeat cleavage. The reaction was
repeated once more with fresh reagents, but rinfiegesin with THF, THF/LO 1:1, THF,
EtOAc, cyclohexane, DCM and again with EtOAc befdrging in HV. The product was
analyzed by HPLC and MALDI-MS of a test cleavage.

For Fmoc-deprotection, the resin was first sweite®@CM (30 min) and washed with DMF
(5 x 1 min), before it was treated with 1 ml of @iglene/DBU/DMF 2:2:96 for 5 min. The
resin was washed with DMF and DCM (each 5 x 1 ndngd in HV and a test cleavage was

analyzed by HPLC and MALDI measurement.
3.3  Cloning

3.3.1 DNA isolation of purchased cDNA clones

Purchased cDNA clones AVPR1la-pCR4-TOPO, AVPR2-pCR4-TGIQ OTR-pCR4-
TOPO in the host organism DH10B TonA containing theerts for the human receptors
AVPR1a, AVPR2 and OTR, respectively, were plated Bi Iplates according to the product

information sheet. 5 mL-ONCs (LBK medium) were preggarfor one colony of each
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respective clone and incubated at 37 °C over nigii. ONCs were centrifuged at 5000 rpm
for 30 min and plasmid DNA was isolated accordinghte QuickLyse Miniprep Kit protocol,
but eluting with sterile BD (2 x 25 pL) instead of elution buffer. DNA cont@tion was
measured on a NanoDrop spectrophotometer.

cDNA insert identity was verified by sequencinglw#tequencing primers M13-FP and M13-
RP from GATC Biotech.

3.3.2 PCR of isolated cDNA

Polymerase chain reaction (PCR) was carried out aignthe cDNA inserts of the isolated
clones with simultaneous introduction of restrintidigestion sites at the beginning and the
end of the inserts.

PCR reaction mix for the AVPR1a insert contained 1Z5H,0, 5 uL 5X GC buffer, 2.5
puL AVPR1a-pCR4-TOPO template (10 ng), 0.5 pL dNTPS (. forward primer (primer 1,

5 pmol), 0.5 pL reverse primer (primer 2, 5 pmaijl ®.25 pL Phusion polymerase.

PCR reaction mix for the OTR insert contained 9 ptOH2.5 uL OTR-pCR4-TOPO
template (10 ng), 0.5 pL forward primer (primeb3ymol), 0.5 pL reverse primer (primer 4,
5 pmol) and 12.5 pL 2X Fermentas Maxima Hot Stage® PCR Mastermix.

The following cycling parameters were used:

Table 1: Cycling parameters for PCR.

AVPRIla insert OTR insert
Cycles Temperature Time Cycles Temperature Time

1 95 °C 2 min 1 95 °C 4 min
95 °C 20 sec 95 °C 1 min

30 { 54 °C 10 sec 30{ 57 °C 30 sec
72 °C 1 min 72 °C 1.5 min

1 72 °C 10 min 1 72 °C 15 min
4°C © 4°C 0

Used primers are listed in Table 2. Primers wergghed in order to introduce restriction

digestion sites for the enzym¥kd (forward primers) an&coR (reverse primers).

PCR reactions were resolved by agarose gel electregpisp positive bands were cut out of

the gel and purified according to the QIAquick G&traction Kit protocol.
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Table 2: Primers and their respective Tm values for the lapping region. Bold — insert sequence,
italic — restriction site, underlined — base ingertframeshift maintenance.

Primer Insert Sequence Tm
Primer 1 (forw) AVPR1la 5’ ccgtc gagatg cgt ctc tcc geec gg3'’ 58 °C
Primer 2 (rev) AVPR1a 5’ @paat tg agt tga aac agg aat gaa ttt ga@®’ 62 °C
Primer 3 (forw) OTR 5’ ccgtc gagatg gag ggc gcg ctc gea’ 62 °C
Primer 4 (rev) OTR 5 agaat tg cgc cgt gga tgg ctg ggeB’ 62 °C

3.3.3 Agarose gel electrophoresis

Agarose gel electrophoresis was conducted on Oag&tose gels prepared by dissolving the
agarose in TAE buffer in a microwave oven and aglogthidiumbromide with a final
concentration of 0.1 pg/mL after cooling down to RT.

Gels were run at 80V and DNA bands were visualizadough the intercalated
ethidiumbromide in a UV transillumination chamber.

DNA samples were loaded together with 6X loading.dy uL O’Gene Ruler 1 kb DNA

Ladder were loaded on each gel as a standarddoalzation of band sizes.

3.3.4 Restriction digestion

Restriction digestion using restriction enzymésd and EcoR was carried out on the
mammalian vector pmKate2-N (a scheme is shown énabpendix, chapter 6.1) and the
purified PCR products AVPR1a and OTR.

The vector-batch contained 13 puL® 4 puL 10X buffer tango, 1 pL of each restriction
enzyme and 1 pL of vector DNA (5 pg), was incubaie87 °C for 5 h and then stored at - 20
°C.

The PCR product-containing batches contained 2 p@, 8 pL 10X FD buffer (OTR) or 6
puL 10X buffer tango (AVPR1a), 1 pL of each restoioctenzyme and 50 pL of PCR product
(1.2 pg OTR /0.6 pg AVPR1a), was incubated at 370t@h (OTR) or 2 h (AVPR1a).
pmKate2-N-Xhd/EcoR was purified by agarose gel electrophoresis andqQick Gel
Extraction of the cut-out band.

AVPR1la-Xhd/EcoR and OTR-Xhd/EcoR were purified using the PCR Purification Kit.

3.3.4 Ligation

Ligation of the digested PCR products with the diggstmKate2-N vector was carried out by
mixing 15 pL of the digested PCR product (AVPRARd/EcoR or OTR-Xhd/EcoR) with
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5 pL of digested vector (pmKate2-Xkd/EcoR), 2.5 pL 10X T4 buffer, 1.5 pL #0 and 1
puL T4 ligase. The mixture was incubated at 22 °CLfdmin.

3.3.5 Transformation into competent cells

The ligated vector constructs were transformed Entooli competent cells to enable plasmid
amplification.

15 pL of ligation product ([pmKate2-N-AVPR1a] or [fate2-N-OTR]) were merged with
150 uL newly defrosted competent cells and incubateice for 30 min. After heat shock at
42 °C for 2 min and short cooling on ice, 300 pL LBdium were added and the mixture
was incubated at 37 °C for 45 min. The samples pwkxted on LBK plates and incubated at
37 °C over night.

A negative control was done accordingly by usingl5of the digested vector pmKate2-N—
Xhad/EcoR instead of the 15 pL ligation product.

Selected transformants were transferred into adequ#edia for ONC preparation and
subsequent Miniprep plasmid DNA isolation. Receptonstruct identity was verified by
sequencing with forward sequencing primer CMV-F fr&ATC Biotech and the following
reverse sequencing primer: 5’ ttg att ctc atg gtrdtg 3’, covering bases 812 to 792 of the
mKate sequence.

3.4 Cell culture
3.4.1 Splitting cells

HeLa Kyoto cell cultures were split according tarstard techniques. Growth medium was
gently removed from the cell culture dish and celé&se washed once with prewarmed PBS-
buffer. 2 mL trypsin were added and incubated fonib at 37 °C. The now deattached cells
were transferred into a Falcon tube by adding 5 pnewarmed growth medium and
centrifuged at 600 rpm for 3 min. The supernataas wemoved and the cell pellet was
resuspended in 10 mL growth medium. Cells were sked¢o new dishes in appropriate
dilutions. For 8-well dishes for microscopy, 20 pf.the resuspended pellet were added to
250 pL growth medium per well. Cells were grown bgubation at 37 °C in a humidified
atmosphere containing 5 % @O
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3.4.2 Transient transfection

HeLa Kyoto cells (not containing endogenous vasggine or oxytocin receptors) were
transiently transfected with the generated consrjmnKate2-N-AVPR1a] or [pmKate2-N—
OTR].

Growth medium was gently removed from the cellswgran 8-well dishes and 380 pL
prewarmed OptiMEM medium were added in each well.

Transfection cocktails contained 1 pg plasmid DNAl 8 pL transfection reagent Fugene6
per 100 uL OptiMEM. The cocktail was prepared bgetaly adding the transfection reagent
to the OptiMEM and incubating the mixture for 5 miDNA was then added and incubated
for 20 min, before adding 20 pL of the mixture meil culture well. One well was left
untransfected for each microscopy experiment agative control.

Cells were incubated for 24 h at 37 °C in a humidifémosphere containing 5 % €O

3.5  Microscopy

For measuring the effect of hormone (analogs) aep®r construct AVPR1a-mKate2 or
OTR-mKate2, dilution series of the respective mgsgtiwere prepared in concentration ranges
between 6000 and 0.023 nM, depending on the peptideies (see Table 3). Dilutions were
prepared in imaging buffer, except of peptidemnd8, which were diluted in imaging buffer
containing 2 % DMSO.

For each individual microscopy measurement, 4 wglse row of an 8-well dish) were
measured simultaneously. Growth medium containiregy ttansfection cocktail was gently
removed from the transfected cells of the respeatrells, the cells were washed once with
imaging buffer and incubated with the‘Gaensor Fura-2 AM (2 pM in imaging buffer, 300
uL per well) at 37 °C. After 20 — 30 min, the sengox was reused once by transferring to
new cell-containing wells. Former sensor-incubatetls were washed with imaging buffer,
then 150 pL imaging buffer were added in each well.

Transfected cells were located by observing the ted€hannel. A picture frame was selected
for each well (taking a snapshot for later commarjsand recording of the Fura-2 channels
was started. After 2 min, the recording was pausedly for adding 50 pL of peptide in each

well.
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Table 3: Measured compounds and concentrations for the éa@ptor constructs.
AVPRl1a-mKate2 OTR-mKate2

5 dDAVP 7 dDAVP 7 8

Compound
(nM)
6000
4000
2800
2000
1200
800 X X
720
480
400
40
10
2.5
0.625
0.208
0.068
0.023

(0]
(o)}
(631

X X X X

X X X X X X X X X X
x
x
x

X X X X X X X X
X X X X X X X X
X X X X X X X X

X X X X
X X X X X X X X

Data analysis was performed by selecting approxipaén transfected and ten untransfected
cells per recording (using the program ImageJ)aaiculating the maximal amplitude for the
340/378 ratio in relation to the baseline (wherttplb timeversusratio intensity). Significant
values were taken as baseline plus thrice the atdrakviation. The median of the amplitudes
was then plotted against the concentration to plitee concentration values leading to half-

maximal amplitude (using the sigmoidal dose resedi®of the Sigma Plot software).

3.6  Activity assay

Biological activity of hormone (analogs) was alssteelvia Invitrogen AVPR2 (or AVPR1a)-
CRE-bla CHO-K1 Cell-based Assay, strictly following thanufacturer’s protocol.

Briefly, CHO division-arrested cells stably expregshuman receptors AVPR1a or AVPR2
were thawed, centrifuged and resuspended in assajum to get a final concentration of
312500 cells/mL. 10000 cells/well (32 pL) were smbdhto the cell-containing wells of a
384-well plate (cell-free control wells containenlyp32 pL assay medium) and incubated for
20 h at 37 °C in a humidified atmosphere contaifiirtg CQ. 8 pL assay medium with 2 %
DMSO (unstimulated wells and cell-free wells) oru8 of previously prepared 5X test

compound dilution series in assay medium with 2 843D (stimulated wells) were added
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and incubated for 5 h. 8 uL of 6X substrate mixevedded on each well and incubated for 1-
2 h at RT in the dark. Fluorescence-readout was unedast 535 and 460 nm.

Compounds, 7, 8, 10-1, 10-11, dDAVP and reduced dDAVRere measured in duplicates or

triplicates in one or more separate experimentsoimcentration ranges between 2000 and
0.001 nM, depending on the peptide species anexperiment.

Data analysis was performed on Sigma Plot softwhine. 460/535 ratio was calculated for

background-subtracted values and related to thefanenstimulated wells. Results were

indicated as percent of maximal response versugpcond concentration. Concentrations of
peptides leading to half-maximal response {fE€alues) were obtained by using the
sigmoidal dose response model from Sigma Plot. ¥/pessible, E€;values were calculated

as averages of different experiments.
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Chapter 4

Results
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4 Results
4.1  Chemistry
4.1.1 Synthesis of N-(9-Fluorenylmethoxycarbonyl)-vinylglycine

For the synthesis of peptid® an N-terminal-protected-vinylglycine residue had to be
introduced in position 1 of the peptide. We chasdollow the approach of Pellicciari and
coworkers for the racemization-free conversionLdfomoserine inta.-vinylglycine via a
water-elimination reactiofl A scheme of the complete reaction proceduredsvatin Figure
16.

(@) Fmoc-OSu O

H2N\<LOH TEA, MeOH FmocHN\<LOH
38%

OH OH

. 1
L-homoserine

NH
JIy o) NO,PhSeCN
9—0 cCl FmocHN\Q‘\ oy PBuhO;
- —_—

EtOAc/Cyclohexane 67 %
28 %
OH
2
o) 50% TFA o)
FmocHN 1% TIS, DCM
ocl \il\OtBu FmocHN\iLOH
95 %

X AN

3 4

Figure 16: Scheme of the synthesisieVinylglycine (4) out ofL-homoserine.

In the first step of the synthesis, the amino grofip-homoserine was protected with an
Fmoc moiety by reaction with Fmoc-OSu in the preseof TEA. The protecting group was
chosen because of its acid-stable properties. Afteorporation of the final amino acid
residue4 into peptide9, the protecting group has to resist the acidicdd@mns during
peptide-cleavage in order to avoid racemizatiothefvinylglycine residue. After in total 6 h
reaction, subsequent aqueous workup and colummmetography (R0.4-0.2, side-products
at 0.5, 0.68 and 0.73, EtOAc), 1.07 g (38 %) of poond1 were isolated. The relatively low
yield resided from incomplete extraction and lobproduct. Extraction had to be performed
at an acidic pH in order to hold the product — ébcaylic acid — into the organic phase. The
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workup procedure should undergo improvement to geiter yields, as well as the reaction
time could be modulated.

The second reaction involved protection of the aaybc acid moiety of compound with a
tert-butyl group usingtert-butyltrichloroacetimidate as reagent. This reactiociuded the
formation of unavoidable side-products (includingtpction of the hydroxyl moiety instead
of the carboxylic acid moiety and protection oftbetOH groups; side-products at &3, 0.5,
0.6, 0.68, cyclohexane/EtOAc 1:1) and thereforetéedoor yields of compoun® (394 mg,
18 %; R 0.34). Also, remaining starting material coulddstected by TLC even after stirring
for 24 h (R 0.1-0.02). Elongating the reaction time or startine reaction at O °C did not lead
to any improvement.

The third step of the synthesis was the eliminabbmvater from homoserine) leading to
vinylglycine () adapted from Pellicciagt.al, using NQPhSeCN and PBuas reagenté
NO,PhSeCN thereby activates PBwhich binds to hydroxyl groups and easily can be
eliminated as B#P=0 upon attack of ArS€&. Hydrogen peroxide oxidation then forms the
desired B-y unsaturated produét After 3 h reaction and aqueous workup, complete
conversion of the starting material could be maeidoby TLC (R 0.2; product at 0.55, side-
product at 0.45, cyclohexane/EtOAc 2:1). Column otatography gave 138 mg (67 %) of
product3.

The last step of the synthesis was the deprotectfote carboxylic acid oB leading to
Fmoc-Vgl-OH @) by treatment with 50 % TFA. TIS additionally sedvas scavenger of the
tBu leaving group. Reaction of 6h led to almost quatnte yields after column
chromatography (85 mg, 95 %; ®6-0.1, cyclohexane/EtOAc 2:1).

Optical rotation was measured for all intermediateorder to exclude racemization. All
compounds showed negatieg]2° values (see Table 4).

The identity of all intermediates was confirmedl§-MS and'H- and**C-NMR. For two of
the intermediatesl(and?2), some of the quarternafyC signals could not be resolved on the
used 400 MHz spectrometer.

HPLC analysis of the flash-chromatography-purifiettimediates gave single product peaks
with very good or good purity. Figure 17 shows anparison of HPLC chromatograms
before and after flash chromatography of compo@ndhe final compound could be
determined in 100 % purity.

51



4 - Results

16.3 |

i
5

AL

T T T
75 100 125 15.0 17.5 20.0

P B b E

min

Figure 17: Analytical HPLC chromatograms of crude compour2 (A) and after flas-
chromatography (B)Tr = 16.3 min (standard gradient)). (C) Analytical HPthromatogram of pul

compound (Tr = 12.4 min (£- 100 % MeCN in H20)

Table 4summarize the properties of the purified intermedial - 4.

Table 4: Properties of the purified intermediates -Fmoc+.-vinylglycine synthesis

Compound \Ef,z')d TLC Ry HF()#]%)T R gra;'i'(:hf(%) MW mz a2
1 38 0.4-0.2 10.8 10-70 341.36 364 -12.5
2 28 0.34 16.3 10-70 397.46 42 -5.6
3 67 0.55 18.2 10-70 379.18 407 2.6
4 95 0.6-0.f 12.4 5-100 323.12  34¢ -15.8

2 EtOAcC,” cyclohexane/EtOAc 1:° cyclohexane/EtOAc 2:1° [M+Na]* , ¢in MeOH,"in CHCl

4.1.2 Peptide synthesi

Rink amideAM resin was chosefor peptide synthesis because cleavagpeptides from thi:

resin using 986 TFA leaves -terminal carboxamide which are alsopresent in nativ:

vasopressin and oxyto®,

HOBt/HBTU/DIPEA as coupling reagent mixture was generally usedctupling of all

amino acids except of cysteine. Due to risk of msization, cysteines were coupled free

base using DIC/HBt as reagent mixtet Fmo-Vgl-OH (compound4) was also couple

using the same mixtui

The coupling took place efficiently for both autaethand manual peptide couplings. HF

and MS analysis of the synthesized peptides inglicato fragments due to inaccur

coupling effciency. Albeit the good quality of the couplingsdadue to unknown reasons,
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yield of the cleaved peptides was generally quite. ICleavage of peptides after performa
of reactions on the solid support (liiconversion of homoserininto vinylglycine and
subsequent coupling reactions) reduced the yieddtidally — however, the reason for tF

should be sought in low reaction efficiencies duartproper reaction conditior

4.1.2.1Synthesis of vasopressin and oxytoc

Vasopressin (compour5) ard oxytocin (compoun®) were synthesized according equal
procedures. Peptide synthesis was performedacetamidomethy|Acm) as special cysteir
sidechain protecting group enabling**-catalyzed disulfide bond formati directly on the
solid support. The resin with the synthesized peptide was inmewaith TI(CFsCOOY); for

80 min and the completed peptide could be cleanad the resin yielding the desired pept
and some sidproducts which could be separated by HPLC. Dist-bond formation ws

confirmed by MALDI mass spectrometry, since two Acm groups protecting the steine
residues do not get cleaved upon peptide cleaysgéofmed here on test cleavage scale)
hence the open vasopressin and oxytocin forms listidling two Acm grops) can easily b
distinguished from the respective oxidized proc®®. Figure 18shows the MALDI mas
spectra of open and oxidized vasopressin, resggtiVhe operform thereby also showed .
additional mass of the peptide holding only one Agmoup. However, this did not have

effect on the subsequent-resin oxidation and the cleaved peptide was puaribg HPLC

chromatography anywe

A 12287128 B 10843812
[M+2Acm]* M]*

1085.3585

1230.6075
/

1086.3818
[M+Acm]*
1157.6573

1231.7146

10873626
e

| 22
A 10634208 | [1108.3022
2327080 13777840 14s0.8220 7.9606. N
1084.6085 _1250.6805 L 1482 8260

"

A Ll
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Figure 18: MALDI mass spectra of open vasopressin (A) and the oxidizedymt5 (B).
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Table 5 summarizes the properties of the HPLC-@aripproducts5 (vasopressin) ané
(oxytocin).

Table 5: Properties of purified vasopressin and oxytocin.

Compound  Peptide  Yield (%) HPLC Tg (min) HPLC gradient MW m/z
5 AVP 12 8.4 5-50 % 1084.23 108420
6 oT 18 5.51 20-30 % 1007.19 100808

areferenced to 80 mg resin with 0.62 mmol/g loadihfM] ™, € [M+H]*

4.1.2.2 Synthesis of 1-carba-AVP and 1-carba-dDAVP

N S

1)UV AN

&ﬁf#$h%@mm ﬁg%$ﬁY

NH,

linear 1- carba-AVP ) 1-carba-AVP (10)

HN HN.

&ﬁf%ﬁﬁy &#f%ﬁﬁy

NH,

linear 1-carba-dDAVP (7) 1-carba- dDAVP ®3)

Figure 19: Scheme of the synthesis of 1-carba-AVP (compd@nand 1-carba-dDAVP (compound
7).

The first eight residues of peptid8s(linear 1-carba-AVP) and (linear 1-carba-dDAVP)
were synthesized on the solid support using gengratedures for automated peptide
synthesis. The respective last amino acids wera tlmipled manually — Fmoc-Vgl-OH
(compound4) for peptide9 and 3-butenoic acid for peptide Fmoc-Vgl-OH was thereby
coupled by cysteine-coupling conditions in order aeoid racemization-inducing basic
conditions. The Fmoc group was left on the pepidi¢éhe same reason and was not removed
until the thiol-ene reaction was carried out susfigly. The finished peptide8 and7 were

cleaved from the resin and purified by semiprepagaHPLC. Synthesis-produ@ was
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thereby purified as two distinct fractions sharithg same mass for the desired pepi
Synthesigaroduc 7 was purified as one single fracti— however, HPLAWIS analysis of thi
fraction revealed the existence of several peaks, ¢f them sharing the mass of |
monomeric peptide, one of them having the maskeotlimericform. Figure2C shows HPLC

traces and masses9 and7.
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Figure 20: A) Semipreparative HPLC chromatogram of crude pcd9 (gradient 3-60 %). The two
collected fractions are indited asl andll. B) MALDI spectra of purified produci9-I (B1) and9-II
(B2). C) Analytical HPL(-MS chromatogram of purified synthe-product7 (gradient 2-35 %) with
masses indicated m/z

In order to analyze the two fractions of pep!9, N-ethylmaleimid tests were carried out w
both fractions to determine the state of the sudlfilly groups. Free thiol groups there
undergo a reaction with the maleimid reactant, gianthe mass of thpeptide.Figure 21
shows the results of this test. Fract9-l showed a mass of the peptide plus b maleimid,
indicating a former free thiol group, whereas fi@e9-11 only showed a mass of the pept

alone, indicating that the thiol group was not freeeact wih the reactant.

Light-induced thic-ene reactions of peptidé&s(linear 1-carba-AVP) and (linear 1-carba-
dDAVP) in order to gain peptidelO (1-carb~AVP) and8 (1-carbadDAVP), respectively,
were carried out under argon atmosphere by irnadiavith UV light for 7 h. Synthes-
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product?7 was thereby dissolved in degassed water, whereasvthfractions of peptid9 (9-

| and9-11) were sepately dissolved in dry methan

A

1289.4183

[M+H]*

1414.6658

14156527

[|\/|'1'NE|\/|+H]Jr 1290 4346

1416.6659

1291.4266

1417 6792

1292 4436

'y w
13924510
! 3. 1206.3156 i 1558.7098

Figure 21: MALDI spectra of peptide©-lI (A) and 9-1l (B) after reaction with l-ethylmaleimid
(NEM).

Figure 22shows the analytical HPL-MS chromatogram of crude pepti8. Compared to
Figure 2@ (the same peptide before thiehe reaction), the areas of the peaks chat
indicating that a reaction has happened. (Althougimg the same gradient, the reten
times of the respective peaks differ due to chamg&¥A content of the solvents.) HP-

purification of he peaks and subsequent MALDI analysis followedN-ethylmaleimid test
revealed the existence of two monomeric pepi—one of them binding NEM, the other o
not —and a dimeric peptid This result suggests that the monomeric peptidebirating

NEM is the cyclic peptide with the formed thioether prepresenting pure pepti8 (1-

carba-dDAVP).The monomeric peptide able to bind NEM is the Ilmam having a fre
thiol group, therefore representing pipeptide7 (linear 1-carba-dDAVR Theresults also
show that the cyclic form already formed spontasoto a certain extent upon cleave
from the resin and that performing the t-ene reaction increased the amount of cy
peptide while decreasing the amount of the linea@. dMoreover, theeactior obviously

favored theunexpectedormation of selectivelimers
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Figure 22: Analytical HPLC-MS chromatogram of crude prodi8 (gradient 2085 %) with masse
indicated asn/z Number 1 indicates the cyclic forrfinal compound8), number 2 the linear fori
(final compound?), number 3 the dimeric form.

HPLC chromatograms after th-ene reaction of the two fractio9-1 and9-1l (10-1 and10-
II) are shown ir Figure 23. Fractionll did not change in retention tir (respective
chromatogram not show, suggesting thahis fraction already represents the cyclic forn
1-carba-AVP This result is further supported by a-ethylmaleimid test performed with tF
peak (resulssimilar to Figure 21B)For fractior I, a clear shift in retention time took ple
with two obtainedpeaks sharing the mass of the desired peptide. toweetention times d
not fit to the one of the presumable (c peptidell . A NEM-test performed with the tw

peaks was of no ava

A [M+H]* B [M+H]*

|

o

T y T T T T T T T T .
P e P L Y 3 A P 20 80 70 80 80 1o o 1o 150 1o - Min

Figure 23 Analytical HPLC chromatograms of crude compoulO-I (A) and10-1 (B) after thiol-
ene reaction (gradient -60 %).

In order to gair the final compoundlQ, solutior-phase Fmodeprotection had to k
performed on the crude fractioll and Il after thio-ene reactionFigure 24 shows the
chromatograms of the crude products after F-deprotection. HPL@urification of the
indicated peaks led to the purified final compoul0-I (inidentified learbe-AVP analog)
and 10-1l (supposedlyl-carba-AVP).Since the amous of the purified peakwere so little,

identity could only be analyz via MALDI mas: spectrometryNMR studies could not
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performed. Alongside measured NEM tests did nad keaany result. Especially the Fn-
deprotection ofLC-1l was very inefficient, leading to a very small protipeak hard to purif
by HPLC. Separation of the prcct-peak ofLC-I was only possible when omitting TFA in t
solution systems. It has to be pointed out that MALDI aniglysf both peptides reveal
masses om/z1068 for a theoretical mass of 1(g/mol. It is therefore not clear if any of t

two productsare the desired peptide.

404
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Figure 24: Analytical HPLC chromatograms of crude compoui10-1 (A) and104l (B) after Fmoc-
deprotection (A- gradient 10-50 %, B gradient 3-60 %). Peaks representing the final pefs
destned for purification are marked with arroy

'H-NMR measuremer (results not shownyere performewn product®-1, 9-1, synthesis-
product7 and all purified fractions of produ8 (including pure peptid@). Unfortunately, the
quality of the spectrwas unsatisfactory albeit good resolution of pea—, since the strongl
required existence or absence of very typical s for the double borsdof the respectiv
linear peptidesould not be determined free of doubt. Hence realidentity of the puified

products remains speculation since informationhengeptides could only be consulted fr
MALDI and NEM analyes and HPLGQetention time:

Table 6 showsharacteristics of the purified peptides. Pepti7, 8, 10-I and 10-1l were

further tested for biological activi

Table 6: Properties of the purifiel-carbapeptide.
Yield HPLC HPLC

Compound Peptide (%) Te(min) gradient (%) MW m/z  NMR
7 linearl-carba-dDAVP 20.4 9.3 20-35 1051.181052.5¢ n.c®
8 1-carba-dDAVP 146 8.0 20-35 1051.181052.3° n.c’
10-I 1-carba-AVP analdg n.c® 11 10-50 1066.191068.3 n.d¢
10-1I 1-carba-AVP nc® 28 30-60 1066.191068.3 n.d®

2 presumablypecause unidentifii, ° n.c. — not clear, [M+H]*, ° not clear? n.d. —not determine
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4.1.2.3 Synthesis of 6-carba-AVP and 6-carba-dDAVP

- e
el

NH,

6-carba-AVP 6-carba- dDAVP

Figure 25: Structures of 6-carba-AVP and 6-carba-dDAVP.

Synthesis of the two analogs where the vinylglyaiesidue is located in the middle of the
synthesized linear peptides was performed equatlgfcarba-AVP and 6-carba-dDAVP. The

idea was to perform the conversion .ehomoserine inta.-vinylglycine — using the same

|94

reagents as for compouidaccording to Pelliciaret.al”"- in situon the peptide directly on

the solid support. The principle of the reactiomligady shown in Figure 15. Table 7 lists all

synthesized precursor peptides.

Table 7: Synthesized 6-carba-peptide precursors.

Compound Peptide Sequence on the resin
1la 6-carba-dDAVP precursor la Mpa-Tyr-Phe-GIn-Asn-Hse-Prb-Arg-Gly-
11b 6-carba-dDAVP precursor Ib - Mpa-Tyr-Phe-GIn-Asn-Vgl-Pr@-Arg-Gly-
12a 6-carba-dDAVP precursor lla H,N-Tyr-Phe-GIn-Asn-Hse-Pro-Arg-Gly-
12b 6-carba-dDAVP precursor llb H,N-Tyr-Phe-GIn-Asn-Vgl-Pra-Arg-Gly-
13a 6-carba-dDAVP precursor llla - Fmoc-Tyr-Phe-GIn-Asn-Hse-Pm-Arg-Gly-
13b 6-carba-dDAVP precursor lllb - Fmoc-Tyr-Phe-GIn-Asn-Vgl-Pre@-Arg-Gly-
13c 6-carba-dDAVP precursor llic  Mpa-Tyr-Phe-GIn-Asn-Vgl-Pra-Arg-Gly-

14a 6-carba-AVP precursor la  Fmoc-Cys-Tyr-Phe-GIn-Asn-Hse-Pro-Arg-Gly-
14b 6-carba-AVP precursor Ib - Fmoc-Cys-Tyr-Phe-GIn-Asn-Vgl-Pro-Arg-Gly-
15a 6-carba-AVP precursor lla H.N-Tyr-Phe-GIn-Asn-Hse-Pro-Arg-Gly-
15b 6-carba-AVP precursor lib H,N-Tyr-Phe-GIn-Asn-Vgl-Pro-Arg-Gly-

16a 6-carba-AVP precursor llla Fmoc-Tyr-Phe-GIn-Asn-Hse-Pro-Arg-Gly-

16b 6-carba-AVP precursor llib H,N-Tyr-Phe-GIn-Asn-Vgl-Pro-Arg-Gly-

The reaction has first been tried with the twoyf@ynthesized peptiddda (6-carba-dDAVP
precursor la) and4a (6-carba-AVP precursor la) by selectively sideiakdeprotecting the
homoserine(Trt) residue using small percentagebFéf and TIS, respectively, followed by
reaction of the peptide with N®hSeCN and Bg in dry THF under argon atmosphere for 6

h and subsequent reaction wita@®4 over night. Analysis of the washed and dried potsiu
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11b (6-carbadDAVP precursor Ib) and4b (6-carba-AVP precursor Ixevealed solellb)

or part (4b) elimination of the-SH group of the mercaptopropionicid (11k) or cysteine
(14b) residue of the respective peptide insteacl1b) or additionally to {4b) elimination of
the desired ©OH group. The products thereforeld the vinylglycine moiety at the wror
position in the peptides due to favored elimion of SH instead of the desire-OH. The

results of the MALDI analyses ashown inFigure26.
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Figure 26: MALDI spectra of test cleavages Xt (A) and14b (B) after conversion of homoseril
into vinylglycine of the fully synthesizelinear analoc. Ms — starting mass.

As a consequential step, the same conversion wastmed with peptidesl2a (6-carba-
dDAVP precursor lla) anil5a (6-carba-AVPprecursor lla),acking the respective final th-
containing (amino) acid residues. Analysis of pidd12b and15b revealed formation of th
desired product peptide with elimination of thehtigllcohol moiety. Besides, however,

starting material could still be otrved and, most importantly, some unidentifiablehleic
masses appearadditionally (see Figure 27).

Since performing the reaction on peptides holdirffgea amino group at the end led to

uncontrolled formatic of undesired higher masses, the very same reachas
consequentially performed on the same peptidesnigadke last (amino) acids but this tir
being Fmoagarotected on the former free-terminus The elimination reaction was perform
on peptidesl3a (6-carba-dDAVPprecursor llla) ancl6a (6-carba-AVPprecursor llla) a:
before but this time using longer reactitimes (about 24 h), yielding the desired prodi
13band16b.
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Figure 27: MALDI spectra of test cleavag of 12k (A) and15b (B) after conversion of homoseri
into vinylglycine of the partly synthesizdinear analog. M — product mass, M- starting mass

As shown inFigure 28, no highemasses have been formecth the now Fmc-protected
peptides, but the mass of the starting mass could still be observed in varying exter
Therefore, the very same procedure has been pextbensecond tin with fresh reagen to
drive the reaction to more completicFigure2S showsthe HPLC chromatograms of the fi

and second conversion 13a
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Figure 28: MALDI spectra of test cleavages 13b (A) and 16b (B) after first conversion ¢
homogrine into vinylglycine of the partly synthesizethéc-protectediinear analoc. M — product
mass, M —starting mas
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starting material B

product product

Figure 29: Analytical HPLC chromatograms of test cleavagel13b after first (A) and second (
conversion of homoserine into vinylglycine. Stagteompound and product are indica

After double conversion of homoserine into vinylghe and satisfactory product formatis
peptide 13b was Fmo-deprotected and Bercaptopropionic acid was coug to yield
peptide 13c (6-carb-dDAVP precursor llic), the direct precursor of the finalg-closed
product 6-carb@alDAVP. Fmoceeprotection using 20% piperidine in DMF did noadeto
satisfactory results, as shownFigure 3@\. The subsequent coupling c-mercaptopropioni
acid workedjust as poorl (Figure 3®B). Fmoc-deprotection using piperidine/DBU/DNV

2/2/96 instead of z % piperidine did not improve the reactionsults not shown

'"H-NMR spectroscopy of crude produl3c after cleavage from the resin approved
presence of vinylglycine (results not shown), iadilcg at least successful conversion

homoserine into vinylglycin
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Figure 30: Analytical HPLC chromatograms of test cleavagel3cafter Fmocdeprotection (A) an
coupling of 3mercaptopropionic acid (B). Products are indicatét arrows

Since this last step did r work as expected and the yield was exttly poor, thio-ene ring-

closing reactions to yield the final anal6-carb-dDAVP could not be performe:
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Fmoc-deprotection oi6b (6-carba-AVP precursor Ilib) worked very poorly asll, hence
attempts to couple the last cysteine residue cooide performed.

4.2  Cloning

In order to express the human receptors AVPR1a arfd @ cells for microscopy studies,
fluorescently labeled constructs had to be madeetable to visualize them on the cells and
monitor the transfected ones. Since Fura-2 was wedluorescent Ga sensor, the
fluorescent protein tag mKate2 was chosen for tmsttucts in order not to interfere with the
absorbance properties of Fura-2. It has been mgbdhat receptors containing fluorescent
protein tags at their C-terminal ends are activelzghave like wild-type receptdfs

The mammalian vector pmKate2-N was chosen as Vieetor to insert the receptor genes so
that the fluorescent tag would be expressed aCtterminus of the gene and therefore be
located at the inner side of the plasma membraaejrig the N-terminus at the outer side free
— and thereby also the entrance side for hormoepsdes into the receptor.

The PCR-amplified genes encoding AVPR1a and OTR witltlaed restriction sites at both
ends as well as the vector pmKate2-N were all digeby the same restriction enzymes in
order to be able to ligate them afterwards and férendesired vector constructs. For that
purposeXhd andEcoR were chosen as restriction enzymes, becauseen@ilthe genes nor
the vector showed to possess intragenic restricsives of the same kind, which was
important in order not to additionally perform cintside the genes. After successful ligation
and transformation int&.coli competent cells for plasmid amplification, the DAthe final
constructs [pmKate2-N-AVPR1a] and [pmKate2-N-OTRUildobe isolated. The generated
plasmids were sequenced before applying them tbdutransfection into mammalian cells

and microscopic analyses.

The additionally purchased cDNA clone AVPR2-pCR4-TORMned out not to be the
desired clone after sequencing and therefore cowld be used for PCR and further
applications. Hence, only the final constructs [té’-N-AVPR1a] and [pmKate2-N-OTR]
could be used for microscopy studies.

4.3  Microscopy

The effect of various concentrations of hormoneal@gs) on HeLa Kyoto cells transiently

expressing the fluorescent receptor constructs A\&PRKate2 or OTR-mKate2 on their
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surface was monitored by measuringQavelsvia the fluorescent G4 sensor Fura-2 AM.
This ratiometric sensor exhibits a shift in its ikadton spectrum from 378 to 340 nm when
binding C&" (see Figure 32§, which makes it an ideal indicator for the calciesimnges
introduced by activation of €-linked GPCR signaling, like it is occurring for AVP& &nd
OTR®®%. The AM ester form of Fura-2 makes it able to pesyg diffuse across cell

membranes and holding it inside cells by cleavdgheester by intracellular esterafes

- Em =510 nm
39.8 uM free Ca®*

Fluorescence excitation

T T 1
250 300 350 400 450
Wavelength (nm)

Figure 31: Fluorescence excitation spectra of Fura-2 at @iffe€&" concentratiors.

The effect of peptides on receptor AVPR1a shouiléctthe results of the more reproducible
activity assay from Invitrogen (chapter 4.3), gwirtherefore more reliability to the
microscopy results of receptor OTR.

The results of the microscopic measurements witiPR¥a and OTR are shown in Table 8.
Signals for active peptides increased in a doseft#gnt manner, indicating normal activity
of the receptors (see Figure 32). Peptide8 and dDAVP did not show significant activity
neither to AVPR1a nor to OTR, therefore leading ® $hme result as the Invitrogen assay
for AVPR1a (chapter 4.3). Vasopressin (AVPR1a and Oamj oxytocin (OTR) showed
activities towards the respective receptors, watlvdr activity of vasopressin against OTR
than oxytocin, as expectéd Therefore, the inactivity of vasopressin analegainst OTR
was not surprising. Since the results are indicategeptide-concentration leading to half-
maximal signal amplitude and measurements weréedaout on only transiently transfected
cells, the obtained values cannot be directly caegh#o previously published Egvalues of
functional assays or to the results obtained byltivérogen assay. However, the general
trends can be confirmed, although our results sdoaaivities about one or two degrees
higher in magnitude than the published data

Figure 32 shows characteristic plots of selectqulipes against AVPR1a or OTR.
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Table 8: Concentrations of peptides leading to half-maxisigihal amplitude.

AVPRla OTR
Compound Peptide EGc (nM) ECsc (M)
5 AVP 0.13+0.08 > 32.61
dDAVP not resp. not resp’.

6 oT - 0.04
7 linear 1-carba-dDAVP not reSp. not resp.
8 1-carba-dDAVP not resp. not resp’.

3average of two experimentsnot resp. — not responding
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Figure 32: Activity of selected peptides against AVPR1a andRQplotted as peptide concentration
(-log[nM]) against signal amplitude.

The results in Table 8 reflect the overall behawbrl0-15 cells per peptide and measured
concentration. Especially for the inactive peptidasd the active peptides at low

concentrations, few cells out of a population ohmesponding cells were always showing
more or less strong signals of response, which iregdainsignificant when calculating the

median of the response of all cells. Furthermotsp #ew considered untransfected cells
sometimes showed responses. Those cells may bdametly transfected or heavily stressed
because of local high compound concentrations.

Most of the activated cells showed responses astddpn Figure 33 with a strong amplitude

directly at the point of addition of the peptidedasubsequent oscillating smaller amplitudes
after depletion of the initial response. Howeveome curves showed their maximal

amplitudes much later after peptide addition duelitfusion issues. On the whole, smaller

peptide concentrations led to smaller initial amoples and weaker oscillations.
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Figure 33: Vasopressing) added to AVPR1a-expressing cells at four differmncentrations. Each
color represents an individual cell. Graphs arenshas 340/378 ratio of the two Fura-2 AM signals

against time.

Figure 34 shows snapshots of cells expressing AVRRate before and after addition of

vasopressin.

4| ] 0sec ro4 | 105 sec y

Figure 34: HeLa Kyoto cells observed in the 378-Fura-chaneébie (A) and immediately after (B)
addition of 100 nM vasopressiB)( Cells transiently expressing receptor AVPR1a-teKandergo
darkening upon peptide stimulation when observeth@n 378-Fura-channel, due to calcium-release
and therefore shifting of the excitation spectruintioe calcium-sensor Fura-2 AM to lower

wavelengths.
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4.3  Activity assay

Screening of biological activity of the various Hyesized peptides agaithumanvasopressin
receptors AVPR2 and AVPR1a was performed or-based assays fromvitrogen having
the receptor AVPR2 or AVPR1a stably integrated insttiw-arrested CHO cells containing
betalactamase reporter gene. Upon binding of (actiegtides to the receptors controlli
this reporter gene, belactamase gets expred and a betéactamase FRET substrate car
cleaved, leading to diminishment of the FRET acaepignal (green) and appearance of

donor signal (blué®. Figure 35 demonstratéfsis principle
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Figure 35: Fluorescent detection of b-lactamase reporter gene response by a l-enabled
substrat&”.

The assays were performed with the peptmentioned in Figure 36 antiable 9 for the
receptors AVPR2 and AVPR1a. The blue and green sigmaie measured for each pepi
in a dosedependent manner in duplicates or triplicates &edratio was plotted againthe
concentration as percent of maximal response. Etveapeptides, Eso values could b

obtained.

The results indicate that peptide analc8 (1-carba-dDAVP),10-1 and 10-II (both
unidentified learbe-AVP analogs) dichot show any activity against ieptor AVPR2 in the

measured concentration rar
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Figure 36: Activity of peptides against AVPR1a and AVPR2. Resare indicated as percent of
maximal AVP activation (AVPR1a) or percent of maglmdDAVP activation (AVPR?2).

Table 9: Obtained EGy values for peptides against AVPR2 and AVPR1a.

AVPR2 AVPRla
Compound Peptide EGc (nM) ECsc (nM)
5 AVP 0.04+ 0.02 0.79
dDAVP 0.70+ 0.4 not resg’
red. dDAVP 1.48+0.23 not resg’
7 linear 1-carba-dDAVP > 1621 not re$p.
8 1-carba-dDAVP not resp. not resg’
10-I 1-carba-AVP analdy not resg' not resg'
10-I 1-carba-AVP not resg. not resg’

apresumably,’ average of two experimenfsaverage of five experimentsnot resp. —
not responding

Interestingly, the linear form of 1-carba-dDAVP fide 7) started to show activity at higher
concentrations. Due to the limited concentrationges an exact Efg value could not be
obtained for this analog. A much higher concerdaratf this analog would be necessary to
reach maximal activity. The activity of dDAVP walghtly weaker than the one of AVP
(compound5), with EGso values of 0.7 and 0.04 nM, respectively. This ltesuin good
agreement with the values obtained by Cettal. with 0.049 nM for AVP and 0.37 nM for
dDAVP®*. However, Invitrogen itself got &g values of 0.3 nM for dDAVP — which is
similar to our result — and importantly the muchhgr 110 nM for AVP’®. Also Penaet.al.
obtained a much stronger activity of dDAVP comparedAVP**’. Reduced dDAVP (E&
1.48 nM) showed activity in the range of its oxetizcounterpart dDAVP.

Except of vasopressin itself (compousjd all other measured peptides were inactive tosard

receptor AVPR1a in the measured concentration range.obtained E& value of AVP,
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0.79 nM, is in good agreement with the literatiaeo(nd 1.0 nM¥2 The lack of activity of
dDAVP towards AVPR1a was anticipated, considerisgagonistic activity only towards the
human AVPR2 and AVPR1b receptStsTherefore, also the inactivity of dDAVP analogs

was anticipated.
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5 Discussion

As a form of disulfide bond-engineering, thioethend-formation represents an opportunity
to stabilize disulfide-containing peptides agathsgradation, while only minimally disturbing
the native structure of the peptidedn the course of this master’s thesis projedgether
analogs of the neurohypophyseal hormone vasopressinof its analog desmopressin (1-
deamino-8p-arginine-vasopressin) have been synthesized byvel mmpproach using the
thiol-ene reaction by reacting thiol groups witkeale moieties. Therefore;vinylglycine as

a suitable amino acid holding a double bond hadeoincorporated into the respective
peptides. The synthesized analogs were furtheedefir their ability to activate human
vasopressin receptors AVPR1a, AVPR2 and receptor OTfReoclosely related hormone
oxytocin in order to investigate the impact of theehange of one respective sulfur atom by a
carbon atom on peptide activity.

Synthesis ofL-vinylglycine out of L-homoserine was adapted from earlier reports with
selection of appropriate protecting groups for needs’. The four-stepped synthesis yielded
Fmoc-vinylglycine in very good purity, however, esplly steps one and two of the
synthesis procedure — coupling of the N-terminabE+group and coupling of the C-terminal
tert-butyl-group to homoserine — should undergo impnoset due to loss of product during
workup and extensive formation of side-productspeetively. Whereas the first step could
be improved by changing parts of the workup proocedund strictly maintaining the required
acidic pH conditions, the second step would be hardnprove due to unavoidable side-
protection of the alcoholic —OH group of homoserasgewell as double-protection of both
carboxylic and alcoholic —OH groups. Maybe choosampther type of protecting group
would be worth trying here.

Synthesis of linear 1-carba-AVP (with the incorgetaFmoc-vinylglycine residue) and linear
1-carba-dDAVP already showed partial formationhef desired cyclic products 1-carba-AVP
and 1-carba-dDAVP. Subsequently performed thiol-exaetions shifted the relation of the
products to the favored formation of the respectiyelic peptides. The obtained products
were confirmed by MALDI analyses and NEM-tests. léwer, the conductedH-NMR
studies did not lead to the desired clear strutew@ence, since assignment of the peaks to
the right amino acids was impossible with the penked operations and characteristic signals
for the double bonds of the linear peptides cowidbe obtained unambiguously. For definite

structural confirmation, extensive NMR studies flgac assignments would be required.
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Synthesis of the final 1-carba-AVP required one enstep, namely the final solution-phase
Fmoc-deprotection of the cyclic peptide. The tleok reaction had already revealed
unidentified fractions, Fmoc-deprotection workedpsorly that NMR-studies could not even
be performed due to the small amounts, and NEM-taist not lead to any result, hence the
identities of the two isolated peptides remain gpeculation. Also, the revealed masses were
one digit too high. Consequently, any results ol@diby activity studies with these peptides
have to be taken with severe caution. The inefiiclemoc-deprotection definitely has to be
improved in order to gain greater peptide amoumtsrfore detailed analyses.

Despite of the vague NMR results, synthesis of linaad cyclic 1-carba-dDAVP was
supposed to be successful, since masses and NEsREgses of the state of the thiol groups
were positive. An additional possibility would hdye the analysis of the existence or absence
of a double-bond, respectively, for example by mietsis reactions. Synthesis of this analog
additionally revealed the appearance of a peptioheid— a very interesting case, since
selective formation of peptide dimers is not easy achieve due to uncontrollable
polymerization. NMR-analyses of this dimer wouldugy interesting in order to understand
the exact structural features. It is not clear dioable-thioether bond and therefore a “double-
dimerization” has been achieved, or if two peptides held together by a single interface. It
is also not clear if they are connected by thioethaisulfide bonds.

Synthesis of the 6-carba-analogs of vasopressirdasahopressin turned out to be tricky. On-
resin conversion of homoserine into vinylglycineswet successful with peptides holding the
final N-terminal thiol-containing (amino) acid rdsie due to elimination of # instead of the
desired HO. Omitting this residue led to the favored coniarsalthough uncontrollable
side-products with higher masses appeared wherN#temini were free and not Fmoc-
protected. The reaction performed on Fmoc-proteptgatides lacking the last residue led to
the desired results, however, it was never quangtaand had to be repeated on the same
peptide with fresh reactants in order to gain &atisry product formation. Besides and due to
unknown reasons, the portion of formed productedhmvith every experiment. Sometimes,
performing the conversion with still Trt-protectbédmoserine worked comparatively well,
other times, the homoserine residue had to betsedcdeprotected first in order to gain any
conversion at all. Usage of higher amounts of esjaits of the required reagents only led to
improvements to a certain extent, since parts efréagents started to precipitate at a certain
concentration. Nevertheless, on-resin vinylglydioewnation worked satisfactory in the end.
However, subsequent Fmoc-deprotection and couptihghe respective last residue —
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standard procedures known to be unproblematic tol@akvitable problems due to extremely
poor yields and loss of nearly the whole produom&how, the products are not stable at the
used standard conditions, or some during the viygilge-conversion generated side-products
— which were always there to a certain extent aray imave remained albeit extensive
washing steps — interfered with the reactions. &loee, new methods for Fmoc-deprotection
will have to be tried out in order to gain the fitimear products. Some effort should also be
laid in improvement of the conversion-step, althougcceptable product amounts were

achieved in the end.

The finally completed analogs 1-carba-dDAVP, lingasarba-dDAVP and two unidentified
1-carba-AVP analogs (one of them may representiéiseged 1-carba-AVP) have been tested
for their biological activities by two different pppaches. The beta-lactamase reporter gene-
based assay from Invitrogen with cells stably espreg human AVPR1a or AVPR2 revealed
the expected results for the control peptides A& @DAVP. 1-carba-dDAVP turned out to
be inactive towards AVPR2 and AVPR1la, whereas theali form of this analog showed
initiating activity towards AVPR2 at higher concations, suggestingn situ-folding into a
pseudocyclic conformation. Linear 1-carba-dDAVBIwiously able to adopt a conformation
more suitable to the AVPR2-binding pocket, wherdas tyclic form of this analog is
somehow hindered. A similar result was obtainedifegar (reduced) dDAVP which showed
activity in the range of the original dDAVP, sugtjeg folding into a conformation similar to
the one of the ring-closed dDAVP. The concept okdir analogs adopting pseudocyclic
conformations has already been demonstrated by €p#i®>. Also, the cyclic version of 1-
carba-dDAVP does not have a free thiol group angmso maybe the ability to retain a thiol
group in position 6 of desmopressin is importamtactivity. Nevertheless, 1-carba-oxytocin,
6-carba-dDAVP and 6-carba-dAVP have been showmetair their biological activiti€s®
hence this assumption has to be made with caufibe.unidentified 1-carba-AVP analogs
were inactive towards both receptors. It has nbedts to be pointed out that all
measurements were performed in limited peptide-eoination ranges — although adapted by
comparison with the literature — hence the (snm@iBsibility exists that presumable inactive
analogs could start to show some activity at vegi lsoncentrations out of the here measured
range, or could have an antagonistic effect.

The results of peptide activity studies measureanimyroscopic analysis on cells transiently
expressing human AVPR1a or OTR supported the exp@wdatSince native dDAVP is
neither active against AVPR1a nor against OTR, dlsawo tested dDAVP-analogs did not

73



5 - Discussion

show any surprising activity towards the two reoept Due to time and sample amount
restrictions, the unidentified AVP-analogs were tasted in these experiments. Interestingly,
the obtained E values for vasopressin and oxytocin were in aksaa little lower than the
respective results in literature or our result fréme Invitrogen assay. However, activity
results obtained from the usage of only transietnigsfected cells are not totally reliable due
to at times massive concentration differences betvike individual cells, hence these values
should rather represent an orientation value. Farenand reproducible information to gain
out of such microscopic studies, it is indispensatd use stably transfected cell lines.
Furthermore, microscopic analysis with observatbi5 to 20 cells per well will never gain
the reliability of assays like the one from Invgem with observation of a whole population of
cells at a time. It has further to be pointed dwt tthe EG, values found in literature often

vary between the performing groups and betweetyftes of assays.

For further studies, it would be interesting to raxze the effect of the peptides on the here
not tested because not available vasopressin rc8WPR1b. Especially the performance of
the dDAVP-analogs on this receptor would be intisnggo investigate, since dDAVP itself is
an agonist for both human AVPR2 and AVPR1b recefitots would have further been
extremely interesting to see the effect of the &analogs, especially 6-carba-dDAVP, on
the receptors, because this analog has shown segoicreased antidiuretic activity in the
raf’. The effect on the respective human receptor wdhierefore be interesting to
investigate. Unfortunately, these analogs could befinished due to problems with some
synthetic steps.

Furthermore, binding studies could additionallypeeformed to investigate the affinity of the
different analogs against the respective recepfbingss would be especially important for
examining the inactive analogs in order to invesidoss or retention of binding affinity. The
next step of assay analysis would, however, begantstic activity studies of the synthesized
inactive peptides against all receptors, in ordeexamine their potential to counteract the
activity of the native peptide hormones by bindiogthe respective receptors and blocking

the binding pockets.

Conclusion

It could be shown that thioether-containing 1-casbamopressin was inactive towards
human vasopressin receptors AVPR1a, AVPR2 and oxyt@edeptor OTR, indicating that
exchange of the sulfur atom in residue 1 of desesgin by a carbon atom had a striking
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impact on this peptide’s activity. It has alreaddeb reported by Kneast.al that the position

of the sulfur atom within the disulfide bridge obmactive peptide is important for its activity
and that thioether analoga of this peptide retailoge their activity, depending on the site of
the sulfur-to-carbon excharfelt would therefore be interesting to see theafté 6-carba-
desmopressin on the respective receptors withulfarso-carbon exchange at the respective
other position. It could further be shown that khear form of 1-carba-desmopressin, on the
other hand, very well retained some activity athlkigconcentrations, indicating that this
linear peptide could adopt a conformation simitatite native desmopressin which the cyclic
1-carba-analog could not achieve.

These results show that already minimal perturbatiof the conformation of an active
peptide can lead to loss of activity and that suchlifications are therefore an important tool

to modulate peptide activities.
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Figure 37: Scheme of the mammalian vector pmKate2-N and iiéipte cloning site (Evrogen).
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Abbreviations

Acm acetamidomethyl

AM acetoxymethyl

anh. anhydrous

AVP arginine vasopressin

AVPR arginine vasopressin receptor
BLA beta-lactamase

Boc tert-butoxycarbonyl

Bta 3-buteinoic acid

CHO chinese hamster ovary
COoSsYy correlation spectroscopy
DBU 1,8-diazabicycloundec-7-ene
DCM dichloromethane

dDAVP desmopressin

DEA diethylamine

DIC diisopropylcarbodiimid

DIPEA diisopropylethylamine

DMEM Dulbecco’s modified Eagle’s medium

DMF dimethylformamide

eq equivalents

FBS fetal bovine serum

Fmoc 9-fluorenylmethyloxycarbonyl

FRET fluorescence resonance energy transfer

GDP guanosine diphosphate

GPCR G-protein coupled receptor

GTP guanosine triphosphate

HBTU O-(benzotriazol-1-yIN,N,N',N'-tetramethyluroniumhexafluorophosphate
HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]-ethanksnic acid
HF hydrofluoric acid

HOBt 1-hydroxy-benzotriazole

HPLC high performance liquid chromatography

Hse homoserine

HV high vacuum
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L theoretical loading of res
MALDI matrix-assisted laser desorption ioniza
MHz Megahert

Mmt 4-methoxytrityl

Mpa 3mercaptopropionic acid
MS mass spectromet

NEM N-ethylmaleimid

NMR nuclear magnetic resonail
ONC over night cultur

oT oxytocir

OTR oxytocin receptc

Pbf pentafluorophen

PBS phosphate buffered sali
PCR polymerase chain reacti
Rs rate of flow

RP(-HPLC) reversed phas-HPLC)

Rpm rounds per minu

RT room temperatu

sat. aqu. saturated aqueous solut
SPPS solid-phase peptide synthesis
tBu tert-butyl

TFA trifluoroacetat

THF tetrahydrofura

TIS triisopropylsilan

TLC thin layer chromatography
Tm melting temperatul

TR retention tim

Trt triphenylmethyl, trity

Vgl vinylglycine

@ resir
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